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increases as CAl decreases, suggesting that highly fractured rocks show less CAl and
less energy to scratch while yielding a higher scratching volume as compared to rock

with lower fracture intensity.
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CHAPTER |
INTRODUCTION

1.1 Background and Rationale

CERCHAR abrasivity index (CAl) is widely used for evaluating the abrasion resistance
of cutting tools. Its popularity is attributed to the method's simplicity, speed, and low
cost Prieto, (2012); Ko, Kim, Son and Jeon, (2016); and Hamzaban, Karami and Rostami,
(2013), which has driven extensive research to obtain various practical outcomes. The
relationship of the CERCHAR abrasivity index (CAl) with various factors has been
extensively developed, including testing length Al-Ameen and Waller, (1994),
Plinninger, Kasling, Thuro and Spaun (2003); Yarail and Duru, (2016), velocity
Kotsombat, Thongprapha and Fuenkajorn (2020); Plinninger, Kasling, and Thuro (2004),
surface conditions Plinninger, et al., (2003); Thanadkha and Fuenkajorn (2022), mineral
and rock compositions Kathancharoen and Fuenkajorn (2023), orientation, temperature
and mechanical properties Hamzaban, Memarian and Rostami, (2013); Capik and
Yilmaz, (2017); Alber, (2008); Deliormanli, (2012).

Despite extensive research on CAl, the current understanding does not fully
account for all variables influencing it. In particular, the effects of joint frequency and
aperture in rock are critical factors that remain underexplored. This study introduces a
new concept that highlights the significance of these structural features on CAl when
assessing tool wear. For instance, when a drill bit encounters a rock formation with a
higher number of joints or wider apertures, these features significantly affect
performance, leading to increased wear or reduced drilling efficiency. Understanding
these effects is crucial for enhancing the predictive accuracy of CAI and optimizing

drilling operations in geologically complex environments.



1.2 Research Objectives

The objective of the study is to investigate the effect of rock joint characteristics
on CERCHAR abrasivity index under varying numbers of joints and joint apertures.
Number of joints and their apertures are considered. Three rock types have been

tested. Methematical relations between CAl and joint characteristics are developed.

1.3 Scope and Limitations

The scope and limitations of the research include as follows:

1) Three rock types are tested: sandstone from the Phu Phan formation and
collected from Nakhon Ratchasima, limestone from the Khao Khad formation and
collected from Saraburi and basalt from the Buriram formation and collected from
Nakhon Ratchasima.

2) Number of joints are varing from 1-4 with constant joint spacing of 2 mm.

3) Joint aperture are rating from 0, 0.3, 0.5 and 0.8 mm.

4) CAl uses saw-cut surface.

5) The CERCHAR procedure follows ASTM D7625-22 standard practice.

6) Mineral compositions are determined by X-ray diffractometer.

7) Ploughing forces and grooves volume of CAl specimens are measured.

1.4 Research Methodology
The research methodology in Figure 1.1 includes literature review, sample
preparation, CERCHAR testing, laser scan, X-ray diffraction analysis, mathematical

relations, discussions and conclusions, and thesis writing.



Literature Review

v

Samples preparation

v

CERCHAR testing

One to four parallel joints will be
tested. Joint spacing of 2 mm
and apertures of 0 mm, 0.3 mm,

0.5 mm and 0.8 mm.

.

Test analysis

v

X-ray Diffraction analysis

v

Mathematical Relations

v

Discussions and Conclusions

v

Thesis Writing

Figure 1.1 Research Methodology.

1.4.1 Literature Review
A literature review are carried out to study research about rock abrasiveness
and joint discontinuity, CERCHAR testing, and effect factors on CAL The sources of

information are journals, technical reports, and conference papers.



1.4.2 Sample preparation
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 dimensions of 80x50x40 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.

1.4.3 CERCHAR testing
The testing are conducted to determine CAl of rock specimens with different
joint numbers and spacing. The test procedure follows the ASTM D7625-22 standard

practice with additional parameters vertical displacements and scratching force.

1.4.4 Test analysis
The Cerchar abrasivity Index (CAl) is determined as a function of joint
numbers and joint apertures. The correlations between CAl and groove volume,
obtained from surface scratching of the rock, are also examined. These correlations
are analyzed for all rock joints and apertures. The findings reveal in the response of
rock joints and apertures on CAl which provides insights into the processes that occur

during excavation.

1.4.5 X-ray Diffraction analysis
In the X-ray diffraction (XRD) analysis, rock samples are finely ground to a
powder with a particle size of 250 pm (mesh #60). The analysis results are utilized to
assess the influence of mineral compositions on CAI. XRD analysis is conducted on the
finely eround rock powder after CAl tests to determine the mineralogical composition,

which is one of the key factors affecting the CAL



1.4.6 Mathematical Relations
The mathematical relations are derived from the test results of CAl value,
rock joint numbers and spacings to predict the CAl value as affected by rock joints on
the CERCHAR abrasion index of three types of rock. Methematical relations between

CAl and joint characteristics are developed.

1.4.7 Discussions and Conclusions
All activities, methods, and results are recorded and compiled in the thesis,

including guidelines for continuing research results in the future.

1.5 Thesis content

This research thesis is divided into eight chapters. The first chapter includes
background and rationale, research objectives, scope and limitations and research
methodology. Chapter Il presents results of the literature review to improve an
understanding of CERCHAR testing. Chapter Il describes sample preparation. Chapter
IV describes the test method. Chapter V presents the experimental results. Chapter VI
assesses the predictive capability of some rock, determine the effects of joint
frequency and joint aperture on of rock and to assess the volume of rocks obtained
from excavation. Chapter VII presents discussions, conclusions and recommendation

for future studies.



CHAPTER II
LITERATURE REVIEW

This chapter gives a summary of literature review to understand the rock
abrasiveness, CERCHAR testing researches and joint aperture and spacing.
2.1  Rock abrasiveness

The abrasiveness of rock is a significant factor affecting excavation tools during
rock excavation. This factor results in loss of considerable costs due to wear and tear
on the excavation tools. Various rock characteristics can influence the performance of
excavation tools on the work site. It is crucial to gather information about the rock’s
characteristics in the area before commencing work (Thuro and Kasling, 2009). Rock
abrasiveness depends on the types of rock and the presence of abrasive minerals
within it. Consequently, various tests are developed and actively utilized for rock
identification (Ghasemi, 2010).

Intensity and wear rate depend on several factors simultaneously acting in the
interaction between the indenter and the rock (Labas, Krepelka and Ivani¢ova, 2012).

The most crucial factors include:

1. Types-and properties of friction surfaces.
2. Operation regime of the cutting indenter (tool).
3. Properties of environment where the indenter operates.

2.2 CERCHAR testing

The CERCHAR test consists of three types: type one the original test developed
by the CERCHAR center, type two version produced at the Colorado School of Mines
(CSM) in the mid-1980s, and type three involved modification of (West's,1989) CERCHAR
test (Rostami, Ozdemir, Bruland, & Dahl, 2005) (Figure 2.1). Type one and three are

similar, as described by Plinninger, Kasling, Thuro, and Spaun (2003).



(a) hand lever

Figure 2.1 CERCHAR testing devices, CERCHAR Centre (a), CSM (b), West (c)
(Rostami, Ozdemir, Bruland and Dahl, 2005).

