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Abstract

Rock abrasivity is an essential factor for selecting cutting tools, estimating tool wear and life, and ultimately,
matching various mechanized excavation systems with a given geologic condition. It also assists engineers to
determine economic limits of different cutting tools and machines used in civil and mining projects. The
Cerchar abrasion test is a simple and most widely used method for rock abrasivity assessments. However, it
has some shortcomings to describe the steel-rock interaction during the cutting process. In this work, two
new parameters are used to describe the pin-rock interaction in the Cerchar abrasion test and to evaluate the
efficiency of the rock scratching process. A set of 41 different rock samples are tested by a newly developed
testing device. The device provides a more precise control of the testing operational parameters, and
measures the applied frictional force on the pin and its horizontal and vertical displacements on the sample
surface. The results obtained are used to calculate the Modified Cerchar Abrasion Index (MCAI) and the
Scratch Energy Index (SE)), as two newly developed parameters. The accuracy of the calculated parameters
is discussed. Our investigations show that MCAJ has closer correlations with rock mechanical parameters
than CAI, and therefore, has a higher potential to estimate the rock cutting tool wear in tunneling
applications. Also SE; shows sensible correlations with sample hardness and mechanical properties. The
results obtained show that SE; can be used to compare the efficiency of various pin hardnesses to create
scratches on various rock samples, and could be used as a determinative parameter in selecting the cutting
tool hardness.
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1. Introduction

Various mechanical excavation systems use to a mechanical action, i.e. contact and relative

different tools for rock fragmentation in civil and
mining applications. Similarly, various bits used
in geotechnical, mining, and oil well drilling use
the same general principle of application of an
indenter to penetrate rocks. As a part of these
operations, cutting tool wear occurs as a function
of encountered rock abrasivity and its working
conditions. Thus rock abrasivity is an important
parameter in the assessment of tool life and
estimating the related costs as well as evaluating
the efficiency of operation, which directly affects
the production rate.

Wear is defined as the progressive loss of material
from the surface of a solid body (cutting tool) due

motion against another solid, liquid or gaseous
counter body [1]. Although abrasivity is a
commonly used word, and certain rock types are
considered abrasive, the related implications are
not straightforward. Whether a tool is suitable for
use to excavate a rock depends on the properties
of rock (abrasivity/strength), properties of the
cutting tool, and the working conditions such as
temperature, moisture content, and pressure
during the cutting process. For example, quartz is
abrasive when compared to steel but not against
tungsten carbide at room temperature and pressure
[2]. However, this does not mean that quartz
cannot wear tungsten carbide, as it surely does.
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The rate of wear depends on the percentage and
shape of hard minerals in the rock including
quartz.

The common approach to assess the abrasivity of
a rock is to perform laboratory tests in order to
measure pertinent rock properties for predicting
the tool wear in the field. This often involves
rubbing a steel or carbide piece against the rock
sample to observe the amount of weight loss due
to wear in conditions that are similar to the stress
and working conditions of the actual tools. Wear
is most likely measured based on weight loss on
the working piece.

Different tests have been developed and
introduced to measure rock abrasivity. The
problem with these tests is that the results
obtained are highly dependent on the experience
and skills of the operator and experimental
conditions such as the material properties,
temperature, and presence of water. On the other
hand, mechanisms of the motions affect the
occurred wear in the tests as well [2].

The Cerchar test is one of the simplest methods
proposed to measure rock abrasivity, and is
widely used for classification of rocks and
estimation of cutting tool consumption in the
mechanized excavation. The test was originally
introduced in Laboratoire du Centre d' Etudes et
Recherché des Charbonnages de France in the

B)

1970s [3]. The first formal description of the
testing method was provided in the French
standard NF P 94-430-1 [4]. An ASTM standard
was introduced in 2010 [5], and recently, an
ISRM-suggested method has been published for
the Cerchar test [6].

According to the ISRM-suggested method, a steel
pin with a conical vertex of 90° and a hardness of
55HRC is placed on the rock surface under a
static load of 70 N. The pin is scratched on the
sample surface for a length of 10 mm. The
recommended motion speed is 10 mm/s (or 1
mm/s, depending on the testing apparatus). There
are three different generations of the Cerchar
testing devices (Figure 1). The first generation
was designed and manufactured by Cerchar
Institute in France. The second-one was
manufactured at the Colorado School of Mines
(CSM) in the mid-80s, and the third one in the UK
in 1989 [7]. Wear flatness of the pin tip created in
this process is measured by a microscope. The
measured value is reported in 0.1 mm and is
called the Cerchar Abrasion Index (CAI) [6]. The
test can be conducted on sawn or fresh broken
rock surfaces. It is a simple and fast method, and
the results are widely used to classify the rock
abrasive capacity [8] and predict the consumption
of rock cutting tools in excavation applications [7,
9-12].

¥

Figure 1. Schematic drawing of various versions of Cerchar Abrasion testing devices. a) original or first-
generation machine by CERCHAR institute in France, b) second-generation device by CSM in the US, c) third-
generation device by West in the UK [7].

Many researchers have studied the effects of
various parameters on the results of the Cerchar
test. It is established that there is a direct
correlation between the Cerchar abrasion index
(CAI) and the hardness of rock forming minerals
[11, 14-22]. Laboratory investigations have also
shown that CAJ increases with increase in the size
of rock forming grains and crystals [22-24].
Positive linear correlations between the Cerchar
abrasion index and the uniaxial compression
strength as well as the P-wave velocity have also
been introduced [11, 17, 20-22, 25-27].

74

Investigations have shown that the higher the
confining pressure on the specimen during the
test, the greater is the Cerchar abrasion index [25].
Finally, it has been reported that CA/ increases
with increase in the sample Brazilian tensile
strength (BTS) [21].

