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Predicting the strength, density, and porosity
of rocks from roll crusher tests

by S. Kahraman', I. Ince?, M. Rostami®, and B. Dibavar®

Synopsis

The density, porosity, and strength of rocks are fundamental in the design of geo-engineering
projects. Determining these properties requires the preparation of smooth core samples, which
is usually impossible for soft rocks. Besides, only fragmented samples may be available in some
projects. A method for predicting rock properties from rock particles such as drilling debris would
therefore be useful. This study was undertaken to develop prediction equations for compressive
strength (UCS), tensile strength (BTS), density, and porosity values from the crushability index
(CI) obtained from rock fragments. The results showed that UCS, BTS, density, and porosity were
strongly correlated with the CI. The physical characteristics and strength of rocks may be predicted
with the help of the derived equations. The CI test is a valuable tool for estimating rock properties
in drilling projects and in situations where core specimens are not available.
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Introduction

Rock engineers make extensive use of the physico-mechanical characteristics of rocks in engineering
projects. However, the direct measurement of these properties requires smooth-cut core samples, and the
testing process is tedious and time-consuming. Therefore, indirect testing methods such as the Schmidt
hammer test, point load test, block punch index test, and sonic velocity test have been applied widely to
estimate rock properties, especially for pre-feasibility investigations (Kahraman, 2001; Ulusay, Gokceoglu,
and Sulukcu, 2001; Altindag, 2012; Mishra and Basu, 2012; Khandelwal, 2013; Karakul and Ulusay, 2013;
Azimian, Ajalloeian, and Fatehi, 2014; Singh, Kainthola, and Venkatesh, 2012; Karaman and Kesimal,
2015). However, core samples or rock blocks might not be available in some cases such as drilling projects.
Hence, the prediction of rock properties from small rock fragments (i.e., drilling debris) will be helpful for
practitioners.

Several researchers have tried to estimate rock characteristics using easy and practical methods
performed on drilling debris (Santarelli et al., 1996; Ringstad et al., 1998; Uboldi, Civolani, and Zausa,
1999; Schei et al., 2000; Meyers et al., 2005; Mateus et al., 2007; Haftani et al., 2015). The crushability index
(CI) test may be an alternative for the estimation of the characteristics of rock from such materials. The
CI test was first defined by Kahraman and Toraman (2008). In the test, 500 g rock fragments at particle
sizes of 19.0-9.52 mm are fed to a jaw crusher with an outlet gap of 4-8 mm. The material that passes
through the crusher is screened through a 9.52 mm sieve, and the percentage of undersized material is
defined as the CI. Kahraman and Toraman (2008) correlated the CI value with the Los Angeles abrasion
loss value and established a good relationship between the two parameters. The predictability of CI from
the Protodyakonov index was investigated by Toraman, Kahraman, and Cayirli (2010), and a high inverse
correlation was established between the two variables. Kahraman, Toraman, and Cayirli (2018) defined
the CI as the percentage of oversized material after crushing by a jaw crusher. They established good linear
models between the CI and the unconfined compressive strength (UCS), the Brazilian tensile strength

(BTS), and a brittleness concept. Koken and Ozarslan (2018) proposed a compressive crushing value (CCV)
test method to evaluate the crushability of hard rocks. They found strong correlations between the CCV, the
UCS, the brittleness index (Sz0), and aggregate impact value (AIV). Comakli and Cayirli (2019) investigated

the effects of textural properties of rocks on the CI value. They showed that there were strong inverse
correlations between textural properties and the CI value. Recently, Comakli (2023) studied the effects of
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water saturation on the CI value for nine different rock types. He
showed that the influence of water saturation on the CI value was
different from its effects on the other mechanical rock properties.

Jaw crushers have been used in previous CI experiments.
Kahraman, Toraman, and Cayirli (2018) stated that there are
several factors controlling the amount of oversize generated, and
therefore, influencing the CI parameter obtained by jaw crushing.
The open side and closed side discharge settings of the jaw platens
and eccentricity control the CI value. The shape of the fragments
that are charged also affects CI. Particles with an elongated shape
can pass through a jaw crusher despite being coarser than the
setting. However, the aforementioned factors controlling CI are
not applicable in crushing tests performed using a roll crusher. In
this study, CI tests were carried out on igneous rocks using a roll
crusher, and the predictability of UCS, BTS, density, and porosity
based on the CI was investigated.

Sampling

Thirty-five types of rocks sampled from various sites or stone
processing plants in Tiirkiye were used in this study. The samples
included granite, granodiorite, basalt, syenite, andesite, diabase,
limestone, marble, and pyroclastics. The rock types included are
listed in Table I along with their properties.

