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Abstract The Cerchar abrasivity index (CAI) is one of the
most widely known index method for identification of rock
abrasivity. It is a simple and fast testing method providing
reliable information on rock abrasiveness. In this study, the
relationships between the CAI and some rock properties such
as uniaxial compressive strength (UCS), point load strength,
Brazilian tensile strength and Schmidt rebound hardness, and
equivalent quartz content (EQC) are examined. The relation-
ships between the CAI and drill bit lifetime is also investigated
and the type of drill bit wear observed is mentioned.
Additionally, the CAI is modeled using simple and multiple
linear regression analysis based on the rock properties. Drill
bit lifetime is also modeled based on the CAI. The results
show that the CAI increases with the increase of the UCS,
point load strength, Brazilian tensile strength, L-type and N-
type Schmidt rebound hardness, and the EQC. It is concluded
that the higher and the lower bit lifetime are obtained for marl
and andesitic-basaltic formation, respectively. Moreover,
flushing holes, inserted button, button removal, and failures
of button on the bits are determined as the type of drill bit
wear. The modeling results show that the models based on
the UCS and the EQC give the better forecasting perfor-
mances for the CAL
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Introduction

Drilling machines are commonly used in the rock excavations.
Tools are the most important materials of this equipment.
Various types of cutting bits or tools are used to penetrate or
drill and break the rock (Rostami 2011; Hamzaban et al.
2014a). Their lifetime is mainly related to the rock abrasive-
ness depending on rock types and presence of abrasive min-
erals in the rock. Therefore, many tests have been developed
and used in order to identify the rock abrasivity (Verhoef
1997; Ghasemi 2010). These tests include Cerchar abrasivity
test, Taber abrasion, the Laboratoire Central des Ponts et
Chaussees (LCPC) abrasivity test, abrasion value or abrasion
value cutter steel test, and Schimazek’s wear index (Dahl et al.
2012; Hamzaban et al. 2014b; Rostami et al. 2014).

Cerchar abrasivity test is one of the most widely used rock
abrasion tests suggested by the International Society of Rock
Mechanics (ISRM). It can be effectively used for the estima-
tion of bit life in various mining, drilling and tunneling appli-
cations (Singh et al. 1983; Al-Ameen and Waller 1994,
Hamzaban et al. 2014a; Alber et al. 2014; Ulusay 2015).
Many studies investigating the effect of various factors on
Cerchar abrasivity index (CAI) have been documented in rel-
evant literature.

West (1989) indicated that CAI shows good correlation
with the abrasive mineral content of a rock. The researcher
determined a high degree of correlation with CAI and Mohs’
hardness. Yarali et al. (2008) found that rock abrasiveness is a
function of the amount of abrasive minerals, average grain
size of quartz, cement type, and cementation. Yarali (2005)
showed that quartz content is the most dominant rock property
affecting CAIL Al-Ameen and Waller (1994) indicated that
CAl is largely influenced by rock strength. Suana and Peters
(1982) concluded that CAI increases with the equivalent
quartz content. Plinninger et al. (2003) concluded that
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Young’s modulus and equivalent quartz content are two im-
portant factors for evaluating CAL

In this study, relationships between CAI and some rock
properties were investigated. Based on the rock properties,
new prediction models for CAI are developed using simple
and multiple regression analysis. The relationships between
CAI and drill bit lifetime are also investigated and drill bit
lifetime is modeled based on CAI. Additionally, the types of
drill bit wear were also mentioned. The developed models
were verified using some statistical approaches including the
F and t tests.

Field studies

This study was carried out at Cankurtaran and Salmankas
tunnels in Turkey. The Cankurtaran tunnel is a highway tunnel
under construction which is located in the Artvin province,
Turkey. It will be one of the longest highway tunnels of
Turkey (5228.00 m) when the construction is finished. The
tunnel is built in two tubes and each tube is containing two
lanes of traffic in each direction. The Salmankas tunnel is also
a highway tunnel under construction which is located on the
border of Trabzon and Bayburt provinces, Turkey. The tunnel
is built with two tubes each 4150.00 m in length. The locations
of the tunnels are shown in Fig. 1.

