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Abstract The Leeb hardness test is a non-destruc-
tive and portable technique that can be used both in
the laboratory and in-field applications. The main
purpose of this study is to predict the dynamic elas-
tic constants of the igneous and sedimentary rocks
using Leeb dynamic hardness testing. For this pur-
pose, three vital topics have been investigated and
analyzed. First, the relationships between ultrasonic
wave velocities and dynamic elastic constants with
the Leeb hardness were investigated. Thereafter, by
determining the rock quality index (IQ) using micro-
scopic studies and by analyzing the quality index-
porosity plot, the variation of the Leeb hardness
values was studied. Eventually, the longitudinal wave-
form in rock samples with different quality indexes
and Leeb hardness were analyzed. To achieve these
outputs, 33 samples of igneous and sedimentary rocks
with a wide range of physical, mechanical, and tex-
tural features were collected and tested. The results of
the analyses show that in both igneous and sedimen-
tary rocks, the dynamic modulus of elasticity (E,)
has a significant correlation with the Leeb hardness.
Generally, based on the microscopic studies, it was
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observed that the existence of the porosity in sedi-
mentary rocks and intercrystalline and intracrystal-
line fissures in igneous rocks sharply reduce the Leeb
hardness and thus lead to changes in the form of the
longitudinal waves.

Keywords Leeb hardness - Dynamic elastic
constants - Non-destructive technique - Quality
index - Longitudinal waveform

1 Introduction

An accurate estimation of dynamic elastic constants
is vital for almost any form of design and analysis
in rock, civil, and geological engineering projects
(Diamantis et al. 2009; Azimian 2017; Jamshidi and
Torabi-Kaveh 2021). Among dynamic elastic con-
stants, modulus of elasticity, modulus of rigidity, and
bulk modulus are the fundamental ones (Davarpanah
et al. 2020). The empirical equations can be imple-
mented to get the quick and almost accurate estima-
tion of dynamic elastic constants, especially at the
field applications. Non-destructive hardness tests are
such useful indirect methods that could be applied for
the assessment of dynamic elastic constants.

All rock hardness tests are classified based
on their testing mechanisms in four categories:
rebound, indentation, scratch, and grinding. The
methods which apply rebound mechanisms are
called “dynamic” and are more applicable and
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less restrictive than other mechanisms. In general,
Schmidt hammer, Shore scleroscope, and Leeb hard-
ness which are classified in rebound-based methods
are widely used in rock mechanics and civil engineer-
ing due to the economical and practical compared to
the indentation-based hardness test methods such as
Brinell, Vickers, Rockwell, Knoop, etc. (Celik and
Cobanoglu 2019).

Leeb (or Equotip) hardness test has been intro-
duced by Leeb (1978) and was originally developed
for measuring the hardness of metallic materials. This
test is portable, precise, and non-destructive (based
on the low impact force) (Aoki and Matsukura 2007;
Desarnaud et al. 2019; Gomez-Heras et al. 2020).
Generally, due to the dynamic nature of rebound-
based hardness tests, they could be significantly
applied for the estimation of dynamical characteris-
tics of rocks (Gupta 2009; Yagiz 2009; Sharma et al.
2011; Khandelwal 2013; Sousa 2014; Karaman and
Kesimal 2015). The Leeb hardness test can be carried
out rapidly, conveniently, and non-destructively on
core and block samples or rock outcrops. This makes
the Leeb hardness device convenient for field tests
(Hack et al. 1993; Viles et al. 2011; Yilmaz 2013;
Garrido et al. 2021; Ince and Bozdag 2021).

