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Abstract
Prediction of physical and mechanical properties of rock materials using rebound-based hardness test methods is widely 
preferred in many fields of engineering and in the characterization of rock materials, because they are non-destructive, practi-
cal, and economical. In this study, 40 types of rocks with magmatic, metamorphic, and sedimentary origins, represented by 
travertine, limestone, marble, dolomite, granite, syenite, dunite, andesite, schist, gabbro, tuff, and ignimbrite were selected. 
First, dry unit weight (γd), open porosity (no), water absorption by weight (WAW), wide wheel abrasion (WA), and uniaxial 
compressive strength values were determined. After that, Shore C-2 scleroscope (HSC), L-type Schmidt hammer (HSL), and 
Leeb (HLD) rebound-based hardness tests were carried out on all samples, and then, hardness values by three methods were 
compared with the obtained parameters. The Leeb hardness test, which is more recent and innovative than the Shore and 
Schmidt hardness tests, was initially developed for metallic materials. However, the method has become increasingly popular 
in the determination of hardness of rock materials in laboratory as well as in field. In this study, the Leeb hardness test was 
found to be more useful due to its quick and precise measurement capabilities compared to Shore and Schmidt hardness 
tests. The results of the study reveal that the prediction of physical and mechanical properties of rocks can more precisely 
be determined by the HLD method than the HSL and HSC methods using the proposed equations.
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Introduction

Hardness is one of the distinguishing properties of rock-
forming minerals and can be defined as a measure of scratch-
ability or resistance to abrasion on a mineral surface. Since 
rocks are composed of mineral assemblages, the amount of 
mineral content having low or high hardness value deter-
mines the hardness value of the rock material. A measure of 
rock hardness can also be the degree of abrasion, which is 
the resistance of a rock against a grinding force. The abra-
sion resistance of a rock depends mainly on the mineralogi-
cal composition and the rock fabric (Siegesmund and Dür-
rast 2014).

Various hardness measurement tests have been proposed 
for different types of materials. In parallel with developing 
industry, hardness tests are mostly developed for metallic 
materials. In general, dynamic rebound hardness methods 
(Schmidt hammer, Shore scleroscope, Leeb hardness, etc.) 
are widely used, because they are economical and practical 
compared to static and indentation based hardness test meth-
ods (Brinell, Vickers, Rockwell, Knoop, Cherchar; ASTM 
2013). Rebound hardness is a measure of the rebound of an 
object that is dropped or impacted on the surface of a rock. 
The degree of rebound is a function of the amount of the 
impact energy lost as plastic deformation and failure of a 
rock at the impact point (Atkinson 1993).

Another hardness assessment approach is the Mohs com-
parative hardness scale which is generally used to assess the 
mineral hardness of hand samples by scratching. However, 
as a qualitative scale, the Mohs is not useful in characteriza-
tion of rock materials for engineering purposes.

The Leeb hardness criterion as a dynamic hardness test 
method, also known as Equotip Leeb hardness, was pro-
posed in the mid-1970s for surface hardness measurements 
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of metallic materials (Leeb 1979). This method was devel-
oped to offer a faster, more comfortable and practical hard-
ness test, which could be applied in different test directions 
with a wider hardness scale (Kompatscher 2004). In the 
characterization of rock materials, L-type Schmidt hammer 
(HSL) and Shore C-2 scleroscope (HSC) have been widely 
preferred methods due to their practical and economical 
use for decades. However, the more recent Leeb hardness 
method (HLD) stands out for its precision and practical-
ity. The measured HLD values ranging from 170 to 900 as 
well as the hardness value can be obtained throughout the 
device’s ability to measure the impact and rebound velocity 
of the impact body. The higher the rebound velocity, the 
harder the material surface.

Within the framework of a natural building stone char-
acterization and quality assessment, uniaxial compressive 
strength (UCS) value of the building stones may be the most 
important parameter used by scientists, engineers, and prac-
titioners. According to EN 1926 (2006), standard test sam-
ples can be cubes with 70 or 50 (± 5) mm edge sizes or cores 
with diameter and height are equal to 70 or 50 (± 5) mm. The 
lateral dimension (distance between opposite vertical faces) 
or the diameter of the sample can be related to the size of 
the largest grain in the rock by the ratio of at least 10:1. In 
addition, regarding building stones, ASTM (1999) suggests 
that standard test samples may be cubes, square prisms, or 
cylinders. The diameter or lateral dimension should not be 
less than 50.8 mm, and the ratio of height to diameter or lat-
eral dimension should not be less than 1:1. The preparation 
of precise test specimens for UCS and other physical and 
mechanical tests is important for achieving reliable results, 
requiring time-consuming procedures by expert technicians, 
as well as the need for high-precision and expensive test 
systems. To overcome these limitations, many researchers 
have worked on faster, simpler, and non-destructive tests to 
estimate UCS and other parameters.

The main objective of this study is to correlate and pre-
dict some basic properties including γd, no, WAW, WA, and 
UCS values of 40 types of sedimentary, igneous, and meta-
morphic rocks by three rebound hardness test methods. In 
addition, the advantages of Leeb hardness test, conducted 
through a TIME® 5100 pen type pocket size hardness tester 
in the characterization of rock materials over HSC and HSL 
test methods, have been demonstrated.

Overview of previous studies

After its development, Leeb hardness (HLD) test became 
widespread due to its practical and economical use not only 
on metallic but also on rock materials. The majority of the 
studies on rocks are concentrated on the prediction of UCS 
values.

Hack et al. (1993) investigated the Equotip hardness test 
for the prediction of discontinuity wall strength and UCS, 
and they pointed out that rebound values were affected by 
surface roughness and layer thickness of the material. Ver-
waal and Mulder (1993) studied on core samples with differ-
ent diameters of crystalline and clastic limestone, sandstone, 
and artificial materials, they found a positive correlation 
between HLD and UCS values. Meulenkamp and Alvarez 
Grima (1999) used HLD values which were taken by type 
“C” impact device and they selected unit weight, porosity, 
grain size, and rock type as input parameters in the predic-
tion of UCS values by artificial neural network (ANN) and 
regression analyses. Sandstone, limestone, dolomite, gran-
ite, and granodiorite rock types were tested and equations 
to estimate UCS values were proposed. The authors also 
stated that the prediction performance of ANN is better than 
regression. Kawasaki et al. (2002) studied the prediction of 
UCS from HLD on sandstone, shale, hornfels, granite, and 
greenschist from different parts of Japan. The authors pro-
posed positive linear correlations between HLD and UCS 
values for each rock type.