The Salmankas tunnel is connecting the provincial roads on
the route from Arakli, Trabzon via Dagbasi. The rocks of the
Dagbasi platform cover an area of approximately 25 km?. The
platform belonging to the northern zone of the eastern
pontides is located about 75 km south of Trabzon. This area
comprises late cretaceous volcanic and pyroclastic rocks at the

Fig. 1 Locations of Cankurtaran
and Salmankas tunnels

top and lower Jurassic volcanic and pyroclastic rocks at the
bottom. Cretaceous sediments are intercalated into the volca-
nic series. Late cretaceous volcanisms are dacite and rhyolite
in composition. Phenocrysts comprise plagioclase, quartz, al-
kaline feldspar, biotite, and hornblende (Aydincakir 2006;
Kaygusuz and Aydincakir 2009). A detailed description of
the composite stratigraphic sections of the study areas is pre-
sented in Fig. 2.

Cankurtaran tunnel formation passes through four litholog-
ic units. These formations are Subasi Sirti formation,
Cankurtaran formation, Senkaya formation, and the
Kabakdy formation. The Kabakdy formation, which rests on
Late Cretaceous units, consists of andesitic and basaltic lavas
and pyroclastics with lesser amounts of sandstones, sandy
limestones, marl, and tuffs (Yilmaz et al. 1996; Kirmaci1 and
Akdag 2005). The Cankurtaran formation is represented by
reddish pelagic limestone. The unit includes terrigenous clas-
tics, rarely olistostromal levels, and slump structures. The unit
does not contain any volcanic interbeds. But, it is cut by ba-
salt, diabase dykes, and sills. Lithologic features of the unit
contain yellowish, in places greenish or reddish, greenish-
gray, and gray-beige limestones—thick-bedded-type lime-
stones. The hanging wall and footwall of the Cankurtaran
formation contain medium- to thin-bedded marls (Yilmaz
et al. 1996; Kaya 2012). The Senkaya formation is composed
of mainly thin-bedded marls. The unit contains dark-gray
claystone and red and gray marls with thin layers. The unit
is cut by dikes of basalt, diabase dyke and sill. The formation
is covered by the Kabakdy formation. The Subasi formation
mainly consists of volcanic-sedimentary rocks. The unit is
made up of volcanic breccia, massive agglomerated tuff, and
andesitic pyroclastic at the lower and upper levels. The unit
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Fig. 2 Composite stratigraphic sections of the study areas: a Salmankas and b Cankurtaran tunnel (Aydmngakir 2006; Kaya 2012)

covers the Cankurtaran tunnel portal. The basal conglomerate
of the Subasi formation consists of sandstone, tuff, marl, lime-
stone, and claystone (see Fig. 2) (Kaya 2012).

Rock samples

Rock samples from 43 different areas of the tunnels were
taken for the laboratory tests. Table 1 shows the names of
the rocks samples and tunnel lengths (m), specifying the loca-
tions for block sampling.

On the tunnel faces, Schmidt rebound hardness measure-
ments were taken using two kinds of test devices (N-type and
L-type impact energy of 2.207 and 0.735 Nm, respectively).
The tests were performed in accordance with ASTM’s (2005)
suggested methods. The tunnel area on which the measure-
ments were taken is shown in Fig. 3.

In order to determine the lifetime of drill bit in the tunnels,
measurements were taken from three jumbo machines in the
tunnel face. The jumbo machines are Atlas Copco Rocket
Boomer 282, Sandvik DD320, and Tamrock Axera6. The

properties of the machines are presented in Table 2. The bits
having the same number of buttons (9) and a diameter of
45 mm are selected in order to provide similar drilling condi-
tions. The bit lifetime is calculated from the equation (Eq. 1)
proposed by Thuro (1997):

Total boremeters meters

Bit lifetime = 0 of dnill bis — bis )

Laboratory studies
For the laboratory tests, core samples were prepared (see

Fig. 4). Mechanical properties, the EQC, and the CAI of the
rocks were determined.

Uniaxial compressive strength

The uniaxial compressive strength (UCS) tests were per-
formed on the prepared core samples having a length to
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Table 1 The types and locations

