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Abstract

Waterjet has been comprehensively used in urban areas owing to a suitable technique
for cutting concrete and rock, and low noise and vibration. Recently, the abrasive
waterjet technique has been adopted and applied by the Korea Atomic Energy
Research Institute to demolish concrete plugging without disturbing and damaging
In-situ Demonstration of Engineered Barrier System in the disposal research tunnel.
In this study, the use of abrasive waterjet in the tunnel was evaluated for practical
applicability and the existing cutting model was compared with the experimental
results. As a variable for waterjet cutting, multi-cutting, water flow rate, abrasive flow
rate, and standoff distance were selected for the diversity of analysis. As regarding the
practical application, the waterjet facilitated path selection for cutting the concrete
plugging and prevented additional disturbances in the periphery. The pump’s noise
at idling was 64.9 dB which is satisfied with the noise regulatory standard, but it
exceeded the standard at ejection to air and target concrete because the experiment was
performed in the tunnel space. The experimental result showed that the error between
the predicted and measured cutting volume was 12~13% for the first cut and 16% for
second cut. The standoff distance had a significant influence on the cutting depth and
width, and the error tended to decrease with decrement of standoff distance.
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71 HH9E W ¥ th(Hashish, 1984; 1989). o|¢ Hie}l @ gjm A TAA T F&Fo] 74l Tat 1,000 MPa
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al., 2017; Huang et al., 2017; Chen et al., 2019). SIuFA] QJE|ALS W5 71, A28 AA7E =, dAt7lo)z
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8 2 A Az o] Edof| whet 11 dejrt ohEA| vehdth E3 2 Ev oAt 22 F5 s wh wiAY

<

]1

O

154 Journal of Korean Tunnelling and Underground Space Association



Concrete plug cutting using abrasive waterjet in the disposal research tunnel

Z-2 7} (Karakurt et al., 2012; Oh and Cho, 2016; Hlavéa¢ et al., 2017), 3 (Engin et al., 2013; Momber, 2014)
S A=o] B/l T2 23S gt o, AlRbA B4 Ko A B9t 7t @ E o] AR Al A B-g
o] oj2f- Aok, HhA o 2] HE W 2lof A =S alefsto] 7 A= A7 (erosion) E> A& 2t
i o] /8= o7 alelstl om, AnpAe] 71, E@ J= TN BA G IS 4 ot
(Cha et al., 2019). A& A RO] Hej= off2] HE H2lof| whet o] o |7} AleE AlAsk: 4
(work) = et AJrj] ol whE A= o] A= v o= th(Fig. 1). & BE2 2o, Wixnt= -5
oj Rt A e = AFHAAR A AF2 FEP Aot v EAS 2 240 B FF 2ol 9
T 2 7] whze] o] 24 Rdle 27 Bl e REds]] Al Elofof it ofuA] HE WA uk] Ase
HiERo & A|oHe RelE2 AeS Fofl ¥ olvA] ma = AS Betsliitt i E2]Q] a8/ &= erosion
model constant (El-Domiaty and Abdel-Rahman, 1997), constant efficiency coefficient (Zeng and Kim, 1996)
Fhglow], ¥ i B4tk 210 AR A0S Mo R BRASE Foka dEwolof gt

JN'

=

|t A E AT Aol A= Fuiof] fIxIgH ZobAREATAA(KAERI Underground Research Tunnel,

NEAE N2 DA @A EAS sl uF gl A

KURT, Fig. 2; Kim et al., 2017)°]|4] A}-8-53Y oS
SATZ AEFAATE IS A2 o =T T sht=A AT Z[5ke] FAJSH efdto] F-obal v}

A o g 4 o Tlde 480t ARgS el =mE A7 IR AP A7 E 71eelH. 201 IL%ﬂ R

S HEA|AHIQI A-KRS (Advanced Korean Reference Repository System) 2] 27174744 452 sl 20164
o] FEFAHPH A A’ A-4=2]-5H BT 5 FAFAIY(In-situ Demonstration of Engineered Barrier System,