Other works have shown that the Cerchar abrasion
index has smaller values when using harder pins
[7, 10, 16, 28-30]. CAI on rough broken rock
surfaces has greater values than smooth sawn
surfaces [7, 16, 17, 22, 31-33]. Some authors have
stated that the major part of the pin tip wear
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occurs in the first millimeters of sliding [16, 17,
33]. However, more precise tests have shown that
for highly abrasive rocks, pin tip wear continues
with sliding length [13]. A direct correlation
between the pin load and its tip wear has been
reported [31]. However, it seems that there is no
correlation between the pin sliding velocity and its
tip wear [7, 31]. Finally, tests on saturated rock
samples have revealed that increase in the water
content and saturation could cause a sensible
reduction in the CA/ values obtained [34].

Despite the findings of the previous studies on the
Cerchar test, there are still several shortcomings in
performing this test in commercial laboratories.
Effective parameters such as sliding length and
speed are controlled by the operator. Precision and
experience have considerable effects on
controlling these parameters, and probably, the
results obtained. The results are reported only
based on the pin tip wear at the end of the test.
There is no information on the progression of the
pin tip wear and its penetration into the sample
surface during the test. Thus the only parameter
that is reflected in the results of CA/ testing is pin
tip wear at the end of the scratch, and no attention
is paid to the scratch created on rock surfaces or
the shape of the worn piece during the test.
Neither the Cerchar abrasion test nor other
conventional testing methods provide any insight
on the interaction between steel tool and rock
material during the process. The outcome of
abrasion tests is usually limited to the results of
simple measurements on the worn parts of the
testing pieces at the end of the tests, and no
attention is paid to what happens to the rock
samples during the test. Close examination of the
pin movement and condition of the tip during the
test is very important because the wear of cutting
tools takes place when they penetrate the rock
surface. Thus in a given rock type, the wear of
cutting tools is relevant to a specific amount of
penetration under constant operational conditions.
This means that considering both wear and
penetration is essential in evaluating a cutting
process under a given condition.

The results of Cerchar tests with a new version of
the testing device, which can precisely control the
sliding speed and displacement, have been
discussed in the previous publications by the
authors [13, 35, 36]. Also a new modified Cerchar
abrasion index (MCAI) has been introduced by the
authors. In the current study, an analytical method
was reviewed to calculate the changes of pin tip
wear and penetration into the rock. Correlations
between MCAI and rock properties as well as the
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same correlations with CAI were discussed,
indicating that MCAI was a more reliable
parameter for characterization of rock abrasive
properties. Calculation of an energy index for the
Cerchar test and its correlation with the rock
abrasivity and mechanical parameters was
examined. The energy index could be useful to
compare the efficiency of various cutting tools
with different hardness against different rock
samples. The results obtained show that the
calculated energy index has a strong correlation
with the rock abrasivity and increases when using
softer pins. This issue is the focus of the current
paper, where the measured values of the Cerchar
testing parameters will be used to have a closer
look at the energy index and its implications on
the testing results.

2. Methodology

A new version of the Cerchar abrasion testing
device has been used in the current studies. The
basic design and operation of this device have
been discussed by the authors in more details as a
part of the previous publications [13]. The sliding
distance and speed can be accurately controlled,
and pin-rock frictional force as well as pin vertical
displacement on the rock surface were
continuously measured by the sensors. Figure 2
shows a schematic view of the testing device.

A total of 41 rock samples were tested by the new
device. The CAI values were obtained on the sawn
surface of samples according to the ISRM-
suggested method using pin hardness of SSHRC
(CAlIss) and 43HRC (CAl,;). The applied frictional
force and pin tip horizontal and vertical
displacements on the sample surface were
recorded during the tests. The work or energy
consumption was calculated by plotting frictional
force versus sliding displacement graphs and
calculating the area under these curves. This
parameter was named Wss and W,; for 55 and
43HRC pins, respectively. Table 1 summarizes
the results of testing the samples.

In order to verify the accuracy of the proposed
analytical model to calculate the CA/ value at any
point along the sliding path, additional Cerchar
tests were performed with a scratch length of 5
mm on 6 samples.

Mineralogical studies based on the thin section
analysis of 17 samples were completed, and the
abrasive mineral content (AMC) of the samples
was calculated as follows [37]:

AMC = iAi.Ri

i=1

(M
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where 4; is the percentage of the i-th mineral in
the rock composition (%), R; is the ratio of the
hardness of the i-th mineral to the hardness of
quartz, and m is the count of minerals in the rock
composition. The results of AMC calculations are
also listed in Table 1. Mechanical properties of
eight samples were measured. This includes
uniaxial compressive strength (UCS), modulus of
elasticity (£), and Brazilian tensile strength (BTS).

The results of rock mechanical tests are reported
in Table 1 as well.

Moreover, the MCAI (modified Cerchar abrasion
index) and SE; values were calculated for all the
tested samples and reported as MCAIss (MCAIL,;)
and SE; 55 (SE; 43) for 55SHRC (43HRC) pins. The
procedure for calculating these parameters will be
discussed in the following sections.

. electric motor

1
2. herizontal displacement sensor
3. vertical displacement sensor

4. load cell
5. stylus
6. vice

Figure 2. Schematic view of new testing device [13].

3. Analysis of test results

3.1. Modification of CAI to describe pin-rock
interaction

The Cerchar abrasion index (CA/) is determined
only based on the pin tip wear at the end of the
test. Previous studies by the authors have shown
the importance of characterizing the nature and
quantity of pin penetration into the rock surface.
This is due to the fact that in a real application of
the cutting tools, the rock-pin interaction defines
and controls the wear of tool, and any test that
intends to measure rock abrasivity for tool wear
prediction should reflect this interaction.

