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Experimental Study on Flexural Behavior of Corroded
Reinforced Concrete Slabs with HRB500 Bars
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Abstract : The reinforced concrete slabs using HRB500 rebar and ordinary steel rebar were corroded by artificial
accelerated method, and four—point bending test was applied on these corroded slabs. The failure modes, flexural ca—
pacity, load—deflection curves of the slabs were analyzed by comparing test specimens under different corrosion de—
gree. This study further investigated the relationship between corrosion ratio and deterioration of tensile capacity and
bond behavior of corroded steel. Considering the occurrence of reinforcement yielding and bond—-slip due to different
corrosion degree, a calculation method of flexural bearing capacity of corroded reinforced concrete slab was proposed.
A good agreement between calculated values and tested results of the corroded reinforced concrete slab was achieved.
The average ratio of calculated values to test results was 1.019, and the standard deviation was 0.081.
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Tab.1 Parameters of specimens

. . . . fiit
N L s REE T A B /mm -
S1-1C/X1-1C C40 HRB400 12 0
S1-1L/X1-1L C40 HRB400 12 5
S1-1M/X1-1M C40 HRB400 12 10
S1-1H/X1-1H C40 HRB400 12 15
S2-1C/X2-1C C50 HRB400 12 0
S2-11/X2-1L C50 HRB400 12 5
S2-1M/X2-1M C50 HRB400 12 10
S2-1H/X2-1H C50 HRB400 12 15
S1-2C/X1-2C C40 HRB500E 14 0
S1-21/X1-2L C40 HRB500E 14 5
S1-2M/X1-2M C40 HRB500E 14 10
S1-2H/X1-2H C40 HRB500E 14 15
S52-2C/X2-2C C50 HRB500E 14 0
S2-21/X2-2L C50 HRB500E 14 5
S2-2M/X2-2M C50 HRB500E 14 10
S2-2H/X2-2H C50 HRB500E 14 15
T+ S FR R X FR7R /M.
*2 BEL MR
Tab.2 Mechanical properties of concrete
REE T SETRSUE SR/ MPa B AT 5H B /MPa
C40 46.8 3.185
C50 52.8 4.543
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Tab.3 Mechanical properties of steel bar

Ji ik TR A
K FHA%/mm /%
. WIEMPa BRIE/MPa ‘
HRB400 12 4873 619.4 273
HRBSOOE 14 563.0 726.6 2553
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Fig.2 Accelerated corrosion test
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Fig.5 Non—uniform corrosion of bar in concrete
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Tab.4 Results of tensile test

ERGE o B TN Efer ISR ik

ras? /mm (/% JE/MPa JE/MPa FR/%

TIC 0 4873 6194 2273
T1-1L1 6.64 460 593 13.11
T1-112 6.24 429 573 14.52
T1-1M1 12.29 365 505 13.55
T1-1M2 15.88 352 470 12.01
T1-1HI 21.42 335 401 9.07
TI-1H2 1 12 2301 326 380 8.33
T2-1L1 5.24 484 610 16.88
T2-112 421 441 569 17.31
T2-1M1 10.55 439 593 13.26
T2-1M2 11.01 401 539 14.17
T2-1HI 12.11 431 569 12.58
T2-1H2 14.57 429 558 10.93

omc 0 5630 7266 2553

T1-2L1 491 565 741 17.71
T1-212 6.77 537 724 20.37
T1-2M1 9.67 506 679 16.03
T1-2M2 10.58 537 694 13.42
T1-2H1 12.73 505 686 13.16
T1-2H2 1 14 16.57 451 628 11.72
T2-2L1 473 578 730 21.33
T2-21.2 6.12 538 708 18.67
T2-2M1 9.17 484 625 16.69
T2-2M2 11.20 493 615 15.36
T2-2H1 14.67 440 577 12.70
T2-2H2 18.40 439 580 9.75
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Fig.8 Yield strength variation with the corrosion ratio

