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Abstract

This study was performed to evaluate the performance of GFRP plate reinforced
segments for TBM tunnel support. Recently, the SFRC segment has been applied to
prevent local damage such as reduction of the amount of reinforcing bars of the
segment, crack control and breakage. However, the steel fiber used in the SFRC
segment has a problem of durability deterioration due to fiber corrosion. Compared
with the RC segment, the maximum flexural load reduction of the SFRC segment
hinders the broad application range of the TBM tunnel segment. Therefore, GFRP
plate was considered as a stiffener for the maximum load increase of SFRC segment,
and structural synthetic fiber without corrosive concern was used as a substitute for
steel fiber. The flexural performance of the segment was evaluated by using the type
of reinforcing fiber and GFRP plate thickness as the main parameters. As a result, the
maximum load and the flexural toughness were increased by 21.78~23.03% and
0.5~7.96%, respectively, as compared with the segments reinforced with reinforcing
fiber and GFRP plate of 3 mm thickness.
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7= GFRP plate HZAH| THES TBM B'd A EA= 2-8517] 913t 4458715 A6t Al THES] Hd=f
Aot AAlo] Bl et 50 AR 43 RIS f15te] 2 SFRCAITHE 2841 Qe Z12fut SFRCHIZIHE
N AFEE= e A Al 2Rt HiT-d Aok A 17} A71=AL 1o, RCAITHE R} H] w5t SFRCA|IIHE
o] 2|t} ol 4= TBM B A|TIHE] %‘a@% SHHE Aslistal it ‘ﬂi}/ﬂ SFRCH|IZTHES] 2|Hf51E- 5
7FE Sit HAA= GFRP plate 5—’315} Ao, 7 4 Az F4 27 gle 728 RS ARSI 2
7o) S5 9 GFRP plate IS +8 B2 3}04 ATHES] ¢ 5787 FE AR 2, HAEeE3 mm 7
O] GFRP plate 2 HZ}RH A THE: ‘; ’é%ﬁu} BRI E ST H] wsto] A S8R 2ol 21.78~23.03%,
HE20.5~7.96% 571510 9-ret Fds atE HofF3it,

220§ TBM, ALTHIE, P4, Rl a2srSel s, Haus

1.M2

=U B 222 NATM 30| & 21-85of gLony, 2R A), 45 9 AEo g ot Tl il 52 o=
TAZ]oA TBM FHIE Z-88H 7 AZ2 -5 o] S716lal Q= FAl0lH, Al 2[6kd, k= gt ofu)et e
T BA S ok £5 0] g AlEe] E7] A-8531 2thWoo and Yoo, 2015; Yoo and Jeon, 2012). TBM

B do]| A== A IHE gto]id-2 Fo|ut @7of|A] nlg] Al2HE ZefAE N IHES ZHote] J77=%
A2 AFEEH, TBM ]| =218 Q5 gHE 2] 2] 12322 F-8-5]77 QIth(Lee et al., 2013; Moon et al., 2013).
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TR0l 4-85h= €= TBM H & & e 2okRo] Algsh= 8- EoH, T AP = Aol AJHl
&3 Qlek =] B¢ A= TBM H'EA] 357 YRF2 02 R300 m Alg-o] Bou, A x]of = ARA] A
HE 2| Aastolal 71&E kS F sl | oA a5 AlE el BashH, g2t AlE Alolle €= TBM &
H| @} A TTHHE o] o] T E]R] ¢F7] fleto] Al THE Z5 Fojok opH AAE-S 213t Ho|w Al 1THE
7} = Q5K (Lee et al., 2016).

TBM B'd 21§ 7oz A THEZL ARGE| oM, Fols E2E ] s oA FA1d 8
7} G FAM THE 15| AAA Q] RC (Reinforced Concrete, RC)A|ITHEZ} ?—_-_‘?l'ﬁ.ii AREET Qich
(Changetal., 2011). 18U RC Al ZTHE O] 79 TBM X1 o] 03] i Aj2] FEo] 4] =
5 A HA]e ofsf| whrfE 4= QLo w, Al TTHE Ztoﬂ o2 d ] ojgfgo s #/‘\j:,w toll= 7AiM 19
E7} = ARGE AL QI o] 219 AN TTHE 0] 79 ARA| FAof] ofet Ui/d &Skt 1ol whE WiIgte] 2
AE= FAPHIASE] dhzell A 1THES ‘?H I = AITHEZF L a7t Ao th(Lee et al., 2018).