The estimation of rock physical and mechani-
cal properties using Leeb hardness is widely used in
rock mechanics. Numerous authors have presented
correlations between UCS, Young’s modulus, den-
sity, porosity, and Vp with Leeb hardness (Meulen-
kamp and Grima 1999; Aoki and Matsukura 2008;
Yilmaz and Goktan 2018; Corkum et al. 2018; Yiik-
sek 2019; Celik and Cobanoglu 2019; Aldeeky et al.
2020; Celik et al. 2020; Gomez-Heras et al. 2020;
Benavente et al. 2021; Garrido et al. 2021; Ince
and Bozdag 2021). But no research is available on
dynamic elastic constants prediction for rocks using
Leeb hardness. Meulenkamp and Grima (1999) per-
formed a study on 194 different rock samples to esti-
mate the UCS value using Leeb hardness, porosity,
density, grain size, and lithology of rocks with the
neural network method. Aoki and Matsukura (2008)
estimated UCS using Leeb hardness with a good cor-
relation coefficient. However, they concluded that the
estimation of UCS is more meaningful when Leeb
hardness and porosity values were used together.
Corkum et al. (2018) investigated the relationships
between o, of igneous, sedimentary, and metamor-
phic rock types using the Leeb hardness test. They
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found reasonable power correlations. Additionally,
their results showed that the Leeb hardness test can
be useful for field estimation of 6,. Yilmaz and Gok-
tan (2018) investigated the relationship between UCS,
open porosity, and apparent density with Leeb hard-
ness by employing an ‘Arch-shaped’ and a ‘V-shaped’
core holders. Their statistical analyses show that the
UCS could reliably be estimated by employing any
of the holders. In contrast, the porosity and density of
the tested rock samples were not significantly corre-
lated to the Leeb hardness obtained in the two hold-
ers. Celik and Cobanoglu (2019) also examined the
correlations between dry unit weight, open porosity,
water absorption, wide wheel abrasion, and UCS
with Leeb, Shore, and Schmidt hardness tests. They
concluded that the Leeb hardness test in rock mate-
rial characterization is more useful than the Schmidt
and Shore hardness tests. Yiiksek (2019) found rea-
sonable correlations between UCS, dry unit weight,
porosity, and water absorption with Leeb hardness
of six volcanic building stones. Celik et al. (2020)
investigated the relationships between the dry and
saturated unit volume weights, apparent porosity,
water absorption Vp, and UCS with Leeb hardness.
They proposed the regression equations with high
correlation coefficients. Gomez-Heras et al. (2020)
provided a way to estimate the UCS by combining
the Leeb hardness test and ultrasonic pulse veloc-
ity. They concluded that combining ultrasonic pulse
velocity and Leeb hardness is an effective way to
improve UCS estimations. Aldeeky et al. (2020) pro-
vided the relationships between UCS and Young’s
modulus of basalt rock with the Leeb hardness. They
found a strong power correlation (R>=0.88) between
Leeb hardness and UCS and a good linear correlation
(R?=0.79) between Young’s modulus and Leeb hard-
ness. Garrido et al. (2021) predicted the UCS of lime-
stone samples using Leeb hardness. They first heated
the samples at different temperatures, including 105,
200, 300, 400, 500, 600, 700, 800, and 900 °C, and
then cooled them in two modes, slow and quick. They
provided relationships for predicting UCS in both
modes with significant regression coefficients. Ince
and Bozdag (2021) analyzed the correlation between
Vp, dry density, porosity, and UCS with dry and sat-
urated Leeb hardness. They used 76 various types
of magmatic rock samples. Their statistical analy-
ses showed that the highest correlation coefficients
between the dry and saturated Leeb hardness are with
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the porosity and UCS, respectively. Benavente et al.
(2021) conducted a study on carbonate sedimentary
rocks to estimate the UCS by combining open poros-
ity, Vp, Leeb hardness, and micro-drilling resistance
force with multiple regression expressions.

This paper, it is tried to predict the dynamic elastic
constants of the sedimentary and igneous rocks using
the Leeb hardness test as the fastest and most portable
dynamic rock hardness testing technique. In the next
step, the interaction between the quality index (IQ) of
rocks and their Leeb hardness values is studied and
investigated as well. Finally, the longitudinal wave-
form in different classes of the Leeb hardness and 1Q
is also measured and evaluated.

2 Theoretical Background and Measuring
Techniques

2.1 Leeb Dynamic Hardness

The Leeb device is provided digitally and with very
small instruments for measuring the dynamic hard-
ness of steel products (ASTM A956-06 2006). This
method is considered a highly portable, fast, cost-
effective, and convenient method for field applica-
tions (Corkum et al. 2018).

In general, the D-type impact body of the Leeb
hardness instrument is commonly used in rock engi-
neering applications (Celik and Cobanoglu 2019).

(b)

o0 Impact points
NX diameter

To perform the Leeb hardness tests in the current
research, the ITI-130 Leeb instrument (D1+type)
was used (see Fig. la). Additionally, the circular
measuring pattern on the core samples’ surfaces
was applied for hardness measurements as shown in
Fig. 1(b). The Leeb hardness value (L.H) is calcu-
lated by dividing the rebound velocity by the impact
velocity as shown in Fig. 1(c).

2.2 Dynamic Elastic Constants

As a non-destructive test method, longitudinal and
shear wave velocities (Vp and V) values of rocks
are widely used in the calculating of dynamic elastic
characterizations of rocks viewpoint of economic and
practical advantages (Jamshidi and Yazarloo 2021).

Vp and Vg in the current research were determined
by the ultrasonic pulse transmission technique. In
upgrade suggested method covers the two approaches,
the so-called high (100 kHz-2 MHz) and low (2-30
kHz) frequency ultrasonic pulse techniques. In
the pulse method of ultrasonic testing, generating
sound wave trains and detecting their propagation
through solids can be achieved by a single transducer
(pulse-echo technique) or by a pair of transducers
(pitch-catch technique). The basic configurations of
transducer pairs (transmitter—receiver) used in the
pitch-catch technique include direct (through) trans-
mission, indirect (surface) transmission, and semi-
direct (edge) transmission (ISRM 2015).

