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Abstract

The first aim of this study is to determine the effect of the sample size on the Leeb hardness (HL), which is a non-destructive test,
in magmatic rocks. For this scope, cubic samples with edge lengths of 3,4, 5, 6, 7, 8, 9, and 10 cm from 15 different magmatic
rocks (igneous, volcanic, and pyroclastic) were prepared, and variations of the HL values were measured. Based on the results, it
was determined that as the strength values of magmatic rock samples increase, the effect of sample size on HL value decreases.
Additionally, the minimum sample size, at which the HL value did not change, was found to be 7 cm. The second aim of this
study is to examine the correlation between the HL values of the rocks” minimum sample size, and the index properties were
examined by the simple regression method. For this purpose, 76 various types of magmatic rock samples were tested in the
laboratory in order to determine their dry and saturated HL values and index (P-wave velocity, dry density, porosity, and uniaxial
compressive strength) values. The relationship between the dry and saturated HL values and the index properties of the samples
was examined by simple regression analysis. Based on this analysis, a strong linear relationship was found between the index
properties. In addition to this, a strong exponential relationship was determined between the dry and saturated HL and uniaxial
compressive strength (UCS) values of these rocks, and the determination coefficients (Rz) were found to be 0.85 and 0.86,
respectively. The Leeb hardness test can be used as a non-destructive method where a regular-shaped rock sample is difficult to
obtain (in rocks and/or historical structures) and to estimate the rock properties practically in the laboratory and field.
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Introduction

The Leeb hardness (HL) test is a non-destructive test (NDT)
developed by the Swiss engineer Dietmar Leeb in 1975 to
provide a portable hardness test originally for metals and poly-
mers. This test uses energy measurement principles in deter-
mining the hardness of material (Leeb 1979). The possibility
to select the impact direction of the instrument allows the
device to be used in both field and laboratory applications
(Hack et al. 1993). The use of this method in different areas
such as degradation of building stones used in historical build-
ings (André et al. 2014; Mol and Gomez-Heras 2018;
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Wilhelm et al. 2016; Wang et al. 2020), geomorphology
(Feal-Pérez and Blanco-Chao 2013; Mol and Viles 2012;
Wakasa et al. 2006), civil engineering (Coombes et al. 2013;
Kawanishi et al. 2019; Kovler et al. 2018), and rock mechan-
ics has recently become widespread. In rock mechanics, re-
searchers have primarily investigated the relationships be-
tween the HL values and index-mechanical and sample size
properties of rocks (Alvarez Grima and Babuska 1999; Aoki
and Matsukura 2008; Asiri et al. 2016; Corkum et al. 2018;
Celik and Cobanoglu 2019; Celik et al. 2020; Lee et al. 2014;
Meulenkamp and Grima 1999; Verwaal and Mulder 1993;
Viles et al. 2011; Su and Momayez 2017; Yilmaz Giines
and Goktan 2019; Gomez-Heras et al. 2020; Aldeeky et al.
2020). Verwaal and Mulder (1993) conducted a study on 28
different rock (limestone, dolomite, sandstone, marble, gran-
ite) samples to investigate the correlation between UCS and
HL values of rock samples and the effect of sample size on
HL. They found that only the dolomite sample with high
porosity did not fit the general correlation trend among other
rock samples. Verwaal and Mulder (1993) examined the effect
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of the sample size on the HL value in core samples with
diameters of 30, 40, and 50 mm and stated that the HL value
was low in samples with a diameter less than 50 mm.
Meulenkamp and Grima (1999) used HL, porosity, density,
grain size parameters, and lithology of rocks to estimate the
UCS value with the neural network method. Alvarez Grima
and Babuska (1999) estimated the UCS value of rocks by
using multiple regression analysis and the fuzzy method.
Aoki and Matsukura (2008) estimated UCS more meaningful-
ly when HL and porosity values were used together, although
there was a good correlation between UCS and HL in rocks
such as granite, gabbro, andesite, tuff, sandstone, and
limestone. Viles et al. (2011) investigated the rock hardness
in relation to rock weathering on deteriorated rocks (sand-
stone, limestone, basalt, and dolerite) by using HL test (stan-
dard type D and Piccolo) and Schmidt Hammer (Classic N
type and Silver Schmidt BL type). They showed that using
Schmidt Hammer and HL tests together may provide crucial
information on the structure of shallow depth regions and the
nature of deterioration processes. Lee et al. (2014) presented
equations for predicting UCS values from HL values where
standard-sized specimen is hard to obtain like shale forma-
tions. Asiri et al. (2016) also found a reasonable correlation
between the UCS and HL values of sandstones in their study.
In a study conducted by Corkum et al. (2018), the researchers
estimated the relationship between HL and UCS by using data
obtained from previous studies and their own data. In this
correlation, the R* value was determined to be 0.70 for all
rocks. The R? values according to rock types were determined
to be 0.65, 0.79, and 0.71 for igneous, metamorphic, and
sedimentary rocks, respectively. These researchers investigat-
ed the change in the HL value in core samples with an NX
diameter and different lengths (9, 10, 22, 38, 76, 102, 152, and
190.5 mm) and in cubic sandstone samples with different edge
lengths (25, 51, 102, and 203 mm), and, as a result of the tests
conducted, they stated that the HL value became stable in
samples with a volume larger than 90 cm® (Asiri 2017; Asiri
et al. 2016; Corkum et al. 2018). Su and Momayez (2017)
investigated the relationship between HL value, mechanical
properties, Shore hardness, and drilling rate index of rocks by
using simple regression analysis. They also stated that the
brittleness property and drilling rate index of rock can be
determined by using HL values. Yilmaz Giines and Goktan
(2019) estimated the UCS values by using the Schmidt ham-
mer and Leeb hardness methods separately and together. They
stated that the UCS values could be estimated better by using
the Schmidt hammer and Leeb hardness methods together.
Celik and Cobanoglu (2019) reported that the Leeb hardness
test is more useful in estimating the physical and mechanical
properties of rocks due to its fast, accurate, and safe
measurement capacity compared with the Shore and
Schmidt hardness tests. Celik et al. (2020) stated that there is
a remarkable exponential relationship between the HL value
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and saturated weight per unit of volume, porosity, and UCS
values in rock such as ignimbrite, travertine, and syenite. The
study investigated the effect of the sample size on the HL
value in core samples with an NX diameter (54 mm) and
different lengths (25, 50, 75, 100, and 125 mm) and stated
that the HL value increased linearly with an increase in the
core volume. Aldeeky et al. (2020) investigated the relation-
ships between UCS and Young’s modulus of basalt rock using
the HL test. They found a strong power correlation (R* =
0.888) between non-destructive HL value and UCS and a
strong linear regression (R* = 0.792) between Young’s mod-
ulus and HL. Gomez-Heras et al. (2020) carried out a simple
and multiple regression analysis to develop a predictive model
of UCS from NDT method (HL and P-wave velocity).
Gomez-Heras et al. (2020) showed that integrating HL (R =
0.951) with HL and P-wave velocity (R* = 0.956) did not
affect the quality of overall HL values in UCS estimation for
a large set of rock samples (including sedimentary, magmatic,
and metamorphic). These researchers, on the other hand,
showed that in low porosity rocks, the effect in UCS estima-
tion integrating NDT methods gives better results (R2: 0.816,
R2:0.779).