The CERCHAR abrasivity test is a standardized procedure used to assess the
abrasiveness or the abrasive potential of rocks and other geological materials (ASTM
D7625-22). The CERCHAR scraping tool perpendicular to the specimen. The force
applied is measured under vertical constant force of 70 N. Stylus scratches a groove
of 10 mm in length on the rock surface. After scratching the wear on the stylus tip is
measured in 0.1 mm units. The test apparatus includes a steel stylus with a Rockwell
hardness of HRC 55, positioned perpendicular to the rock surface. Five individual tests
are conducted on each specimen. CAl is calculated based on the average wear from
the five tests. For saw-cut surfaces, the CAl is normalized to account for differences

between saw-cut and natural rough surfaces.

2.2.1 Testing length
A longer length will cause more wear and tear. For better CAl estimation,
multiple tests are performed on the same specimen with different test lengths
(Plinninger et al., 2003) Of the 70% of pin wear occurring during the first millimeter of
the test length, approximately 85% of the CAl occurs after 2 mm, and only 15% of the

change in CAl is achieved at 8 mm, as shown in Figure2.2 (Al-Ameen and Waller, 1994).
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Figure 2.2. CAl versus length (Plinninger et al., 2003).

This method of extending the scratch length however is not beneficial. The
deviation in CAl caused by changes in scratch length is not very significant when the
variation in test length is kept between + 0.5 mm (Plinninger, et al., 2003).

Scratches with lengths between 2 mm and 20 mm in 2 mm increments are
analyzed separately by Yarali and Duru (2016). It depends on the type of hardness of
the stylus and various surface conditions (saw and rough cutting) and is summarized in
Figure 2.3.

The test stylus wear does not end in a slide path of 10 mm, while the test
stylus wear ends at a slide length of about 16 mm, and levels decrease. CAl is shown
within the initial 2 mm of the scratch length. This continues to rise at an increasing rate
until it reaches 16 mm and then decreases (Yarali and Duru, 2016). The evaluation
results of the pin hardness and surface condition tests are shown in Table 2.1 and

Figure 2.3.



Table 2.1. Evaluation results of pin hardness and surface condition tests for different

scratch lengths (Yarali and Duru, 2016).

Sample surface

Scratch length (mm)

2 10 15° 20

(CAI) (%) | (CA) | (%) |(CAD| (%) | (CAI)

Metamorphic rocks SD 0.70 7.69 | 093 | 329 | 1.03 | 0.63 | 1.05
Sawn-cut Avg 227 | 7842|275 (9350|293 |99.10| 2.96
Rousgh SD 0.93 6.44 | 1451 1.00 | 1.52 | 0.22 | 1.53
Avg 214 | 6537 | 3.09 | 93.81 | 3.26 | 99.19 | 3.29

Smooth and rough SD 0.81 6.57 | 1.18 | 154 | 1.27 | 0.38 | 1.29
Avg 2.21 71.80 | 2.92 | 93.74 | 3.10 | 99.16 | 3.13

Sedimentary rocks SD 0.26 6.17 | 049 | 4.18 | 0.56 | 0.54 | 0.57
Sawn-cut Avg 145 | 6301|201 | 86.37 | 2.28 | 97.79 | 2.33
Rousgh SD 0.40 8.48 | 0.72 | 4.28 | 0.83 | 045 | 0.86
Avg 1.45 | 58.60 | 2.16 | 84.99 | 2.48 | 97.70 | 2.54

Smooth and rough SD 0.32 7.21 | 059 | 4.04 | 0.68 | 0.31 | 0.70
Avg 1.45 | 60.63 | 2.09 | 85.62 | 2.38 | 97.72 | 2.43

lgneous rocks SD 0.17 6.83 | 0.34 | 0.65 | 0.37 | 0.20 | 0.37
Sawn-cut Avg 238 | 7357 | 3.06 | 9423 | 3.22|99.26 | 3.25
Rousgh SD 0.46 653 | 038 | 232 | 042 | 0.62 | 0.43
Avg 237 | 64.44 1332 |90.83| 3.60 | 98.44 | 3.66

Smooth and rough SD 0.81 657 | 1.18 | 1.54 | 1.27 | 0.38 | 1.28
Avg 220 | 7180|292 |93.73|3.10|99.16 | 3.12

SD: Standard Deviation; Ave.: Average.

® Average of 14 and 16 mm scratch length.
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Figure 2.3. Results of pin hardness and surface condition tests (Yarali and Duru, 2016).
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2.2.2 Stylus hardness

Michalakopoulos, Anagnostou, Bassanou and Panagiotou, (2005) tests 68
specimens with HRC 40 and HRC 55 and find that high stylus hardness shows the lower
the CAl value corresponding to stylus hardness. CAl values exhibit substantial variation
in response to changes in stylus hardness, rock type, and the geological origin of rocks.
Generally, the average CAl decreases as the stylus hardness increases for all specimen
hardness (Aydin, 2019). Yarali and Duru, (2016) study the coefficient of variance (CV) or
relative standard deviation to assess the distribution of CAl values in relation to stylus
hardness. They use 6 stylus pin with Rockwell hardness ranging from HRC 40-42 to HRC
58-60. The results, shown in Figure 2.4, indicate that on sawn surfaces, the CV values
for CAl ranged from 21.22 to 29.30, with the lowest CV values observed at HRC 54/56
for stylus hardness. On rough surfaces, the CV values ranged from 30.02 to 38.69, with
the lowest values also occurring at HRC 54/56. The results suggest that the least
variance in CAl measurements is dependent of stylus hardness, especially on sawn
surfaces, and the significant of both stylus hardness and surface condition in minimizing

measurement variance is significant.

45
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35+ 32.75 ;
- - 30.02 b
: 22 22,
: % %
%% 2122 A
20 b ’
% %
15} P44 20
<A ]
b2 24
10} 22, 29
22 22,
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$1 29 $1 3% 3% Zs 2 2g 2§ Zg
g = J 3 S = = = E by " = = =
Sz = $Z 22 $Li g= Sz g2 £z &
ET® =T e = ze = Ze = ZY =

Pin Hardness (HRC)

Figure 2.4 Coefficient of variation of CAl values measurement depends on

pin hardness and surface condition of various samples (Yarali and Duru,
2016).
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2.2.3 Material removal volume

Numerous researchers have examined the volumetric parameters involved
in CERCHAR testing, with particular attention to both the wear volume of the stylus
and the groove volume generated on the rock surface during the scratching process.

The wear volume of the stylus is typically calculated using the geometric
formula for a cone, where the radius and height of the cone are taken as half the width
of the worn stylus tip, as illustrated in Figure 2.5(a) Hamzaban, et al., (2019); Zhang and
Konietzky, (2020). Conversely, the groove volume is determined by integrating the
trapezoidal cross-sectional area along the scratching length, as depicted in Figure 2.5(b)
Hamzaban, et al., (2019).

