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Abstract

In this study, we investigated the wear measurement methods for slurry pipe applied
in the field of mining and oil sand industry and theoretical equations related to the
prediction of wear in slurry pipe through literature review. Average daily wear rate and
wear rate per excavated distance were determined from slurry discharge pipe thickness
measurement data periodically measured at the actual slurry shield TBM site in
Singapore. The wear rate of slurry pipe for Bukit Timah Granite was obtained. The
wear rates for G (V) grade and mixed zone were 1.5 times higher than that of G (I) to
G (IV) grade. Slurry pipe wear rate tends to increase in proportion to the slurry
discharge velocity. The optimal slurry pipe replacement or rotation frequency can be
estimated through the selection of the pipe wear rate considering geological condition
and the reasonable pipe management thickness.
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o] Hlsto] T71she e HAT &5 AHFEA ' o = npiL e} 912 2)Q] el e A& Fotod Kt 2ok 52 ot
o|me] WA 8l ol 7S AT 4 Al Aoz T

At 2719 of-5hA] B doluh =2t g RHkE o] ERlAHte] 79 S2fe] = TBM FHo] A-85= 73
S7HE. £212] 2= TBM2 7190 288 Teks FAIsks Hl ARgsH, 22Hd HEle i e o8¢
= &22]7F AR8-EIThRoh et al., 2012; Park et al., 2016; Duhme and Tatzki, 2015).
2= TBM 3AIA B Al-59] =9 5291 Z2H(excavation)t Al THE /22| (ring building)< A 2]et &
= AIHE tREF(downtime) 22 A 0J5tal Qlek A2AHE0] 47122 & TBM 2974 ¥l SJobH t A3 A
B 9] WA 9 A AAR}L 2] S ol= A E]ol| = QIEHld(cutterhead intervention)©] TRXEFQI O] 7FE 2 H&-
2 A5k glon, aefe] S5 1 Helo] Bt cheelglo] 1 the-o ApAlst ek
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2. &2{2| ojo|= oj2 2 =X

Selg] mo|zo] nRE vedt £ 4 Wl 78R SAEHIE 53 AH AlS WH(direct
measurement methods) 2t &2 2] Tho| LO| A 55 A uf A 7|of| F2fsto] A il
AR vt HLE AlSohs mfo| T E2-¢ T AW (pipe flow-loop tests), 2{2]2] A7 o] 5o 2
QIR R8-S W AFsH= A3 HItH(accelerated testing methods) 5°] ATk TF2-2] Fig. 19 ZF Al Hof| tigh

A 27 e ik

Direct Measurement . Accelerated Testing
Methods Pipe Flow-loop Tests Methods

—[ Ultrasonic gauging BHRATo_rrZiSq(aI piheel l Miller Test l
Weighing Surface PCCE Toroidal Wheel
Metrology Test l Warman Test l

Electrical Capacitance

—[ Neutron irradiation ] USBM Test l

—[ Nucleonic gauging

Fig. 1. Test method for slurry pipe wear

il
-
il

2]
7R mo| o] A S0 7Fe sttt o] ol A= HH nhE S, S/ B A7) S, A0 S ol 8

o] 9Jtk(Henday, 1988).

AR AS Y T ek o2 7P ARSSE | -Bolt W2 25357 (utrasonic gauging) 2= 0.01 mm
=

2200|1E S22 2L A

BHRA Toroidal Wheel Test= 1R ekS 451114} 51 ThAl 712] 2415 mfo] IS Fig 29} o] AAs}1L
0] 173 71 el 2 ALk A AR T 17 3.2 molel 216 6 mise] S 2 S 4171 F, o A
7o} mol o] S 24 ANE 715510 A% vl AEsR= AlF PHOITBHRA, 2015). PCCE
Toroidal Wheel Test+= 12 =72 213t 47]2] A|@H(plate) & S|HA ol F&l6kal SJAAE V-beltZ o] R 7 A
SIS F510] 1 - 6 misec 217H HIS}E Fo] U Al Fol Alglte] S 2L Bt b Ak Al )

HolthFig. 3).
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Fig. 2. BHRA toroidal wheel test apparatus

Fig. 3. PCCE toroidal wheel test apparatus
2.3 7153 Al B

WA AT

= Ao, SJAAIE o8]t v eF AHHol i), S8E] 252
SRtutR = AlE o A o] 702 o] F BAFRE A © 2= T34 © 2 Miller Test, Warman
Test, USBM Test 5= & 5= Tt

Fig. 42} Zo] Miller Test2] 74-¢ 2|41

SeE]o] = Q]
Hl(metal block)7} £ 48%]

5 21RO

N5 EARRS APYohE AlF. 22 200 mm AlH
X 25, F 165 48] Al S AAGH S, 3
A AIRES A3 4= Atk Miller, 1974).