TBM El'd FAH] €F 40%7F AITHE O] Ao, RCA|THE O] Az H| T ALAAM]L A2 7 3 £
Holl 2FAI5k= HlE0] 30~40% <02 A TTHE A2o] & Hl5-& 2FA|5HL §lo], RCAI THE S A Bk
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245j517] Sfet 71479 1Bl Bo] AR FHO 2 ol D

Z L 7 H 7 23 2] E(Steel Fiber Reinforced Concrete, SFRC) 2] Ad50] Z7| 7R & HA| vl=:
& ol A TRE ] B RS Folr] Silo] 7 AT AT/ 2] Waslm g, Atz
2 5] A2Fol= SFRCAI T E] thet Al =] 8T Ry gl o, =41t 71'/“—812 18510
Algok= o] UubA © 2 ARRE]|Y QITKChang et al., 2011). WEhA F=2+{tolli= SFRCAH|ITHE #-80] &
2.0 & PAEL, SFRCA|THE | AMESh= 2 A-RAR] T2l 218 vi=+d A 5}94 A7 HA71=]

QItHChang et al., 2011; Moon et al., 2012).

oaq 01

Skal 7

T 3lom, TRFRCAIZIHEL} Bl W sto] SFRCAHITITHE O] Xl €ots 74-+=TBM E'E 2| HA| 244 21|
“go|™, SFRCAITTHE AR ARFstal Qlti(Abbas, 2014).

olo], & A= SFRCAIZIH E 0 2tf| Hol5 5715 flste] 2ol HHSt Plate d ] 2| - etE et E
(Glass Fiber Reinforced Plastics, GFRP)S B A2 8519 0™, 7o A2 = F| ol AREE AL %
228 TR ALRSlO] B A 8 7 515 Aol A Foto] 451704 EF 2 GFRP plate] 7]
ool Th2 AP ke RAjslak

2, A EAR

2.1 28

A AL ATHEL: 2

2 05 3.15 glem'S] 15 B EEINC AMES A5}t A THE] iy
05U s etel T

VAT nlE e ARSI e, T 5402 Table 1, 29 2.

Table 1. Physical properties of blast furnace slag

Specific surface Density Flow value ratio Loss ignition Activity factor (%)
area (cm’/g) (g/em’) (%) (%) 7 days 28 days
4,480 291 100 0.39 74 94
Table 2. Chemical composition of blast furnace slag
Chemical composition (%, weight)
SiO, Fe,0Os AlLO; CaO MgO MnO TiO S
33.1 0.29 13.9 42.4 6.1 0.4 0.96 0.66
22E7
2 Q7oA ARGT FLBANS A 25 mme] ¥ BAE S0, THBAE BAHE ALESIAT,
71 EA-L Table 31 Ztt
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Table 3. Properties of aggregate

Type of aggregate Density (g/cm’) Absorption (%) FM
Coarse aggregate 2.62 1.3 6.08
Fine aggregate 2.61 0.7 2.94

234

= Aol ARERE B AR IR E 7 E o] A-8E 11 Sl 74 f(Kang et al., 2017; Ku et
al., 2014)8t 4] 27} gli= 728 ME-R-E ARSIt Fig. 1). A-FE3A = B4HI(L/D) 60, 2©] 30 mm,
2174 0.5 mm<] hook type 2] 734d-5-2F &AH|(L/D) 30, 2©] 30 mm, 27 1 mm$! crimped type 2] Z&|-2d|HA|

TE8 HIARE A e, 5492 Table 42} Lt

(a) Steel fibers (b) Structural synthetic fibers

Fig. 1. Shape of reinforcing fiber

Table 4. Physical properties of fiber

Elastic . . Tensile Aspect
Density Length Diameter .
Type of fiber modulus (/mm) (mm) (mm) strength ratio
(GPa) & (MPa) (L/D)
Steel Hook type 200 7.8 30 0.5 1,100 60
Structural synthetic | Crimped type 10 0.91 30 1 550 30
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2.4 GFRP plate