LH B 1000 Vi 1000
= —X = —X
A V;

i

Impact phase —>

Fig. 1 Leeb hardness testing equipment (a) ITI 130 Leeb hardness tester (b) circular testing pattern (c) typical generated voltage

curve (Frank et al. 2019)
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In order to determine the V;, and Vg, in this study,
a Portable Ultrasonic Non-destructive Digital Indi-
cating Tester (PUNDIT Lab+) instrument and two
transducers (a transmitter and a receiver) having a
frequency of 500 kHz (high-frequency method) and
direct transmission configuration were used. In this
approach, after calibrating the instrument with the
calibration bar, the transmitter excitation signal trav-
els through the length of the sample, and the oscil-
loscope records wave traveling time. The time that
is detected by oscilloscope for the first time at the
beginning of the V;, form is taken into account as t,
(Dehghani et al. 2020). Three tests were performed
for each type of rock and the mean value of the V,
and Vg of each sample were considered.

After the measurement of Vp and Vg of rock sam-
ples, the dynamic elastic constants including modulus
of elasticity, modulus of rigidity, and bulk modulus
have been calculated using Egs. (1-4) (Martinez-
Martinez et al. 2012; Ajalloeian et al. 2020).

_pVavi-av)

dyn Vv )]
ayn = % 2
Gyyn = 2(113-;19:%) 3
Kayn = 3(1?—;?90'%) )

where Eg,, is the dynamic modulus of elastic-
ity (GPa), Gy, is the dynamic modulus of rigidity
(GPa), Kdyn, is dynamic bulk modulus (GPa), 19dyn, is
dynamic Poisson’s ratio, p, is density (g/cm?®) and Vp
and Vg are in Km/s.

2.3 Quality Index (IQ)

Fissures and micro-fractures in intact rocks are the
most important parameters affecting ultrasonic wave
velocity. The presence of fissures increases the rock
porosity and decreases the ultrasonic wave velocity.
Thus, the wave velocity could be applied to analyze
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the degree of fissuring within rock specimens indi-
rectly (Goodman 1989; Fereidooni 2018). In practice,
a network of fissures in the sample imposes a funda-
mental effect on the mechanical properties of the rock
such as dynamic constants and hardness.

In this paper, the IQ values are analyzed accord-
ing to the model proposed by Fourmaintraux (1976).
In this procedure, the Vp of the sample (V}, without
considering the pores or fissures in the rock) is calcu-
lated according to Eq. (5). Finally, the ratio of V/V}
is calculated and reported as the quality index (Eq. 6).

1 G

Vi Ay ©)
Vl

I = —

Q)= ©)

where Vy; is the Vp in mineral constituent i, C; is the
percent of rock’s minerals, and V| is the measured Vp.

Because of the extreme sensitivity of IQ to fis-
suring, Fourmaintraux proposed plotting 1Q versus
porosity as a basis for describing the degree of fissur-
ing of a rock sample. Based on the porosity value and
calculated IQ, a data point is classified into one of the
five following categories (Goodman 1989):

(1) Non-fissured to slightly fissured
(2) Slightly to moderately fissured
(3) Moderately to strongly fissured
(4) Strongly to very strongly fissured
(5) Extremely fissured

3 Laboratorial Analysis
3.1 Samples Preparation

During this study, a set of 33 various rock types with
fundamentally different physical, mechanical, tex-
tural, and geological origins were analyzed and stud-
ied. These samples were carefully selected to avoid
any signs of weathering. The required samples for V,
and Vg tests were prepared according to the ISRM
suggested methods (ISRM 2015) with 54 mm core
diameter (length to diameter ratio of 2). Also, to cal-
culate the IQ of the studied rocks, thin sections were
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prepared and analyzed. It should be noted that the
ends of the core specimens were flattened completely.

3.2 Measurement of the Leeb Hardness

To determine the Leeb hardness values in each sam-
ple, a single impact method (SIM) using a circular
testing pattern was implemented on the core samples
with a length to diameter ratio of 2. Eighteen single
impacts were performed on each sample, and the
average of these impact numbers was assigned as the
Leeb hardness number (see Fig. 1) for each rock type.
All samples are placed on the holder and Leeb tests
were performed in the vertical position on the core
surfaces. The results of the Leeb hardness tests are
presented in Table 1.

3.3 Determining the Dynamic Elastic Constants

The values of dynamic elastic constants of the stud-
ied rocks were calculated based on the values of Vyp,
Vg, and density and using Eqs. (1-4). The name of
the studied rocks, sample number, and the values of
the porosity, density, and calculated dynamic elastic
constants are presented in Table 1. It should be men-
tioned that the physical tests including porosity and
density were determined using the ISRM standard
methods (ISRM 1981).

