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Abstract Uniaxial compressive strength (UCS), Brazilian
tensile strength (BTS), and brittleness are widely used in
rock engineering applications. However, preparing the test
samples for the standard tests may not always be possible
for weak or soft rocks. On the other hand, only rock
fragments may be available to estimate the rock strength in
some cases such as drilling. Therefore, developing some
models for estimating the rock strength and brittleness
from rock fragments will be useful. In this study, a
crushability index (CI) was described from the crushing
test, and the possibility of predicting UCS, BTS, and brit-
tleness from this index was investigated. Strong and sig-
nificant linear correlations were found between the CI and
UCS, BTS, and one of the brittleness concepts. It was
concluded that the UCS, BTS, and some brittleness con-
cepts of rock could be estimated from the CI. The sug-
gested method is especially useful for the drilling industry
and for the cases where there are not enough samples for
the standard tests. However, the study is a preliminary
study on limited rock types and further study is required by
including the number of different rock types.
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Introduction

The uniaxial compressive strength (UCS) and the Brazilian
tensile strength (BTS) of rocks are commonly used in civil
and mining engineering projects performed in rock envi-
ronment. However, the direct determination of rock
strength is time consuming and expensive and requires
well-prepared and high quality core samples. For this
reason, point load index, block punch index, Schmidt
hammer, and ultrasonic velocity tests have been frequently
used to predict rock strength for preliminary studies (Broch
and Franklin 1972; Gunsallus and Kulhawy 1984; Gaviglio
1989; Sachapazis 1990; Katz et al. 2000; Kahraman 2001;
Ulusay et al. 2001; Yasar and Erdogan 2004; Fener et al.
2005; Basu and Kamran 2010; Kohno and Maeda 2011
etc.). However, even preparing specimens for indirect
testing may not always be possible for weak or soft rocks.
On the other hand, there may be only rock fragments to
estimate the rock strength in some cases such as drilling.
For these reasons, estimating the rock strength from rock
fragments will be useful.

Brittleness is also an important rock property. It has been
used for the assessment of the cutability of coal, the drilla-
bility and borability of rocks, the sawability of rocks, and the
estimation of fracture toughness (Evans and Pomeroy 1966;
Singh 1986, 1987; Kahraman 2002; Kahraman and Altindag
2004; Gunaydin et al. 2004). On the other hand, the brit-
tleness of rock has an important role for the development of
tight oil gas reservoirs where it provides an indication of the
potential for hydraulic fracturing.

There is no agreement between the different authors as
to definition, concept, or measurement of brittleness
(Morley 1944; Hetényi 1966; Obert and Duvall 1967;
Ramsay 1967). Suggested brittleness methods depends on
laboratory mechanical testing (Hucka and Das 1974;
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Altindag 2002), mineral contents (Jarvie et al. 2007; Wang
and Gale 2009), and elastic parameters (Goodway et al.
2007; Rickman et al. 2008; Guo et al. 2012). The two
brittleness definition evaluated in this study are given fol-
lowing (Hucka and Das 1974; Altindag 2002):

O¢
Bi=_r. (1)

O * Oy

32 :T, (2)

where B; and B, are brittleness, . is the uniaxial com-
pressive strength (MPa), and o, is the tensile strength
(MPa).

Kahraman and Toraman (2008) investigated the possi-
bility of predicting the Los Angeles abrasion loss from a
crushability index (CI). They found a strong exponential
correlation between the Los Angeles abrasion loss and the
CI values. Toraman et al. (2010) also studied the pre-
dictability of the CI from impact strength index and
established a strong inverse linear relation between the
crushability index and the impact strength index. They
concluded that the crushability of rocks could practically
be estimated from the impact strength index using the
simple regression model.

In this study, a CI, slightly different from the CI previ-
ously defined in the literature, was described and the pre-
dictability of UCS, BTS, and brittleness from this CI was
studied. The sample preparation and testing method are easy
in the crushability test. A small amount (500 g) of crushed
rock is enough for testing. This is an advantage when there
are limited rock samples. That the crushability test can be
applied on the drill cuttings is another important advantage.