1 AT A GFRPE SrEli 62 4okl Serrel) BaAla e, 2 WA - A4 Sol Fofd
1/d% - 1171579 AZO|H(Sim et al., 2010; Park and Choi, 2013). UHFH.0 2 rebar®.0 2 Wo| AHEE|L(Seo
etal,, 2016) ZYH] BT IRIE 5 Zboll hg5p] SAsfo] 2l dfet Eel) 4218 AL plateBAS
AFgBE oM, 71 A2 Table 59+ itk 22 ECQ} GFRP plate?He] F-2H435-& F$A1717] $15t0] GFRP
plate TR0l TAMS BAIA|A AR5} TkFig. 2).

Table 5. Characteristics of GFRP plate

Density Tensile strength Flexural strength Compressive strength  Content of glass fiber
(g/em’) (MPa) (MPa) (MPa) (%)
1.975 364 594 320 73.3

(a) GFRP plate (b) Surface of GFRP plate
Fig. 2. Shape of GFRP plate

2 AT A THE Hiebd A= = Al THE A7 ] 42 MPag TSk 71 Ao sl AE
Harste] LB Lee et al., 2018). 7 U2 S| TBM B dA8oIM Algd AR e dEH7
glo] =t B A THE ] ARSH 2905 40 kg/m’ 0 & ZA5tgl oW, 128 A= NATM
g AEAZ ARSERE P B SaREe] A st Blust] AR EUE 1%E 2851 9
kg/m® AR85I3ITt 2 Aol 285 HieHH|= Table 63+ 2T

)
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Table 6. Mix design

Unit weight (kg/m’)
Type of mix Fck W/B Blast Aggregate Fiber
(MPa) Water | Cement | furnace . Structural
Coarse Fine Steel .
slag synthetic
SFRC segment 42 353 176.5 350 150 466 1,184 40 -
SSFRC segment 42 353 176.5 350 150 466 1,184 - 9

ZHE 100 mm x 200 mm ) TEZAIAE 3714 Aatelo] Q273w S ZAaled or, 1 AT Table 7°]
eRioick, A6 B Al TRES) SIS 1t A TRE vje RS AA1EZES] 42 MPaS THESICE
GFRP plate 57 @ 57446.2] £520] nfah 4125 AW Table 87} 2k,

Table 7. Compressive strength test result

. Average of compressive
T f No. 1 .2 .
ype of mix o No No. 3 strength (MPa)

Steel fiber reinforcement 43.98 43.63 42.08 43.23
Structural synthetic fiber 44.44 HB8 45.80 44.69
reinforcement
Table 8. Variables of performance test

Factor Reinforcement Amount of GFRP plate
SF Steel fiber -
SF+GFRP1 Steel fiber + GFRP plate 1 mm 109,040 mm’
SF+GFRP3 Steel fiber + GFRP plate 3 mm 327,120 mm’
SSF Structural synthetic fiber -
SSF+GFRP1 Structural synthetic fiber + GFRP plate 1 mm 109,040 mm’
SSF+GFRP3 Structural synthetic fiber + GFRP plate 3 mm 327,120 mm’

73 B2 AT E viRte] - A 2t
St SF+GFRP1 B3, 7432} 3 mm F7412] GFRP plate S 2

TEE AR B ATHE vighe] A9 128 ARt & BN SSF iRl 728 Rt 1
mm F7|2] GFRP plateS 83t SSF+GFRP1 HlJg}, 128 44469 3 mm F79] GFRP plateS S-8&35t
SSF+GFRP3 Hjgho & A7ste] Al Z1egs}3irt.
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GFRP plate ] F7I= 71 HAEFE 2ol A=A Aﬂlﬂii(xﬂl‘ﬂg €17 3.5 m, AITHE %7 200 mm)
O] FH=F thH] 25%2] GFRP plate 1 mm (109,040 mm*) 2} F215F thH] 72%2] GFRP plate 3 mm (327,120
mm )i S}k,