of the rock samples Tunnel/tubes Rock code  Geology/rock type Tunnel lengths (m), specifying
the locations for block sampling
Cankurtaran tunnel ~ CRI1 Sandstone 2158.00
(right tube) CR2 Porphyritic gabbro/gabbro-porphyry ~ 2312.00
CR3 Fossiliferous sandstone 2397.00
CR4 Volcanogenic sandstone 2657.00
CR5 Biomicritic limestone 2872.00
CR6 Fossiliferous sandstone 3170.00
CR7 Marl/micritic limestone 3554.50
CRS8 Diabase 4172.08
CR9 Marl 4409.00
CR10 Biomicritic limestone 4803.50
CR11 Marl/limestone 4951.90
CRI12 Marl 5120.90
CRI13 Marl 5184.70
CR14 Marl/limestone 5257.50
CRI15 Marl/limestone 5298.50
CR16 Porphyritic basalt 5615.50
CR17 Porphyritic basalt 5677.00
Cankurtaran tunnel ~ CL1 Marl 2094.50
(left tube) CL2 Clastic sandstone 2249.40
CL3 Fossiliferous sandstone 2351.00
CL4 Volcaniclastic sandstone 2628.00
CLS Fossiliferous micritic limestone/marl ~ 2819.00
CL6 Fine-grained sandstone 3120.00
CL7 Micritic limestone 3518.90
CL8 Diabase 4188.53
CL9 Marl 4395.75
CL10 Biomicritic limestone 4781.50
CL11 Siltstone-marl 4939.50
CL12 Clastic sandstone 5121.00
CL13 Marl/limestone 5176.80
CL14 Diabase 5229.00
CL15 Porphyritic basalt 5586.00
CL16 Basaltic crystal lithic tuff 5646.00
Salmankas tunnel B1 Andesitic crystal lithic tuff 36,760.00
B2 Andesitic lapilli tuff 36,811.20
B3 Andesitic crystal tuff 36,920.00
B4 Basaltic crystal lithic tuff 37,172.00
B5 Dolerite 37,223.80
B6 Basaltic tuff 37,392.00
B7 Marl 37,452.50
B8 Agglomerated 37,605.00
B9 Pebble stone 38,100.50
B10 Andesite 38,897.00

diameter ratio of 2:2.5. The stress rate was applied within the
limits of 0.5-1 MPa/s and five core samples from each rock
were subjected to the UCS test. The tests were carried out
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Fig.3 a Testdevices for Schmidt
rebound hardness measurements;
b tunnel area on which the
measurements were taken

Brazilian tensile strength

The Brazilian tensile strength test method consists of loading a
disk of the rock until failure occurs across the diametrical axis.
The disk was prepared from 54.7 mm (NX) core diameter
samples with a length to diameter ratio of 1:2. A loading rate
of 200 N/s was applied. The tests were carried out using an
electronic-hydraulic Servo-controlled stiff press testing ma-
chine. The test was conducted on ten samples from each rock
type and the results were averaged. The tests were performed
in accordance with the method suggested by ISRM (1981) and
ASTM (2010).

Point load strength

The point load strength test is intended as an index test for the
strength classification of rock materials. The test was

Cankurtaran Tunel

performed on core samples having a length to diameter ratio
of 1:2. The load was steadily increased such that failure occurs
within 10-60 s. The test is invalidated if the fracture surface
passes through only one lading point. The point load strength
test was repeated at least ten times for each rock type, and the
average value was recorded as the point load strength. The
tests were carried out according to the methods suggested by
ISRM (1985).

Cerchar abrasivity index

The CAI was carried out using the original Cerchar apparatus.
The original layout features a vice holding the rock specimen
and a testing lever that is directly connected to a steel stylus.
The steel stylus has a 90° conical tip and Rockwell hardness of
HRC 54-56. The steel stylus is applied to the surface of a rock
specimen under a static force of 70 N and scratched over the

Table 2 Properties of the jumbo

machines used in the study Technical Atlas Copco Sandvik Tamrock
(URL.1, 2015 and URL.2, 2015) specification
Model Rocket Boomer 282 DD320 Axera 6
Number of boom 2 2 2
Boom type BUT 28 booms TB 40 universal booms B 26 F universal booms
Hydraulic feed Telescopic feed BMHT Telescopic feed Telescopic feed

Weight, boom
Cross section
Hole depth (mm)
Rock drill/power

Total installed power
Feed force

Flushing water
pressure
Percussion pressure

Rotation pressure
Torque

2000-series, drilling TFX-series, TFX-series,
set BSH 110 rod retainer TRR1 rod retainer TRR1
1750 kg 1850 kg 1900 kg
8-45 m> 8-49 m* 6-40 m*
27954625 mm 28304660 mm 28304660 mm
COP 1638HD+ (16 kW) HLXS (20 kW) HLXS5 (20 kW)
COP 1838HD+
(18 kW)
125 kW 135 kW 135 kW
15kN 25kN 25kN
13.5 bar 10-20 bar 10-20 bar
200-230 bar 225 bar 225 bar
0-340 rpm 175 bar 175 bar
640 Nm 400 Nm 400 Nm
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Fig. 4 Rock core specimens

rock surface by moving the lever at a velocity of 10 mm/s.
After the test, the wear surface of the steel stylus is measured
under a microscope to an accuracy of 0.01 mm. The Cerchar
test was applied to sawn specimens. Five scratches were made
for every specimen and the mean of these readings were re-
corded as the CAI (Plinninger et al. 2003; Alber et al. 2014).
Measurement was executed by side view settings as shown in
Fig. 5.