Aoki and Matsukura (2008) investigated the estimation 
of UCS values from HLD values on tuff, sandstone, granite, 
gabbro, and limestone samples from Japan and andesite from 
Indonesia. They used type “D” impact device, and pointed 
out the advantages of the hardness test method and pro-
posed a correlation equation between UCS and HLD values 
of tested samples by considering the data of Verwaal and 
Mulder (1993). They stated that UCS values of tested rock 
samples can be estimated with higher accuracy using both 
HLD and porosity values. Viles et al. (2011) investigated the 
rock hardness in relation to rock weathering on various types 
of sandstone, limestone, basalt, and dolerite in geomor-
phological and heritage science investigations in the field. 
Daniels et al. (2012) studied the estimation of strength of 
sandstone core samples from six reservoirs by HLD values. 
They used the equations proposed by Verwaal and Mulder 
(1993) and Aoki and Matsukura (2008). They pointed out 
that extended database of sandstone core samples from res-
ervoirs around the world indicates that field-specific calibra-
tion is essential for such a correlation equation.

Coombes et al. (2013) used Equotip hardness values as a 
non-destructive tool for detecting the variation of the hard-
ness of concrete, limestone and granite in coastal zone. Sam-
ples were attached to two meso-tidal rocky shore platforms 
in South West England and were exposed to atmospheric 
conditions for a period of 20 months. After 8 and 20 months, 
HLD values were taken, and as a result, it was pointed out 
by the authors that the hardness values of limestone were 
reduced, whereas surface hardnesses of concrete samples 
were increased. For granites, no statistical change was 
observed. Mol (2014) used Equotip hardness as the method 
to estimate the surface hardness of rocks. The researcher 
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pointed out that the method is very suitable for monitoring 
and mapping the effects of surface weathering of rocks.

Güneş Yılmaz (2013) studied on the estimation of UCS 
values of marble, limestone, dolomitic limestone, dolomite, 
and travertine using Equotip hardness values. In the study, 
previous hardness measurement procedures were presented 
and a new methodology named as hybrid dynamic method-
ology was introduced. This method was expressed as com-
bination of the surface rebound hardness and compaction 
ratio of a rock. The compaction ratio was defined as the ratio 
between the average surface hardness and the peak hardness 
obtained by ten repeated impacts at one point. Correlation 
equations were proposed, and it was mentioned that when 
apparent unit weight values are taken into consideration, 
significantly improved correlations were obtained. Hybrid 
dynamic hardness approach, determined by Equotip hard-
ness values, was also used in the assessment of rock cuttabil-
ity (Güneş Yılmaz et al. 2015).

Lee et al. (2014) worked on the estimation of UCS val-
ues of shale formations from HLD values. They proposed 
a UCS estimation equation for the shale formations with 
the aim of logging UCS variations with depth. Asiri et al. 
(2016) investigated the statistical relationship between HLD 
and UCS for sandstone. Sample size and number of HLD 
impact readings were evaluated and correlation equation was 
proposed for sandstones. Asiri (2017) tested sandstone, coal 
sandstone, limestone, dolostone, granite, greywacke, and 
schist samples, and presented a nonlinear relation between 
HLD and UCS. It is pointed out that HLD values can be used 
in field estimation of UCS values. Su and Momayez (2017) 
investigated the correlations between Equotip hardness, 
mechanical properties, and drillability of claystone, sand-
stone, limestone, conglomerate, siltstone, marble samples 
from Turkey, and granite, tonalite, mylonite, and granodior-
ite samples from USA. They found that the Equotip hardness 
could be reliably used for estimating the drillability of rocks 
with UCS values higher than 19 MPa and with drilling rate 
index lower than 70.

Güneş Yılmaz and Göktan (2018a) investigated the 
Schmidt and Equotip hardness as non-destructive test 
methods in the estimation of UCS values of basalt, lime-
stone, andesite, tuff, travertine, and marble samples. They 
also proposed an equation which is a combination of these 
two methods in the prediction of UCS values. Corkum et al. 
(2018) studied the correlation of HLD and UCS values of 
sedimentary, igneous and metamorphic rocks, which are 
represented by sandstone, granite, and schist, respectively. 
Detailed investigations on impact numbers, based on statis-
tical and average number of impacts in a test considering 
sample size, were performed. They proposed using trimmed 
mean of 12 impact readings based on the existence of outlier 
data. Correlation equations to estimate the UCS from HLD 
values for each rock type and for all rock types were also 

proposed. Güneş Yılmaz and Göktan (2018b) investigated 
the effect of Arch and V-shaped core holders on measured 
HLD values. They used basalt, limestone, andesite, tuff, 
agglomerate, travertine, and marble samples. They found a 
strong linear correlation between HLD values taken on both 
holders. They also proposed an estimation equation for UCS 
values of tested rocks.

One of the factors relevant for obtaining the accurate and 
precise HLD values is the sample size. There are studies 
examining the change of HLD measurements regarding sam-
ple size or thickness. Verwaal and Mulder (1993) pointed out 
that a slight effect on the HLD measurement was observed 
for the samples having a thickness above 50 mm. Kawasaki 
et al. (2002) also observed the same result. Corkum et al. 
(2018) recommended that HLD tests would be performed on 
samples with a minimum volume of 90 cm3. Güneş Yılmaz 
(2013) concluded that HLD tests should be applied to the 
core samples with minimum diameter of 54 mm. It was 
observed that the previous findings support each other. In 
this study, cube samples with 7 cm edge sizes (only two rock 
types have 5 cm edge size) were used and sample size is not 
considered to have an effect on HLD measurements.

In this study, the correlation equations for estimating 
not only the UCS values but also physical and mechani-
cal properties from HSC, HSL, and HLD hardness values for 
40 types of rock groups have been investigated. This study 
contributes to the current knowledge on hardness tests of 
different origin rock materials. HLD and some physical and 
mechanical properties of rock materials were investigated 
for the first time with HLD values and related correlations 
were proposed.

