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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 (SEi), as two newly developed parameters. The accuracy of the calculated parameters 

is discussed. Our investigations show that MCAI 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 SEi shows sensible correlations with sample hardness and mechanical properties. The 

results obtained show that SEi 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 

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 

to a mechanical action, i.e. contact and relative 

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 

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 CAI 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]. 

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 CAI 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 CAI 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 CAI 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 

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 55HRC 

(CAI55) and 43HRC (CAI43). 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 W55 and W43 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 CAI 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]: 

m

i i

i 1

AMC A .R


  (1) 
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where Ai is the percentage of the i-th mineral in 

the rock composition (%), Ri 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 (E), 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 SEi values were calculated for all the 

tested samples and reported as MCAI55 (MCAI43) 

and SEi 55 (SEi 43) for 55HRC (43HRC) pins. The 

procedure for calculating these parameters will be 

discussed in the following sections. 

 

 
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 (CAI) 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 (T(x)) and pin 

vertical movements (A(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 (Tult) 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 

introduced as “Modified Cerchar Abrasion Index 

(MCAI)”, as follows [35]: 

ultT

CAI
MCAI   (2) 

CAI is the pin tip wear at the end of the scratch. 

Tult 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, Tult 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, CAI 

decreases and Tult 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 CAI 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 (MCAI43 and MCAI55, 

respectively) are reported in Table 1.
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Table 1. Summary of testing results [13, 35]. 

BTS 

(MPa) 

E 

(GPa) 

UCS 

(MPa) 
AMC 

SEi 43 

(kJ.cm-3) 

SEi 55 

(kJ.cm-3) 

MCAI43 

(0.1mm/N) 

MCAI55 

(0.1mm/N) 

W55 

(Kgf.cm) 

W43 

(Kgf.cm) 

CAI55 

(0.1 mm) 

CAI43 

(0.1 mm) 

Rock Type Sample 

- - - - 2.31 1.12 3.61 2.45 3.74 3.29 1.06 1.46 marble AR 

8.20 24.62 108.51 0.83 21.61 12.91 10.89 8.83 3.22 3.46 3.49 4.52 fine crystalline granite AR-02 

- - - 0.81 19.48 11.63 12.32 10.14 2.97 2.90 3.64 4.00 fine crystalline granite AR-04 

- - - 0.48 3.01 1.63 3.10 3.20 3.43 3.76 1.26 1.45 andesite AR-07 

5.62 16.92 45.75 0.83 12.63 3.22 6.90 5.86 2.92 3.07 2.07 2.71 diorite AR-08 

- - - 0.43 3.90 1.45 3.50 2.06 4.07 3.49 0.98 1.44 microcrystalline limestone AR-10 

5.23 13.62 28.22 0.74 2.85 1.38 4.44 3.13 4.01 3.68 1.47 1.88 syenite AR-12 

7.43 17.43 51.77 0.77 24.31 2.00 10.20 5.81 3.43 2.95 2.28 3.35 pegmatite AR-16 

- - - 0.57 2.15 1.09 2.94 1.46 4.18 3.84 0.84 1.35 calcareous sandstone AR-17 

6.37 18.04 73.90 0.43 3.75 1.08 4.08 1.78 3.97 3.16 0.92 1.55 clayey limestone AR-20 

2.34 11.70 12.22 0.43 11.90 1.45 4.36 2.63 3.62 3.16 1.04 1.59 microcrystalline limestone AR-22 

7.41 16.06 44.41 0.77 7.88 5.75 8.30 7.50 2.23 1.87 2.63 2.89 quarzitic sandstone AR-26 

9.04 19.03 74.95 0.89 8.09 4.57 8.50 6.60 1.68 2.17 2.43 2.96 Slate AR-30 

- - - 0.74 22.39 1.78 11.01 4.00 2.31 1.89 2.05 2.56 quartz latite AR-31 

- - - - 6.56 0.96 5.10 0.02 4.05 4.35 0.01 0.09 halite HL 

- - - - 4.94 1.92 3.56 2.79 2.91 3.12 1.13 1.46 marble MB 

- - - - 20.16 17.90 11.19 11.50 2.74 3.57 3.88 4.80 quartzite QZ 

- - - - 0.44 0.24 0.62 0.46 3.97 4.06 0.20 0.26 clayey siltstone SL-01 

- - - - 1.11 0.38 2.89 1.23 5.16 4.59 0.80 1.40 sandy limestone SL-02 

- - - - 2.95 3.47 4.50 3.06 2.99 3.21 0.97 1.51 sandy limestone SL-03 

- - - - 1.21 0.88 2.35 1.91 4.66 4.65 0.96 1.23 calcareous sandstone SL-04 

- - - - 3.15 2.00 4.85 3.21 4.37 4.59 1.61 2.45 compacted tuff SL-05 

- - - - 1.41 1.09 0.87 0.50 5.81 5.55 0.33 0.57 marl SL-06 

- - - - 16.94 26.97 13.50 12.40 3.08 3.17 4.13 4.74 granite SP-01 

- - - - 33.40 15.28 13.46 9.75 3.23 3.13 3.96 4.78 granite SP-02 

- - - - 16.26 22.08 11.00 11.99 2.53 2.36 3.19 3.73 coarse crystalline granite SP-03 