3.4 Mineralogical Studies

The engineering behavior of rocks is closely related
to their mineralogical content and internal composi-
tion (Fereidooni 2018). Additionally, the rock texture
influences its engineering properties (Bandini and
Berry 2013). Therefore, in this paper, mineralogical
studies have been performed to calculate the quality
index of the rocks.

In this study, 33 thin sections in total from the stud-
ied sedimentary and igneous samples were examined
under a polarization microscope (BH2 series) with
crossed polarized light (XPL) to determine the pet-
rographic characteristics. Microphotographs of thin
sections were taken using a digital camera mounted
on a petrographic microscope. The microscope is
equipped with an analyzer and polarizer that might
be rotated independently. After taking microphoto-
graphs of each thin section, the percentage of miner-
als is obtained from segmented photomicrographs.

In other words, the desired photomicrographs were
analyzed and grain boundaries were identified and
separated from the matrix. Thereafter, by coding
every grain at each thin section and aggregating the
mineral’s results each mineral’s exact contribution to
the rock formation and the mineralogical composition
of each rock type was determined and recorded cor-
rectly. Table 2 presents the mineralogical composi-
tion and percentages of each mineral of studied rock
types. The results of petrographic analyses show that
the igneous samples’ dominant minerals are quartz,
plagioclase, K-feldspar, amphibole, and biotite. In the
sedimentary samples, there are mostly three minerals,
sparite and micrite calcite, and hematite.

4 Statistical and Regression Analysis

After performing the Leeb hardness and V, and Vg
tests, the relationships between the dynamic elastic
constants and the Leeb method have been investigated
to identify any possible strong interactions and cor-
relations among them. Since the Leeb hardness is
the fast and portable method, the regression analyses
focused on predicting the dynamic elastic constants
using the Leeb number. In the first stage, a statistical
analysis was performed on calculated dynamic elas-
tic constants to clarify the available data and prob-
ability density of them. The histograms of the Vp,
Vg, dynamic elastic constants, and Leeb dynamic
hardness values are shown in Fig. 2. Some statistical
information about the probability distribution of these
parameters is also provided. The analyses show that
these parameters all obey the approximately normal
distribution and the values are in a wide range and
potentially provide significant scientific background
for further analysis.

4.1 Vpand Vg vs Leeb Hardness

In rock engineering and engineering geology, regres-
sion analysis is applied to develop predictive models
among the relevant rock properties (Gokceoglu and
Zorlu 2004; ince and Bozdag 2021). In this section,
regression analyses were carried out to establish pre-
dictive models to assess the V, and Vg from Leeb
dynamic hardness test. Framing a correlation between
a rock property and Leeb dynamic hardness test,
data obtained from different rock types with different

@ Springer
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Table 1 Results of laboratory tests

Sample Rock name VIGW of Leeb \A V5 Den51§y Poroos1ty Edyn Gyn Kyn
No. specimen | hardness | (m/s) | (m/s) | (g/cm?) (%) | (GPa) | (GPa) | (GPa)
1 |Limestone 496 | 5621|2819 | 246 | 221 | 519 | 196 | 504
2 f.“s“ife“’“s 696 | 6187|2783 | 259 | 079 | 55 20 | 724

1mestone
3 f"“i“femus 657 | 6054|2764 | 2.64 116 | 552 | 202 | 699
imestone
4 |Limestone 539 5575|3079 | 246 | 184 | 597 | 233 | 454
5 |Limestone 551 5419|2687 | 254 | 631 | 49 | 184 | 50.1
6 Limestone 574 5714 | 2775 2.54 2.52 52.6 19.6 56.9
7 f"“i“fer"“s 508 | 4812|2601 | 24 6 42 | 163 | 339
imestone
8 |Limestone 691 | 6308|3041 | 2.63 09 | 656 | 252 | 554
9 |Travertine 501 |5393|2616| 252 | 639 | 464 | 172 | 503