Materials and methods

In this study, 40 different types of rock materials were col-
lected from different areas of Turkey. To propose general 
correlation equations, sedimentary, metamorphic, and igne-
ous origin rock types, which are widely used as building 
stones, were selected. Sedimentary rocks were represented 
by travertines (Trv-1 to 12), limestones (Lms-1 to 11), and 
dolomites (Dlm-1 and 2), metamorphic rocks were repre-
sented by marbles (Mrb-1 to 3) and schist (Sch-1), and igne-
ous rocks were represented by granite (Grn-1 and 2), syenite 
(Syn-1), andesite (Ads-1), gabbro (Gbr-1), dunite (Dnt-
1), tuff (Tff-1) ,and ignimbrites (Ign-1 to 4). 7 × 7 × 7 cm 
cubic samples were prepared in accordance with the ASTM 
(1999). However, Lms-12 and Ign-1 samples could be pre-
pared as 5 × 5 × 5 cm. For each rock type two samples were 
prepared; however, Lms-9, Dlm-2, Mrb-3, Grn-1, Grn-2, 
and Ads-1 rocks were represented by one cubic sample. An 
overview of prepared samples is presented in Fig. 1.
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First, dry unit weight (γd), open porosity (no) values, and 
water absorption by weight (WAW) values of all samples were 
determined. After that, wide wheel abrasion (WA) and sonic 
wave velocity (Vp) values were obtained. Throughout the aim 
of this study, Leeb (HLD), Schmidt (HSL), and Shore (HSC) 
hardness values of samples were measured. Finally, uniaxial 
compressive strength (UCS) values were determined. All tests 
except Shore hardness tests were carried out in geological 
engineering laboratories of the Pamukkale University.

Physical, abrasion, and strength properties 
of samples

Physical properties of samples

The basic physical parameters were obtained in accordance 
with the EN 1936 (2006) standard. γd values of all samples 
were ranging between 12.40 and 30.19 kN/m3, with average 
value of 23.57 kN/m3. One of the most important properties 
of building stones is porosity, since it affects the strength; it 
should be noted that porosity is a very important parameter 
affecting the strength, water absorption, and durability of rock 
materials. Open porosity values of selected rocks were deter-
mined between 15.22 and 30.20%, with an average of 24.16%. 
Ignimbrite samples due to their weak nature have the highest 
open porosity values, and the lowest values were determined 
for the gabbro samples. Under the control of open porosity, 
water absorption values were also obtained in a wide range. 
Results of all tests are given in Table 1. Significant correlations 
were observed between dry unit weight − open porosity and 
dry unit weight − water absorption by weight values of tested 
rocks. Negative linear correlations were observed between 
γd − no and γd − WAW parameters and are given in Fig. 2a, 
b, respectively. In Eqs. 1 and 2, equations are listed for both 
correlations:

(1)no = −2.0518�d + 54.338
(

R
2 = 0.89

)

,

(2)WAW = −1.3973�d + 36.29
(

R
2 = 0.86

)

,

where no: open porosity (%), γd: dry unit weight (kN/m3), 
and WAW: water absorption by weight (%).

Abrasion resistance of samples

Abrasion is a very important parameter especially for natural 
building stones to be used in places subject to continuous 
abrasive effects such as pedestrian or vehicle traffic. There 
are different test methods for the determination of abra-
sion resistance of building stones. The most recent abra-
sion test is called wide wheel abrasion test (WA). This test 
became widespread due to its practical use and accepted 
as a reference test method (Çobanoğlu et al. 2010; Karaca 
et al. 2010, 2012; Marini et al. 2011; Çobanoğlu and Çelik 
2017). Abrasion resistance (WA) values of the samples were 
determined by the wide wheel abrasion test by following 
EN 14157 (2006) standard. The WA value, given in mm, 
represents the width of the abraded part measured on the 
sample at the end of the test. WA values of the samples were 
determined between 14.07 and 43.66 mm with an average 
value of 20.98 mm (Table 1). The influence of γd and no 
values on abrasion resistance of tested building stones was 
investigated, and a linear correlation equation was obtained. 
In Fig. 3a, a negative linear correlation between γd and WA 
values was observed (Eq. 3, R2 = 0.77), whereas a positive 
linear correlation (Eq. 4, R2 = 0.71) between no and WA val-
ues was observed (Fig. 3b):

where WA: abrasion resistance by wide wheel (mm), no: 
open porosity (%), and γd: dry unit weight (kN/m3).

Ultrasonic wave velocity measurements

A Pundit Lab (2014) ultrasonic test device with transmitter 
and receiver transducers of 54 kHz bandwidth was used to 
measure the longitudinal ultrasonic wave velocity (Vp) values. 
Ultrasonic wave velocity is a widely used parameter in the 
characterization of rock materials, which is used in indirect 
estimation of physico-mechanical parameters of rocks. It is 
practical and economical to use, and does not require well-
prepared samples, which is why became a widespread method. 
Ultrasonic wave velocity values were determined as 1.952 and 
7.128 km/s for ignimbrite (Ign 3-1) and dolomite (Dlm 1-1) 
samples, respectively. Vp measurement results are shown in 
Table 1. Between Vp and no values of tested samples, a nega-
tive linear correlation was determined. In this correlation, met-
amorphic rock data were found to be outside the general trend, 
which is possibly due to anisotropic internal structure of schist 
and marble samples. Determination coefficient for this correla-
tion was obtained as 0.68 (Eq. 5, Fig. 4a). Distribution of γd 

(3)WA = −1.5919�d + 58.983
(

R
2 = 0.77

)

,

(4)WA = 0.6932no + 17.28
(

R
2 = 0.71

)

,

Fig. 1   View of cubic samples
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Table 1   Physical, mechanical, and hardness test results of samples

Sample codea γd (kN/m3) γsat (kN/m3) no (%) WAW (%) Vp (km/s) WA (mm) UCS (MPa) HLD St.d. HSL St.d. HSC St.d.