In-DEBS)2 5~385F1thKim et al., 2019). In-DEBS= 4| A|AH] 14 @ A5 F5HA] ;i g A5kl A|2ks}
o] KURT| A=[5}31E In-DEBS+ 2178 860 mm 2] A A 2501 5|8-87], 54 &5, AAE Letet dAIF

A Z]E(One-body pre-assembly, OBPA)©] AX|F F+Zo|th(Fig. 3). In-DEBSE= &G--2]-9512] Bolr5EA4
vER Y] 7]astH & 9ol 517 A o &2 2P = L0 ™ 2021 8 el 2HAS] s = Ik In-DEBS
A= & 7t & FRAIE K-COIN (KURT Coupled interaction In-situ Test of Engineered Barrier
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System) A 2 A|&7]& H-F 915 HlolEH 555 FA 0 & Stk AREd AN Eol e A
A H FHAR R 2 EE } %LE“E‘ X171 G2E ohH, In-DEBS A= FAa-S o] o7 el el &A1
£ YHloh= 8= ARSI Fig. 37} 0] OBPA ol 912|161 eh5A)| o] gk d-aat Alok-2] f-5-& e
t}. In-DEBS iA1= A T OA|2 2S5 9lrk. 11 % 232 E 22|71 o7l 2 A =24] OBPA QI A
S Al2H=l oA B 3 o] o R x]H, T WA dA oA = e Alet S Aol iRt AR AS AR &
A2 E E2171 sj4] Alofli= In-DEBS Wi5-0] $H5A7t wits] 2] grotof sh AlA] Aol Bt} B EZ} /44w oF
ofof gt YHHA O & FH 2| EQ} of AT E upafof fo] AREE= Beflo]7)+= In-DEBS siiAf|oll ZelslA] oiet.
I:Ll]-qi HHZ}JE ZEJ/}JI- ﬁ_E,_ /\-];Ho] _Q_O]o]-o:] X]—oH /ﬂE_ﬂ;_q__g ﬂﬂbﬂ- P o]_o_nq ;(4/\1-1:' 7~kﬂoﬂ ]. -10 © &
= 71512 ot ARt ek 2] ok o B w Rt 7|& & whekEch T3k, 2 32 A o] 89 2
o] AF-0 2 tde] Aol Adglo] Aol 22 Aol Holuheh webd, E32E S2| 1 siA|oli= HEA
THE HE2 k= 7|AA 22 FHE AASI o H, AIEA el YRR 22 E E8 08 ARG R
HeAl o 2 AR 5 EAE A7) = 2 mafstlThFig. 4).

2 A= AT YEAS -850 In-DEBS A|&A|9] =4 glo] ZA2E E21 715 st =M Bl Y]
npAf] el ] B8-S Bl 7| ol 7 A4t REE YA 0 = AEohH Hekohs Zlo] F3Folrt.
] e Al A5 29 F e, S E S790te] B'E Ul ArpAl] el o83t AR E HAke] A
AESIT T3t A8 Aol &2 AnpAf] fIEAe] XA 2710 2 AwEd HollA EAE &1
slglom, gk oqu} § =912 o] AAE](Standoff distance, SOD), 12|11 HH H A} of Hoj| whe} At
B7Foleict. S5 At e A Aol A Aljtel Al oIS e} s = B weke] 0w @ 1}0]
A5k 041% dlo] o] Bt SRS Bl s o] 88745 Frohe HiEol E Ao & 7=, EA4H
210 Rl % oS H JHof g-8-d Aolth
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Fig. 2. KAERI underground research tunnel (KURT) for engineering scale test (Kim et al., 2017)
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Fig. 3. One-body pre-assembly for In-DEBS in KURT
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» S;cep 1. Waterjet cuttingj ‘ Step 2: Mechanical breaking

Fig. 4. Conceptual illustration for concrete plug demonstration using waterjet assistance

2, 0|22 HiF

& EAM

2.1 l0ffe] 7j S

1&:0] o] Ofel] 715 Anp=
force, 7,)0] ZF8-Et(Fig. 5). 7F52-2 FA7F QuERE Holdl= Aol §A419] 55K (v, « m,) =25 E]
AP} Bl v,) wEo] 11l siidohe Aupl-fAe] Agztele] ool AR AnArt 4% 25
Felo] £ (4,0l 2-85hH, Qi 7Ent 2717 Aok

