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ABSTRACT

AN EXPERIMENTAL STUD Y TO INVESTIGATE THE POSSIBILITY OF
USING MACRO -SYNTHETIC FIBE RS IN PRECAST TUNNEL SEGMENTS

Tengi |,Omog !l u
Master of SciengeCivil Engineering
SupervisorProf. DrrUJ ur han Akyg¢z

February 20191 75pages

With the development of tunnel construction technigesegmental tunnel linings

have begun to play a crucial role in preserving ground surfaces and solving traffic
problems in metropolitan areas. In parallel wglowing interest in precast tunnel

lining, engineersare in the search ofsolutions that improverecast prduction

efficiency and obtairhigher structural performance. Nonetheless, the number of
studiesrelated to precast tunnel segmdnt3urkeyis quite limited Fibers have used

as reiffiorcements in many projectsiel to significant advantages armlvadaysthere

is a general interest in the field of civil engineering on magrahetic fibers to use

in precast tunnel segmental lining. However, it is a controversial issue on whether it

is proper or not, compared to the commonly used conventional rebars. Within this
framework, experimental studiesonfallc al e s e g me nt-MahmmbitbeMe ci di
metro |ine project in Kstanbul were perf
polypropytene fiber reinforcements with or without using rebars in precast tunnel
segments.n these experimenrs, for reliability and usability of glass fiber reinforced

polymer rebars instead of conventional rebars were also investigated. Flexuvabtest
carriedout in order to compare the flexural bearing capacity of tunnel segraésts

point load testvasdeveloped with the purpose of observing the real effect of thrust

forces on precast tunnel segments.



Keywords: Precast tunnel segments, Masymthetic fibers, Glass fiber reinforced

polymer rebars, Full scale tests
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¥Z

MAKRO SENTETKK LKFLERKN PREKAST T! NEL SI
KULLANI LABKLKRLKJKNKN DENEYSEL Y¥NTEM KL

Tengi |,Omog !l u
Y¢ ksek,Kniksasaants M¢g hendi sl i i
TezDan é kmraf.EU] ur han AKkyg¢z

Kub at, 1750

Tenepémat ek ni kI derbirliktea sne ggneelnitkanhe sti¢gmetrdpol k a p | ar

alanlardaky e r y korenymansienn dafuve&k sorunl ariémén -°z
r ol oynamayRr ebkaxd ta méxrnaElra. rk aipll @imais® nar t ma s
m¢hendi sl er prekast ¢retim verimliliJini
sajlayan -°z:;mlBamak armgm@e Kk énhgrakiieyéade pr ek:
ile i1 gili -al ekxmal diflee h n esralyié s anedenial jkl- ar

bir-ok p r oolarakd kelllar&hh@t méegte,én ¢ mise d @ K a a t m¢ hendi
al anenda makr bersleenrtient i br ekast t ¢nel S €
kull anél masgeenred k thaisré Arddkgyiayga@andéorl.ar ak k u

gel enekseé¢ kKanwmél afaired réll eréij re nwytgaurnt éod mgl €&
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donateée il e Dbirl ikkutlel avney anas e & wtbarskale ¢ ama
Kstanbuldidyackke®hyMe t bey pmredjres ihraitn ét am ° 1 - ek
czerdemdey s el -al eéxkxmal ar ,ayyarpec agal kkvigel . Bu
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g°zl eml emek amaceéyla ger-eklexktirilmikti

vii



Anahtar Kelimeler:Pr ek a st t ¢ nel -serdegkmldler,| Gam @lyaf Ma k r o

takviyel. poli mer donateéelar, Tam °| -ekli tes

viii



To my beloved family for their love, endless sagpencouragement & sacrifices.



ACKNOWLEDGMENTS

This thesis is a product of a collaborative work supported by many people in their own

ways. First ofall, | would like to express my deepest gratitude to my thesis advisor

Prof. Dr Uj ur han Akyg¢z of the Civil Engineering

Techni cal University. The door to Prof.
into a trouble spot or had a question about my research or writing. He consistently
allowed this dissertain to be my ownvork but steered me in righirection whenever

he thought | needed it.

I would like to acknowledge the Forta Ferro Company for the financial support of the

AKy ¢

experi mental process. | am also veky thankfu

S°nmez for spending their timsuppoi am deeply

I would like to acknowledgethe Yuksel Project International for significant
contribution of my thesis. In particular, their experiences in the field of underground

structue and railways systems in Turkey has taught me a lot.

| must express my gratitude for. Tuj - e A kAlak K¢ ta e md dfor gheéiri k
endless support duringe design and manufacturing procetthe testipparatus.

I woul d | i ke to akNupllant ¥enhtgrefor thdir ealugblel e r ma
technical support on this project

I am also very grateful for the help of
Esen, OsmaiKeskin, Murat Demireland Salim Azak for all fun and hard moments
we experienceduting the experimental campaign.

| would like to thankDr. BurhanAleessa Alanior his endless support during material

tests.

Finally, | must express my very profound gratitude to my parents and to my girlfriend
for providing me with unfailing support ar@ntinuous encouragement throughout
my years of study and through the process of researching and writing this thesis. This

accomplishment would not have been possible without them. Thank you

t

h e



TABLE OF CONTENTS

ABSTRACT ..ttt e e e e e nnmr s v
e Vi
ACKNOWLEDGMENTS ...t e e ene s X.
TABLE OF CONTENTS. ...t Xi
LIST OF TABLES. ...ttt e e e et e e e e e e ennes XV
LIST OF FIGURES ...t XVii
LIST OF ABBREVIATIONS. ... .o XXiii
1. INTRODUCTION. ..ot eeeee et ee e e e e e 1.
1.1.BaCKgrOUNG. .....cooiiiiieiiiiei e 1
1.2, AIM AN SCOPE. . .uttiiiiiiitiiii ittt mmne e 4
1.3.TNESIS OVEIVIEW. .. .coiiiiiiiiiiiiiiie e ee ettt eeee e e e e e e e e e aaeaeaeeas 4.
2. LITERATURE REVIEW ... 5
2.1. Literature Study on Fiber Reinforced Concrete............cccceeeeivieceevvvnnnnns 5
21,1, GENEIAL ...t 5
2.1.2. Fiber Types and Classification................oooiiiiimmne e 7
2.1.2.1. Synthetic FIDeIS.........oiiiii e 9
2.1.3. Polyprgylene Fiber Reinforced Concrete (PFRC)..........cvvvvviiiiieee. 9
2.1.3.1.Postcracking Behavior of PFRC...........ooooiiiiiiiiiceen e, 10
2.1.4. Precast Tunnel Segments Reinforced by Fibers............ccccvvvveeeeee 14

2.1.5. Experimental and Numerical Studies on FRC Precast Tunnel SegiBents

2.2. Literature Study on Fiber Reinforcedlymer Bars.........cccccccvvveieiiiinnen. 22

Xi



2.2, 0 GRNEBIAL. ..o e s 22

2.2.2. Types and Classification of FRP Reinforcing Bars..........cccc...vvvvveee 23
2.2.2.1. Glass Fiber Reinforced Polymer Rebars................cccevieeennnn. 25
2.2.3. Precast Tunnel Segments Reinforced by GFRP Rebars................ 26

2.2.4. Experimental Studies on Precast Tunnel Segments Reinforced by Glass

Fiber Reinforced Polymer BarS..........cooovviiiiiiiieeee e 27

3. OVERVIEW OF TBM TUNNELING TECHNIQUE............cocoiiiiiiirieeen. 29
3.1. Brief History ofMechanized Shield Tunneling.............cccvvvvivvieeeinnnnnee. 29
3.1.1. Operating Principle of Tunnel Boring Machines................ccceeeeeeen. 32
3.1.2. Types of Tunnel Boring Machines..............oooiiiiiemn e, 36
3.1.2.1.Rock Tunneling Machines.........ccccccceeiiiiiiincce 37
3.1.22. Soft Ground Tunneling Machines..........ccccccccccvviccceeeeeenen . 40

3.2. Segmental Tunnel LiNiNgS.........oooiiiiiiiiiiiirees s eeeseeeeeeee 43
3.2.1. Precast Concrete SEgMENIS. ..........oviiiiiiiiiiicees e e e e e 44
3.2.11. JOINE DELAIIS.....ceeieiiiiiiiiieee e eeee et rmmee e 46
3.2.1.1.1. Longitudinal JOINES...........ccceeiiiiiiiiiieeee e 46
3.2.1.1.2. Circumferential (or Ring) JOINLS............vcvviiiiiiiiicmceiiiiee e, 49

3.2.1.2. Waterproofing SYStem...........ooiiiiiiiiiiiiceeiiii e 50

4. TESTSPECIMENS AND MATERIALS.......co e a3
4.1, TESE SPECIMENS. ....uuuiiiiiiiiiiiiieie e eeeeti ettt et e e e e e e e e e e e e s e e e e e e e e e e e e e e e 58
4.1.1. SPECIMEN GEOMETLY. ... .uuiiiiiiiiiiiiiiee et ieeeisibeeee e e e e e e e e e e e e e eeereeeeeaeeeeas 58
4.1.2. Reinforcement DetallS............uuuuuiiiiiiiiiieeeiiiiiiieeieeeee e 62
4.1.2.1.Type A- RC SampPle.......oeeiiiiiiiiiiiiiiiiieeeee 63
4.1.2.2. Type B RC+PFRC Sample...........cuvviiiiiiiiiiieeniiiiiiiiiiiieeeeeeee 65

Xii



4.1.23. Type C- GFRP + PFRC Sample..........cccccooviimmiiieeeeee e a7

4.1.2.4. Type D PFRC Sample......ccccciiiiiiiiiiiieeieeeiiiiiiiee e 69
4.2. Material PropPerti@S.........uuuuuueeiiiiii i e s ceeereiiiieis s e e e e e e e e e e enemssa e e e e e e e e aaaeaes 70
4.2.1. Concrete PropertiesS........ccccccvieeeeeiiieeceieeeeeeeeeeeesessssssieene e eesssnnen O
4.2.2. Reinforcements Properti@S........ccccuuuuriiiirrimmmiiiiiiieeeeeeeeeeeeeeeseeemees 83
4.2.2.1. Conventional Steel ReDArs...........cccccovvviiiieeme 83
4.2.2.2. Polypropylene FIDEIS.........c.uuiiiiiiiiiiiiie e e 83
4.2.2.3.Glass Fiber Reinforced Polymer Rehars...........ccccoeevvivieeenens 84

5. FULL-SCALE EXPERIMENTAL TESTS.....cooiii e 85
5.1, FIEXUIAl TeSI. .o ee e eeeea e e e e e e e e e 85
5.1.1. Test Setup and Instrumentation of Flexural TeSt........ccccceeeeeeiiiiiieans 86
5.1.2. Experimental Results of Flexural TestAdd text here...................... Q2
5. 1.3, CreeP tESIS. ..ottt 104
5.1.3.1. Cyclic Lading for PFRC SPECIMEN.........ccvviiiiiiiiiiiiieeiieeeenn 105
5.1.3.2. Cycling Loading for GFRP+ PFRC specimen..............cc........ 108
5.2. POINE LOAA TESL.....uuiiiiiiiiiiiiiiiie ettt 110
5.2.1. Test Setup and Instrumentation of Point Load TesSt..................... 111
5.2.2. Experimental Results of Point Load Test............ccccccvvivimenniiinnnes 120
6. CONCLUSIONS.. ... e et e e e e e e eeees 133
LT YU [ 11 = U/ 133
6.2.CONCIUSION......coiiiiiiiii ettt e e e e e e e 133
6.3 FULUIE STUAIES ... 135

A. THE DESI GN VALUES O FMAHMUTBED KMEERO¥ Y
PROUJECT ..t e ettt neae 147

Xiii



B. FULL-SCALE TEST RESULTS

Xiv



LIST OF TABLES

TABLES

Table 2. 1. Physical pr ap.er.t.i.es..of. .8 ibers

Table 2.2Tunnels lined by FRC precast tunnel segments (ITA report n.16, 2G16)
Table 2.3. Previous experimental studies on FRC tunnel segments, adopted from Gong
BL AL (2007 20

Table 2.4. Previous numerical and analytical studies on FRC tunnel segments, adopted
from Gong et al. (2017)....ccoouiriiie e 21

Table 2.5. Generahechanical and physical properties of FRP, adopted from ACI
AA0.1R15 (2015).....ceiveeeeeeeeeee ettt s et enmne st n et s 24

Table 2.6. Previous experimental and numerical studiésnnel segments reinforced

by glass fiber reinforced polymer rebars..........cccccooee v e 28

Table 3.1. Ranges for the dimensions of segmental linings, Thewes (2008) (as

cited 1 n ¢i.me.nt.ep.e.... 2.0.2.0.) i 456

Table 4.1. General geological description between Yenimahalle and Mahmutbey
ES] £= 1110 TP 55

Table 4.2. Segmental lining ririggeneral features.............ccccceeeeiieieeen v, 58

Table 4.3. Segment designations, concrete and reinforcement details......... 62

Table 4.4. Concrete mix designs Of SPECIMENS..........uueiiiiiiiiieeeiiiiiiiieieeeeeeenns 12

Table 4.5. The cubic compressive strength at 90.days............ccccvvveeeeeeeeennn. 73

Table 4.6 The cylindrical compressive strength at 7 days..............ccoevvvvicennn 73

Table 4.7 The cylindrical compressive strength at 28 days.................cooeceee 73

Table 4.8. Residual tensile strengths of test specimens and compressive strength of
(010 ] 0 T0] £ {3 PP SEPPPPRT 82

Table 4.9. Polyprodgne fiber propertieS..........oouuieiiiiiiiiieiiii e 83

Table 4.10. Properties of Glass Fiber Reinforced Polymer Rebars............... B84

Table 5.1. Force corresponding to 2 mm vertical deflection......................ccc.. 93

Table 5.2 First cracking width vs. corresponding loads, moments and deflecéion

XV



Table 5.3. Load and the corresponding moment at allowable SLS crack width limit

(0252 3 1.0 10 SRR 98
Table 5.4. Maximum load and the corresponding crack width and moment..99
Table 5.5. Features of TBM..........uiiiiiiiie e eeeeeeeee e 112
Table A.1. Storage configuration detail.............ccooeeeeivieeeiiiie e 149
Table A.2. Forces action on the storage Systems...........ccevvvvvieeeeeeeeeeeeeee, 149

Tabl e A. 3. Cal cul ationsd resul.ts...ldnd desi gn
Table A.4. Transportation configuration detail...............coooiiiiccee e 150
Table A.5. Forces action on the transportation phases............ccccvvvvieeennnnnns 151
Table A.6. Calculationsd resul.t.s..18nd desi gn
Table A.7. Design values of productiondatransient load cases..................... 151

Table A.8. Critical sections were considered in the TBM tunnel segmental 1ifg

Table A.9. Design values of full section segmeftsmbination A and B......... 158
Table A.10Design values of full section segmen@ombination C.................. 158
Table A.11. Design forces on radial joint segmé&n®ombination A&B............ 159
Table A.12. Design forces on rabjaints i Combination C...............ccvvvieenen. 160

XVi



LIST OF FIGURES
FIGURES

Figure 2.1. Examplesf f i ber sd cross secti.on.al geome
Figure 2. 2. Examples of fiber.sd..t.y8i cal g
Figure 2.3. Softening and hardening behavior of PRC in axial tension (fib Model Code

P20 0 0 12 PR 11

Figure 2.4 Softening and hardening behavior differences at the point of the structural

level, from (fib Model Code 2010, 2012).........oiiiiiiiiiiiieceeeie e e 12

Figure 2.5Difference in tensile behavior forcemdénta s ed mat er i al s (L°
........................................................................................................................ 13

Figure 2.6 Types of FRP (ACI 440.1825, 2015).......cccuuuiiiiiiieiieee e 24
Figure3.1Ai Ter edo Navalisodo, working on the exc
12 0[O ) TSSO SUPRRSSPPPPRRIN 30
Figure 3. 2. Brunel 6s shield tunnel e xca
(Guglielmetti et @l., 2007)......uuuuurieiiiiiiiiie e 31

Figure 3.3.Tunnel boring machine and segmental tunnel lining (Arnau & Molins,

120 L) RO SEPRSSPPPPRSI 32

Figure 3.4. System grogmf a Tunnel Boring Machine (Maidl et al., 2008).....33

Figure 3.5. Working stages of TBM tunneling, from Wittke (2007) (as cited in
Ciment €P..,.2.0.L.0 )i 34

Figure 3.6. Shield tail with grouting of thegrouhd ni ng gap ..(.M36I | er ,
Figure 3.7. Classification of Tun.g87%]l Bor i
Figure 3.8. Rock tunneling machines: a) Unshielded TB)MSingle shielded TBM,

c) Double shielded TBM, from Wi.t.t.Be (200"
Figure 3.9. Regulation of support  pressure, source:

https://www.herrenknecht.com/en/products/epreducts/tunnelling/epbhield.html

XVii



Figure 3.10. Shield tunneling thi a) natural support, b) mechanical support, c)

compressed air support, d) slurry support, e) earth pressure balance support (Maidl et

LT 1 ) PSS OPPPPRRRY” 572
Figure 3.11. The advance of mechanized shield tunneling method (Tiberti et al., 2018)
....................................................................................................................... 43
Figure 3.12. Lining definitionfHurt & Hart, 2011).........cccceeiiiiiiiiiiiiiieeeeeeeeeee 44
Figure 3.13. Segment types (Guglielmetti et al., 2007).........cccovviiiiiiieenreennnnns 46

Figure 3.14. Longitudinal joints with a) two flat surfaces, b) two convex surfaces, c)
convexconcave surfaces (Maidl et al., 2008)............uuvuririiiiimemiiiiiiiieieieeeeeeeens 47

Figure 3.15. Longitudinal joints with a) straight bolt, b) curved bolt, c) inclined bolt,

from AFTES 1999 (as cited in Fabozzi, 2017).........cccooeeeviiiiiiieeciiie e 48
Figure 3.16. Detailing of precast tunnel segment............ccccvvvvieeeiienieeeenennnn. 48
Figure 3.17. a) Joints with dowels, from AFTES (1999) (as cited in Fabozzi, 2017), b)
joints with pin and socket system (Maild et al., 2008).............ccccevvvrieemeeeeeenne. 50

Figure 3.18. Tunnel segments with kaubit used as a packing material (Luttikhokt,

Figure 4.1. Longudinal profile corresponding to the Line 1 tube of metro project,
taken from related project report prepared by Yuksel Project International...53

Figure 4.2. Geological profile between Yenimahalle and Mahmutbey statiorts4

Figure 4.3. Segmental lining ring geometry (8MMM)...........coooeiiiiiiiiiiinennnnnns 57
Figure 4.4. 3D view of the segmental lINing............ccoooiiiiime e 57
Figure 4.5. 4.5 SEgMENL.C ..ot rrne e e e e e e e 59
Figure 4.63D view of Segment C.........ooiiiiiiiiiiii e eeeee e 59
Figure 4.7. Outer view (units mm & Not to Scale)........cceeeevvviiiiiiiccciiee e, 60
Figure 4.8. Inner view (units mm & NOt t0 SCAIL)..........uumiiiiiiiiiiieeciiieieeeeeeen 60
Figure 4.9. Section A (units mm & Not to scale)........ccccvvvvvviiiiiiieeeiiiiiiiin) 61
Figure 4.10. SectionB (units mm & Not to Scale).........cceeveevviieieiiiieeeiieieeee. 61
Figure 4.11. Central deployment (units mm & not to scale)..................ccooeeee. 62
Figure4.12. Reinforcement details of RC segments..............occvvvvieeeeeeenenee, 63

Figure 4.13. Reinforcement details of RC segments (units mm, not to.scalep4

XVviii



Figure 4.14. Reinforcement details of RC + PFRC segmenis............c......e..d 65

Figure 4.15. Reinforcement details of RC + PFRC segments (units mm, not to scale)

........................................................................................................................ 66
Figure 4.16. Reinforcement details of GFRP + PFRC segments................... 67
Figure 4.17. Reinforcement details of GFRP + PFRC segments (units mm, not to
£ = 1) SRR 69
Figure 4.18. Reinforcement details of PFRC segments..........cccccoovvvieeeeeeenens 70
Figure 4.19. Examples of cracked samples after the.test..............ccooveeee 74
Figure 4.20. Dimensions of@oint bending test on a notched beam (EN 14651, 2005)
........................................................................................................................ 74
Figure 4.21. Test specimen angerimental SeUP...........ccoevvvvvreiiiiiiieeeiiiieee e 15
Figure 4.22. Example of load versus CMOD diagram (EN 14651, 2005).......76
Figure 4.23. Experimental results of bending tests in terms of load versus vertical
(023 = Tod o] o F PP PPPPPPRR 77
Figure 4.24. Nominal stress vS. CMOD CULVE..........ccccvviviieiiieeeeeeeeiiiineeeeeeennn ol
Figure 4.25. Simplified stresstrain relationships (fib Model Code 2010, 2012y8
Figure 4.26. Enter the Figure Caption here............ccccviiiieeenniiiieeeeeee 84
Figure 5.1. Test satp and flexural loading System...............ccoovvvviiieeeeeeeeeeeenn, 87
Figure 5.2. Side description of teSt-8t.............oovieiiiiiiii e e 88
Figure 5.3. Instrumentation details of flexural test (units mm, not to scale)...89
Figure 5.4. Vertical and horizontal LVDTS..........uuuuiiiiiiiiiiiieeeiiiiiiiiieeeieeeee e Q0
Figure 5.5. Left side of the flexural test-8ft...............oovviiriiiiiiic s 90
Figure 5.6. Broken strain gauge and vertical LVDTS...........cooooviiviicienennn. 90
Figure 5.7. Right side and bottom view of the flexural.test....................cceee... 91
Figure 5.8. View of located 2 LVDTs instead of strain gauges...................... 91
Figure 5.9. Load versus time graph of flexural tests.........ccccccceviiiieacinnnnnnnn. 92
Figure 5.10. Load versus mfgan displacement CUrVeS............cceeeeeeeivvieeeennn. 93
Figure 5.11. Load versus mgpan displacement curves up to 2 mm............... a3
Figure 5.12. Load versus flexural crack Width................ooooiiiccc s 95
Figure 5.13Load versus flexural crack width up to 0.3 mm............cccccceeineee. 96