Trv 1-1 23.07 23.35 2.84 1.21 6.307 20.51 38.56 524.7 96.64 36.8 2.65 44.8 5.39
Trv 1-2 23.17 23.48 3.22 1.36 5.801 19.53 18.33 558.8 56.72 39.0 3.16 36.6 4.35
Trv 2-1 23.88 24.12 2.45 1.01 6.297 23.04 22.22 571.3 99.31 39.6 4.08 43.3 4.45
Trv 2-2 24.04 24.30 2.62 1.07 5.784 22.25 35.66 530.6 113.52 37.4 3.61 47.8 3.23
Trv 3-1 21.95 22.47 5.26 2.35 5.743 23.37 48.29 502.6 76.13 36.4 3.58 38.1 4.50
Trv 3-2 22.80 23.24 4.45 1.91 5.510 24.49 55.62 542.3 61.06 36.0 1.85 40.9 2.96
Trv 4-1 24.45 24.59 1.43 0.58 6.232 19.22 64.05 607.8 36.94 42.4 4.57 46.7 3.23
Trv 4-2 24.52 24.69 1.68 0.67 4.981 20.45 65.10 608.9 68.16 40.4 3.23 45.6 3.46
Trv 5-1 21.28 21.80 5.39 2.48 5.054 29.75 24.42 507.6 77.61 35.8 7.51 29.4 7.63
Trv 5-2 22.10 22.61 5.22 2.32 5.171 24.73 25.61 508.9 99.11 34.2 12.01 38.6 3.25
Trv 6-1 22.47 23.34 8.94 3.90 5.097 24.02 49.45 527.6 70.06 34.8 2.52 41.3 2.75
Trv 6-2 22.84 23.74 9.21 3.95 5.145 22.19 61.19 534.5 53.35 33.6 2.50 36.5 3.46
Trv 7-1 24.30 24.53 2.29 0.92 5.468 20.22 54.76 594.4 44.48 38.8 3.43 48.3 3.70
Trv 7-2 24.22 24.45 2.30 0.93 5.806 20.07 79.21 584.9 50.00 39.4 1.28 44.7 2.92
Trv 8-1 23.10 23.35 2.53 1.07 5.668 19.75 68.64 562.5 50.29 35.2 2.41 48.3 5.04
Trv 8-2 22.86 23.52 6.72 2.88 5.026 21.67 57.37 541.1 65.91 36.2 2.56 33.8 3.92
Trv 9-1 24.42 24.75 3.30 1.33 6.204 15.88 71.77 689.2 39.89 45.4 4.67 57.0 3.31
Trv 9-2 23.33 23.55 2.23 0.94 6.114 17.36 65.01 650.3 44.98 42.0 4.10 52.3 5.53
Trv 10-1 25.35 25.69 3.44 1.33 5.482 16.73 102.20 617.8 35.07 41.6 1.50 48.3 2.67
Trv 10-2 24.16 24.66 5.04 2.04 5.475 16.22 116.97 647.7 17.81 40.4 1.61 47.5 2.50
Trv 11-1 24.62 25.00 3.86 1.54 7.730 18.39 65.39 686.1 58.77 54.4 1.96 57.5 6.06
Trv 11-2 24.79 25.11 3.22 1.27 7.718 17.74 114.39 646.6 66.57 55.0 8.77 51.6 4.68
Trv 12-1 22.07 22.63 5.69 2.53 4.663 21.07 20.16 568.7 84.15 37.6 2.66 38.6 2.52
Trv 12-2 21.62 22.18 5.70 2.59 4.525 22.55 13.08 470.4 43.21 37.4 3.48 45.7 2.63
Lms 1-1 24.06 24.36 3.05 1.24 5.940 22.46 45.33 539.3 131.11 35.6 5.60 43.0 4.75
Lms 1-2 23.87 24.25 3.90 1.60 6.242 20.89 38.97 600.4 51.13 36.0 3.21 43.5 3.57
Lms 2-1 26.72 27.02 3.05 1.12 3.860 19.19 123.85 735.9 30.44 47.0 4.87 48.3 3.93
Lms 2-2 26.17 26.36 1.87 0.70 5.208 18.88 148.00 695.3 31.01 47.6 3.09 56.0 3.56
Lms 3-1 26.10 26.14 0.34 0.13 6.614 17.22 112.96 678.2 20.86 50.8 3.08 62.6 5.40
Lms 3-2 25.90 25.93 0.28 0.11 6.711 16.27 122.74 672.4 17.00 46.2 2.37 53.1 2.60
Lms 4-1 22.84 23.70 8.82 3.79 5.181 24.43 61.00 503.2 55.94 38.4 4.08 37.1 2.33
Lms 4-2 22.98 23.68 7.22 3.08 5.135 25.88 89.62 603.1 28.23 36.6 3.32 35.7 1.55
Lms 5-1 19.97 21.38 14.36 7.05 3.845 34.29 24.13 377.4 91.58 22.0 3.93 27.2 4.17
Lms 5-2 20.26 21.33 10.97 5.31 4.361 30.70 26.52 388.4 87.65 24.6 3.49 22.3 3.25
Lms 6-1 25.99 26.02 0.34 0.13 6.588 16.96 123.89 702.0 14.35 44.0 4.29 59.5 3.04
Lms 6-2 26.20 26.23 0.37 0.14 6.854 16.95 106.29 680.3 41.05 49.2 3.96 62.7 2.63
Lms 7-1 26.11 26.13 0.23 0.09 6.718 17.23 126.24 683.8 16.64 49.0 3.78 61.3 3.38
Lms 7-2 26.01 26.03 0.25 0.10 6.506 18.61 137.71 700.4 33.12 51.4 3.58 59.7 3.90
Lms 8-1 27.37 27.42 0.51 0.18 6.233 15.71 144.88 813.0 41.84 55.2 3.35 81.8 4.64
Lms 8-2 26.85 26.91 0.60 0.22 5.961 14.82 147.34 802.7 47.83 50.8 4.18 78.4 3.50
Lms 9-1 26.29 26.52 2.36 0.88 5.597 16.74 106.66 603.2 68.66 47.8 3.89 67.3 4.27
Lms 10-1 23.25 23.95 7.14 3.01 5.252 –b 48.08 468.0 39.16 35.8 3.16 28.7 4.00
Lms 10-2 23.48 24.13 6.59 2.75 5.112 –b 60.12 475.0 25.84 36.0 4.00 30.5 3.35
Lms 11-1 25.94 25.99 0.53 0.20 6.131 15.53 106.67 672.6 20.42 46.4 3.98 55.3 3.39
Lms 11-2 25.87 25.92 0.55 0.21 6.151 16.14 87.55 684.6 16.36 47.4 3.44 57.6 3.38
Dlm 1-1 26.95 26.98 0.31 0.11 7.128 15.18 202.34 858.4 25.11 60.0 3.35 64.9 3.84
Dlm 1-2 26.39 26.68 2.96 1.10 6.678 17.88 117.82 706.2 35.27 59.6 2.46 66.1 3.05
Dlm 2-1 26.80 26.82 0.16 0.06 6.539 21.26 102.10 634.9 11.31 47.2 3.41 51.6 3.02
Mrb 1-1 26.46 26.50 0.45 0.17 4.149 21.43 45.33 572.3 50.85 35.0 2.93 43.5 5.02
Mrb 1-2 26.71 26.78 0.79 0.29 4.283 20.56 54.80 587.6 61.12 33.4 2.06 45.3 2.64
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and Vp values was also investigated and correlation between 
these two parameters was determined as a power function with 
0.70 determination coefficient value (Eq. 6, Fig. 4b):