(streamlined motion)= & | &

752 (external acceleration force, £, )} ©]of| A1Qoh= 2 (drag

dv, 1
pt:_od(vf,t_vm)Ad 2 Pf:Fz (1)
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I 55 242 SO0 vy, 4 AR SR 599 S, ek
(drag coefficient)©|t}. o] THAIE A7 £ 2 Bk, A7E0 secoll A 7HEEIA] &2 AvkAl £2710
m/so B HEAS Aaksln olojo] 3t (:Z_]—(t) QnpAfe] &= TR} 720] LheRd 4+ QIcHCha et al., 2019).

my, 4(Pp_0/)
v, =V - - 1— 2
pt f’o[muﬁrmaj( pre Cypovpg e t+d, @

A7|A, v, o AuHAZ 71 E]] o1 e] 27] Gl £, m, B 5, m, = AU FUH, d, = S A7
olek 7] 19 52 iobale} 3 ETHES 50 2 W] el AighakE b 18] A
= o2} Zo] TAHTHMomber, 1998).

Up,t (3)

Vrt = Vo0
w

A1 3)Z FAPT AUEE 7155 s AEoto] At @407, Akt 7 RS E o
I (terminal velocity)©l] ©]2+= 7S 2 LeRict
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Fig. 5. Particle motion in water flow and acceleration

2 72 0HA|ef ZA 2

71455 AupA Yabs 2 FoU 1S 7 AubAl] QA7 A RS AASEE D(work)2 A& 2] gt o] g
= LR 5 IthMomber, 1998). Wb @ dAnpAo] fa HA} o[|2|( £, )= A& o] Aol ke B eH]
(H,/H,)g J1=loto] thgatt o] ALK Zhu et al., 2009).

md,p, v,

E, = —5—0/(+ /H/[H,)) (4)

oA7|A, H, 9t H,= 77t AubAle] &= Vickers hardnessE AME-SFTH(Cha et al., 2019).
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AR o] o HR7F Al A A S| D= Hekd u, AA" gide] Ful( v, )= AR od | HiRict,

dv,

r

dE

e

dt o dt ©)

A a9 7h7 Foll 4gstn] 97408 MR H(units: kefen?) ek, AL A S
7H00] F w7 Azl e 7hoke e 5, o] e A7 A7) Hb/2; Fig. 1) Zlol2 AL 7
55 A 4 Qlck webA A ()= AR} A] (4)0] St AT olul A 2 RE] het o] b 4 9k

ﬂ—ddp[l [)
201+ \/H,/H,)

SV Hd, = ©)

A (6) 22 E Ao A2 AA R (v, = Aupet e B P TR, 4 )elHe] At
&8 F8F 2N fARE AT 29 22717 9% 5 2lrk(Chaetal , 2019).

33/23
d P

7’OC
H,(1+ ¢ H,/H,)

@)

ArtA F-2]Fabrasive flow rate)= T FQAH AupA] F Aedold, Yi(d, )2t HISp,) S =7 E T
2 inbae] ke & 4 o] W, BN SE oK Qb Aol AN, 1S 4 sk b )
o A PR et T EA Ful(V, )= v 2o] e TH(Cha et al., 2021).

6rﬁat Gme?) Syt

:vr “
r wdf,pp mH, (1+ \/Ht/Hp)“’

=
=

®)

2.3 232|E| Zxot A 2|

£21E 3} A e T s 4 el 225 At 4 lUr FaEa
7] Bt =) 2] ¢Fo L, WA & A3 (rebound hardness test)< U= EE T4 Yol AFS-HthKim et
al., 2009). 77U EsfiH Alel2 thEAQ] Wb T A|g 0 = THASH 4] 9] H]”JM 74/\@%%?%%3 of| =3l
EHZE R A 27 2710 el 2 84 gto] 2 7ol Helks o] IEKKim and Milstein, 1987
Igarashi et al., 1996). Fig. 6= 2|H-2E & 58t HH 57 o] /g olrt. HH7 Lo A= F7}of

n:nSL
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 yhato]o uhaA4-5 o) RV oh Q1% A o) PAS Lebd 4 Slek(Szilagyi etal., 2015), W A
B o] ofet o] elehgmek ol Az o] Aol ket dAlao] 2w 4] (5)9H A7 S,
AL ol A B A1E ) SiEiehalbAl R S5 koo she A g5 ale, ol Al
o]