FEEe Sote] A Al ot

Dead Weight & Holder

Pivoted Reciprocating Arm

o]

Y =
m [ P
[

|
Metal Block Slurry Sample

Fig. 4. Miller test apparatus

2~

E21 S22 YA Uil
APgoh= HHo|th(Huggett and

Warman Test+= TH2- Fig. 52} 20| 2174 120 mm 2] 6'HS] AFAIIAE A
A 90AIZE E3F - 83]ol AA AlF T AIE

Ale] #AE 245t vhREg
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Walker, 1988).

HER]EEC = USBM Test+= Fig. 63 o] £212] SHE o83t &8]2] FYTAS ARESIol L, Efol gl 7]
o] 2] 31of ofet 22 o] {50 & HHof| A} 8710 AldA| O] iR ke SA4oto] mi e 4P sh= A e
o]th(Cooke and Johnson, 1999).

Sliding Bed
Cooling
Water
!
Sl
o k
. F
e S
Impeller Slurry Flow
‘l."'-‘.l — Recta_ngular
=. i Specimen
\ . I Specimen
S - ‘ Holder
i—' Exploded View of Tester
Fig. 6. USBM test apparatus
H= S e 2

A 2705 el A 5 & A
2 Ao|e] 2 Aol ALgH Zeofe] wolm 57 AE 28uSA A4S o] gl 24
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3. £2{2] To|= opRojl B O] 2 A

mfo]| I Y| Fof| o} 55= S 2]of| ot ni-E AFYSh=T] oA X4 AL (deposition velocity) S 112
Sflok gttt &) 458 A AAEE oifo 2 @& T O R Eojo sl o] £ 7|Fo R AE}O]
H(sliding wear)”} ' #A8R ). o]ef yhedsto] mpo| L o] i} Safe] JRke] EAdo] mE X4 4]
2 6 2 A+E5IATh A, Durand and Condolios (1952)+= 22| Tto| o] (D), S22 4
of| gt 14 W o] H]-&(s) T} mEE<=A(friction loss) 2] BAIRRE 2|4 HA&L S JI5H= A]

_, oL

v=F;\/2gD(s—1) (D

Aq71A, v FA HHEEO|Y, o= FEIEEolL nEEEA(F) )2 BiEEE S22 o] T Ajof tigh Huli g
(C) A=) Z7)(d)yoll tigt ==& 1 ghe ok Fig. 71} 2t

Volume Fraction Solids C

0 L |
0 1 2

w

Particle Size, d, mm

Fig. 7. Frictional loss as a function of particle size and volume fraction solids

Durand 2] A1-& Q12}o] 2170] 3 mmolste] FUst &a]a] Lol 2 A-er)= 7] 0 2 oHL7IS Evlsl=
&2]2] 4= TBMO|| HIE 28517 o]l o] et

Oroskar and Turian (1980)= @ Y517] k-2 RIS b5k Laja]df tis) 4 LTS 81} o] A
ctefsick
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:{50(1—0)27"*‘( )[D\/gd—]l/g( )}8/15 gd(s—1) )

A7, m 2 I Ie(settling velocity) Al d& U] Bt 27, 7€ AAEES] gholtt. ©1F m2 Fig.

8(a), Z= Fig. 8(b)2 &= qJct.
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(a) settling velocity exponent /mas a function of  (b) Function Zas a function of w/wo, where w = hindered
particle Reynolds number 7 settling velocity of solid particle in slurry and wo = settling
velocity of single particle in suspending liquid

Fig. 8. settling velocity exponent /m and function 2

&efg] oo o] nfi= Uukd 0 2 SefE] LEFEL(V), 2R E AR X (hardness), AAH] 271, YAF
o] RulRgu} THAIQl= 7 0 2 ¢elA] glom theo] A] (3)1} Zo] HAS 4 gltk(Kawashima, 1978).