The determination of minimum values by detecting the
effect of the sample size on the HL value of rocks is of
great importance in terms of ensuring the suitability and
usability of the standards to be developed for rocks. In the
stage of this study, it was aimed to determine the change in
the HL values in cubic samples with an edge length vary-
ing between 3 and 10 cm of 15 magmatic rock (igneous,
volcanic, and pyroclastic) samples with index and strength
values changing in a wide range and to determine the most
appropriate sample size. It is essential to understand the
relationship between the HL values of rocks in dry and
saturated states and their engineering properties. The aim
of the second stage of this study is to determine the index
values of 76 magmatic rock (plutonic, volcanic, and pyro-
clastic) samples by using the Leeb hardness test method.

Material and methods

A total of 15 magmatic rock samples for determination of the
effect of the sample size on the HL value and 76 magmatic
rock samples for examination of the relationship between the
HL values of the rocks” minimum sample size and the index
properties were collected from the Anatolia, Turkey. The sam-
ples’ locations, rock lithologies, petrographic analysis, and
mean particle size are shown in Tables 1 and 2.

Leeb hardness test

Although there is a standard method of the Leeb hardness test
for steel products (ASTM A956 2012), there is currently no
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Table 1 The location and type of the rock samples (samples of size
effect)

Sample Location Rock lithologies Mean particle size
Pl Kaman/Kirsehir Plutonic Very coarse

P2 Unknown-1 Plutonic Medium

P3 Ispit/Erzurum Plutonic Medium

P4 Unknown-2 Plutonic Coarse

P5 Bergama/{zmir Plutonic Medium

Pyl Kayseri-1 Pyroclastic Fine

Py2 Karayazi-1/Nevsehir ~ Pyroclastic Very coarse

Py3 Kayseri-2 Pyroclastic Fine

Py4 Kayseri-3 Pyroclastic Coarse

Py5 Karayazi-2/Nevsehir ~ Pyroclastic Medium

V1 Erkilet-1/Kayseri Volcanic Fine

V2 Kayseri-6 Volcanic Fine

V3 Sivrihisar-1/Eskigsehir ~ Volcanic Medium

V4 Isparta Volcanic Coarse

\'Al Sille-1/Konya Volcanic Coarse

Mean particle size: fine (< 1 mm), medium (1-5 mm), coarse (5 mm—3
cm), very coarse (> 3cm)

universally established standard for rock materials. HL value
measurements were made using the D-probe of the Insize
ISH-PHB test device. Some technical features of the device
are as follows: measurement range (0 to 999 HL), impact
energy (11 Nmm), and accuracy (+ 6 HL). Before the HL
value was determined, the calibration of the instrument was
performed, and 20 different points of impact were selected
evenly distributed on a surface of a cubic sample, and the
arithmetic mean of these values was determined as the HL
value for a sample.

In the first stage of this study, 120 rock samples were
prepared from 15 rock specimens consisting of plutonic
(P1-P5), pyroclastic (Pyl-Py5), and volcanic (V1-V5)
rocks with length dimensions of 3, 4, 5, 6, 7, 8, 9, and
10 cm (Fig. 1). The samples were dried in the oven at
100 °C for 24 hours. Then, HL values of the samples were
determined.

In the second stage of this study, the HL measurements
in of cube samples with an edge length of 7 cm were
made. At this stage, 8 plutonic (P6-P13), 25 pyroclastic
(Py6-Py30), and 28 volcanic (V6-V33) rock samples
were added to the rock samples used in the first stage
of the study (Table 2). The HL measurements were made
on both dry and saturated samples. The HL values mea-
sured after drying the samples in the oven at 100 °C for
24 hours and cooling them at room temperature were
defined as the dry Leeb hardness (HLp) value. The values
measured after the samples were saturated with distilled
water for 48 hours were determined as the saturated Leeb
hardness (HLg) value.

