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Figure A.1 Stylus tips after CERCHAR testing and scratching trace after testing

on intact rock
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Figure B.1 CAl results for one joint with different apertures of Khao Khad limestone

for apertures of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure B.2 CAl results for one joint with different apertures of Phu Phan sandstone for

apertures of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure B.3 CAl results for one joint with different apertures of Buriram basalt for

apertures of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure C.1 CAl result for two joints with different aperture of Khao Khad limestone for

aperture of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure C.2 CAl result for two joints with different aperture of Phu Phan sandstone for
aperture of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure C.3 CAl result for two joints with different aperture of Buriram basalt for

aperture of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure D.1 CAl result for three joints with different aperture of Khao Khad limestone
for aperture of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure D.2 CAl result for three joints with different aperture of Phu Phan sandstone
for aperture of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure D.3 CAl result for three joints with different aperture of Buriram basalt for
aperture of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).



APPENDIX E
CAI RESULTS FOR FOUR JOINTS WITH DIFFERENT APERTURES



Khao Khad Khao Khad Khao Khad Khao Khad Khao Khad
limestone-1, limestone-2, limestone-3, limestone-4, limestone-5,
=4 J-=4 Jo=48 =4
=018 mm 4=00% mm =097 mm =000 mn

M I

-

=

a)e=0mm

D5mm

0.5mm

d=0077 mm

c)e=05mm

0.5mm

0.5mm

Figure E.1 CAl result for four joints with different aperture of Khao Khad limestone
for aperture of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure E.2 CAl result for four joints with different aperture of Phu Phan sandstone for
aperture of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure E.3 CAl result for four joints with different aperture of Buriram basalt for

aperture of 0 mm (a), 0.3 mm (b), 0.5 mm (c) and 0.8 mm (d).
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Figure F.1 Lateral force as a function of scratching displacement for Intact rock
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Figure G.1 Example of scratching groove profile on rock surfaces after CAl testing for

intact rock for Khao Khad limestone (a), Phu Phan sandstone (b) and

Buriram basalt (c). Arrow indicates scratching direction.
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Figure G.2 Example of scratching groove profile on rock surfaces of Khao Khad
limestone after CAl testing for one joint. Arrow indicates scratching

direction.
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Phu Phan sandstone, J, = 1

Figure G.3 Example of scratching groove profile on rock surfaces of Phu Phan
sandstone after CAl testing for one joint. Arrow indicates scratching

direction.
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Figure G.4 Example of scratching groove profile on rock surfaces of Buriram basalt
after CAl testing for one joint. Arrow indicates scratching direction.
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Figure G.5 Example of scratching groove profile on rock surfaces of Khao Khad
limestone after CAl testing for two joints. Arrow indicates scratching

direction.
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Figure G.6 Example of scratching groove profile on rock surfaces of Phu Phan
sandstone after CAl testing for two joints. Arrow indicates scratching

direction.
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Buriram basalt, J, = 2
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Figure G.7 Example of scratching groove profile on rock surfaces of Buriram basalt

after CAl testing for two joints. Arrow indicates scratching direction.
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Khao Khad limestone, J,, = 3
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Figure G.8 Example of scratching groove profile on rock surfaces of Khao Khad
limestone after CAl testing for three joints. Arrow indicates scratching

direction.
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Phu Phan sandstone, J, = 3

e =03 mm

Figure G.9 Example of scratching groove profile on rock surfaces of Phu Phan
sandstone after CAl testing for three joints. Arrow indicates scratching

direction.
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Buriram basalt, J,, = 3
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Figure G.10 Example of scratching groove profile on rock surfaces of Buriram basalt

after CAl testing for three joints. Arrow indicates scratching direction.
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Khao Khad limestone, J, = 4
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Figure G.11 Example of scratching groove profile on rock surfaces of Khao Khad
limestone after CAl testing for four joints. Arrow indicates scratching

direction.
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Figure G.12 Example of scratching groove profile on rock surfaces of Phu Phan
sandstone after CAl testing for four joints. Arrow indicates scratching

direction.
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Figure G.13 Example of scratching groove profile on rock surfaces of Buriram basalt

after CAl testing for four joints. Arrow indicates scratching direction.
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Effect of Rock Joint Frequency and Aperture
on CERCHAR Abrasivity Index