4, NE ATHA2E

U] 73 2l FAEHE 50 m o] =T B do] AlgE AR QLo ™, ofm) ARSR H AR Al TTHE O]
©] 600 mmO|TH(Yun et al., 2011). L2 Al Z]of| 4] GREA QI SFE- 22 AHe 2 A= AA =] A2 E 5
st7] fI_t o 482 30 mo]H, 600 mm ©[stQl Al THEZ} H g6}ct. u:}aw 1 oI-Lo] A= GFRP

plateS A8 A THES] FAE Ada AT ATHE AlH 22300 mmE 5H9.0™, AIHE AJH F7A=
71 AT E ol B A 0 2 ARSEE200 mmE 51 Xﬂ fotaitt. A 27| o Al THE Zo]=2,200 mmo]
LA Rle] 7heste s AE Al IHES] oF 1/4 7] & 54619 550 mmE AlAFSIG o, 5 W] st

o] 3719 Al A&t

A 2 GFRP plate E7 A|ZIHE o] A1-85k= GFRP plate =7 |+= AlZITHE2} GFRP plate?+2] ol =-F77}
40 mm7} F|== 120 mm x 470 mm AZSF 2™, GFRP plate 7712} Al THE AJHo|| GFRP plateS 2-8-3F
52 Fig. 33+ ¢t}

300 250

120

200
* Y “a © P
a
N

(a) Size of GFRP plate (b) Application of GFRP plate to segment specimens
Fig. 3. Size of GFRP plate and segment for performance test

Fig. 4= A THE A|E A2f ®5.0 8 FH2|E Al &S24 ©ME AR5t 2ok } O (), AI-THES}
GFRP plate 0] 1] 25712 81 5}7] QJeto] Amo] A HEE 22 slod(b), Al THE A o] AxJst5itkc). 1

= HE
213 2] B 15 TR Shlomid), F71EE AAIR ), B 19 T AL IHE AR el
SAEH).
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(a) Weighing and mixing (b) Assembly of GFRP plate
. i . .
3 -

(e) Steam curing (f) Removal of form

Fig. 4. Specimen production

5. Mgy

B 18 1000 kN ol SRR AUTM) I8, UTME B EL2 515 2

o] FAE|, 75Alo]t stk B AERES Fig. 59} o] 517.0] A2 S 2 Slo] ALAE AHe
1151 9 UTME 0.3 momimin] 4155 57 ARIS152ch 2] SSMIALVDT)E 45 ASHE1 94
SAL 9= AT o] AAIstel 2SS S5t
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Load cell actuator

Load

DT \H\. ]
Q s - S T e IR ki 4 |
(=] _".‘ ERFERES A " ”‘- . o . "“" 3 - o -
W el .« FRP Plate J e e | "-\__ li =

| T A i < - Support Roller
‘ 1 N ‘ ..l...llll
450 200 e

Fig. 5. Flexural performance test

-+ 55 2 GFRP plate F7|of| mh2 H A=, 2914 2 S7HI == ASTM C 1609 L KS F 256691 &
Sto] Aol o™, sha- 9] 741 0] Xl Sha( ) A 32 515 Py ) o] Adol’t 5ol 7 shsoll thigt 2
A5 f1 3} fpE TOEL Py T Py AL TLof SiESk= FAE [0, f150= APESHAE

el

A2 A-o] 2|7 19] 1/1500] E|7|7kR]| 9] ols-H] 34 offe] W (4,)0lH, 57 Fd e o A
(D)ol w2t A5k
;o A4, l
[ = EXW (1)

714, 5,5 A17+] 1/1502] A (mm), 4, Fig. 661 UERA 1/150742]©] A=, -2 2]7H(mm), b= ] H2]
©] W Z(mm), h'= 117 W20] B Eo](mm)olct.