XiX



Figure 5.14. Final crack pattern of specimens (bottom View)....................... 102

Figure 5.15. Final crack pattern of specimens (side View)..............cccccuueeee.. 104
Figure 5.16. Load versus time graph of D3 specimen...............ccovvveemevnnnnnn. 105
Figure 5.17. Load vs. migpan displacement Curve...............cccccvvvimemnnnninnnne 106
Figure 5.18. Load vs. flexural crack width of D3 specimen.............c.c.cce.ue.e. 106

Figure 5.19. Load vs. horizontal displacement curve of D3 spediiglefn......... 107
Figure 5.20. Load vs. horizontal displacement curve of D3 spedeften......... 108

Figure 5.21. Load vs.re graph of C4 Specimen..........cccccoovvviiiiiccce e 109
Figure 5.22. Load vs. migpan deflection curve of C4 specimen................... 109
Figure 5.23. Final crack pattern of C4 specimen (right side)......................e 110
Figure 5.24. Final crack pattern of C4 specimen (left side)..............cceevvveeee. 110
Figure 5.25. Local tensile stresses due to applied high concentrated load (Bakhshi,
710 1) TR 111
Figure 5.26. TBMack configurations (adopted from Meda, 2016)................ 112
Figure 5.27. Point load testing SYSeML.........coiiiiiiiiiiicceiiie e e 114
Figure 5.28. Instrumentation details of point load test (units mm, not to scdlép
Figure 5.29. Point load test sagh and loading SYSteMS...........cccvvviiiiiiiieeennen. 116
Figure 5.30. Outer surface oBteSPECIMENn..............oevvvvvvviiiccreeeeevein 116
Figure 5.31. Point load test agp and instrumentation details (1)................... 117
Figure 5.32. Point load test agh and instrumentation details (2)................... 118
Figure 5.33. Point load test sagh and instrumentation details (3)................... 119
Figure 5.34. Load vs. time graph of point load testS............ccccoeeeeveeeecccnnn. 120
Figure 5.35. Load vs. spalling cracking widthl(H ...............ccccoooiiiiiiiiemennnnnnn. 121
Figure 5.36. Load vs. spalling cracking width ¢FL.................ccooiiiiiiieeen i, 121
Figure 5.37. Load vs. spalling cracking width (H2.............ccccccooiiiiiiiiinnn. 123
Figure 5.38. Load vs. spalling cracking width HR..........cccooerviiiiiiiiiiicceeennn. 123
Figure 5.39. Load vs. splitting cracking width @)3..............coorrriiiiieee e 124

Figure 5.40. Load vs. average of vertical displacement curv&(dtd V3l) ....126
Figure 5.41. Load vs. average of vertical displacement curvO(d@ad V2I) ....126
Figure 5.42. Load vs. average of vertical displacement curvO(dB8d V1l) ....127

XX



Figure 5.43. Crack pattern and crack depth of PFRC specimen.................. 128

Figure 5.44. Crack pattern andhck depth of RC + PFRC specimen............. 129
Figure 5.45. Crack pattern and crack depth of RC specimen....................... 130
Figure 5.46. Final view of GFRP + PFRC specimen...............cccccumeeriinnenes 130
Figure 5.47. Horizontal strain values at the spalling and splitting region.....131
Figure A.1. Statical scheme of the demoulddhgses (units mm).................... 147
Figure A.2. Storage configuration of entire ring segments (units.mm)......... 148
Figure A.3. Static condition in the transporting phase (units.mm)................ 150
Figure A.4. Load distribution for the partially loaded area (Euro@de........... 152
Figure A.5.Static condition to evaluate the bursting effect in segments perpendicular
01 = UL SRR 153
Figure A.6. Empirical method and FEA method for the evaluation of splittirih3
Figure A.7. Finite Element Analysis model and resultssgiment C................ 154
Figure A.8. SECION 1 gEOMELLY.......uuueiiiiie i e e e e eeeecre e e e e eeeer e e e e e e 156
Figure A.9. SECtiON 2 GEOMELLY.......uuuii i it ceeer e eere e e e 156
FigureA.10. SeCtion 3 gEOMEILY......cciiiiiiiitiiiee e ee bbb eeer e 157
Figure A.11. SECtioN 4 gEOMELLY......ccciiiiiiiiiiiiiteieee bbb e e e s eeereeeeeees 157
Figure A.12. SeCtion 5 gEOMELLY........ccceiiiiiiieieiiieeee e s 157

FigureB.1 Load versus vertical displacement curves obtained by left LVDT1L61

Figure B.2. Load versus vertical displacement curves obtainadhiyLVDT....161

Figure B.3. Load versus vertical displacement curves obtained by average of 4
Y N TSR 162

Figure B.4. Load versus flexural crack width graph measured by left LVDT162

Figure B.5. Load versus flexural crack width graph measured by left LVDT, up to 0.3
0010 TR PP TRPPP 163

Figure B.6. Load versus flexural crack width graph measured by right LVDI63
FigureB.7. Load versus flexural crack width graph measured by right LVDT, up to

O 1C 2N 0 1] 1 0 PSP 164
Figure B.8. Load versus flexural crack openwigith curves obtained average of 2
LVDTSs, around the SLS lMit............coooiiiiiiiiiiieee e 164

XXi



Figure B.9. Load versus flexural crack width curves measured frentethstrain

Figure B.11. Load versus flexural crack width curves measured by left LVDT located
at the strain gauge POSItIQN...........uueeiiiie e eeerr e e e e e 166
Figure B.12. Load versus flexural crack width curves measured by right LVDT located
at the strain gauge POSITIQN. ...........uuuuiiiiiieieieeeiiieee e e eeer e e e 166
Figure B.13. Load versus horizontal displacement curves obtained from left LVDT

Figure B.15. Load versus vertical displacement curve obtained from left LNMBg
Figure B.B. Load versus vertical displacement curve obtained from right LY&BT
Figure B.17. Load versus flexural crack width curve measuréefoyVDT ...... 169
Figure B.18. Load versus flexural crack width curve measured by right LV.D§9
Figure B.19. Load versus flexural crack width curves measured by left LVDT located
at the strain gauge POSItIQN...........uueeiiiiee e eeer e e e e 170
Figure B.20. Load versus flexural crack width curves measured by right LVDT located
at the strain gauge POSITIAN. ...........uuuuiiiiiiiii et eeer e e 170
Figure B.21. Cracking width versus vertical displacement curve................. 171
Figure B.22. Load versugertical displacement curve obtained from left LVDI71

Figure B.23. Load versus vertical displacement curve obtained from right IVRT

Figure B.24. Load versus vertical displacement curves(V1..........cccccunne... 172
Figure B.25. Load versus vertical displacement curveslV2...............c........ 173
Figure B.26. Load versus vertical displacement curveslV3.............ccuvvveeee. 173
Figure B.27. Load versus vertical displacement curves@Yl......................... 174
Figure B.28. Load versus vertical displacement curves@Y2......................... 174
Figure B.29. Load versus vertical displacemantes (V30) .........cccceeeeviinnnnne 175

XXii



LIST OF ABBREVIATION S

ABBREVIATIONS
ACI American Concrete Institute
AFRP Aramid Fiber Reinforced Polymer
AFTES French Tunnelling and Underground Engineering Associati
CEN European Committee for Standardization
CFRC Conventional Fiber Reinforced Concrete
CFRP Carbon Fiber Reinforced Polymer
CMOD Crack Mouth Opening Displacement
CNR The National Researdbouncil of Italy
DAfStb German Committee for Reinforced Concrete
DAUB German Committee for Underground Construction
EN EuropearStandards
EPB Earth Pressure Balance
FIB International Federation for Structural Concrete
FRC Fiber Reinforced Concrete
FRHPC Fiber Reinforced High Performance Concrete
FRP Fiber Reinforced Polymer
GFRP Glass Fiber Reinforced Polymer
HFRC Hybrid Fiber Reinforced Concrete
HPC High Performance Concrete
HPFRC High Performancé&iberReinforced Concrete
ISO InternationalOrganization for Standardization
ITA International Tunneling and Underground Space Associatio
JSCE Japan Society of Civil Engineers
LOP Limit of Proportionality
LVDT Linear Variable Differential Transformers

XXxiii



MSF Macro Synthetic Fiber

NATM New Austrian Tunneling Method

PC Plain Concrete

PFRC Polypropylene Fiber Reinforced Concrete

PP Polypropylene

RC Reinforced Concrete

RILEM International Union of Laboratory and Experts in Construc
Materials, Systems and Structures

RMR Rock MassRating

SCFRC SeltCompacting Fiber Reinforced Concrete

SFRC Steel Fiber Reinforced Concrete

SG Strain Gauge

SLS Serviceability Limit State

TBM Tunnel Boring Machine

UHPFRC Ultra High Performanc€&iberReinforced Concrete

ULS Ultimate Limit State

2D Two Dimensional

3D Three Dimensional

XXiV



CHAPTER 1

INTRODUCTION

1.1.Background

In today's world, due to the increasing traffic extensively in metropolitan areas and
need to preserving ground surfaces, there is a growing interest in tunnel lining
(Conforti et al., 2017). In parallel with the developments of the tunnel construction
tedhniques and adoption of more powerful Tunnel Boring Machines, using of precast
tunnel segmental lining has increased in the last two decades. Precast tunnel segmental
lining serves as both initial ground support and final lining in the modern tunnel which
is constructed with Tunnel Boring Machines (Bakhshi and Nasri, 2015). In addition,
it provides the required operational cr@extions for water supply, wastewater, gas
pipeline power cable, railways etc. However, there are some drawbacks in terms of
strudural performance and manufacturing process. The curved shape pretaest
tunnel segment causes using conventional reinforcement with complex detailing
(Caratelli et al., 2011). This situation leads todbkayof the project period and it also
increags thelabaur cost. In addition, using conventional reinforcing bars causes
corrosion problems for precast tunnel segments especialigrasoil environment

and damaged part of the tunnel. In order to prevent this effect, cathodic protection
generallyis usd in tunnel lining. Nonetheless, this protecticauss extra expense

for the project. Consequently, the main subject is decreasing the construction time and
the enhanement ofthe structurabehaviorof precast tunnel segments in terms of
flexural bearing capacity, corrosion resistance and crack control. For these reasons,
fiber reinforced concrete is commonly triedlde used for the construction of tunnel
lining, due to possik redudion or disuse irconventional reinforcement. However, in

this field limited studies have been carried out to investigate the struoévaliorof

tunnel segments reinforcéy fibers.



Fiberswere used for the first time in pavements and they altlmempletely replacing

the steel mesh reinforcements (Falkner et E395). This practice revealed the
possibility of usingfibers instead of traditional reinforcements. After that, lots of
applicationshave beerdeveloped especiallyn pavementsshotcrete and precast
industry(Di Carlo et al., 2016)Apart from that, acarding to recent data (Gong et al.,
2017) variousstudies both experimental and numerical have been performed in order
to investigae thefiber reinforced concrete in the last twenty years. A common result
of these studies is that theeof fibersenhances the structural performance of concrete
particularly, postracking tensile strength and durability of concrete. In addition,
usingfiber reinforced concrete for the precast tunnel segments leads to several benefits
in terms of production efficiaay, sincefibers distributed uniformly in segments can

be easily added during concrete mixing (Conforti et al., 2017).

In the last decade, totally more than 500 km length of the tunnel has started to construct
in the different regions of Istanbul/Turkegome of them have already finished
(Istanbul Metropolitan Municipality, 2017). Basically, these applicatemeselated

to heavy rail transit systems, also known as metro. Additionally, when the tunnels
which are constructed for the purpose of hydrawieduits taken into consideration,
tunnels lengthio be constructets much longer than than Turkey,fiber reinforced
concrete was introduced in tungduring the application of shotcretes. However, the
structural effect ofibersin concretehasnot beentaken into consideration exactly
since theras no information orprovisionson fiber reinforced concrete in Turkish
Codeat all According tolTA report n.16 (2016), some countriesvégublished
guidelineson the structural design @iber reinforcedconcrete (e.g.RILEM, 2003;

CNR DT 204, 2006; DAfStb, 2012). Moreovdiher reinforced concretbastaken

place recently in the fibo Model Code 2010 (2012) and Eurocode 2 (CEN TC
250/SC2.WG1.TG2, 2016). Apart from that, the American Concrete Institdtthan
International Tunnelling Association published guidelines fiwer reinforced
concrete segmental linings (ACI 544-1R, 2016; ITA report n.16, 2016). It should

be noted that compardd the previous ones, these are not reldtedeneralfiber



reinforced concretehut are specifically published for the tunnel segmental lining.
Recent study (ITA report n.16, 2016) indicates that although fbeelreinforced
concrete has been commonly used in precast tunnel segments, significant research has
beenperformed to enhance the structural performance of rggrheticfibersin the

last decade. There is an increasing interest in the field of engineering on macro
syntheticfibers to obtained more durable precast tunnel segnahumsto itshigher
resistane to corrosion, compared to stéibkrs (Conforti et al 2017). Howeven a

similar manner limited experimental studies on maayntheticfibers (MSF) in

precast tunnel segmeritave beeconductedor the metro tunnelddore importantly,

no researchds ever been associated with MSF in tunnel segments in Turkey.

In addition to macreyntheticfibers, for the reliability and usability of gladger
reinforced polymer (GFRP) reinforcing bars in metro tunnel segments, tharetare
muchexperimental studies (Caratelli et al., 2016,2017; Spagnuolo et al., 2017). The
experimental studiesarriedoutby Caratelli et al 2016,2017 demonstrated that using

of glassfiber reinforced polymer rebars instead of conventional reggiments in
pre@st tunnel segments increasthe corrosion resistance and allows many
advantages in the sense of structural durability. Therefore, for the purpose of removing
the cathodic protection in the tunnel and reducing proestt macresyntheticdibers

and GFR rebars can be used in precast tunnel segment together. However, due to the
lack of special design rules for tunnel segments reinforced by regotbetic or

GFRP reinforcing barghey are usuallydesignedoy considering the national codes
concerning thelesign of an FRC structurBull-scale tests are one of the effective
ways to investigate the mechanical and struchehaviorof fiberreinforced concrete
segments (ITA report n.16, 2016)ithin this frameworkto provide the possibility

of using maan-synthetic fibers with or without rebars in precast tunnel segments and
alsoto show the usability of gladtber reinforced polymer (GFRP) reinforcing bars
instead of conventional bars in precast tunnel segments, experimental programs on
fifteenfullscd e segment s -Md&h mietch edyi yreekt°ryo t unnel

carried out.



The special motivation of this thesis is thas tthe first study in the literature that has
been performed by combining macisynthetic fibers with glass fiber reinforced
polymer rebars in tunnel segmergad dso the first experimental stydon precast

tunnel segments by using M8FTurkey.
1.2. Aim and Scope

Showing the possibility of using maesynthetic fibers with or without reinforcing
bars in precast tunnel segments emvestigating the usability of glass fiber reinforced
polymer reinforcing bars as conventional rebar are possible by performiragdilel

experimentatess on four different reinforcement solutions.

The main objective isot enhane the structural performance of precast tunnel
segments andto redu® the construction time by using maesgnthetic
(Polypropylene)fibers in precast tunnel segments. Additionally, using macro
synthetic fibersalongwith glass fiber reinforced polymer ralsan precast segments
enablesxclusion ofthe cathodic protection in tunnels. As a consequence, the total

cost of metro projects will decrease at a certxtent
1.3. Thesis Overview

This thesisconsistsof six chapters. Chapter 1 (Introduction) generally presents the
background information about the main subject, the aim and scope of the research.
Chapter 2 (Literature Review) describes the theoretical backgroditeisfandfiber
reinforced polymersrad gives a summary of previostudies. IrChapter 3 (Overview

of TBM Tunneling Technique), hrief history of mechanizedunneling principles

and types of Tunnel Boring Machine and segmental tunnel lining are introduced.
Chapter 4 (Test Specimens andt&tals) briefly describes thgenerafeatures of the

Me c i d i -yMahnfutipey metro project, specimen types and their reinforcement
details, characteristic of the materials used in the production of specimens. In Chapter
5 (Full-Scale Experimental Test®xperimental tests procedures and the results of
experiments are detailed. Chapter 6 (Conclusions) summarizes the thesis study and

gives the recommendations for further studies.



CHAPTER 2

LITERATURE REVIEW

2.1.Literature Study on Fiber Reinforced Concrete
2.1.1. General

Fiber reinforced concrete (FRCis a composite material that comprised of a
cementitiousmatrix containing relatively short, discrete, discontinudirers of
various shapes argizes (Abid and B. Franzen, 2011). In gendrhérsare used in
concrete mix for two maipurposesThe first one is aon-structuralpurposewhich

Is prevening the plastic crackeccurringin theearly stage of concrete. On the other
hand, the second one is thieucturalpurpose, suclascontrolling the crack widths
(L°fgren, 2005) . Howe v er jschange comnsidarably |
with the types and quantity dibers in theconcretematiix. After a long researgh
Jansson (2008, p. 31) efilmgushoacencretes ioh ordlehta t
choose the most suitalfider, it is important to identify the type of effect théers
are expected t o-mpdefibersiardpeodiced fiom gyatlyetics) stael,

glass and naturdibers such as, jute, cellulosndbamboo used ifiber reinforced

concrete Steelfibers are probably the most investigated and widely used in the 20th

century. However, there is no doubt that using syntligtgss in concrete suchas
polypropylene, polyesteand polyethene are growinggraduallyin the 21st century

due to several advantages compared to fbesk

Plain concrete that iglso knownas unreinforced concrete, has britliehaviorthat

shows high compressive strength but low tensile capacity. For this reason, concrete

requires reinforcement in most of the applications. It is the most preferred method to

per

~

fi wh

use ordinary continuous reinforcing bars in the tensile and shear zones for increasing

the load carrying capacity of concrete (Abid and B. Franzen, 26idgis are short



materials that spread randomly in the concrete mix, as well as they are discontinuous.
Therefore,the use of low quantity fibers in concrete cannot increase the tensile
strength of concrete remarkably since they are dispersed. In general, fiber dosages
used in concrete for crack control correspond to a volume fraction (Vf) below 1
percent. Nevertheless, the tensile strength can be increased when a higher volumetric
ratio of fibers is used in concret&sing high amount offiber in order to get any
substantial increase in tenssgengthleads to uneconomical solutions or workability
problems. Forthis reasonfibers are generallyused in members that require less
amount of tensile reinforcement. HoweV@rersare significantly effective in term of
controlling cracks due to random distributionfitfers in the concrete mix. This is
because thBbers tend to bridge the cracks aftlee initial crack occurred. In this way,

they control the development of cracks and prewecrteasingcrack widths ITA

report n.16 (2016) emphases that even if the contefiberfis low, the addition of

fibers in concrete considerably increases tlstpracking tensilebehavior also

known as toughness, and ductility of the concrete. Moreover, the numfileerah

the concrete matrix affects tpest crackindensile strength of structure significantly.
Since at a giveriiber content, the number ahicro fibersin concreteis higher
compared to macrfibers and this situation leads tocreasinghe chance ofibers
crossing the cracks. Apart from théibers can also béhought ofas an alternative
solution in ahinand complex structure wheredmary reinforcement cannot fit (Abid

and B. Franzen,20llledr el i d (2015, p.3) stated that
postcracking tensilebehaviorand improved crack control of concrete may lead to
significant improvements in theehaviorof the esulting structural members, both at
the serviceability | imit state (SLS) and
consequence, usirftpersin concrete for structural applications makes it possible for
reducing conventional reinforcements. Even somesi, they lead teliminatk all

traditional reinforcements in structure, suchregavements.

at



2.1.2. Fiber Types and Classification

According to Naaman (2003) fibers used in concrete can be classified by considering

different criteria. These are summarizsow;

1) Fibers can be classified based on the origins: Natural organic, natural inorganic and

manmade (e.g. synthetic, polymer, carbon, glass, steel).

2) Fibers are characterized on the basis of their physical or chemical properties such

as surfaceroughness, density, reactivity or nogactivity with the cementitious

matrix, flammaubility.

3) Classification offibers is also based their mechanical properties: like ductility,

elastic modulus, tensile strength, elongatadrfailure, stiffness, surfacadhesion,

specific gravity etc.

4) Fibers can also be classified according to their geometric propertiesisiecigth,

diametercross sectionahape, surface deformation. As it is seehigure 2.1fibers

can be produced in any cressction (e.g.iccular, square, rectangular, triangular, flat,

diamond, polygonal and substantially polygonal shape).