Index properties

Test specimens were prepared in accordance with the perti-
nent standards and suggested test methods (TS EN-1936
2010; ASTM E494 2010) in order to ascertain their relevant
physical properties (dry density, porosity, and P-wave
velocity).

Uniaxial compressive strength tests

The UCS tests were performed on cubic samples with an edge
length of 70 mm (TS EN-1926 2007). The loading rate within
the limits of 1.0 + 0.5 MPa/s was applied. The UCS tests were
run five times for each rock sample, and the average UCS
value of each specimen was determined.

Evaluations of test results and conclusions
Evaluations of sample size on HL measurements

The change in the HL values depending on the sample size of
the rocks used in this study is shown in Table 3. In plutonic
rocks, the HL value was determined to be similar in samples
with an edge length of 5-10 cm (Fig. 2a). Furthermore, al-
though the standard deviation values of HL measurements are
low across plutonic rocks (samples P2—P5), the standard de-
viation values of HL measurements are high in sample P1
(Table 3). The strength values are affected depending on the
change in the percentage of orthoclase phenocrystson the fail-
ure surface of rocks (Fener and Ince 2012). Similarly, high
standard deviations in the HL value of this rock can be ex-
plained by the change in the percentage of orthoclase
phenocrystson (with very coarse of mean particle size), the
surface to which the test is applied (Fig. 3a).

HL values were observed to be very close in each sample
group with edge lengths between 7 and 10 cm among pyro-
clastic rock samples (Fig. 2b). However, it was determined
that HL values generally decreased significantly as the sizes
of samples with an edge length lower than 7 cm decreased.
Nevertheless, only in sample Py2, no regular change in the HL
value was detected with the size change. The reason for this
can be explained by the fact that different particle size rock
fragments observed in the composition of sample Py?2 affect
the HL value of the rock directly (Fig. 3b).

Finally, in volcanic rock samples, it is observed that the HL
value is close in samples with an edge length greater than 6 cm
(Fig. 2¢). The HL value tends to decrease in samples with an
edge length less than 6 cm. In such samples, a significant
decrease in the HL value was observed in samples with an
edge length of 3 cm.

As the strength value of rocks increases, the rate of samples
being affected by the sample size decreases. In general, HL
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Table 2  The location and type of the rock samples (all of sample)

Sample Location Rock lithologies Mineralogical composition Rock name
Pl Kaman/Kirsehir Plutonic 0:33,P:24,Q: 18, A: 15,B: 5,0m: 2 Granite®
P2 Unknown-1 Plutonic 0:60,Q: 18,B: 12, P: 10 Granite®
P3 Ispir/Erzurum Plutonic 0:33,P:32,Q: 20, A: 14,Om: 1 Granite®
P4 Unknown-2 Plutonic 0:40,Q:25,P:19,B: 5, Prx: 3, A: 2 Granite®
P5 Bergama/izmir Plutonic 0: 45, Q: 23, P: 20, B: 10, Om: 2 Granite®
P6 Ulag/Kirikkale Plutonic P: 30, A: 26, Q: 24, 0: 15,B: 4, Om: 1 Granite®
P7 Yaylak/Aksaray Plutonic Q:31,P:29,0:22,B: 14, A: 3, 0m: 1 Granite®
P8 Unknown-3 Plutonic 0:35,A:25,Q:21,P: 19 Granite®
P9 Unknown-4 Plutonic 0:35,P:27,Q: 16, A: 12, B: 8, Om: 2 Granite®
P10 Unknown-5 Plutonic 0:39,Q:27,P: 23, A: 9, Om: 2 Granite®
P11 Aksaray Plutonic Q:33,P:30,0:25,B: 8, A: 2, Om: 2 Granite®
P12 Canakkale Plutonic P: 29, Q: 23, 0: 20, B: 16, A: 10, Om: 2 Granite®
P13 Unknown-6 Plutonic P: 48, Ol: 40, Prx: 10, Om: 2 Gabro®
Pyl Kayseri-1 Pyroclastic Vg: 70, P: 25, B: 3, Om: 1 Vitric tuff®
Py2 Karayazi-1/Nevsehir Pyroclastic Rf: 46, Vg: 37, P: 14, A: 2, Om: 1 Lithic tuff®
Py3 Kayseri-2 Pyroclastic Vg: 80, P: 15, Prx: 2, Om: 1 Vitric tuff®
Py4 Kayseri-3 Pyroclastic Vg: 60, P: 20, Rf: 14, Q: 2, Prx: 2, Om: 2 Vitric tuff®
Py5 Karayazi-2/Nevsehir Pyroclastic Vg:76,P: 7, A:3,Q:2,0m: 1 Vitric tuff®
Py6 Demirciler/Aksaray Pyroclastic Vg: 46, P: 25, B: 10, Rf: 9, Q: 9, Om: 1 Vitric tuff®
Py7 Selime/Aksaray Pyroclastic Vg:53,P:23,Rf:9,Q:9,B: 5,0m: 1 Vitric tuff®
Py8 Guimtisler/Nigde Pyroclastic Vg: 68, P: 13, Rf: 7,Q: 6, B: 5, Om: 1 Vitric tuff®
Py9 Kogcagiz/Kayseri Pyroclastic Vg:79,P: 9,Rf: 5,Q: 5,B: 1, Om: 1 Vitric tuff®
Pyl0 Kurukoprii/Kayseri Pyroclastic Vg: 60, P: 11, S: 8,Q: 8, Rf: 4, B: 3, Om: 1 Vitric tuff®
Pyl1 Emmiler/Kayseri Pyroclastic Vg: 51, P: 19, Rf: 11, Prx: 6, S: 5,Q:4,B: 3,0Om: 1 Vitric tuff®
Pyl12 Tomarza/Kayseri Pyroclastic Vg: 63, Rf: 23, P: 14 Vitric tuff®
Pyl3 Karayazi-3/Nevsehir Pyroclastic Vg: 65, P: 14, Q: 12, Rf: §, Om: 1 Vitric tuff®
Pyl4 Abhlat/Bitlis Pyroclastic Vg: 60, P: 23, Rf: 10, Prx: 4, Q: 2, Om: 1 Vitric tuff®
Pyl5 Karayazi-4/Nevsehir Pyroclastic Vg: 78, P: 10, Q: 6, Rf: 4, Om: 2 Vitric tuff®
Pyl6 Karayazi-5/Nevsehir Pyroclastic Vg: 60, P: 25, Rf: §,B:3,Q: 3, Om: 1 Vitric tuff®
Pyl7 Kayseri-4 Pyroclastic Vg: 53, P: 18, Rf: 5, Prx: 7, A: 8, B: 8§, Om: 1 Vitric tuff®
Pyl18 Mimarsman/Kayseri Pyroclastic Vg: 50, P: 28, Rf: 9, Prx: 7, A: 5, Om: 1 Vitric tuff®
Pyl19 Turanlar/Kayseri Pyroclastic Vg: 56, P: 25, Prx: 13, Rf: 3, A: 2, Om: 1 Vitric tuff®
Py20 Gokyurt/Konya Pyroclastic Vg: 38, P:29, A: 13, Rf: 12, B: 7, Om: 1 Crystal tuff®
Py21 Kayseri-5 Pyroclastic Vg: 50, P: 34, A: 7,B: 5,Rf: 3 Om: 1 Vitric tuff®
Py22 Aksaray Pyroclastic Vg: 70, P: 18, A: 6,Rf: 3, B: 2, Om: 1 Vitric tuff®
Py23 Kiziléren/Konya Pyroclastic Vg: 75, Rf: 17, P: 8 Vitric tuff®
Py24 Ardicli-1/Konya Pyroclastic P: 25, Rf: 18, Q: 13, A: 8, B: 5, Om: 1, SC: 30 Crystal tuff®
Py25 Ayazini/Afyonkarahisar Pyroclastic Vg: 68, Q: 20, P: 10, B: 2 Vitric tuff®
Py26 Konya Pyroclastic Vg: 50, P: 24, A: 12, Rf: 7, B: 5, Om: 1 Vitric tuff®
Py27 Ardigh-2/Konya Pyroclastic P: 25, Rf: 15,Q: 9, A: 5,B: 5, Om: 1, SC: 40 Crystal tuff®
Py28 Kii¢iikmuhsine/Konya Pyroclastic Vg: 57, Rf:31,P:9,Q: 3 Vitric tuff®
Py29 Giilsehir/Aksaray Pyroclastic Vg: 66, P: 23, B: 10, Om: 1 Vitric tuff®
Py30 Nevsehir Pyroclastic Vg: 56, P: 20, Rf: 18, Prx: 5, Om: 1 Vitric tuff®
Vi1 Erkilet-1/Kayseri Volcanic Pm: 55, Prx: 24, Ol: 13, P: 8, Om: 1 Basalt*

