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ABSTRACT

The brittleness of rocks plays an important role in determining the fragmentation and failure
behavior of rock. However, there is still no standard method to evaluate the brittleness of
rock, and previous studies have suggested the several definitions for estimation of brittleness
of rock. Even in the process of mechanical rock excavation and drilling, the brittleness of rock
is considered as an important property for evaluating the excavation efficiency of mechanical
excavators or boreability of rock. The previous studies have been carried out to investigate the
correlation between different brittleness of rock and cutting efficiency and boreability of rock.
This study introduced a method for calculating the brittleness of rock from punch penetration
test, and analyzed the correlation between the brittleness of rock calculated by the uniaxial
compressive and Brazilian tensile strengths and that from punch penetration test. From the
results of correlation analysis, the relationship between various brittleness was confirmed, and
it was found that PSI and Bls showed a good correlation with the strength-based brittleness
index. In addition, the results indicated that Bs and B4 are suitable to represent the brittleness
of rock in the field of mechanical rock excavation.
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1LME

A1) F 5 (brittleness index )= A1) T A5-S Roh=t] 583 54 5 shE 1 =]a Qlrtk FAJE0] A ol gt
A= o] FolRl HE glon, UREA 0 2= A|5r} ole-& e Wl F46H| SsleAIA] FEo] AstEwA whje] tdotes dds
omjeli= A o2 APE| 1 Qlrt. A o = whaA| fapdHio]] =g 7443 (brittle) Q1 5= 5, Bie] Z-foll= &4
Z(ductile)Q] &S oh= 2 0 & FHESITE of2fet FHAYEE FFA 0= LS| et AE0] A4 o7 a0 1 glo
L, oFA7ER] FEstE] o] QU] Ft Aol AEREe] wet rieft WAl o & A ofEo] L1 gk FHAYEE Aolsl] fltt
ohR Aol A0 ST o VTS B ol A2 0 & Altek= "R (Hucka and Das, 1974, Altindag, 2003, 2010),
SH-HIFE AL E o] 8ok= " (Hucka and Das, 1974, Meng et al., 2015, Liang et al., 2017), ¥3784elastic modulus)=
-8-ok= " (Rickman et al., 2008, Chen et al., 2014, Luan et al., 2014), 533t A|&-2 Tl AFY5k= ®(Bruland, 1998,
Copur, 1999, 2003, Yagiz, 2009, Jeong et al., 2012, 2016) 5 o]2] HHo] A xlo] @11 gk

TBM-Z HIERE thefet 71 A2 ol oJgt b4 o] Aatella= oFAl o] AthA] HAd kel what oiRte] oS dou &80l
gefx)= 7 0 2 wtett] 17 Q. whebA] 4198 ¢4 Goktan, 1991, Bruland, 1998, Kahraman, 2002, Altindag, 2002, 2003, 2010,
Gong and Zhao, 2007, Yagiz, 2009, Jeong et al., 2016, Dursun and Gokay, 2016)°ll4= 94 0] AT} 7| A= 2] o] -t
2, Hlof| %], Z71& 53] AAARIN JTAAIS w40 | It A2 AEH 0 = =88sto] @11 Qlt}. TBM 2] 23145 71
et EARI o SH Q] CSMEET NTNU A= U A ™ (punch penetration test)2t Sy A5 Sl ] HAAEE
A1) ZAAS B71E Qe JEH & 2R8310 QJth(Bruland, 1998, Copur, 1999, Yagiz, 2002).