1.057 o Ti—1 %4
1.00f $ . A T2 5
0951 x , v TI-2 7%
L 2 _
090} T2-2 751
2085)
Z 080
075"
0.70F
0.65F o
L L L (]
06077, 5 10 15 20 25

/%
B9 4RAMIRIRESHRE LR

Fig.9 Ultimate strength variation with the corrosion ratio
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Fig.10 Elongation variation with the corrosion ratio
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Tab.5 Results of pull out test

Hi IREEL WA HZ%/mm /% PN t/MPa  k,
B1-1C C40 HRB400 12 0 56.5 5.995 1.000
B1-1L3 C40 HRB400 12 45 575 6.101 1.018
B1-114 C40 HRB400 12 42 543 5761 0.961
B1-1L5 C40 HRB400 12 64 500 5305 0.885
B1-1M3 C40 HRB400 12 12.8 47.6 5.051 0.843
B1-1M4 C40 HRB400 12 12.1  28.0 2971 0.496
B1-1M5 C40 HRB400 12 143 193 2.048 0.342
B1-1H3 C40 HRB400 12 19.7 7.8 0.828 0.138
B1-1H4 C40 HRB400 12 23.0 — — —
B1-1H5 C40 HRB400 12 26.5 — — —
B1-2C C40 HRBS500E 14 0 77.0 7.003 1.000
B1-2L.3 C40 HRBS500E 14 23 786 7.148 1.021
B1-214 C40 HRBS500E 14 5.6 69.0 6.275 0.896
B1-2L5 C40 HRBS500E 14 4.0 721 6.557 0936
B1-2M3  C40 HRBS500E 14 7.8 565 5.138 0.734
B1-2M4  C40 HRBS500E 14 10.5 452 4.111 0.587
B1-2M5 C40 HRBS500E 14 9.0 503 4575 0.653
B1-2H3 C40 HRBS500E 14 11.7 349 3.174 0453
B1-2H4 C40 HRBS500E 14 14.8 30.6 2.783 0.397
B1-2H5 C40 HRBS500E 14 133 33.6 3.056 0.436
B2-1C C50 HRB400 12 0 71.6  7.597 1.000
B2-1L3 C50 HRB400 12 2.0 789 8372 1.102
B2-114 C50 HRB400 12 44 690 7321 0964
B2-1L5 C50 HRB400 12 4.8 702 7.448 0.980
B2-1M3  C50 HRB400 12 7.5 682 7236 0953
B2-1M4 C50 HRB400 12 89 62.0 6578 0.866
B2-1M5 C50 HRB400 12 94 63.1 6.695 0.881
B2-1H3 C50 HRB400 12 124 452 4.796 0.631
B2-1H4 C50 HRB400 12 13.6  30.2 3.204 0422
B2-1H5 C50 HRB400 12 15,5 193 2.048 0.270
B2-2C C50 HRBS500E 14 0 92.5 8412 1.000
B2-21.3 C50 HRBS500E 14 2.2 1005 9.140 1.087
B2-214 C50 HRBS500E 14 43 958 8713 1.036
B2-2L5 C50 HRBS500E 14 5.7 7777 7.066 0.840
B2-2M3  C50 HRBS500E 14 6.7 674 6.130 0.729
B2-2M4  C50 HRBS500E 14 8.1 520 4.729 0.562
B2-2M5 C50 HRBS500E 14 7.8 59.6 5420 0.644
B2-2H3 C50 HRBS500E 14 11.7  33.0 3.001 0.357
B2-2H4 C50 HRBS500E 14 129 35.6 3.238 0.385
B2-2H5 C50 HRBS500E 14 146 194 1.764 0.210
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Fig.14 Photos of corroded slabs
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Fig.15 Crack pattern of tested specimens
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Tab.6 Results of bending test