Equivalent quartz content

The quartz content and other mineral contents of the 43 rock
samples were obtained by microscopic examination. The
equivalent quartz content of the rock samples was calculated
as proposed by Thuro and Plinninger (2003) (Eq. 2):

EQC = 3 A x R; 2)

i=1

Fig.5 a Scratched appearance of
rock specimen after five tests and
b side view of wear steel stylus
measurement after the test

@ Springer

where EQC is equivalent quartz content (%), A is mineral
amount (%), R is Rosiwal abrasiveness (%), and » is number
of minerals.

Results and discussion

Relationships between Cerchar abrasivity index, rock
properties, and drill bit life time

The experimental results of the study are summarized in
Table 3. The relationships between CAI and the mechanical
rock properties are depicted in Fig. 6. The linear correlations
were found between CAI and the mechanical properties. It can
be seen that CAI increased with the increase of UCS, point
load strength, Brazilian tensile strength, and L- and N-type
Schmidt rebound hardness. It can be noted that the result is
in agreement with the previous studies. The literature reviews

o]

After testing on a

porphyritic basalt
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Table 3 Test results of the

experimental studies Rock CAl USC Point load Tensile Schmidt Schmidt EQC

code (MPa) strength (MPa) strength hardness L hardness N (%)
(MPa) type type

Bl 276 113 10 16.1 68 70 -
B2 1.77 43 3 6.8 37 46 -
B3 142 59 5 8.2 46 55 15.55
B4 259 120 9 17.4 - - 20.75
B5 229 85 5 93 58 61 26.10
B6 2.19 93 8 10.7 - - -
B7 1.89 55 4 72 43 47 -
B8 2.13 123 12 16.8 - - -
B9 1.86 42 4 5.0 - - 8.95
B10 1.19 73 5 8.0 44 50 16.40
CRI1 0.67 52 3 6.3 - - 11.25
CR2 129 37 2 6.9 - 37 11.15
CR3 1.63 72 6 15.4 45 43 -
CR4 304 93 6 15.3 56 - -
CR5 098 53 2 6.1 - - -
CR6 1.86 101 5 12.2 - - 25.00
CR7 1.00 64 6 11.5 - - 9.45
CR8 1.15 74 7 13.5 51 46 18.60
CR9 0.60 36 4 4.1 - - -
CR10 0.67 24 4 8.8 - - -
CR11 063 62 3 7.7 46 48 -
CRI12 0.57 29 1 37 - - -
CRI13 0.60 19 2 6.6 43 40 7.50
CR14 0.56 15 1 38 35 37 -
CRI15 0.54 18 0.4 3.0 - - -
CR16 2.88 163 10 18.5 66 68 27.20
CR17 287 127 9 15.4 64 57 24.00
CL1 0.81 57 2 8.9 - - 14.10
CL2 0.54 30 2 5.4 37 37 11.25
CL3 243 96 7 11.7 53 56 -
CL4 291 102 6 10.4 57 56 20.55
CL5 0.65 69 2 57 - - 2.50
CL6 315 181 12 20.0 64 63 53.00
CL7 139 68 6 12.3 - - -
CLS8 057 42 4 6.8 38 39 -
CL9 1.01 32 3 39 42 40 9.45
CL10 0.58 36 2 43 - - -
CL11 043 42 3 74 48 - -
CL12 1.99 101 5 13.7 48 50 26.25
CL13 0.54 25 1 4.6 47 39 -
C.L14 237 138 7 14.0 - - 31.70
CL15 2.84 131 8 16.3 64 52 20.51
CL16 2.83 124 10 16.9 55 59 25.51

clearly showed that CAI is highly influenced by the strength
properties of the rock (Al-Ameen and Waller 1994; Plinninger

et al. 2003; Kahraman et al. 2010; Deliormanli 2012).