Different crosssectional geometries @ibers and typicafibers 6

in Figure2.1 and Figure 2.2, respectively.
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Figure2.2. Examples ofibes 6 t ypi c al geometries (L°fgren, 2

Table 2.1summarizesypical physical properties dibers commonlyused. According to

this table,fibers arecategorizedbasically as synthetic, steel, glasand naturaffiber

materials.
Table2.1. Physical propertie® f f i bers (L°fgren, 2005)
Diameter Specific Tensile Elastic Ultimate
gravity strength modulus elongation

Type of Fibre [rim] [e/em’] [MPa] [GPa] [ %]
Metallic
Steel 5-1 000 7.85 200-2 600 195-210 0.5-5
Glass
E glass 5-15 2.54 2 000-4 000 72 J.0-4.8
AR glass 5-20 2.70 1 500-3 700 S0 2.5-3.6
Svnthetic
Acrylic (PAN) 5-17 1.18 200-1 000 14.6-19.6 7.5-50.0
Aramid (e.g. Kevlar) 10-12 1.4-1.5 2 000-3 500 62-130 2.0-4.6
Carbon (low modulus) 7-18 1.6-1.7 S00-1 106 38-43 2.1-2-5
Carbon (high modulus) 7-18 1.7-1.9 I 500-4 000 200-800 1.3-1.8
Nylon (polyamide) 20-25 1.16 Q65 307 20.0
Polyesier (e.g. PET) 10-8 1.34-1.39 280-7 200 i0-18 10-50
Polyethylene ( PE) 25-1 000 (196 S0-600 5.0 12-100
Polyethylene (HPPE) - (.97 FO00-4 000 80-150 2,944
Polypropvlene ( PP) 10-200 0.90-0.91 I10-760 J3.5-4.9 6-15.0
Polyvinyl acetate 3-8 1.2-2.5 S00-3 600 20-80 4-12
(PVA)
Natural - organic
Cellulose (wood) 15-125 1.50 300-2 000 i0-50 20
Caconut F00-400 1.12-1.15 120-200 §9-25 10-25
Bamboo SO-400 1.50 200-440 33-40 -
Jute F00-200 102-1.04 250-350 25-32 1.5-1.9
Natural - inorganic
Asbestos .02-25 2.55 200-1 800 164 2-3
Wollasionire 25-40 2.87-2.09 2700-4 100 303-530 -




2.1.2.1.Synthetic Fibers

Jansson (2008, p.35) described synthigiers i n  hi s r enmdefiberc h as
resulting from research and devel opment
With the development of the chemictdchnology, synthetidibers have been
increasingly used in the last decades for the reinforcement in cementitious materials.
Many commercially availablébers in the constructions field have been formulated

and manufactured specifically in order uge as a reinforcemennh mortars and
concreteFibers derived from polymemsregenerally used in synthefiber reinforced
concretes. As it is seen Trable2-1 most common types dibersused in concrete
matricesinclude polypropylene polyethenecarbon, nylonandpolyester. Some of

the listedfibers in Table 21 are produced and soldnmanycommercial applicatian
Therefore, they have been subjettextensive research especially, polypropylene.
While for theothers,alimited number of reseahes are available in the literature. It
should be noted that the properties of syntHédiers show a huge variety with regard

to tensile strength and modulus of elasticity (see Taldlp 2
2.1.3. PolypropyleneFiber Reinforced Concrete (PFRC)

Polypropylene(PP) fibers are made from homopolymer polypropylene resin in
variousshapes and sizes with diféat properties (Bentur and Mindess, 2007). The
main benefits of polypropylenibers are high alkali resistance, high melting point
and low cost. In additiorotadvantages, however, there are many drawbacks of PP
fibers such as poor bond properties with the matrix, sensitivity to sunlight and oxygen.
Also, they have a lower modulus of elasticity, which changes to from 1 to 8 GPa,
compared to maniybers. Nonetleless, polypropylenibersthat have aelativelyhigh
modulus of elasticity have been developed in st decade for the purpose of

reinforcement in concrete.

According to studies that conducted by Bentur and Mindess (2007), polypropylene
fibers can beusedfor different purposes to strengthen cementitious composites. For

example fibers that havea discrete and small componenay be used as a primary



reinforcemenin concrete if thdiber volume content is higher thanper cent This
volume content is relatively higher compared to common application and the material
is referred to asligh Performancé&iberReinforced Concrete (HPFRC). However, it

IS not easy to produce such a compound by simply mixingltéesand the concrete
matrix. Instead of using small and discréteers, continuougiber mats can be used

in the concretematrix by hand layup of layer method or industrial mechanized
processes to obtained high performaraetherapplication offibersin the concrete

Is as secondary reinforcemeptrpose for instanceto decreasthe plastic shrinkage
effect. The volume content of polypropylefileers is generally below 1 % and they
have a low modulus. Moreover, this low volume content in concrete is eéfeative
soluion for hardened concrete because of having low cracking control. Apart from
that, according to Jansson (2008), polypropyfémes can be used in concrete as fire
protection. He also summarized thehaviorof polypropylendibersunder the fire as

i t fibers melt, leaving empty channels that provide an escape route for the steam
produced during the fire, thus preventing s
Bentur and Mindess (2007).

2.1.3.1.Postcracking Behavior of PFRC

Thebehaviorof fiber reinforcedconcrete (FRC) shows variety with thiger content,

type and matrix composition. In other words, obtairtimgdesiredbehaviorof FRC
depends on many parameters. However, there are two types of mechahaabr
thatfiber reinforced concrete shouwnder axial tensianThe first onas postcracking
softeningbehaviorthat the deformations localize in one crack and no other crack is
observed. After the first crackfrengthof the structuredecreasesand this situation
preventdurther cracks. Theecond onés postcrack hardeningehaviorthat multiple

crack formation before reaching the peak value. This is also known as strain
hardening, strength increases before the failurghefstructure Softening and
hardeningoehaviorsunder the axial temsn are shown ifrigure2.3.

10
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Figure 2.3. Softening and hardenirtgehaviorof PRC in axial tension (fib Model Code 2010, 2012)

In general, uniaxial test is made to directly evaluatgtst crackingensile behavior

of fiber reinforced concrete. Howeveniaxid tensile testing is not suggested by fib
Model Code 2010, (20129r standard testing of new mixturescausenterpretation

and performing of tensile tests are quite difficult. Another neasplained in the code

is that fiber orientation that depends on manufacturing method affect the results
significantly. Sinceghe specimenagsed in the testre normally smallthe number of

fibers in thegoverning planewhere the cracking occuise snall, as well. Therefore,
bending tests, such as EN 14651, are usually advised by design recommendations in
order to analyze the flexural response of cementitious composites after cracking
(ITAtech report n.7, 2016).

In addition, t should be consideredhat behaviorof FRC shows huge differences
between the test methods. Fib Model Code 2010, (32220 touchesan important

point before the determination diber reinforced concrete behavior and this is
expl ai ned @ftsningbehavioanensiail ¢an correspond to hardening
behaviorin bending. Even a bending softening material can result in a hardening
behavior of a suitable struct uFgere24. Thi s

The lines in this figure represent the possible results of test.

11



Figure 2.4. Softening and hardenirtgehaviordifferences at the point of the structural level, from (fib
Model Code 2010, 2012)

Nowadays majority of the fiber reinforced concrete used projects shows a post
cracking softenindpehavior Nonethelesssomefiber reinforcedconcreteespecially,
in high fiber contentshows a hardeningpehavior under tension As previously
mentionedthese are called dsgh performancéiber reinforced concrete (HPFRC)
Figure 2.5 illustrates schematically tpest crackingoehaviordifferences between

plain concrete and two types of FRC.

To evaluate théehaviorof polypropylendfiber reinforced conetes (PFRC), some
experimental studidsave beewgarried out in the literature (Cominoli et al., 2007; Jose
et al., 2015). These comparison studépolypropylene and stediber reinforced
concrete with contain normalfiber dosages, revealed that thmajority of

polypropylene FRGhow softeningpehaviorunder bending. In contrast, stdgler

12



reinforced concrete exhibited strain hardenoaipaviorthat increasedbad bearing
capacity after cracking.

Another important point is thatfiber reinforcemenis usel in concrete for structural
purposes without any conventional flexural reinforcement, they exhibit-gtragi
hardening (a postracking strength greater than the cracking strength) or pseudo
strain hardening (elastjlastic responsd)ehavior For some kinds of structures such
asthin elements subjected only to flexural loading, a material that having deflection
hardeningbehaviorwould beproper (Jansso2008) However, according to Kanstad
and D°ss| ( 2 Odofening marialrisasufficiéntfa wdllss stabsi 0 n
on grounds, tunnel liningand structures, where extreme loading woulat cause

and

undesired consequenc@swhere comprgsive stresses are present.
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Figure 2.5. Difference in tensildehaviorfor cemerntb a s e d
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2.1.4. Precast Tunnel Segments Reinforced by Fibers

Research orfiber reinforced concrete (FRC) started in the 1968mce then,
extensiveesearchelave been done to get a deeper understandifiperfs, especially
steelfibers Parallel to the success achieved in the resegrERC has been usedan
differentapplication for structural purposésiao, 2015) As previously mentioned,
fibers that mndomy distributedand discrete material are included in the concrete
matrix like aggregates, and they enhatiee mechanicabehaviorof concreteThey
allow not onlyto improve structural performance of concrete but alsmost of the
applicationseconomich solutions are obtainedsince fibers are asily added in
concrete matrixJabaur and manufacturing cost decrease.addition to this, they
provideopportunitiedor saving theime of projectdue toeasyworkability of fibers
For these reasons, nowadayne of the most common uses of FRCsiscast

segment®f tunnels.

Precast concrete segmehtye been usé in tunnels with thenventionof the shield
tunnelling techniquelTodaysmost of tunnels areonstruceédwith the help of Tunnel
Boring MachinegTBM), which allows safer excavation flamg tunnels especially in
weakrock or softsoil. These precast concrete segmentggarerally reinforced with
conventional reinforcing barto resist the tensiléorces both at SLS and ULS.
However, he possibility ofa totally or partially replaceent of the traditional
reinforcement with FR@asbeeninvestigated extensively in the past deca&asce
1980sfiber reinforced concretes habeen ivolved in projects asmnovativematerial
for the onstuction of tunnel segments. One of the ma&asondor thisis thatFRC
provides elimination ofime, which needed fothe preparation ofebars, before the
casting theunnelsegmentsAnother important reasdor usingfibersin theconcrete
segment isstructural responsibilitiesExcept in the case of asymmetric loading
situation, tunnels are mainly subjected to compression during the service stage
Thereforefibers may be used alone asaanforcementn order forresising of tensile
stresseshat arse inthe transient stages and avoglbrittle failure.However,FRCs

have to satisfy theminimum ductility requirements establisd in recommendations

14



and codegqLiao, 2015) Apart from that, using only traditional reinforcement in
precast tunnel segments magt be enough tpreventformationof cracksduring the
transient phasedémoulding storage, transportation and handling). Spalling and
splitting stresses that occurrddringthe construction phase cause visible cracks on
the segmentsThese cracks affect concrete durability particularly, in aggressive soil
conditions suclashigh level of water tableSincefibershave advantages in terms of
cracking control due to threnhancemerdf post cracking tensile strength of concrete,

nowadays, there is a growing interestiibers

Some researchers conducted a literature search on tunnels made by fiber reinforced
concrete precast tunnel segmefisese are; de la Fuente et, 42012) covers the
period from 1993 to 2010; Liao et al., (20X&verthe period from 1982 to 2014;
Gong et al., (2017) covers the period from 1999 to 2Mi&weve, the most
comprehensive study related to FRC precast segmentiuded inthe ITA repot

n.16, (2016) report. In this report, totally, 73 case histories take place from 1982 to
2016 and also covers under construction turiffesetunnels constructed with FRC

are presenteith Table 22. It is revealedhat FRC precastinnel segments havedre

used for differenpurposesi.e. gas pipelinewater supplywaste watersubway, and
railway. According to this report, the first precdsier reinforced tunnel segments
have been used for the constructiotMaitrosudin 1982. However, the first symtic
fibershave been used in precast tunnel segments in 2009; Harefield Gas Tunnel and
Malaga Rail Tunnel. In additionpwadayshybrid solutions that the combination of
conventional rebarandfiber reinforcementre investigateéxtensively forusingin

the precast tunnel segments. The data reported in Fableficated that the tunnel
linings reinforced with onlyiberreinforcement are nearly #d, and for the remaining
29%with a hybrid solution. Moreoverteelfiberis the main type dfiberusedin the

cases reported ifiable 2.2, with a content that ranges from 25 kdtm 60 kg/m.
Nonetheless, synthetfibers content used in the tunnels &ég/n? and 7kg/m®.
Detailed informatioron real case studies of FRC tunne&n be foundn ITA repat

15



n. 16, Twknlylyéays ofiFRC Tunnel Segments Practice: Lessontlaain

Proposed Design Principleso

Table2.2. Tunnels lined by FRC precast tunnel segments (ITA report n.16, 2016)

Fanaoo 1950 ™) wasrSypy | 20 | 020 | %0 | s MA N Mo
Heairrow Eaggage Hending 1998 | Engand Sanice a5 | o5 | mo | =mc ) 0.35% Mo
Heaifrow Exprass 1994 | Engana Fiiway 57 | o2z | 8 | smo 3 0.35% Mo
Nepoll meto 1896 Iy ey 55 | om | s | smc 4 051% Mo
Leactho Highlards 1996 | SouhaAica | WaerSupy | 45 | 030 | 150 | SFC 5 0.54% Ho
Hactinger 1996 | Gewery | WaeSwppy | 22 | Qi | 122 | &G A A Mo
2rd Hananoord 1990 | Memenns Fnst 76 | 03 | m7 | sEo MA A Mo
Jubiles Line 1990 | Engand P a5 | om | mz | = 3 0.35% Mo
Trasvirsas Manahl |La Experanzs) 200 | Eesr | Walersppy | 265 | 020 | 175 | SARG 3 0.35% o
Eszen 0N | Gy P 72 | oz | e | =mc MAS haA Mo
Sorerbag 2002 | Swtmweno | cesPpews | 28 | 035 | 152 | sme 40 051% ho
e — 2008 Span WoerSppy | 54 | 025 | mE | Ha A A Mo
érgberg funel 2003 | Swizreng Fiiway ws | om0 | se | wa A hA Ho
érbery TEM 2003 | Switzereng Fiinay 14 | oso | ms | sme 3 0.35% e
érgbery Shield 2003 | Swizreng Fiiway 14 | 040 | 285 | =mc & 0.76% Ho
Barcelona Metro Lin 6 - Can Zam Stratch | 2003 Span Sy 08 | 035 | =1 | =G & 076% Mo
Chanrel Turnel Ral Lk (STALY 2004 | Engaa Fiiway 72 | oz | =4 | =mc 5 0.35% Ho
Heaitrow Express Extercion (HenSy. | 2005 | Engand Fiaivay 57 | o2z | ms | smo 2 0.35% Mo
;mgﬂm Conrel Greuter | prpe Japan Aoad 108 | 045 | 242 | sFRC &3 0.60% e
S0 Vicarts 006 = Wit Supply | 32 | 048 | 178 | SFRG 0 10,365 ™
Heatrron-SWaT 706 | Engend | WewEppy | 23 | 020 | 145 | SFAC 2 10.38% N
Barcalona Metro Line @ - Siretcn | 006 Epan Subway B4 | 02 | 283 | sFAc | soeazs m%‘f:'“ Yem
Litschberg 2007 | Sefperiand | Temporaypict| 45 | 022 | 208 | SFAG MA A No
Beacon HIl Tunnels 2007 = Aoxd &7 | oao | 223 | wa A NA N
Hatodinger Stoikln W07 | Germany | WetwSpph | 23 | 048 | 161 | EFAC 0 0515 ™
Wedrid stra 2007 Epan Suoway &4 | 0a0 | 280 | &FAC 25 0.32% em
30k Coast Desalination Flant 0G| Austla | WetwEppl | 34 | 020 | 170 | EFAC 35 0.45% ™
Blg Wainut Sewer 008 = WastaWater | 27 | 023 | 161 | EFAC 35 0.45% Yem
Heatrrow - FiceEx M08 | Engand Subway 45 | o5 | a0 | seAc n 0385 ™
Heatrrow Bxpress Ext. Tumel to T 2008 | Engard Faltway 57 | oz | s | seAc o 0.38% N
Habeon Bay 000 | MewZesland | WestaWatr | 37 | 025 | 146 | EFAC a0 0515 ™
S0 Pa Metro Lina 4 2008 Brazil ey 84 | 03 | 240 | sAC 35 0.45% Mo
Copsniagen District Heaing Tunel W08 | Dermak | WebwSppl | 42 | 020 | 140 | EFAC 35 0.45% ™
Docdends Lignt Aalwey (DLR) Bxtension | 2008 | Enpland Rekwey 53 | ozs | 212 | smo NA NA M
Herafidld Gas Turnsl 2008 | Engerd | GasPpere | 26 | o | 144 | SyFRC 7 0.75% Ma
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Continuingpart of Table 22 (ITA report n.16, 2016)

Malaga Pl Tunred 2000 Epan Rabay 84 | a2 | 282 | syFAC 5 (= ee
Fortsanta-ThiHat Inferconnacton 2010 Epan watrsppy | 52 | 020 | 280 | sAAC 25 I eg
Clam Jones - Clem 7 010 | Ausels Aoad 112 | 040 | 280 | sFAC a 047% ee
Ems-Dollard Crossng 2010 ma caPpere | 20 | oas | 1zo MA! HA NA No
City West Cabia Turnal {CWCT) 010 | Austala Posercane | 25 | o020 | 2= MA! HA NA No
Aclakde Desalration Plant 2010 | pusralla | Wetermppy | 28 | o020 | 140 | sFAC a5 0.45% No
FiEE Temassa 2010 Spain Faltway &0 | nao | 200 | sFAC 25 0.32% e
Kak Ine 2010 Japen Fallway &7 | nao | 223 | sFAC a 0.ED% ee
Drighiwater Ezst 2011 =) westaWater | 51 | 028 | 1R | EFAC = 0.45% No
Drightwater Central 2011 = westaWwater | 47 | paz | 142 SFAC 0 nE1% No
Brightwater Wast 2011 =) WestaWwater | 27 | 028 | 142 SFAC = 0.45% No
East drde GO 2011 =) westewater | &7 | o028 | 188 | sFAC z 0.40% No
Izt Ot 2011 Japen watrsppy [ 18 | o3 | 144 | sFAC ] 0.40% ee
Metopaliian Bxprassway 2011 Japen Aoad 124 | 045 | 208 | s=FAC P 0.E0% ee
Vickorian Desalnation Plant 2011 | Australa | watespply | 40 | oza | 17a MA! HA NA N
Wenita Lino o012 | Parema | Watrmppy | 22 | 025 | fza | sFAc 0 nE1% No
Pando o012 | Parema | Watrsppy | 20 | 025 | fzo | sFAC 0 0E1% No
Alrport Link oz | Australla Aoad 114 | n4p | 284 | s=FAC = 0.45% Mot
Wk Lty o012 Japen Uiy 51 | 045 | ame | sFAC ] 0.40% ee
Sagam Lne 01z Jzpen Aoad 118 | ns0 | 23E | sFAC Fo 0.60% ee
B At o013 | Parema | Watrsppy | 58 | 035 | 188 | =FAC 0 0.E1% No
Asacka Trunk Ling k] Jzpen Senage 48 | oo | 228 | sFRAC 5 0.32% ee
Kotehikcama Kasen 2013 Japen Fallway &7 | nao | 223 | srRC Fo 0.60% ee
O-Ariske Cabla 2013 Jzpen Powercane | 40 | oo | 20 EFAC 12 0.40% ee
Wahmiahn 2014 | Germany SubwEy B3 | nao | 277 | sFAC 0 0.33% No
STEP Abu Dihekd Lt 02 2014 UAE westawatr | B3 | o8 | 225 | sFAC 0 0.33% ee
San Franckoo Caniral BLbway 2014 =) Fallway g4 | 028 | 13 | sFAC 0 0.33% ee
Legacy Wy 2015 | Australla Aoad 112 | o035 | a2z | sFAC 0 0E1% Mot
Metropollten Bxprasswey 2015 Jzpen Aoad 122 | 040 | 208 | =FAC Fo 0.60% ez
Abu Hamour 2018 Qater Water Dranags | 27 | 025 | 148 | SFAC 0 0E1% No
Dona Melro Red North Lina 2018 Qatar SubwEy 17 | 0@ | 208 | sFAC 0 0E1% No
Apatemans - Ity watrsppy | 25 | oz | 178 | sFAC 0 0E1% No
PuLikc Benegs - Jzpen Sewage g8 | 018 | 220 | sFAC 1 0.E5% ez
Lee TLrinel Sener UG | Engand westawatr | 72 | o5 | 208 MA! MA NA No
Dowritoan Line 2 Uz | =srgpoe Subway 53 | op2s | 214 SFAC 40 0s1% Mo
Thormeon Lina ucs | =rggoe SLoway 53 | opze | 211 SFAC a0 ns1% Mo
Crosmal ucr |  Engard Rebay 2 | pao | 207 | sMAC 30-40 mﬂ%ﬁgf‘m o

17




2.1.5. Experimental and Numerical Studieson FRC Precast Tunnel

Segments

Up to the present, thelmve beeseveral experimental and numerical studies carried
outto investigate the mechanical and structbetiaviorof fiber reinforced concrete
tunnel segments. Some of the researchers collected the studies related to FRC tunnel
segments from the scientific literature (Liao, (2015); Gong et al.,(2017¢)survey

of experimental and numerical researclscaledor full-scale precast tunnel segments

are tabulated in Table-2 and Table 2. Some of these studies were performed in
order to improve the design of FRC precast segments under concentrated loads arisen
by TBMs duringtheinstallation ofsegmentsSome of thes studies carried out using

real tunnels segments (e.g. Saroi@pensa Railway (Plizzari and Tiberti 2007),
Brennero Base Tunnel (Caratelli et al. 2011), Barcelona Metro Line 9 (de la Fuente et
al 2012), Prague Metro Line (Beno and Hilar 2013), and Mairie Hydraulic
Tunnel (Conforti et al. 2017)). The general inferences from these stadlestthe
presence diibers in concrete mix enhances the concrete capacity against cracking due
to the spalling and splitting stresses. Within this framework, pasison studies
between fiber reinforced concrete and plain concrete or reinforced concrete were
performed in order to obtain more detailed and accurate information. Since
asymmetric loading situations, imperfection support conditions and eccentridiy of t
loading create significant stresses on the segmémtse effects are considered
comprehensively in the design part of tunnels. Experimentally, Meda et al. (2016)
investigated how boundary conditions and asymmetric loading affect the structural
behavio of tunnel segments. In addition to this, Beno and Hilar (2013) conducted an
experiment upon the precast segments with the cantilevered configuration. Apart from
that, Gong et al. (2017) made an experimental investigation of segmental joints effect
on preast tunnel segments. The radial joint is the contact between segments of the
same ring and allows the force transmission due to ground loadsnédf irregularity
occurs in the joints, extreme stresses arise in that region. Similar to TBM thrust forces,

this effect leads to cracking on segments. In addition to axial loading test, bending or
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flexural tests were performed by many researchers, to determine and analyse the
bearing capacity and ductility of segments. In a similar manner to point load test,
reference samples were usedorder to investigate the capacities of tunnel segments.
Moreover de la Fuente et al. (2012) performed in situ loading test in the tunnel. As a
result of these experiments, FRCs have been used in the construction of many tunnels
(see Table 2). Moreover, under fire effect, thehaviorof fibers has been the subject

of debate. In order to evaluate the structlrehaviorof fiber reinforced concrete

tunnel segments under fire, Yan et al. (2015, 2016) carried out experiments.