Because the aim of this study is to reveal the pre-
dictability of strength and brittleness of rocks from the CI,
limited rock types were tested. The study will be expanded
by including the number of different rock types in future.

Crushability index

Crushed samples are prepared from the rock to be tested and
sieved to obtain 500 g test samples in the selected charging
size range of 19.00-9.52 mm. After these samples are oven
dried at a temperature of 110 °C for 48 h, they are charged
to a laboratory jaw crusher with an outlet gap of 8—12 mm.
Crushed materials are passed through the 9.52 mm mesh
and the percentage of oversized material is described as the
crushability index (CI). This description is a bit different
from the previous definitions. Kahraman and Toraman
(2008) and Toraman et al. (2010) performed the same test-
ing method, but they described the CI as the percentage of
undersized material. If the percentage of undersized material
was used as CI in this study, inverse correlations would
obtained between the CI and both the UCS and BTS.
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Sampling

A total of 24 different rock types were sampled, eight of
which were igneous, eight of which were metamorphic,
and eight of which were sedimentary. Quarries, marble
factories, and natural outcrops in Nigde, Kayseri, Konya,
and Afyon areas of Turkey were visited and rock blocks
were collected for the laboratory testing. The locations and
the names of the rocks are given in Table 1.

Experimental studies

A jaw crusher was used in the crushability tests (Fig. 1).
The vertical and horizontal cross sections of the jaw plates
of the crusher are shown in Fig. 2. The open side discharge
setting (OSS) and the closed side discharge setting (CSS)
of the jaw plates are 12 and 8 mm, respectively (Fig. 2a,
b). Therefore, the eccentricity is 4 mm. The crusher has
corrugated jaw plates as shown in Fig. 2c. The plates were
a bit worn, but the all tests were carried out at the same
wear condition. The speed of the jaw crusher is 200 rpm.

The samples were fed inside the jaw crusher chamber in
twos and threes by hand. Because the test specimens were
prepared by using the same crusher at a large outlet gap,
some of them (about 15%) were elongated.

The energy applied during the crushing tests was not
measured. Measuring the energy applied in crushability test
will be useful for the evaluation of the test results in future
studies.

First block samples of rocks were cored to get speci-
mens for the USC and BTS tests. Then, the remaining rock
blocks were used for the crushing tests. Crushed rock
samples in the size range of 19.00-9.52 mm were prepared
for each rock type to be tested (Fig. 3) and then crusha-
bility tests were carried out. The tests were repeated three
times for each rock type and the average value was
recorded as the CI (Table 1).

The USC and BTS tests were also performed on the each
rock type according to ISRM (2007) suggested methods. At
least five core samples were tested for each rock type in the
strength tests and the results were averaged. The average
values of strength test are given in Table 1. The calculated
B, and B, brittleness values are also given in Table 1.

Evaluation of the results

The correlations between crushability index
and strength values

The data given in Table 1 were analysed using the method
of least squares regression. The CI values were correlated
to the corresponding the UCS and BTS values. Linear,
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Table 1 The location, name and test results of the rocks sampled
Location Rock type Crushability Uniaxial compressive Brazilian tensile Brittleness Brittleness
index (%) strength (MPa) strength (MPa) B, B,

