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ABSTRACT

The application of sprayed waterproofing membrane with high adhesion and ductility is
considered to be promising as a measure for repair and reinforcement of a tunnel structure.
Therefore, a powder-type and one-component membrane prototype with high tensile and
bond strengths was made in this study. Then, its reinforcement effect on a shield segment
was evaluated by carrying out a series of full-scale loading tests of segment specimens on
which the membrane was sprayed. From the tests, it was confirmed that the initial cracking
loads increased by approximately 34% due to cracking retardation by membrane coating.
Even though the increase of failure loads were not so high as cracking loads, the
strain-softening behaviors were observed from specimens coated by the membrane.
Therefore, it is expected that the membrane coated on the inner surface of a lining might be
effective in preventing its brittle failure.

Keywords: Spray-applied waterproofing membrane, Segment, Lining, Full-scale test, Tunnel,
Reinforcement
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B2 vk B F|9)(sprayed waterproofing membrane )< 7|£2] A|E W= Wl H 2|2l (sheet waterproofing membrane )< tHA|
517] 9ol vlw A FLof| e AZo]TKITAtech, 2013). £5], 2 vl W H |12 e W (substrate) o] Tof] =& HatES
sl ] whzoll, EFaHQl EA 2 E T S22 E oYt AAek] o] Eet -5 |(composite structure) 2A] 7152 st
“J2 (single-shell) Bl 725 4L & QL7 0|2 ol 2o d o] FAE &Y 7 S Sk 7|t 4= 3Ith(Chang er al.,
2016; Holter, 2016; Makhlouf & Holter, 2008; Thomas, 2009).
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of|A ot 2 HARRI TSL}F FARRE F7o] §let. ©]ofl Chang er al.(2016b) 9] Aol A &= TSLY}F Hw e o QU7 eF 72 /4
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Table 1. Mixing condition of the one-component powder membrane material

Materials Weight percentage (%)
Alumina cement 15
Calcium carbonate 141
Anhydrous gypsum 5
Aluminum hydroxide 10
Thickener 0.85
Promoter 0.05
Polymer (vinyl acetate and ethylene, powder-type) 55

A= Ao ot B W wE EQle] A2 2Q1 RG-S HESE |of| A, o gt 2 B 147 AlARE2] 7124”1
T B4 Hrtobr] 1ot A AlRES AAISHITE 7124 .0 2 [T Atech(2013)2F EFNARC(2008)ellA] 145kl Q=

A]9] 2172 (elongation at break) 2! F-2F1 T (bond strength)l] thet B71E AAJSI3L] E5], 2 ddtof A= 1]
B =402 285k HE A5 Ao HE =, oIt 2| H Q1 TSLell thiet EFNARC(2008) 2] /s 712 o]
851th. =S ITAtech(2013)2F EFNARC(2008)0ll4 1785 243 tie] AsA|E= ofx|ek WHgQlo] Ay
(Stubberfield, 2016)= 7Hd2] 0 2 mlelslry] 9J61o] 420173 % (shore hardness) & A EZ S| S451%ct
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Fig. 1. Direct tensile strength of the waterproofing membrane at different curing ages
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Two-component membrane (Chang ef al., 2016)
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: EFNARC requirement
P Lte b P et s (>2 MPa at 7 days)---<=---d---e--
: |

Tensile stress (MPa)

EEFNARC requirement Day 14

‘(elongation at break > 10%)

— T —————T—
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Tensile strain (%)

Fig. 2. Tensile stress-strain curves for the waterproofing membrane (Day 14)

400
4 [—®— One-component membrane
350 - »— Two-component membrane (Chang ef al., 2016)

] === Material T(TSL) (Chang et a/., 2016)

&\i 300 —

K4

@ 250

(Y]

- {

e}

w200

©

c {

O 150 1

© ] Il T

g’ 100 J_ 1

o |

i [ 0 -

50 Minimum elongation at break
] for TSL Class S|
................................................... >10% (EFNARC, 2008)
0 T T T T T T T T T |

0 7 14 21 28 35

Curing time (days)

Fig. 3. Elongation at break of the waterproofing membrane at different curing ages
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Fig. 4. Shore A hardness of the waterproofing membrane at different curing ages