Py =

D
PSOU

D
PISD

Load

i

0 8, & 1/600 Net Deflection L/150

i
i
i
i
i
i
'
i
i
'
i
i
1
\J
1

Fig. 6. Load-displacement curve when peak load is greater than first-peak load
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O — -
6.1 5t=-tH9|
Table 9 9 Fig. 7-> 8 354 & 53t 5 Wl tiste] A2t 37]19] A[H O] A WA, 7 ¥4 x5 gtof| wh
£ e} HEghe Uehglon], s15-9e] THL Fig. 8 2 99} e,
Table 9. Flexural strength test result
Flexural strength | Flexural strength Average of Average of
Division of first peak load of peak load flexural strength | flexural strength
(MPa) (MPa) (first peak load) (peak load)
(MPa) (MPa)
4.010 -
SF 5.140 - 4.080 -
3.090 -
4.683 5.046
fgifgoff:;em SF+GFRP1 2.752 2.824 3.953 4125
4.424 4.505
2.989 4.222
SF+GFRP3 2.351 3.597 3.754 4.969
5.922 7.088
1.966 -
SSF 4.975 - 3.642 -
3.985 -
Structural 4.752 5.351
synthetic fiber SSF+GFRP1 1.758 1.992 3.544 3.876
reinforcement 4.122 4.285
3.541 4.251
SSF+GFRP3 5.243 6.323 3.515 4.480
1.761 2.866

Flexural strength of first peak load
¥ Flexural strength of peak load

6.0

5.0
40 —
30 —

ainl

20 —
10 —
SSF+GFRP1  SSF+GFRP3

Flexural strength (MPa)

SF+GFRP1  SF+GFRP3
SpecimenID

Fig. 7. Flexural strength test result
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Fig. 82734+ 2 GFRP plate ARl T2 ot~ 9] =441 0 2 79 AR A THE(SF Hieh+= 734+
o] oI 9l w2 71277} HEtobHA| Al THEZ} £ 6] mha|d w7k 5h5 gho] 7HAstsict.

160

SF (Steel Fiber)

140 - - - SF+GFRP1 (Steel Fiber + GFRP Plate 1mm)

—— SF+GFRP3 (Steel Fiber + GFRP Plate 3mm)

120

100

®
S

Load (kN)
3

40

Displacement (mm)

Fig. 8. Load-displacement curve of hybrid segment (steel fiber)

SF+GFRP1, SF+GFRP3 #jgke] 749 A Wiz n]3gkoA] 23=|Ert ofajd Ao 2 Holw, 1 § GFRP
plate?} Sk A Z[SIt} 7 WA WA gof| 4] GFRP plate”} -5 71 0 = FheHe

SF ¥ligt} SF+GFRP1 B2 Z|off 515 108.8 kN, 110.0 kN2 2 -3-AF51 01} SF+GFRP3 82| 73-¢, Xl
515 132.5 kKNS 2 SF vt} 21.78% S7 o= 21 0 2 LERdtt.

Fig. 9= 9415 9 GFRP plate AF80f| h2 6151 9] 41 0 & SSF vk |t 615 97.1 kKN 2 A 19
E7} 9H6] mpa¥o] 515 glo] sk T ZE UEi it

160

SSF (Structural Synthetic Fiber)

140 4 - - ~SSF+GFRP1 (Structural Synthetic Fiber + GFRP Plate 1mm)

—— SSF+GFRP3 (Structural Synthetic Fiber + GFRP Plate 3mm)

Load (kN)
g 8 8 B

IS
S

N
S3

o

Displacement (mm)

Fig. 9. Load-displacement curve of hybrid segment (structural synthetic fibers)
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SSF+GFRP1, SSF+GFRP3 HgHe] A9, A ¥z m=gtell A 232 e} uj7jd A0 Holn] GFRP plate
7} ol5-= A Aottt = HA 1 A gkof| 4] GFRP plate” FEEAA FHAAA T & HoAFQ)

SSF gk} SSF+GFRP1 HIERS: 20| 515 97.1 kN, 103.3 kKN.O.2 G-AF5191. 01} SSF+GFRP3 HlEHo] -2,
2t 3155 119.5 KN 2 SSF HigHHT} 23.03% 271513

349} GFRP plate | mmS AF&%t SF, SF+GFRP1, SSF, SSF+GFRP1 HlE-& GFRP B 77} 4] 915k
O} GFRP plate 3 mmE- AR89+ SF+GFRP3, SSF+GFRP3 B3R 57 a7t 37 veRct

ol

6.2 U L SVt

[ = o

i

piok
0

Table 10> ASTM C 1609°]| w2hA] A-5-5F 2 B0 e sla-H91=r4(Fig. 8, 9)°llAl A17He] 1/1509]]
Sfgot= H191Q1 3 mm71A| 9] ShE-H 954 WA o= Altet F1/dxt 217ke] 1/1500] siigsh= He7Ex] <
Sha-F9EA A O] Wt | Ghel 57 FEA S Atk BRI Axt gholl WE 1= Fig. 10
W Zow, S7FA e At gholl W J1#i 2= Fig. 113} 2tk