Ratchapon Mingkhwan®), Thanittha Thongprapha, Laksikar Sitthimongkol,
and Kittitep Fuenkajorn
Geomechanics Research Unit, Suranaree University of Technology, 111 University Avenue,

Nakhon Ratchasima 30000, Thailand
M6500801@g.sut.ac.th

Abstract. The ohjective of this study is to investigate the effect of rock joints
on the CERCHAR abrusivity index (CAI). Sandstone, limestone. and basalt with
parallel fractures with joint numbers varying from 1. 2, 3, to 4, and joint apenures
of 0, 0.3, 0.5, to 0.8 mm are tested. The joint spacing is kept constant at 2 mm.
The results indicate that the CAl value decreases with increasing joint frequencies
and apertures. The ploughing force exerted on the stylus pin is reduced when
the pin tip reaches the fracture. This becomes more pronounced as the aperture
becomes larger. As the number of jomts mncreases and the separations widen,
greater scratching force is increased. The ploughing volume increases as CAl
decreases, suggesting that highly fractured rocks show less CAl and less energy
to cut while yielding a higher ploughing volume as compared to rock with less
fractures.

Keywords: joint number - joint separation - ploughing force - ploughing volume

1 Introduction

Rock abrasiveness is an important factor influencing the performance and longevity of
excavation tools leading to significant costs associated with wear and tear. The effec-
tiveness of excavation tools on-site is affected by various rock characteristics, making it
essential to gather detailed information about the rock properties in the area before start-
ing any work [1]. Rock abrasiveness is determined by the type of rock and the presence
of abrasive minerals within it. As a result, several tests have been developed and widely
used for rock identification [2]. Since a huge portion of excavation budget is spent on
repair and costly replacement of rock cutting tools which results in time loss [3, 4].

CERCHAR abrasivity index (CAl) is a widely used test for evaluating the abrasion
resistance of drill bits. Its popularity is attributed to the method’s simplicity, speed, and
low cost [5-7], which has driven extensive research to obtain various practical outcomes.
The relationship of the CERCHAR abrasivity index (CAI) with various factors has
been extensively researched, including testing length [8-10]. velocity [11-13], surface
conditions [9, 14], mineral and rock composition [ 15]). orientation [ 16], temperature [17]
and mechanical properties [4, 17-19].

© The Author(s), under exclusive license to Springer Nature Singapore Pie Lid. 2025
T. Kang and ¥. Lee (Eds.): ICCEA 2024, LNCE 640, pp. 368-376, 2025.
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Despite the extensive research conducted on the CAIL the current understanding
does not fully account for all the variables that influence CAL Specifically, the effects
of number of joints and their aperture width in rock are critical but have not been
thoroughly explored. This test introduces a new concept that is an important factor in
affecting CAI when observing tool wear. For example when a drill bit encounters a rock
formation with a greater number of joints or wide apertures, these structural features
can significantly affect the drill bit performance, potentially leading to increased wear
or altered drilling efficiency. Understanding these effects is essential for improving the
accuracy of CAl asa predictive tool and foroptimizing drilling operations in geologically
complex environments.

The objective of this study is to assess the effect of rock joints on CAIL Number of
joints and their apertures are considered. Three rock types have been tested. Methematical
relations between CAI and joint characteristics are developed.

2 Sample Preparation

Three rock types have been used in this study including Khao Khad limestone, Phu Phan
sandstone and Buriram basalt. They widely exposed in the northeast of Thailand. The
rock specimens are cut and ground to produce saw-cut surface in accordance with the
ASTM D7625-22 standard practice. Rectangular block specimen with nominal dimen-
sions of 80 x 50 x 40 mm? are obtained with artificial fractures (saw-cut) normal to the
test surfaces. The numbers of parallel joints are varied from 1 to 4, with joint apertures
from 0 to 0.8 mm. The joint apertures are made by using filler gages placed between
thin slaps of rock specimens to obtain a precise gap (aperture ) between them. These thin
slaps are then glued together while maintaining the desired joint apertures and spacing.