769 5915 | 3415 2.64 0.19 77 30.8 513

10 Limestone

11 [Marble 634 | 6234|2800 | 2.59 443 | 558 | 203 | 73.6

12 }?°1°miﬁ° 526 | 51322896 | 257 | 7.04 | 546 | 215 | 389
1mestone

13 [Salt 261 3924 [ 1789 |  2.02 12 177 | 65 | 22.5

14 lc.avem"us 563 5854 | 2874 | 2.58 268 | 572 | 213 60
imestone

627 6164 | 2934 2.52 1.93 58.7 21.7 66.8

15 Limestone

16  |Limestone 589 5427 | 2487 2.59 7.25 43.8 16 54.9

Cavernous
limestone

17 461 5330 | 2456 2.5 3.51 41.2 15 50.9

682 6403 | 2714 2.63 0.43 53.9 19.4 82

18 Limestone

Cavernous
19 ;
limestone

465 4532 | 2075 2.46 6.06 29 10.6 36.4

391 3915 | 2185 2.37 3.90 28.8 11.8 17.4

20 Travertine

Cavernous
21 ;
limestone

547 5665 | 2715 2.5 3.68 49.8 18.4 55.7

465 4278 | 2421 2.32 8.61 344 13.6 243

22 Limestone

559 6033 | 2746 2.59 1.41 535 20.2 514

23 Limestone

@ Springer
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Table 1 (continued)
Sample Rock name View Qf core Leeb Vp Vs Density |Porosity| Egy, Giyn Kyn
No. specimen hardness | (m/s) | (m/s) | (g/cm?) (%) | (GPa) | (GPa) | (GPa)
24 Granodiorite ' 766 4475 | 2738 2.72 0.56 49 20.4 27.3
Quartz
25 . 827 5952 | 2885 2.77 1.13 62.1 23.9 51.8
monzonite
26  |Tuff 686 3750 | 2186 2.59 3.46 30.8 124 19.9
27 Rhyolite 784 4874 | 2622 2.53 2.39 45.1 17.4 36.9
28 Tuff 602 3265 | 1971 2.39 5.48 22.5 9.3 13
29  [Muscovite 775 | 4435|2567 | 258 131 | 424 17 28
granite
30 Granite 802 4760 | 2676 2.73 1.26 49.8 19.5 35.8
Mylonite
31 . 875 5241 | 2899 2.82 0.87 60.7 24.7 37.3
granite
32 |Sino-granite 817 5073 | 2467 2.6 1.33 42.6 16.4 353
33 |Tuff 752 5025 | 2742 2.54 2.29 49.2 19 38.7

geology origins should not be clubbed together for
any statistical correlation as mechanical responses of
different rocks to the same kind of applied stress are
likely to differ depending on the rock microstructures.
So, regression analyses have been performed on 23
sedimentary and 10 igneous rock samples, separately.

As can be seen in Figs. 3 and 4, the relationship
between Vp and Vg with Leeb’s dynamic hardness in
igneous rocks is more significant than sedimentary
rocks. These relationships in both the sedimentary
and igneous rock samples follow power functions.
The denser structure and less porosity in igneous
rocks are the main reasons for having a significant
relationship between Vp and Vg with Leeb hardness
in studied rocks.

With a closer look, as porosity increases, ultrasonic
pulse velocity decreases, as it is much slower through
the pore spaces than through the rock matrix. How-
ever, rocks with the same porosity may not have the
same Vp; where an extended network of micropores
is present, a lower propagation velocity is recorded
than in rocks with a greater prevalence of macropore
spaces (Kelsall et al. 1986). Therefore, it can be con-
cluded that the higher the porosity, the lower the Vy,

and the lower the Leeb hardness. When the rock has
more pores and cracks, this causes more complexity
in the passage of sonic waves and reduces its continu-
ity, thereby decreasing the Vp and then Leeb dynamic
hardness values. The decreasing trend of the V; of
the studied igneous and sedimentary rocks based on
the porosity values is shown in Fig. 5. According to
this Figure, with increasing porosity in igneous and
sedimentary samples, a decreasing trend of V, is
observed.

4.2 Dynamic Elastic Constants Versus Leeb
Hardness

In addition to the longitudinal and shear velocities,
the regression analysis between dynamic elastic con-
stants and Leeb hardness has also been performed.
For this purpose, linear, logarithmic, exponential, and
power curve fitting were tried and the best approxi-
mation with the highest coefficient of correlation and
lowest standard error of estimate (SEE) was selected
Figs. 6, 7 and 8. As can be seen in these Figures,
the obtained data are divided into two clusters, sedi-
mentary and igneous. Therefore, it is clear that the

@ Springer
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Fig. 2 Distribution curve and frequency histograms of the V and Vg, dynamic elastic constants, and Leeb hardness
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Fig. 3 Relationship between the V and Vg with Leeb hardness in igneous rocks
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Fig. 4 Relationship between the Vp and Vg with Leeb hardness in sedimentary rocks

regression analysis should be performed separately in
both types of samples.

The regression analyses show that all the pro-
posed relationships between dynamic elastic con-
stants and Leeb hardness also follow power func-
tions. The results show that the dynamic modulus
of elasticity has the highest coefficients of correla-
tion (R?=0.87) with the Leeb dynamic hardness
in igneous rock samples. But, among the dynamic
elastic constants in sedimentary rock samples, the
bulk modulus (K;) had no very strong correlation

@ Springer

with Leeb hardness. This could mean that the way
the variables were distributed did not represent a
very significant correlation because the sedimentary
samples had high percentages of porosity.