The new testing device measures and records the
required horizontal force to move the pin on the
rock surface (frictional force) and the pin vertical
and horizontal displacement during the tests. Thus
graphs of pin horizontal force (7(x)) and pin
vertical movements (A4(x)) versus pin horizontal
displacement on the sample surface, x, can be
generated. An example of such graphs is shown in
Figure 3. The applied horizontal force at the end
of the test (7,,) can also be obtained from the
graphs of T(x). It has been shown that there is a
direct correlation between the pin tip penetration
into the rock and the applied horizontal
(frictional) force [35]. A new Index has been
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introduced as “Modified Cerchar Abrasion Index
(MCAI)”, as follows [35]:

MCAI = cAl

)
ult
CAI is the pin tip wear at the end of the scratch.
T,;. or applied horizontal (friction) force has a
direct correlation with tip penetration into the rock
surface. In hard and abrasive rocks, CAI is often
high, and due to the low penetration, 7,, has a
small value. Therefore, MCAI often has a large
value in hard and abrasive rocks. To the contrary,
in rocks with lower hardness and abrasivity, CA/
decreases and T, increases, which result in lower
values of MCAI. The authors have shown that
MCAI can provide a better description of rock-pin
interaction, and can be used as a more logical
classification parameter to categorize various
rocks based on their hardness and abrasivity [35].
However, the ultimate proof is the comparison of
the tool wear in the field and the measured CA/ or
MCAI indices to show which one is the more
reliable measure to represent rock abrasion for
pertinent applications. The MCAI values for the
43HRC and 55HRC pins (MCAIl;; and MCAlss,
respectively) are reported in Table 1.
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Table 1. Summary of testing results [13, 35].

CAly; CAl;ss Wys Wss MCAIs;s MCAI; SE; 55 SE; g3 UCS E BTS
Sample Rock Type ©1mm) (0.1mm) (Kgfem) (Kgfem) Odmm/N)  O01dmm/N) (klem®) Jem®) “MC  (Mpa) (GPa) (MPa)
AR marble 1.46 1.06 3.29 3.74 2.45 3.61 1.12 2.31 - - - -
AR-02 fine crystalline granite 4.52 3.49 3.46 3.22 8.83 10.89 12.91 21.61 0.83 108.51  24.62 8.20
AR-04 fine crystalline granite 4.00 3.64 2.90 2.97 10.14 12.32 11.63 19.48 0.81 - - -
AR-07 andesite 1.45 1.26 3.76 3.43 3.20 3.10 1.63 3.01 0.48 - - -
AR-08 diorite 2.71 2.07 3.07 2.92 5.86 6.90 3.22 12.63 0.83 45.75 16.92 5.62
AR-10 microcrystalline limestone 1.44 0.98 3.49 4.07 2.06 3.50 1.45 3.90 0.43 - - -
AR-12 syenite 1.88 1.47 3.68 4.01 3.13 4.44 1.38 2.85 0.74 28.22 13.62 5.23
AR-16 pegmatite 3.35 2.28 2.95 3.43 5.81 10.20 2.00 2431 0.77 51.77 17.43 7.43
AR-17 calcareous sandstone 1.35 0.84 3.84 4.18 1.46 2.94 1.09 2.15 0.57 - - -
AR-20 clayey limestone 1.55 0.92 3.16 3.97 1.78 4.08 1.08 3.75 0.43 73.90 18.04 6.37
AR-22 microcrystalline limestone 1.59 1.04 3.16 3.62 2.63 436 1.45 11.90 0.43 12.22 11.70 2.34
AR-26 quarzitic sandstone 2.89 2.63 1.87 2.23 7.50 8.30 5.75 7.88 0.77 44.41 16.06 7.41
AR-30 Slate 2.96 2.43 2.17 1.68 6.60 8.50 4.57 8.09 0.89 74.95 19.03 9.04
AR-31 quartz latite 2.56 2.05 1.89 2.31 4.00 11.01 1.78 22.39 0.74 - - -
HL halite 0.09 0.01 4.35 4.05 0.02 5.10 0.96 6.56 - - - -
MB marble 1.46 1.13 3.12 291 2.79 3.56 1.92 4.94 - - - -
QzZ quartzite 4.80 3.88 3.57 2.74 11.50 11.19 17.90 20.16 - - - -
SL-01 clayey siltstone 0.26 0.20 4.06 3.97 0.46 0.62 0.24 0.44 - - - -
SL-02 sandy limestone 1.40 0.80 4.59 5.16 1.23 2.89 0.38 1.11 - - - -
SL-03 sandy limestone 1.51 0.97 3.21 2.99 3.06 4.50 3.47 2.95 - - - -
SL-04 calcareous sandstone 1.23 0.96 4.65 4.66 1.91 2.35 0.88 1.21 - - - -
SL-05 compacted tuff 2.45 1.61 4.59 4.37 3.21 4.85 2.00 3.15 - - - -
SL-06 marl 0.57 0.33 5.55 5.81 0.50 0.87 1.09 1.41 - - - -
SP-01 granite 4.74 4.13 3.17 3.08 12.40 13.50 26.97 16.94 - - - -
SP-02 granite 4.78 3.96 3.13 3.23 9.75 13.46 15.28 33.40 - - - -
SP-03 coarse crystalline granite 3.73 3.19 2.36 2.53 11.99 11.00 22.08 16.26 - - - -
SP-04 schist 3.16 2.89 1.89 2.65 9.70 10.80 10.01 15.13 - - - -
SP-05 limestone 1.13 0.85 3.72 4.73 1.58 2.51 0.93 1.48 - - - -
SP-06 basalt 2.95 2.16 3.46 3.77 5.28 7.25 5.94 8.23 - - - -
SP-07 sandy dolomite 1.57 0.89 3.10 3.77 2.03 4.71 0.76 8.55 - - - -
UT-01 barite 1.24 0.75 3.55 3.53 1.78 3.16 0.82 1.19 0.46 - - -
UT-02 amphibolite 2.30 1.69 4.38 3.55 3.48 4.67 0.99 1.71 0.79 - - -
UT-03 tuff 0.75 0.45 4.58 5.51 0.67 1.29 0.61 1.03 - - - -
UT-04 anorthosite 4.27 3.30 2.32 1.79 10.80 11.40 15.74 17.29 0.86 - - -
UT-06 marble 1.50 0.97 4.08 3.34 2.49 3.16 1.20 3.15 - - - -
UT-07 travertine 1.50 0.84 4438 4.60 1.51 3.20 0.79 2.46 - - - -
UT-08 halite 0.15 0.16 4.08 4.28 0.33 0.31 0.92 1.07 0.36 - - -
UT-09 anhydrite 1.07 0.35 3.59 3.82 0.78 2.44 0.97 1.32 - - - -
UT-11 limestone 1.57 0.94 4.05 3.70 2.34 3.47 0.61 1.28 - - - -
UT-13 anhydrite 0.91 0.68 441 4.92 1.15 1.87 0.47 0.46 - - - -
UT-15 microcrystalline limestone 1.51 0.98 2.50 2.51 5.00 5.11 4.27 10.92 - - - -
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Figure 3. Plots of (a) applied horizontal force on pin, 7(x), and determination of 7,;, and (b) pin vertical
displacement, A(x), versus sliding distance obtained on an andesite sample by SSHRC and 43HRC pins [35].