(@ X PinBody
l 0.5CAI~
/
L ; A W/
450 -7

N Worn

~
~ \Part

.
~
~
~
~
~

s

-
’, 0.5CAI

|
|
T

CAI(x)+2P(X)

(b)

P(x)

Figure 2.5 Geometry of worn pin tip (a) and cross section of scratch on sample
Surface at a distance of x from beginning of motion path (b) (Hamzaban, et
al,, 2019).
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The CAl is related to mean groove volume (V) as described by Kathancharoen
and Fuenkajorn, (2023) who test 21 rocks, Their results are divided into two categories:
clastic and crystalline rocks, which gives the CAI-V correlation curves as shown in

Figures 2.6(a) and 2.6(b), and can be represented by the following equation.
CAl=a WP (2.1)

where o and B are empirical constants that determine the relationship between CAl
and V. An exception is porous basalts, which shows the opposite trend, where CAl
increasing with increasing mean pore volume, possibly due to surface roughness that
results in void formation. These rocks also have higher porosity, especially when
compared to other rocks, except for clastic rocks. When grouping the rocks, crystalline
rocks show a slightly stronger correlation between CAI and mean groove volume (R?
of 0.452) as compared to the combined analysis of all rock types (R? of 0.391). In
contrast, clastic rocks display a weak correlation, with R? of 0.039, indicating minimal

association between mean groove volume and CAl in this group.

Clastic Rocks
CAl = 3.815:v 4
(R?=0.039)

/ All Rocks
' CAl = 5412:v %

(R*=0.391)

Crystalline Rocks
CAl = 5.383-y "19%
(R*=0.452)

0 — r ¢+ g1 ¢ 1111 11 1T 1+ 1+ °1 711

3 20 0 5 10 15 20
Volurr}g)(mm ) Volume (mm®)

Figure 2.6 Correlation between CAl value and mean groove volume
separated by rock types (a) and rock groups (b) (Kathancharoen and
Fuenkajorn, 2023).
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To further quantify the volume of material removed during the scratching
process, a scanning electron microscope (SEM) is employed to analyze the rock surface
post-scratch (Zhang and Konietzky, 2020). These volume parameters are crucial for the
calculation of the scratch volume to wear ratio (SYWR) (Hamzaban et al., 2019) and
the CERCHAR abrasion ratio (CAR), Zhang and Konietzky, (2020); Zhang, Konietzky, Song,
and Zhang, (2020).

2.3 Rock properties
Rocks contain many factors that affect CAl values, including mineral compositions,
hardness, grain size, and mechanical properties such as rock strength and hardness.

(Beste, Lundvall and Jacobson, 2004).

2.3.1. Physical properties

The mineral compositions of a rock are related to its abrasiveness. Grain
sizes of crystalline rocks with sharp edges are especially abrasive, (Feniak, 1944). The
CAl value for a rough surface is higher than for a sawn cut surface. Hard rocks can be
more abrasive than soft rock, (Rostami, et al. 2013). Suana and Peters, (1982) investigate
the relationship between CERCHAR abrasivity index (CAl) and mineralogical and
petrographic characteristics of rocks. Their study shows that grain size does not
significantly influence the CAl, provided that the grain size falls within the range of 50
to 1000 microns. However, when grain sizes exceed 1 mm, a larger number of tests
than the standard protocol recommends may be required to obtain a more accurate
mean value. Despite this, their findings showed no discernible dependency of CAl
values on grain size, with no significant variation observed between conducting 5 and
10 tests within the analyzed grain size range (Lassnig, Latal, and Klima, 2008).
Kathancharoen and Fuenkajorn (2023) explain that mineral compesitions relate to
volumetric hardness better than EQC. Both parameters have a positive linear
relationship with CAl, as EQC and HV increase, CAl also increases. The correlation
between CAl and EQC is moderate for all rocks (R? = 0.413), but stronger in specific
rock groups: Clastic rocks (R? = 0.623) and Crystalline rocks (R? = 0.877 the highest

correlation) (Figure 2.7). The correlation between CAl and HV is even stronger than the
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EQC correlation. Clastic rocks (R2 = 0.623), Crystalline rocks (R = 0.893) and for all rocks
(R?2 = 0.591)

6 -
i All Rocks
CAl =0.030-EQC + 1.617
1 A R?=0.448
5 Crystalline Rocks (0) ( )

CAl = 0.055-EQC - 1.209 &
(R?=0.877)

CAl
w
1

1 To Clastic Rocks (e)
- CAl =0.051-EQC - 1.264
b (R*=0.623)
0 LI B S S e S S S S S m s e S e S e e e s e e |
0 20 40 60 80 100
EQC (%)

Figure 2.7 Correlation between CAl value and equivalent quartz contents (EQC)

(Kathancharoen and Fuenkajorn, 2023).

When the HV of a rock is lower, the CAl also remains low or even zero, with an
HV value of approximately 0.4 when the CAl is zero (Figure 2.8). This trend is consistent
across all rock types. On the other hand, in the CAI-EQC relationship, when the EQC is
zero, the CAl value can still exceed 1.2, indicating that CAI may remain high even in
the absence of quartz content in some cases.

Zhang, Konietzky, et al. (2020) study factors affecting the CERCHAR abrasivity
index with three rock types (granite, sandstone, and slate). They discover that the CAl
value is not different between rough, sawn, and polished. They applied a stylus with
a Rockwell hardness (HRC) of 54-56. Kotsombat, et al. (2020) explain that a lower
scratching rate results in deeper grooves, a lower surface scraping force, and a lower

CAl of the stylus pin. Thanadkha and Fuenkajorn, (2022) explain the difference between
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a smooth surface and a rough surface. On rough surfaces the CAl value is higher than

on smooth surfaces.

CAl

[N TN N N Y TN TN TN N N TR T N U S S N N N S S S S N S S S S .|

All Rocks

CAl = 0.668-Hy - 0.285
(R?=0.591)

Crystalline Rocks (0)
CAl =0.943-Hy - 1.137
(R*=0.893)

Clastic Rocks (e)
CAl =1.500'Hy —6.518

o) (R? = 0.698)
T T T T 5. ¢ & ¥ T T i T T T 1] T T T T 1
0 2 4 6 8
Hy

Figure 2.8 Correlation between CAl value and volumetric hardness (H)

(Kathancharoen and Fuenkajorn, 2023).

2.3.2 Rock mechanical properties

Rock strength is significant factors affecting the value of CAlL Many

researchers in this context consider several mechanical properties, including rock

strength and rock hardness.
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2.3.2.1 Strength of rock
Strength parameters such as uniaxial compressive strength, Brazilian
tensile strength, and point load strength (IS) significantly influence the CAl values as
proposed by Capik and Yilmaz, (2017). More researchers confirm this influence by
identifying a strong linear relationship between CAl and both compressive strength and
Brazilian tensile strength, as indicated by high coefficients of determination. Er and
Tugrul, (2016); Sirdesai, Aravind and Panchal, (2021).

Hamzaban, et al. (2014) study the new CERCHAR abrasivity testing device
that determines friction force and penetration into rock surfaces. They discover a new
parameter that explains the relationship between rock and stylus pin and the
abrasiveness of rock. The CAl increases with the rise in uniaxial compressive strength,
point load strength, Brazilian tensile strength, Schmidt rebound hardness, and the
equivalent quartz content (EQC) (Capik and Yilmaz, 2017) (Figure 2.9). Alber, (2008)
study CAl under stress. This indicates higher CAl values under confining pressure on the
specimen within a triaxial test and demonstrates that the CAl is stress-dependent.

Deliormanti, (2012) study the relationship between strength and CAl value
on soft rock using the methods of uniaxial compressive strength, direct share strength,
Bohme abrasion, and wide wheel abrasion values. (Figures 2.10 and 2.11).