Altinhisar/Nigde Basalt 40.6 202.9 17.0 11.9 1724.7
Ortakoy/Aksaray Granite (Anadolu grey) 33.8 114.5 9.0 12.7 515.3
Kaman/Kirsehir Granite (Kaman rosa) 13.5 84.9 8.0 10.6 3394
Kaman/Kirsehir Granite (Kircicegi) 252 89.6 6.6 13.6 295.7
Porrino/Spain Granite (Rosa Porrino) 20.1 90.2 7.5 12.0 338.3
Yesilburc/Nigde Andesite-1 25.8 71.5 9.0 8.6 348.8
Yesilburc/Nigde Andesite-2 10.1 65.8 55 12.0 181.0
Kozak/Balikesir Granite 18.0 121.8 11.6 10.5 706.4
Iscehisar/Afyon Marble 19.7 68.5 7.5 9.1 256.9
Yatagan/Mugla Marble 18.2 352 5.7 6.2 100.3
Bogazliyan/Yozgat Marble 12.0 40.3 4.6 8.8 92.7
Uckapili/Nigde Marble 19.3 90.5 9.9 9.1 448.1
Marmara island Marble 12.5 55.3 6.1 9.1 168.7
Kemalpasa/Bursa Marble 19.4 24.1 6.9 3.5 83.1
Gumusler/Nigde Migmatite 50.4 203.6 17.2 11.8 1751.0
Kilavuzkoy/Nigde Serpentinite 67.0 210.6 18.1 11.6 1905.9
Yahyali/Kayseri Dolomitic limestone 453 136.7 10.2 13.4 697.2
Bucak/Burdur Travertine (Limra) 20.3 50.3 3.7 13.6 93.1
Godene/Konya Travertine 16.4 45.4 4.6 9.9 104.4
Mut/Mersin Travertine 18.6 60.0 4.2 14.3 126.0
Korkuteli/Antalya Limestone 25.4 134.2 9.8 13.7 657.6
Ulukisla/Nigde Anhydrite 24.1 48.8 52 9.4 126.9
Kavlaktepe/Nigde Sandstone 38.7 168.6 15.7 10.7 1323.5
Mardin Travertine 17.8 39.8 3.7 10.8 73.6
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Fig. 1 The jaw crusher used in the crushing tests

Fig. 2 Vertical (a, b) and horizontal (c) cross section of the jaw

plates of the crusher
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Fig. 3 Some of the crushed rock samples in the size range of

19.00-9.52 mm

00 5 y =3.64x

r=0.85
250 -

200
150 -
100 -

50 A

Uniaxial compressive strength (MPa)

0 T T T 1
0 20 40 60 80

Crushability index (%)

Fig. 4 The correlation between the CI and UCS

logarithmic, exponential and power curve fitting approxi-
mations were tried and the best approximation equation
with highest correlation coefficient was determined. The CI
values strongly correlated to both the UCS and BTS values
(Figs. 4, 5). Both the UCS and BTS values linearly
increase with increasing the CI values. The equations of the
lines are

oo = 3.64CI
o, = 0.32CI

r= 0.8, (3)
r = 0.80, (4)

where, ¢, is the uniaxial compressive strength (MPa), g,
is the tensile strength (MPa), and CI is the crushability
index (%).

It was stated in the literature (Farmer 1983; Budavari
1983; Jumikis 1983) that most of rocks have a compressive
strength that is approximately 10 times greater than the
tensile strength. In other words, the ratio between UCS and
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Fig. 5 The correlation between the CI and BTS
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Fig. 6 The correlation between the CI and UCS for igneous rocks

BTS is approximately 10. It is interesting to note that the
ratio of the coefficients of Egs. (3) and (4) is 11.4, which
fairly close to 10. This result may be an indicator of the
validity of the derived correlations.

To see how the correlations vary with the rock class,
regression analysis was performed for igneous rocks,
metamorphic rocks, and sedimentary rocks, respectively.
As shown in Figs. 6 and 7, the correlations between the CI
and both the UCS and BTS are moderate for igneous rocks.
It is clear that these correlations are controlled by a single
data point at approximately a CI of 40%. These correla-
tions should be checked by including more data points in
future investigations. On the other hand, the CI is strongly
correlated to both the UCS and BTS for sedimentary rocks
(Figs. 8, 9). On the other hand, the correlations between the
CI and both the UCS and BTS are very strong for meta-
morphic rocks (Figs. 10, 11) and relatively higher than that
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Fig. 7 The correlation between the CI and BTS for igneous rocks
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Fig. 8 The correlation between the CI and UCS for sedimentary
rocks

of Eqs. (3) and (4). The porosity value of migmatite 1.33%
and the other metamorphic rocks tested have porosity value
lower than 1%. That the correlations between the CI and
both the UCS and BTS are very strong for metamorphic
rocks may be because their porosity values are very close
to each other. For Figs. 10, 11, there are no data between a
CI of approximately 20-50%. Including more data points
to these correlations will probably increase their signifi-
cance in future studies.