In total, considering different ranges, logic, and
mechanisms behind each studied rock hardness test-
ing method, it is found that; various dynamic elastic
constants can be determined with the fast, portable,
and cheap hardness testing method, Leeb using the
relationships presented in Figs. 6, 7 and 8.
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Fig. 6 Relationship between the dynamic modulus of elastic-
ity and Leeb hardness

4.3 The Validity of the Proposed Empirical
Equations

The validity of the proposed empirical equations
was assessed using common statistical techniques
including the correlation coefficient (R?), adjusted
R square (Adj.R?), standard error of the estimate
(SEE), and analysis of variance (ANOVA). The R®
and Adj.R? are two important indicators that are
used to evaluate the validity of regression models
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Fig. 7 Relationship between the dynamic modulus of rigidity
and Leeb hardness
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Fig. 8 Relationship between the dynamic bulk modulus and
Leeb hardness

and also the measurement of the strength of the
relationship (Kamani and Ajalloeian 2019). The
coefficients of determination is the proportion of
variation in the dependent variable explained by
the regression model. Small values indicate that the
model does not fit the data well. On the other side,
only the higher value of R? is not sufficient for com-
parison between two regression models because it
is not clear whether the higher value of R? is due to
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the regression model capitalizing or chance with an
unknown extra parameter.

On the other hand, F-statistic which is known as
F or F-value is suitable for comparison between two
regression models. When the F value is large and the
significance level is small (typically smaller than 0.05
or 0.01) the null hypothesis could be rejected (Kam-
ani and Ajalloeian 2019). The lower significance
level indicates that the results probably are not due to
random chance. According to the above-mentioned
descriptions, the Adj. R?, SEE and ANOVA tests are
conducted in this paper to get more efficient correla-
tion and predictive models.

To choose the best predictive model, the regression
equation should possess certain statistical parameters.
Generally, the best model to be selected should pass
the ANOVA tests regarding F-test with a pre-selected
significance value (usually Sig. of F is lower than
0.05); have a low value of SEE, and possess a high
value of R? and Adj. R%. Statistical analyses in both
igneous and sedimentary rock samples were con-
ducted and the results are presented in Tables 3 and 4.

As shown in Tables 3 and 4, the values of the R,
R?, and Adj. R? between the Leeb dynamic hardness
and the dynamic elastic constants in igneous rocks are

greater than in sedimentary rocks. In contrast, the val-
ues of SEE in igneous rocks are less than sedimentary
rocks. Statistically speaking, a model is considered a
better fit when the Sig<0.05. If Sig>0.05, a model
is not considered to be statistically significant. There-
fore, all the relationships presented in Tables 3 and 4
are statistically significant. Additionally, using power
models for sedimentary and igneous rock samples
gives small errors compared with other models (lin-
ear, exponential, and logarithmic). The obtained SEE
values of igneous samples range from 0.05 to 0.18
while these errors range from 0.07 to 0.24 for sedi-
mentary samples.

5 Microstructure Effects on the Variation
of the Leeb Hardness Values

For a better understanding of the influence of micro-
structure on the Leeb dynamic hardness, the quality
index of the rocks has been calculated and inves-
tigated. In other words, one of the main questions
is what are the dominant parameters affecting the
Leeb hardness values? To answer this question, the

Table 3 Summary of different regression models fitted to five studied parameters with Leeb hardness in igneous samples

Model Equation R R? Adj. R? SEE F Sig. of F
1 Vp = 0.2509 x (L.H)'47 0.91 0.83 0.81 0.07 39.10 0.00
2 Vg = 2.5654 x (L.H)'%* 0.90 0.80 0.78 0.05 32.47 0.00
3 E, = 8E — 07 x (L.H)2%877 0.93 0.87 0.85 0.11 52.92 0.00
4 G, = 7E — 07 X (L.H)>56% 0.92 0.85 0.83 0.12 44.82 0.00
5 K, = 7E — 09 x (L.H)>3*3* 0.90 0.81 0.78 0.18 32.41 0.00

R, Correlation coefficient; R%, Coefficient of determination; Adj. R?, adjusted R square; SEE, standard error of the estimate; Sig. of

F, Significance of F

Table 4 Summary of different regression models fitted to five studied parameters with Leeb hardness in sedimentary samples

Model Equation R R? Adj. R? SEE F Sig. of F
1 Vp = 148.23 x (L.H)*722 0.86 0.75 0.74 0.08 62.26 0.00
2 Vg = 103.4 x (L.H)*1% 0.85 0.72 0.71 0.07 53.94 0.00
3 E; =0.0151 x (L.H)?78 0.91 0.83 0.82 0.13 99.93 0.00
4 Gy = 0.0064 x (L.H)!2606 0.89 0.79 0.78 0.15 78.52 0.00
5 K, = 0.0083 x (L.H)!*78 0.80 0.64 0.62 0.24 36.42 0.00

R, Correlation coefficient; R?, Coefficient of determination; Adj. R?, adjusted R square; SEE, standard error of the estimate; Sig. of

F, Significance of F
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microstructure and more detailed examination of the
samples has been performed.

