TABLE OF CONTENTS

Page

ABSTRACT (THAI ottt I

ABSTRACT (ENGLIST) -ttt |

ACKNOWLEDGEMENT L.ttt Il

TABLE OF CONTENTS ...ttt \%

LIST OF TABLES .ttt VIl

LIST OF FIGURES ...ttt IX

SYMBOLS AND ABBREVIATIONS ...ttt Xl
CHAPTER

[ INTRODUCTION ..ottt sttt es 1

1.1 Background and Rationale.......ccoceiiiiiieieiiieeee s 1

1.2 ReSEAICH ODJECHIVE. ..ot 1

1.3 Scope and LiMItations......cociceirieieiiiceie e 2

1.4 Research MethodOlOgY ... 2

1,41 Literature REVIEWS.......ciiuciiiiiieiciciti ettt 3

1.4.2  Samples Collection and Preparation ..., 3

1.4.3  CERCHAR abrasivity testing ...t 3

1.4.4  X-ray Diffraction @analysiS........cceerrrreirieeeeeeeeeeeee e 4

Lo.5  ANQLYSIS ittt a4

1.4.6  Discussions and CONCLUSIONS ......c.ceuieriieieirienireeeeeeeeee e a4

147 ThESiS WIHING coeeveeeeeieeee e 4

1.5 THESIS CONTENTS ..ottt aq

I LITERATURE REVIEW ......cooiiiiiiiiiiicci ettt 6



TABLE OF CONTENTS (Continued)

Page

2.1 ROCK @DrasSiVENESS. ...ttt 6
2.2 Factors affecting CERCHAR abrasivity iNdeX .........ccooeemeeeeeeeeeeeeis 7
22,1 SUurface CONAILIONS ...oveiieieieieeee s 7

2.2.2  STYIUS NAIANESS. ... 8

2.2.3  SCratChing rat@ ...cioioiiccecceee s 8

22,8 GrAIN SIZE..iiiieiceietieeetet ettt 9

2.2.5  MOISTUIrE CONTENT ...t 9

23,6 TEMPEIATUIE ....coiuiiiiiicccie et 10

2.3.7  Mineral COMPOSITIONS .....oviiiiririri s 10

2.3.8  ROCK PrOPEITIES....cucveieieieieieieeeeee ettt 11

2.3 CERCHAR SPECIfIC @NEIGY...iiiiieieieieieieieiees s 15
I SAMPLE PREPARATION ..ottt 17
3.1 INTOAUCTION ittt 17
3.2 ROCK DESCHIPLION .ttt 18
3.2.1 Khao Khad argillaceous limestone ..., 18

3.2.2 Khao Khad bedded lImestone ... 18

3.2.3  Phu Kradueng sandstOne.......ccccocieivieeieiiniieiceeeseeeeee e 18

3.2.4  Phu Phan sandstone ... 18

3.2.5  Tak Fa QYPSUM ..ottt 18

3.3 Rock specimens preparation ... 18
IV TEST APPARATUS AND METHODS .......cooiiiriiiiieciiieeeeeee s 22
A1 INTFOAUCTION ..ttt 22



Vi

TABLE OF CONTENTS (Continued)

Page

B.2  CERCHAR TSttt 22

4.3 X-ray diffraction (XRD) @NAlYSiS ........ceuerrmiveiirieieiiieieeieeieee e 26

N T EST RESULTS oo ettt et 27
5.1 INEFOAUCTION <. ettt ee e 27

5.2 CERCHAR abrasiVity iINAEX ....ccicieieeiieiiiiiieeeeeeeeee e 27

5.3 LAEEIAL FOICO ettt ettt 30

5L GrOOVE VOIUIMIES ..ottt ettt e e et e et e e et e e e 33

VI ANALYSIS OF TEST RESULTS ..ot 36
6.1 INEFOTUCTION .ttt et eae e 36

6.2  CERCHAR abrasivity iINAEX .....cccoivivioieeiiiiieeeeeeeece e 36

6.3 GIOOVE VOUUMIE ..ottt et ettt et et e e et e e e e e e ee e 39

6.4 LAEIAL FOTCO ettt a2

6.0 WOIK @Nd ENEIGY ..ottt 48

6.5  CERCHAR SPEeCifiC ENEIGY w.ooviuiiiriiiiieieieteieis et 54

VIl DISCUSSIONS AND CONCLUSIONS ... .o, 59
7.1 IS CUSSIONS ettt et e e e e e e e e e e et eeree e eeeaeee e 59