B Aol A th0 2 Sh= IAI™ (punch penetration test)-= Handewith(1970)°1 &Jaf] A71% ©]$ ol A421=0l ofs) 1
skarbof| tet A7} 2| &= o] @31 It Cook et al., 1984, Dollinger et al., 1998, Copur et al., 2003, Yagiz, 2009, Jeong et
al.,, 2012, 2016). T= A0 /4 THA 0 = HrlshAU 52 TBM 9 2 E5[5 9] 23145 52 9l 28517 itk 4l
A= 29 A Kindenter) S Aol THAAA QY ER= ool whet FojA|= 2l6152] WAIE &l A4 ] =31A]
P (FEe= T )= B7 | ot e Eall AP El= ofg] 2452 TBM O] AAlels, 27a 5 9t HiAE

Z¥=7102 HAE|q Q)

Loading plate
Steel frame

Indenter
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Fig. 1. Punch penetration test (Jeong et al., 2016)
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SHH QM 0] B 5ol AT E APols 2 TS A 0 2 VAR o] 2318 S(AE RS S T Hlell | R)) Tt
O] A EAlel EdotA E-8xlo] @1 et SRR AAtEel wEt g The APt EEEE 739t RIRiste] o= F4d
L7t 7 ARERR R S] 2315l IRl ke Agok=Alel thgh =0 o] A&E] 1 Q= A 0 2 HRIT 1 AtoflA]

o YA RS e85} AATLCopur et al., 2003, Yagiz, 2009, Jeong et al., 2016)0l4] Algtslal Q=1
of whe} %"4*352 Agato] Bttt A RS ol APgH TS 71E0] Ao g Bl FEE Aol Rt vl
v EAGto] oFA o] g Fol| AP wh= /3 o] A-8/3-S Hokel Bzt sqirt.

N
o
S

=
oF

AUAI(Punch penetration test)<> SFUAFE A0l TIAF C =4 AYSk= 91419] 215 (chipping) 2 g ofl 4] Leht:
= AdZloet A5l S ] PAE Sl TSt A4-E 5 4= Qs Aldolnh Al AR el it ApAIRE g
A8 (Yagiz, 2009, Jeong et al., 2012, 2016)°]l Al&==]o] Tk Fig. 10f] 7.0 2 vpepd viel Zo] Al@2| == SA1
|, ARAAE F45517] 919 AEme9, IHIE o) AR 9t -E07F B asith A 5] 1R e Uioll eF4e]
RI5HH, AR 5 A 0] ZARE HAISE | el AIE S22 A o] A =5 o]-§5lo] AFRI-S 7l "sto] Al A&t
SHA ek Al =5 o 11}7} i } o) oAt Ao AL ¢10110.025 mm/sec ] YA EE R TR 2 51= 7]
o] Fa5tH, AlgE =711 A °](6 mm)°l| FtEAL sh50] Agstsel vlsl 50% 4 ootz BolA= 749 &=
ok FHAIE 5 A ‘Z—l‘ﬂfﬂr Sls-= 570517] 18t 2EAT LVDT7 A2 =]ojop gtk A|Ed
al., 2012, 2016)°f|A AR&5 A} 55t =] 771 F4e] tiste] FelAlRlo] e8] ik Aldde]
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Table 1°] 82Fo}ct. opitmuiete] 75-9-ol= WA ] ZH(0°: 1, 90°: 2)of| what ZH2 = 71X }ﬁu}.
Table 1. Mechanical properties of the rocks used in this study (Jeong et al., 2012, 2016)
ixcial - Brazili q
Rock type Unl%lztrzz;ﬁresswe strraezrllgl:l}? (t;?;;)e Young's modulus Poisson’s ratio
Hwangdeung Granite 209.00 9.20 423 0.18
Asan gneiss-1 241.00 13.35 - -
Asan gneiss-2 196.00 11.54 - -
Hudong granite 91.28 10.07 473 0.26
Sungnam gneiss 91.53 15.18 753 0.15
Paldang gneiss 123.76 11.23 444 0.21
Macheon Granite 107.61 7.43 71.0 0.17

