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Experimental study on flexural performance of ECC beams reinforced with CFRP bars
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(1. School of Mechanics and Safety Engineering, Zhengzhou University, Zhengzhou 450001, China; 2. State Grid Henan
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Abstract: To study the flexural performance of engineered cementitious composite (ECC) beams reinforced with
carbon fiber reinforced polymer (CFRP) bars, four-point flexural experimental investigates were carried out on
three ECC beams reinforced with CFRP bars, one ECC beam reinforced with glass fiber reinforced polymer (GFRP)
bars and one concrete beam reinforced with CFRP bars. The main parameters were the reinforcement ratios, the
reinforcement type and the matrix type. The experimental results show that the load-deflection curves of ECC beam
reinforced with CFRP bars are similar with the ECC beam reinforced with GFRP bars and concrete beam reinforced
with CFRP bars, which have an elastic stage, a working stage with cracks and a failure stage. The reinforcement
ratio has a great influence on the flexural performance of ECC beams reinforced with CFRP bars. With the increase

of reinforcement ratio, the ultimate bearing capacity of ECC beams is improved, and the ductility performance is
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gradually weakened. The excellent strain-hardening ability and ductility of ECC materials make the ultimate bear-

ing capacity and deformation of ECC beams with CFRP bars superior to the concrete beam reinforced with CFRP

bars. Based on the multi-cracking ability of ECC, the strain distribution on the surface of longitudinal bars is more

uniform than that of concrete beams with CFRP bars after cracking. Due to the bridging effect of polyvinyl alcohol

(PVA) fiber, a large number of fine cracks appear on the surface of ECC beams reinforced with CFRP bars. When

ECC beams reinforced with CFRP bars fail, it could maintain good integrity and self-recovering ability. In service

stage, the maximum crack width of reinforced ECC beams presents smaller than that of concrete beams. Finally, a

simplified calculation model for ultimate bearing capacity of ECC beams reinforced with fiber reinforced polymer

(FRP) rebars is proposed, predicting good agreement with the experimental results.

Keywords: CFRP bars; ECC beam; flexural performance; ultimate bearing capacity; crack width
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ECC—Engineered cementitious composite; FRP—Fiber reinforced
polymer; p—Diameter

1 XU RS R

Fig.1 Geometry and structural details of specimen
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Table1 Detailed parameters of tested beams

Sample E::Iflr/l:;?s of the FRPrebar  Matrix type Il;z;lgltudlnal getligi(()yzcement Stirrup f;ﬁ?gfg;f;ﬁiﬁy
3CFRP(6)/ECC 120x160x2 000 CFRP ECC 396 0.54 D8@80 298
2CFRP(10)/ECC 120x160x2 000 CFRP ECC 2010 1.01 D8@80 298
3CFRP(13)/ECC 120x160x2 000 CFRP ECC 3P13 2.55 D8@80 298
3GFRP(10)/ECC 120x160x2 000 GFRP ECC 3010 1.51 D8@80 298
3CFRP(10)/PC 120x160x2 000 CFRP Concrete 3010 1.51 D8@80 298

Notes: yCFRP(x)—Number of FRP rebars designed in the beam is y, x means the diameter of used FRP rebars; PC—Plain concrete;
CFRP—Carbon fiber reinforced polymer; GFRP—Glass fiber reinforced polymer.

R2 HMERNFESY

Table 2 Mechanical parameters of FRP rebars

FRP D/mm fiw/MPa E;/GPa &/ %
6 2700.0 163.6 1.65
CERP 10 2 436.0 143.3 1.70
13 2001.1 132.5 2.00
GFRP 10 1 080.0 50.0 2.00

Notes: D—Diameter of FRP rebar; fi,—Tensile strength of FRP
rebar; E;—Elastic modulus of FRP rebar; gp,—Ultimate tensile
strain of FRP rebar.

%3 ECCHEALL
Table 3 Mix proportion of ECC

Cement+Flyash  Silicasand Water Fiber Super-plasticizer

1 0.2 0.28 0.009 0.006

* a4 BZIEEE (PVA) FHAMRIESE
Table 4 Material properties of polyvinyl alcohol (PVA) fiber
L/mm di/pm  fipe/MPa 6/% Efiper/GPa p/(g-cm™)

12 39 1620 7 42.8 1.6
Notes: di—Diameter of PVA fiber; L—Length of PVA fiber;
p—Density; fip.,—Tensile strength of fiber; Ep,.,—Elastic modulus
of fiber; 5{—Elongation of PVA fiber.