To investigate the correlations between MCAI,
AMC, and other mechanical properties of the rock
samples, a preliminary statistical analysis was
performed, and the results obtained were
compared with the same correlations between the
CAI and rock properties. These correlations are
summarized in Figures 4 and 5 for 55SHRC and
43HRC pins, respectively. In both cases, there is
no considerable difference between the correlation
coefficient of CAl and MCAI with AMC.
However, correlations of MCAI with mechanical
properties of rock samples are somewhat stronger
than the correlations of CA/. This is a logical trend
since MCAI has a closer relation to the mechanical
properties of the rock samples because it contains
the effect of pin tip penetration on the sample
surface.

Figures 4 and 5 show that CA/ and MCAI have
almost the same correlation with the average
abrasive hardness of rock samples. However, it
has been proven that hardness alone cannot
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sufficiently represent rock abrasive properties, and
other parameters such as matrix strength and bond
strength between the grains and crystals have a
considerable effect on the wear of used steel pins
[14, 15]. Plinninger et al. have introduced Rock
Abrasivity Index (RA/) by multiplying the rock’s
uniaxial compressive strength (UCS) and
equivalent quartz content (EQC) [10]. Moreover,
the equations developed to calculate rock cutting
forces use shear strength, uniaxial compressive
strength, and tensile strength as input parameters
[38-41]. A comparison between the MCAI and
CAI correlations with uniaxial compressive
strengths (UCS) and Brazilian tensile strengths
(BTS) reveals that MCAI has stronger correlations
with these strength parameters, and it seems to be
a better parameter to describe/predict wear of
cutting tools. However, more investigations and
direct measurements of tool life in field
applications are essential to obtain more
reasonable conclusions.
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3.2. Variation of pin tip wear and pin tip
penetration along scratch

Values of the applied horizontal force on the pin
and its vertical displacement at any point in the
sliding path are noted by T7(x) and A(x),
respectively. x is the distance of the pin from the
starting point of the scratch. If the tests are
performed on sawn surfaces of rock samples,
which are mounted horizontally on the testing
device, the relation between pin tip wear, its
penetration into the rock surface, and recorded
vertical displacement can be obtained as follows
[13]:

A(x) = P(x) +0.05CAI (x) 3)

The equation was obtained based on the geometry
of a pin tip (Figure 6), where CAI(x) and P(x) are
the wear of the pin tip and its penetration into the
rock surface at the distance x, respectively. A(x)
and P(x) in Equation (3) are in mm, and CAl(x) is
in 0.1 mm. A(x) is recorded during the test.
However, both CAI(x) and P(x) are unknown.
Therefore, determination of these parameters
requires an extra equation, which can be
expressed as follows:

)= T @

where N is the normal static force on the pin (= 70
N) and D is the distance of 7(x) applying point
from the rock surface. If all the tests were to be
performed on the sawn surface of a sample on the
testing device, D can be considered as a fixed
quantity. Details of deriving Equations (3) and (4)
and calculation of D have been discussed
elsewhere [13].

In order to verify the accuracy of the proposed
analytical model, additional Cerchar tests with
sliding distances of 5 mm were performed on six
rock samples with different CA/ values. The
results of these tests are shown in Figure 7. In
addition, the CAI(x) curves obtained from
analytical equations of (3) and (4) are plotted for a
sliding length of 10 mm in Figure 7. The bold
lines are estimated by the analytical equations,
and the points are the results of direct
measurements. As it can be seen, the results of 5
mm and 10 mm tests are very close to the
predicted values on the curves. The little
differences between the measured and calculated
values may be due to the errors of microscopic pin
tip wear reading process. Thus it can be concluded
that the proposed equations can be used to
calculate the continuous wear of a pin tip within
an acceptable precision.