- - - - 15.13 10.01 10.80 9.70 2.65 1.89 2.89 3.16 schist SP-04 

- - - - 1.48 0.93 2.51 1.58 4.73 3.72 0.85 1.13 limestone SP-05 

- - - - 8.23 5.94 7.25 5.28 3.77 3.46 2.16 2.95 basalt SP-06 

- - - - 8.55 0.76 4.71 2.03 3.77 3.10 0.89 1.57 sandy dolomite SP-07 

- - - 0.46 1.19 0.82 3.16 1.78 3.53 3.55 0.75 1.24 barite UT-01 

- - - 0.79 1.71 0.99 4.67 3.48 3.55 4.38 1.69 2.30 amphibolite UT-02 

- - - - 1.03 0.61 1.29 0.67 5.51 4.58 0.45 0.75 tuff UT-03 

- - - 0.86 17.29 15.74 11.40 10.80 1.79 2.32 3.30 4.27 anorthosite UT-04 

- - - - 3.15 1.20 3.16 2.49 3.34 4.08 0.97 1.50 marble UT-06 

- - - - 2.46 0.79 3.20 1.51 4.60 4.48 0.84 1.50 travertine UT-07 

- - - 0.36 1.07 0.92 0.31 0.33 4.28 4.08 0.16 0.15 halite UT-08 

- - - - 1.32 0.97 2.44 0.78 3.82 3.59 0.35 1.07 anhydrite UT-09 

- - - - 1.28 0.61 3.47 2.34 3.70 4.05 0.94 1.57 limestone UT-11 

- - - - 0.46 0.47 1.87 1.15 4.92 4.41 0.68 0.91 anhydrite UT-13 

- - - - 10.92 4.27 5.11 5.00 2.51 2.50 0.98 1.51 microcrystalline limestone UT-15 
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Figure 3. Plots of (a) applied horizontal force on pin, T(x), and determination of Tult, and (b) pin vertical 

displacement, A(x), versus sliding distance obtained on an andesite sample by 55HRC 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 55HRC and 

43HRC pins, respectively. In both cases, there is 

no considerable difference between the correlation 

coefficient of CAI and MCAI with AMC. 

However, correlations of MCAI with mechanical 

properties of rock samples are somewhat stronger 

than the correlations of CAI. 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 CAI and MCAI have 

almost the same correlation with the average 

abrasive hardness of rock samples. However, it 

has been proven that hardness alone cannot 

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 (RAI) 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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Figure 4. Correlations between MCAI55/CAI55 and abrasive mineral content and mechanical properties of 

samples. 
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Figure 5. Correlations between MCAI43/CAI43 and abrasive mineral content and mechanical properties of 

samples. 
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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 T(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]: 

)(05.0)()( xCAIxPxA   (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 CAI(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: 

 
 
  xTN

xTD
xP




.2  (4) 

where N is the normal static force on the pin (= 70 

N) and D is the distance of T(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 CAI 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 (A(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 CAI(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 CAI55 = 0.35), the width of 

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 CAI55 = 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 CAI55 = 1.26 

and AR-31 with CAI55 = 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 55HRC 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. 

 

 
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 

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 (T(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 T(x), as follow: 


10

0
)( dxxTW  (5) 

The pin tip wear and its penetration into the rock 

surface at any point of the sliding path are 

obtained from the CAI(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: 

)]()()[()( xPxCAIxPxS   (6) 

Thus the excavated volume of the sample in a test 

is calculated using equation (7): 

10 10

0 0
V S(x)dx P(x)[CAI(x) P(x)]dx     (7) 

and the scratch energy index for the Cerchar test 

(SEi) can be calculated from the values of W and 

V, as follows: 
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0
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dxxPxCAIxP

dxxT

V

W
SEi  (8) 

The term “scratch energy index or SEi” 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 SEi 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 SEi and CAI for the 55HRC 

and 43HRC pins, respectively. In both groups of 

pins, SEi increases exponentially with increase in 

the abrasivity of the rock samples. Statistical 

analysis of data shows that SEi can be correlated 

to CAI by Equations (9) and (10): 

430.7270CAI 2

i43SE 0.9534e      R 0.649   (9) 

550.9505CAI 2

i55SE 0.4641e     R 0.8299   (10) 

where SEi 43 and SEi 55 are the scratch energy 

indices obtained by the 43HRC and 55HRC pins, 

respectively. 