2.2 1 A

1 Aol FRELE] Ak 42 15 PN ol AP ARt AR AN ES Bel SAE AEAEE
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S} 7V ] A1 Q) P Bl 2w APalt. TAe] 9 AtabAlo] wfek Wo S Algslo] HAEE T
TFAFEnTH ohE) B =Rl A= 2 Meng et al.(2021)°] A2|gt aAof whet470] TS
)9] B2 &A1 9] A=A QI o] H]2 A OJ%|™(Hucka and Das, 1974), 7F3 &8b4 © 2 ARR =Y
Sk AT, Tt 4] (2)-(4)2} o] QeI ot Qg7 o] o] 2 MRS By(Hucka and Das, 1974), Y7o} o147
0] 90 2 BAR= By(Ozfirat et al., 2016), Y5740t QP 0] 1.0 2 HHH By(Altindag, 2002)E A=H51%Th. Table 1
of| Qo =/ 3= AR8oto] Al ZF2e] /%= Table 22+ £t
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Table 2. Results of brittleness indices based on the rock strength

Rock type B, B, B; B,
Hwangdeung Granite 22.7 0.916 109.1 961.4
Asan gneiss-1 18.1 0.895 127.2 1608.7
Asan gneiss-2 17.0 0.889 103.8 1130.9
Hudong granite 9.1 0.801 50.7 459.6
Sungnam gneiss 6.0 0.715 534 694.7
Paldang gneiss 11.0 0.834 67.5 694.9
Macheon Granite 14.5 0.871 57.5 399.8

rlo
2

21 A5l ofe] 5ol 7 9lek, B0 2 TR S AU
e R -
05 Utnoe] 2451 29, Yagin(2009) U] et 2 012 K Aol e g2 ol ele] A4
2 AoJ5151 1, BI,, 0 & I3tk 0] £ =Rl A= PSI(Peak Slope Index)2} §H}). ©]35 Jeong et al.(2016)2] SALol| A=
o] LdzlolofA 9] 7127 o] eSS HHdol7] 9]¢t Peak load index(PLI)2t Mean load index(MLI) 2] 73 A| A5kt 2+
Z}0] Z]gof] T APgHE-2 Fig. 200 TR0 Qlrt. $HH 410] Z3-9oll= Copur(1999)°1l ofsf 27110 FJA[delA] Lt
ER= o5-0] s ol wheba] oA 9] =5 B toh= el iste] AlRtetlet. iAol treh= 515 3tel #igk=
eFAo] whj = FEjof] Faka Ttk IR F Aol HAsHAl HH -5-20] Yol et FAA O] =72 Q1 o]l 25210
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2 Sk} 2 AR, ofefeh 7 A9 whulol] nhet 42 sgo] UAIAL0 2 Atk H2uta thi] Z716Ke gefe] et
Q45710 2 etk oleiat TIEAS FINLO R 4710 FHES Uehife 2157t ARHEISLE Z12ke] A8 ARTSH: e

Fig. 30f| LfeRd wiet gk, Z2¥o] ol uh ojulE 7tefs] A, 94 BI,2 A AAIRolN €2 & Ho[E(T) SllM 515
o] Z7I5k= Hlo[E ()] Hle-& et sk50] S71ske 77t Hlol8 9] 7t ihaa5 ThA| el mpj oo siigshe H
ofele] 77t Ao = v A AR 4) DAL & 4 )l BLEE AR 9Jn] 2 5150] SISk HlolE et ghast

£ HlelE(D) 2] 72l Bl =2 o= B2 mp|ape] s tlole7t #ars 34 715S She Aozl mad &= 3l

Bl 5150] gashs 7710t AR Puee) = 51501 S710h= 7] it ARHPine) 22 WOl oW, BL= 5152 54

TREIA 51E0T 7 HRine) SFAH H2(Raee) ShE Bt M= AFESRE Gholth Table 32 o] Y UAIH 227 E] Aoj

Al Fdmo] ARPETE qofet Zolt,

4,
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.
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Fig. 2. Concepts of slope indices from punch penetration test
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Inc.