Figure 6. Geometrical relation between pin tip wear (CAI(x)), pin tip penetration into rock (P(x)), and measured
value of vertical displacement sensor (4(x)) (not to scale) [13].
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3.3. Calculation of scratching energy index

The pin tip wear and its penetration into the rock
surface, at any point of sliding path, can be
calculated by Equations (3) and (4). It is assumed
that the pin tip sides conform to the groove sides,
as shown in Figure 8. Hence, the cross-section of
the groove can be estimated at any point along the
path knowing values of CA/(x) and P(x).

Figure 9 shows some examples of cross-sectional
profiles for the four rock samples (UT-09, AR-07,
AR-31, and UT-04) being scratched with the
55HRC and 43HRC pins. The cross-sections are
plotted at the sliding lengths (x) of 0.5, 1, 2, 5, and
10 mm. If these samples are classified based on
the categories defined by the original Cerchar
classification [8], in the category of not very
abrasive (UT-09 with CAlss = 0.35), the width of

35

e
[\ h

CAI{x) (0.1mm)
n

groove tip does not change much at the various
sliding distances but its depth increases rapidly
due to fast penetration of the pin tip into the rock
sample. On the other hand, in a very abrasive
sample (UT-04 with CAls;s = 3.30), the depth of
the groove is insignificant and constant but its
width increases rapidly due to fast wear of the pin
tip. In the other samples (AR-07 with CAls; = 1.26
and AR-31 with CAl;s = 2.05), which are
classified as medium abrasivity, a combination of
two states can be seen, depending on the
abrasivity of the rock sample and penetration of
the pin tip into the rock surface. Comparing the
results of SSHRC and 43HRC pins, it can be seen
that in the harder pins, the tip wear is smaller, and
its penetration into the rock surface is deeper.

UT-08 == MB =— =UT-07

x (mm)

-==-AR-08

------- AR-26 = UT-04

Figure 7. Comparison between results of analytical estimations (curves) and direct measurements (points).

Figure 8. Assumed cross-section of groove as it conforms to pin profile during Cerchar test (not to scale).
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Figure 9. Cross-section of grooves in selected tests on samples with various abrasivity. Cross-sections are
calculated for sliding distances of 0.5, 1, 2, 5, and 10 mm.

Often in a rock excavation process, estimating the
required energy to excavate (and in this case, to
scratch) the unit volume of a rock is a useful
measure for comparing various methods of rock
breakage. This parameter is called “specific
energy” (SE), and has an inverse correlation with
the efficiency of rock cutting. The theoretical
minimum value of energy that is consumed in a
fragmentation process is the required surface

&3

energy for creating the new surface areas of the
produced fragments. In practice, the magnitude of
energy actually used for rock fragmentation is
much greater than the theoretical minimum. The
actual quantity of energy depends on the type of
process and nature of the rock. These factors are
not independent [42].

The new device measures the horizontal force,
which is required to move the pin on the rock
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surface (7(x)). According to the physical
definition of the work, the area under the
force-displacement curve can be considered as the
work done or the consumed energy for the
movement of the pin. Therefore, the work done
during any Cerchar test can be calculated by
integration of 7(x), as follow:
10

W= jo T(x)dx (5)
The pin tip wear and its penetration into the rock
surface at any point of the sliding path are
obtained from the CAIl(x) and P(x) calculated
values. If the geometry of the created groove
assumed in Figure 8 were to be used, the area of
excavated section at any point of the sliding path
(S(x)) can be calculated as follows:

S(x) = P(x)[CAL (x) + P(x)] (6)

Thus the excavated volume of the sample in a test
is calculated using equation (7):
V = ["Seodx = [ PEOICAI) + POldx (7

and the scratch energy index for the Cerchar test
(SE)) can be calculated from the values of W and
V, as follows:

o W J;OT(x)dx
v jo P(x)[CAI (x)+ P(x)]dx

®)

The term “scratch energy index or SE;” was
selected to avoid confusion with specific energy,
often used in a full-scale excavation application
since the nature and scale of rock fragmentation in
these processes are different.

Using Equation (8), the SE; values are calculated
for all samples. These values are reported in Table
1 along with the CAI and MCAI values for the
43HRC and 55HRC pins. Figure 10 shows the
correlation between SE; and CAI for the SSHRC
and 43HRC pins, respectively. In both groups of
pins, SE; increases exponentially with increase in
the abrasivity of the rock samples. Statistical
analysis of data shows that SE; can be correlated
to CAIl by Equations (9) and (10):

SE,,;, = 0.9534e7°Als  R2 = 0.649

©)

SE ;s = 0.4641e"7s  R? = 0.8299 (10)

where SE; ;5 and SE; 55 are the scratch energy
indices obtained by the 43HRC and 55HRC pins,
respectively.

&4

The spread of estimated SE; values increases with
increasing abrasivity, as shown in the charts of
Figure 10. As mentioned earlier, with increase in
the rock abrasivity, pin penetrates less into the
rock, and thus P is very small in the abrasive
samples. Therefore, the accuracy of penetration
measurements decreases due to the limited
resolution of measuring sensors for vertical
displacement. This leads to a higher spread of
calculating values in more abrasive samples. In
addition, in the more abrasive samples, the pin
tends to slip on the surface of the rock sample
rather than penetrate into it, which again can
influence the accuracy of the recorded force and
calculated energy. Variation in the results of SE;
calculations for the pins with 43HRC hardness is
also greater than that of the SSHRC pins. This is
again due to the low penetration of the softer pins
into the rock samples and the higher probability of
slipping on the sample surfaces.