(5)no = −4.8355VP + 31.213
(

R
2 = 0.68

)

,

where, no: open porosity (%), Vp: longitudinal wave velocity 
(km/s), and γd: dry unit weight (kN/m3).

(6)
�d = 11.148V0.4574

P

(

R
2 = 0.70

)

,

Table 1   (continued)

Sample codea γd (kN/m3) γsat (kN/m3) no (%) WAW (%) Vp (km/s) WA (mm) UCS (MPa) HLD St.d. HSL St.d. HSC St.d.

Mrb 2-1 25.89 25.93 0.39 0.15 6.834 16.78 112.58 698.7 11.56 52.0 2.73 61.4 3.65
Mrb 2-2 25.94 25.98 0.48 0.18 6.937 16.30 133.72 693.8 20.84 50.0 3.62 60.2 1.72
Mrb 3-1 26.47 26.63 1.68 0.62 6.387 17.33 102.28 650.3 101.28 52.2 5.34 55.7 6.00
Sch 1-1 26.81 26.88 0.72 0.26 2.961 18.61 109.72 691.3 73.07 45.2 4.53 60.6 4.18
Sch 1-2 26.48 26.54 0.64 0.24 3.583 18.67 97.92 691.8 87.06 43.2 4.48 59.1 7.53
Grn 1-1 25.67 25.77 1.03 0.39 4.118 18.36 118.02 766.9 89.14 50.0 1.54 81.3 9.09
Grn 2-1 25.97 26.01 0.41 0.16 5.982 14.07 168.23 816.1 68.73 58.6 3.72 97.6 5.44
Syn 1-1 24.91 24.94 0.39 0.15 5.754 15.89 99.79 749.7 42.49 56.0 4.29 85.1 5.26
Syn 1-2 24.56 24.59 0.36 0.14 5.677 14.11 98.63 712.7 22.50 53.4 3.76 87.3 4.24
Ads 1-1 23.65 24.01 3.64 1.51 5.216 16.40 80.64 724.7 81.19 43.2 2.68 59.8 8.51
Gbr 1-1 30.15 30.16 0.14 0.04 6.571 14.14 147.71 781.5 37.55 55.6 3.23 79.7 4.94
Gbr 1-2 30.19 30.20 0.08 0.03 6.850 14.25 151.69 800.2 48.59 56.6 3.35 82.8 5.69
Dnt 1-1 27.83 27.88 0.49 0.17 5.817 17.76 75.97 630.8 20.90 46.8 4.58 45.8 4.61
Dnt 1-2 28.02 28.05 0.29 0.10 6.180 17.17 101.01 632.1 39.46 50.6 5.04 46.2 1.86
Tff 1-1 18.21 19.91 17.29 9.31 2.105 28.07 46.49 635.3 50.03 35.2 2.37 55.2 5.42
Tff 1-2 18.44 20.19 17.90 9.52 2.237 27.08 48.12 635.8 42.98 41.6 4.85 47.6 4.96
Ign 1-1 14.25 16.76 25.56 17.59 2.500 –b 8.92 371.1 85.43 30.0 3.11 13.6 4.10
Ign 1-2 12.40 15.22 28.79 22.78 2.127 –b 6.46 311.4 111.89 19.8 3.95 11.3 5.76
Ign 2-1 14.08 16.86 28.41 19.79 2.269 0.26 11.27 278.6 26.95 22.0 3.49 8.0 1.94
Ign 2-2 13.79 16.59 28.51 20.28 2.063 43.66 9.00 286.6 45.50 19.6 3.11 7.2 1.81
Ign 3-1 12.87 15.81 30.05 22.90 1.952 42.60 6.12 263.6 39.82 19.2 2.57 5.6 1.47
Ign 3-2 14.59 17.45 29.22 19.64 2.288 36.36 12.67 310.3 24.49 18.8 2.93 7.6 1.88
Ign 4-1 18.08 20.45 24.17 13.11 3.032 22.05 33.44 602.4 73.69 43.0 3.62 35.2 6.19
Ign 4-2 18.34 20.68 23.85 12.75 2.997 22.12 44.59 546.7 61.77 38.4 2.74 39.3 6.23

a Trv travertine, Lms limestone, Dlm dolomite, Mrb marble, Sch schist, Grn granite, Syn siyenite, Ads andesite, Gbr gabbro, Dnt dunite, Tff tuff, 
Ign ignimbrite
b WA values cannot be determined on cubic samples with 5 × 5×5 cm size

Fig. 2   Correlations of γd − no (a) and γd and WA (b) values
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Uniaxial compressive strength tests

Uniaxial compressive strength (UCS) is a very important 
mechanical parameter for rocks. UCS tests on all cubic sam-
ples were carried out in dry conditions in accordance with 
ASTM (1999) standard. 2000 kN load capacity compression 
test system was used and the loading rate was kept between 
0.5 and 1 MPa/s. Minimum and maximum UCS values of 
the samples were determined as 6.12 and 202.34 MPa which 
correspond to weak and very strong rock class, respectively 
(ISRM 2007). It should be noted that UCS values of selected 
samples vary within a very wide range. Therefore, the pro-
posed correlation equations, obtained from such a wide 
range, will be very useful and can be utilized for general 
use. UCS values of all samples were given in Table 1. Cor-
relations between UCS and other test data were investigated. 
Significant correlations between UCS − γd, UCS − no, and 
UCS − WA values were obtained and presented in Fig. 5a–c, 
respectively. UCS − γd and UCS − no correlations were 
given in logarithmic functions with 0.75 and 0.60 determina-
tion of coefficient values respectively, and these correlation 
equations were given in Eqs. 7 and 8:

where, UCS: uniaxial compressive strength (MPa), γd: dry 
unit weight (kN/m3), and no: open porosity (%).