Kathancharoen and Fuenkajorn, (2023) explain that rock strength is
significant factors affecting the value of CAl. Many researchers in this context consider
several mechanical properties, including Young's modulus and Poisson’s ratio. It
indicates that both values affect the CAl of clastic rocks, but in crystalline rocks there
is no effect on CAl. Therefore, it is predicted that in clastic rocks there may be some
significant factors affecting the CAl value. The relationship between CAIl and triaxial
properties, particularly adhesion force and friction angle (Figures 2.12 and 2.13), in
clastic rocks both values had an effect on CAl, whereas in crystalline rocks the effect

on CAl was less, limiting the study's conclusions.

2.3.2.2 Hardness of rock

There are many methods to determine the hardness of rocks, such as

Shore hardness, Schmidt hardness, Vickers hardness, and others. Many researchers find
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a relationship between CAl and Shore hardness, with R? values greater than 0.74 Er
and Tugrul, (2016); Lee, Jeong and Jeon, (2012); Ozdogan, Deliormanli and Yenice,
(2018).
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Figure 2.9 Relationships between CAl and mechanical properties of rock

(Capik and Yilmaz, 2017).
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CHAPTER 1l
SAMPLE PREPARATION

3.1  Introduction
This chapter provides a detailed description of the rock samples used in this
study. Tests are conducted on three rock types to investigate the effects of different

testing parameters.

3.2 Rock sample preparation

This study examines three rock types: Khao Khad limestone, Phu Phan
sandstone, and Buriram basalt. The mineral compositions of these rocks, determined
through XRD analysis, are detailed in Table 3.1, which are widely exposed in
northeastern Thailand. The rock specimens are cut and ground to create saw-cut
surfaces following the ASTM D7625-22 standard practice. Rectangular block specimens
with nominal dimensions of 80 x 50 x 40 mm? are prepared, featuring artificial fractures
(saw-cuts) perpendicular to the test surfaces (Figure 3.1).

Table 3.1 details mineral compositions of three rock type obtained from XRD analysis.

Rock Type Code . | Mineral Compositions

77.10%  Quartz, 8.35% Chlonite, 5.08%
Phu Phan Kpp | Glauconite, 4.72% Kaolinite, 1.80% Ilite, 1.29%
sandstone Feldspar, 1.12% Mica, 0.40% Montmorillonite,
0.09% Magnetite, 0.04% Calcite

34.81% Anorthite,19.97 % Albite, 16.19%
Buriram Qbs | Orthoclase, 12.25% Chlorite, 7.35 % Muscovite,
basalt 4.97% Calcite, 3.07% Kaolinite, 1.37% Hematite,
0.03% Quartz

93.54% Calcite, 2.77% Dolomite, 0.95%
Khao Khad Pkd | Montmorillonite, 0.85% Quartz, 0.71% Feldspar,
limestone 0.64% Chalcopyrite, 0.48% Fluorite, 0.05%
Kaolinite
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Intact rock
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Jn=1 Jn=2 Jn=3 Jn=4

Intact rock

e=03mm:;

Figure 3.2 Some specimens used in CERCHAR testing for Phu-Phan sandstone.
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Jo=1 Jy=2 J,=3 J,=4

e=03mm:

Figure 3.3 Some specimens used in CERCHAR testing for Buriram basalt.

The number of parallel joints ranges from 1 to 4, with joint apertures varying
between 0 and 0.8 mm (Table3.2). The joint apertures are created using filler gauges
placed between thin rock slabs to achieve precise gaps (apertures). These slabs are
then bonded together while maintaining the desired joint apertures and spacing.

The specimens are prepared with three different characteristics for joint and
different apertures. Each case is shown in Table 3.2 and is described below.

Case |: specimens are prepared to study intact rock on saw-cut surface,

Case II: One joint specimen are prepared to study the effect of parallel joints are varied
joint apertures from 0 to 0.8 mm, Case Ill: Two parallel joints specimens with two joint
frequencies are used in this case and varied joint apertures from 0 to 0.8 mm, Case VI:
Three joints parallel joints with three joint frequencies are used in this case and varied
joint apertures from 0 to 0.8 mm, Case V: Four parallel joints with four joint frequencies
are used in this case and varied joint apertures from 0 to 0.8 mm. The multiple joint

specimens use joint spacing of 2 mm
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Table 3.2 Specimens prepared for numbers of parallel joints varied from 1 to 4, with

joint apertures from 0 to 0.8 mm.

Cases

Joint number

e

(mm)

Specimens

Jo

RRRN

0.3
13
0.8

Scratchine

\

o O |

IIIIIT

Joint

0.3
0.5
0.8

0.3
0.5
0.8

Jg

0.3
0.5
0.8




CHAPTER IV
TEST APPARATUS AND METHODS

4.1 Introduction

Presented in this chapter are test apparatus and test methods for determining
CERCHAR abrasivity index (CAl). Additional parameters include ploughing force and
mean groove volume. Methods for determining effect of rock joint and aperture of

rock specimens on CAl are also described.

4.2 CERCHAR test

The CERCHAR abrasivity test used have follows the ASTM D7625-22 standard.
This test is a widely recognized method for evaluating the abrasiveness or abrasive
potential of rocks and other geological materials, as shown in Figure 4.1. Figure 4.2
presents the schematic drawing of the CERCHAR device and shows the torque wrench
that are used to determine the rotation torque to scratch the steel stylus. They are
used to calculate ploughing force and determine mean groove volume to assess effect
of rock joint and rock aperture. Steel stylus pin with rockwell hardness of 55 + 1 (Figure
4.3) are used with 90 degrees conical tip. Equations for calculating the CAl are shown

in Eq (4.1) and Eq (4.2).

P

400 mm

76 mm

Figure 4.1 Device based on West CERCHAR apparatus West, (1989) with additional

torgue (Kathancharoen and Fuenkajorn, 2023).
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/ Vertical load (70N)

._F Acrylic sheet

L1

L I orque wrench
____J—— | |la— (+0.01)

Figure 4.2 Schematic drawing of CERCHAR device used in this study.

(Kathancharoen and Fuenkajorn, 2023).

16 mm

0 =
I|I| «

Figure 4.3 Example steel stylus pin with rockwell hardness of 55 + 1 HRC for

1

<

CERCHAR testing.

For each saw-cut rock surface specimen, scratching is repeated 5 times. Each
time with a new stylus on a new scratch location. Wear flat width (d) of stylus tip is
used to calculate CAl as follows:

CAl=d x 10 (4.1)
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where CAl is CERCHAR abrasivity index for natural surface, d is diameter of wear flat
area of stylus tip with an accuracy of 0.01 mm. If saw cut specimen is tested, wear flat
of stylus tip is calculated from:

d=114d. (4.2)
where d.. is wear flat of stylus tip for saw cut surface specimen performed in this study.

The schematic drawing of wear flat width of the stylus tip is shown in Figure
4.4. The wear tip is measured using a stereomicroscope (Nikon SMZ745T) at a
magnification of 50x. The variables added beyond the standard suggestions in this
study are shown in Figure 4.4.

The vertical displacement is measured by using the digital displacement gages
with a precision of 0.001 mm to measure groove depth during scratching. The
horizontal force applied on the steel stylus can be calculated from torgque on the
crank using load torque required for driving a ball screw equation from Nidec

corporation as shown in Eq. (4.3).