T2 CONCUUSIONS ettt ettt ettt ettt eeaeeanes 60

7.3 Recommendations for future StUAIES.....owew oo, 61
REFERENGCES ... e ettt et e et et e e e e st es e 62
AP P END X A oo ettt ettt 67
APPENDIX B ..ot ettt ettt et et ettt e et e e ettt e et eean 83

APPENDIX €ttt 89



VI

TABLE OF CONTENTS (Continued)

Page
APPENDIX Dottt ettt ettt es et ettt et bt ee e 95
APPENDIX E ..ottt ettt ettt ettt ettt s et ea et 101

BIOGRAPHY 112



Table

2.1
3.1
3.2
5.1
52
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13

LIST OF TABLES

Page
Classification of CAl (ASTM D7625-22).......covuviueieieininieieieiseiseieseieise e 7
Mineral composition for all rock tyPes.......ccoiievriccinicerec e 19
Rock dimensions and density for all rock types........ccoeeeeeereesssssee, 21
Average CAl and standard deviation ... 28
Mean groove volumes for different angle o and O..........cooovviiirciciicicen, 34
Numerical values from empirical constants Ly, |, and (3 of equation 6.1.......... 37
Numerical values from empirical constants m; and n; of equation 6.2........... 38
Numerical values from empirical constants ky, k, and ks of equation 6.3........ 40

M Numerical values from empirical constants m, and n, of equation 6.4......41

Empirical constants a and b for F-d, relation and R%........c...ccooervvorceerrernrvnnenn. 45
Empirical constants a (o) and b (o) for F-d, relation and RZ e 47
Empirical constants a (0) and b (0) for F-d, relation and RZ e, 48
Work done for all rTOCK TESES ... 50

Numerical values from empirical constants ey, e, and e; of equation 6.9....... 52
Numerical values from empirical constants ms and ns of equation 6.10......... 53
CERCHAR specific energy for all rock eSS ......ccoievriiicieiiceceeee, 56
Numerical values from empirical constants g1, ¢2 and ¢3 of equation 6.12...57

Numerical values from empirical constants mg and ng of equation 6.13......... 58



Figure

1.1
1.2

2.1

2.2

2.3

2.4

25

2.6

2.7

3.1

3.2

4.1

LIST OF FIGURES

Page
Research methodolOgy ..o e 3
Scratching direction as compound to bedding plane angles (a), and as
compared to trends of bedding planes (D) ..., 3

Relationship between CAl values of rough surface and saw-cut surface (Yarali
AN DUIU, 2006) e e ettt et 8
CAl testing, where black solid line represents mean CAl derived from single
test, and red dashed line represents mean CAl value obtained from all
individual tests (Kathancharoen and Fuenkajorn, 2023) .........cccccoeviieninicnennne. 11
P-wave velocity in relation to the anisotropy angle (Jin et al,, 2018) ............... 12
Correlation between (a) compressive modulus and (b) Uniaxial compressive
strength (UCS) concerning the anisotropy angle (Jin et al., 2018) .......c.ccc.u........ 12
Correlation between strength anisotropy curves of Arkansas, Ranyah, and
fractured sandstones (AL-Harthi, 1998).......o oo, 13
Relationship between CAl and basic mechanical tests a) UCS b) E ¢) BTS d)
1S50 (TeYMEN, 2020).......cecmeeeieieeieieeieeieieieeeeee ettt 14
CAl versus testing orientations, where black solid line represents mean CAI
derived from single test, and red dashed line represents mean CAl value
obtained from all individual tests (Zhang, Konietzky, and Frahwirt, 2020) ...... 15
Samples obtained from various locations in Thailand.........cccocvieennicinenee. 17
Specimens with various bedding plane orientations and scratching directions
prepared for CERCHAR TESTS ...t 20
Device based on West CERCHAR apparatus with additional torque and vertical

displacement measurements (Kathancharoen and Fuenkajorn, 2023) ............. 24



Figure

4.2

4.3

4.4

4.5

5.1

52

53

54

55

56

5.7

6.1
6.2

LIST OF FIGURES (Continued)