The correlations between crushability index
and brittleness values

The brittleness B, and B, values were correlated to the CI
values. There is no correlation between the brittleness B
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Fig. 9 The correlation between the CI and BTS for sedimentary
rocks
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Fig. 10 The correlation between the CI and UCS for metamorphic
rocks

25 -
&
2 20 -
& » 7°
o 15 -
17
2
£ 10 *
$
5 5 1 . y =0.25x + 2.63
& r=0.96
0 T T T 1
0 20 40 60 80

Crushability index (%)

Fig. 11 The correlation between the CI and BTS for metamorphic
rocks
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and the CI values (Fig. 12). However, the brittleness B,
was strongly correlated to the CI values (Fig. 13).

Validation of the derived equations

The correlation coefficients of Eqgs. (3) and (4) are good,
but they do not necessarily identify a valid model. Vali-
dation of the models should be further analyzed by using
statistical tests such as ¢ test and F test. The significance of
r values can be determined by the ¢ test, assuming that both
variables are normally distributed and the observations are
chosen randomly. The distribution of the data was checked
by histogram analysis and it was seen that the data didn’t
show normal distribution. For this reason, ¢ test was not
performed.
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Fig. 12 The correlation between the CI and the brittleness B,
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Fig. 13 The correlation between the CI and the brittleness B,
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The significance of regressions was determined by the
analysis of variance. In this test, a 95% level of confidence
was chosen. If the computed F value is greater than tabu-
lated F' value, the null hypothesis is rejected that there is a
real relation between the dependent and independent
variables. The computed F values are greater than the
tabulated F' value as shown in Table 2. Therefore, it is
concluded that the derived equations are valid according to
the F test.

Areas for further work

CSS, OSS, and eccentricity control the CI in a crushing test
by using a jaw crusher. Other factors affecting the CI are
the speed of the jaw crusher, the type, and wear condition
of the jaw plates and the level of feed inside the jaw
crusher chamber. The natural shape of particles used as the
feed also influences the CI. It is known that if the rock
fragments to be crushed are slabby or elongated in shape,
larger size fragments can pass through. After carrying out
extensive tests, a standard method may be suggested by
taking into account the factors influencing the CI in the
future. In addition, a large number of different rock types
should be further tested in order to develop more reliable
correlations between the CI and rock properties.

Some other form of test using rock fragments may be
used as an alternative to CI test for the estimation of rock
properties. For example, 10% fines test used in the aggre-
gates industry can be a choice. This test is carried out under
more controlled conditions than that used in a jaw
crusher. Bearman (1991) found a good correlation between
the 10% fines and the crusher performance. The correla-
tions between the 10% fines and rock properties should be
further investigated.

Conclusions

Twenty-four different rock types including sedimentary,
igneous, and metamorphic rocks were tested to investigate
the predictability of UCS, BTS, and brittleness from the CI.
Strong linear correlations were found between the CI and
both the UCS and BTS. Increasing the CI increases linearly
the UCS and BTS values. The significance of the derived
correlations was shown by the statistical test. Strong linear
correlations were also found between the CI and a brittle-
ness concept. Concluding remark is that the UCS, BTS, and

Table 2 F test results

Eq. no F table F test
3 4.28 57.12
4 4.28 46.61
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some brittleness concepts of rock can be estimated from the
CI. The suggested method is especially useful for the
drilling industry and for the cases where there are not
enough samples for the standard tests.

This study is a preliminary study and the data are a bit
scattered. Further study is required to investigate deeply the
topic by increasing the number of rock and rock types.
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