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Abstract: To investigate the influence of various fibers on the bond performance between glass fiber reinforced
polymer (GFRP) bars and concrete under the combined effects of chloride salt and freeze-thaw cycles, pull-out tests
were conducted on 90 specimens. The main variables were the number of freeze-thaw cycles, fiber types, and fiber
content. The results demonstrate that the addition of polypropylene short fibers (PPFA) enhances the frost resist-
ance of concrete and mitigated bond strength degradation between steel fiber-reinforced concrete and GFRP bars
under chloride salt-freeze-thaw conditions. When added individually, both polypropylene long fibers (PPFB) and
steel fibers (SF) significantly improve the bond strength between GFRP bars and concrete after exposure to chloride
salt-freeze-thaw cycles. The combination of 40 kg/m® SF and 2 kg/m® PPFB results in the most notable improve-
ments in the mechanical properties of concrete. Compared to specimens without fibers, the inclusion of fibers in-

creases the bond strength between concrete and GFRP bars by 39.4% after exposure to chloride salt and freeze-thaw
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cycles. Based on the experimental results in the present study, the ascending branch is established accounting for

the effects of chloride salt and freeze-thaw cycles, and the predicted model corresponds well with the testing curve.

Keywords: chlorine salts; freeze-thaw cycle; GFRP rebars; hybrid fiber; bond strength; bond-slip curve
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SF—Steel fiber; PPFA—Polypropylene short fiber;
PPFB—Polypropylene long fiber
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Fig.1 Fiber types
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Table1 Properties of fibers

Length/ Diameter/ Aspect Density/ Tensile

Fiber type mm mm ratio (gcm™) strength/MPa
SF 35 0.55 65 7.85 >1 150
PPFA 6 0.03 200 0.91 2450
PPFB 30 0.375 80 0.93 =490

. BN E § =
GFRP—Glass fiber reinforced polymer
K2 I

Fig.2 Testreinforcement
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Table2 Mix proportion of concrete (kg/m®)

Specimen ID Cement Flyash  Water  Fine aggregate Coarse aggregate Superplasticizer ~ SF PPFA  PPFB
NC 399 171 195 742 724 5.7 0 0
PPFA1 399 171 195 742 724 9.35 0 1 0
PPFB2 399 171 195 742 724 5.0 0 0 2
PPFB4 399 171 195 742 724 5.7 0 0 4
SF20 399 171 195 742 724 5.9 20 0 0
SF40 399 171 195 742 724 6.5 40 0 0
SF50 399 171 195 742 724 7.4 50 0 0
SF20PPFA1 399 171 195 742 724 13.0 20 1 0
SF20PPFB2 399 171 195 742 724 5.68 20 0 2
SF40PPFA1 399 171 195 742 724 14.25 40 1 0
SF40PPFB2 399 171 195 742 724 6.2 40 0 2

Notes: NC denotes control group; PPF denotes polypropylene fiber; PPFA1 denotes polypropylene staple fiber blended with 1 kg/m®
PPFB2 denotes polypropylene long fiber blended with 2 kg/m? SF denotes steel fiber; SFAOPPFA1 means mixed with 40 kg/m® of steel fiber
and 1 kg/m® of polypropylene staple fiber, and other symbols are similar.
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(a) Schematic diagram of pull-out specimen (Unit: mm)

(b) Test mold
d—Bar diameter; PVC—Polyvinyl chloride
3 frdkil s s A

Fig.3 Schematic diagram of the pull-out specimen and mold
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Table 3 Details of pull-out specimens

Matrix type Reinforcementtype =~ Diameter/mm  Embedmentlength/mm  Freeze-thaw cycles Specimen ID

NC Rebar 12 5d 0 NC-S-D12-0

NC Rebar 12 5d 50 NC-S-D12-50

NC Rebar 12 5d 100 NC-S-D12-100

NC GFRP 12 5d 0 NC-F-D12-0

NC GFRP 12 5d 50 NC-F-D12-50

NC GFRP 12 5d 100 NC-F-D12-100
PPFA1 GFRP 12 5d 50 PPFA1-F-D12-50
PPFA1 GFRP 12 5d 100 PPFA1-F-D12-100
PPFB2 GFRP 12 5d 0 PPFB2-F-D12-0
PPFB2 GFRP 12 5d 50 PPFB2-F-D12-50
PPFB2 GFRP 12 5d 100 PPFB2-F-D12-100
PPFB4 GFRP 12 5d 50 PPFB4-F-D12-50
PPFB4 GFRP 12 5d 100 PPFB4-F-D12-100
SF20 GFRP 12 5d 50 SF20-F-D12-50