Figure 4.4 Steel stylus test variables, N is normal load (N), F is horizontal
force (N), dn is vertical displacement (mm), ds is scratching distance
(mm), and d is wear flat width of stylus tip (Kathancharoen and

Fuenkajorn, 2023).
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F=2TCT/P (N) (4.3)
where F is ploughing force (N), T is torque (N*m) and P is screw pitch (0.001 m). Rock
surface after CAl 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.
The torgue for moving the specimen to scratch the steel stylus could be obtained

from the torque wrench, the additional torque measuring device from the West

apparatus, with an accuracy of 0.01 N+m is shown in Figure 4.5.

\

_— — T

e

Figure 4.5 Force diagram used to convert torque (T) to horizontal force (F)

(Kathancharoen and Fuenkajorn, 2023).

4.3 X-ray diffraction

Post-test CERCHAR specimens are ground to produce powder particles that pass
through a #60 mesh. Approximately 5 to 10 grams of the powder are then analyzed
using an X-ray diffractometer. The Topaz software is employed to determine the weight

percentages of the mineral compositions, as shown in Figure 4.6.



Figure 4.6 X-ray diffraction Bruker, D8 advance (Center for Scientific and Technology
Equipment University of Technology).
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CHAPTER V
TEST RESULTS

5.1 Introduction

Laboratory test results are presented in this chapter. The CERCHAR abrasivity
index tests reveal the effects of number of joints and joint apertures. Scratching groove
volume on the specimens, and energy required to produce groove volumes under

different joint characteristics are also described.

5.2  CERCHAR abrasivity index

Table 5.1 summarizs the CAl values obtained from intact rocks and those with
different characteristics of joints for all rock types. It can be clearly seen that intact
Buriram basalt (strong rock) tends to show larger abrasiveness than those obtained
from softer rocks (limestone and sandstone). This is also true when the rock contain

joints. Appendix A shows the stylus tips measured from the three intact rocks.

5.2.1 Effect of number of joints
The CAl values are plotted as a function of number of joints (J,) in Figures
5.1 through 5.3 for the three rock types. They are also compared with those of the
intact rocks. For all tested rocks, CAl's steadily decrease as J,, increases. Each data
point in the diagrams represents mean and standard deviation values. The existence
of even one joint can signifyingly reduce the CAl values for each rock type. Appendixs
B though E give stylus tips after scratching the specimen surfaces with one though four
joints.
5.2.2 Effect of joint apertures
As shown in Figures 5.1 though 5.3, CAl's decrease notably when the joint
apertures (e) increase. This is true for all tested rocks. Different joint apertures tend to

show similar reduction trend of CAl's as the number of joints (J,) increases. The
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reduction of CAI’s with increasing joint apertures (e) is larger for basalt (strong rock)

than those observed from limestone and sandstone (softer rocks).

Table 5.1 Results of CERCHAR testing of all rock types and joint characteristics.

Number of joints | Aperture (e) CAl
Un) (mm) Rock type
Khao Khad Phu Phan Buriram basalt
limestone sandstone

0 (Intact rock) - 1.75 2.27 2.47
1 0 1.47 1.63 1.99
03 1.37 1.56 1.51

0.5 1.17 1.20 1.45

0.8 0.96 1.04 1.09

2 0 1.36 1.41 1.74
0.3 1.13 1.08 1.30

0.5 1.02 0.96 1.26

0.8 0.94 0.83 0.87

3 0 1.25 1.34 1.71
0.3 1.10 0.95 1.06

0.5 0.95 0.88 1.02

0.8 0.75 0.73 0.87

a4 0 0.87 1.23 1.70
0.3 0.75 0.72 1.00

0.5 0.60 0.69 0.77

0.8 0.51 0.57 0.67
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1 Khao Khad Limestone

Intact rock

CAl

Figure 5.1 CAl as a function of joint numbers with different aperture for Khao Khad

limestone.
Phu Phan sandstone
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Figure 5.2 CAl as a function of joint numbers with different aperture for Phu Phan

sandstone.
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1 Buriram basalt

| Intact rock
o

2
] e=0mm

0.5
0.8

CAl

Figure 5.3 CAl as a function of joint numbers with different aperture for Buriram

basalt.

5.3 Lateral force

Figures 5.4 through 5.6 show the lateral forces as a function of scratching distance
for different numbers of joints and apertures. They are compared with those of the
intact specimen (no joint). The curves shown here are the average of the five scratching
tests. Individual scratching results for different joint characteristics are given in
Appendix F, by the force at each contact point is determined based on the peak value
recorded during each effect event between the rock surface and the stylus.

The method to obtain the representative curves from the five individual scratching
is presented in the next chapter (Analysis of the results). Both joint apertures and their
numbers strongly affect the scratching force, particularly for sandstone and basalt. For
Khao Khad limestone the effects of joint aperture and joint number are small (Figure
5.4). Larger joint number and aperture induce larger scratching force on the rock

surfaces for sandstone and basalt (Figures 5.5 and 5.6).
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Figure 5.4 Lateral force as a function scratching displacement (d;) for Khao Khad
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limestone for apertures of 0 (a), 0.3 (b), 0.5 (c) and 0.8 mm (d) with different

number of joints (J,).
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7 Phu Phan sandstone, e = 0.3 mm
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Figure 5.5 Lateral force as a function scratching displacement (d,) for Phu Phan

sandstone for apertures of 0 (a), 0.3 (b), 0.5 (c) and 0.8 mm (d) with

different number of joints (J,).
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Figure 5.6 Lateral force as a function scratching displacement (d;) for Buriram basalt
for apertures of 0 (a), 0.3 (b), 0.5 (c) and 0.8 mm (d) with different number
of joints (J,,).
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Table 5.2 summarizes the average groove volumes measured from specimen

surfaces under different joint characteristics for all tested rocks. The results from

scratching intact rocks are also presented. Detailed images of individual scratching tests

are given in Appendix G. For all tested rocks, the scratching volumes increase with joint

numbers and apertures (Figure 5.7).

Table 5.2 Groove volumes for all rock types and joint characteristics.

Number of joints | Aperture (e) V (mm?)
Uy (mm) Rock type
Khao Khad Phu Phan Buriram basalt
limestone sandstone

0 (Intact rock) - 1.14 1.58 2.49
1 0 1.12 3.68 2.85
0.3 3.01 5.89 3.87

0.5 11.78 13.34 10.75

0.8 16.05 21.61 13.78

2 0 1.92 9.09 3.08
0.3 10.36 20.03 11.02

0.5 21.05 39.21 29.16

0.8 32.74 46.92 38.15

3 0 S FL 11.87 3.89
0.3 16.90 25.95 14.87

0.5 40.44 48.20 34.60

0.8 50.99 59.19 471.72

4 0 14.71 20.67 13.85
0.3 20.26 28.81 18.37

0.5 47.65 52.99 42.57

0.8 54.63 66.31 51.21
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Figure 5.7 Groove volume as a function of joint aperture for different numbers of
joints for Khao Khad limestone (a), Phu Phan sandstone (b) and Buriram

basalt ().



CHAPTER VI
ANALYSIS OF RESULTS

6.1 Introduction

The objective of this chapter is to determine the relationship between CAl and
joint characteristics. The effects of joint numbers and joint apertures on CAl are
guantitatively derived. This allows predicting the CAl values as affected by the joint
variables occurring beyond those used in this study. The work and CERCHAR specific
energy exerting on the jointed rocks are also derived to compare with those of the

intact ones that have been widely performed elsewhere.