Inc.
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T: number of total points
I: number of incremental points

D: number of decremental points

P;p,c: Average increment period
Pgec: Average decrement period
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Rgec: Average force decremental rate
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Fig. 3. Brittleness indices from the result of punch penetration test (modified from Copur (1999))
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Table 3. Results of brittleness indices from punch penetration test

*

PSI PLI" MLI"

Rock type (Nmm)  (Nmm)  (KN/mm) Bl Bl Bl BL
Hwangdeung Granite 55.67 60.28 26.39 60.94 16.93 28.59 31.60
Asan gneiss-1 52.37 52.85 22.95 75.56 13.84 1226 23.11
Asan gneiss-2 37.87 3841 18.62 7322 11.97 25.98 46.57
Hudong granite 32,65 32.92 15.20 50.93 823 61.74 47.43
Sungnam gneiss 3175 4785 23.65 55.96 15.62 42.44 7927
Paldang gneiss 3931 4715 22.04 6721 11.80 45.01 43.07
Macheon Granite 2931 32.09 14.60 55.46 1229 41.59 47.14

"The data is from previous studies (Jeong et al., 2012, 2016)
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Table 4= FHAIZCIX ] 71e7] A5=e} slsHlol8] 7[REe] FAd T ete] /Al E Liehdl Zio]
Pearson “JHE(AZ<E: 95%)°l Ofel UEflileh YRk og waE 1] ARiARE Aol = A dTRAE vl
Pearson A2} ]/}j FHAAIE YFERH = Spearman Al o] S84t T 712 9] AAHAIG-E Foll BiaE Aol 9]
A B A AR At Al o] Aoigh Aol Ao diA| o] A e
od 9»191‘:]'. F3h - =Rolie TR FA S Aol 9] 7241 A A& A 0 2 shal §glo B = T Y
AFE U= Pearson A 3HAIE Aot A8 (Jeong et al., 2016)0f|4 245 73} Zro] Z¥2to] 71871 A
et A (Pearson A 0.7 oVHE 7HA= ZS o = et RFH 24740 71871 2)pet sksTo o] 7Tt
/3 &=(BIy, BL,, BLs, BLy) Ale|9] S HHAIE 241 Ak thaatt Zek 94 skslofel ol 71RIR F4 % 5 BL % Bt
et ol AE A= AL T 313‘4 BL:} Bly= TFE FP3 =0t 20] A TAIE 2=ttt A7H0.60 V%]
ZE0] AN 2 HH, PSI+= B, BL2F- 72t ARIAE BRI, PLISFMLI= BLEOF -9t o] A HiAE H eIt
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Table 4. Pearson’s correlation coefficient between slope and brittleness index from punch penetration test

PSI PLI MLI BI, Bl BI; Bl
PSI -
PLI 0.848 -
MLI 0.729 0.964 -
BI, 0.556 0.388 0.364 -
Bl 0.543 0.807 0.826 0.194 -
BI; -0.703 -0.572 -0.510 -0.822 -0.583 -
Bl4 -0.741 -0.315 -0.119 -0.528 0.022 0.522 -
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%ﬂ%ﬁﬂ(ﬂﬂe 1‘*_& AR 7FA19] #E F BL2FBI: 7 711 9] 285k ehiAl }%—8—& Hilstge