Wear co V" 3
A71A, Al n2 ST 2] mo| Lo A= 1~4 Afo] 9] gh 7RI AL, Y B = 2.2-3 Aol e TR = AL
2 dEA Sl A 3)2 ntr Heeo] 25550 Hekeg o] e e

191
Bergeron (1950)= Z2je] mo] o] nmis Zele] @545V o] 341E, Sl2] 2t 27 (d)2] 3715 vl
Aeteh slglom The 4] (4)eh 2ok

Wearco I/3(ps - pl)d3 pk 4)

A7, p= EHE] AAVRES] B, p 2 28] AV B, p= THHEAT IAYAR] A, ke 2L
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Ate] mhzet PR e Aolet
Karabelas (1978)+= A v e mm/year) & S82] YA 2741 S2i8] 25500 T2 t}20] 4]
(5)2F o] Al

Wear (mm/year) = 6.1d> V37 5)

oA71A, d= <= 0‘1} 272 e mmoly, Ve S2fd] 2FEER e m/solth
ool a7l tiE o] &2 wto| & npiel Pl o 2AE2 3Fate v L YAHE Zopo] ARl =E
Ao, g=jel d TBMA AeARIERH mEd o242 /i3l

4, AZASA=E ¢ 22| Oo|Z 0L ol

=2
”7}5&2 000 &2 &= TBMAo|A BlEo] viE=h= &g oo o] =715 F7]|2 0 2 Z7ste] nf
S mefstgit. & @ollA ARSEISE SelE] oo = 217 20.32 em (8 inch), 2°] 6 m, F7] 13 mm ]
°*Eﬂﬂﬂﬂﬁ Eazio 2 it o2 2 i=350°C ofot R 1.0~9.8 MPa 2] Hlj ol ARSE]H, 401k K
o9 F71, ASUE B, A4S i Soll = AR =T Qlrk
Zo]g] gho| X 5/ =4 QA= 2= AsPHIgRS 7|50 2 10| T H Front, Middle, Rear2] 330 2 FHH5}o]
7l on, 7 $1X= o Fig. 99 o] BiE] viE= QIR vty 7hg uho] dhgsh= o) 1 i o] 71t
sh 2| olH, 7 gH|= oA g3t Hiet o] ZEE 233} 7474 (ultrasonic gauging)S A5
2 @7o] A]4E2A-2 Bukit Timah Granite © & G (I)~G (V), G (I)/G (V) 2] B8t 5 choket oL 7ks =
2ol om, TBMO] A3 AE=19%12]0]12, tAT 78] FA-2 85 mmo|th. &2 HIEUo|Eo| thelgake
1.04~1.27 ton/m’ O] & 1.16 ton/m’©] 11 {2} 2] THFSEEE- 1.14~1.29 ton/m’©]™ -2 1.23 ton/m’ 0] ]k

- L Slurry Discharge Pipe (8") 5’"”79"5‘?"‘%
TBM O T . >
; 4

Excavation F e i
Front Middle Rear Slurry Discharge Pipe =—>

{ Watti .
Y AL

Measuring
point

Fig. 9. Slurry pipe thickness measuring point
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SN 159 48 129700 8748olm, 15321 m) Tkt 2124 S1A1ef] shefsi el aolao) =
e Zgstgict

4.1 22| mjo| = Op=2 ¥

Fig. 102 A= 1o 7] & A THE 2ol 602 (ring) YA 24 % 2 vrehigich 13
o| o] A SAA o] Zatelol whet 3 EolEtit o= Al o] HH S ASH Sk Al%0]

A1) 2|2 2213 Atolof| A mho] E wASEAL Aoll7] A7 el B HAofl A whol 2E 3513
o= oulRit. i Aol A= who] o] Aol | & Fdistel] floiA= thel 12002 3]st ARBSIGITE &
A3t A= o] oJehA mo | FA7F6.2+1.0 mm HSES wl mho| o] wH| Z-2 3)o] Hglom, T 7= Bt
207 115+13Y 2 LEPITE

——APO1 Front
-=AP60 Front
-+AP120 Front
—AP180 Front
~=AP240 Front
-=-AP300 Front
——AP360 Front
—AP420 Front
AP480 Front
~+-AP540 Front
-=-AP600 Front

Pipe thickness [mm]