Figure 11 shows the correlations between SE; and
the abrasive mineral content (AMC), uniaxial
compressive strength (UCS), modulus of elasticity
(E), and Brazilian tensile strength (BT7S). The
correlation coefficient for the best fit curves in
this Figure is lower than the graphs in Figure 10.
The best fit lines and the correlations of SE; with
UCS, E, and BTS are linear. This could be due to
the lower number of available data points in
Figure 11. However, the trends seem reasonable.
SE; shows an increasing trend in all graphs. This
means that increasing the sample hardness and
strength properties increases the required specific
energy to scratch the sample surface. Furthermore,
all of the fitted trends on SE;; values are
thoroughly located above SE;ss trends. In other
words, making a scratch by a softer pin always
takes more energy. The difference between the
gradients of fitted trends on the 43HRC and
55HRC pin data is another important point in the
graphs shown in Figure 11. The trends obtained
by the 43HRC pins have steeper gradients than the
trends relevant to the harder pins. This means that
increasing AMC, UCS, E, and BTS causes a
greater increase in the consumed specific energy
for the softer pins and the difference between the
SE; of 43HRC, and the 55HRC pins increase with
increase in the sample hardness and mechanical
strength. This can confirm that in the softer and
weaker rock types, increasing the cutting tool
hardness may not be as critical, and it does not
cause a considerable improvement in the
efficiency of the cutting process. This is reflected
in the curves in Figure 11, which shows closing
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the SE; trend lines in the lower range of hardness
and rock mechanical strength.

Despite the best fit trends on the SE-AMC plot
that have an exponential form, the difference
between the SE; ;3 and SE; 55 trends at the high
values of AMC is not so great. The greatest
difference between the scratch energy index
trends of the 43HRC and 55HRC pins at the high
values of horizontal axes is evident in the SE-BTS
graphs, meaning that increasing BTS causes a
larger difference between the required scratch
energy index of soft and hard pins. It seems like
the tensile strength is the most important and
determinant factor in the required hardness of the

rock cutting tools from the viewpoint of specific
energy. However, the few count of data points and
the low quality of fitted trends may affect the
results, and more tests are required to reach an
overall conclusion.

In Figure 12, the SE; values are shown versus
MCAI for pins of 55 and 43 HRC. Comparing the
R? values of fitted curves with the SE-CAI curves
(Figure 10) reveals that the R’ values show a
minor increase in the SE-MCAI curves. This
means that SE; has a closer correlation to MCAI
because it includes the effect of pin penetration
into the rock as well as its tip wear [35].
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Figure 10. Scratch energy index (SE;) versus Cerchar abrasion index (CAI) for pins with hardness of a) 43 HRC
and b) 55 HRC.
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4. Conclusions

The current work is based upon the results of the
Cerchar abrasivity tests with a new device that
could accurately control test variables such as the
sliding length and the pin moving velocity, while
offering continuous measurement of the required
force for scratching and vertical displacements of
the pin. The results obtained show that:

e The introduced modified Cerchar abrasion
index (MCAI) includes the effect of pin tip
penetration into the rock surface, and has better
correlations with the rock mechanical
parameters of UCS, BTS, and E. These
mechanical parameters are effective on the
wear rate of rock cutting tools, and it seems
like MCAI is more suitable for describing the
abrasive behavior of rock samples than CA/.

e The proposed analytical method used to
calculate instantaneous values of pin tip wear
and its penetration into the rock surface has an
acceptable accuracy, and could be used to
describe the interaction between the steel pins
and rock samples.

e Using the available data by a new testing
device and proposed analytical equations, a
method was proposed to calculate the specific
energy of scratch as scratch energy index (SE)).

e SE; showed exponential correlations with
CAI, MCAI, and AMC. However, correlations
with the mechanical parameters UCS, BTS, and
E were linear.

e SE; could provide a basis to compare the
efficiency of scratching rock surface (and
perhaps cutting tools) with different pin
hardness values. It could also be used to
estimate the specific energy reduction resulting
from hardness increase of the applied pins.

e MCAI has better correlations with SE;
values than CA/. This is due to the inclusion of
rock strength properties in calculation of
MCATIs.

e The ability of MCAI and SE; in offering
better correlation with tool consumption in the
field while promising, requires more studies by
comparing these parameters with recorded
cutting tool life on various machines and
project settings. There is also a need to
examine the correlation between MCAI and SE;
with other rock properties in a wider range of
rock samples in the future investigations.

Acknowledgments
The authors would like to express their gratitude
to Mr. Reza Sanajian and Mrs. Mahdieh Nasiri in

87

Folowrd Industrial Plans Co. for their unsparing
technical supports in designing and manufacturing
of the testing device. Also the authors wish to
express their appreciation to Iran Water & Power
Resources Development Co., Mr. Banihashemi of
Mahab Ghods Consultant Engineers Co., and Mr.
Mahinraad of Moshanir Consultant Engineers Co.
for providing the samples used in testing and
additional information necessary to conduct
experiments and subsequent analysis.

References
[1]. Zum Gahr, K.H. (1987). Microstructure and wear
of materials. Amsterdam. Elsevier. 559 P.

[2]. Verhoef, P.N.W. (1997). Wear of rock cutting
tools. Rotterdam. Balkema. 340 P.

[3]. CERCHAR. (1973). Cerchar tests for the
measurement of hardness and abrasivity of rocks.
French Coal Industry: Centre Study Research,
Document. 73-59: 1-10.

[4]. AFNOR. (2000). De’termination du pouvoir
abrasive d’une roche- Partie 1: Essai de rayure avec
une pointe (NF P 94-430-1). Paris.

[5]. ASTM D7625-10. (2010). Standard test method for
laboratory determination of abrasiveness of rock using
the CERCHAR method. ASTM International.