Page
Schematic drawing of CERCHAR device (Kathancharoen and Fuenkajorn,
20023 ettt ettt ettt ettt 24
Stylus pins (HRC 55) are used in this study ..., 25

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
WIAEN OF STYLUS 1D 1ttt 25
X-ray diffraction Bruker, D8 advance (Center for Scientific and Technology
Equipment University of TeChNology).......ccoeeviiicriiieeeeeee e 26
CAl as a function of bedding plane angle (a), and scratching direction (b)...... 29
Scratching forces (F) as a function of scratching distance (d,) of Khao Khad
argillaceous limestone, bedding plane orientations (a) and scratching
AIFECHIONS (10) 1ot 30
Scratching forces (F) as a function of scratching distance (d,) of Khao Khad

bedded limestone, bedding plane orientations (a) and scratching directions

Scratching forces (F) as a function of scratching distance (d,) of Phu Kadueng
sandstone, bedding plane orientations (a) and scratching directions (b).......... 31
Scratching forces (F) as a function of scratching distance (d,) of Phu Phan
sandstone, bedding plane orientations (a) and scratching directions (b).......... 32
Scratching forces (F) as a function of scratching distance (ds) of Tak Fa gypsum,
bedding plane orientations (a) and scratching directions (b).......c.ccccvevieirinenee. 32
Mean groove volumes as a function of bedding plane orientations (a), and
SCratching dir€CtIONS (D) ...ouviiveieieeieiieicieee e 35
CERCHAR abrasivity index (CAl) as functions of a, with polynomial equations 37

CERCHAR abrasivity index (CAl) as functions of 6, with linear equations........... 38



Figure

6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15

6.16

Xl

LIST OF FIGURES (Continued)

Page
Groove volumes as functions of a, with polynomial equations ........c.c.ccc....... 39
Groove volumes as functions of 0, with linear equations ..........cccecvveernienee. 41
Lateral force as a function of bedding plane orientations (o) ......c.cccocoveieiennie a3
Lateral force as a function of bedding plane orientations (0).........cccccecvevrrnenee a4

Empirical constants a (o) and b (a) for F-dg with R? values by rock type......... a6

Empirical constants a (0) and b (0) for F-d; with R2 values by rock type.......... a7

Work done as a function of bedding plane orientations (0).........cccoveuviereriecenee. 49
Work done as a function of scratching directions (0) .........cccocoevriieniniecrinen. 49
Work done as functions of o, with polynomial equations...........cccccceoviiencnee 51
Work done as functions of 6, with linear equations ..o, 53
CSE as a function of bedding plane orientations (0U)........ccceeeeeeeeiniieeinienn. 55
CSE as a function of scratching directions (0) .........ccceoveiircciceeeeeeeeee 55

CSE as a function of bedding plane orientations (a), with polynomial
EUBTIONS ottt ettt 57

CSE as a function of scratching directions (0), with linear equations................. 58



SYMBOLS AND ABBREVIATIONS

0 = Scratching direction

o = Bedding plane orientations

B = the angle between normal bedding planes and major principal stress
CAl = CERCHAR abrasivity index

HRC = Rockwell hardness

XRD = X-ray diffraction analysis

EQC = Equivalent quartz content

SE = Specific energy

SSE = Scratching specific energy

CSE = CERCHAR specific energy

W = Work done

Vv = Material removed volume or mean groove volume
d = Diameter of wear flat area of stylus tip

dsc = Wear flat of stylus tip for saw cut surface specimen
N = Normal load

F = Horizontal force or ploughing force

= Scratching distance

w

Wear flat width of stylus tip

— a o
I

= Torque

P = Screw pitch