AP660 Front
AP720 Front

Tunning or Replacement Period H AP780 Front
i AP840 Front
—m—‘ AP900 Front

2015-04-14
2015-04-28
2015-05-42---=========~
2015-05-26
2015-06-09
2015-06-23
2015-07-07
2015-07-21
2015-08-04
2015-09-01
2015-09-15
2015-09-29
2015-10-13
2015-10-27
2015-11-10
2015-11-24
2015-12-08

® 2015-08-18

Dat

Fig. 10. Slurry pipe thickness measurement

T3t &g mo] o] Y niRgat Z2A 2 nhR-g 1211 IR aiRE-E& AFgste] Fig. 110] Urer
. YUY ulR-g-2 Bt 0.055+0.048 mm/day 2 4> 0.011 mm/day©llA] ]t 0.243 mm/day”7FA] LRt
2272 082 3 0.017+0.016 mm/mE 2|4 0.002 mm/mof| A4 |l 0.087 mm/m7HA] YreptT, =2t
2 0l H-8-2 H 0.024 mm/ring 22 |4 0.003 mm/ringol| A4 |t 0.121 mm/ring77]'?<] yepdth 54 =4
Front, Middle, Rear 2] 33L0|¢].0H, ZF BHofx o] 227 a]ed uf-8-2 H4 0.017 mm/m,
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0.016 mm/m, 0.018 mm/m = L xto| L 1 7 fixJof| tiet nfi-&-0] 2ol = nm|siral £ 4= A7t

0.06

0.05 -+

0.04 -

0.024

Wear rate

0.02 -

0.01 -~

T T 1
wear rate per day[mm/day]  wear rate per excavated  wear rate per ring [mm/ring]
length[mm/m]

Fig. 11. Slurry pipe wear rate

Bukit Timah Granite®] F-2F5woll The Z2A 2 1811 22T vk &2 th5-9] Table 17} £t
G ()~G (IV)9] 45t SgA oA o] npi-8-& 7 9] FAsHAL 2 2fol7} glom, Eoldt gt 4.2 F3HE
7RG (V) TEAEHE G (I)~G (V)&] FAE|A S aii-go] G ()~G (1V) 2] Ayt SgA]re] HslAl
1540 =7 Yegths dolth G (V) S8ANE #2 o] tiiio] 53ero] 4] (feldspar)©] 2 31 2 S
2 A Aol 719 iR gt o ol2ftt g yrtEe] Refuh HE O] H|R wo] o] 5o 2 94y
THA] o] I sltto] Hl WA FASsHA| nh gt §HH G (1)~G (IV) 2] it -5-F A9t A= w2 o] tiEo] of
Ho| P2 5] A g o] YRTto] LeF o] mpo| i 1 F-Eof| ot uti st F2 dojuA Fof G (V)55 A
gto] Bjsf mto| e} ghuba upR = ShEo] At 0 2 A He. o]2fgh AR /ISl G (V) 53N 2 E3t
Z[gtol| A o] npr-go] v & 21 0 & wiEc).

Table 1. Slurry pipe wear rate with respect to weathering grade of Bukit Timah Granite

) Wear rate per excavated length [mm/m] Wear rate per ring [mm/ring]
Weathering grade — —
Average Standard deviation Average Standard deviation
G(I) 0.016 0.019 0.023 0.027
G(ID) 0.016 0.024 0.023 0.034
G(I1I) 0.016 0.021 0.022 0.029
G(1V) 0.012 0.011 0.017 0.015
G(V) 0.021 0.025 0.030 0.036
Mixed zone (G(IID~(G(V)) 0.024 0.026 0.034 0.037

66 Journal of Korean Tunnelling and Underground Space Association



A study on the discharge pipes wear of slurry shield TBM in rock strata

Fig. 12¢]) wto] L 77}k 2735 2 91410 w2 227e)5 kg2 ehRolch TBME 22 F 54712
AR = W57k 37 RICR: 21 TBMIH IR 212 olnlgick. Fig, 12974 i vlol o] Q47
1}

%

ofchulRgo] Z71eks e Bolm, 7N 0 R TRM 71712 $IAlolHe] uhgo] o & A0 2 Uet
o}, ol YT S TS HiBl0] o] 5 AR/ S7HEE G AR Hh7} o] Sk 20| nfo
L giabo 2 g,

Sk SRR = 9Jx))elA S nhgo] A7tel T WSS Fig. 130 UEhglet. ARlo] AnkE4E
nhg 7 A4she A9 BELom T ofgs glollx] ARt 24l Aol 1 2o @ gekeick

i}

0.025

0.020

¢ e * ¢

0.015

0.010

0.005

Wear rate per excavated distance [mm/m)]