In the literature, some of the researchers performed numerical studies on precast tunnel
segmerd, especially to investigate the TBM thrust effect. For this, 2BDfinite
element modelsvere used and made calibrasooomparng with the previous
experimenal results. However, in order tanalyzeconcretebehavior 3D finite
element models witlocal approaches such stheared cratkg hasbeenextensively
used byresearcherg.qg. Plizzari and Tiberti, (2007); de la Fuente et al., (2012); Meda
et al., (201%). The most common software packages applied for this purpose
DIANA, ATENA, FLAC and ABAQUS. Apart from evaluating thetructural
behaviorof segments, numerical studies also performed in a@eptimize the
amountof fibers and design checlSince performingfull scaletestis difficult and
expensive, some researches like@rlo et al. (2016)tried to develop analytical
formulations for the design of FRC tunnel segments.

As it is seen inTable2-3 and Table 4, most studies focus on elememwith steel

fiber reinforced concrete due to several advantages. However, it should be noted that
syntheticfibers suchaspolypropylene are very new material compared to steel. With
the development of chemical technologies, nowadays, -mede fibers are
extensively producedAlthough the number of studies on synthefibers is yet
limited, it is increasing substantiali)yan et al., (2015); Yan et al., (2016); Conforti

et al., (2017)). Théiber dosage used in the experiments ranges from 10 to 126 kg/m
(all types offibers) and concrete class ranges from normal concrete (C35 grade) to

high performanceoncrete (C150
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Table2.3. Previous experimental studies on FRC tunnel segments, adopted from Gor{gGt#)l.

NumiEsieE] Dimension (mm) Concrete Conventional| Fiber
Type of test } ) Material Length x Width reinforcement dosage| Objective | Referenceq
simulation . Class
XThickness (kg/m3) (kg/m3)
Full-scale PC Unknown - Load bearing Poh et al
bending and - SFRC 2359 x 1400 x 350 C60 - 30 capacity of (2000)* '
pointload SFRC - 40 segments
Full-scale RC - None  Structural Caratelli et
bending and - 3640 x 1500 x 200 C50 behaviorof
point load SFRC ) 40 segments al. (2011)
Structural
Full-scale response Molins
bending in - SFRC Unknown x 1800 x 350 C50 - 60 under real and Arnau
situ loading work (2011)
condition
Bending on HPC Unknown None Mechanical
fgéﬂ’:;fg © . FRHPC 1100 x 150 x 150 C60 Unknown 25 popaviorof ?Z'gg;i al.
beam FRHPC Unknown 50 segments
Full-scale Ductile )
bending and . SFRC 1840x 1200 X250  C35/45 ; 40  behaviorof glaggel”'z)et
point load segments )
égissslznd - - 1530 x 300 x 120 55 e e E’;w;\t/?c:?c;f vanetal.
horizontal SFRC - 63 e e (2013)*
: linings in fire
loading
Full-scale SFRC - 40 Structural Beno and
bending and Unknown x Unk. x Unk.  Unknown behaviorof Hilar
point load (ATENA)  SFRC 3 50 segments (2013)
Full-scale RC Unknown None Settlement
settlement - SFRC 2120 x 1500 x 235 C60 ) 120 g‘zg;:,‘i‘gg;i“g ’;bk(’ggl‘zt)
and punching segments ’
Full-scale RC Unknown None
monotonic & Structural Abbas et
cyclic - 3180 x 1500 x 235 C60 behaviorof al.
bending and SFRC . 120 segments (2014b)*
point load
Full-scale Load bearing Meda and
bending and - SFRC 1670 x 1200 x 250 Unknown - 40 capacity of Rinaldi
point load segments (2015)*
) | Unknown None  jiimate
1/3-scale R 30 : ’
bending and - UHPFRC 1000 x 500 x 100 C150 bearing Nehdiet
b - - 60 capacity of al. (2015)
point loading % segments
1/3scale RC Unknown None StructL_JraI
flexural and - HERC 1530 x 300 x 120 c70 ) 2842 behaviofor. 2(2%”12; al.
axial loading fireg
13scale RC Unknown None  Structural
flexural and - HERC 1530 x 300 x 120 c7o ) 27842 ggh;‘]‘gggm 2(2%”12; al.
axial loading firg
- CFRC Unknown  None Ductile ;
Full-sacale - 5500 x 1200 x 300 c40 behaviorof 20 etal
bending SCDRC - 50  segments (2016)
Ful | RC + SFRC Unknown 30 Mechanical M t
bisial lodin RC+SFRC 3167 x 1200 x 300 C50 Unknown 25  behaviorof a|e?zgois)
9 RC + SFRC Unknown 30 segments ’
Full-scale RC 114 None  Structural Conforti et
bending and - PFRC 1810 x 1200 x 250 C40/50 None 10 behaviorof al. (2017)
point load RC + PFRC 52 10 segments ’
Full-scale RC 164 None Ultimate
monotonic bearing Gong et al
vertical and - 1200 x 1000 x 600 C60 capacity of (201%) ’
horizontal SFRC " 80 segmental
loading joints
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Table2.4. Previous numerical andnalytical studies on FRC tunnel segments, adopted from Gong et

al. (2017)
e || N Dimension (mm) IR Conventional| Fiber
Approach {Fe,st i Material Length x Width Class reinforcement| dosage| Objective References
xThickness (kg/m3) (kg/m3)
PC Unknown None ; ;
2D &3D Unknown x Unk. x Structural — Plizzari and
None (DIANA) Unk Unknown behavior of Tiberti
SFRC : - 40 segments (2006)*
RC 82 None Structural Plizzari and
None b SFRC 2700 x 1700 x 300 Unknown . 30 behavior of Tiberti
(DIANA) RC + 55 30 segments (2007)
SFRC
Unknown x 1500 . Kasper et al.
@ None 2D (FLAC) SFRC %300 C50/60 - 35 Design check (2008)*
5] -
£ Comparison Arnua and
> 2D &3D Unknown x 1800 with -
z -
None (DIANA) SFRC x350 50 60 experimental Molins
(2011)
results
Comparison
3D with Cignitti et al.
None (DIANA) RC 3000 x 1400 x 300 Unknown  Unknown None experimental (2012)
results
U”"”"‘ggé‘ 1400 ~50/60 - 25  Optimization
of the de la Fuente
None 3D (FLAC) ~ SFRC Unknown x 1500 x C30/37 : 25 amountof  etal. (2016)
350 fibers
.g Design Di Carlo et
%‘ None None SFRC 3500 x 2500 x 300 C40 - None  procedure of al. (2016)
c segments ’
<
Full- Structural ) .
x scale 3D SFRC 2438 x 150x 235 Unknown - 57 behavior of BIaZGJOV\iSk'
8 ) (ABAQUS) (2012)
£ 8 bending segments
g g Full
%5 : Structural
o> scale 3D . Meda et al.
X point (DIANA) RC 3000 x 1400 x 300 Unknown  Unknown None behavior of (2016)
load segments

* as cited in Gong et al., (2017)
Material abbreviations in Table2and Table &;

PC: plain concrete, RC: reinforced concrete, SFRC: steel fiber reinforced concrete,
PFRC: polypropylene fiber reinforced concrete; CFRC: conventional fiber reinforced
concrete; SCFRC: setfompactingfiber reinforced concrete, UHPFRC: uHnégh

fiber reinforced concrete, HPC: high performance concrete, FRHPC: fiber reinforced
high performance concrete, HFRC: hybrid fiber reinforced concrete that consist of

polypropylene and steel fibers.
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2.2. Literature Study on Fiber Reinforced Polymer Bars
2.2.1. General

Fiber reinforced polymer (FRP) materials have been manufactured as an innovative

solution for concrete structures. According to ACI 44018R(2015, p.3) design
guideline report, fiber reinforced polymer |
madeoffier s embedded in a polymeri barsusedi no. Tr a
most commonly in the construction field are very sensitive to aggressive

environmental conditions, such as moisture, temperature differences, sulphate, and

chlorides. These aggréss conditions cause corrosion of reinforcing steel bars

concretedue to reducing alkalinity of concrete. As a consequence of corrosion, the

durability and serviceability of structures are decreasing significantly as the time

passes. For these reasofws, structures exposed to aggressive conditions such as,

underground structures, marina stunes, and bridges, some precautions are taken in

order to protect against corrosion. Designing higher concrete cover thickness in order

to decrease external atkaccathalic protections in tunnels segments in order

preventing corrosion or using insulation materials to prevent sealing are some of the

examples of precautions. However, these are also extra effort and cost for projects.

Even, excessive corrosion cas high maintenance costs in some projects.

In addition to the noworrosive characteristic, some FPR reinforcing bars are
nonmagnetic and they do not conductelextricity. This feature has a crucial role for
some type of constructions, (e.g. airpamways, highway control point, electronics
laboratories) in overcoming the problems of electromagnetic interference. Therefore,
fiber reinforced polymer reinforcing bars are preferred in manoyectsdue to its
advantages in the aggressive environmemd being electrically nonconductive

reinforcement compared to conventional steel reinforcing bars.

The mechanicdlehaviorof fiber reinforced polymer reinforcing bars is quite different
from the behavior of traditional steel reinforcements. In contrast steel

reinforcements, FRP rebars do not show dubgleavior they are very brittle. In fact,

22



FRP materials do not yield and they stay in elastic range until the failure. Furthermore,
FRP materials have anisotropic structure and they exhibit differeogegies
depending on their orientations. FRCs have significantly high tensile strength only in
the direction of reinforcing fibers, in other words, longitudinal direction. This
anisotropy also affects the shear strength and bond performance of FRRirenfo
bars (ACI 440.1RL5, 2015). For this reason,ausf FRP reinforcing bars in concrete

for structural purposes needonsideation ofrelated specifications and guidelines,
such as ACI 440.1R5, (2015); fib Bulletin 40, (2007); CNRT 203, (2006).

2.2.2. Types and Classification of FRP Reinforcing Bars

Fiberreinforced polymer materials can be classified into three main categories based
on the material used in tineanufacturingprocess. These are polymefilzers, carbon
fibers, and inorganitibers. Under tle three main categories, there are many types of
fiber reinforced polymer reinforcing bars are available in the markets. However, the

most commonly used ones in the construction industry are;

1- Aramidfiber reinforced polymer (AFRP)
2- Carbonfiber reinforcedpolymer (CFRP)
3- Glassfiber reinforced polymer (GFRP)

Examples offiber reinforced polymer reinforcing bars are shownFigure 2.6.
Moreover, g@neral mechanical and material characteristic of FRP are tabulated in
Table2-5.
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Figure 2.6. Types of FRP (ACI 440.1R5, 2015)

Table2.5. General mechanical and physical properties of FRP, adopted from ACI 448.{#015)

Steel AFRP CFRP GFRP
Density (g/cm3) 7.9 1.25t01.40| 1.50t01.60| 1.25t02.10
- Longitudional
Coefficient of direction 11.7 -6.0 t0-2.0 -9.0t0 0.0 6.0t0 10.0
thermal expansio
(x106 C) Transverse
direction 11.7 60.0 to 80.0| 74.0 to 104.0] 21.0to 23.0

Nominal yield stress (MPa) 276 to 517 - - -

Tensile strength (MPa) 483 to 1600 | 1720 to 254( 600 to 3690 | 483 to 690
Elastic modulus (GPa) 200.0 41.0 to 125.0 120.0 to 580.( 35.0to0 51.0
Yield strain (%) 0.14t0 0.25 - - -
Rupture strain (%) 6.0to 12.0 19to4.4 0.5t0 1.7 1.2t0 3.1

It should be noted that timeaterialproperties of FRP bars change the manufacturer to
manufacturebecause they are mamade materials and largely depends on the used

materials quality.
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2.2.2.1.Glass Fiber Reinforced Polymer Rebars

Glassfiber reinforced polymer reinforcing bars are most commonly used FRP rebar
type all over the world. In civil engineering, the application of GFRP reinforcements

in concrete structurdzasshown huge variety from bridge decks to rail plinths. The
Headingley Brigie in Manitoba, The Floodway Bridge in Winnipeg, Gonda Building

in Rochester and State Avenue in Kansas City are some of the examples that GPRF
reinforcing barswvere used for the structural purposes in concrete (ACI 44083 R
2015). InTurkey,GFRP rebarare the widely used in temporary stations walls, where
excavated by TBM. As previously mentioned, the main advantages of the GFRP
reinforcing bars are the high tensile strength, lightweight anecaoosive properties.
Furthermore, compared to other tgpef FRP, GFRP materials do not conduct the
electricity and they are nemagnetic (ACI 440.1R5, 2015). Nevertheless, there are
some drawbacks in terms of structural performance and there is a need for extra
attention. Moreover, it should be noted thatRBHeinforcing bars are not suitable for

al |l type of applications. Firstly, Al mus
2016) reveathat GFRPreinforcemenhasa static fatigue problemwhen exposed to

high level long term tensile stresses. &andly, since the GFRP materiabs
anisotropic propertycoefficient of thermal expansion diffeis longitudinal and

radial directions. Thialso affectshe shear strength capacity of GFRP refdaich is

lower than steel reinforcement. Thirdly, concrsteuctures reinforced with GFRP

bars have low ductility since they show linear elasticaviorup to failure. Moreover,

during design part of structure serviceability has to be controlled because of lower
modulus of elasticity of GFRP bars. Fourthly,@aecdi ng t o Yoo et al . 0
in Caratelli et al.2016), GFRP reinforcing bars show a poor bdmehaviorwith

respect to the traditional steel reinforcement. Finally, the cost of GFRP reinforcing

barsis quite expensive compared to steel reinéonent.
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2.2.3. Precast Tunnel Segments Reinforced by GFRP Rebars

Today, most of the tunnels are mechanically excavated by tunnel boring machines
(TBMSs). As previously mentioned, the tunnel lining is composed of precast concrete
elements placed by the TBM duritlge excavation process. The application of glass
fiber reinforced polymer (GFRP) reinforcing bars instead of traditional reinforcement
in the precast tunnel segments is very new and controversial issue. In the last two
years, alimited number of studies @re carried out in order to investigate the
possibility of using GFRP rebars in the tunnel linings (Caratelli et al., (2016); Caratelli
et al., (2017); Spangnuolo et al., (2017)). These researchers thought that GFRP rebars
could be suitable solution forrinel segments because of many reasons. Firstly, since
GFRP rebars have naorrosive property, they are able to overcome the durability
problems of tunnels caused by the aggressive environments, sucsteswater
tunnels or hydraulics tunnels. Moreovittre use of this nemetallic reinforcing bars

in precast tunnel segmendtlows less concrete cover thickness. This situation is
significantly important for preventing possible cracks that occur during construction
of tunnel or production and transient stages of tunnel segments, due to increasing of
the bending capacity of segmerfsirthermore, the use of GFRP rebars in tunnels
reducestray currents since they are poonductive materials. This also provides
exclusioncathodic protectionvhich isessential in ordinary tunnels. FinallgFRP
reinforcing bars are convenient for tunsektions to be demolishégcause of easy
disposal. Cross passage or emergency exit sections are typical exaraptsuotnel

sections to be modified after thenstruction

Although GFRP rebars are used in many structural applications, there i®aly
example in the literature for the tunnel lining reinforced with GFRP reinforcing bars.
This is the Milan Metro Rapid Transit Line planned to be completed in 2022. Within
this framework, experimental studies doeing performed to obtain optimizd
segnents with the support of Horizon 2020 European Commission. (Source:

https://www.thecompositeshtibdia.com/gfrprebarfor-tunnetlining)
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From the manufacturing point of view, however, there are some difficulties to produce
curvilinear bars. Since precasinhel segments hava curvilinear shapethe
reinforcemenheeddo be curvilinear. There are many experimental studies performed
to determine the mechanical properties of straight GFRP reinforcing bars (Caratelli et
al., 2017). However, identify of tHeehaviorand properties of the curvilinear rebars
are required for thdesign Apart from that, the cost of glaiser reinforced polymer
rebardgs muchhigher than traditional steddut, the higher cost can be balanced when

the maintenance and cathodiofaction is considered.

2.2.4. Experimental Studies on Precast Tunnel Segments Reinforced

by Glass Fiber Reinforced Polymer Bars

In the literature, theres alimited number of experimental studies carried out on full
scale precast tunnel segmemtgh GFRP reiffiorcing bas. The first study was
performed by Caratelli et al. (2018) evaluaé the performance ad segmenunder

the effect of TBM thrust force. In addition to this, bending testse conductedo
determire the structurabehaviorof segments. For #t, comparison studies were done
by using reference samples that coritggrordinary steel reinforcements. This study
indicated that usin@GFRP rebars in tunnel segments can be possiblen@kttestep
was optimization study on the geometry of GFRP reaifigy bars in the concrete
segment. In this context, four different reinforcing modetseadapted for segments
and resultsvere compared with the referencpeximen In this studycostbenefit
analysis was taken into considerattorenhane crack control (Caratelli et al., 2017).
These researchatiowthat GFRP rebars geometry significantly affect the structural
behaviorof precast segments. Compared to pheviousstudy, using a curvilinear
reinforcement with closed ring model increasegbgment capacity tolaugeextent
Previous sudieson full-scale precast tunnel segments reinforced by GFRP reinforcing

barsin the literature tabulated in Table32
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Table2.6. Previous experimental and merical studies on tunnel segments reinforced by glass fiber

reinforced polymer rebars

Type of Dimension (mm) Concrete Reinforcement
References | Approach e Material grade detail Objective
Length Width | Thickness|
13+1371
Full- longitudinal bars, Structural
Caratelli et ) scale 13+13712 ;
al. (2016) Experimental point GFRRRC Unknown Unknown 250 C40/50 crossbars and lsash;\ggrtof
load 42714 br 5%
hoops
12112 1lon
Full RC bars in the inner ant Ultimate
i 3 outer surface i
Clar;gel"t'.)a Experimental scale — 4150 1483 400  caoiso —odersuriace  bearing .
al.( ) bending 1471 12 b a capacityo
GFRRRC i nner an d Segments
the outer surface
127112 bat
RC inner and outer
surface,
1271 12 -gngso
GFRRRC l ongi tud
closedrings stirrups
9 116 cul
bar in the inner and
8 1 16 sudacg
GFRRRC 12 18 | &Stuctural
Full- reinforcement, 14 behaviorof
Caratelli et scale __18 stir segmentstha
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Material abbreviations in Table@ RC: reinforced concrete; GFREC: glasdiber

reinforced polymer reinforced concrete.
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CHAPTER 3

OVERVIEW OF TBM TUNN ELING TECHNIQUE

In general, there are two common criteioa the classificationof tunnels. The first

one is based on the function of tunnels such as railway tunnels, highway tunnels, metro
tunnels, pedestrian tunnels and conveyance tunnels. The second one is to classify the
tunnels according to the method of constiutsi techniqudike: New Austrian
Tunneling Method (NATM), cutatndcover, drillandblast push or pulling box and
mechanized shield tunnelling. This chapter provides brief information on mechanized
shield tunnelling, principles and types of Tunnel Boringchaes and segmental

tunnel linings.
3.1.Brief History of Mechanized Shield Tunneling

Mechanized shield tunnelling is a kind of excavation method that provides a
temporary support structure for the tunnel during the excavation phase, while at the
same timat allows the installations of the tunnel lining directly in the underground
space, thanks to the use of Tunnel Boring Machine. With the help of sophisticated
automation and control systems of TBMs, tusm@ain be constructed in a wide range

of geologicalenvironments, including difficult conditions, such as high groundwater

pressure and soft soils.

In modern societiegspecially in metropolitan areas that have soft soils or weak rocks,
shield tunnelling has an important role in developing urban infrastes; and it is
the best suitable method of excavation since it has a less impact on the surrounding

environments (Fabozzi, 2017).

For nearly 5000 years, people have thought about the construction of tunnels for
different purposes. Tunnels have been augrotect goods and persons or to provide
secret access to prohibited places, extract natural resources or speed up transport

(Maidl et al., 1996). Until the early 19th century, construction of tunnels in urban areas
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was possible applying two different rhetls. These are the eamndcover method,

and excavation of a tunnel by means of timber frames inside the advancing cavity and
then lining immediately with masonry. These excavation methods have been
successfully applied in both cohesive and-oohesive gounds, also possible in
grounds with limited seepage or fissure water, but it is not possible below the
groundwater table (Guglielmetti et al., 2007). However, this situation changed in 1806
when Sir Marc Isambard Brunel invented the principle of shigldelling in London,

and he patented his invention that is the shield excavating machine in 1818 (Maidl et
al., 1996). The tunnel project under the Thames River in London finally enabled
Brunel to put his ideas into practice. This was recordetiefirst successful shield
tunnelling attempt to excavate the soft ground underneath river the Thames Tunnel in
London in 1825. According to Fabozzi (2017)
inspired in his design by the shell of the shipwdrenedo Navalisa molusc whose
efficiency at boring through submerged timber he observed while working in a

shipyard (see Figure 3.1)0.