V2 Kayseri-6 Volcanic Pm: 48, Prx: 34, P: 17, Om: 1 Andesite®
V3 Sivrihisar-1/Eskisehir Volcanic Pm: 45, P: 23, Vg: 15, A: 10, Prx: 5, Om: 2 Andesite®
V4 Isparta Volcanic Pm: 50, P: 15, Prx: 10, B: 10, N: 10, S: 5, Phonolitic-basanite®
V5 Sille-1/Konya Volcanic Vg: 33, P: 22, Pm: 20, Q: 13, B: 10, Om: 2 Dacite®
V6 Adakale-1/Konya Volcanic Vg:52,P:22,A:20,Q:4,B: 1,0m: 1 Quartz andesite®
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Table 2 (continued)

Sample Location Rock lithologies Mineralogical composition Rock name
V7 Adakale-2/Konya Volcanic Vg: 39, A: 30, P: 20, Pm: 10, Om: 1 Andesite®
V8 Madensehir-1/Karaman Volcanic Vg: 20, Pm: 28, P: 18, Prx: 15, A: 15, B: 3, Om: 1 Andesite®
\%Y Madensehir/-2Karaman Volcanic Vg: 32, Pm: 21, P: 18, A: 18, Prx: 9, B: 1 Andesite®
V10 Nigde Volcanic Vg: 23, Pm: 23, P: 20, A: 15, B: 13, Q: 5, Om: 1 Andesite®
Vi1 Karaali/Konya Volcanic Vg: 30, Pm: 20, P: 20, Q: 19, Om: 1 Quartz andesite®
V12 Fasillar/Konya Volcanic Pm: 30, V: 27, P: 18, A: 15,B: 6, Q: 3, Om: 1 Andesite®
Vi3 Orta/Cankart Volcanic Pm: 39, P: 28, A: 22, B: 10, Om: 1 Andesite®
V14 Sille-2/Konya Volcanic P: 26, Vg: 23,B: 17, Pm: 18, Q: 15, Om: 1 Quartz andesite®
V15 Eskisehir Volcanic Pm: 54, A: 20, Prx: 12, P: 10, C: 3, Om: 1 Andesite®
Vie Kulu/Konya Volcanic P: 24, Prx: 23, Vg: 20, Pm: 18, A: 15, Om: 1 Andesite®
V17 Golbasi-1/Ankara Volcanic Pm: 41, P: 25, A: 20, Prx: 13, Om: 1 Andesite®
V18 Golbasi-2/Ankara Volcanic P: 25, Vg: 24, Pm: 20, Prx: 18, A: 12, Om: 1 Andesite®
V19 Kayseri-7 Volcanic P: 28, Vg: 25, Pm: 23, A: 23, Om: 1 Andesite®
V20 1scehisar/Afy0nkarahisar Volcanic Pm: 54, Prx: 32, B: 10, P: 2, Om: 2 Andesite®
V21 Sincan/Ankara Volcanic Vg: 30, P: 25, Pm: 20, A: 17, B: 6, Om: 2 Andesite®
V22 Sivrihisar-2/Eskisehir Volcanic Pm: 59, Prx: 20, P: 15, A: 5,0Om: 1 Andesite®
V23 Sivrihisar-3/Eskisehir Volcanic Pm: 54, A: 18, P: 15, Prx: 12, Om: 1 Andesite®
V24 Hisar, Kulu-1/Konya Volcanic P: 25, A: 25, Pm: 24, Vg: 20, Prx: 5, Om: 1 Andesite®
V25 Hisar, Kulu-2/Konya Volcanic Pm: 30, Vg: 24, A: 20, Prx: 5, Om: 1 Andesite®
V26 YunusEmre/Manisa Volcanic P: 30, Vg: 23, A: 22, Prx: 5, B: 3, Om: 2, SQ: 15 Andesite®
V27 Cayirl/Ankara Volcanic Pm: 64, A: 20, P: 15, Om: 1 Andesite®
V28 Yunt/Manisa Volcanic Vg: 39, P: 25, A: 20, Prx: 10, Pm: 5, Om: 1 Andesite®
V29 Insuyu/Kayseri Volcanic Pm: 54, Prx: 30, P: 15, Om: 1 Andesite®
V30 Seydisehir/Konya Volcanic Vg: 28, P: 27, Pm: 20, A: 18, B: 5, Om: 2 Andesite®
V31 Erzurum Volcanic P: 35, Vg: 33, Pm: 20, A: 10, Om: 2 Andesite®
V32 Golbasi-3-Ankara Volcanic P: 30, Vg30, Prx: 17, Pm: 15, A: 7, Om: 1 Andesite®
V33 Erkilet-2/Kayseri Volcanic Pm: 60, Prx: 23, Ol: 12, P: 5, Om: 1 Basalt*

A amphibole, B biotite, C calcite, N nepheline, O orthoclase, O/ olivine, Om opaque mineral, P plagioclase, Pm plagioclase microlite, Prx pyroxene, Rf
rock fragment, Q quartz, SC secondary calcite, SO secondary quartz, Vg volcanic glass

#Rock names given according to Streickeisen (1979)

®Rock names given according to Schmid (1981)

values increase with the increasing size of rocks subjected to
the experiment (with an increase in the edge length) and reach
a constant Leeb hardness value at the minimum sample size
depending on the type of the rock used in the experiment. In

Fig. 1 Cubic samples with
different edge lengths (between 3
and 10 cm) prepared for
determining the sample size

this study, the minimum edge length was determined as 7 cm
for magmatic rocks. The amplitude of fluctuations in HL val-
ue increases as the grain size of the rocks increases. Figure 4
was prepared to control the reliability of the minimum edge
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Table 3 Leeb hardness values depending on the sample size (mean value)