Çobanoğlu and Çelik (2017) proposed a correlation equa-
tion for the prediction of WA values from UCS values (Eq. 9). 
In this study, a slightly stronger correlation between UCS and 
WA values was observed (Eq. 10). Data scatter for this correla-
tion is also presented in Fig. 5c:

where UCS in MPa and WA in mm.

(7)UCS = 0.7581e0.1851�d
(

R
2 = 0.75

)

,

(8)UCS = 93.487e−0.076no
(

R
2 = 0.60

)

,

(9)WA = −7.596In(UCS) + 54.902
(

R
2 = 0.70

)

,

(10)WA = 66.296UCS−0.286
(

R
2 = 0.72

)

,

Fig. 3   Correlations of γd − WA (a) and no − WA (b) values

Fig. 4   Correlations of no − Vp (a) and γd − Vp (b) values
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Hardness tests

Leeb hardness tests (HLD)

Pen Type Leeb Hardness Tester (TIME® 5100) used in 
this study is a pocket size electronic hardness tester with 
a built-in type “D” impact body and a tip made of tungsten 

carbide (Fig. 6a). Different types of impact bodies with 
different impact energies are available for Leeb hardness 
test devices. These impact bodies can be selected accord-
ing to the physical condition and hardness of a material. 
In general, type “D” impact body is commonly used. 
The impact energy and weight of this body is 11 N mm 
and 5.5 g, respectively. When the impact body loaded 
by a spring mechanism is released, it hits to the material 

Fig. 5   Distributions of UCS − γd (a), UCS − no (b), and UCS − WA (c) test results

Fig. 6   Views of hardness tests, 
HLD (a), HSL (b), and HSC (c)
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surface and rebounds. At a distance of 1 mm from the 
material surface, impact and rebound velocities of the 
body are determined depending on the voltage generated 
by the coil inside the device. Although the device can be 
used in different directions, in this study, all tests are car-
ried out holding the HLD device downwards. In Fig. 7, 
typical time-dependent recorded voltage values (+U, −U) 
during a test are given. HLD values are determined by the 
following equation (Leeb 1979):

where, HLD: Leeb hardness value (with type “D” impact 
device), Vrebound: rebound velocity of the impact body, 
Vimpact: impact velocity of the body.

HLD criterion was originally developed for metallic materi-
als and a standard procedure was proposed for steel products 
by ASTM (2002). However, a hardness measurement proce-
dure for rocks is not yet standardized. Researchers have been 
determining the HLD values with their own test methodologies 
(Verwaal and Mulder 1993; Aoki and Matsukura 2008; Güneş 
Yılmaz 2013; Lee et al. 2014; Su and Momayez 2017; Güneş 
Yılmaz and Göktan 2018a, b; Corkum et al. 2018). These HLD 
measurement approaches can be divided into two groups. The 
first one is averaging the hardness values taken at different 
points and the second is averaging the repeated hardness val-
ues at the same points on the surface of a sample. In this study, 
repeating hardness measurement on the same point approach 
was not adopted. Some tested building stones such as granite, 
andesite, gabbro, etc. consisted of polyminerals. It is clear that 
different minerals will give different HLD values; for this rea-
son, repeated impact values at one point can cause the hardness 
value to be obtained incorrectly. The authors believed that the 
best measurement method for HLD tests was to use the average 
of the measurements taken at different points distributed on 
the surface of a sample. In this study, different HLD measure-
ment methods were tried, and eventually, the average of 20 
HLD measurements taken at different points of a surface of a 
sample was found to be the best representative. This method 

(11)HLD =
Vrebound

Vimpact

× 1000,

is the same as the suggested method for Shore (C-2) hardness 
(HSC) measurement by ISRM (Altındağ and Güney 2006).

Schmidt hammer (HSL) and Shore C‑2 scleroscope 
hardness tests (HSC)

For the purpose of this study, HSL measurements were taken 
on each sample (Fig. 6b). L-type Schmidt hammer with 0.735 
Nm impact energy (Proceq 2016) was used in accordance with 
ISRM (Altındağ and Güney 2006). HSL method was first pro-
posed for the determination of the strength of concrete as a 
non-destructive test method (Schmidt 1951; Hucka 1965) and 
then become widespread, and it has been used on rock materi-
als especially for the estimation of UCS values in engineer-
ing practice (Katz et al. 2000; Kahraman 2001; Yılmaz and 
Sendir 2002; Yaşar and Erdoğan 2004; Aydın and Basu 2005; 
Shalabi et al. 2007; Büyüksağış and Göktan 2007; Çobanoğlu 
and Çelik 2008; Yağız 2009, Gupta et al. 2009; Bruno et al. 
2013; Selçuk and Yabalak 2015; Momeni et al. 2015; Selçuk 
and Nar 2016). In all measurements, the hammer was held 
downwards. Compared to Schmidt hammer, Shore scleroscope 
is an older test method. A 2.44 g diamond-tipped hammer falls 
freely on the test surface and rebounds upward in a tube with 
a hardness scale ranging from 0 to 140 (Fig. 6c). The Shore 
scleroscope has been used in the characterization of rocks for 
a very long period of time (Koncagül and Santi 1999; Tumaç 
et al. 2007; Çobanoğlu and Çelik 2017). Schmidt can be used 
in both laboratory and field, while Shore can only be used in 
laboratory.