3 Test Method

The CERCHAR abrasivity test follows the ASTM D7625=22 standard practice with
an apparatus similar to the West apparatus (Fig. 1). Five scratching lines are made
perpendicular to joint aperture (Fig. 2).
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Fig. 1. Device based on West CERCHAR apparatus [20] with additional torque [13].
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Scratching directio
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Fig. 2. Scratching direction perpendicular to joints with J

=

T
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4
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The ploughing force during scratching is measured by a torque meter to calculate

the scratching energy, which is affected by different j
be calculated using the following equation [13]:

F = 27T/P

oint characteristics. The force can

(N

where F is ploughing force (N), T is torque (Nem) and P is screw pitch (0.001 m). The
rock surface after CAI testing have been laser-scanned to observe groove shape and to
calculate the groove volume. The measurements are made to the nearest 0.001 mm.

4 Test Results

4.1 Correlation Between CAl and Rock Joint Characteristics

Intact rock

CAl=ae+f
&y i |i 8
| LT 194 093
2 -3 LT 096
3 116 160 080
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Fig. 3. CAI as a function of joint aperture {e) for different numbers of joints (Jy) for Buriram

basalt.
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Result of the CAI tests are shown in Table 1. The CAl value of Buriram basalt tends
to decrease with increasing number of joints (J,) and aperture (e) (Fig. 3). This is true
for all rock types. This is because the stylus contacts the rock surface less frequently
when larger gaps (apertures) are present within a 10 mm scratching length, leading to
less abrasion. A linear equation is proposed to present relationship between CAI and
joint aperture, as follows;

CAl =a-c+ P (2)

where a and } are empirical constants, and e is joint aperture. Good correlations are
obtained (R? > 0.9). Table | gives these empirical constants for all tested rocks.

4.2 Correlation Between Force and Rock Joint Characteristics

Figure 4 shows example of scratching force as a function of distance for limestone. The
force (F) increases with scratching displacement (ds) and number of joints. Rock with
higher number of joints and aperture requires greater ploughing force as compared to
those with fewer joints. Joint apertures show more effect on the ploughing force than
does number of joints. The correlation between F-ds can be described by an exponential
equation [15], as follows:

F=a-[l—exp.(—b.d,)] (3)

where a and b are empirical constants, good correlation is obtained (R? > 0.9). Table |
summarizes the result for the three rock types.

le =0 mm 13.=4
F = all-exp(-bd )] [KN] F = all-expi-bd )] [KN] c=08 mm
/J:-5
4 4 4 4 03
= z
= ‘_‘
[ 'S

/,’.-' S

6 ] 0
d, (mm) d, (mm)

(a) ih)

=
1o
-

Fig. 4. Scratching force as a function of distance for joint aperture (¢) = 0 mm under different
numbers of joints (a), and under J; = 4 with different apertures (b) for Khao Khad limestone.
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Fig. 5. Example of scratching groove profile of sandstone with Jn = 4 (a), and groove volume as
a function of joint aperture with different J,, values (b) for sandstone.

4.3 Correlation Between Groove Yolume and Rock Joint Characteristics

Figure 5a shows that the groove volume of material scratched increases as the stylus
approaches joints. This increase is attributed to the reduced rock surface area before the
material fails under the applied load force, leading to a larger groove volume of material
being removed along the joint. Figure 5b shows that the groove volume of the scratched
area increases with joint aperture (e). A larger e, which may correspond to increased Jn
or e, results in a greater groove volume of material being scratched out.

The CAI values decrease as a result of both I, and e. This reduction is attributed to
the stylus tip entering the joint apertures during the test, which led to a smaller abrasion
of the stylus. The stylus tip did not maintain contact with the entire rock surface over
the 10 mm distance, resulting in reduced overall abrasion.

Sandstone and basalt show higher CAI values than limestone. This may be due to the
dependence of CAI on rock strength, as indicated by previous studies [14, 15], which
report strengths of 81.43 MPa for sandstone, 79.17 MPa for basalt and 54.61 MPa for
limestone. Hard rock gives greater CAl values and more affected by joint characteristics
than softer ones.