SF20 GFRP 12 5d 100 SF20-F-D12-100

SF40 GFRP 12 5d 0 SF40-F-D12-0

SF40 GFRP 12 5d 50 SF40-F-D12-50

SF40 GFRP 12 5d 100 SF40-F-D12-100

SF50 GFRP 12 5d 50 SF50-F-D12-50

SF50 GFRP 12 5d 100 SF50-F-D12-100
SF20PPFA1 GFRP 12 5d 0 SF20PPFA1-F-D12-0
SF20PPFA1 GFRP 12 5d 50 SF20PPFA1-F-D12-50
SF20PPFA1 GFRP 12 5d 100 SF2PPFA1-F-D12-100
SF40PPFA1 GFRP 12 5d 50 SF40PPFA1-F-D12-50
SF40PPFA1 GFRP 12 5d 100 SF40PPFA1-F-D12-100
SF20PPFB2 GFRP 12 5d 50 SF20PPFB2-F-D12-50
SF20PPFB2 GFRP 12 5d 100 SF20PPFB2-F-D12-100
SF40PPFB2 GFRP 12 5d 0 SF40PPFB2-F-D12-0
SF40PPFB2 GFRP 12 5d 50 SF40PPFB2-F-D12-50
SF40PPFB2 GFRP 12 5d 100 SF40PPFB2-F-D12-100

Notes: In the symbol "NC-F-D12-100" presented in the table, "NC" indicates the type of matrix, which is plain concrete; "F" denotes the
type of reinforcement, specifically GFRP; "D12" signifies that the diameter of the reinforcement bar is 12 mm. The designation "100"
indicates that the specimen has undergone 100 freeze-thaw cycles. The meanings of the other symbols in the specimen number follow a

similar convention.
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Fig.5 Testing setup (a) and schematic diagram (b) of pull-out test
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Fig. 6 Splitting tensile strength (a) and compressive strength (b) of fiber self-compacting concrete before and after the freeze-thaw cycles
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Fig.9 Comparison of bond stress-slip curves between steel bars, GFRP bars and fiber self-compacting concrete
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Fig. 10 Bond stress-slip curves of GFRP reinforcement in different fiber self-compacting concrete matrix
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Fig. 11 Bond stress-slip curves of GFRP reinforcement and hybrid fiber self-compacting concrete matrix

I 11(b) X} It T PPFA Fil SF40 L)} iR B )5 1Y -
sk, 5 NCik {4k, GFRP ffi5 SF40PPFA1
JHE AR 55 5 BE B0 32.0%, WS AE 1 % 0/ 13.3%.
L5 SF40 #f ., GFRP fifi 55 SF40PPFA1 J {4 Al 45 i
FERRAR 7.1%, WE(EHIE AU/ 12.7%, KhZ558 % PPFA
) P B ARG, R AR T TR R A B T R
T R A5 21 4 S5CR AN Q1 BB 0 2F 2 10
2.6 HELfEIAMERA RS R

12 J3 NC. SF40 F1 SF40PPB2 {42544 0~100
UR G PR VE S MRS &5 -1 B i 2k o 3% 4 IRl
8 A FH T J5 GFRP fif 5 A 7] £F 4 VR 5 - S 1A 1Y
KiZ5 R B SR . mIF 12 AT HH, 2
I8 AT A SRR HIR R R A Y R, W
/b Rl & BRE 1 S GERP i 5 1R B 1+ 22 18] KG 45 58
FER R o Bl VR ALOE PR OB B, TR 1
A X} GFRP i it 29 3% Wi ik 55 , 28 )5 50 YK Fi1 100