Table 10. Flexural toughness and equivalent flexural strength values of hybrid segments

. Average of
Equivalent Average of .
. Flexural toughness equivalent
Division flexural strength | flexural toughness
(kN - mm) (MPa) (kN - mm) flexural strength

(MPa)
128.381 1.605

SF 145.426 1.818 130.934 1.637
118.995 1.487
154.645 1.933

St.eel fiber SF+GFRP1 105.270 1.316 131.455 1.643
reinforcement 134.450 1631
138.385 1.730

SF+GFRP3 124.782 1.560 140.541 1.757
158.456 1.981
102.430 1.280

SSF 149.213 1.865 121.952 1.524
114.213 1.428
Structural 145.450 1.818

synthetic fiber SSF+GFRP1 113.456 1.418 130.739 1.634
reinforcement 133.311 1.666
128.652 1.608

SSF+GFRP3 155.045 1.938 131.665 1.646
111.298 1.391
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160
140
E
§, 100
2
2 80
<
2 e
2
E 4
2
= 20
0
SF+GFRP1  SF+GFRP3 SSF+GFRP1  SSF+GFRP3
SpecimenID
Fig. 10. Flexural toughness values
20
g
3
ﬁ 15
£
[=2}
=
2 10
3
&
€ 05
3
2
3
g 0.0
SF+GFRP1 SF+GFRP3 SSF SSF+GFRP1  SSF+GFRP3
Specimen ID

Fig. 11. Equivalent flexural strength values

P B AR ESL e B AT ES] VY B 57 M Wil AR A, SF ek Bt
QI 130.934 kKN - mm, Bt 57 Fd e 1.637 MPa©|™, SSF HIgHe] Bt T2 d+=121.952 kN - mm,
57V 1.524 MPa2 SF uiigte] €914 2 571877t SSF g} 7.37% -2 A0 2 vehth
SF+GFRP19] F914 2 5718757t SSF+GFRP1HEE 0.5% =952 ™, SF+GFRP3 9] EelA 9 5717
57} SSF+GFRP3:T 6.7% =7 Urebsit.
P B ATHEZF VA B AITHERT $/d50] °F0.5~7.4% =71 vrebdth b e d
B RS 3% s Hiv] S5 oldel fd S TR Asliie FtEedwe] B e Ao s wthd:
i BAF HITIHES] GFRP plate AR§- 3 F7ofl mbE #9112 573 =E 2417 2, SF+GFRPI

ETL]

igto] SF gt FolA U ST 6.46% =& 210 2 LR O™, SF+GFRP3 HigR2 SF HighH T}
1 W ST} 7.34% 2 A 0 2 YERdTh

e HA HIIHE ] GFRP plate AR S A0 thE Q1Y B 57 =S 4R 23, SSF+GFRPI
Hfjglo] SSF gt 21014 9 5718173 71 6.72% =2 71 © 2 L}epyt O o], SSF+GFRP3 7} SSF High ch &

Journal of Korean Tunnelling and Underground Space Association 851



Ri-On Oh - Sung-Ki Park - Sang-Kyung Sung - Jae-Young Lee - Hwang-Hee Kim

Y %7}° 7} 7.96% A HERAT.

A SRR ) Sgh - A 2o m] Sgko] vERE w AT Eof MRt AR 52 Fig. 129F 2
o} % /g%g@ T np A E-S SR15H A}, £32| ESFGFRP plate ] Al=2E 2= %OMZ] ge o et
Eof 874 $31& e HAAR A8l 7Hed A o= it

ot
2
E

Fig. 12. Crack and fracture shape of hybrid segment

7.2E

1 Ao|A SFRC A LHES] Hlsks 5712 $1t B2 GRP plate 11ef510] B7046.9) 55 9
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