The force measured during the CAl increases with In and e. Higher numbers of joints
and larger apertures required higher force to scratch the rock surface. This is attributed to
the stylus encountering the gaps created by larger apertures, with additional resistance.
This is because when the stylus passes through a large gap, it drops and requires more
force to step up to continue scratching.
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Table 1. CERCHAR abrasivity index, force and groove volume for all rocks.

Rock type Iy |e CAl |CAl=aee+ F=a:-[l-exp-(-b- |V
ds)]
(mm) a(mm=t) [P a(N) b(mm=1) |(mm?)
Khao Khad [0 |- 1.75 1.40 1.19 1.14
limestone 0 147 178|056 112
1 |03 137 | —0.65 151 (321 0.32 3.01
035 1.17 3.81 0.28 11.78
0.8 0.96 464 0.20 16.05
0 1.36 X | 0.27 1.92
2 |03 1.13 |—052 132|556 0.11 10.36
0.5 1.02 14.08 | 0.04 21.05
0.8 0.94 1250 | 0.05 3274
0 1.25 213 0.39 525
3 |03 110 | =063 1.27 [4.80 0.17 16.90
05 0.95 520 0.16 4044
0.8 0.75 4.45 0.28 50.99
] 0.97 2.86 0.23 1471
4 |03 095 |—0.35 1.00 (422 0.22 20.26
05 0.80 5.37 0.16 47.65
0.8 0.71 7.96 0.10 54.63
Phu Phan 0 |- 227 1.54 1.05 1.58
sandstone
0 1.63 1.51 1.34 3.68
1 |03 156 | =0.80 1.67 |1.86 0.63 5.89
05 1.20 2.16 0.44 1334
0.8 1.04 2.58 0.61 21.61
0 141 243 0.64 9.09
2 |03 108 |=071 136 [3.96 0.17 20.03
05 0.96 453 0.16 3921
0.8 0.83 472 0.17 46.92
0 1.34 2.66 0.70 11.87
3 |03 095 |[-0.73 1.27 (1026 | 007 25.95
05 0.88 1086 | 0.07 48.20

(continued)
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Table 1. (comntinued)
Rock type In |e CAl |CAl=awe+f F=a-[l-exp-(-b- |V
ds)]
(mm) a(mm™') |B a(N)  |bimm~!) |(mm})
0.8 0.73 1281  |0.06 59.19
0 1.23 2.78 0.75 20.67
4 o3 072 |=081 112 [1L11 |003 2881
03 0.69 1926|004 52.99
0.8 0.57 18645 |0.09 66.31
Buriram 0 |- 247 2.06 042 3.08
basalt 0 199 214|047 0.85
1 |03 151 |-107 194 |3.11 027 2.87
0.3 145 458 0.16 10.75
0.8 109 5.76 0.12 13.78
0 1.74 1.89 046 249
2 |03 10 |[-1L03 1L.71 |42 0.18 11.02
0.5 1.26 6.57 0.09 29.16
0.8 1.87 9.24 0.08 3815
i 171 412 0.16 3.89
i |03 106 =116 160|521 0.16 14.87
0.5 1.02 .88 0.12 34.60
08 0.87 644 0.16 47.72
0 1.70 3.57 023 13.85
4 |03 100 | =140 157 630 0.16 18.37
0.5 0.77 7.26 0.16 42,57
08 0.57 3.22 0.14 51.21

5 Discussions

The results obtained here are limited to the condition at which the scratching direction
is only normal to the joint lines with one joint set. The effect of the angles between
scratching direction and joint line has not been investigated.

6 Conclusion

The results obtained here can be concluded as follows.
e Number of joint and aperture can decrease the wear of stylus pin (CAI) while
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e The effects of joint aperture and joint number on CAl and ploughing force pronounce
more in strong rock (basalt) than in soft rock (limestone).

e The groove volume increases more rapidly for larger numbers of joints, as compared
to smaller number of joints.

¢ The effect of joint aperture on groove volume is more significant in soft rock than in
the stronger one.
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