= 71E] o] 2f At F Al AR B QI TRt 7 leT Rl T IARR R RS 2 %&%0%4**44741
7k PE}L 71&9] ﬁ%?éﬂ(Yagiz, 2009, Jeong et al., 2016)°]] 7]5tsFA SlZ=to|Elo]| 7|5k H@E—G-Blzg}]ghﬂ-%ﬂﬂé
S50l E-8ol 7Fsd Ao Tt
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Fig. 4. Relationship between slope index and brittleness index obtained from punch penetration test
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5 o[t} 7129 JEAFE e} AT 0] AbgrAl o & AXtEE HAE Z BT} B,= AAT5(Singh, 1986, Goktan, 1991,
Altindag, 2002, Kahraman, 2002, Gong and Zhao, 2007, Mohammadi et al., 2015, Dursun and Gokay, 2016)°J|4] 42| o}
BEE Gk flo guta o= B-8E11 Qli= Aotk A 9] miaja-gat T FA T Ale] o] Al A AEellA LIt
EALE Qo MR AFSEE VSR Wo] HE|T Qlrk, B ol A IAHoA =EH AET F FA ekl A
TAR= Gk e Holal QA 2 Ao 2 nRo] Zoff, & AHEJ Z-gof thofii= AEAR] =2 e 7 o & yhctke
T} BHA, B2} By= All 719 71&71 A5t Bl A ot A TAE Gl e 9Lo ™, Fig. 6°lk=PLISHF 7H2] 343
zoto] TAIS A 0 2 TAEK) 339} B,2] Z-9<ll= B, 7t B, o} Hlwsto] AAtE B ARE 9o, Altindag(2003)-2 H]
o[ 2]7} B, ol whet vl 2] 0 2 Z7teh= RS 2=tk 7S H 115191, Yarali and Kahraman(2011)2] G0l 4= 2717
@AJo] Boll whe} BlAg A 0 2 Zlettyl 31Tt 0] % Ozfirat(2016) 2] Aol A= 94 o] 244 B, 9} B,oll Wt Z71
St FUR S B gk ul Gl A A AqEelke oA i ae-2 U= Blolv 2] 52 2X1213d2 Bs, By
o} HIHTAIE 7HIth= 43S Al BarE]w Qlck. A= F FA T =2 3k 7FASE oS mRafioh= Ao] o
The 24 ofask=d], ol2fgt AMd2 FIATRloA] AhE i Al7 =t East &eieielle] B ok 57ke-s Uetdli=71&

F

r

ol
%[
I
=]
Y
0,
]
i)

PA0) A Aot QX)she Blolct. 2 che] Zvlel @AV Bl 7R e Aot rol Zntzie B9t Bt hHe] 241
52 Bloked] Hate AT BeE,

Table 5. Pearson's correlation coefficient between slope index of punch penetration test and strength-based brittleness index

PSI PLI MLI B, B, B; B,
PSI -
PLI 0.848 -
MLI 0.729 0.975 -
B, 0.784 0.466 0.317 -
B, 0.640 0.226 0.060 0.938 -
B; 0.865 0.612 0.511 0.834 0.748 -
B, 0.749 0.584 0.529 0.570 0.485 0.927 -
30 1.0
25 4
P |
" 09 . o
5:1 20 1 //// fﬁ . ) .l
=2 " /// . 3 _—m
R=1 ~ R=| —
% 15 4 . o 308- - " R?=0.410
= = g R2=0.614 -
‘= 104 ¥ =
A . M =
0.7 4
n
54
0 T T T 1 0.6 T T T 1
20 30 40 50 60 20 30 40 50 60
Peak slope index, PSI (kN/mm) Peak slope index, PSI (kN/mm)
(a) B (b) B;

Fig. 5. Relationship between PSI from punch penetration test and strength-based brittleness index
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Fig. 5. Relationship between PSI from punch penetration test and strength-based brittleness index (continued)
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Fig. 6. Relationship between PLI from punch penetration test and strength-based brittleness index
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Table 6. Pearson’s correlation coefficient between brittleness index of punch penetration test and strength-based brittleness index

BI, Bl BI; Bl B, B Bs By
BI, -
Bl 0.194 -
Bl; -0.822 -0.583 -
Bl -0.528 0.022 0.522 -
B, 0.501 0.409 -0.714 -0.794 -
B 0.541 0.118 -0.612 -0.881 0.938 -
B; 0.811 0.432 -0.917 -0.728 0.834 0.748 -
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Fig. 7. Relationship between strength-based brittleness index and brittleness index from punch penetration test
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