Sample no. Specimen edge length (cm)
3 4 5 6 7 8 9 10
P1 669.87 +51.4 74653 £573 777.07+83.2 781.13+£88.7 802.27+729 78747+71.6 810.60+74.3 828.53 +63.5
P2 75453 £28.7 810.27+£579 852.20+20.3 888.93+20.3 872.27+22.0 884.27+21.6 866.47+352 892.80+24.7
P3 75740 £39.6 841.47+19.4 866.40+25.6 878.67+20.7 889.40+27.6 890.71+19.6 892.00+13.9 90240+ 174
P4 74647 +48.6  819.60 £30.3 82793 +384 871.67+17.2 881.47+20.1 873.00+13.5 874.07+32.0 881.33+27.0
P5 680.13+43.6 748.07+52.2 796.67+31.8 793.60+32.4 825.13+27.8 821.93+353 817.13+£28.9 816.87£34.1
Pyl 26453 +61.2 379.20+16.4 400.07+41.7 41953+19.6 451.93+284 45147+27.1 451.00+26.9 446.60+26.9
Py2 31033+£87.9 511.80+ 1314 565.13+1854 46533+1222 50127+ 104.1 5072041227 518.07+72.2 522.53 +92.4
Py3 463.00 +£80.2  545.60 £ 784 56533+47.2 561.80+472 61033+434 609.53+37.9 622.07+40.6 611.40+31.5
Py4 215.07+36.3 23027+523 276.13+29.1 330.87+57.1 383.53+£223 373.60+253 385.60+28.4 382.80+27.3
Py5 180.40 +24.4  234.80+22.7 26293+31.8 281.00+29.2 30033+41.6 30340+20.0 308.13+25.1 317.73+22.9
V1 54413+ 679 677.67+72.4 664.00+849 72620+46.9 781.53+£30.0 772.53+259 789.67+21.2 783.87+30.7
V2 616.60 +61.8 732.80 £66.9 744.40+54.1 748.80+37.9 800.93+242 802.53+34.8 799.73+21.8 801.20+17.7
V3 57580 +£55.7 657.87+65.6 636.87+83.7 686.73+73.8 713.93+282 716.87+34.1 712.60+31.9 711.93+35.7
V4 599.93 +66.8 707.33 £52.3  739.20+53.1 76893 +45.6 809.00+59.6 802.13+31.8 801.53 +£49.8 806.67 +45.6
V5 461.13 £1294 543.07+69.8 551.87+83.9 61447+70.6 651.67+35.6 651.20+27.7 650.67=+34.6 650.73 +28.0
length value determined for magmatic rocks. Upon examining
@ 950 1 Fig. 4, it was determined that the HL value was not affected by
900 A - . . the sample size above the minimum edge length.
850 A a °
= ; n 3 s * Correlati f HL and index properties of samples
2 800 A 4 v orrelations o prop p
750 & o
200 J The index properties (dry density, porosity, P-wave velocity,
4 ®Pl HWP2 AP3 @P4 AP5 and uniaxial compressive strength) and HL values of the mag-
650 5 3 4 s 6 7 8 9 10 matic rocks used in this study are presented in Table 4. The
Specimen edge lenght - cm results of statistical analysis obtained from the above men-
tioned data are given in Table 5.
® ) The dry densities of the magmatic rocks tested in this study
600 1 - vary between 1.23 and 2.85 g/cm’, while porosity values
500 A = a I : : : range between 0.85 and 37.36%. According to dry density
2 400 « * * e © o classification of NBG (1985), these rock samples are in the
300 1 . . : A A A A Yery low to high rock. classes. On the other hand, th.e magmat-
200 ° e o ic rock samples are in the range of l.ow Fo very high classes
yl WPy2 APy3 ®Py4 APy5 based on NBG (1985) porosity classification.
100 ) 3 ; 5 é 7 8 ; 1'0 The highest P-wave velocity was measured to be 5.43 km/s
Specimen edge lenght - cm in the granitoid sample of no PS5, and the lowest P-wave ve-
locity was measured to be 1.56 km/s on the pyroclastic sample
(© 97 Py24. The magmatic rock samples with strength values vary-
800 A P = v 8 ing in a wide range were examined. The UCS values of the
200 | s ® ! rock samples varied between 7.57 and 194.60 MPa. While the
= t . A A A a UCS values of the volcanic and plutonic rocks were classified
607 ® 4 as the moderate to high rock classes, the pyroclastic rocks
500 A M AOVI mV2 AV3 @ V4 AVS varied between the low and high classes based on the
A Bieniawski (1989) classification. While the HL values of
400 5 3 ; 5 ; 7 é ; 1'0 the samples used in this study ranged between 220.00 and
Specimen edge lenght - cm 895.40, the HLg values ranged between 179.40 and 868.00.
While the lowest HLp and HLg values were determined in