Al(pull-off test)©] 7FaRt <221 2017w 75+= oF 2 Fof 'TA=IT (Fig. 4).
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BBl AAIES] RAYEE Z7517] 915191 BS EN 1542(1999)0114 AAGAL Ql= HZAIR O Of5t QA AAJS
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Fig. 5. Average bond strength of the waterproofing membrane at different curing ages
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NS ASHIHS A M Y Ay

MAHE 84|

2 Ao = OOUEHSE'E 7ol AA AR 9174 4.8 m, 3 1.2 m E 77 0.25 mS] HEEE-8 A TTHE 2ol 9]
AEFY(Type A) Al THEES A= A lS It A2 ARSslth. OOHEEaGE ol ARS-E Al THE o= AAVIE 7}
40 MPaQl ZF=EL} FE7FE71400 MPa?l HH(SD400)0] H-8=90H, E5] 34 270] 16 mm<] HE0] 4L o2 A
Z 67l7} vl2=] itk Fig. 6 2 Table 2).

2,756.73

153.6 118211.77=2,329.47 153.63

(3 uis ‘@7 () w3 () uis ) 1
]
I ' ¥
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1,200

(a) Plane (b) Side

Fig. 6. Dimension and shape of a segment specimen (unit: mm)

Table 2. Segment preparation condition

Design compressive strength Rebar (SD 400)
of concrete Arrangement Reinforcement amount (As)
40 MPa D16 @200 mm (6 EA) 1191.66 mm®

MAHE 2EAo] cist 52 Y+ A=2elo] Efd

= A= i Folid Sl wiEse B U fE|Qle] 7229 B avE mefsh] flsted, 3.1 0 7iett A
= ATHE 2eA] Sl A 2780 ATt 22 179 R AAIES BFdsoitt. BHE Aol 22 178 HEEY
EEol A== MeycoAte] Piccola FHIE ARESI3L0H, S AR Ao et 7 A = 2 A et-=2] SHHIE 1:39]

Hl&E sto] BPE AASHITE 2 Atell s Q10| Aol whe Bt avte] 2jolE stefstaray, fEe|Qle] Bl FAAS
3,5,7mm=z 2745 o ZiZte] epd A 20 = AAAE 370 4E AlAtsl i(Table 3 2 Fig. 7). TRt H|w vy = A o
Bl BFEsHA] o2 FulE(uncoated) A THES) 2 52 Zofoll W 54 0 =2 go] 28511 Sl 71E E2feot
(polyurea) A=5 EVIRF A IHES 242} 3704 5712 Aol Table 3 3 Fig. 8). oJu| E&]--eflobs 319k Axejo] FulE
Eﬁﬂ T Y, W, 25 Eﬂ”oﬂ A ZALE], ]2 ke et B I8 Al ARl o 2 ARG Yielsh o
otk ZEheelore] et 22 A2/del(260~70°C) o] FAle AetAlE A @ el 23 Eedeial 719t Aol &
Aok A g mE 7ot 54 7}741 Ao St S T2 Y A o, e S A telle A ez A
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Table 3. Segment specimen conditions for sprayed waterproofing membrane

Specimen condition Thickness Sprayed material
1 No membrane (uncoated) - -
2 Waterproofing membrane coating 3 mm One-component membrane
3 Waterproofing membrane coating 5 mm One-component membrane
4 Waterproofing membrane coating 7 mm One-component membrane
5 Polyurea coating 1 mm Kangnamchem, KA690

Fig. 8. Equipment and materials (A and B) for polyurea coating

F O] Hztof| o]gfZo] Qlrt. B AFolA A8 E2]eglot A= B2 Table 42+ 70 ™(Kangnamchem, 2018), & A1) 4] A
2be] W B Q) AAIET} v W uff 71Ao] ATt | AtA 0 2 EPEE LT LA QIS Ag o] I =2 RS

4
% gk

Table 4. Physico-mechanical properties of polyurea used in this study (Kangnamchem, 2018)

Mixing ratio  Tack-free drying  Initial curing time Shore A Tensile Strength  Tearing strength Elongation

Materials (Vol%) time (sec) (25°C/min) hardness (MPa) (N/mm) (%)

Polyurea

~ ~ + > > >
(KAG90) 100 20~30 3~5 9545 18 50 300

TUNNEL & UNDERGROUND SPACE Vol. 28, No. 1, 2018
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MR S 9
2 o A A TRER] FAI Al A 0] 216l Flsto] e Aok Al <510] 5ol A1 4t AAe]
ool Z1e] AHE: 100, ) 2EZ: 300 mm)E Atk 25 ATAES] et 1E BPANE Lee ef al.