Figure3.1.A" Ter edo Navaliso, working on the)excavation an

The working principle of Brunel s shield tur
frame (shield) forward through a soft ground with jacks, thereby preventing the ground

from collapsing and building the tunnel structure within the frames; the tunned woul

move forward by repeating the jacking process and then building the support structure

(Fabozzi, 2017). As it is seen in Figure 3.2 the shield of Thames Tunnel had a

rectangular shape and comprised of 12 adjacent frames that each divided into 3
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chambersin each of these chambers one worker, thus totally 36 people could work
simultaneously (Maidl et al., 1996).

Figure32.Br unel 6s shield tunnel excavation under RiV
2007)

In 1865, Peter Barlow of London patented a much simpler shield of a circular cross
section with a diameter of 2.5 m, with which James Henry Greathead drove a small
bore tunnel under the River Thames at a modest cost in less than Atybarsame

time, Alfred Ely Beach designed a circular crgsstional shield that he used to drive

a short experimental subway under Broadway in New York City. In the 1880s,
Greathead successfully used compressed air behind his shield in order to prevent
flooding durng the installation of the lining in Woolwich Tunnel in London. The
combination of shield and compressed air made it possible to build tunnels beneath
large riversModern tunneling shields (see Figure 3.3) are fundamentally the same as
the Greathead desigwhich means strong steel cylinders are moved forward by
hydraulic jackgBritannica, 2011).

With the use ofcylindrical steel shield, tunneling techniques have been steadily
mechanizedn the following years. In particular, with the development of urban
tunneling in the second half of the twentieth century, considerable technological

progress has been shown in this area. Meanwhile, the conditions surrounding the
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construction of the tunnel have become increasingly complex and difficult. In recent
years, tinneling technologies have been developed using sophisticated and
multidisciplinary principles of engineering to deal with the various physical,

environmental and social circumstances (ITA WG 14, 2000).

Longitudinal joints TBM hydraulic
jacks

TBM shield

i

Circumferential
joints

Figure 3.3. Tunnel boring machine and segmental tunnel lining (Arnau & Molins, 2015)

3.1.1. Operating Principle of Tunnel Boring Machines

In the scope of this thesigeneraloverview of the operation principle of TBMs is

necessary for amderstanding of fulscale experimental tests.

Maidl et al. (2008) descrilbethat the Tunnel Boring Machine (TBM) consists of four
basic elements. These are cutter head, cutter head carrier with the cutter head drive
motors, the machine frame, and clangpienddriving equipments Moreover, the
necessary control and ancillary functions are connected to this basic construction on
one or more trailers. As it is seen in Figuréd, 3he operating systems of TBM are

divided into four groups. These are;
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Figure 3.4. System groups of a Tunnel Boring Machine (Maidl et al., 2008)

(1) Boring Systems:The boring (excavation) systems of TBM are comprised of the
cutter head and disc cutters that are mounted on a cutter head. It plays an important
role in determining the performance of a TBM. Cultter disc is used to excavate rock or
soft ground by the rotmin of assembly of teeth or cutting wheels under pressure
against the rock face. The range of application of these excavation machines depends
on the surrounding ground type, therefore, selection of discs depends on the ground

type andconveniencef cutting (Maidl et al., 2008).

(2) Thrust and Clamping Systems:The thrust and clamping system is an element
which affects the performance of a TBM. This system is responsible for the advance
and the boring progress winnel The cutter head with its drive wimg thrust forward

with the required pressure by hydraulic cylinders which are illustrated in Figure 3.2a.
The maximum stroke is governed by the length of the piston of the thrust cylinder.
Todaydeveloped TBMs achieve a stroke value of up to 2.0 m (Msidl., 2008).

However, during the excavation processtafine| pushing distance is generally
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determined by the length of the tunnel segments. After boring tunnel length reached
the one segments length, the hydraulic jacks are reléagek space for a new ring

to be built (see Figure 3.2b). Apart from that, the Gripper TBM, also knowns as open
TBM, is the classic form of Tunnel Boring Machine and it is generally used in the
hard rock area (Maidl et al., 2008). tlmese typesf TBMs, in addion to hydraulic
cylinders that provide forward movement, the gripper shoes are pushed against the
sidewall. The stability of forwardanoving is provided by the friction between the
grippers and the side walls. Moreover, the front shoe;tekring shgesupporting

invert shoeand rear support hold the TBM off the invert (Hemphill, 2013).

b

Figure35.Wor ki ng stages of TBM tunneling, from Wittke (2
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(3) Muck Removal Systens: The muck removal system is one of the important
operation parts of TBM since it has a significant role in obtaining efficient tunnel
boring. This system consists of two stages. The first stage lierttwralof the muck

(soil) from the bottom of the tier head and the second is transportation of these soll
to the ventilation or working shaft. Firstly, the muck is collected at the face by cutter
buckets and delivered to the conveyor down transfer chutes. Then, the muck is
transported from the completédnnel section to the access shafts or to the tunnel

portals (¢i mentepe, 2010).

(4) Support Systems:The support systems of Tunnel Boring Machines change
according to their type and ground conditions. Todagny support methods like
bolts, piles injectiomr even freezing can be used the over or in front of the cutter head
for stabilizationof the ground that it provides further driving with the TBM. In
mechanized shield tunnelling, the shield of TBM providésmporary suppotb the

rock around theshield. The shield casing begins directly behind the circumferential
discs and also encloses the area where the support elements are installed. Reinforced
concrete segments, which are mostly used for the support, are installed singly by the
erector and fon an immediate support. A shield TBM can be equipped with
compressed air, hydraulic (slurry) or earth pressure suympaitthen it can be used
under water table. As it is seen in Figure 3sdgmental lining elements are erected
with a hydraulicallyopeiated erector arm and segments are installed inside the tail of
the shield. Figure 3.2a shows that the shield tail, which is the rearmost part of the
shield, overlaps the last segment and protects the soil from being deformed or falling
into the excavateduhnel (Maidl et al., 2008). Additionally, the grouting process is
applied inside the annular gap to prevent any possible loosening of the ground. In this
way, a connection between ground and lining is provided. Moretwerevent
flowing of grout into tle shield, sealing is installed between the shield tail and
segmental ring. During the movement of TBM, this sealing is sliding ovéinthgs

and advance with the tunnel (M1l ler, 200
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Figure 3.6. Shield tail with grouting of the grouAddi ni ng gap (M°Il 1l er, 2006)

3.1.2. Types of Tunnel Boring Machines

Today, various types of machine are used for the mechanised tunneling in both rock

and soft ground. However, the problésthat there is no acceptable definition and

criteria for the classification of tunnelling machines. The leading national tunneling

associations such as German Committee for Underground Construction (DAUB),

French Tunneling and Underground Engineeringosgtion (AFTES) and Japan

Society of Civil Engineers (JSCE) have their own classification system based on

different criteria for tunneling machines. Nonetheless;fade excavation type of

Tunnel Boring Machines is universally adapted for all the glegson systems

(¢i mentepe, 2010). Ther e{facerercavatibnstymeofst udy f oc
Tunnel Boring Machines.

Moreover, in this study, the tunnelling machines are classified according to ITA

report, (2000) published by Internationadlinneling Association (ITA) Working

Group 14 fiMechani zed Excavationo. TBMs are c
of ground that a machine operates in and the support system of the machine. Figure

3.4 shows the overview of the Tunnel Boring Machindiull-face excavation.
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Figure3.7.Cl assi fi cation of Tunnel Boring Machine

3.1.2.1.Rock Tunneling Machines

- Unshielded Tunnel Boring Machines

The unshielded TBMs are generally used in sagikh good or very goodlass levels
During the excavation process, similer conventionalmethod primary support
systems are used such as shotcrete, rock balissteel arches. As it is seen in Figure
3.5a, the cutter head is pushed forward by means of hydraulic cylinders, which are
supported by the gripper shoes that are pushed against the sidettesdrypesf

TBMs, the stability of moving forward is @vided by the friction between the grippers
and the side walls. In this way, the thrust forces are not transferred to the tunnel lining.

The working cycle of these machines consists of four steps and these are: 1) gripping
to stabilize the machine; 2xcavating for a length equivalent to the effective stroke
of the hydraulic jacks; 3) regripping; 4°

Y
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- Single Shield Tunnel Boring Machines

The single shielded TBMs are generally used in rocks whose characteristitenary
moderate to poor. The excavation and muck transportation procaiiiee same

with unshielded machines. However, as it is seen in Figure 3.5b, forward movement
of the machine is provided by hydraulic jacks that direletynsagainst theexisting

tunnel lining. In these types of TBMs, the shield is used to temporarily support the
tunnel and protect the machine. The tunnel lining is installed under the projection of
the shield tail and they provide the permanent support of the tunnel (Maidl et al.,
2008).

The working cycle of single shielded TBMs consists of four steps and these are: 1)
excavating for a length equivalent to the effective stroke of the hydraulic jacks; 2)
retraction of the jacks; 3) assembling of tunnel linings by using precast segtents
new excavation (ITA WG 14, 2000).

- Double Shield Tunnel Boring Machines

The double shield or telescopic shield TBMs are generally used in rocks whose
characteristics vary from excellent to poor. They are very practical machines, in
particular for the gbund conditions that show a variety along the tunnel route (mixed
rock conditions). In contrast to single shielded TBMs, double shield TBMs provide
continuous work cycle due tbeir double thrust system. As it is seen in Figure 3.5,
this machine consistsf both the hydraulic jacks and a series of grippers that are
installed in the front part of the shield. Therefore, the forward movement of this
machine can be achieved in both two ways. The advance of the machine can be
performed by hydraulic jacks thdirectly leansagainst the existg tunnel lining.
Moreover, even without installing the tunnel liningse cutter head can be pushed
forward by means of hydraulic cylinders, which are supported by the gripper shoes
that are pushed against the sidewalla(M d | et al ., (2008) ;
However, according to Maidl et al. (2008), these machines are not econbetaake

of high prices and high maintenance costs
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Figure 3.8. Rock tunneling machineg) Unshielded TBM, b) Single shielded TBM, c) Double
shielded TBM, from Wittke (2007) (as cite
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3.1.2.2.Soft Ground Tunneling Machines

- Naturally Supported

Naturaly supported also known as open shield TBMs are generally used for rock
masses whose characteristics vary from poor to very bad. In these types of TBMs,
there is no pressure regulation system at the tunnel fatakéogprecaution for
groundwater. Thereforghey are used in ground conditions where the groundwater
does noexist,or the groundwater table lowered beforehand. As shown in Figure 3.7a,
the soil at the tunnel face is given its natural inclinations by using the cutter head
equipped with tools aroadheaderand the loosened soil is transported by means of
conveyor belts or scraper chains. (Maidl et al., (1996); ITA WG 14, (2000)).

- Mechanically Supported

Mechanically supported TBMs are used for soft rocks emigesive or partially

cohesive ground. 8iilar to open shield TBMs, this method is suitablddeelsabove

the groundwater table or absence of groundwater. The cutter head of these TBMs plays

a critical role in providing pressure to support the face during the excavation. As it is

seen in Figur 3.7Db, steel support plates are instalteloetween the free spaces of the

cutting arms, to slide along the cutting face while rotating the boring machine. The

debris is extracted through adjustable openings or buckets and conveyed to the

mucking systenf | TA WG 14, (2000) ; Mol |l er, (2006)) .

- Compressed Air Supported

Compressed air supported TBMs are used for grounds that rmadeinilow

permeability in the presence of groundwater, in order to avoid water influx.

Compressed air supports the tunnel face bgruing the hydrostatic pressure of the

ground. The debris of excavation is extracted from the pressurized excavation

chamber using a ball valsgpe rotary hopper and then conveyed to the mucking

system of TBM (I TA WG 14, cal2akngprincipiM° | [ er, (2
of these TBMs is shown in Figure 3.7c.
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- Slurry Supported

Slurry supported TBMs are most commonly preferred for soft soils hdwnigd
sel-supporting capacity. In other words, they are generally used for excavation in
groundthat casists of sand and gravels with silts under the groundwater table. The
stabilizationof tunnel faceareprovided by applying pressurized bentonite or clay and
water mix (slurry). The soil is mixed into the slurry during the operation and at the
end, the sibis removed from the slurry in a separation plant (see Figure 3.7d). The
separation plant is generally located on gineund A chamber with air pressure is
connected to the slurry in order to control the slurry pressure. (ITA WG 14, (2000);
Ml |l eb); (2OBhent epe, (2010) ) .

- Earth Pressure Balance (EPB) Supported

The earth pressure balance supported TBMs are the most commonly used TBM types

in soft grounds. These TBMs are mainly used in soft ground that has limited or no
selfsupporting capacity in theresence of groundwater. That is, typical application

ground condition of EPB TBMs is silts or clays with sand. Additionally, excavation

of rocks is possible by using disc cutters. As it is seen in Figure 3.7e, face support is
provided by the excavated teaal which is kept under pressure inside the excavation
chamber by the thrust jacks. As shown in Figure 3.6, excavation @ebresmoved

from the excavation chamber by a screw conveyor which enables the pressure control

by variation of its rotationsged (I TA WG 14, (2000); M°I|l | el

Watar pressure Earth pressure | Pressure of the supporting soil paste

Figure 3.9. Regulation of support pressure, source: https://www.herrenknecht.com/en/products/core
products/tunnelling/epbhield.html
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3.2.Segmental Tunnel Linings

The lining installed withmechaized tunnelling can be single or double layered
constructions, however, in this scope thésis only single layerediunnelling is
handled. Tunnel linings are structural elements that pr@sdeure operational cress
sectionfor different demands by risting several effects such as, the surrounding
ground and water pressures. Additionally, they provide immediate initial ground
support required during the construction stage in both soft grounds and broken rocks
and also they serve as watertight finalganp. (Hurt and Hart, 2011). However, they
have to fulfil the requirements of stability, durability and serviceability during the
entire working lifetime. Within this framework, different lining types such as pipe
linings, insitu lining and segmental ling are used for tunnel linings. With the
development of thenechanizedunnelling technology and improvement of tunnelling
construction techniques, the segmental lining method has become the most commonly
used tunnel linings. Segmental lininggy consisbf cast iron segments, structural
steel (welded) segments, reinforced concrete segmetiiiseoreinforced concrete
segments. Selection of the type of segments depends on conditions of project and
availability of materials (Maidl et al., 1996; 2008). Byd the precast concrete
segments are the most commonly used in the segmental lining constructed by Tunnel
Boring Machines (TBMs). As previously mentioned, placements of the segments in
the shield tail and excavation of ground are carried out simultaryeloysheans of

Tunnel Boring Machine (see Figure 3.9).

| Hydraulic jacks

Figure 3.11. The advance ahechanizedhield tunneling method (Tiberti et al., 2018)
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3.2.1. Precast Concrete Segments

Segments are prefabricated concrete el@sithat are built together to form a ring and
serves as the tunnel lining. Precast concrete segments are manufactured at a segment
manufacturing yard and then when they reached etksiurablity, they are
transported to the place where they will be posed. As it is seen in Figure 3.9, rings

are composed of several numbers of segments, which are installed within the
protection of the tail shield of TBM with the help of erector. In general, circular-cross
sections are preferred for construction of liing. The internal radius of the tunnel

is determined by the requirememegardingpurposeof usage In other words, the
design layout of lining depends on the requirements for tunnel use. On the other hand,
the dimensions of the lining are determinednf loadings, which are mainly
surrounding ground and water pressure. The special characteristic of the segmental
linings ishigh numberof joints due to construction technique. These are divided into
two categories; longitudinal (or radial) joints between the segments located in the
same ring, and circumferential (or ring) joints between the rings (Maidl et al., 1996;
2008). The generabenponents ofegmentalining are shown in Figure 3.10

Segment

<A

‘\

- ~— Longitudinal

\ {Or Radial) Joint

/ Lifting Socket/
Gout Hole

Circumferencial
(or Circle) Joint

Bolt Pocket

Figure 3.12. Lining definitions (Hurt & Hart, 2011)

44



The number of segments forming the ring changes according to the tunnel diameter. One

ring cansistsof four to nine segments and one key segment that is the last segment to be

inserted in a ring. The key segments have tapered sides to simplify slidimgppngnémd

t he

segment s

adjacent

t o

the key are

cal l e

Detemining the dimensions of segments is quite important in order to obtain efficient

solutions. In particular, the dimensions of segments are selected to be as large as possible

regardingto use the minimum number per ring. In fact, the main purposdo

acelerate the advance of Tunnel Boring Machine. However, the available space for

transportation and storage of segments, the maximum possible extension of the jacks

and lifting capacity of erector are also important factors for determining the

dimensions othe segments (Luttikhokt, 2007). According to Thewes study (as cited

i n Ci

mentepe,

2010) ,

based

on t he

dimensions of a segmental lining are illustrated in Table 3.1.

Table3.1. Ranges for the dimensions of segmental linings, from Thewes (2008) (as cited in
2010)

¢i mentepe,

(D>8m)

Ring Size Segment ] Segment Numbers per
Thickness Segment Width Ring
Small Diameter Rings 15 to 25cm 75 to 150cm 4 to 5 segments, 1 key
(2to 5m)
Medium Diameter Rings 20 to 40cm 125 to 200cm 5 to 6 segments, 1 key
(5to 8m)
Large Diameter Rings 30to 75 cm 150 to 225cm 6 to 9 segments, 1 key

resul

The shape of segments shows differences dépgmah the project. Segments are

normally formed in either a rectangular, rhomboidal, trapezoidal or hexagonal

arrangement (see Figure 3.11). The rectangular and trapezoidal shapes are the most

commonly used in the design practice in particular for largegtdiameters with the

tendency to use hexagonal segments for smaller ones (Fabozzi, 2017). It is necessary

to understand the assembly process of the ring inside the tail of the shield in order to

choose the type of segment. The assembly process invohengphstruction of the

ring starts from the firssegment,and finishes up with the key segment, whose
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presence is always foreseen and is placed at the opposite side of the ring that has the

counter segment (¢Ci mentepe, 2010) .
TRAPEZOIDAL RECTANGULAR
HONEYCOMB RHOMBOIDAL

Figure 3.13. Segment types (Guglielmetti et al., 2007)
3.2.1.1.Joint Details

The proportion of joints in the tunnel tube is relatively high due to the segmental
building of the individual rings and the riswgse production of the lining. As
previously mentioned, these are the longitudinal joints between the segments and the

circumferential joints between the adjacent rings (Maidl et al., 2008).
3.2.1.1.1Longitudinal Joints

The main functions of longitudinal joints are that they transfer axial fobesgling
moment due to eccentric axial forces, and shear forces from external or internal loads,
by reducing the forces acting on the adjacent segments. Today, two different types of
method are used in tunnelling. The mosimmonone is performed by the ctawct of
the contact surfaces, however in some cases also by the bolting of the longitudinal
segment joints (Maidl et al., 2008). As it is seen in Figure 3.12, the contact surfaces

of two adjacent segments in the same ring can be flat, convex or econeave.
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a) Flat longitudinal joint b) Longitudinal joint with c) Longitudinal joint as hinge
convex contact surfaces

Figure 3.14. Longitudinal joints with a) two flat surfaces, b) two convex surfaces, c) cetomcave
surfaces (Maidl et al., 2008)

With longitudinal joints having flat surfaces according to Figure 3.12a, the free
rotation of the segments is hindered by the geometry. In this way, in addition to the
axial compression load, bending moments can also be transferred, which reduces the

bendng loading on the segmefMaidl et al., 2008).

Convex surface contact is usually preferred in the case of high axial compressive
forces and for a high value of joint rotation. However, this joint system is not very
stable during ring installation sinceetie is no sufficient compressive force and no
resistance to rotation. Therefore, it is necessary to add bolting joesitbsegment
collapse Maidl et al., 2008Fabozzi, 2017).

Convexconcave contact surfaces have a high rotational capacity andrthagepa
better stability in terms of ring assembly. However, in this type of joint, the edges of
the concave side of the joint are particularly at risk when sufficient reinforcements are

not provided at this location (Fabozzi, 2017).

As mentioned abovehé contact surface between the segments is generally designed
by a concreteoncrete surface, however, in some cases, the contact surface can be
made of packers material to distribute the loads in the joints. In general, plastic or
bituminous materials anesed for the production of packers and bolts are made of
steel. As it is seen in Figure 3.13, they samaight curved or inclined shape. In this

type of connections, pockets and grooves into which the bolts are inserted, are

necessary for collocation$ segments (Fabozzi, 2017).
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Figure 3.15. Longitudinal joints with a) straight bolt, b) curved bolt, c) inclined bolt, from AFTES
1999 (as cited in Fabozzi, 2017)

Ring joint

- i

o3 tal %

" iSealing groove

Figure 3.16. Detailing of precast tunnel segment

Apart from that, as it is seen in Figure 3.14, guiding rods are used in longitudinal joints
in order to obtain a precise installation of the ring.
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3.2.1.1.2 Circumferential (or Ring) Joints

The contact surface between adjacent rings is referred to as circumferential (or ring)
joints. These surfaces of segmemai® subjected to thrust forces applied by TBM
during excavation and transferred through the segment to the next ring joint.
Therefore proper design of ring joints is very important to prevent possible iogck

on these surfaces. The ring joints are usually flat or congagave form. Bolts can

be used in circumferential joints as for longitudinal ones. However, in general,
contacts beveen rings are established by conciteteoncrete contact or by means of

the thickness of packing materials. Dowels and sockets systems can be used in the ring
joints in order to prevent large deformations of a tunA@days different
configurations fo dowels are available. To make placement of the segments easier,
small and nofconstructive type of dowels can be used (see Figure 3.15a). They
usually do not provide a mechanical effort or any coupling transferring mechanism.
In other words, they do nptevent large deformation. In some cases, structural dowels
are used in order to prevent failure of lining by resisting the shear force on the contact
surface. On the other hand, pin and socket systems (see Figure 3.15b) or permanent
bolts provide a coupig effect at the point location. (Luttikhokt, 2007; Fabozzi, 2017).