1.3 MBEARKEMNRS
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Specimen_1,2,3—Three tensile test samples
2 ECC M RFpAHRLAd R -0 28 i £k

Fig.2 Tensile stress-strain curves of ECC samples

K3 s
Fig.3 Testsetup
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40
(a) ECC beams reinforced with CFRP bars
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E
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£ — - — 2CFRP(10)/ECC
1 1 1 1
0 8 16 24 32 40
Mid-span deflection 4/mm
30
(b) Reinforced beams with different matrix type
and different reinforcement type
24 +
E -
g | - H
=
g
g 12 |
S
=
6 ———2CFRP(10)/ECC
— — 3GFRP(10)/ECC
— - —3CFRP(10)/PC
1 1 1 1
0 12 24 36 48 60

Mid-span deflection A/mm
ly—Span of the tested beam
[l 4 FRP ik ECC 3 K FRP fifi/ 1R + B840 -1 <k
Fig.4 Moment-deflection curves of ECC beams reinforced with FRP

bars and concrete beam reinforced with FRP bars
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BRAS R, Ao A1 A 5 AR 28 5 v (37 5 1Y) T 24 %8
A BREERE . TN, Bl BC A 234 n, CFRP
i /ECC B R # 1B Wil K, SRR, YAl

R H 2.55% (% 3CFRP(13)/ECC) i, Hk#k HER
3CFRP(6)/ECC(HL 5 % M 0.54%) [1) 1.60 % , it
PR 152 5 ) J&- 4% 3CFRP(6)/ECC HY 74.8%. 40 i %
AHF B, GFRP #fi /ECC %2 & 2k J1 55 CFRP fj il ¢
- PEILAKA R, (H H AR BR 4% B ) J& CFRP /i IR Bk
TR 1.82 1%, YT ECC R 052 AV, T A
R K 1Y B 2CFRP(10)/ECC Ht % 3CFRP(10)/PC
B A R 7 38 5 4.16%. AL, ECC Ryl FH nT 42
1% CFRP fji % 1) A5 B 7 Rl B AR 2 7

%5 FRP £51838 ECC 70 FRP /B + RIRXBER

Table 5 Test results of ECC beam reinforced with FRP bars and concrete beam reinforced with FRP bars

Sample M,,/(kN-m) M,/(kN-m) A/mm A,/mm Failure mode
3CFRP(6)/ECC 1.09 19.67 0.29 38.40 ECC crushed
2CFRP(10)/ECC 1.13 22.83 0.36 33.28 ECC crushed
3CFRP(13)/ECC 1.14 31.41 0.37 28.73 ECC crushed
3GFRP(10)/ECC 1.11 20.76 0.44 45.31 ECC crushed
3CFRP(10)/PC 1.42 21.92 0.23 24.98 Concrete crushed

Notes: M., —Crack moment; M, —Ultimate moment; 4.,—Crack deflection at mid-span; 4,—Ultimate deflection at mid span.
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Fig.5 Surface strain distributions of ECC beam reinforced with FRP bars and concrete beam reinforced with FRP bars under different loads

WE+ A, CFRP ffi /ECC 4% #1 GFRP #jj /ECC
RMMALEWRIPER /N, Mg fEZ HaomnEE.,
% F T 25X ECC H PVA 27 4k iy 7 B AR
IR . X F FRP WiiR & £ 3%, Hpiknt, 2%
XUREE R, A PIRE AR KN EIL .,
Ifii X} F FRP ffi /ECC #2K i), i F 3% & X ECC
PVA 2 4E 0 By AR, A LR IR B 52 6 IX AT g A

Fechr iy se et 8GR TE W H K . It
AT, 2R F FRP #fi /ECC 2 AF N 32 25 ¥ Rt w]
RO/ RETE R, Wl D BRI 0 4 A
B, PR R R R

C2F 4 3% 9% 52 4 b R TR B R A o )
(GB/T 50608—2020) #L 5 , 4b F % ] fif % 1 H
I 7% 1 H K A BN, FRP ff 3 fie K Z4 4% 5



EEMRER

<984 -
1.0 1.0
(a) 3CFRP(6)/ECC Loading (b) 2CFRP(10)/ECC
oint 1
08 r P N 0.8 Loading
Loading point_l Mid-span
_ 0.6 point 2 0.6
s s _
S S Loading
0.4 N 04 + point_2
........ Mid-span O
0.2 0.2
1,200 1,/200
) 1 1 It 1 1
0 3000 6 000 9000 12 000 0 3000 6 000 9 000 12 000
Strain &/107° Strain &/107
1.2 1.0
(c) 3CFRP(13)/ECC (d) 3GFRP(10)/ECC
Loading
09 L point 2 0.8 |
. Loading .
Logdinflg 06 | point 2 Mid-span
: point_ =
S 06 | S
= = .
) 04 + Loading
_____________ Mid-span point 1
0.3 :
:\ 02
é 1,/200 i~ 1,/200
0 2 000 4000 6 000 8000 0 4000 8000 12 000 16 000
Strain &/107° Strain &/107°
1.0
(e) 3CFRP(10)/PC
0.8 Loading
point_1
06 I Loadin
: g
§ \
04 Mid-span
0.2 > 1,200
0 2 000 4000 6 000 8 000 10 000
Strain &/107°
M/M,—Normalized moment
I€6 FRP i3 BCC 4L FRP fii /1R HE L 3L 24 - A A2 i £
Fig.6 Moment-strain curves of ECC beam reinforced with FRP bars and concrete beam reinforced with FRP bars
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Fig. 7 Typical failure modes of ECC beams reinforced with FRP bars and