The quality index of rocks is calculated directly
from laboratory experiments and indirectly using
petrographic analysis. So, based on the mineralogi-
cal description of rocks, the percentage of miner-
als for each rock sample was determined. There-
after, using Eqgs. (5) and (6), the longitudinal wave
velocity of the rocks (V) and the quality index of
the samples were measured. Based on the poros-
ity and the quality index of the sedimentary rocks,
the fissuring status of the samples was determined
in Fig. 9. As shown in this Figure, all sedimentary

100
90

samples are in the "slightly" fissured and "non-fis-
sured" categories. Furthermore, two rock samples
No.18 (highest quality index and low porosity) and
sample No.22 (lowest rock quality index and high
porosity) were subjected to microstructure analysis.
By examining the thin sections of these two rocks,
as shown in Fig. 10, the porosity in the specimen
reduces the longitudinal wave velocity, the rock
quality index, and finally the Leeb hardness by
approximately 32% compared to sample No.18. In
other words, in the sample with a low-quality index,
the wave is damped in the pores, and the produced
rebound velocity is lower, therefore the Leeb hard-
ness reduces. In general, it can be concluded that in
sedimentary rocks, the porosity is a dominant factor
in the reduction of the Leeb hardness.

Examination of thin sections of igneous samples
showed that the intercrystalline and intracrystalline
fissures play an important role in changing the Leeb
hardness values. These fissures reduce the overall
longitudinal velocity of the samples, the rock qual-
ity index, and finally reduce the Leeb hardness of
the samples. The fissuring status and the related
category of 10 igneous samples were determined in
Fig. 11. As shown in this Figure, sample No.28 has
the lowest quality index and the highest porosity and
is in the "moderate quality" category. Therefore, it
can be concluded that intercrystalline fissuring has
a significant effect on the longitudinal velocity and
the quality index of igneous rocks. As a result, the
hardness value decreased by 27% in sample No.28
in comparison with sample No.25. Figure 12 shows

Fig. 10 Microphotograph of (a) sample No.18 (b) sample No.22
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100
90

Sample No.
24 @ 29
25
26 @ 31
27 @ 32

Fig. 11 Plotting IQ versus porosity for igneous samples

the thin sections of rocks Nos. 28 and 25 consider-
ing the intracrystalline and intercrystalline fissures.

According to the above descriptions, it was found
that the Leeb dynamic hardness is a function of the

0.75 mm

Fig. 12 Microphotograph of (a) sample No.25 (b) sample No.28

quality index and the quality index is also a func-
tion of porosity, so there is a meaningful relationship
between these three parameters. In other words, it can
be said that L.H = f (IQ, n). For this purpose, multi-
ple linear and nonlinear regression analyses between
Leeb hardness with porosity and quality index of
rocks were performed using the IBM SPSS statistical
software version 22.0 (SPSS Inc.). The four functions
of linear, logarithmic, power, and exponential have
been used to determine the best equations. Tables 5
and 6 show the results of multiple analyses between
the three parameters in igneous and sedimentary
rocks, respectively. As can be seen, the Leeb hardness
parameter is very closely related to the two param-
eters of porosity and quality index. These relation-
ships are observed in igneous and sedimentary rocks
as power. Also, the effect of porosity and rock qual-
ity parameters on the Leeb hardness is justified based
on high values of R2. Therefore, the effect of porosity
and quality index of rock samples in measuring the
Leeb dynamic hardness is undeniable. Of course, it
is necessary to mention that based on the data analy-
ses, it has been shown that the intensity of the effect

g

N ifttier;

\

Table 5 Summary of . Model no Function Equation R?
different multiple regression
hmogels between Leebd . 1 Linear L.H = 602.794 + 2.959(1Q) — 28.158(n) 0.94
hardness, porosity, and IQ 2 Logarithmic L.H = —490.139 +297.173 Ln (IQ) — 42.638 Ln (n)  0.93
in igneous samples
3 Power L.H = 242.672 (IQ)*? — 16.985 (n)!-3 0.95
4 Exponential L.H =230.633 ¢%0071C 4 437 635 ¢~0-084n 0.93
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Table6 Surgmary of . Model no Function Equation R?
different multiple regression
EﬂOjelS between Leebd . 1 Linear L.H = 354.882 + 3.325(IQ) — 21.076(n) 0.62
hardness, porosity, and IQ 2 Logarithmic LH = —248.126 + 196.513Ln(IQ) — 69.868Ln(n) 0.64
in sedimentary samples
3 Power LH = 1.995E — 7(IQ)**0! 4 545.524(n) 124 0.65
4 Exponential L.H = 0.032¢0842 4 5851510041 0.62

of porosity and rock quality index on the Leeb hard-
ness in igneous samples is more than sedimentary
samples.