[6]. Alber, M., Yarali, O., Dahl, F., Bruland, A.,
Kasling, H., Michalakopolous, T.N., Cardu, M., Hagan,
P. and Aydin, H. (2014). ISRM suggested method for
determining the abrasivity of rock by the CERCHAR
abrasivity test. Rock Mech Rock Eng. 47: 261-266.

[7]. Rostami, J., Ozdemir, L., Bruland, A. and Dahl, F.
(2005). Review of issues related to Cerchar Abrasivity
testing and their implications on geotechnical
investigations and cutter cost estimates. Proc, Rapid
excavation and tunneling conference (RETC). Seattle.
pp- 738-751.

[8]. CERCHAR- Centre d’ Etudes et Recherches de
Charbonnages de France. (1986). The CERCHAR
abrasiveness index. 12 S., Verneuil.

[9]. Bieniawski, Z.T., Celada, B., Galera, J.M. and
Tardagiula, 1. (2009). Prediction of cutter wear using
RME. Proc, ITA Congress. Budapest.

[10]. Plinninger, R.J., Kasling, H. and Thuro, K.
(2004). Wear prediction in hard rock excavation using
the Cerchar abrasiveness index (CAI). Proc, ISRM
regional Symposium EUROCK 2004 & 53rd
Geomechanics Colloquy. Salzburg. pp. 599-604.

[11]. Yarali, O., Yasar, E., Bacak, G. and Ranjith, P.G.
(2008). A study of rock abrasivity and tool wear in coal
measures rocks. Int J Coal Geol. 74: 53-66.

[12]. Girmscheid, G. (2000). Construction management
and construction techniques in tunneling. Berlin. Ernst
and Sohn.



Hamzaban et al./ Journal of Mining & Environment, Vol.9, No.1, 2018

[13]. Hamzaban, M.T., Memarian, H. and Rostami, J.
(2014). Continuous monitoring of pin tip wear and
penetration into rock surface using a new Cerchar
abrasivity testing device. Rock Mech Rock Eng. 47:
689-701.

[14]. Suana, M. and Peters, T. (1982). The Cerchar
abrasivity index and its relation to rock mineralogy and
petrography. Rock Mech Rock Eng. 15: 1-7.

[15]. West, G. (1989). Rock abrasiveness testing for
tunneling. Int J Rock Mech Min Sci. 26: 151-160.

[16]. Al-Ameen, S.I. and Waller, M.D. (1994). The
influence of rock strength and abrasive mineral content
on the Cerchar abrasive index. Eng Geol. 36: 293-301.

[17]. Plinninger, R.J., Kasling, H., Thuro, K. and
Spaun, G. (2003). Testing conditions and
geomechanical properties influencing the cerchar
abrasivity index (CAI) value. Int J Rock Mech Min Sci.
40: 259-263.

[18]. He, J., Li, S., Li, X., Wang, X. and Guo, J.
(2016). Study on the correlations between abrasiveness
and mechanical properties of rocks combining with the
microstructure characteristic. Rock Mech Rock Eng.
49:2945-2951.

[19]. Cheshomi, A. and Moradhaseli, S. (2017). Effect
of petrographic characteristics on abrasive properties of
granitic building stones. Quarterly Journal of
Engineering Geology and Hydrogeology. 2016-2048.

[20]. Yarali, O. (2017). Investigation into Relationships
Between Cerchar Hardness Index and Some
Mechanical Properties of Coal Measure Rocks.
Geotechnical and Geological Engineering. 35: 1605-
1614.

[21]. Capik, M. and Yilmaz, A.O. (2017). Correlation
between Cerchar abrasivity index, rock properties, and
drill bit lifetime. Arabian Journal of Geosciences. 10:
1-12.

[22]. Jager, W. (1988). An investigation into the
abrasive capacity of rocks. In: Memoirs of the Centre
of Engineering Geology in the Netherlands. Delft
University of Technology. 52: 99.

[23]. Reinking, M.W. (1989). Linear cutting tests in
artificial sand-clay mixtures to study the influence of
brittleness on abrasive wear of cutting tools. In:
Memoirs of the Centre of Engineering Geology in the
Netherlands. Delft University of Technology. 75: 95.

[24]. Deketh, H.J.R. (1995). Wear of the cutting tools
of rock excavation machines. Proc, 35™ US symposium
of Rock Mechanics. Reno. pp. 342-347.

[25]. Kahraman, S., Alber, M., Fener, M. and
Gunaydin, O. (2010). The usability of Cerchar
abrasivity index for the prediction of UCS and E of
Misis Fault Breccia: Regression and artificial neural
network analysis. Expert Systems with Applications.
37: 8750-8756.

88

[26]. Khandelwal, M. and Ranjith, P.G. (2010).
Correlating index properties of rocks with P-Wave
measurements. Journal of Applied Geophysics. 71: 1-5.

[27]. Deliormanli, A.H. (2012). Cerchar abrasivity
index (CAI) and its relation to strength and abrasion
test methods for marble stones. Construction and
Building Materials. 30: 16-21.

[28]. Alber, M. (2008). Stress dependency of the
Cerchar abrasivity index (CAI) and its effects on wear
of selected rock cutting tools. Tunn Und Space Tech.
23:351-359.

[29]. Biichi, E., Mathier, J.F. and Wyss, C.H. (1995).
Rock abrasivity- a significant cost factor for
mechanical tunneling in loose and hard rock. Tunnel.
95: 38-44.

[30]. Michalakopolous, T.N., Anagnostou, V.G.,
Bassanou, M.E. and Panagiotou, G.N. (2006). The
influence of styli hardness on the Cerchar abrasiveness
index value. Int J Rock Mech Min Sci. 43: 321-327.