Additionally, kaubitis usually used as a packing matet@bvoid any damage of
concrete when the two surfactsich These packing materials also increase the
concrete durability sinceoncreteto-concrete contacts have an unsmooth surface that
causedocal peak stresses. Therefore, packing material is applied to prevent this
possible occurring local stress. As it is seen in the Figure 3.16, in mostkzagdas,

is placed between the dwconcrete surfaces. These packing matenaisduceaxial,

radial and tangential forces into the next ring. As it can be seen it the Figure 3.16
these contact areas are placed in line with the thrust shoes of hydraulic cylinders in
order to get a goodransition of applied thrust forces into the adjacent rings
(Luttikhokt, 2007).

49



.

o<y {Intrados | .

a)

Figure 3.17. a) Joints with dowels, from AFTES (1999) (as cited in Fabozzi, 2017), b) joints with pin
and socket system (Maiket al., 2008)

—

Figure 3.18. Tunnel segments with kaubit used as a packing material (Luttikhokt, 2007)

3.2.1.2 Waterproofing System

Tunnel linings have to be waterproof and guarantee the functionality of structure
during the entire life period. Waterproofing of segmental lining for single layer
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construction is generally provided by two ways to prevent possible infiltration of water

in tunnel.

The first precaution for leakage use ofsealing elements (or gaskets) positioned in
special grooves placed on each side of all segments close to the outer surface of
segments (see Figure 3.14). Water tightness is provided by the compredbieseof
elements thereforg they should be always under compression. Determining the
groove type and size of the gapvery important to obtain safe systems. Within this
framework, thébehaviorof gasket under the maximum and minimum pressure should
be knavn in the presence of the maximum gap and offset values. However, in case of
joint rotation, the gaskets can undergecdenpression due to sagging or hogging
moment. And this deompression effect on the gaskets could influence their water
tightness functn (Fabozzi, 2017).

The second waterproofing system of lining comes from the filling material (grout)
used to fill the annular gap between the segments and the ground (see Figure 3.4). This
filling provides an appropriate bedding for the segmental tummegl The gap filling

is a very sensitive operation playing an important role in minimizing the surface
settlements. This application protects the tunnel against wateng from outside

and also decreases the permeability of surrounding soils (FaB01Z)).

Apart from these, there are some important factors that should be taken into
consideration during construction in order to obtain effective waterproof lining.
According to research conducted by Guglielmetti et al. (2007), these fagal¥ an

optimal quality of the concrete and of the segment, resulting Figim levelstrength

of the concrete used together with an accurate prefabrication process¢c&)tian
takenwhile moving the individual segments to avoid the formation of cracks, 3)
proper assembly of ring, aligning the segments, and avoiding any possible damage, 4)

filling the annular gap with suitable material.

51






CHAPTER 4

TEST SPECIMENS AND MATERIALS

The Istanbul Mediciyekoy Mahmutbey Metro Projeaonsistof the construction of

a twin tunnel of total length approximately 23 km, which has been designed to be
excavated both by TBM and New Austrian Tunnelling Method (NATM). The
alignment stas at Mediciyekoy station and runs westwatilsMahmutbey station.

The tunnel stretch between Km 15+509 (YeniMahalle station) and Km 22+359
(Mahmutbey station) excavated by TBM and lined with precast segmental lining rings
(see Figure 4.1)Along with this alignment stretch, the tunnel runs below an urban

area with an overburden ranging from 10.2 to 42.8 m.

149 eLevariol
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Figure 4.1. Longitudinal profile corresponding to the Line 1 tube of metro project, taken from related
project report prepared by Yuksel Projadernational

Mediciyekoy i Mahmutbey Metro Project is located within the European side of
Istanbul city. Main geology oktanbul area is composetiPalaeozoi@and Mesozoic
bedrock covered by sediments frdrartiary period and intruded locally by andesite
and diabase Dykes.

According to the available geological and geotechnical informatienTBM tunnel
stretch object ofhis project (from Yenimahalle Station to Mahmutbey Stativa3
excavated both in rock (sandstone, mudstone and claystone with different weathering
grades) and soil (clay and sand) conditions. The tunnel geological profile is shown in

Figure4.2.
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Figure 4.2. Geological profile between Yenimahalle and Mahmutbey stations

The initial stretch of TBM tunnel alignment, from Yenimahalle station to Karadeniz
Mahallesi station, runs at shallow depth (10 to 20 mepresilominantly within grey

clay and clayey sand; at chainage 16+150 a gradual passage at tunnel level from
sandysilty clay to sand silty sandseformed towards Karadeniz Mahallesi station.
Approximately at chainage 16+7Q08ere isatransition to rock conditions represented

by the moderately weathered sandstone belonging to Trakya formation; upon the
initial 1 km long TBM tunnel stretch, the overburden increases to higher values (up to
42.8 m that is the maximum overburden alongdagtioned stretch) and the tunnel
alignment, after having run entirely within Trakya mudstotaystone for a 300 m

long stretch, has to face mixed ground conditions given bgithgltaneoupresence

at tunnel face of rock and soil material (in this csesedstonesiltstoneand siltysandy

clay). Upon Karadeniz Mahallesi station, the alignment runs for about 5 km along
Trakya formation (Carboniferous period aged) consisting predominantly infgioor
sandstone belonging to a Rock Mass Rating (RMR*) cMd$l (Total RMR values

range between 30 and 60) and characterized by a weathering grade W1AloMy3.

this tunnel stretch (from chainage 17+290 to 22+08@yeral faults have been
detected (they are indicated Table 3-1); along the fault zone3rakya sandstone
mudstone is very weathered (weathering grade W4) and shows very poor
geomechanicabuality (soitliking behavioj. Along this stretch, theoverburden
ranges between 20 and 40 meters, wiheptionfor a 400 m long stretch around
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chainage 18+775 along which the minimum overburden of the entire TBM alignment

(10.2 meters) is found. Approximately the final 200 meters of the alignment run within

an alternation of grey clay and silty sand with a mean overburden ranging between 20

and 35 meters. The main geological formations expected at tunnel level along the

captioned alignment stretch are summarizedTable 4.1 with corresponding

geotechnical @rameters.

*RMR:

The

Roc k

Mass rating

v al

ue

consi

rating; Uniaxial compressive strength of rock material, Rock Quality Designation,

Spacing of discontinuities, Condition of discontinuities, Groundwater condeioths

Orientation of discontinuities. This system is used for the classification of rock.

According to Bieniawski (1989), there are five class available accordiotatoating;
Classl (10081, Very good rock), Clasdl (80-61, Good rock), Clasdll (60-41,
Faird rock), ClasslV (40-21, Poor rock), Clasd/ (<21, Very poor rock).

Table4.1. General geological description between Yenimahalle and Mahmutbey stations

From To Geologyat c i Em 3
Stretch o [ kN ”
[KM] [KM] tunnel face [kPa] | [ U [Mpa] [
2
S 15+510 15+595 Sandstone and mudstone 26 150 36 1750 0,30
©
®
K 15+595 | 15+665 Mudstone and sandstone| 24/25 60 | 26| 520 | 0,32
E
[t} Clay, silty clay andsand
= 15+665 16+105 Y yeay y 19,5/21 150 0 30 0,32
N clay
c
S
g 16+105 16+695 Sand and Silty sand 18,5/19,5 5 32 30 0,32
¥
2 16+695 16+975 Mudstone and sandstone 26 110 33 1260 0,30
<
[}
é Clay, silty clay and sandy
] 16+975 17+085 19,5/21 150 0 30 0,32
> clay
‘» %)
9 c
E:s — 2 17+265 17+375 Sandstone 26 110 33 1260 0,30
3 £ o
= g 2
N E §
g > = Sandstone, claystone and
g O 92 17+375 18+370 26 150 36 1750 0,30
5 o mudstone
V4
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W Sandstone, claystone and
S 18+550 19+595 26 150 36 1750 0,30
x 2 mudstone
g $
S
[CRE
= ° Sandstone, mudstone and 26 110 33 1260 0,30
= > 19+595 19+755
E -
5‘ 19+755 19+945 Sandstone and mudstone 26 150 36 1750 0,30
g 19+945 20+695 Sandstone and mudstone 26 150 36 1750 0,28
! %]
S
c = B
o N B
= 20+125 20+821 Fault zone 23 0.1 32 50 0,32
O]
20+821 21+035 Fault zone 23 0,1 32 50 0,32
2
2 Mudstone, claystone and
) 21+000 21+595 26 150 36 1750 0,28
g sandstone
R
2
§ Sandstone and mudstone a 25 75 30 780 0,30
< 21+595 21+755
) 21+755 22+055 Mudstone and sandstone 24/25 60 26 520 0,32
o
(]
- Sandstone, hard clay and 24125 60 26 520 0,32
N 22+055 22+175
o clayey sand 21/22 10 [32] 40 | 032
O]
22+175 22+358 Hard clay and clayey sand| 21/22 10 32 40 0,32

The geometry of theconstructed segmental lining ring is shownFigure 4.3. It

presents an inner diameter of ;7asegments thickness of 30 cm and a mean length

of 1.4 m. According to tender specifications, the ring type is universal, compbsed

six segments: 4 rhomboidal and two trapezoidal segments (key and ekeyXethe

key

segment

angle 1is

Rhomboidal segments: B, C, E and F

Trapezoidal segments: A (key) and D (invert)

22.50U.

Threedimensionaliew of thesegmentalining is also shown ifrigure4 .4
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Figure 4.3. Segmental lining ring geomettunits mm)

CIRCUMFERENTIAL JOINT

KEY SEGMENT

"VACUUM" LIFTING PAD
CENTRING HOLES.

7
Vi

LONGITUDINAL JOINT

LONGITUDINAL CONNECTORS

Figure 4.4. 3D view of the segmental lining
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According tospecificationthis tunnel geometry is categorized by medium size tunnel
since thediameterof thering is between 5 m and 8 m. Detallinformation about

segments and tunnel features are tabulatd@alme4-2.

Table4.2. Segmental lining rin@ general features

Total tunnel length approximately 23 km
Overburden (mifmax) 10.2 m-42.8 m
Lining type Segmental
Ring type Universal type
Boring diameter 6.6m
Internal diameter D 57m
External diameter 6.3 m

4 segments +1 counter key segmen

Numberof segments 1 key segment

Thickness h 0.3m
Tunnel aspect ratio () 19
Segment length/width 3.534m/1.4m
Average segment aspect ratio 11.78
Ring taper +/- 85mm
Available erecting positions 16
Eurocode2 concrete class C40/50
Connections between rings TypeBiblock 84-46-274
(circumferential joint)
Sealing gaskets,
Water tightness 1 row on each joint (longitudinal anc

circumferential)

4.1.Test Specimens
4.1.1. Specimen Geometry

In this thesis, one oftheftdd c al e precast tunnel segments
- Mahmutbey metro projestaschosen foithe experimental stud Considering the

difficulties of the ring experiments, segment C wadmsen in theexperimental

program The reason is that they doeated on the bottom during storage phase and
exposed to high forceBetailed information about segmenigyjiven in Figures 4.5

-4.11.

58

be



Figure4.5. 4.5 Segment C

Figure 4.6. 3D view of segment C
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Segment C geometry details are shown in Figures4iT1
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Figure 4.7. Outer view (units mm & not to scale)
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Figure 4.8. Inner view (units mm & not to scale)
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VACUUM LIFTING HOLES
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Figure 4.9. Section AA (units mm & not to scale)

VACUUM LIFTING HOLES

CONNECTOR

Figure 4.10. Section BB (units mm & not to scale)
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Figure 4.11. Central deployment (units mm & not to scale)

4.1.2. Reinforcement Details

Four different reinforcement solutions were carried out boflexural test and point
load test. In fact, one of them is reference sample whictarrentlyused,and others

designed as an alternative solution. These are;

A. Typical conventional reinforcement (RC segments)

B.Combinati on of i Ipsndy ptrrogd/il teinen al reinforci
knownegl ashsywlcraild sol ution (RC + PFRC segme
C.Combination ofi lpedd pdbaesiemfeor ced pol yme)
reinforcing bars, hybrid solution (GFRP +
D.Pol ypropyl ecerels( PPRC segment s)

Four specimens from each type were produced. HowdW¥eren precast tunnel
segmentswere tested Since the bending test results of type A segments were
applicable and nearly similar, it was not required to carnaoneitraexperiment

Table4.3. Segment designations, concrete and reinforcement details

Type dggigrr?ae}?otn Concrete Reinforcement types Sp(taucrlm;n of
A RC PC Conventional reinforcement] Segment C
B RC+PFRC PFRC Classical hybrid solution Segment C
C GFRP+PFRC PFRC Hybrid solution Segment C
D PFRC PFRC Polypropylendibersonly Segment C
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4.1.2.1.Type A- RC Sample

Type A was consisted of traditional reinforcement and Figure 4.12 summarizes the
reinforcement detailsf RC segments, which were used as reference samples. This
reinforcement solution, which is characterized by a total steel content equal to 160.24

kg. This value can be considered as 108.3 kg/m

Figure 4.12. Reinforcement details of RC segments
- Longitudinalreinforcement ocurved rebarssf 10in poses 1&3and4f 12 in
pose&4 for flexure
(longitudinal reinforcement ratio under flexure)(is 0.32%)
- Shear reinforcemenstirrupsf 10 with 2 legs inpose5
- Local tie for splitting stresses: ti& with 1legin pose 8

- Curvedbar for spalling stressest #2 in poses 6&7

Pose details are explained in Figure 4.13
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Figure 4.13. Reinforcement details of R&gments (units mm, not to scale)
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4.1.2.2.Type B- RC+PFRC Sample

Type B comprisesf both traditional reinforcementsapdo | y pr 6 p f FEgere e
4.14summarizes the reinforcement details of RC+PFRC segments, which were used
as a hybrid sample. This reinforcement solution, which is characterized bysidetal
andPP fiber content equal to 42.1 kg?, 4 kg/m? (Vf = 0.44 %)respectively.

Figure 4.14. Reinforcement details of RC + PFRC segments

- Longitudinalreinforcement ocurved rebars4f 12 in poses 1&Zor flexure
and partially helping of Pfbersfor spalling stresses
(longitudinal reinforcementatio under flexurer(s) is 0.13%)

- Shear reinforcemenstirrupsf 8 with 2 legs inpose 6

- Localstirrupsfor splitting stressestirrupsf 8 with 2 legs in pose 6

Pose details are explained in Figure 4Bd&ypropylendiber reinforcement generally
consdered to resist splitting and shear stresses for tunnel segments, also to obtain
better control of spalling stresses (Conforti et al., 2017). Compared to the type A, the
traditional steel reinforcement content of thydrid solution was reduced by 61% by
using macresyntheticfibers This classical hybrid solutide based on a combination

of fibers and steel reinforcing bars recommended by Plizzari and Tiberti (2007). In

addition to this proposal, as mentioned before experimental programs on precast
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tunrel segments carried out Be la Fuente et al. (2012) and Conforti et al. (2017)
represent competitive solutions and shegnificant examplesf hybrid cases.

n}B

: (e,

SECTION A-A

SECTION B-B
SECTION C-C

Figure 4.15. Reinforcement details of REPFRC segments (units mm, not to scale)
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For the B4 specimens, the total number of stirrup& {(with 2 legs in pose 6) in the

curved side was preferred fifteen instead of twenty.
4.1.2.3.Type C- GFRP + PFRC Sample

Type C consisted of both gladther reinforced polymer (GFRP) rebars and
pol ypr 6 p ¥ Eigued.1l6summarizes the reinforcement details®F RP  +

P F RsBgments, which were used as an alternative hybrid sample. This reinforcement
solution, which is characterized by a combination ofiBé& which is equal to 4 kg/fn

(Vf = 0.44 %)with 28.20meters 8 rebar and 44.7@etersf 10 rebar.

- Longitudinalreinforcement ocurved rebars4f 10 in poses 1&Zor flexure
and patrtially helping of PRbersfor spalling stresses

- Localstirrupsfor splitting stressestirrupsf 8 with 2 legs in pose 6

- Since shearcapacity of glasdiber reinforced polymer bars is very low
compared to conventional reinforcement, polypropyldmsare considered

to resist shear stresses in precast tunnel sggme

Pose details are explained in Figure 4.17.

Figure 4.16. Reinforcement details of GFRP + PFRC segments

Previous experimental studies carried by Caratelli et al. (2016, 2017) showed that
using glassfiber reinforced polymer (GFRP) reinforcing bars in precast tunnel

segments is possible as an innovative solution. Although the cost of GFRPisebars
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generally expensive than traditional steel reinforcements, it has high resistance to
environmental attadespecially in the presence of aggressive soil condition. Indeed,
in comparison with steel, GFRP does not suffer corrosion problam®over, it is

non-conductive material for electricity and nomagnetic.

SECTION A-A
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Figure 4.17. Reinforcement details of GFRP + PFRC segments (units mm, not to scale)

4.1.2.4.Type D- PFRC Sample

Type Dwasreinforced only by kg/n? (Vf = 0.66 %) macresynthetico ol ypr opy |l en
fi hbeorss i dselutionrogy by usindibers forthe flexural, shear, spallingnd

splitting stresses. Although tlaenountof fibersselected is lower compared to similar
experimental programs carried out by Tiberti et al. (2015) and Conforti et al. (2016,
2017) andTA report n.16 (2016) suggestionhizh ranges from 8 to 10 kg#dosage

for macresyntheticfibers it was thought to be a guide for determining of quantity for

the future works. Moreoveme fibersquantityand type were determined on the basis

of the preliminary design of FRCs segmen@oncrete mix design details were
designated by considering the applications of previous slabs casting, whidfethe
manufacturer was responsible. The other reason why & Rg8& were chosen in

the mix design is that comparison cost analysis witliRBesegment type was made.

In most of thefiber applications in Turkey, structures contaigtween 2and 6 kg/m
macrosyntheticfibers. Since the workability of concrete is getting harder with the
increasindiber quantity, some special admixtures aredszkin concrete teasythe

casting process. These admixtures cause the increasing of the total cost of the concrete,

considering thdiber cost, as well.

However, material tests results, which are explained in the following pages, indicated

that the fiber amount adopted did not show significapbstcracking residual
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strengthsPreferred concrete matrix did noteetthe criteria of fib Model Code 2010
for both structural applications and using only polypropyféersas minimum shear
reinforcement.tlshould be noticed that the number of beam samples that were taken
during the production of segments is quite low to obtain the accurate information on
FRCs.Full-scaleexperimental test results take placed in the next chapter, therefore,

these data woultde more accurate and reliable for the evabmadf the structural

performance exactly and obtaining more information about PRFC segments.

Figure 4.18. Reinforcement details of PFRC segments

4.2. Material Properties

In this part, properties of materials which were used in the production of specimens
were discussed and summarized in tables. Related specifications have been followed
properly in order to define theharacteristicand structural properties ofaterials.

4.2.1. Concrete Properties

Table 44 represents the mix proportions of concrietethe production of precast
tunnel segments, namely PC and PFRC. The first mix design is commonly used for

tunnel segments with conventional reinforcement. The second, as already mentioned,

70



was used for both RC + PFRC and GFRP + PFRC hybrid segments vaimpout
difference offiber amount. The last one represents the mix design which corresponds
to the macresyntheticfibersonly. All the mix designs were providédm theready
mixed concrete plant at the precast manufacturing yard that produced four eoncret
batches. In tis experimental program, th€40/50 concrete class was chosen to
produce specimens according to Eurocode 2 (2004). With reference ¢odbithe
targetmeancylindrical compressive strength which is generally adopted in practice at
28 dy's waof nearly 48 MPaftm = fckt8MPa). The specimens werasteddy precast
steel moulds belomgg to type C segments within a day and same environmental
conditions and consolidated by means of the vibration system. All concreds mix
showed a sufficient workability with no considerabégluctionof their flowability

from the beginning to the end of thastingprocess. All specimens were cured in the
steamcuring chamber approximately 5.5 hours before demolding. The main criteria
is that before realizing the segmerdemoulding operation, a concrete with a
compressivestrength offek = 15 MPa, which has to be reached, has been considered
in the verifications. Within thisramework,laboratory tests were carried out by the
manufacturerto determinate the minimum curing time necessary to achieve this
strength. Moreover, for the sake sa#fety,the one casted sample from edetiches

was tested after 5.5 hours for measuring the early strength and all of them satisfied the
minimum compresse strength. Then all specimens stored at the precast
manufacturing yard up to testing (age ofi 28 days). In this way, the same
environmental conditionsvere ensured for real precast tunnel segmentsnefro
project although, in somgrojects.this duraion can last up to a year. Wheancrete

was reached its full characteristic stren@igth= 40MPa, four different types of

specimens, totally sixteen precast tunnel segments, were stored four of them together.

In all four concretebatchessix cubes (150 mnside dimensions) were cast for
measuring the compressive strength at ninety days, while three cylindrical samples
(100 x 200 mm) were prepared to measure the compressive strength at both seven and
twenty-eight days according to EN 1233Q2009) In additon to this samples, totally
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nine small beams (150 x 150 x 550 mm), three samples for each mix designs which
consist of macrsyntheticfibers were prepared for the evaluation of PFRC residual
flexural tensile strengths according to EN 14651 (2005).

At it is seen in Table-4, thewatercementratio of fiber reinforced concreted are
same, but when the cement contamtcompared, type D is higher than type B and C.
The reason is that more water is used in the mix design to increase the workability of
type D samples. Type A concrete mix designs are commonly used for the production

of ordinary precast tunnel segments.

Table4.4. Concrete mix designs of specimens

Sample type A B and C D
Concrete designation PC PFRC PFRC
Cement type CEM I* CEM I* CEM I*
Cement content [kg/fh 365 374 385
Water [L/n7] 152 142 146
WI/C Ratio 0.42 0.38 0.38
Admixture [kg/n?] 3.33 (adva 575) 3.23 (grc) 3.71 (gre)
Crushed sand [kg/fh 361 361 358
Aggregate 512 [kg/n] 498 498 494
Aggregate 1219 [kg/n¥] 413 395 392
Aggregate 1P5 [kg/nT] 585 604 599
Fiber content [kg/rfj - 4 6
Fibers f (%) - 0.44 0.66

*According to EN 1971, CEM I type of cement is a Portland cement with a maximum

of 5% other materials.