Fig. 2 Changes in HL values according to the sample size: a plutonic
rocks, b pyroclastic rocks, and ¢ volcanic rocks

@ Springer

pyroclastic rocks, the highest HLp and HLg values were
established in plutonic rocks. The HL values determined in
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Fig. 3 Factors affecting the HL value: a orthoclase phenocrysts and b volcanic rock fragments

dry samples were higher than the HL values determined in
saturated samples (Fig. 5). Figure 5 indicates that the smallest
difference between HLp and HLg values was observed in
granitoids, while the biggest difference was observed in pyro-
clastic rocks. This can be explained by the water absorption
capacity of rocks.

The relationships between the index (dry density, porosity,
P-wave velocity, and UCS) values of magmatic rocks and
their HL values were examined by simple regression analysis
(linear, power, exponential, logarithmic, and quadratic). The
validity of the derived equations was checked by the #- and F-
tests. If the computed ¢ and F-values are higher than those
tabulated, the null hypothesis is not rejected. This result shows
that the R value is significant. If the computed #- and F-values

are lower than those of the tabulated values, the null hypoth-
esis is rejected. The computed values are higher than the tab-
ulated #- and F-values, showing that the models in the study
are valid. For the reliability of the developed equations for a
5% significance level (o = 0.05), the p-value is required to be
less than 0.05. In determining the best equation among those
that fulfil this condition, the equation with the highest R* value
was preferred. Equations 1-8 developed for these situations
are presented in Table 6, and the graphs prepared are shown in
Fig. 6. The analyses of variance for the validation of the equa-
tions were performed, and the results are given in Table 7. In
this test, a 95% level of confidence was chosen.

While the best relationship between dry density and HLp is
in the exponential function, the best relationship between dry

Fig. 4 Influence of specimen size

on the HL in magmatic rock 120

1.00
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0.60
0.40

0.20

HL of specimen / HL of 7cm specimen

0.00 -

i.llll

o
i =
2 0
=]
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] )
3 Sample No
§ &Pl =P2 =P3 eP4 WP5
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Table 4 Some index and Leeb hardness properties of the rock samples

Sample  pq n(%) Vp(km/s) UCSMPa) HLp HLg Sample  pg n (%) Vp(km/s) UCS (MPa) HLp HLg
(g/em’) g/
om’