Experimental studies

Physico-mechanical tests

Cylindrical specimens were cored from large boulders for the
USC, BTS, density, and porosity tests. The ISRM (2007) suggested
methods were followed to conduct the experiments. The UCS and
BTS experiments were repeated six or seven times and the average
values taken as the strength values.

Crushability index (CI) test

The crushability experiments were carried out using a laboratory-
type roll crusher (Figure 1) driven by a 3 kW motor. The rolls had
flat surfaces, and their diameters were 25 cm. The rotational speed
of the rolls was 160 r/min.

After the coring of the blocks, the remaining pieces were utilized
in the CI tests. First, the pieces were broken into small blocks
using a hand hammer and charged to a laboratory jaw crusher for
primary crushing. The crushed materials were fed into the roll
crusher for secondary crushing. The crushed material was sieved for
60 seconds to obtain 100 g samples in the size range of 4.00-5.60
mm for the CI test. Some of the specimens ready for the tests are
illustrated in Figure 2. The gap between the two rolls was set to 3
mm, and the fragments were fed slowly by hand to the roll crusher.

Table I
Samples used and their properties
Location Rock type UCS (MPa) BTS (MPa) Density (g/cm?) Porosity (%) CI (%)
Tomarza 1/Kayseri Pyroclastic (black) 10.4 1.2 1.29 46.8 85.8
Tomarza 2/Kayseri Pyroclastic (brown) 25.5 1.6 1.47 39.3 88.7
Tomarza 3/Kayseri Pyroclastic (yellow) 3.6 0.4 1.09 42.1 87.5
Ardigh 1/Konya Pyroclastic 15.2 0.6 1.83 27.2 83.8
Ardigh 2/Konya Pyroclastic 35.1 1.5 2.08 244 86.9
Kizil6ren/Konya Pyroclastic 11.9 1.3 1.23 45.5 88.0
Kiigitkmuhsine/Konya Pyroclastic 43.3 1.9 1.85 16.0 91.0
Sadiklar/Konya Pyroclastic 331 2.0 1.95 22.1 91.3
Gokyurt/Konya Pyroclastic 74 0.7 1.61 425 83.5
Aksaray Granite 144.6 11.9 2.58 1.2 93.4
Kirsehir Granodiorite 114.2 74 2.60 1.4 91.1
Sariyahsi/Aksaray Granite 106.9 9.4 2.63 1.2 93.6
Kirsehir Syenite 107.1 6.8 2.57 1.6 915
Bor/Nigde Basalt 119.0 135 2.64 4.5 95.4
Tepekdy/Nigde Basalt 163.6 11.9 2.62 1.1 94.7
Yesilburg/Nigde Andesite 114.6 6.7 248 7.2 91.8
Azatli/Nigde Andesite 124.6 8.0 243 6.2 93.1
Erkilet/Kayseri Andesite 74.7 7.0 2.25 13.5 94.7
Erkilet/Kayseri Diabase 77.1 75 2.50 5.8 91.1
Spain Granite (Rosa Well) 115.0 6.8 2.57 1.35 94.9
Spain Granite (Rosa Minho) 129.1 8.4 2.58 1.06 93.0
Egypt Granite (Steppe Yellow) 152.7 8.2 249 1.21 95.1
Spain Granite (Nublado) 131.5 8.7 2.65 1.19 93.1
Ukraine Syenite (Volga Blue) 116.3 8.6 2.64 1.97 94.5
Egypt Syenite (Jungle Green) 204.9 10.8 2.63 1.24 96.8
Afyonkarahisar Andesite (Gray) 84.1 6.8 223 8.70 94.9
Afyonkarahisar Andesite (Pink) 75.3 5.6 2.19 10.30 93.6
Kozan/Adana Limestone 113.7 59 2.56 0.27 95.1
Haymana/Ankara Limestone 125.6 8.1 2.62 0.17 96.1
Bursa Limestone 136.5 9.3 2.64 2.03 96.3
Yesilova/Burdur Limestone 121.3 7.7 2.59 0.71 94.0
Karamanli/Burdur Limestone 119.6 8.4 2.61 1.04 95.1
Kemalpasa/Bursa Marble 89.7 6.7 2.64 0.48 94.1
Iscehisar/Afyonkarahisar Marble (Tiger skin) 86.8 72 2.59 0.23 93.9
Marmara island/Balikesir Marble 78.6 6.3 2.60 0.20 92.5
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Figure 2—Samples of 4.00-5.60 mm material for CI testing

The fragments that passed through the crusher were sieved using
a 1 mm screen size for 60 seconds, and the percentage of oversized
particles was defined as the CI. The average values of the results of
the experiments were accepted as the CI values.