=
of gl that A@A ATREE AGhE, TAR)E SEE(f,)9 AR PAl] ARAS A8 RS 5

SFTH Winslow, 1984; Jung et al., 1994; Momber, 2014).

H, =20.2f,+277 )

Fig. 6. Test mechanism of rebound surface hardness

w

Bag A8 Y 2

=

3.1 38 A4

In-DEBS 9] 232 E 22|71 £0|% 600 mm= AM 400 mm7H] YEIAS S86f Z2talgl 11, mhajzrel ol
&S 1Eoto] A 400 mm=28]= UHro] Z12F 200 mmA AASIGIEE AR H = 5 URACAAL]
124.8 kW (167.4 HP) 28] I 2|t} 340 MPa2] 145 2325 L2 A 4= 9t} 3= KURTWH
2 G AolrE ARSI o H, HiLel fIEjAl o5 AE FA] 23] flofl -1 AEEHE AlRtel &
B3Itk oA = AR QIR F o] 2R AdEof A 243 mnys, ) 17 mnys o] £ = LJEA SIEE
olF& 4= glom 1YY Aol 2ol AAF1r o= o)F 9 Hi2|ot{THFig. 7). Pyrope EF19] QIEAt A
(garnet)©] Aol =2 A= QITE 7= 7.5 (Moh’s scale)©|™ Vickers scale = $H:FSHH 1,350 Hvolal, A
210 ) FTE 3,94 g/em’ © & S E QT Table 1). In-DEBS 232 E 28| 12 A |3 FA| A& FAA|
O] A== 24 MPaol™ 4] (8)25E] 761.8 Hve] =7t A= ATt
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Fig. 7. Setup for concrete plug cutting using high pressure waterjet

Table 1. Abrasive properties used for concrete plug cutting

Type Hardness (Hv) Weight density (g/cm’) Mesh size Component
Pyrope garnet 1,350 3.94 #30~40 Mg;Al(Si04);

ZAYE 21 o= BE AREShe < YAl (pure waterjet) ¥ AREA] 1B ARSI 0H,
JiH%@H%Mﬂ°&6wﬁaﬂ§mﬁwmw@#ﬂ5%ﬂ1 < slufaheiA] Q1 Ao
FetAew *WOPﬂUr AE EA A =E %‘:% AR FEoto] B715H= o, BE baol A
ubA Q1A A4} tiatolchFig. 8). BETbaollA] 4w AulAf $JEjAl Aat Avke Hk2 8150} Hiolof wla}
T-E51cE BEL 121 EA 3(Case 1; C1), 22F A (Case 2; C2)5H311, b3S @ 2w AS wA|5He] A2 o
ZLRo [k A lﬂ A2K(Case 3; C3)5t31. 2™ AAF=A=C1 - C2 - C3°|t}. =300 MPal] ¢}E oz A
AolRal 2t A 2 2] - water flow rate)< 288 (C1&C2), 245 (C3) mL/se]t}. Aupaf o] FlaK abrasive flow