Correlation of test results

Correlations of hardness and physical properties 
of building stones

For the purpose of this study, estimation of physical properties 
from HLD, HSL, and HSC hardness values of studied rocks 
is investigated and the results are presented. In Table 1, all 
test parameters with hardness values are listed. Correlations 
of dry unit weight (γd) and HLD, HSL, and HSC values are 
presented in Fig. 8a–c, respectively. Correlation equations for 
γd − HLD, γd − HSL, and γd − HSC are given in Eqs. 12, 13, and 
14 respectively. Reasonable and similar correlations between 
dry unit weight and hardness values were obtained in terms 
of determination coefficients. HSC test is found to be a little 
stronger than HLD and HSL method:

(12)�d = 0.3905HL0.6411
D

(

R
2 = 0.74

)

,

(13)�d = 2.6914HS0.5827
L

(

R
2 = 0.70

)

,
Fig. 7   Typical generated voltage pattern during an HLD test (after 
Leeb 1979)
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Slightly weaker correlations were obtained between 
open porosity (no) and HLD, HSL, and HSC hardness val-
ues (Fig. 9a–c). Open porosity could be a problem for HLD 
measurements. If the impact tip coincides with the pores 
during the test, the measurement may not be taken. Hard-
ness measurement could be a problem for porous rocks such 
as travertine; therefore, the measurements should be taken 
more carefully for this type of rocks. In the correlation of 
hardness and open porosity values of tested rocks, HLD 
method was found to be stronger than HSL and HSC methods 
in the estimation of no values from hardness values, which 
are given in Eqs. 15, 16, and 17:

(14)�d = 7.6608HS0.2942
C

(

R
2 = 0.78

)

.

(15)no = 676.61e−0.025HLD

(

R
2 = 0.65

)

,

(16)no = 294.57e−0.117HSL
(

R
2 = 0.58

)

,

(17)no = 45.863e−0.062HSC
(

R
2 = 0.60

)

.

Water absorption values of samples were also inves-
tigated. WAW values were exponentially decreased with 
increasing hardness values. Correlations of HLD, HSL, 
and HSC hardness values with WAW values are given in 
Fig. 10a–c, respectively. Correlations equations are also 
given in Eqs. 18, 19, and 20:

Statistically significant correlations were obtained 
for estimating some physical properties of rocks. It was 
observed that the data of ignimbrite samples were far from 
the obtained correlation curves. It is thought that this situ-
ation is caused by the textural and mineralogical structure 
of ignimbrite samples. It should be noted that the hardness 
values can practically be used in the characterization of 
physical properties of rock materials. It is also concluded 
in this study that HLD method was found to be more suc-
cessful than HSL and HSC methods in terms of estimating 
performance and ease of use.

(18)WAW = 419.51e−0.01HLD

(

R
2 = 0.62

)

,

(19)WAW = 5 × 107HS−4.8
L

(

R
2 = 0.60

)

,

(20)WAW = 28.164e−0.07HSC
(

R
2 = 0.62

)

.

Fig. 8   Correlations of HLD − γd (a), HSL − γd (b), and HSC − γd (c) test results
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Fig. 9   Correlations of HLD − no (a), HSL − no (b), and HSC − no (c) test results

Fig. 10   Correlations of HLD − WAW (a), HSL − WAW (b), and HSC − WAW (c) test results
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Correlations of hardness and mechanical properties 
of rocks

Abrasion resistance by wide wheel abrasion test (WA) and 
UCS tests results were investigated as mechanical proper-
ties. Estimation of these parameters from hardness values 
of tested rocks were compared. It is clear that abrasion 
is associated with surface hardness. In the scope of this 
study, strong correlations between abrasion and hardness 
were determined. In Fig. 11a–c, correlations of WA − HLD, 
WA − HSL, and WA − HSC are given, respectively. Hardness 
tests can be used to estimate the abrasion resistance of build-
ing stones. All correlations were found in exponential forms 
and can practically be used in the prediction of WA values. In 
Eqs. 21, 22, and 23, correlation equations for the prediction 
of abrasion resistance of rock materials from HLD, HSL, and 
HSC are listed, respectively:

(21)WA = 10091HL−0.972
D

(

R
2 = 0.83

)

,

(22)WA = 550.85HS−0.89
L

(

R
2 = 0.82

)

,

(23)WA = 102.35HS−0.425
C

(

R
2 = 0.79

)

.

The most important mechanical property of rocks is UCS. 
Therefore, the practical estimation of this parameter attracts 
the attention of many researchers. Estimation of UCS val-
ues from HLD, HSL, and HSC values was investigated. HLD 
values were found to be more effective in the prediction of 
UCS values than HSL and HSC. Throughout the scope of 
the study, it has been shown that HLD values can be used 
successfully in the estimation of UCS values of tested rock 
samples ranging from weak to very strong. In Fig. 12a, b, 
c, correlations of UCS to HLD, HSL, and HSC are given, 
respectively. Within the scope of this study, the following 
equations (Eqs. 24, 25, and 26) are proposed for the esti-
mation of UCS values of rock represented by sedimentary, 
metamorphic, and igneous origin:

This study contains the data of rocks represented by 
40 types of rocks. Therefore, proposed correlation equa-
tions can widely be used in practice and properties of rock 

(24)UCS = 7 × 10−7HL2.8751
D

(

R
2 = 0.80

)

,

(25)UCS = 0.004HS2.5972
L

(

R
2 = 0.74

)

,

(26)UCS = 0.5864HS1.2265
C

(

R
2 = 0.72

)

.

Fig. 11   Correlations of HLD − WA (a), HSL − WA (b), and HSC − WA (c) test results



Environmental Earth Sciences (2019) 78:554	

1 3

Page 13 of 16  554

materials can be predicted with considerable accuracy using 
the proposed equations. The previously proposed equations 
with measurement methods for the practical estimation of 
UCS values from the measured HLD values for the different 
rock types are given in Table 2.

Although Leeb hardness criterion was developed to meas-
ure the surface hardness of metallic materials, applicability 
to use on rock materials has been investigated by various 
researchers. In this study, it was determined that the recent 
HLD test can be used successfully in the estimation of tech-
nological and quality parameters of rocks both in laboratory 
and in field for various fields in engineering practice. In this 
study, it is concluded that the use of HLD hardness values 
in rock material characterization is more advantageous and 
useful than the HSL and HSC methods. Equations for the 
estimation of the basic properties of rock materials from 
HLD values are summarized in Table 3.

