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! Pullout

2 Spiraly steel fiber

3 L.
Inclination angles

* Embedded length

3 Direct tension
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! Discrete fibers
2 .
fiber-reinforced concrete
3 fiber-matrix interface
4 .
Concrete mix
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2 Paste
3 Mortar

4 Slurry
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! Fibre Reinforced Concrete (FRC)
2 Strain-Softening

3 Strain-Hardening

# shotcrete
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! Cold-drawn wire fiber
2 Cut sheet fiber
3 Melt-extracted fiber
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2 Aspect Ratio

3 Plain Concrete
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3 Consolidation
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1. ASTM C 1116/C 1116M -15a: Standard Specification for Fiber-Reinforced Concrete.

2. ASTM A820 / A820M-16: Standard Specification for Steel Fibers for Fiber-Reinforced
Concrete.

3. ASTM C39 / C39M-20: Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens.

4. ASTM C 1609/C 1609M-19a: Standard Test Method for Flexural Performance of Fiber-
Reinforced Concrete (Using Beam with Third-Point Loading).

5. ASTM C1550 -19: Standard Test Method for Flexural Toughness of Fiber Reinforced
Concrete (Using Centrally Loaded Round Panel)

6. ASTM C1765 -19: Standard Specification for Steel Fiber Reinforced Concrete Culvert,
Storm Drain, and Sewer Pipe
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7. ASTM C1579-13: Standard Test Method for Evaluating Plastic Shrinkage Cracking of
Restrained Fiber Reinforced Concrete (Using a Steel Form Insert)

8. ASTM C1666/C1666M-08(2015): Standard Specification for Alkali Resistant (AR) Glass
Fiber for GFRC and Fiber-Reinforced Concrete and Cement

9. ASTM C1230-96(2015): Standard Test Method for Performing Tension Tests on Glass-
Fiber Reinforced Concrete (GFRC) Bonding Pads

10. ASTM C1399/C1399M-10(2015): Standard Test Method for Obtaining Average
Residual-Strength of Fiber-Reinforced Concrete

11. ASTM C496/C496M-17: Standard Test Method for Splitting Tensile Strength of
Cylindrical Concrete Specimens

12. ASTM C995-01: Standard Test Method for Time of Flow of Fiber-Reinforced Concrete
through Inverted Slump Cone (Withdrawn 2008)

13. ASTM CI1818-19: Standard Specification for Synthetic Fiber Reinforced Concrete
Culvert, Storm Drain, and Sewer Pipe

14. ASTM (C947-03(2016): Standard Test Method for Flexural Properties of Thin-Section
Glass-Fiber-Reinforced Concrete (Using Simple Beam with Third-Point Loading)

15. ASTM (C948-81(2016) Standard Test Method for Dry and Wet Bulk Density, Water
Absorption, and Apparent Porosity of Thin Sections of Glass-Fiber Reinforced Concrete.

16. ASTM D7357-07(2019): Standard Specification for Cellulose Fibers for Fiber-Reinforced
Concrete

17. ASTM C1154-06(2016): Standard Terminology for Non-Asbestos Fiber-Reinforced
Cement Products

18. ASTM C33/C33M-18: Standard Specification for Concrete Aggregates
19. ASTM C150/C150M-19a: Standard Specification for Portland cement

20. ASTM WK63419: New Test Method for Evaluating the Tensile Performance of Fiber-
Reinforced Concrete (Using Cylindrical Specimens with Double-Punch Loading.
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1. ACI 544.1R-96: Report on Fiber Reinforced Concrete (Reapproved 2009)