The relations between the CAI and the EQC are depicted in
Fig. 7. The linear correlations were found between the CAI
and the EQC. It can be seen that CAI increased with the
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Fig. 6 Relationships between CAI and the mechanical properties of rock

increase of EQC. This result is in agreement with earlier
investigations. Suana and Peters (1982), West (1989), and
Yarali et al. (2008) found a good correlation between CAI
and the quartz content of the rock. They stated that quartz
content and equivalent quartz content are the important
factors governing CAI. Similar results were found by
Fowell and Abu Bakar (2007), Ghasemi (2010), and
Moradizadeh et al. (2016). Plinninger et al. (2003) stated
that the combination of Young’s modulus and the EQC of
rock have a good correlation with CAL

Figure 8 shows the relationships between drill bit lifetime
and CALI for different rock types during conventional drill and
blast tunneling. As can be seen from the related figure, there is
an exponential relation between bit lifetime and the CAI. The
correlation coefficient of 7 = 0.72 indicates moderate relations
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Fig. 8 Relationships between

CAI-Classification scheme (Cerchar 1986)

CAI and the drill bit lifetime o " Classification of button bits
(Cerchar 1986; Thuro 1996) § £ % Z| medium high (Thuro 1996)
55|25 abrasiveness abrasiveness Bit wear Bit lifetime
2000
= . r=0.72 low high
< 1500 -
= 2
g ’ moderate moderate
S 1000 -
= *$e
- i low
5 high
= 500 4 ‘e
A very high very low
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0 1 2 3 4

Cerchar Abrasivity Index (CAI)

between two variables. The higher bit lifetime were obtained for
the marl formation while the lower values were obtained for the
andesitic and basaltic formation. Fowell et al. (1987) presented that
the amount of bit lifetime depends on rock properties, abrasive
minerals, and bit material, as well as discontinuities of rock mass
and operational conditions. Natau et al. (1993) found that the
material strength and the quartz content are important for
estimating the bit wear. Persson et al. (1994) mentioned that bit
wear increases with the content of quartz or other hard minerals in
the rock. However, Plinninger et al. (2002a, 2002b) showed a bad
relationship between Cerchar abrasivity index and drill bit lifetime.
The researchers revealed that this model may be used for a quick
and cheap estimation of a rock’s abrasivity but appears to be not
suitable for a more precise calculation of drill bit lifetime.

Fig. 9 In situ drill bit wear types

Apart from rock strength, mineral shape and grain size are
much affected on abrasive rock. The grain sizes of crystalline
rocks with sharp edges are especially abrasive. Rounded
quartz grains are usually showed to be less abrasive than are
irregularly shaped ones (Feniak 1944; Persson et al. 1994;
Oksogoev 2005).

The drill bit wear type observed on the bits was also inves-
tigated. The drill bit wear types determined are shown in
Fig. 9. It can be said that flushing holes, inserted button, but-
ton removal, and failures of button on the bits were the types
of wear observed. Thuro (1997) Schormair et al. (2006) dem-
onstrated that the shape of the button and the design of the bit
geometry and flush holes have a strong influence on the bit
lifetime.

Button
removal
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Table 4 Validation test results of

the simple regression models Model type Independent Number Feomputed tcomputed Fiabulated tabulated
SRM ucCsS 43 12491 11.30 1.68 2.02
Point load strength 43 84.62 917 1.68 2.02
Brazilian tensile strength 43 81.89 9.17 1.68 2.02
RN 24 56.66 7.57 2.02 2.07
RL 25 46.68 6.87 1.98 2.07
EQC 23 29.73 5.53 2.05 2.08
Bit lifetime 24 22.51 —4.35 2.02 2.07

Modeling of the CAI and the bit lifetime

Based on the relationships between CAI and the mechanical
rock properties, as well as the EQC, the following models
(Eq. 3-9) were developed for the estimation of CAI using
simple linear regression analysis (SLRA). The determination
coefficients (R?) of the models range from 0.67 to 0.75. The
model based on UCS showed the better forecasting perfor-
mance over the models including other rock properties.