rate)> A4 & %V—\J.J A9 479 5507 QIgt Venturi-suction.2.% ZA = ™H(Nanduri et al., 2002), £ A+
e AT TR FUE RS SHEIE ARSI ATA o2 fo] 2 BE(C1&C2)2> 80 g/s,
b3Y(C3)2> 71 g/s&= A= olFE(traverse rate)= oL A|7} leZ &)= Akl tigt Mz 2 A olx=
11.5 mm/s2Z FLoI3Att oA 72](Standoff distance, SOD) = Alo] EE] = 7 A(focus) HollA Aa thir
7H10) A2, Sabe o] 2t HAto] mhE S E WA 57} 8 AT o] 7ol 4 2 A viAE
Q1zto|thRamulu and Arola, 1994). 2 A2 -gof|= 23 2| E 281 BH | =o|7} Bt Asle] 44 78]
2 gAg 5 glo] ZF AR 0] F o] AAZE 45 mm7 T H == AT $2 B25 Aol Ze 1o Ao
2 QI8 FARl /M 01427} 77 AL, BE-L 2920 mm, 245 mm, b2 30 mmollA 45 mm
o] o]AAEE BRIt} mehA, o] AFle] 30 W= RRHC1-03), AuR FUHC1-C3), ¥EEEANC1-C2),
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:Leqz SODO|E(Table 2). W} @] AAPA R} WA= Q1 47} Aol At Zo], £& Z4gsteon, 4

m= B4 Ak aefsle] Ataleitt C1t 3 o] ARrt AR BbEe 2 AR v 4 A
= A5ck, T4, YIE3 B4 SN2 5 E 3 m Fol A elA] HIe] o), BEEA, BAL A 247e] &
28 ZAste] Al2ge] i U] 4842 Bk

o 4m

no (11—t

Fig. 8. Cutting path for preventing part damage

Table 2. Cutting cases and details of waterjet system operation

Test case Case 1 (C1) Case 2 (C2) Case 3 (C3)
Line B B b

Pressure (MPa) 300 300 300
fz;fz;n Orifice diameter (mm) 08 08 0.75

Focus length (mm) 120 120 120
Operational | Traverse rate (mm/s) 11.5 11.5 11.5
setting Standoff distance (mm) 20~45 20~45 10~45
System Water flow rate (mL/s) 288 288 245
variables Abrasive flow rate (g/s) 80 80 71
Note Repeated cutting over C1

S STEVAIT} AnkA) 1AL 2 At Za P E Bl Fig, 09t 2 IR Fo] AL A

o] #7822 75k 7] th2o] In-DEBS A@ﬂw QA Aok} ElE L4 glo] Batstgon] 2
%@(Kem At awglch, Qb AL AL S BT AR 4 63 B4 Bikeg, o,
d, e, F)HTHZo] | YT, Fig. 102 SODO] %é—@ 917 8 A} o], Z& Holzr}. m]E] of
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Measuring point Measuring point
(@ (b) C2
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Fig. 10. Cutting depth, width and SOD for measuring point on cutting path

/T A A 0] PREe R ZF AR E THE Ak BT, 52 SODeJA = 2-AnkA 232
Elo] A} Fo) F7tstu, ofuiz|e] wxjo] woba] A} Zlo| At mehA] ZH R E S0 &
e Qs

3o =
S5 SOD7} ot 44 Zlol7} mirk An] E& 2] e, olejg 44 -S0De] T

o)
;g
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Ale W= HA 7 2ol A AFSHA YRt ‘?_}E? 7‘4*}94 A= C12FC29A YEf=t| C1el Hlel C2+= B
165.4% 2] A} Z]o]5 HQltk, HAL 5ol HHE: S14=0] vlj-22 FEhA] 9= o= 4138 EATo & <18l SOD
7hZ7tetH, Falzte o] EA FHI = <ok UVH—J YAFZ o] HAshr| whiEQl 2 0 = wekE ], Anfaf 9]
Al A5 A  FFe o HAAA == AR 0 2 90k oA 24 Ad5-S HJATHMomber and
Kovacevic, 1997). C12] Z|oj], &4 AT 71017} 14.5%2] 2jo]E Holi=1tH QA HAF 92} Q210 2 o
= Qlof] HHE Aol oJ/t C2+= 21.6%2] Afo|E Helh A @218 Q10 2= 498 AL 3pHol A 42 G4
(Water film effect; Yong and Kovacevic, 1997), SOD S7et H Akt ] &2 ATHH(Oh et al., 2021), jet
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Fig. 11. Noise at a distance of 3 m from cutting position
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Fig. 13. Experimental and theoretical result of concrete plug cutting using abrasive waterjet
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