2. ACI 544.2R-17: Report on the Measurement of Fresh State Properties and Fiber Dispersion
of Fiber-Reinforced Concrete

3. ACI 544.3R-08: Guide for Specifying, Proportioning, and Production of Fiber-Reinforced
Concrete

4. ACI 544.4R-18: Guide to Design with Fiber-Reinforced Concrete

5. ACI 544.5R-10: Report on the Physical Properties and Durability of Fiber-Reinforced
Concrete

6. ACI 544.6R-15 Report on Design and Construction of Steel Fiber-Reinforced Concrete
Elevated Slabs

7. ACI 544.7R-16 Report on Design and Construction of Fiber-Reinforced Precast Concrete
Tunnel Segments

8. ACI 544.8R-16: Report on Indirect Method to Obtain Stress-Strain Response of Fiber-
Reinforced Concrete (FRC)

9. ACI 5449R-17: Report on Measuring Mechanical Properties of Hardened Fiber-
Reinforced Concrete

10. ACI 549.5R-16 Report on Spray-up and Continuous Strand Glass Fiber Reinforced
Concrete (GFRC)

11. ACI 549.3R-09 Report on Glass Fiber-Reinforced Concrete Premix (Reapproved 2017)

RILEM-USACE-JSCE-FIB sladol ol -Y-) + =¥

RILEM-fib X International Symposium on Fibre Reinforced Concrete - BEFIB2020

FRC 2018 - 3rd ACI-fib-RILEM Workshop on Fibre Reinforced Concrete: from Design to
Structural Applications
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FRC-CREEP 2016 -, International RILEM Workshop on Creep Behavior in Cracked Section
of Fiber Reinforced Concrete Valencia, Spain
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1.steel plate for fixing fiber
2.spirally fiber
3.bolts for fastening plate
4.teflon mould 2
5.hole for fiber insertion 50 mm
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Compressive bedded linati i " Peak Avg. Avg. Peak Avg. - [Avg. l"eak Pull-out Avg. - Avg.
Strength Length Angle " n F;’llure Load Peak Peak Slip Pe?k Slip .|| Energy Pull-out efficiency efficienc
lode Load (Load (N) Slip (mm) in Energy )
(Mpa) (mm) (deg) Number ™) (N) in chart (mm) (mm) chart (N.mm) (N.mm) vy e
1 Pull-out 88.115 1.8 837.79 047
N 2 Pull-out 105.36 22 777.5 0.56
3 Pull-out 81.671 1.65 697.03 043
0 4 Pull-out 114.51 1018 | 88.074 24 2 19 876.63 836.55 0.61 0.54
5 Pull-out 115.01 2.3 907.47 0.61
6 Pull-out  106.12 2.25 922.88 0.56
1 Pull-out 89.108 1.85 779.04 047
R 2 Pull-out 87.934 1.8 750.32 047
3 Pull-out 90.431 2.2 796.8 0.48
15 4 Pull-out 91.767 87.15 80.614 25 2.1167 21 739.18 760.76 0.49 0.46
5 Pull-out 78517 2.3 821.55 042
6 Pull-out 85.142 2.05 677.69 0.45
1 Pull-out 80.725 2.9 650.53 043
N 2 Pull-out 99.219 225 725.82 0.53
3 Pull-out 85.21 2.6 663.73 045
10 30 4 Pull-out  78.668 82.058 73.327 2.55 24667 225 671.6 700.25 0.41 043
5 Pull-out 78.407 2.2 655.29 042
6 Pull-out 70.117 2.3 764.56 037
1 |Pull-out 82772 7 4 625.72 0.44
. 2 Pull-out 83.013 57 681.78 0.44
3 Pull-out 77.785 3 728.65 0.41