6.2 Correlation between CAIl and joint apertures

Figure 6.1 plots CAl as a function of joint aperture (e) for all tested rock
specimens. Each data point in the diagram represents the average CAl values obtained
from five stylus pins. For all rock types CAl’s decrease linearly with increasing joint
apertures. This holds ture for all joint numbers. The decrease of CAl can be represented
by:

CAl=are+B 6.1)
where a and B are empirical constants. Their numerical values are given in Table 6.1.
Good correlations are obtained (R2 > 0.9). The parameter a represents the negative
slope of the linear relation. Each rock type tends to show similar values of a for
different joint numbers. Strong rock (basalt) shows higher values of a than the softer
ones (limestone and sandstone). This implies that the effects of joint apertures are
more pronounced in the strong rocks than in the softer ones. The parameter B
represents the intercept of the linear curves. The fewer joint numbers yield the higher

B values where intact rocks show the highest value as shown by solid data point for
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compassion. In addition, strong rock (basalt) gives higher B values than the softer ones

(limestone and sandstone).

3 Khao Khad limestone

w

_ Phu-Phan sandstone
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Figure 6.1 CAl as a function of joint aperture (e) for different numbers of joints (J,)

for Khao Khad limestone (a), Phu Phan sandstone (b) and Buriram basalt

().



Table 6.1 CAl and joint apertures for all rock types.
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Number
of joints

Un)

Aperture
(e)

(mm)

CAl=ae+B

Rock type

Khao Khad

limestone

Phu Phan

sandstone

Buriram basalt

0 (Intact

rock)

B

RZ

o B

RZ

R2

0.3
0.5
0.8

-0.65 | 1.51

0.963

-0.80 | 1.67

0.901

-1.07

1.94

0.958

0.3
0.5
0.8

-0.52

1.32

0.948

-0.71 | 1.36

0.939

-1.03

1.71

0.961

"

0.5

0.8

-0.63

1.27

0.993

-0.73 | 1.27

0.911

-1.16

1.60

0.892

0.3
0.5

0.8

-0.35

1.00

0.892

-0.81 | 1.12

0.844

-1.40

1.57

0911




42

6.3 Correlation between CAIl and joint numbers

CAl's are presented as a function of joint numbers (J,) in Figure 6.2 They
decrease linearly as J,, increases. No significant trend of the decreasing rates has been
observed. This is probably due to intrinsic variability of the rocks. Strong rock (basalt)
nevertheless tends to show higher curve than the softer ones (sandstone and
limestone). The CAl for intact rock is shown as a solid point in the diagram (at J,, = 0)
for comparison. The linear curve can be represented by:

CAl=y" ), +7 (6.2)
where y and y are empirical constants, with their numerical values provided in Table
6.2. A good correlation is observed (R? > 0.9), except for strong rock (basalt of aperture

0 mm), which has the lowest correlation with R? > 0.7.

Khao Khad limestone Phu-Phan sandstone
3 CAl =y +1 3 _ CAl =y, +7
:Irwtact rock e (mm) ¥ v RZ | Ty —— ” ¥ RJ
1 003 8:3 %22 g-gfg Jintactrock 0 -0.12 }'% g.ggg
F . - ’ 3 -0.26 . .
7 0.5 011 128 0982 ] 0.5 -0.15 133 0969
2 4 0.8 009 108 0893 2 A 0.8 015 1.18 0984
— Y 9__"— - ] )
g o 0o £ T - = Mgy
1 Q. i - 0 1 e 7 -__:-8-_ e=0mm
1 G-I7--Q. 7~~ 1 ‘--8-_ -9 T1s-
3 ‘h“‘g:‘"‘:&-u 0.3 1 B el Bl D
d '"‘o--f:":ggg i B ey gas
0 I 1 T 1 0 1 I 1
0 1 & B 4 0 1 2 3 4
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n CAl=y) + n
. R 7
3 1 ntact rock & {mm) L { R
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Figure 6.2 CAl as a function of joint numbers (J,,) for different apertures (e) for Khao

Khad limestone (a), Phu Phan sandstone (b) and Buriram basalt (c).



Table 6.2 CAl and joint numbers for all rock types.
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Number
of joints

Un)

Aperture
(e)

(mm)

CAl = xJ, + 7

Rock type

Khao Khad

limestone

Phu Phan

sandstone

Buriram basalt

0 (Intact

rock)

Y

RZ

x Y R?

RZ

0.3
0.5
0.8

-0.15

1.66

0.933

-0.12 | 1.72 | 0.948

-0.08

2.01

0.704

0.3
0.5
0.8

-0.12

1.46

0.918

-0.26 | 1.73 | 0.928

-0.17

1.66

0.950

0.3
0.5
0.8

-0.11

1.28

0.982

-0.15 | 1.33 | 0.969

-0.22

1.69

0.995

0.3
0.5

0.8

-0.09

1.08

0.893

-0.15 | 1.18 | 0.984

-0.17

1.25

0.991




6.4 Lateral force and scratching distance
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An exponential equation is proposed to represent the lateral force (F) as a function

of scratching distance (d,). The primary objective is to calculate the specific energy of

the stylus pin along the scratching distance. Similar form of the equation has been

used by Kathancharoen and Fuenkajorn, (2023) for ten types of intact rocks.
=a-[l-exp-(-b-d)]

(6.3)

where a and b are empirical constants. Their numerical values are given in Table 6.3.

Good correlations are obtained (R? > 0.7).

Table 6.3 Empirical constants (a and b) in equation (6.3).

Number | Aperture F=a-[1-exp-(-b-d)]
of jaint (e) Rock type
() (mm) Khao Khad limestone Phu Phan sandstone Buriram basalt
0 (Intact a b R? a b R? a b R?
rock) - 1.40 | -1.19 | 0.967 1.54 -1.05 | 0961 | 206 | -0.42 | 0.895
0 1.78 | -0.56 | 0.867 1.51 -1.34 | 0911 | 214 | -0.85 | 0.861
1 0.3 321 | -0.32 0.907 1.86 -0.63 | 0.856 | 3.11 -2.87 0.944
0.5 381 | -0.28 | 0.893 2.16 -0.44 | 0.875 | 458 | -10.75 | 0.872
0.8 d6d | -0.20 | 0.824 2.58 -0.61 | 0946 | 576 | -13.78 | 0.826
0 211 | -0.27 | 0834 2.43 -0.64 | 0.897 | 1.89 | -249 | 0.794
2 0.3 5.56 | -0.11 0.818 3.96 -0.17 | 0.900 | 4.12 | -11.02 | 0.844
0.5 14.0| -0.04 [ 0.891 4.53 -0.16 | 0.894 | 6.57 | -29.16 | 0.765
0.8 125 | -0.05 | 0.859 a.72 -0.17 | 0906 | 9.24 | -38.15 | 0.842
0 213 -039 | 0.712 2.66 -0.70 | 0901 | 412 | -389 | 0.764
3 0.3 4.80 | -0.17 | 0.867 10.26 | -0.07 | 0.830 | 5.21 | -14.87 | 0.773
0.5 520 | -0.16 | 0.849 10.86 | -0.07 | 0.896 | 6.88 | -34.60 | 0.822
0.8 445 | -0.28 | 0.846 12.81 | -0.06 | 0.829 | 6.44 | -47.72 | 0.792
0 286 | -0.23 | 0.799 2.78 -0.75 | 0.956 | 3.57 | -13.85 | 0.793
il 0.3 4.22 | -0.22 | 0.860 11.11 | -0.03 | 0.923 | 6.30 | -18.37 | 0.866
0.5 537 | -0.16 | 0.880 | 19.266 | -0.04 | 0.888 | 7.26 | -42.57 | 0.922
0.8 796 | -0.10 | 0.895 | 186.45 | -0.09 | 0.930 | 822 | -51.21 | 0919
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Figures 6.3 through 6.5 plot the lateral force as a function of scratching distance.
The intact rocks shown the lowest force for all rock types. The larger joint numbers
and apertures require the higher lateral force along the scratching length. The forces
reach maximum at the end of the scratching length. Joint frequency (J,) tends to have

stronger effect on rock abrasiveness than the joint aperture (e).