[31]. Rostami, J., Ghasemi, A., Alavi, E., Dogruoz, C.
and Dahl, F. (2014). Study of dominant factors
affecting Cerchar abrasivity index. Rock Mech Rock
Eng. 47: 1905-1919.

[32]. Majeed, Y. and Abu Bakar, M.Z. (2016).
Statistical evaluation of CERCHAR abrasivity index
(CAI) measurement methods and dependence on
petrographic and mechanical properties of selected
rocks of Pakistan. Bull Eng Geol Environ. 75: 1341-
1360.

[33]. Yarali, O. and Duru, H. (2016). Investigation into
effect of scratch length and surface condition on
Cerchar abrasivity index. Tunn Und Space Tech. 60:
111-120.

[34]. Bakar, M.A., Majeed, Y. and Rostami, J. (2016).
Effects of rock water content on CERCHAR Abrasivity
Index. Wear. 368: 132-145.

[35]. Hamzaban, M.T., Memarian, H., Rostami, J. and
Ghasemi, H. (2014). Study of rock-pin interaction in
Cerchar abrasivity test. Int J of Rock Mech & Min Sci.
72: 100-108.

[36]. Sotoudeh, F., Memarian, H., Hamzaban, M.T. and
Rostami, J. (2014). Improvement of testing accuracy
by a new generation of Cerchar abrasivity testing
device. Proc. North American Tunneling. Los Angles.
pp. 211-217.

[37]. Thuro, K. (1996). Drillability prediction-
geological influences in hard rock drill and blast
tunneling. Geol Rundsch. 426-437.

[38]. Evans, 1. (1970). Relative efficiency of picks and
disks for cutting rock. Proc. 3™ congress on Advances
in Rock Mechanics. pp. 1399-1405.

[39]. Roxborough, F.F. and Philips, H.R. (1975). Rock
excavation by disk cutters. Int J of Rock Mech & Min
Sci. 12: 361-366.



Hamzaban et al./ Journal of Mining & Environment, Vol.9, No.1, 2018

[40]. Snowden, R.A., Ryley, M.D. and Temporal, J.
(1982). A study of disk cutting in selected British
rocks. Int J of Rock Mech & Min Sci. 19: 107-121.

[41]. Lindqvist, P.E. and Ranman, K.E. (1980).
Mechanical rock fragmentation chipping under a disk
cutter. University of Lulea. Lulea. Sweden. Technical
Report.

89

[42]. Hood, M.C. and Roxborough, F.F. (1992). Rock
Breakage: Mechanical. In: Hartman, H.L., Britton,
S.G., Mutmansky, J.M., Gentry, D.W., Schlitt, W.J.,
Karims, M., Singh, M.M., eds. SME Mining
Engineering Handbook. Colorado, Society for Mining,
Metallurgy, and Exploration, Inc. pp. 680-721.



1798 o o Jol 0,lass qogs 0,90 et j oo g (dro ity — sole dg i /5] a0 g bjan

Sl b 9031 (5l (8155 (6551 (e il (s

"oty Jloz 3" 3l sloro e < g0 i ozxa

Ol g (o olLIIS (yuro (cwdigo s —)
RUTIERSYE I L -4 CPER VI gt PR US4 LR EPRpEWR ST T §
15 ol oumsoc¥ (gal flS Sure duydo (yRo cuwrdiden (ks =V

YAYIVIYY Gopdy YA YIOITY Lol

hamzaban@sut.ac.ir :olslse Jytus odin g

RN

Lyly i U w030l oy lan olmppiams GLabail cCulid 50 5 Ll dsie o 5 il (oma coy (slo il il 5o bl lisle o Sis Szl 5
(ime 5 Slyee slaoisy 50 wilize SV Tile 5 0aiy slall (solaidl slacysgame s )0 (gladal) (lsie 4 ( Sy nl Cusl 05250 (bl
ol L ogysme JLS A LacSis (Saidls @8 (o)l sl 00,58 90 41 039l a5 ol oslis (9, L ps Galis (5051 3525 50 51,8 eliil 5 50
Gmog sl ar el 50 jhiallas ol po o)l gylim a T s b o Y58 mSis (Sl Greosi )0 5 (lbadgase lales] cnl (Jl
ooliaal b el _Sins diga F) 51 glacgazco ol oo o0liul (L pos il (33051 15 Uil ol oty LTS byl 5 K 5 oom oles LS wt
975 S5 ol Lol e 1y talosT (Slikos slo ol )y 5 3ads J 7S oSl oo aidly anwgs olSiws 28,8 418 (ales] 0,50 iz olSiws S,
00 ol L e il gl codol Cansd & gl 51 o0lictul by S o wilb cises zlans (53, o] Bl 5 w8 lols 5 ooms 4 00 Jlasl SISkl
aS asols ylid bt § <8)5 41,8 o 5,50 00l drwle gl el )b 8 ol dwle Wy ole sl )b lgie 4 (SEj) (il,5 65,0 Lmsil s MCAI
18 YL Sty MCAT ¢yl iy s bzl ly ol b (CAD) L oo isles gl Ko 51 g o Sins Sl sl el L MCAI  Stean
Lol (SolSo sla Sy 5 (Siw sladiged (e b Jo:8 BB sl Siaan 55 SEj o)l o Jigi yi> 50 oolial 3,50 0y slo il Gl (eass
ool 55sS S eladiisns g Lilys bl 5 wilizhs s b oo Ll deglie gl SEi 5l ol e 45 wisls olis gl S igles

85 050 ahlizie Lyl 10 c0dip (sl Il e Gl j0 0aiiS e (el ol g T 5l g 0,8

Gl Il il oS (Sawsl B Gil3 6550 il Gl Giale ee3T 1 guadS” OlodS