5 4 Pull-out 80.832 74.379 65.601 24 4.1417 6 716.96 661.53 043 04
5 Pull-out 62.427 3.15 57443 033
6 Pull-out  59.447 6.6 641.66 0.31
1 Pull-out  73.423 6.4 665.68 0.39
. 2 Pull-out 80.097 6.5 598.12 042
3 Pull-out 59.461 5.55 555.24 0.31
60 4 Pull-out  63.854 71.824 63.745 6.5 719 6.5 49827 623.55 0.34 0.38
5 Pull-out 72.265 6.6 695.03 0.38
6 Pull-out 81.848 11.6 728.98 043
1 Pull-out 102.96 24 1428.6 0.55
. 2 Pull-out 122.37 2.2 1321.9 0.65
3 Pull-out 130.89 2.15 1442.7 0.69
0 4 pull-out 113.03 11577 108.82 2 2.166 2 1296 1409.6 0.6 0.61
5 Pull-out 115.71 225 1627.1 0.61
6 Pull-out  109.65 2 1341.1 0.58
1 Pull-out 109.4382 2 1340.172 0.58
R 2 Pull-out 104.5197 1.9 1626.8 0.55
15 3. |Pull-out 1004963 440,00 go028 3 2225 195 2069 15445 053 053
4 Pull-out  86.585 2.05 1187.938 0.46
5 Pull-out 115.1324 215 1421.352 0.61
6 Pull-out  88.438 2.25 1243.97 047
1 Pull-out 100.25 2.75 1137.3 0.53
. 2 Pull-out 119.12 2.5 1507.3 0.63
3 Pull-out 96.554 245 1029.5 0.51
20 15 30 4 Ppull-out 95.787 93.374 83.194 2.55 2,408 2.5 12721 11794 0.5 049
5 Pull-out 74.283 2.25 1102.8 0.39
6 Pull-out  74.258 1.95 1027.7 0.39
1 Pull-out 97.223 3.37 1138.5 0.51
N 2 Pull-out 77.276 3.35 1198.7 04
3 Pull-out 97.038 5.1 1188.8 0.51
45 4 pull-out  77.961 85223 80.36 3.3 3.77 3.3 1001.9 1166.3 0.41 0.45
5 Pull-out 83.142 3.45 1221.7 0.44
6 Pull-out 78.696 4.05 1248.3 042
1 Pull-out 68.721 4.6 1201.5 0.36
N 2 Pull-out 84.898 2.7 1312.7 045
3 Pull-out 78.601 3.5 763.02 042
60 4 pull-out 81.706 77.824 65406 4 3.758 3.5 1066 1073.6 0.43 0.41
5 Pull-out 64.915 3.55 885.57 0.34
6 Pull-out 88.102 4.2 1212.9 047
1 Pull-out 115.52 2.3 2059.9 0.61
N 2 Pull-out 141.44 3.05 1963 0.75
3 Pull-out 157.24 2.9 2501.1 0.83
0 4 Pull-out 137.44 138.54 122.64 2.7 2.775 2.7 2551.8 2295.5 0.73 0.73
5 Pull-out 139.26 2.7 2505.1 0.74
6 Pull-out  140.35 3 2192.3 0.74
1 Pull-out 120.93 3.05 1935.9 0.64
R 2 Pull-out 11513 2.6 1901.9 0.61
3 Pull-out 118.26 2.8 1938.6 0.63
= 4 Pull-out 142.69 12507 | 11062 3.35 29 26 2196.8 2097.5 0.76 0.66
5 Pull-out 133.78 2.9 2386.5 0.7
6 Pull-out 119.66 2.7 2225.6 0.63
1 Pull-out 103.13 4.2 1494.2 0.55
. 2 Pull-out 123.7 4.05 2103.7 0.66
3 Pull-out 120.72 4 2021 0.64
20 30 4 Pull-out 115.89 113.18 98.116 2.75 3.94 4 22246 1922 0.61 0.6
5 Pull-out 121.26 4.7 1968.1 0.64
6 Pull-out  94.374 3.95 1720.3 0.5
1 Pull-out 98.781 4.15 16494 0.52
N 2 Pull-out 102.16 4 1690.6 0.54
3 Pull-out 101.38 4.85 1544.4 0.54
45 4 Pull-out 100.91 104.02 84.452 5.05 4.47 4.05 1747.9 1715.1 0.53 0.55
5 Pull-out 101.4 4.65 1608.1 0.54
6 Pull-out 119.51 5.75 20504 0.63
1 Pull-out 77.712 8 1407.2 0.41
. 2 Pull-out 91.71 9.7 1413.2 0.49
3 Pull-out 81.418 7.9 1481.5 043
60 4 pull-out  98.29 84.517 70.065 87 8.44 8.7 14413 14024 0.52 045
5 Pull-out 80.687 9.2 1465.7 043
6 Pull-out 77.289 7.15 1205.2 0.41