ARG AVE G, GFRP i 5 2R 8k - Hik >
[i) P9 K &5 5 B 43 0l N B T 9.1% F1 25.4%. PPFAL
M8 AUCE TIREE T PTyRMERE, 2200 50 IRkl
TEIAE G, A R R SR e & T
1.8%; £ 17 100 WA Al IG I E G, RS 4558 B T
T 12.8%, /A4 PPFAL 15 A TE 4k il iy 200 ok 3%
TIREE PR, H T2 2 0 S A I
A K HBLZAE R, 2 D1 RG24 H 5 IR
PEAT A= B MG IR, B D9 0 0 A o Rl 45 1 i 1Y)
UCEEHA R IR TFRIRE L, BARGY)S
GFRP fifj 5 TR #E 1 5 1A (] kG 45 5 B2 Of B A 1]
AR T, SF20. SF40 HI SF50 i 1 76 25 i 100 YR 4
ARG IRVE IS, R 445 5 5 45 R TG 26 50 W 43031
B 0.2%. 9.4% F11 9.8%., SF20PPFA1 i 14 2 Iy
50 YK F1 100 YR R AOE FRAE RIS, ORG 45 58 B8 430 R
F% T 9.5% F110.5%. "I LIEH, RNKEHELT 4



TEIES, AR AVE T GFRP ;5 27 4k (5 %% 52 IR BE AR 25 i A1k fE - 5197 -
25 25
e
—a— F-
& 20 & 20 —e— F-T100
= =
% 15t 7 15}
g g
< 10 ¢ < 10}
= =
o =]
@5 A 5|
(c) SF40PPFB2
0 2 4 6 8 10 0 0 2 4 6 8 10
Slip/mm Slip/mm Slip/mm

P12 FRAMIEERERIRTIS GFRP A5 AR LT 4k B 8 SeiRe 1 LR ARG 25 - A2 il 2

Fig. 12 Bond stress-slip curves of GFRP bars and different fiber self-compacting concrete matrix before and after freeze-thaw cycles
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Table 4 Bond strength and peak slip between GFRP bars and different fiber self-compacting concrete matrix
before and after freeze-thaw cycles

7,/MPa s,/mm
Specimen
0 50 100 0 50 100

NC-S 23.94 22.57 20.97 3.38 3.94 3.89
NC-F 16.95 15.58 13.15 2.44 3.08 2.78
PPFA1 - 14.48 13.84 - 2.22 2.25
PPFB2 18.69 16.70 15.72 2.48 2.67 3.09
PPFB4 - 18.30 17.26 - 2.94 2.79
SF20 - 19.60 19.22 - 2.19 3.07
SF40 24.23 22.26 20.16 291 2.89 3.06
SF50 - 23.14 20.88 - 2.67 2.53
SF20PPFA1 19.75 17.87 17.61 2.50 2.89 3.28
SF20PPFB2 - 19.49 17.74 - 2.13 2.90
SF40PPFA1 - 20.69 19.83 - 2.54 3.57
SF40PPFB2 22.51 19.59 18.33 2.82 2.97 3.23
Notes: 7, is the bond stress; s, represents the peak slip.
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Fig. 13 Experimental curves fitting with mBPE model and CMR model
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Fig. 14 Fitting of experimental curves with CMR model
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Table 5 Fitting parameters of CMR model
@ B
Specimen
0 50 100 0 50 100
NC-F 0.6068 0.9246 0.7396 1.0282 0.8234 0.8606
PPFA1 - 0.4122 0.4499 - 1.4230 1.8244
PPFB2 0.4325 0.6654 0.6803 1.5828 1.0552 1.1173
PPFB4 - 0.6222 0.6434 - 1.4929 1.5324
SF20 - 0.6013 0.7667 - 1.3145 1.4884
SF40 0.5882 0.7516 0.5864 1.9646 1.0744 1.2618
SF50 - 0.6069 0.6662 - 1.9214 1.2980
SF20PPFAL 0.5084 0.5313 0.5974 1.8135 1.4816 1.6152
SF20PPFB2 - 0.4143 0.6566 - 2.0333 1.6152
SF40PPFA1 - 0.6136 0.8768 - 2.4351 1.5928
SF40PPFB2 0.7105 0.7299 0.6649 1.8630 1.3906 1.4599

Note: « and g are fitting parameters.
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