0.000 T T T T T T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300 330 360 390

Ring number

Fig. 12. Slurry pipe wear rate with respect to measuring location

0.030

0.025

0.020

0.015 *

0.010 2

0.005

Wear rate per excavated distance [mm/m]

0.000 T T T T T T 1
Feb-15 Apr-15 May-15 Jul-15 Sep-15 Oct-15 Dec-15 Jan-16

Date

Fig. 13. Slurry pipe wear rate at ring number 1 with respect to measuring date
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4.2 g2f2| & S0 IIo| T 02 g

ofl

| S2fE] REEEE 34 m/is 2 FAIE oM, S21E] RSt iR E ] Al A 3)= ©l
Che0] Fig. 149} 2. npig&-2 522 250 vlElsto] S71ske = B A< 12.99
Tl A=A g 1~40] BIsA 3.25~12.998 A HEFT. ZA ATl 285 A E Aelle A
v A TR 27719 2] AR EEF oM REFEEE 2~6 m/sE TRt HEH
ToME AR 2717 Et e REE I 3~4 m/s O] AIRH oA Ao 2l 7Rt A o =
3t Fig. 1500 A2 J2EAIE AAISIA e t=2] 4] (6)7F L.

g-l‘_',
filo
e 8

Mo o
ofr el
ol

10

2 M U oo

RS

-

>
U
i
H

0.1

0.08
0.07
0.06

0.05

log1o(y)=-9.076+12.99l0g;o(x); R2=0.49 | .

0.04

0.03

0.01

0.008
0.007
0.006

0.005

Wear rate per excavated distance [mm/m]

Slurry discharge velocity [m/s]

Fig. 14. Correlation between wear rate and slurry discharge velocity in log-log scale

0.09

log1o(y)=-17.83+4.388x; R? = 0.69 |

0.08

0.07

Wear rate per excavated distance [mm/m]

348 351 354 357 36 363 366 369 372 375 378 3.81
Slurry discharge velocity [m/s]

Fig. 15. Correlation between wear rate and slurry discharge velocity
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log(y) = —17.83+4.388 VV (6)
o}7|A, y= 2D vt & (mm/m), V=S8 E] 54T (m/s)olt.

4.3 220| TjO|T: Tx| U 34 27|

#0) wo| L 1A 2 5} 3712 A SleAs Tho] o] gelAlE Agslor shel, wolme] el up
5.8 52 20T vk &2 Polokgict, TRIFAS AU 2 & A9l ghale] o] Fof g wolx

3
O S0 .02 QIgk o] o] w4 4+ 9o B 2 Ak Pl o] Waste, ol g 1

3 52 E4= AefsiA Argslio it

o Aol S i AmE 2712 5t PRI FAIE 5~6 mm=E SHal, YD PEEE-2-0.06 mm/day & 7}
7gettt 100~116¢ 7|2 WA B oits stoiop sefe] mpo] Lo w5 o 4= Q1S A o = itk
ot
528

= A

M= A7 e S22 = TBM od?é@ﬂﬁ T712 0 2 Z7Rt A5 S| wo]| o] £ S 2
SRR P 9 v g F2A G rhR-aS 4PEsE 0, Y wHR-S-2 Bt 0.055 mm/day, =22
FOtRE-S Wi 0.017 mm/mE LYERGTE

Bukit Timah Granite 2] Z3}5-gol| W2 0}1-8-2 E3E o 77k G (V) SBAHL G (111G (V) 2] B3A]
Hhof| o] upi-go] G (~G (IV)<] &5t -FaA]5tel HlsiA] 1.58 =] Lrefict.

TBMI} 717h2 912]0l| 4] mo] L mfRt-go] B & 71 0 2 UePstom, 7P ST 11 & f1R]ofjA o] mpr
S AlZto] AafrE A3 Aaclks ke Bl ii-&2 &2le] 25550 vlglste] 7ok e

ELHE AF-E Tl T NS E o] L npiLaa} 924 Ql PRI F A A Fote] Kt 245k <
2] mto]mo] WA Bl o] F7]E A & 9loH, &2 mfo| o] o) Bl wAe] 714 wAHEE E5t
of g2] mto] o ofjH] o] vt avbA]l Tt thErd FAele] 7] o+ Q& A o= k.
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