B - Khao Khad limestone
4 O dsi=1
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4 A J,=3
® J =4
& -
] e =0.8 mm
10.8
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7 W 83
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7S A 0.3
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2 = A A A1)
| O O 0
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Figure 6.3 Lateral force as a function of scratching distance (d.) of for different joint

numbers and apertures for Khao Khad limestone.
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Figure 6.4 Lateral force as a function of scratching distance (d,) of for different joint

numbers and apertures for Phu Phan sandstone.
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Figure 6.5 Lateral force as a function of scratching distance (d) of for different joint

numbers and apertures for Buriram basalt.
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6.5 Correlation between scratching groove volume (v) and joint number

(J,) and aperture (e)

The groove volume is affected by both joint number (J,) and aperture (e). The

number of joints increases the groove volume. This relationship can be expressed by

the liner equation:

V=0wJ+T

(6.4)

where W and T are empirical constants, with their numerical values provided in

Table 6.4.

Table 6.4 Empirical constants (W and T) in equation (6.4).

Number | Aperture V=WwJ+T
of joint (e) Rock type
Uy (mm) Khao Khad Phu Phan Buriram basalt
limestone sandstone
0 (Intact w T R? w T R? w T R?
rock) - \ 5 - - - -
0
1 0.3 276 | -281 | 0.820 | 537 | -2.10 | 0.956 | 3.40 | -2.68 | 0.667
0.5
0.8
0
2 0.3 219 | 286 | 0.620 | 7.46 1.50 [0.893 | 411 | 0.73 | 0.850
0.5
0.8
0
3 0.3 6.58 | 642 | 0976 | 1279 | 6.45 | 0.873 | 12.64 | -0.20 | 0.964
0.5
0.8
0
4 0.3 9.48 | 9.67 | 0.933 | 14.63 | 11.91 | 0925 | 1525 | 2.13 | 0.961
0.5
0.8
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ve volume however decreases as the joint aperture increases.

This holds true for all tested rock shown in Figures 6.6. Note that the groove volume

considered here is only from the scratching of the intact portion of the rock between

the joints, excluding the joint apertures.
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Figure 6.6 Groove volume as a function of joint numbers (J,)) for different apertures

(e) for Khao Kh
(o).

ad limestone (a), Phu Phan sandstone (b) and Buriram basalt
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6.6 Work and energy

Analysis in this study involves calculating the specific energy required for
scratching, known as the CERCHAR specific energy (CSE), as proposed by Hamzaban,
Memarian, and Rostami, (2018).

CSE is calculated by comparing the work (energy) used for scratching with the
volume of the groove created on the intact rock surface excluding the joints. The
fundamental equation for calculating the work is as follows (Zhang, Konietzky, and

Fruhwirt, 2020).:

10

W=Jag=o0

F-ds (6.5)
The work (W) is calculated based on the lateral force as a function of scratching
displacement (F-ds) over a scratching distance of 10 millimeters. The specific energy

can be calculated using the following eguation (Zhang, Konietzky et al., 2020).

CSE = (6.6)

w J”ds —oF
\' \'%
The results of calculation are given in Table 6.5. CSE values as a function of joint
CAl are plotted as a function of CAl in Figures 6.7 through 6.9.
The energy required to scratching the jointed rock per unit groove volume increases
exponentially with CAl, where the greater joint numbers (J,)) use the lower scratching
energy. Basalt (strong rock) shows higher CSE and CAl values than sandstone and
limestone (softer rocks). For all tested rocks, wider joint apertures require lower specific

energy to scratch.
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Table 6.5 Results of work and energy for all rock types and joint characteristics.

Number | Aperture
of joints (e) Rock type
(J,) (mm)
Khao Khad Phu Phan Buriram basalt
limestone sandstone
0 W CSE w CSE w CSE
(Intact - ) (J/mm™) () (J/mm™) () (J/mm™)
rock) 11.76 10.29 1293 8.13 40.85 13.23
1 0 11.39 10.12 25.81 6.99 34.42 11.49
0.3 26.24 8.70 30.32 5.14 25.12 8.72
0.5 94.79 8.04 51.83 4.00 61.16 5.68
0.8 79.63 4.9 86.48 3.88 70.52 511
2 0 15.92 8.26 40.62 5.06 22.37 8.95
0.3 56.98 B\RD 101.51 4.46 70.35 6.38
0.5 109.92 5.22 139.98 3.56 92.81 3.20
0.8 122.028 3.72 165.61 3.52 122.11 3.18
3 VO 16.81 4.79 33.84 3.78 17.87 4.48
0.3 3750 4.51 98.33 3.51 47.14 3.16
0.5 39.10 1.45 127.87 2.84 69.11 1.99
0.8 42.43 0.95 207.85 2.65 59.44 1.24
4 0 31.75 3.33 23.75 2.78 29.33 2.11
0.3 32.53 3.23 80.29 2.14 30.72 2.00
0.5 35.20 1.02 113.57 2.13 68.24 1.33
0.8 35.58 0.77 141.75 1.14 57.79 0.94
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Figure 6.7 Correlation between CSE and CAl for all rock type for Khao Khad limestone.
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CHAPTER VII
DISCUSSIONS, CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE STUDIES

7.1  Discussions

The CAl values decrease as a result of both Jn 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 a reduction of abrasion.

Sandstone and basalt show higher CAl values than limestone. This is because
of the dependence of CAl on rock strength, as indicated by previous studies elsewhere
Thanadkha and Fuenkajorn, (2022) and Kathancharoen and Fuenkajorn, (2023). They
report strengths of 81.43 MPa for sandstone, 79.17 for basalt and 54.61 for limestone.
Hard rock gives greater CAl values and shows large effect of joint characteristics than
the softer ones.

The force measured during scratching increases with Jn and e. Higher numbers
of joints and larger apertures require higher force to scratch the rock surface. This is
due to the stylus encountering the gaps created by larger apertures, causing additional
resistance. When the stylus passes through a large gap, it drops and requires more
force to step up to continue scratching. The larger gap (aperture) results in a higher
scratching force. This implies that an excavating tool may show less wear if it cuts
through fractured rocks as compared to the intact ones. Larger scratch volumes are
obtained when the number of joints is increased. This effect is more pronounced in
strong rock (basalt), as compared to the softer rock, and hence resulting in a higher CAl
value. The roles of joint apertures are, however, opposite. Lager apertures lead to a

reduction of scratching volume. This is because as the aperture increases the intact
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portions of the rock surface reduce as the total scratching distance is maintained
constant at 10 mm as specified by the ASTM standard practice.