All cubes, cylinders and small beams were cured under the same environmental
conditions and kept in the curing storage pdble Table 45 report the mean cubic
compressive strengthc.cund at 90 days and the other tables illustrate the mean

cylindrical conpressive concrete strengfor{) at 7 and 28 days respectively.
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Table4.5. The cubic compressive strength at 90 days

Speci meg
B C D
150 x 185 A
mm (4 RBg/ (4 Bg/l (6 By
1 63. 6 62. 74 63. 27 68. 20
2 61. 8 61. 45 63. 65 70. 44
3 65. 7 60. 39 63. 61 70. 49
4 56. 3 59. 785 65. 185 66. 88
5 64. 7 57.09 64. 18 67. 79
6 63. 2 59. 51 64. 69 69. 96
Averame | s, 5 60.15 64.09 68.098
fcm,cube
Table4.6. The cylindrical compressive strength at 7 days
Speci meg A B C D
100 x 2 (4 Bg (4 Bg (6 Rg
1 41 . 2 41. 3 41. 4 47 . 6
2 41 . 3 41.0 42 . 2 47 .1
3 41 . € 42 . 3 43. 3 48. 6
Averame | .4 3 41.5 42. 3 47 .7
fcm,7
Table4.7. The cylindrical compressive strength at 28 days
Speci meg A B C D
100 x 2 (4 BRg (4 Bg (6 Rg
1 4 7 . § 48. 7 50. 3 55. 6
2 51 . 3 49.5 49 .5 55.1
3 50. 8 46. 6 50. 4 54 . 8
Averame | ,q9 ¢ 48 3 50. 1 55. 2
fcm, 28
fcm,-_9@-c8n,3cfu 51. 9 49. 972 53. 2 57 . 24

According to Eurocodene mean cylindrical compressive concrete strerfgth \as

also assumed as 83% of the cubic dag= 0.83tmcubg and results were tabulated in
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Table4-7 , and when the mean cylindrical compressive concrete stréagtlat 28
days taken into consideration, all samples showed higher strength than 48 MPa.

Figure 4.19. Examples of cracked samples aftes test

It has been observed thagherfiber reinforcementsontentused in concrete samples
increase the compressive strengftconcrete In addition, as can be seen from the
Figure 4.19, thdibersin the concrete also providedacreasingrack opeimg of the
specimens during fracture.
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Figure 4.20. Dimensions of goint bending test on a notched beam (EN 14651, 2005)
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Figure 4.21. Test pecimen aneéxperimental setip

Moreover, fib Model Code 2010, which is commonly ubgdiesigners, was used to
classify and obtain more information about FRC in the view of this information. In
order tocharacterizethe fiber reinforced concreteised for theproduction of test
specimens and EN 14651 test standard was apiglietitain design valuegigure
4.20 shows the dimensions of test specimens and notch delsidlghegeneralview

of the test setup, which is adoptedor determining the load versusack mouth
opening displacement (CMOD) curves, are shown in the Figure @\0OD values
were measured by means of transduéer.previously mentioned, the tensile and
fracturebehaviorof fiberreinforced concrete were characterized through bending tests
on three 150x150x550 mm notched beam specimens fosaayiie according to the

EN 14651 (2005). The limit of proportionality &nd the residual flexure tensile
strengths @1, fr2, fr3, fr4, corresponding to CMOD values of 0.5, 1.5, 2.5 and 3.5 mm,
resgectively), as defined in EN 14651, were determined by applying the following

eguations:
Q. — 1)
o — 2)
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Where;

|I= 500 mm,

b= 150,

"Q =125 mm,

FL=is the load at the limit of proportionality

F = is the load corresponding with CMOD = CMOD;.

Figure 4.22 was taken from EN 14651 in order to display how to obtain test results
and represents criteria such as CMOD values, corresponding load levetadrad |

the limit of proportionality.

'I1M'I1N"I1 M

.

-

CMOD (mm}

I
i
I
|
I
|
1 1 1 |
0 CMOD,=05 CMDD2= 1.8 GMDDE =25 CMOD, = 3,5

Figure 4.22. Example of load versus CMOD diagram (EN 14651, 2005)
Within these frameworksheloadversus migspan deflection graph are shown in the
Figure 4.23. In addition to thishe diagrams of the nominal stress versus the crack
mouth opening displacements (CMOD) are plotted in Figure #.24ould be noticed
that CMOD; value (3.5 mm crack wid) at the one of the RC + PFRC sample and all

GFRP + PFRC samples could not be measured due to technical problems.
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Load (kN)

Nominal Stress (MPa)

Load vs Deflection

——PFRC

RC+PFRC

—— GFRP+PFRC

0.00 0.50 1.00 150 2.00 2.50 3.00 3.50 4.00

Deflection (mm)

Figure 4.23. Experimental results of bending tests in terms of load versus vertical meflect

Load vs Crack Mouth Opening Displacement

——PFRC

RC+PFRC
—— GFRP+PFRC

0.0 0.5 1.0 1.5 2.0 25 3.0 35

CMOD (mm)

Figure 4.24. Nominalstressys. CMOD curve
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Furthermore, energy absorption capacity can be obtained from the load versus
displacement graphs. According to Figure 4.23, the area under the graphs of PFRC
specimens is higher than the others, therefore, energy absorption capacity is higher.
Another impatant point in Figure 4.23 is that after the first crack occurs in the
samplesappliedload level decreased sharply and then displacement values increased
with approximately the same load level. According to ITA report n.16 (2016), this is
typical flexurd softeningbehaviorof fiber reinforced concrete under beng. In

general uniaxial test is preferred to directly evaluate thestcracking tensile
behaviorof fiber reinforced concrete, however, this test is quite difficult to carry out.
Therefore, bending tests, such as EN 14651, are usually suggested by design
recommendations in orderamalyzethe flexural response of cementitious composites
after cracking ITAtech report n.7, 2016). Previous study performed by Kooiman
(2000) stated that flexural softening or harderedavioroccurs after reaching the
initial crack depending upon concrete matrix, amount and tyfibesfreinforcement.
Experimental result of belng test according to EN 14651 indicated thatfibkr
reinforced concrete samples displayed flexural softe@iviorsince there was no
considerable increase load after the first crack (see Figure 4.24). Apart from that
during tests,multiple cra&ing was not observed on the FRC samples. Moreover,
simplified stressstrain relationships for both softening and hardening FRC are shown
in the Figure 4.25.

s €L'll j\d ,] ../td

T
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. ° —_— P —
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Figure 4.25. Simplified stressstrainrelationships (fib Model Code 2010, 2012)
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The values of the limit of proportionality &nd the residual flexure tensile strengths
aresummarizedvith the mean values in Table84 It can be observed that 6 kgRP

fibers has not provided significant sttural performances both at serviceability limit
states (gsmof about 1.44 MPa) and ultimate limit stateafof about 1.32 MPa) since

the results are considerably lower than expected. According to ITAtech report n.7
(2016), after the 28 days, the tygicminimum performance levels for tunnel
segmental linings under the bending effect ate 2.2 MPa andrsk > 1.8 MPa in
terms of residual tensile strength. As it is seen the TaBletlisfiber content does

not satisfy the minimum criteria. In @vslar manner, samples that contain 4 k§/m
(Vi=0.44%)fibers displayed also lower residual flexural tensile strength. However, as
previously mentionethese resultsay not reflect the exact situation since the number
of the specimen is quite low and tees some technical problem occurred during EN
14651 test. Additionally, as discussed in chapter 2, softening and hartiehangos

of fiber reinforced samples shows differences depending on the sample size and test
method (fib Model Code 2000, 2012).

Characteristic values are obtained by considering the following formula thaieis
in thelTAtechreport n.7 (2016) and the results were tabulat&ichlyie 4-8.

frctk = fretm* (1-Kn*V x) (3)
Where;

fictk: characteristic FRC flexural tenss&rength,

fieem: mean FRC flexural tensile strength,

Vx: coefficient of variation, equal to the ratio of standard deviation of the mean,
kn: is a statistical coefficient.

For the three number of samples, statistical fagQri¢ equal to 0.95 for knowxx

(Normal distribution and 95% reliable estimation the mean value was assumed).
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The RC + PFRC samples can be classified as 1c according to Model Code 2010. In
fact, the characteristic value aofif represents the first value of classification and
shown & a number (the first number eff). For RC + PFRC samples, this value was
determined to 1.14 MPa. Then, the second values are found by the ratio between f
and kikand it is represented byetter. This ratio for the RC + PFRC samples is equal

to 102. According to Model Code 2010, this represents the class ¢ because it is inside
the range between the 0.9 and 1.1, which is the limit for the class c. After the same
procedure was applied, the classification of GFRP + PFRC and PFRC samples were
found Id and 1c, respectively.

Since brittleness should be avoided in structural membbes, reinforcement can
substitute (even partially) the conventional reinforcing bars or steel mesh at the
ultimate limit state, ifooth the relationships £fiv/fi > 0.4 and fra/frik > 0.5) are
fulfilled according to fib Model Code 2010, (2012). As a result of experiments, the
following ratios are obtainedzfi/fik = 0.2 and #sW/frik = 1.02 MPa for RC+ PFRC;
frifik = 0.17 anddz/frik= 1.15 MPa for GFRP+ PFRG:1f/fik = 0.28 and dai/frik

= 1.1 MPa for PFRC. The obtained fracture properties of FRC samples indicated that
they do not fulfil the requirements of tfie Model Code 2010 for use in structural
elements. Moreover, this test results also showed thafudnatty of fibers that used

for the production of precast tunnel segments was very low in term of structural
performance. Both RC + PFRC and GFRP + PFRC segment concretes showed a very
similar postcracking behaviorunder the flexure. PRFC samples results atak

slightly higher compared to others, althoughfibers content 1.5 times higher.

Furthermore, according to equation-14 of Model Code 2010, the minimum amount
of conventional shear reinforcement (stirrups) is not needed if the characteristic value
of ultimate tensile strength (considering wittmd.5 mm) forfiberreinforced concrete

Is higher than the following limit (4).

fruk > 0.08Q (4)
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In order tocalculate thdrwk value, equations 5.6 and 5.66 of Model Code 2010,
(2012) were used.

frts=0.45k1 5)

friuk=frts - (frts0.5fr3+0.2 k1) > 0 (6)

In generalfck values is taken as 40 MPa for C40/50 class concrete. Thus, based on
the equabn (4), thefruk value should be equal or greater to 0.506 MPa. According to
formula (6), the characteristic value of ultimate tensile strength is calculated as 0.454
MPa for PFRC. Consequently, results of PFRC samples did not satisfy the requirement
of above theequaion, which allows to useonly fibers as minimum shear
reinforcement in the precast tunnel segments. However, it should not be overlooked
that the number of test specimen significantly affect the results due to sigheird
deviation. Theefore, to obtain more accurate values highembe of smallbeam
should be testedTAtech report n.7 (2016) recommends the minimum 12 tests
required for verification of the variation coefficient. Nonetheless, shear stress was
assumed that it would not kmitical for PFRC segments since sheapady of
specimens significantly higher than design values due to higb&s sectionalrea of

tunnel segments.

81



Table4.8. Residual tensile strengthstekt specimens and compressive strength of concrete

Speci mer A 2 € D
(RC) (RC+PF|( GFPR+P (PFRC
fem,cundMPQ] 62.5 60. 15 64. 009 68. 96
fem,cylinde MPa] 49, ¢ 48. 3 50. 1 55. 2
Beam 1 5. ] 6. ! 7 .
Beam 2 6 . 6. | 5.
Beam 3 6 . 6. ! 4 .
Vx 0. 0. 0. !
fum [MPa] - 6. 08 6. 46 5. 64
fLk [MPa] 5. 83 6. 34 4 . 22
Beam 1 1. 1. 1. ¢4
Beam 2 1. 1. 1. ]
Beam 3 1. 1. 1 1. 1
Vx 0. 0. 0.
fram[MPa] - 1.16 1. 13 1. 32
fr,1k[MPa] 1. 14 1. 07 1.17
Beam 1 1. 1. 1. !
Beam 2 1. 1 1. 1. 1
Beam 3 1 1. 1.
Vx 0. 0. 0.
fr.2m[MPa] - 1.19 1.13 1. 37
fr2k[MPa] 1.11 1.10 1. 21
Beam 1 1.7 1.7 1. ¢
Beam 2 1. ¢4 1. 7 1. ]
Beam 3 1. 1 1. 1 1. ¢
Vx 0. 0. 0.
fram[MPa] - 1. 30 1. 23 1. 44
fr3k[MPa] 1. 16 1. 23 1. 28
Beam 1 1. - 1. ¢4
Beam 2 1. ¢ - 1. 1
Beam 3 - - 1.
Vi 0. - 0.
fR,4m[MPa] = 1. 26 = 1. 36
frak[MPa] 1.11 - 1. 28
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In this study, three different reinforcement types were used for the specimens

production and the detailed information about these materials are given in this section.

4.2.2. Reinforcements Properties

4.2.2.1.Conventional Steel Rebars

In this experimental study, three different steel deformed reinforcenveitt

diameters f(8,f10 and f12) were used as both transverse and longitudinal

reinforcement in the production of precast tunnel segments. Since the rebars properties

could not measure by means of experimental way, used S420 class steel reinforcement

propeaties have been considered by -T@832 0 1 0
specification. According to related specification, minimum yielding and ultimate
tensile strength of these steel reinforcement should be 420 MPa and 500 MPa,

iSt eel Bar s

respectively and it is thoughthat they satisfy the minimum criteria of the

specification.

4.2.2.2.Polypropylene Fibers

Table 49 summarizes the main maesgnthetidiber characteristics which were taken

from related companydés cat al o-g(@@6)t hat
Table4.9. Polypropylene fiber properties

Type: Pol ypropyl e
Brand Forftear r O
Length (mm): 54
Di amétram) : 0.677
Aspectf:ratio 1/ 79. 76
Tensil e Bat)rrength 55D50
El astic Bagdul us 5750
Densit¥% (kg/m 910
Number offiber per kg(approximatg 220000
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4.2.2.3.Glass Fiber Reinforced Polymer Rebars

In the experimental program, glass fiber reinforced polymer rebars were used only for
the production of C type of specimens and preferred risbedce typesvere used
Figure 4.26 shows the examples view of experimentals@nd anchorage length of

rebars.
£
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Figure4.26. Enter the Figure Caption here

Table 410 summarizes the main glass fiber reinforced polymer rebar characteristics
which were taken from related companyds cat :
104061 (2008). The first four values were taken by experimental results which were
carriedby Darendeliler (2017), and the others were taken from Turkish Standards

l nstituteds report.

Table4.10. Properties of Glass Fiber Reinforced Polymer Rebars.

Di amE{ ;am) 8 10
Nomi nal di amet 7. 4 9. 2
Nomi nadlsect o 9% a? 4 3 67.1
El astic modul u 50. 2 51. 7
Ul ti mate stren 997 895
Coeffofcitemer mal
(Longitudin@) d| 2-2%1 2.2%1
Rupture strai 4.50 6.40
Shear strendthec¢Tr 222 248
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CHAPTER 5

FULL -SCALE EXPERIMEN TAL TESTS

5.1.Flexural Test

The main purpose of this test is measuring and comparing the flexural bearing capacity
of specimens that consist of different type of materials. Segments are subjected to
flexure during demolding, transportation and storage. The purpdexwufetest isto

show whether the segmengstisfy the demand or not. Design moment for the
production and transiepth as e of MMdahmutlbeyyretkoPprpject is 44.25
kKN.m. It is related tstoragephase, considering that each ring can be stacked in one
pile accoding to the configurations shown in Figure ATlhe deadoad of each
segment is about 37.11 kN and key segments weight is nearly 12.37 kN. In order to
perform a safe side analysis, the distance between two bearing timbers was taken 2.3
m and an accidenta&lccentricity (e = 0.30m) concerning the supports at the base of
the pile was considered. In this situation, the higher bending moment occurs at the

bottom segment. Detailed informatiaboutdesign \alues take places in appendix A

In this experiment, ck width opening due to flexure and rrgdan deflections of the
segment were measured to evaluate the sp
determine the maximum bending moment capacity of specimens, allowable
serviceability limit state of crack widtwas taken into consideration. The allowable

SLS crack width limitshowsdifferences between the specifications and guidelines.

For instance, this limit value is 0.3 mm for the ACI 224.1R (2007) and EN-1992

(2004) however, it is 0.2 mm for fib Modeb@e 2010 (2012) and DAUB (2013). In

this experimental program projectods cracl
is based on EN 1992-1 (2004). 0.3 mm crack width is also the permissible limit for

Me c i d i-WehknAthey Metro line.
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5.1.1. Test Setup and Instrumentation of Flexural Test

To determine the flexural bearing capacity of specimens, teapseas designed by
considering the exact dimensions of precast tunnel segments. In the literature, two
different test methods are available to meabangling capacity of specimens. These

are mainly known as thrgmintandfour-pointbending testFourpoint bending tests

are most commonly preferred for testing nonhomogeneous materials since in between
the loads, the moment is constant and the shearastheis a pure flexure region is
obtained. However, in foypoint tests, measuring cracks width and observation of
crack patterns are difficult because the peak moment occurs in a huge region, where
between the loadn contrast to théour-pointbendingtest, the stress concentration of
athreepointtest is small and concentrated underdbaaterof the loading point. In

this way, themaximummoment is obtained at the msghan of specimens. Moreover,
athreepointtest is easier to perform thaoar-point test forfull -scaleprecast tunnel
segments. Therefore, in accordance with the previous experimental tests which were
carried out by Caratelli et al. (2012), Abbas et al. (2014), Meda et al. (2016) and
Conforti et al. (2017)threepoint bending testvas adopted for evaluation of the

flexural behaviorof precast tunnel segments (see Figure 5.1).

In this test, the load was applied to the segments to the outer face by two loading steel
plates (200x200 mm) on the rggan. In addition, since the outerfage of segments

have curved shape, the same sizes of rubber layers having a 20 mm thickness were
placed below the steel plates to obtain full contact with the surface. Apart from that, a
larger rubber layer with a thickness of 10 mm was located &ttt of layers and

one teflonayer was placed between two rubbers to decrease friction effect (see figure
5.4). Theabovementionedoad was applied to the system by means of a hydraulic
jack with a loading capacity of 5N andapplying load level was nasured by a

load cell duringexperimentaprocess. Figure 5.1 shows the flexural loading system.
Two roller supports were placed continuously on the entire segment width, providing
that 2.6 m net span length between these supports. After the first exgeattaenpt,

two additional roller supports were aladaptedo bothsidesof therigid steel frame
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in order to prevent sliding dhe frame In this way,morestable loading system was

obtained.

M es |

S

Jod "
J- Load cell {fif8 M

A ;w
s, T

Figure5.1. Test setup and flexural loading system

During this test Strain gauges and Linear Variable Differential Transformers (LVDTS)

were installed to the specimens in order to med$exaral crack opening width and

mid-span deflections. Two LVDTs (CW.L drCW.R) and two strain gauges (SG.L

and SG.R) were placed on the segment s in
due to flexure. Since the maximum flexurabmentoccurs at the midpan of
specimendue tothreepoint bending test system and the wesik section of the

segments is in the middle zone because of the holes, measuring devices were installed

to thisregion. In almost all segments, thest crack was observed along the weakest

section. 6 LVDTs were placed outer surface of specimens toagdgahe miegspan

deflection of segments. Deflections were measured by identifying vertical

displacement of segments during the test.
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The averagevalue was obtained from the four LVDTs which were located in the
middle (D3, D4, DJandD6), while the others pasured left and right side deflections

of the midspan (D1 and D2 respectively). Figure 5.2 describes the direction of the
test specimen. In addition to vertical displacement, horizontal displacements were
measured by means of twod/TDs which are locatedat two longercornersof
segments (H1 and H2). The location of instruments on segments and support locations

are shown in figure 5.3.

Figure5.2. Side description of test sap

In addition, all instrumentations were controlled before the experiment starts. From
Figure 5.3 to Figure 5.8 the instrumentations details and general view of the flexural
test are illustrated. First experiments showed that strain gauges cannot givéaany da
at higher crack width. Since they are a very sensitive device, they generally break at a
small crack width. For this reason, extra tllTDs were installed instead of strain
gauges in the experiments of B3, C2 and C4 specimens in order to collectinese v
about flexural crack opening width. As it is seen in Figure 5.8, new LVTDs were

placed on the same alignment of the strain gauges.
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1+1 Loading steel plate
on segment outer surface

20 mm_ rubber+
teflon+10mm rubber

D1,02,D3,04,D5,06
(LvDT)

H1{LVDT) HZ (LVDT)

]
CWL,CWR (LVDT)
SG1,SG2 (strain gauge)

K-/ \
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500 500 -
I 2800 I
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Frontal view

Loading steel plote 200X200

20mm rubber+
Leflon+10mm rubber

Top view

on

Loading steel plote
e A L
Bottom view

Figure 5.3. Instrumentatiordetails of flexural test (units mm, not to scale).
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Figure 5.6. Broken strain gauge and vertical LVDTs
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Figure 5.7. Right side and bottom view of the flexural test

Figure 5.8. View of located 2 LVDTs instead of strain gauges
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5.1.2. Experimental Results of Flexural TesfAdd text here

In these experimentfyad has not been applied with displacemeantrolled due to

the unsatisfying of the used hydliayack. In addition, there is not any information
related to loading rate for this fedlcale test which was adoptediage poinbending.

For these reasons, although it was paid attention to applying load rate as close as
possible during experimentdpading rate showedslight differences between
specimens. Figure 5.9 illustrates the applied load versus time graioifi-e€ale

flexural test.