concrete beam reinforced with FRP bars
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Fig.8 Load-crack width curves of ECC beams reinforced with FRP bars

and concrete beam reinforced with FRP bars
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fu—Cracking strength; f,—Tensile strength; ,— Cracking strain;
£ — Ultimate tensile strain; o,—Elastic compressive strength;
go—Elastic compressive strain; ,— Strain corresponding to compressive
strength; ¢, —Ultimate compressive strain; c-.—Residual compressive
strength; f,,—Uniaxial compressive strength
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Fig.9 Uniaxial stress-strain curves of ECC
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h, b—Height and width of the tesed ECC beams; ¢.,— Ultimate
compressive strain of ECC; &.,— Compressive strain of ECC
corresponding to the ultimate compressive strength; &, ,—Elastic
compressive strain of ECC; e;—Tensile strain of FRP rebar; ¢,—Tensile
strain of ECC; g,,— Cracking strain of ECC; p—Curvature of the beams;
c—Height of the actual compression zone; oy ,—Elastic ultimate
strength of ECC under uniaxial compression; o"o,—Uniaxial compressive
strength of ECC; o.s—Residual compressive strength of ECC when
reaches the ultimate compressive strain; o-,— Cracking strength ECC
under uniaxial tension; o,— Tensile strength ECC; o— Tensile stress of
FRP rebars; A;—Cross-sectional area of FRP rebars; hy—Effective height
of beam section; a;—Distance from the resultant force point of FRP bars
to the tensile edge of the beam; ky, k,, k3, k,, ks—Related material
coefficients
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Fig. 10 Stress and strain distribution of the tested beams at failure stage
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Table 7 Calculation results of the actual compression zone
height of ECC beams reinforced with FRP bars

Sample Reinfor(:fe— c/ ¢/ Failure
ment ratio/% mm mm  mode
3CFRP(6)/ECC  0.54 45.85 37.36 ECC crushed
2CFRP(10)/ECC 1.01 53.70 36.57 ECC crushed
3CFRP(13)/ECC 2.55 70.05 32.45 ECC crushed
3GFRP(10)/ECC 1.51 4450 32.45 ECC crushed

Note: ¢,—Actual compression zone height at boundary failure.



JEI WAL, 5. CFRP fi 5 3 ECC 3245 il M RE I 45 F 52

- 987 -

H K, CFRP # /ECC 1) 52 bR 32 TR X 15 bl
Z 3, % T 2% 3GFRP(10)/ECC 1% 2CFRP(10)/
ECC ki, M 4Rk%: 3GFRP(10)/ECC e i % T
Z% 2CFRP(10)/ECC, fH JL 37 J& X /& B A5 /N T 3
2CFRP(10)/ECC, iX 156 FRP ffi /ECC %2 YK isf )
Z X m EAUS R ECAT R A K, A5 FRP
IS A (B0 10 FRP fii 1 S st ) A G
3.3 FRP 51838 ECC BERER N N E

£ FRP ffi /ECC By S PRz R X = RIS Z )
AR BR A 1 h

h
Mu:fo o()b(y—-c)dy+oiAs(h—as—c) (10)

3 (10) W RBIE R E S, N A i B2 H
T8, W% CRE LML) (GB/T
50010—2010)P ¥ 52 & [X Fll 52 $i7 [X. ECC Y i 1 4%
A AR RBOETE N AR, W 11 s . xR
ECC Z X, x, WZPLEE, a) Ml ay B
LN ATMICSEY S

b
e 0 o, o fu
QI
Oep
Oo4
h
O
X2
o:4;
e o o oA,
X 7. X
t ¥ 0 fuu

x;—Compression zone height of ECC; x,—Tension zone height of ECC;
a; and a,— Coefficients of equivalent rectangular stress block for ECC
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Fig. 11 Calculation diagram of flexural bearing capacity of beams
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Table 8 Equivalent rectangular stress coefficients of FRP rebar reinforced ECC beams

Sample Reinforcement ratio/% a; B %) B2

3GFRP(10)/ECC 1.51 0.768 0.853 0.828 0.925
3CFRP(6)/ECC 0.54 0.768 0.853 0.820 0.927
2CFRP(10)/ECC 1.01 0.768 0.853 0.784 0.938
3CFRP(13)/ECC 2.55 0.768 0.853 0.735 0.954

Notes: 8;—Ratio of compression zone height to neutral axis height of ECC; 8,—Ratio of calculation height to actual height of tension zone of

ECC.
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Table9 Comparison of experimental and calculated ultimate bearing capacity of FRP bars reinforced ECC beams

Sample Mu,exp/(kN'm) Mu,cal/(kN'm) Mu,cal/Mu,exp
3CFRP(6)/ECC 19.67 19.88 1.011
2CFRP(10)/ECC 22.83 21.47 0.940
3CFRP(13)/ECC 31.41 28.30 0.919
3GFRP(10)/ECC 20.76 20.06 0.966

Notes: M, ¢x,—Test value of ultimate bending moment; M,, .,;—Calculated value of ultimate bending moment.
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