Assessment of the experimental data

Some relationships should exist among the physico-mechanical
characteristics of rocks. For this reason, a general evaluation of the
data was first performed by investigating the correlation between
the physico-mechanical properties identified in this study. As shown
in Figure. 3, very strong correlations were found.

In Figures 3a and 3b, it is seen that the UCS and BT values
differ greatly at density values of 2.5-3.0 g/cm®. Although this may
seem abnormal, it is a result of the inherent nature of rocks. There
are many different types of rocks with density values ranging from
2.5t0 3.0 g/cm?. Although these rocks have the same or very similar
density values, their properties such as brittleness and modulus
of elasticity differ, and their strength and CI values also vary
accordingly. Burkhardt, Kim, and Nelson (2018) found the same to
be true for the UCS-density and BTS-density relationships, based on
extensive data (3900 cases for UCS, 490 for BTS). In fact, it has been
shown that the strength of gypsum samples with almost the same
density values can vary between 4 MPa and 42 MPa.

First, a simple regression analysis was performed to derive
the prediction equations for rock properties. The CI was correlated
with the strength, density, and porosity parameters. Very strong
exponential relationships were established between CI and both
strength parameters (Figures 4, 5). The more the CI value increased,
the more the UCS and BTS increased. The formulae of the simple
regression curves and the correlation coefficients (r) were as follows:

0c=1x108e024Cl =0,87 1]
or=1x1079e0239C r=0.89 [2]
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Figure 3—Correlations between (a) UCS and BTS, (b) UCS and density, (c)
UCS and porosity, (d) BTS and density, (e) BTS and porosity, and (f) density
and porosity
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Figure 4—Relationship between CI and UCS
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Figure 5—Relationship between CI and BTS

where, o. is the UCS (MPa), o is the BTS (MPa), and CI is the
crushability index (%).

The CI value was strongly correlated with density (Figure 6).
The correlation was represented by a linear equation. The equation
of the line and the correlation coefficient (r) were as follows:
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Figure 6—Relationship between CI and density

p=0.11CI-7.38 r=0.79 (3]

where p is the density and CI is the crushability index (%).

The CI value was inversely correlated with the porosity (Figure
7). The relationship was linear, with a good correlation coefficient.
The equation of the line and the correlation coefficient (r) were

n=-3.65CI+348.18 r=0.84 (4]

where n is the porosity (%), and Cl is the crushability index (%).

A multiple regression analysis was also performed with the
aim of developing stronger equations than the simple regression
equations. The CI, density, and porosity values were incorporated
into the regression analysis to construct the prediction formulae for
UCS and BTS. The developed equations were as follows:

UCS =4.72CI + 65.61p — 494.88 r =0.88 (5]
UCS =5.07CI -1.42n — 358.14 r=0.85 [6]
BTS = 0.36CI + 4.44p — 36.65 r=0.88 [7]
BTS =0.45CI - 0.08n — 34.29 r=0.83 (8]

The correlation coefficients of the multiple regression equations
were closely similar to those of the simple regression formulae. For
this reason, the simple regression equations are recommended for
their simplicity.

Validation of the derived equations

Equations [1-4] had strong correlation coefficients. However, a
strong correlation coefficient does not always indicate a valid model.
Student’s t-test and the F-test are common methods used for the
validation of a regression equation. For the t-test, the variables
should have a normal distribution. The histogram analysis showed
that the variables had a non-normal distribution as shown in the
examples in Figures 8 and 9. Therefore, the t-test was not carried
out.

The analysis of variance method can be used for checking the
significance of regressions. The confidence intervals were selected

25

20

N
«

Frequency

N
o

[

5 10 15 20 25 30 35 40 45 50
Porosity (%)

Figure 9—Histogram plot for porosity
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Table II

Comparison of the tabulated F-ratios with the F-test ratios
Equation F-table F-test

1] 1.68 74.78

2] 1.68 69.34

(3] 1.68 53.43

[4] 1.68 78.21

as 95% in the analyses. In the F-test, when the test values of the
F-ratios are greater than the critical F-ratio found in the standard
table, the null hypothesis is rejected, suggesting a significant
correlation between the two variables. The calculated F-ratios
(F-test) were greater than the critical ratios of F (Table II). For this
reason, it may be stated that the constructed formulae are valid.

Conclusions

The experimental data for the 19 different igneous rocks was
assessed to investigate the predictability of UCS, BTS, density,

and porosity from CI. Very good exponential relationships were
established between CI and the strength parameters. Good
relationships were also determined between CI and both density
and porosity. In conclusion, the UCS, BTS, density, and porosity
values of rocks can be predicted from their CI values. The CI test is
particularly valuable for drilling projects and situations where block
samples are not available for the preparation of cores. However,

it should not be forgotten that the results obtained may vary
depending on the crusher characteristics.
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