Load-Time

240
220
200
180
160
140
120

100

Load (KN)

J Mﬁ o
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60

40
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[ L
200 500

600 700 800 900 1000 1100 1200 1300
Time ( Sec)

0 100 200 300

Figure5.9. Load versus time graph of flexural tests

As it was previously mentioned, totally 6 LVDTs were used in order to measure
vertical displacements of tunnel segments. Figure 5.10 shows trepamdieflections

of the segments obtained hyerageof four LVDTSs in the middle, while figure 5.11
illustrate samecurves up to 2 mm deflection limit. The values from oth€DTs

which were located the left and right side of the +smhn was given in Appendix C.

In addition, Table 8 displays the load level corresponding to 2 mm vertical
displacement thavasmeasured by the four LVDTs in the middle of rsiplan. Since

all LVDTs measured almost the same displacements values i.e., not torsion was

observed, therefore only central LVDTs were considered.
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Load - Vertical deflection (average of 4 LVDT )

Load (KN)

-
0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22

Mid-span deflection (mm)

Figure5.10. Load versus migpan displacement curves

Load - Vertical deflection (average of 4 LVDT)

140

Load (KN)

0 01 02 03 04 05 06 07 08 09 1 11 12 13 14 15 16 17 1.8 19 2
Mid-span deflection (mm)

Figure5.11. Load versus migpan displacement curves up to 2 mm

Tableb5.1. Force corresponding to 2 mm vertiadflection

Specimen RC RC + PFRC GFRP + PERC PFRC
number Al A2 B2 B3 B4 Cc2 C3 Cc4 D1 D4
I(_ISNa;j 128.83| 126.50| 114.25| 93.90| 90.96 | 69.63| 63.01| 73.55| 63.01| 67.98
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In the flexural test, anccurringmoment on the segment was calculdigdccording

to equation (7).
M = 8.6325 kN.m + 0.65xP kN.m (7)

The first value is related to seffeight of the segment and the second one is the effect
of appliedload. Within this formula, the load corresponding to the design moofhent
44.25 kN.mis calculated as approximately 55 kN.

As it is seerfrom Figure 5.11, although, the vertical displacements seem to nearly the
same for different specimens at the low load level, the stiffness values of specimens
show huge differences. Nonetheless, fortladl segment types migpan deflection

value is lower than 1 mm at the 55 kN load level that constitutes design moment of
the metro project for the construction phase. On the contrary, deflection values change
significantly between the specimens dependinghe reinforcement type at the high
load level. It can be clearly seen that RC and RC + PFRC seganestgfener than
others. Compared to load level at 2 mm deflection, RC segrammearly twice as

much stiff asthan PFRC and GFPR + PFRC. Moreowghen energy absorption
capacity that up to 2 mm deflections are taken into consideration, segments with steel
reinforcement shows higher capacity than other types.

Before the evaluation of flexural crackimgsultsit should be noted that during the
expeiments of RC segments steel apparatus between the hydraulic jack and load cell
was bent at high load level dueléngestresses. However, this situation did not affect

the results significantly since the critical data teatlated to serviceabilityrit state

had already been obtained. In addition to this, flexural crack width at the left side could
not be measured for the C3 because of the crack pattern. As it is seen in Figure 5.14,
crack occurred in the area where width measurement is not possible/DT

(CW.R). For thisreasonjn Figures 5.12 and 5.13, for the C3 segment average value
of the flexural crack width was obtained only by LVDT which was located at the right
side. Duringflexuraltest, D4 specimen was loaded up to failure, and at thefaest

period segment was broken into two pieces due to the lack of any reinforcements (see
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Figure 5.14). For the otherlmad was applied with the consideration of SLS crack
width. Although reaching failure load level was important for the determmatio
failure mode of segments, it could not dy@pliedbecause of the safety reasons for
both devices and humans. Nonetheless, the main purptestisimeasurindpearing
capacity of different types within the serviceability limits. Apart from that dutest

of B2 huge crack occurred dhfferentregion where cracking could not be measured

by LVDTSs, after the first crack has occurred in the weakest section. This situation had
an effect on the measuring values, especially for the cracking width. Howesudts

are acceptable for the comparison because this occurred after the SLS cracking width.
Thereforeyerticaldeflection of B2 and D4 segments is higher than others as reflected
in the figures. Flexural cracking was measured to some extent for jegsmens, as

a result, permanent cracking values could not be determined after unloading situation

(see Figure 5.12).

Load - Crack width ( average of 2 LVDT)

Load (KN)

o 01 02 03 04 05 06 07 08 09 1 11 12 13 14 15 16 17 18
Crack opening (mm)

Figure5.12. Load versus flexural crack width
Figure 5.12 shows load versus flexural cracking opening relationship, wieich
obtained by average values of 2 LVDTs that located on the left and right side of the
segments, for all specimens. Tabi@ Blustrates the first flexural crack width which

was measured by strain gauges and corresponding load level. Results of the
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experiment based on first cracking values indicate that all segment types satisfy the
mi ni mum bearing c ap-aMmahmutpey metro prdjgetcin the y e k ° y
flexural test, as preously mentioned occurring moment on the segment was
calculated according to the equation (7). The first cracking width of segments is very
small compared to serviceability limit value. In addition, load versus cracking values
up to allowable SLS crack wid limit are shown in the figure 5.13 to evaluate the
capacity easily. It should be noted that aftest structural crackingexperimental
bearing capacity of segments which was obtained at the serviceability limit also
satisfies minimum criteria of theonstruction phase of thgroject Moreover, Table

5-3 summarizes the load level of test specimens at the 0.3 mm cracking width which
is defined as serviceability limit and corresponding moments andspad
displacement values, while Tablet5llustrategshe maximum load level of specimens

that reached during experiments and corresponding moment and deflection values.

Load - Crack width ( average of 2 LVDT)

180
160
140
120

100

80
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60

40

20

1]

0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25 0.275 0.3
Crack opening (mm)

Figure5.13. Load versus flexural crack width up to 0.3 mm
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Table5.2. First cracking width vs. corresponding loads, moments and deflection

GFRP +

Specimen RC RC + PFRC TR PFRC
types Al A2 B2 B4 c3 D1 D4

Load (kN) 7723 | 8520 | 6987 | 6816 | 67.79 | 5860 | 85.93

First crack width

0.072 0.082 0.040 0.040 0.069 0.072 0.041
(mm)

Moment (KN.m) | 58.83 64.01 54.05 52.94 52.70 46.72 64.49

Mid-span

. 0.80 0.90 0.74 0.70 1.00 0.80 0.93
deflection (mm)

The moment capacity of RC segments that were designeadefno project is quite

higher than the design moment of the construction phases. Therefore, RC segments
showed more durable and stifiehavioras expected due to the high value of
longitudinal reinforcement. It should be noted that moment at serviceabilitjiroga

limit significantly greater than the design bending moment which is equal to 44.25
kKN.m. The segment also showed a significant ductility with a gradual increase of
bearing capacity up to serviceability limit. Ductility was determined by the ratio of
deflection value that corresponding to occurred first structural cracking to deflection
value at the serviceability crack width limit (0.3mm). For both RC specimens, the
ductility ratio is approximately 4.0. The first cracking of RC specimens (Al and A2)
occurred at about 77 and 85 kN load levels, respectively. Corresponding moment
values of these loads are nearly 59 and 64 kN.m. Bearing capacity of these segments
at the serviceability limit measured as 1.74 and 1.83 times greater than the first
cracking véues. Moreover, the maximum bearing capacity of these segments
measured at the maximum force resulted 2.66 and 2.24 times greater than the first
cracking values. Apart from that, considered the final situation of the tunnel, these
experimental results inciite that RC segments had stable joostking response
under flexure, which is important for workers since this enables them to escape in case

of exceptional events (ITA Report n. 16, 2016).
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Table5.3. Loadand the corresponding moment at allowable SLS crack width limit (0.3 mm).

Specimen RC RC + PFRC GFRP + PFRC PFRC
type Al | A2 B2 | B3| B4 | C2 | C3 | C4 | DL | D4

Load (kN) | 143.91| 166.60| 119.89| 95.51| 90.47 | 69.50| 68.16| 76.61| 64.72| 78.70

'\("koN”_‘r?]’)“ 102.17| 116.92| 86.56 | 70.71| 67.44 | 53.81| 52.94 | 58.43 | 50.70| 59.79
De(?ﬁrff)'on 319 | 366 | 258 | 210 | 255 | 1.50 | 1.70 | 1.86 | 1.66 | 1.53

RC + PFRC hybrid segments that the combination ofilB¥?s with conventional
reinforcements, showed also durable and Iséffaviorunder the flexure. The positive
effect of macresyntheticfiberswas observed in RC + PFRC segments, especially in
terms of deflections. Although a longitudinal reinforcement ratio was 40.6% smaller
than RC ones, deflection values at the serviceabihtyt lare much less. Moreover,
bearing capacity of segments satisfy the design criteria of production and transient
stages for both the first structural cracking occurred and the serviceability limit state.
The first cracking of RC + PFRC specimens (B2 adji&curred at about 54 and 53

kN load levels, respectively. Bearing capacity of these segments at the serviceability
limit resulted inl.6 and 1.27 times greater than the first cracking values. It should be
noticedthatnumberof stirrups in segments affes the bending capacity after cracking
occurred. Fothisreasonit has been observed that the experimental bending capacity
of B4 specimen was lower than the other RC + PFRC segments because of less number
of stirrups. As far as the maximum bearing @atyas considered, it can be observed
that there was no significant increase in bending capacity after serviceability limit. In
fact, RC + PFRC segments exhibited a hardebiglgaviorunder flexure after first
cracking of concrete occurred, with multigiecking (see Figure 5.13)ostcracking
stiffness of RC + PFRC segments has changed significantly, it showed high resistance
up to a certain crack width. However, after cracking width reached the serviceability
limit, the resistance level decreased driacadly (always remaining greater than
cracking load) up to unloading time. When load levels between maximum and

serviceability limit compared, it is seen that there is a slight increase in the specimens.
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The ratio between these for the B2, B3 and B4 spexes are 1.01, 1.20 and 1.17
respectively. Based on the flexural test results RC + PFRC segment also showed a
significant ductility. For the B2 and Bgpecimengluctility ratio is nearly 3.49 and

3.64, respectively. These values are very close to RC segiaéhouglexistenceof

conventional reinforcementds quantity 1is

Table5.4. Maximum load and the corresponding crack width and momen

Specimen RC RC + PFRC GFRP + PFRC PFRC
type Al A2 B2 B3 B4 c2 | c3 | ca | b1 | D4
Maximum
load 227.02| 207.41| 120.74| 114.62| 106.03| 73.18 | 71.96 | 88.87 | 65.83 | 89.49
(kN)
Cra(‘r:]'q‘l%";'dth 1525 | 0.569 | 0.312 | 0.628 | 0.716 | 0.742| 0.200 | 0.065 | 0.162 | 0.049
'E"}f,\'l“ﬁ]r)‘t 156.20 | 143.45| 87.11 | 83.14 | 77.55 | 56.20 | 55.41 | 66.40 | 51.42 | 66.80

When another hybrid solution, GFPR + PFRC segments which consist of the
combination of PHibers with glassfiber reinforced polymer rebars, is taken into
consideration, it was seen that the experimental results of this solution are below the
expected design.vien though the bearing capacity of these segments satisfied the
design bending moment criteria in both cases, they showed lower ductility under the
flexure compared to previous specimens. bakaviorof hybrid segments (GFRP +
PFRC) is remarkably differéfrom segmentsontaingraditional reinforcement. The

first recordable crack for C3 specimen was detected by strain gauge at a load level of
68 kN. Thereafter, the stiffness increased slightly up to 72 kN because of the stress
transmittingalongthe cra&s providing byfiber reinforcement. At this stagepecimen

has reached the maximum bearing capathigt was calculated neary5 kN.m
according to formula (7) and with 0.2 mm crack widtfierwards,a softening branch

was developedand the resistancgtarted dropping in a stable way and the critical
crack continued to open. When the critical crack width reached the serviceability limit,
53 kN.m bendingmomentwas measured on the segment. Similarly, during the

experiment of C4 specimen, the same stmattbehaviorwas observed, but?2
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specimen showed more ductile and dighaviorcompared to others. It reached the
maximum load level that is nearly 73 kN after the serviceability limit, 0.3 mm. The
crack with corresponding to maximum load is 0.71 mm iaungl approximately 2.4

times higher than serviceability limit.

As far as the PFRC segments are concerned, it can be observed that similar scenario
happened with the GFRP + PFRC specimens. PFRC segments exhibited a softening
behaviorunder flexure duéo the low quantity of PRbersin the specimen. The first
cracking of PFRC specimens (D1 and D4) occurred at about 59 and 89 kN load levels,
respectively. Following this stage, the specimens reached maximum load levels at a
crack width very close to thmitial structural cracking values. According to these
results, although the bearing capacity of PFRC segments fulfil the minimum
requirement of design bending moment the ductility of the specimassgery low.

Besides these, it was seen that the ratio between maximum loads and the loads at
whichfirst crack is formed showed, is vecjoseeach other ancesulted inl.12 and

1.04 respectively. PRbersled to apartial increase of ductility after fitsstructural
cracking, and ductility ratios of the specimamnsnearly 2.1 and 1.7. These results are
very low compared to RC and RC + PFRC segments. In addition, the results

demonstrated that RC + PFRC segments have a low energy absorption capacity.

Figure 5.14 shows final crack patterns which occurred on the inner surface of precast
tunnel segments due to flexure. It should be considdratl maximum cracking
widths cannot be seen in the figure since cracking width closes to some extent after
unloading Therefore, these pictures indicate the occurred permanent cracking pattern
of segments. Similarly, Figure 5.15 demonstrates the crack localization on the side
view of specimens and the multiple cracking that occurred in RC and RC + PFRC
segments. It calme noted that multiple cracking occurred at the specimens that showed
hardeningoehaviorunder the flexure, on theontrarysingle criticalcracksoccurred

at the segments that exhibit a softertiepaviofl GFRP+PFRC and PFRC segments).

Furthermore,asits seen in the figure 5.14, al most
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passthrough the critical section that is the weakest region of segment due to existing
of vacuum and longitudin@lonnecters$oles.
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(b1)

(D3) (D4)

Figure 5.14. Final crack pattern of specimens (bottom view)

(A1)
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(C2) (C3)
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(D3) (D4)

Figure 5.15. Final crack pattern of specimens (side view)

5.1.3. Creep tests

The main purpose of these studies is to obtain more information about the structural
behaviorof PFRC and GFRP + PFRC specimens and evaluatduttidity. Within

this framework, cyclic loads were applied to the segments and related data were

recorded by LVDTSs locatesimeregion as previous flexural tests.
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5.1.3.1.Cyclic Loading for PFRC specimen

As mentioned before, PFRC segments displayss ductile behaviorunder the

flexure and had reached maximum load levels before the cracking avidtasin
serviceability limit. In addition to that in flexurests,the loads applied in a short
period by means offaydraulicjack. This situation causesmeobstacle for evaluation

of the structural performance of segments exactly under the flexure. Since most of the
time storage phase of the precast tunnel segments take about one year, structural
verification of these segments under permanent load is need=dfdre, 55 kN load

level thatcreatethe design bending moment of production and transient stages of the

project, was applied on the D3 specimen for evaluation.

Load-Time

60
50
40

30
—D3

Load (KN)

20

10

0 10 20 30 40 50 60 70 80
Time ( hr)

Figure 5.16. Load versus time graph Bf3 specimen

When the load level reached 55 kN the valves have been closed to prevent decreases
of load level and keep the pressure constant. However, as it is seen in Figure 5.16,
applied load level decreased as the time passed. It is estimated thagctime

caused by the deflections of specimens. Another reason might be the leakage in
hydraulicjack. For this reason, when the load ledetreasedind it remained almost
constant at a certain level, the load increased again up to 55 kN. This imialeomen

was repeated five times until the flexural cracking width arrived in serviceability limit.

In thisway, specimen was subjecteddyclic load.
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Load - Vertical deflection (average of 4 LVDT)
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0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 18 2
Mid-span deflection (mm)

Figure5.17. Load vs. midspan displacement curve

Figure 5.17 shows the load versus vertical -spdn displacement curve that is
obtained byaverageof four LVDTSs. For the first cycle deflection was recorded just
above the 1 mm and it came back to nearly 0.6 mm at the end of first decreasing. For
the othas, differences between final and initial deflection values are approximately
0.2 mm. In other words, energy absorption capacity of the first cycle is higher than the
other that capacities are almastme It should be noted that eatime stabilization

load level increased to some extent compared to previous cyclic (see Figure 5.16).

Load - Crack width ( average of 4 LVDT )
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Load (KN)

20
10

0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38

Crack opening (mm)

Figure 5.18. Load vs. flexural crack width of D3 specimen
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Figure 5.18 shows load versus flexural crackingropg, which were obtained by

average values of 4 LVDTs that located on the middle, left and right side of the
specimen. As it is seen in the figure, after first loading flexural cracking width reached
around the 0.1 mm, and cracking width arrived in seafility limit at the end of the

fifth loading. Load versus horizontal displacement curves of D3 specimen were given

in the following figures. Figure 5.19 was obtained by LVTD located on right side,

while figure 5.20 obtained by LVDT on the left side egment. In the flexure test of

FPRC segment, single crack occurred around thespath portion of segment and

then it continued to opening up to failure, without any other cracking were observed.

This is a typical pure concreteehavior According to ITA eport n.16 (2016) this
phenomenon is explained as nOFi ber reinf
linings present a postracking softenindpehavior which means that generally, they

tend to localize cracking phenomena occurring in a certainregmnis i ngl e cr ac

Load - Right Horizantal displacement (LVDT)
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Load (KN)

20

10

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Horizantal displacement (mm)

Figure5.19. Load vs. horizontal displacement curve of D3 specinigint
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Load - Left Horizantal displacement (LVDT)
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0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25 0.275 0.3

Horizantal displacement (mm)

Figure 5.20. Load vs. horizontal displacement curve of §gcimereft

5.1.3.2.Cycling Loading for GFRP+ PFRC specimen

Similarly, a hybrid solution, which is the combination of gld&er reinforced
polymer rebars with PRbers displays a low ductildehaviorand had reached
maximum load levels before the crackinglthiarrivein serviceabilitylimit except

the C2 specimen. It is estimated that havower bearing capacity is caused by the
bond problem between GFRP bars and concrete. Although curvilinear GFRP bars
should be used in production, straight GFRP barsectomthe site and used in
specimerby trying to bend them. Since the experimental results of these segments
were lower than as expected design values, drilling core sample was taken from a
tested specimen. It was thought that some cracks can occur anfdee of GFRP
because the GFRP bars are too brittle materials and have a low shear capacity.
However, it is seen that there was no damage on the rebar and specimens acted as an
only fiber reinforced concrete. In addition, after first structural crackiagesistance
started dropping in a stable way and the critical crack continued to open and no more
cracks developed. This situation indicates that there is a bonding problem between
GFRP bars and FRC. Shortly GFRP+ PFRC segments exhibited a softehanigr

under flexure after first cracking of concrete occurred.
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Load-Time

—c12

Load (KN)

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Time ( Sec)

Figure5.21. Load vs. time graph of C4 specimen

As mentioned before, |l oads were not appl
experiments, flexural tests were stopped after crack width reaches the SLS limit. Thus,

to obtain more information about structubahaviorof specimen, specimen C4 was
sWbjected to the loading pattern shown in Figure 5.21. Contrary to previous
experiments, results of this experimavere very different. It exhibited hardening
behaviorunder the flexure and multiple cracking observed on the specimen. Final
cracking patters of C4 specimens were shown in Figures 5.23 and 5.24. Moreover,

load versus vertical displacement curve of 4sj@n is given in Figure 5.22.

Load - Vertical deflection (average of 4 LVDT)

—ca2

Load (KN)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Mid-span deflection (mm)

Figure5.22. Load vs. midspan deflection curve of C4 specimen
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Figure 5.24. Final crack pattern of C4 specimen (left side)

5.2.Point Load Test

The main purpose of this test is to evaluate the structural performance of precast tunnel
segments subjected to the Tunnel Boring Machine (TBM) actions during the
excavation process. TBM is pushed itself forward by thrust jacks which are acting on
the lastplaced lining ring. Even though the applying forces on the tunnel lining, which

is induced by TBM thrust, is a temporary loading condition for construction stages,
this causes serious stresses on precast tunnel segments. Therefore, it must be properly
corsidered since this may be the most critical condition for the segment design (Meda
et al 2016). For that reason, point load tests were conducted to the namely designed
segments. As it is seen in Figure 5.25, in the excavation process and in this test, two
important local tensile stresses which arise during the TBM jacks thrust effect in
precast tunnel segments were observed. The application of the high concentrated TBM
thrust load on relatively small surfaces causes splitting stresses or bursting stresses o
a plane perpendicular to the direction of the applied thrust. The other one is known as
spalling stresses that they appear in the unloaded zone between the TBM rams in the

circumferential direction. Similarly, in this test allowable serviceability Istate for
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the occurred cracking width was considered to evaluate the structural performance of
specimens. In addition, vertical displacements of segments and cracking pattern was

also considered.

Figure 5.25. Local tensile stresses due to applied high concentrated load (Bakhshi, 2015)

5.2.1. Test Setup and Instrumentation of Point Load Test

I n Me c i-dMahmetlhey ngetro project, Terrateedd which is an earth pressure
balanced (EPB) type of tunnel boring mahhas been used for the construction of
tunnel. Therefore, in this experiment, loading systems were adapted to reflect the
actual TBM thrust loading in order to evaluate the structural performance of precast
tunnel segments better. During the excavatiotally sixteen jacks apply load to the
tunnel lining, and they have a 22.5 degree distance between each of them due to tunnel
geometry. In other words, three jacks are located in every segment except for key
segment (A), that loaded through only one jaekause of the being small. Tabié 5
summarizes the general features of Terrat&? $nachine and according to these
information, TBM jack configurations on the segment C was simulated in Figure 5.26.

In order to perform fulkscale test simulating the ael condition, a suitable testing
system has been designed and constructed regarding to both actual pad configuration

on the segment C and geometry used by the Terrad@c S
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