Correlation of hardness tests

Surface hardness methods are widely preferred in the esti-
mation of the physical and mechanical properties of rocks 
due to their practical and economical use. HLD, HSL, and 
HSC hardness values of all samples were correlated with 
each other (Fig. 13a–c). Between these methods, reason-
able correlations were obtained. In this study, determination 
of HLD values by pocket size hardness test device found 
to be faster, easier, and comfortable than HSL and HSC 

methods. In rock characterization, both in laboratory and 
in field HLD tests would be very useful. In the correlation 
of 40 stone types, the best fit equations were found as linear 
functions. The strongest correlation was determined between 
HLD − HSC (Eq. 27) and HLD − HSC (Eq. 28) methods; 
however, between HSL and HSC (Eq. 29), a weaker correla-
tion was observed:

Güneş Yılmaz and Göktan (2018a) correlated the Schmidt 
and Leeb hardness values and proposed the following linear 
equation (Eq. 30):

Reasonable correlations between three rebound hard-
ness measurement methods were obtained for the selected 
rocks. The power of the correlation between HLD and 
HSC is thought to be due to an effect of the similarity of 
these two rebound test methods to each other in terms of 
their impact energies and similar dimension of impact 
tip. However, impact energy of the Schmidt hammer of 
type L is about 67 times higher than the Leeb has. The 
lower impact energy of HLD can be considered as a less 

(27)HLD = 12.178HSL + 93.929
(

R
2 = 0.85

)

,

(28)HLD = 6.3527HSC + 292.55
(

R
2 = 0.85

)

,

(29)HSC = 1.7041HSL − 22.398
(

R
2 = 0.79

)

.

(30)HLD = 15.573HSL + 6.1827
(

R
2 = 0.82

)

.

Fig. 12   Correlations of HLD − UCS (a), HSL − UCS (b), and HSC − UCS (c) test results
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destructive test than the Schmidt hammer, especially tests 
on weak stones such as tuff and ignimbrites.

Another difference between hardness tests is the hard-
ness scale. Leeb hardness test device gives the HLD value 
between 170 and 900. However, HSL and HSC values have 
a range between 0–100 and 0–140, respectively. More 
accurate hardness values of rocks can be given using 
Leeb method than Schmidt hammer and Shore sclero-
scope methods.

Conclusions

Estimation of the physical and mechanical properties of nat-
ural building stones has become increasingly widespread uti-
lizing not only practical and economical tests but also non-
destructive test methods. Pen type Leeb hardness tester used 
in this study showed some advantages over Schmidt hammer 
and Shore scleroscope such as practical use, determination 
of precise hardness value ranging from 170 to 900, instant 
data acquisition, applicability to weak rocks due its lower 
impact energy, and usability in both laboratory and field.

Although there is no suggested or standardized test 
method for Leeb hardness measurements on rock materials, 
various HLD measurement methods have been proposed by 
different researchers. In the context of this study, average of 
20 HLD measurements taken at different points of a surface 
of a sample was found to be the best representative measure 
for the hardness of tested stones.

Surface hardness of a rock material is a parameter closely 
related to other physical and mechanical properties. γd, no, 
WAW, WA, and UCS parameters of 40 types of building 
stones of sedimentary, metamorphic, and igneous origin 

Table 2   Correlation equations between HLD and UCS values on various rock types

a Data from Aoki and Matsukura (2008) and Verwaal and Mulder (1993)
b ESH refers to Equotip shore hardness
c This equation was developed based on the data of butt sections of shale
d A and V indicate the Arch and V-shaped core holders, respectively
e Numbers in the parenthesis indicate the number of tested rock types

Equations R2 Rock types Test method References

UCS = 5 × 10−6HL
2.6275

D
0.82 Clastic limestone, sandstone, and 

artificial materials
Mean of ten impacts Verwaal and Mulder (1993)

UCS = 1.75 × 10−9HL
3.8

D
0.81 Sandstone, limestone, dolomite, 

granite, and granodiorite
– Meulenkamp and Alvarez Grima 

(1999)
UCS = 8 × 10−6HL

2.5

D

a 0.77 Tuff, sandstone, granite, gabbro, 
limestone, and andesite

Mean of ten impacts Aoki and Matsukura (2008)

UCS = 4.5847ESH − 142.22
b 0.67 Marble, limestone, dolomitic lime-

stone, dolomite, and travertine
Hybrid dynamic hardness Güneş Yılmaz (2013)

UCS = 2.1454 × e0.0058HLD
c 0.81 Shale Mean of ten impacts Lee et al. (2014)

UCS = 0.1745HL
D
− 42.869 0.71 Claystone, sandstone, limestone, 

conglomerate, siltstone, marble, 
granite, tonalite, mylonite, and 
granodiorite

Mean of 3 impacts Su and Momayez (2017)

UCS = 2 × 10−8HL
3.3492

D
0.87 Basalt, limestone, andesite, tuff, 

travertine, and marble
Mean of 20 impacts Güneş Yılmaz and Göktan (2018a)

UCS = 15.7HL
2.42

D
× 10−6 0.70 Sandstone, granite, and schist Trimmed mean of 12 impacts Corkum et al. (2018)

UCS = 0.229HL
DA

− 84.242
d

UCS = 0.2342HL
DV

− 89.725
d

0.84
0.83

Basalt, limestone, andesite, tuff, 
agglomerate, travertine, and 
marble

Mean of 20 impacts Güneş Yılmaz and Göktan (2018b)

UCS = 7 × 10−7HL
2.8751

D
0.80 Travertine (12), Limestone (11), 

Dolomite (2), Marble (3), schist, 
granite (2), syenite, andesite, gab-
bro, dunite, tuff, and ignimbrite 
(4)e

Mean of 20 impacts This study

Table 3   Correlation equations for prediction of basic properties of 
rocks from HLD values

Equation R2 No of data

�
d
= 0.3905HL

0.6411

D
0.74 74

n
o
= 676.61e−0.025HLD 0.65 74

W
AW

= 419.51e−0.01HLD 0.62 74

W
A
= 10091HL

−0.972

D
0.83 70

UCS = 7 × 10−7HL
2.8751

D
0.80 74
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were determined and correlated with HLD values. Reason-
able correlation equations, which will be beneficial for the 
practitioners, scientists, and various people from related 
fields, were proposed.

Correlation of HLD values with more test data of different 
types of natural building stone would be further contribution 
to propose more general predictive equations. Furthermore, 
investigation of anisotropy and weathering properties of rock 
materials with HLD values is suggested as future studies.
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