P1 2.68 117 427 135.40 80227 781.00 Py26 191 2606 2.79 30.70 357.33  297.17
P2 2.61 0.85 448 161.25 87227 868.00 Py27 219 1213 335 32.21 552.67 432.00
P3 2.55 177 433 167.17 889.40 840.75 Py28 1.88  9.84 389 29.78 550.67 439.20
P4 2.61 099 393 158.96 881.47 861.00 Py29 2.11 1230 3.90 96.70 800.00 750.80
P5 2.64 092 543 167.05 825.13  765.00 Py30 1.84 2032 270 39.10 512.33  365.60
P6 2.71 123 442 194.60 874.60 794.86 VI 264 398 535 140.38 781.53  695.33
P7 2.62 .02 442 141.56 892.67 847.00 V2 236 599 227 111.22 800.93  770.50
P8 2.66 1L.14 471 176.00 887.33 82525 V3 232 872 472 116.33 713.93  735.50
P9 2.66 123 481 106.40 880.67 837.00 V4 230 655 4.6l 144.01 809.00 702.25
P10 2.63 1L.13 470 96.25 89540 838.75 V5 226  8.60 2.06 63.24 651.67 519.00
P11 2.64 1.09 459 153.80 870.00 823.00 V6 246  7.09  4.09 95.39 706.67  635.60
P12 2.66 0.85 528 155.40 861.00 802.63 V7 228 1112 388 66.69 772.33  649.67
P13 2.85 098  5.01 123.46 842,00 715.00 V8 204 1943 204 21.36 46733  380.40
Pyl 1.48 26.59 1.88 15.09 451.93 411.50 V9 212 950 238 30.79 553.33  460.00
Py2 1.83 2238 292 30.96 501.27 369.80 V10 206  13.00 251 22.15 575.67 385.67
Py3 1.85 1972 1.76 40.32 61033 580.25 V11 2.14 1611 353 100.56 714.00  610.00
Py4 1.42 3192 257 20.26 383.53  326.00 VI2 227 730 436 65.20 743.33  637.17
Py5 1.35 3736 2.08 9.90 300.33  274.00 VI3 220 1070 3.60 98.40 759.67 643.17
Py6 1.75 23.89 295 48.63 580.33 50525 V4 232 565 378 60.60 784.00 65233
Py7 1.54 24.81 230 10.55 363.67 288.75 VIS 238 481 491 78.20 769.00  721.00
Py8 1.30 36.83  2.02 7.57 258.00 187.00 V16 248 554 412 59.88 791.00  719.67
Py9 1.63 2557 2.58 31.57 399.67 33350 V17 236 7.1 482 67.59 680.33  621.67
Pyl10 1.78 19.53  2.28 48.38 508.33 45875 VI8 251 437 467 64.94 772.33  700.67
Pyll 1.82 2621 2.69 36.64 488.67 437.75 V19 228 7.6 397 61.30 768.33  598.00
Pyl12 1.42 33.05 2.90 27.27 24733 299.60 V20 225 823 425 63.85 759.00  541.00
Pyl3 1.75 21.09 245 16.86 311.67 203.50 V21 235 516 410 50.68 755.67 618.75
Pyl4 1.49 3429 257 9.52 32467 26580 V22 234 729 466 85.35 674.00 567.50
Pyl5 1.54 2845 249 24.51 311.67 199.60 V23 234 630 476 71.16 735.67 621.20
Pyl6 1.66 30.76  2.19 15.68 321.67 251.80 V24 230 8.68 390 83.63 748.67 649.75
Pyl7 1.94 1484 2.64 48.76 720.00 60220 V25 234 837 395 83.11 799.00 700.25
Pyl18 1.82 20.16  2.27 32.00 648.67 581.00 V26 234 680 440 91.68 744.00 667.75
Pyl9  2.03 1532 2.65 59.71 74500 674.40 V27 222 1230 3.57 48.13 673.33  571.80
Py20 1.75 2652 1.92 12.30 378.67 268.60 V28 243 346 465 89.60 768.67  686.00
Py21 2.01 12.67 2.57 42.13 703.33  681.60 V29 236 687 214 78.60 823.00 765.50
Py22 1.84 19.11 295 39.62 547.67 497.75 V30 238 743 342 68.97 722.67 693.40
Py23 123 3489 2.04 11.02 220.00 179.40 V31 248  1.64 472 129.39 89233 826.50
Py24 1.86 16.83  1.56 13.78 365.00 246.60 V32 246  6.04 436 100.47 769.67  626.75
Py25 1.70 2627 243 18.95 516.00 378.10 V33 261 349 538 112.79 820.00 666.25

density and HLg is in the linear function. The R* value be-
tween dry density and HLp and HLg is 0.85 and 0.79, respec-
tively (Fig. 6a, b). HL values increase with increasing density
value of rocks. A linear relationship was determined between
porosity and HL values. While the R* value between HLp, and
nis 0.87, the R? value between HLg and 7 is 0.80 (Fig. 6c, d).
HLp and HLg values decrease with the increasing porosity

@ Springer

value of the rock samples. The relationship between the P-
wave velocity and HL values is shown in Fig. 6e, f. While
the R? value between HLp and Vp is 0.57, the R? value be-
tween HLg and Vp is determined to be 0.54 (Fig. 6e, f). When
the reason why the R is lower than other properties is exam-
ined, it is observed that some values deviated from the drawn
chart. This is because, while HL value is directly related to the
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Table 5 Descriptive statistics of
the data used in the analysis Variables Data Mean Std. deviation Variance Minimum Maximum
pa (g/em®) 76 2.15 0.40 0.16 1.23 2.85
n (%) 76 12.88 10.52 110.76 0.85 37.36
Vp (km/s) 76 351 1.10 1.20 1.56 543
UCS (MPa) 76 71.89 49.06 2406.52 7.57 194.60
HLp 76 652.03 194.26 37,738.64 220.00 895.40
HLg 76 571.40 197.81 39,126.91 179.40 868.00

surface properties of the rock, the Vp value is associated with
the rock’s internal structural properties (grain size, porosity,
etc.).

An exponential relationship was determined between UCS
and HL values. The R” values between HLp, and UCS and HLg
and UCS are found to be as 0.85 and 0.86, respectively. The HL
value tends to increase with the increasing UCS values of rocks
(Fig. 6g, h). The developed statistical models showed that it
could be used confidentially in estimating the index values of
rock samples for a 5% significance level (a = 0.05).