AR
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. T Avg. Aavg. Avg. |Avg. Peak Avg.
Compressive | Embedded |(Inclination N Peak Peak Peak N Pull-out . Avg.
Strength Length Angle Specimen Failure Load Peak Load Slip Pe?k Slip . Energy Pull-out | efficiency efficienc
(Mpa) (mm) (deg.) Number Mode (N) Load (N)in | (mm) Slip (mm) in (N.mm) Energy Q) vy
(N) et (mm) chart (N.mm)
1 Pull-out 180.23 2.3 12824 0.96
R 2 Pull-out 158.84 2.35 1289.3 0.84
3 Pull-out 160.7 2.3 1255 0.85
4 4 Pull-out  170.44 166.43 163.58 23 2.29 2.25 1015 1199.7 0.9 0.88
5 Pull-out 156.54 225 1095.5 0.83
6 Pull-out 171.86 2.25 1260.9 0.91
1 Pull-out 150.89 2.5 950.49 0.8
N 2 Pull-out 1454 2.55 972.14 0.77
3 Pull-out 161.03 2.6 12054 0.85
15 P Pullout 15397 14804 14419 Lo 255 25 og863 10275 o 0.78
5 Pull-out 123.88 2.55 1033.8 0.66
6 Pull-out 153.1 2.6 10544 0.81
1 Pull-out 129.5 2.95 956.89 0.69
" 2 Pull-out 119.17 3 1057.3 0.63
3 Pull-out 92.748 3.1 907.42 049
© % 4 Pull-out 124.54 115.94 | 108.77 28 292 28 926.46 950.19 0.66 0.61
5 Pull-out 110.09 2.9 788.11 0.58
6 Pull-out 119.6 2.75 1064.9 0.63
1 Pull-out 96.283 4 708.51 0.51
. 2 Pull-out 97.472 4 988.92 0.52
3 Pull-out 83.235 3.9 841.65 0.44
5 4 Pull-out 74.234 88.946 83.252 43 5.62 3.9 827.35 835.02 0.39 0.47
5 Pull-out 100.35 3.9 85248 0.53
6 Pull-out 82.101 13.6 791.22 043
1 Pull-out 78.002 5.15 738.28 041
N 2 Pull-out  77.099 5 71812 04
3 Pull-out 94.814 4.95 871.25 0.5
60 4 Pull-out  74.102 81.558 69.462 13.5 7.441 4.95 703.29 741.93 0.39 043
5 Pull-out 77.313 10.65 74041 041
[ Pull-out 88.02 54 680.2 047
1 Pull-out 165.34 3.05 1812.1 0.88
R 2 Pull-out 187.14 3 2072.9 0.99
3 Pull-out 187.74 2.9 2285.8 1
0 4 Pull-out 165.11 178.66 | 168.12 2.85 2983 28 1840.6 2023 087 0.95
5 Pull-out 187.84 28 2116.2 1
6 Pull-out 178.79 3.3 2010.1 0.95
1 Pull-out 149.2149 25 1750.671 0.79
N 2 Pull-out 167.1197 3.2 1800.71 0.89
15 3. [Ppullout 1705061 1o 51 153507 31 3033 305 WL g4 00 0.85
4 Pull-out 161.1186 3.25 1844.003 0.85
5 Pull-out 166.342 3.05 1919.139 0.88
6 Pull-out 152.9561 3.1 1758.096 0.81
1 Pull-out 157.04 4.6 17502 0.83
N 2 Pull-out 141.86 4.25 1652.8 0.75
3 Pull-out 151.42 3.95 1541 0.8
30 15 30 4 Pull-out 144.83 150 136 4.2 4.29 3.95 1605.3 1667.9 0.77 0.79
5 Pull-out 164.58 4.6 1836.1 0.87
6 Pull-out 140.28 4.15 1622 0.74
1 Pull-out 140.13 5 1589.7 0.74
. 2 Pull-out 127.45 4.9 1474.2 0.68
3 Pull-out 118.75 5 1463.5 0.63
a5 4 Pull-out 13041 127.09 111.79 5.3 4.99 4.95 1757.5 1482.5 0.69 0.67
5 Pull-out 122.23 52 1286.3 0.65
6 Pull-out  123.56 4.55 1323.7 0.65
1 Pull-out 116.19 6.8 1535.3 0.62
N 2 Pull-out 78974 21.6 1164 042
3 Pull-out 115.68 8.3 13804 0.61
60 4 pull-out  128.8 110.33 73.255 1 8.925 8.3 1223.1 1269.6 0.68 0.58
5 Pull-out 119.7 74 1306.8 0.63
6 Pull-out 102.64 535 1008 0.54
1 Pull-out 204.75 345 3029.5 1.08
R 2 Pull-out 214.68 3.65 3059.9 1.14
3 Pull-out 208.89 34 3275 1.11
4 4 pull-out 189.57 194.81 188.53 36 3.508 345 27562 29357 1 1.03
5 Pull-out 180.16 345 2883.8 0.95
6 Pull-out 170.83 3.5 2609.8 0.91
1 Pull-out 174.71 4 2424.7 0.93
N 2 Pull-out 169.41 3.8 2612.4 0.9
3 Pull-out 191.65 3.55 2574.6 1.01
15 4 Pull-out  191.55 183.37 1694 3.55 3.825 3.55 2935.9 2682.8 1.01 0.98
5 Pull-out 172.67 4.2 26804 0.92
6 Pull-out  200.26 3.85 2868.8 1.1
1 Pull-out 168.38 345 2623.4 0.89
N 2 Pull-out 172.44 4.1 2381.9 0.91
3 Pull-out 164.19 4 2134 087
20 30 4 Pull-out  166.67 170.67 151.86 4 4 4 2486.1 2402.4 0.88 0.9
5 Pull-out 174.63 4.3 2252.2 0.93
6 Pull-out 177.68 4.15 2536.7 0.94
1 Pull-out 150.18 4.8 2099.2 0.8
" 2 Pull-out 152.71 535 2395.8 0.81
3 Pull-out 154.76 5.55 2510.5 0.82
a5 4 Pull-out 147.07 157.53 141.32 5.3 5433 5.3 1989.6 2309.1 0.78 0.84
5 Pull-out 161.69 5.65 23974 0.86
6 Pull-out 178.79 5.95 2462.3 0.95
1 Pull-out 145.03 10.1 1970.1 0.77
N 2 Pull-out 160.07 815 22124 0.85
3 Pull-out 130.52 5.75 2021 0.69
60 4 Pull-out 144.87 146.31 101.56 7.8 8.516 7.8 2067.2 2063.9 0.77 0.77
5 Pull-out 161.1 845 2315.1 0.85
6 Pull-out 136.28 10.85 1797.7 0.72
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Fiber type Vr Specimen Occ Ipc Gec Ge Crack Location
(%) (Mpa) | (Mpa) | (N.mm) | (N.mm)
1 2.776 0.58 2144.952| 48554.2 | in reduced section
spirally 0.15 2 2.942 0.56 | 2194.255 |41362.61 | in reduced section
3 2.775 0.39 |2105.125 |30324.56 | in reduced section
AVERAGE 2.831 0.51 2148.111 | 40080.46
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Fiber type Vr Specimen Occ Ipe Gec Gpe Crack Location
(%) (Mpa) | (Mpa) | (N.mm) | (N.mm)
1 2.858 0.91 2177.508 | 69445.52 | in reduced section
spirally 0.25 2 2.954 1.01 2287.997 | 81934.85 | in reduced section
3 2.781 0.94 2943.672 | 66394.35 | in reduced section
AVERAGE 2.864 0.95 2573.64 |72743.04
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Abstract