Regardless of joint number and aperture the CERCHAR specific energy (CSE)
increases with CAl. This observation is similar to those of intact rocks performed
elsewhere. The CSE-CAI relations show small effect of Jn and e for softer rocks
(limestone and sandstone). The Jn and e effects are significant for the CSE-CAI relation
of strong rock (basalt). This implies that for strong rock under the same CAl value the
increases of Jn and e can notably reduce the energy to cut their surfaces.

The results obtained here are limited to the condition at which the scratching
direction is normal to the joint traces with one joint set. The effect of the angles
between scratching direction and joint line has not been investigated. In addition, the
dip angle of the simulated joints is limited to 90°. The effect of dip angle has not been

investigated.

7.2  Conclusions

The results of testing and analyses obtained here can be concluded as follows.

1) Number of joint and aperture can decrease the wear of stylus pin (CAl)
while increasing the scratching force and groove volume.

2) The effects of joint aperture and joint number on CAI and ploughing force
pronounce more in strong rock (basalt) than in soft rock (limestone). This results
in a reduction of lower cutting energy.

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

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

5) Soft rocks show less effect on CSE-CAI relation than does the stronger

ones.

7.3 Recommendations for future studies

Scope and limitations of the test variables in the study lead to
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recommendations for future studies as follows.

1) A variety of rocks with a wide range of compressive strengths should be
tested to confirm the conclusion drawn in this study.

2) The effect of joint orientations and dip angles in relation to the scratching
abrasives should be investigated.

3) This study is limited to testing on smooth rock and joint surfaces. The
effect of roughness of rock surface and joint wall should be investigated.

Effect of pore pressure in joint should be incorporated into the future study.
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CAI RESULTS FOR INTACT ROCK
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Figure A.1 Stylus tips after CERCHAR testing and scratching trace after testing
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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).



67

Buriram Buriram Buriram Buriram ~ Buriram
basalt-1, basalt-2, basalt-3, basalt-4, basalt-5,
Ja=1 J=1 J=1 Jy= Ji=1
4=0180mm - =0181mm . d=0211mm

A
a)e=0mm

0.5mm
—_— e

d=0175mm

b)e=03 mm_]

0.5mm

d=0.01 mm

d)e =08 mm

0.5mm

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
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Figure D.3 CAl result for three joints with different aperture of Buriram basalt for
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LATERAL FORCE AS A FUNCTION OF SCRATCHING DISPLACEMENT
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+ o
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

s ¥ o

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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Buriram basalt, J, =1

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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Khao Khad limestone, J,, = 2
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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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Phu Phan sandstone, J, = 2

e =08 mm
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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

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

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
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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

e=03mm
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Figure G.10 Example of scratching sroove 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

e =03 mm

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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Phu Phan sandstone, J,, = 4

e=03mm

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

direction.
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Buriram basalt, J, = 4
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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 abrasivity index (CAI). Sandstone, limestone. and basalt with
paralle] fractures with joint numbers varying from 1. 2, 3, to 4. and joint apertures
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 mare pronounced as the aperture
becomes larger. As the number of jomnts increases 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 Intreoduction

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 (CAI) 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 ontcomes.
The relationship of the CERCHAR abrasivity index (CAI) with vanous factors has
been extensively researched. including testing length [E=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), ender exclusive license to Springer Nature Singapore Pie Lid. 2025
T. Kang and ¥. Lee (Eds.): ICCEA 2024, LNCE 640, pp. 368-376, 2025.
hatps:/doi.org/10.1007/978-981-96-6115-2_31
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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 CAL 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 | 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).

e W b | TOM)

,.‘_
a0 e - | L
. . -
i - —
damy —
- = —— T o "

Fig. 1. Device based on West CERCHAR apparatus [20] with additional torque [13].
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Scratching direction

A A T
=#c f— ljl_mm
5=1 J.=4

Fig. 2. Scratching direction perpendicular to joints withJy = 1 to4and e =0, 0.3, 0.5 to 0.8 mm.

The ploughing force during scratching is measured by a torque meter to calculate
the scratching energy, which is affected by different joint characteristics. The force can
be calculated using the following equation [13]:

F= ZrT/P (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 =a.¢ +
& il [i R
| .07 194 093
2oo=i3 171 D96
i «1.16 160 080
2 4 140 157 a9
- 2
2 PThas s, O %a
-~ - ‘q o A

0+ v T v |
0 0.2 0.4 0.6 0.8

e{mm)

Fig. 3. CAI as a function of joint aperture (e) for different numbers of joints (J,) 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-e+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 J, =4

F = all-exp(-bd )] [KN] F =a[l-expi-bd )] [KN] c =08 mm
1
05

4 1 4 4 1

F (kN)
F (kN

[

Intpct rock,

- \ v vy (1] -y - ¥ T v
0 2 L] 6 8 10 L] 2 4 6 8 0
d, (mm) d, (mm)

(@) ih)

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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¢ = (L.Emm

1l 0.2 n4 R OR

£ (mm)

(a) (b}

Fig. 5. Example of scratching groove profile of sandstone with Jn = 4 (a), and groove volume as
a function of joint aperture with different Jn 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 Jn 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)]
(mmy) a(mm=t) [P a(N) b(mm=1) [(mm?)
Khao Khad |0 - 175 1.40 1.19 1.14
limestone 0 1.47 178|036 112
1 03 1.37 | =065 151 (321 0.32 3.01
05 1.17 381 0.28 11.78
08 0.96 4.64 0.20 16.05
0 136 2.11 027 1.92
2 03 1.13 | =052 1.32 |5.56 0.11 10.36
0.5 1.02 14.08 0.04 21.05
08 094 12.50 0.05 3274
0 1.25 213 0.39 525
3 0.3 1.10 | =063 1.27 |4.80 0.17 16.90
05 0.95 5.20 0.16 4044
08 075 4.45 028 50.99
0 097 2.86 0.23 14.71
4 03 095 |-035 1.00 |4.22 0.22 20.26
05 080 537 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 1.63 151 134 368
| 03 156 | =080 1.67 |1.86 0.63 5.89
0.5 1.20 2.16 044 1334
0.3 1.04 258 0.61 21.61
0 141 243 0.64 9.09
2 0.3 1.08 | =071 136 |3.96 0:17 20.03
0.5 0.96 453 0.16 3921
08 0.83 472 0.17 4692
0 1.34 2.66 0.70 11.87
3 0.3 095 =073 1.27 | 10.26 0.07 2595
05 088 10.86 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})
08 0.73 1281  [006 59.19
i 1.23 2.78 0.75 20.67
4 |03 072 |=0.81 112 [1L11 |003 28.81
05 0.69 1926|004 52.99
08 0.57 18645 |0.09 66.31
Buriram 0 - 247 2.06 042 3.08
basalt 0 1.99 214|047 0.85
1 |03 151 |-1.07 194 |3.11 027 2.87
05 145 458 0.16 10.75
08 109 5.76 0.12 13.78
0 1.74 1.89 0.46 249
2 |03 10 |=103 L71 |42 0.18 11.02
03 126 6.57 0.09 29.16
08 1.87 9.24 0.08 38.15
i 1.71 412 0.16 3.80
3 |03 106 |=L16 160 |521 0.16 1487
03 1.02 6.88 0.12 34.60
08 0.87 6.44 0.16 4772
0 1.70 3.57 23 13.85
4 |o3 100 | =140 157 |630 0.16 18.37
03 077 7.26 0.16 4257
08 0.57 822 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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