2014; 2013; 2012)= Farsto] A dfoflole] sHRoli= 21e] 450 mm?l 27H9] AolE Afohke F26H 1 (Fig. 9), A @A
SHEO= Fig. 107} o] 2 gto]l 288 AT ES] 2ot o] 2ol At 2 Hlo]AE Axlst] A1HE =
el Hisll 44 B el(four-point bending test)& HASIFH. 2 Aol AR M IHES et = A9 Alofe AR
Aeiel] ofet JeiAle] Aele AAlsI o, ol AishdE 71 = sl MASEE 5 mm/min 02 st

| 2FFig. 92t
o] A THE KA slsel 55- 5] AL SI5H ASPALVDT)E IS, Aot 515 S8R A THE sele] 7
S 57571 St AR ARIZIE XIS, oV gk 22 @A =715l olel 515 Aeks So Wsh= w8 F20.1

mm AEEZ SRISHATH Lee e al., 2013).

Fig. 10. Roller base for a full-scale bending test
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m=)ol0] EMIE! MIHES| S HAH ZaEy
AITTHE she] Bd-& 512 o Specimen 131 Al ZHHE(Table 3 15)4 BARS 33 AR A, 27] dE Y sk

o152 24 3.37001A] *é%‘ﬁi e} o), A& ‘EVE]%J Aol Al THE 8}-roﬂ *éﬂ?l FhijelE et ‘ﬂ”‘)ﬂ/ﬂ o] WS A
2ol AES A0, RIS AR o15-H9] TAlollA e Z|tiols-20] ©F 40~50% el w+E B O = Qlof 515+
A T4 /ol 718717} stk o] 552402 RS BRI 4= Qlth(Figs. 11~16). 1] Fof] T2 Specimen 1
W AT E AelAlEol = B8 0 R sl Aokt iRt Wieke 2 o] HaEo] WAYSH Y, mha] o] Fof| ke A5t
7} A ool 0 & Q5] R = 515 Ash Atold] YES EA P Eoll= o] mh b Rt 2 0 & UERTH(Fig. 12b).

By} E] 9ot EfFdE o] AIHE So] IRH AEZAS(Specimen 2~5H Z7, Table 3 Ix)oA= FA17}
Sherolle Erotal w2 FAFR Q1Y EAJ 0 & Q15| 27| wt kst ntaslso] 571 2 21 e 4= ASITK Table 5 2! Figs.
13~16). ofdf| HlH[}1o] = 17}7 mmE EMIE A (Specimen 41 2700 tet AEAIY A= 1 7] @A -4t 71
oA mgexo] L 2] 27119] A A |o]l thshArt Aglo] A=

600

500
400 4

300

Load (kN)

200

——No coating (Specimen 1-2)

——— Membrane (=3 mm, Specimen 2-3)
100 —— Membrane (t=5 mm, Specimen 3-3)
—— Membrane (t=7 mm, Specimen 4-3)

Polzurea t=1 mm, Seecimen 5-2]
0 T T T T
0 10 20 30 40 50

Vertical displacement (mm)

Fig. 11. Examples of load-displacement curves obtained from full-scale bending tests

600

s50 [
500 |-
450 |-
400 | \
=350 |-
3
5 300 |
©
9250 F
200 | M ==
150 | RIS, cracking load:
—————— 1-1: 157.78 kN
100 - 1-2:179.34 kN
-----1-3: 151.90 kN
50 |
0 1 L 1 1
0 10 20 30 40 50
Displacement (mm)
(a) Load-displacement curve (b) Center line view after failure