The main objective of this research is to investigate the pull-out behavior of spirally steel
fibers and mechanical properties of fiber reinforced composites. The research is divided into
three parts. In the first, mechanical properties of cementitious matrix including compressive

strength have been determined .

In the second part, pull-out behavior of spirally steel fiber has been evaluated by means of
experimental tests on single fiber embedded in cementitious matrix. The effect of fiber
embedded length and angle of inclination and Matrix compressive strength are evaluated
together with the interaction of these parameters. The experimental program involved single
fiber pull-out test of five inclination angle and three embedded length. The studied
inclination angles were 0, 15, 30, 45 and 60 degrees. The embedded lengths were 10, 15 and
20 mm. Compressive strength of matrix was 20 and 30 Mpa. The length and diameter of
spirally steel fibers were 40 mm and 0.4 mm, respectively and their tensile strength was
1500 Mpa. The pull-out results indicated that the spirally steel fiber exhibits slip-hardening
behavior as aresult of plastic hinge formation in spirally part of fiber. This mechanism

increases bond strength and pull-out energy of fiber .

In the final part, In order to evaluate the tensile behavior of cementitious composite base
materials reinforced with helical fibers, the tensile behavior of fibrous concrete has been
investigated by performing direct tensile test on dumbbell-shaped samples. In this section,
the behavior of fiber reinforced concrete is evaluated by examining the relevant parameters
such as bearing capacity, energy absorption and post-cracking behavior. In order to compare
different tensile behavior of composites, Direct traction tests performed on cementitious
composites reinforced with 0.15% and 0.25% spirally steel fibers with Compressive strength
25 Mpa. The result showed that cementitious composites with 0.15% and 0.25% spirally
steel fibers exhibit defection-softening behavior. The percentage of fibers in the matrix

plays an important role in increasing the strength and energy absorption after cracking.

Keywords: Spirally Steel fiber, pull-out, inclination angle, Direct traction, defection-
softening
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