Figure 13 shows the results of the Leeb hardness
tests for the igneous and sedimentary samples with
the porosity and IQ values. As can be seen in these
Figures, Leeb’s dynamic hardness values increase
with increasing the IQ and decreasing the porosity of
specimens.

Fig. 13 The average Leeb
hardness of rock specimens
correlated with the porosity 900 ——

with various IQ values (top)
igneous samples (bottom) 2 -
sedimentary samples -§ 7]
=
=
£ 700
<9
=
e
600 -—
6 e
5 R
4 a m—
Porosity (%)
800 —
2 700 -
=
£
< 600 -
=]
E
L) 500 |
400 -

Porosity (%)

6 Longitudinal Waveform in Rock Samples
with Different Classes of Leeb Hardness and 1Q

Based on the results of statistical analyses in previous
sections, it was observed that the V;, of the sedimen-
tary and igneous rocks has significant relationships
with the Leeb dynamic hardness. Therefore, in this
section, the longitudinal waveform in the igneous and
sedimentary rocks have been investigated considering
their Leeb hardness and IQ values. For this purpose,
the longitudinal waveforms of four samples No. 2,
No. 18, No. 19, and No. 22 in sedimentary rocks and
samples No. 25, No. 26, No. 28, and No. 31 in igne-
ous rocks were analyzed.

e 100

1Q (%)
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Based on the shape of longitudinal waves in sam-
ples No. 2, No. 18, No. 19, and No. 22 as shown in
Fig. 14, it could be concluded that in samples with
a high-quality index and high Leeb dynamic hard-
ness value, the wave amplitude is large. One of the
reasons for the low longitudinal wave amplitude in
samples No. 19 and No. 22 compared to samples
No. 2 and No. 18 is its high porosity. In other words,
the existence of high porosity in samples No. 22
and No. 19 compared to samples No. 18 and No. 2
damps the wave penetration into the sample’s inter-
nal structure, which leads to a decrease in the Leeb

100
Sample No. 22
Leeb hardness = 465
P-wave velocity = 4278 m/s
50 1Q = 64.65%
N Porosity = 8.61
o)
=
2
2 0
g
<
-50
-100 1 . 1 1 1
0 500 1000 1500 2000 2500
Time, Us
100
Sample No. 19
Leeb hardness = 465
P-wave velocity = 4532 m/s
50 1Q = 68.46%
X Porosity = 6.06
o)
=l
£
= 0
Q
g
<
-50
-100 4 . 1 . 1 1 . 1
0 500 1000 1500 2000 2500
Time, Us

hardness and the longitudinal wave in it. Therefore,
in general, the existence of porosity reduces the
wave amplitude in samples with low Leeb hardness.

The same results were observed in igneous sam-
ples (see Fig. 15). In samples No. 25 and No. 31
which have higher IQ and Leeb hardness values,
higher values of wave amplitude have been observed
compared with samples No. 28 and No. 26. Gener-
ally, the role of porosity in sedimentary rocks and
fissuring in igneous rocks are effective in variation
the Leeb dynamic hardness and consequently, the
form of the received longitudinal waves.

100
Sample No. 18
Leeb hardness = 682
P-wave velocity = 6403 m/s
50 1Q =98.93%
X Porosity = 0.43
5}
el
2
s 0
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<
-50
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Time, Us
100
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5
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=
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S
<
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-100 * * *
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Time, ps

2000 2500

Fig. 14 A comparison of P-wave forms between sedimentary specimens with different Leeb hardness and 1Q
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Fig. 15 A comparison of P-wave forms between igneous specimens with different Leeb hardness and 1Q

7 Conclusions

This study has presented, for the first time, a study
of the application of the portable Leeb hardness test-
ing technique in the prediction of the dynamic elastic
constants of igneous and sedimentary rocks. Varia-
tion in Leeb hardness and longitudinal waveforms of
igneous and sedimentary rocks were also analyzed
based on the quality index (IQ). Some of the impor-
tant outputs of this paper are as follows:

e The results of statistical analyses show that in both
igneous and sedimentary rocks, the Leeb hard-
ness has a significant correlation with the dynamic

modulus of elasticity (E;) with the correlation
coefficients of 0.87 and 0.83, respectively.

Based on the analysis of IQ-porosity plots, it was
observed that porosity in sedimentary rocks and
fissuring in igneous rocks have a great effect on
the variation of the Leeb dynamic hardness. In
other words, sedimentary rocks with a low-qual-
ity index and high porosity cause the lower Leeb
hardness. Also in igneous rocks, intercrystal-
line and intracrystalline fissures reduce the qual-
ity index of the rock and consequently result in a
reduction in the Leeb dynamic hardness.

By examining the longitudinal waveforms in igne-
ous and sedimentary rocks, it was observed that
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the amplitude of the longitudinal waves is shorter
in samples with low Leeb hardness and quality
index.
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