Fig. 12. Full-scale bending test results for Specimen 1 condition (no coating)
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Table 5. Summary of full-scale test results: cracking and failure loads

. . Load Test results
Specimen condition )
(kN) 1 2 3 Average Rates of increase
Initial cracking load 157.78 179.34 151.90 163.01 £ 14.45 -
1. No membrane X
Failure load 412.58 455.70 464.52 44427 +27.79 -
2. Membrane Initial cracking load 215.60 227.36 222.46 221.81+£5.91 36.07% 1
(t=3 mm) Failure load 468.44 413.56 474.32 452.11+33.51 1.76% 1
3. Membrane Initial cracking load 200.90 200.90 208.74 203.51+4.53 24.85% 1
(t=5mm) Failure load 461.58 424.34 479.22 455.05+28.02 2.43% 1
4. Membrane Initial cracking load - 226.38 236.18 231.28 £6.93 41.88% 1
(t=7 mm) Failure load - 508.62 509.60 509.11 £ 0.69 14.60% 1
5. Polyurea Initial cracking load 213.64 196.98 219.52 210.05+11.69 28.86% 1
(t=1mm) Failure load 481.18 504.70 488.04 491.31+12.10 10.59% 1
600
P T [ . I
500 : ‘
450 | ‘
400 ———————————————— -
=350 |
é H
B
(]
S 250 by
20007 S Sseol
wb [ -
100 [ : S
0 1 1 1 1
0 10 20 30 40 50
Displacement (mm)
(a) Load-displacement curve (b) Center line view after failure
Fig. 13. Full-scale bending test results for Specimen 2 condition (membrane, t =3 mm)
600

550 |- Membrane S ]

" crackingload:
3-1: 200.90 kN
3-2: 200.90 kN
3-3:208.74 kN

Displacement (mm)

(b) Center line view after failure

(a) Load-displacement curve

Fig. 14. Full-scale bending test results for Specimen 3 condition (membrane, t =5 mm)
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600

L e e
500
450 -
T/ o] -
=350 [
=0
B B L e
[
ST S
cracking load:
200 = 4-2:226.38 kN
| PR . PR e L
100
50
O 1 1 1 1
0 10 20 30 40 50

Displacement (mm)

(a) Load-displacement curve (b) Center line view after failure

Fig. 15. Full-scale bending test results for Specimen 4 condition (membrane, t =7 mm)

Poly urea
ss0 | [olurea)

0 10 20 30 40 50
Displacement (mm) A -
(a) Load-displacement curve (b) Center line view after failure

Fig. 16. Full-scale bending test results for Specimen 5 condition (polyurea, t=1 mm)

E3], 27| fdHA skl tigt A2 TAK o2 B ATl e R A| THE A A el vl w e o 2 &1}
Eo)edlor 2ol ofell Fojnt 27| HFEAEclE] S7HE ERIT 4 AUATHFig. 17a 2 Table 2). T, WHQ1 57 S71]l
w2 ol FEt 57 e TEE|R] oItk v, 2 ApollA] ARRtst fE Q] AJAIE} 7] E el -dlot AlzEo] IR
739-50ll tiet 27| HdWYols2l S840 2 A= 24t #9lol| sigsto] fAlRE 4202 mlolHthFig. 17a).

5150 Aol FAE ATHES} H|we wf flH |1y} Ev]- o} FRof ofsf wjarjselE-o] Hatgte] oF 6% 5715k
A0 2 Ut o, 7] gAY oF5-0] 7ot vlw e wf) wjjols-0] Z715o] 2] ¢far @} H9lof| sidote] A eof ofgh u}
Wo}50] T7HE2 A 2 A 0 & Wt (Fig. 17b). ot Zo] flB Rl Zej ol 792 ZA2|E 125 HEHE
A7) Aol F a7t XA FELAYSSS B 0 & °F 349, 771 Gt Q7] whEol|(Fig. 17a), E1E 2leld <] st
2] 3710t e 2ol g o] e AYol| theh A ol a7t 9l A o= weher

B el Zaleeote IR Al THE AdAEo] thiet o] & Iy AeRS AR H, R A|THE AAAeL-FA
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