CAI = 0.01890¢ + 0.177 R* = 0.75 (
CAI = 0.2393Is59 4+ 0.3446 R* = 0.68 (
CAI = 0.15380t + 0.0247 R?> =0.67 (5
CAI = 0.0811R; —2.3246 R? = 0.67 (
CAI = 0.0787RN—2.1913 R%? =0.71 (
CAI = 0.0644EQC + 0.5485 R? =0.59 (

where o,. is the uniaxial compressive strength (MPa), Iss is the
point load strength (MPa), of is the Brazilian tensile strength
(MPa), and R; and Ry, are L- and N-type Schmidt rebound hard-
ness, respectively. EQC is equivalent quartz content.

Using the relationships between CAI and the bit lifetime,
the model (Eq. 9) presented below was developed for the
estimation of the bit lifetime. The R? value for the model is
determined as 0.52:

BL = 1619.7¢ 9-38CAl  R2 — .52 9)

where BL is the bit lifetime (m/bit) and CAI is the Cerchar
abrasivity index.

Validation of the proposed models was checked by the F and #
tests. The F and ¢ tests are carried out for the confirmation of the
correctness of the whole model and independent variable in-
volved in the model, respectively (Aydin et al. 2014). If the ¢
value calculated by the SPSS is greater than the tabulated ¢ value
(obtained from ¢ distribution table), the independent variable in
the model is considered to be significant. In case of the whole
model significance, the F test is used. If the F calculated by SPSS
is greater than the tabulated /" value (obtained from F distribution
table), the model is accepted as valid (Berman and Wang 2011;
Aydin et al. 2013). Validation test results of the simple regression
models (SRMs) can be seen from Table 4; at the 95% confidence
level, the computed ¢ values are greater than the tabulated ¢
values, suggesting that the developed models are statistically
valid. At the confidence level of 95%, the computed F' values
are greater than the tabulated /' values, indicating the correctness
of the models.

To be able to develop a model with higher determination
coefficient, multiple linear regression analysis (MLRA) is also
employed for the data using a statistical package SPSS 20.
However, the MLRA could not produce a powerful model
for the prediction of CAI The determination coefficient of
the best model obtained with MLRA was 0.76 which is slight-
ly higher than the model based on UCS. The developed model
is presented (Eq. 10). The MLRA is applied for predictable
CAI using UCS and EQC and the analysis results are showed
in Table 5.

Table 5 Validation test results of

the multiple regression models Multiple R
(Confidence level 95%; o« = 0.05) R square
Adjusted R square

Standard error
Analysis of variance (ANOVA)

Degree of freedom
Regression 2
Residual 20
Total 22

0.87
0.76
0.74
0.46

Sum of squares Mean square F P

13.534 6.767 31.77 0.000
4.26 0.213

17.794
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CAI =0.243 +0.16 0. + 0.007 EQC R?>=0.76  (10)

where o, is the uniaxial compressive strength (MPa), and
EQC is equivalent quartz content (%).

In the current study, modeling studies were carried out for
the rocks having CAI between 0.43 and 3.15. It can be noted
that this is the first half of the CAI range in the Cerchar clas-
sification. Therefore, the models could provide better forecast-
ing performances for the rocks having similar ranges of CAL

Conclusions

The CAl is usually used to show rock abrasivity for prediction
of drill bit lifetime and tool cost in excavation and drill appli-
cations. The following conclusions could be drawn from the
present study:

» Itwas concluded that CAl increased with increasing UCS,
point load strength, Brazilian tensile strength, L-type and
N-type Schmidt rebound hardness, and the EQC. The re-
sult of the study has confirmed that CAlI is influenced by
both rock strength and total abrasive mineral content.

* An exponential relation between the bit lifetime and the
CAI was determined. The higher and the lower bit lifetime
were obtained from marl and andesitic-basaltic formation,
respectively. It can be mentioned that the material strength
parameters and abrasive mineral content of the rock is
important for estimating the bit lifetime.

* The modeling results of the simple regression analysis
showed that the models based on the UCS give the better
forecasting performances for the CAL

» It was revealed that a powerful model for the prediction of
CAI could not be produced using the MLRA. The deter-
mination coefficient of the best model (see Eq. 10)
obtaining with MLRA was 0.76 which is slightly higher
than the model based on UCS.

In this study, experimental and modeling studies were car-
ried out for the rocks having CAI below 3.15. Therefore, the
models could provide better forecasting performances for the
rocks having similar ranges of CAI For further studies, it is
recommended carrying out studies on rocks having relatively
higher CAI. Additionally, the estimation of CAI can also be
investigated with neural networks or another metaheuristic
search. The results of the different methods could be com-
pared with the simple and multiple linear regression analysis
to see the performance of the proposed models.
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