By evaluating the data of the magmatic rocks used in pre-
vious studies (Aoki and Matsukura 2008; Celik and
Cobanoglu 2019; Hack et al. 1993; Kawasaki et al. 2002;
Meulenkamp and Grima 1999; Verwaal and Mulder 1993;
Yilmaz Giines and Goktan 2019; Su and Momayez 2017;
Gomez-Heras et al. 2020; Aldeeky et al. 2020, Celik et al.
2020) and the data used in this study together, the relationship
between UCS and HL was redefined. Considering all the data,
the best R? (0.85) between UCS and HLp, was obtained in the
exponential function (Fig. 7; Table 8). Figure 7 indicates that

12::: sHL, ="HLg
800
700
600
E 500
400
300
200
100
0
EEELERC-SZ2 S RERSCS22ESHISERgTFEgEgsEiszEesaasges
I N R I A A A S
Fig. 5 Comparison of the HL values measured in dry and saturated samples
Table 6 Correlation between Leeb hardness vs. index values of the samples
Rock properties Equation R? Equation no.
HLp Dry density (pg) pg = 1.124000MHLp 0.85 1
Porosity () n=45.77—0.050HLp 0.87 2
Ultrasonic velocity (V,,) V»=0.72+0.004HLy, 0.57 3
Uniaxial compressive strength (UCS) UCS = 4.076¢"-004HLo 0.85 4
HLg Dry density (p,) pa=1.110+0.001HLg 0.79 5
Porosity (1) 1n=39.99-0.047HLg 0.80 6
Ultrasonic velocity (V},) V,=1.176+0.004HLg 0.54 7
Uniaxial compressive strength (UCS) UCS = 5.783¢%003HLs 0.86 8
*HLp Uniaxial compressive strength (UCS) UCS = 2.927¢0-005HLp 0.85 9

# Evaluation of the data obtained from this study and those in other studies

@ Springer
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Fig. 6 Correlation between HL and dry density (a, b); porosity (c, d); P-

when the HL value exceeds 850, the UCS values are scattered
abruptly. In this case, it is not applicable to use HL in
predicting UCS values of rocks. This relationship is formulat-
ed as given in Eq. 9 (Table 6). The analysis of variance for the
validation of = Eq. 9 was performed, and the results are pre-
sented in Table 9.

@ Springer

wave velocity (e, f); and uniaxial compressive strength (g, h)

Three equations were developed in the estimation of the
UCS value of magmatic rocks by using saturated and dry HL
values. Equations 4 and 8 are the equations obtained from the
data of 76 samples used in this study, and the other is the
equation obtained from 144 magmatic rock data used in this
study and in previous studies (Eq. 9). The correlation
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Table 7  The variance analysis of the models
Rock properties ~ R* t-test F-test p<0.05
HLp  p4 0.85  20.630 425.580  0.000
n 0.87 —21.971 482,746  0.000
Vp 0.57 9975 99.509 0.000
UucCs 0.85  20.358 414.467  0.000
HLs  pq4 0.79  16.780 281.573  0.000
n 0.80 —16.968  287.922  0.000
Vo 0.54 9354 87.496 0.000
UcCs 0.86 20977 440.050  0.000

Table 8 The statistical results of simple regression analysis (for 144
samples)

Model Unstandardized coefficients Standardized ¢ P
coefficients
I} Std. error Beta
HLp 0.005 0.000 0.923 28.520 0.000
(Constant) 2.927 0.328 8.913  0.000

Table 9  The variance analysis of the models (for 144 samples)

equations developed for the estimation of the UCS value can
be widely used in practice, and the UCS value of rock mate-
rials can be estimated with significant accuracy. By increasing
the number of samples, equations that make estimations with
higher accuracy can be developed.

Conclusions

In the first stage of this study, the relationship between the
sample size and HL values on 15 different rock samples be-
longing to 3 different rock groups was examined. In the sec-
ond stage, the relationship between the index properties and
HL values on 76 different magmatic rock samples was inves-
tigated. Based on the obtained analysis results, the following
main conclusions were drawn:

* By analysing the Leeb hardness values of magmatic rocks
measured in the laboratory, the minimum edge length of
cubic samples was found to be 7 cm. Moreover, it was
determined that as the strength value of magmatic rocks
increases, the effect of sample size on HL value decreases.

* The HL value of magmatic rocks was affected by pheno-
crysts in sample P1 and volcanic rock fragments in

Model Sum of Degree of  Mean F P
squares freedom square

Regression  108.265 1 108.265  813.366  0.000

Residual 18.901 142 0.133

Total 127.166 143

pyroclastic sample Py2. As the size of the grains on the
measurement surfaces of the rocks increases, the ampli-
tude of the fluctuations in the HL value increases.

*  The best relationships between the HL, and HLg values of
the samples and the index properties were generally deter-
mined as linear functions. The porosity gives the best re-
lationship between the HLp, value and index properties of
rock samples with a determination coefficient of R? of
0.87.

*  While HL and HLg values increase with increasing dry
density and P-wave velocity, they decrease with the in-
crease of porosity.

* The best relationship between HLp and HLg values and
UCS values was defined as an exponential function, and
the R? values were found to be 0.85 and 0.86, respectively.

*  When the data obtained from previous studies and this
study was evaluated together, the best correlation

Fig. 7 The comparison of data 300
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relationship between HL and UCS was determined in the
exponential function (R* = 0.85).

The HL measurement is an NDT, basic, easy-to-apply, and
inexpensive method for testing rocks. HL can be useful in
rock groups where sampling is difficult. Furthermore, this
method can yield essential results in determining the rock
properties in historical structures where sampling is not pos-
sible due to conservation reasons and following the degrada-
tion processes. HL measurements can make a significant con-
tribution to preliminary evaluations of engineering
applications.
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