The spread of estimated SEi 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 SEi 

calculations for the pins with 43HRC hardness is 

also greater than that of the 55HRC 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 SEi and 

the abrasive mineral content (AMC), uniaxial 

compressive strength (UCS), modulus of elasticity 

(E), and Brazilian tensile strength (BTS). 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 SEi 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. 

SEi 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 SEi43 values are 

thoroughly located above SEi55 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 

SEi 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 SEi trend lines in the lower range of hardness 

and rock mechanical strength. 

Despite the best fit trends on the SEi-AMC plot 

that have an exponential form, the difference 

between the SEi 43 and SEi 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 SEi-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 SEi values are shown versus 

MCAI for pins of 55 and 43 HRC. Comparing the 

R
2
 values of fitted curves with the SEi-CAI curves 

(Figure 10) reveals that the R
2
 values show a 

minor increase in the SEi-MCAI curves. This 

means that SEi has a closer correlation to MCAI 

because it includes the effect of pin penetration 

into the rock as well as its tip wear [35]. 

 

 

 
Figure 10. Scratch energy index (SEi) versus Cerchar abrasion index (CAI) for pins with hardness of a) 43 HRC 

and b) 55 HRC. 
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Figure 11. Correlations of scratch energy index (SEi) with a) abrasive mineral contents (AMC), b) uniaxial 

compressive strength (UCS), c) modulus of elasticity (E), and d) Brazilian tensile strength (BTS) for 43HRC and 

55HRC pins. 

 

 
Figure 12. Scratch energy index (SEi) 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: 

 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 CAI. 

 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. 

 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 (SEi). 

 SEi showed exponential correlations with 

CAI, MCAI, and AMC. However, correlations 

with the mechanical parameters UCS, BTS, and 

E were linear. 

 SEi 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. 

 MCAI has better correlations with SEi 

values than CAI. This is due to the inclusion of 

rock strength properties in calculation of 

MCAI’s. 

 The ability of MCAI and SEi 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 SEi 

with other rock properties in a wider range of 

rock samples in the future investigations. 
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 چکیده:

 هرای فیراری مکرانیزه، برا شررایط      خراشندگی سنگ، عاملی اساسی در انتخاب ابزارهای برنده، تخمین سایش و عمرر مییرد ابزارهرا و در نتایرت، ان برات سیسرت       

های عمرانی و معردنی،  آلات مختلف، در پروژههای اقتصادی ابزارهای برنده و ماشینمحدودیتعنوان راهنمایی در تعیین  . این ویژگی، بهشناسی موجود استزمین

. برا ایرن   رودمری  کرار  بره هرا  صورت گسترده برای ارزیابی قدرت خراشندگی سنگ گیرد. آزمون سایش سرِشار، روشی ساده است که امروزه بهمورد استیاده قرار می

 فرولاد، در ورول فرآینرد فیراری دارد. در ایرن م ااعره، از دو پرارامتر جدیرد بررای توصریف            -کنش سرنگ هایی نیز در توصیف بره محدودیتفال، این آزمایش، 

نمونه سنگی مختلف، با اسرتیاده   17ای از مجموعه کنش میان پین و سنگ و ارزیابی کارآیی فرآیند ایجاد خراش در آزمون سایش سرِشار، استیاده شده است.بره 

گیرری نیرروی   تر پارامترهای عملیراتی آزمرایش را همرراه برا انردازه     از یک دستگاه جدید، مورد آزمایش قرار گرفت. دستگاه توسعه یافته جدید، امکان کنترل دقیق

، انردی  سرایش سرِشرار اصرلاه شرده      آمرده   دست  بهبا استیاده از نتایج  کند.اص کاکی اعمال شده به پین و جابجایی قائ  و افقی آن روی س ح نمونه، فراه  می

(MCAI( و اندی  انرژی خراش )SEi) کره   عنوان پارامترهایی جدید، محاسبه شدند. دقت پارامترهای محاسبه شده مورد بحث قرار گرفت و نتایج نشان دادنرد  به

پتانسری  برالاتری در    MCAIبنرابراین،   ؛استا ( با این پارامترهCAIرشار )گی اندی  سایش سِبستبا پارامترهای مکانیکی سنگ، بتتر از هم MCAIبستگی هم

بره   هرا  آنهرای مکرانیکی   های سنگی و ویژگیهای قاب  قبوای با سختی نمونهبستگینیز هم SEiها دارد. تخمین سایش ابزارهای برنده مورد استیاده در فیر تون 

اسرتیاده   هرای سرنگی گونراگون   هایی با سختی مختلف، در ایجاد خراش روی نمونره برای مقایسه کارآیی پین SEiتوان از می گذاشت. نتایج نشان دادند که نمایش

 برنده، در شرایط مختلف، بتره برد. ینوان پارامتری تعیین کننده در انتخاب سختی ابزارها عکرد و از آن به

 .سایش ابزار فیاری، خراشندگی سنگ، اندی  انرژی خراش، آزمون سایش سرِشار کلمات کلیدی:

 

 

 

 