e ZHIEN I % T AT WIRM BEPEE M., ' ' M, .t M,

7 My cale
1 2 3 4 5 /g AN BAN B Ymm /(KNem) " kNem) My

SR 0 0 0 0 0 140 5886 6866 2060 1 1 1647 0799

SI-1L 643 5.12 5.38 5.74 7.99 6.13 18.0 41.70 61.40 14.60 0.709  0.894 15.28 1.044
S1-1IM 1598 1492 1550 1656  18.29 16.25 14.0 28.50 27.08 998 0484  0.394 10.75 1.077
S1-1H 1590 1758 20.13  25.83 23.10  20.50 — 9.40 351 329 0.160  0.051 4.00 1.216
S1-2C 0 0 0 0 0 0 15.0 81.80  106.61  28.63 1 1 24.44 0.854
SI-2L. 5.99 5.04 5.38 5.46 6.98 5.77 16.0 68.50 70.14 2398 0.838  0.658 23.08 0.962
S1-2M  9.05 9.30 8.26 9.39 10.20 9.24 15.0 60.50 7297  21.18 0.740  0.685 22.05 1.041
S1-2H 17.07 1346 1030  13.62  16.55 14.20 15.0 52.38 56.28 1833  0.640  0.528 20.00 1.091
S2-1C 0 0 0 0 0 0 18.0 61.57 7193  21.55 1 1 16.61 0.771
S2-1L  7.60 5.25 4.31 4.52 7.36 5.80 12.0 46.47 45.01 16.26  0.755 0.626 15.31 0.943
S2-1M  12.39 9.70 8.89 8.94 11.79 10.34 16.0 39.60 32.53 13.86  0.643 0.452 14.40 1.039
S2-1H 20.10 12.68 1355 1454  19.58 16.09 14.0 29.50 2342 1033 0479  0.326 10.23 0.990
52-2C 0 0 0 0 0 0 16.0 85.48 7829 2992 1 1 26.43 0.883
S2-2L 743 6.59 5.59 6.80 6.84 6.65 15.0 71.38 7489 2498 0.835 0.957 22.82 0914
S2-2M  13.63  10.30 9.37 1040  11.62 12.27 14.0 62.54 61.59 21.89 0.732  0.787 21.51 0.983
S2-2H  12.03  12.81 13.32 17.15  21.23 15.30 14.0 54.87 52.77 1920 0.642  0.674 17.80 0.927
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Fig.16 Load-midspan deflection curves
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35 BRELTNTT

& 19 & 20 43R4 S2—-2H JREE - i 48—
o7 735 PRI v gl v T %) 10 A T A I = B AR AL
L. SR I AN AT T Bk A Bh 4 R, (HH
ot AT R B0, B A e R sl % A R A T R IR
IR A AR T AT A Pk R

2020 4
60
> & : :&W&40
sof ™ s~ e
» ® /x{* 5.
- 40+ » (o] p oA
=4 » o] g L |
& 30¢ D e
i hpEi A R I
20 "ff X 83 v 4
ol g, 85 —+—56
\ —>—g7 o8
or * 89
-1000 -500 0 500 1000 1500 2000 2500
Ni7E fue
B 19 S2-2H #istst £ 5 %
Fig.19 Strain of concrete in S2-2H
30l e *"‘."-‘+5 kKN —e 10kN—A— 19 kN
ol S| T 26 kN 430 kN 434 kN
S| > 40KN * 46 kN * SO0 kN
101 \ ¢ 53.9KkN
E O i
£ ol 1\
ﬁ% - T .
=201 TN AN
30 Mb ® *
\ 1 \
—40 F IR \
_50 L l““ b 1 . 1 ]
-1000 -500 0 500 1 000 1500

NAR fue
B 20 REATHRT R L BRE S G 5H
Fig.20 Strain distribution along height of cross

sections under different loads

4 MEARHNITE

4.1 IR K

B 55 Tl i, AR P8 (44 S0 Jes AR i 22 R 80 79
SIREE L BASTERER 2 TR, X OF2 AT fE
AN 52 e IR s AEA5 TS 2 R IR IR L -

F,c = F o BESIRB IR

6
Fo < Fro SRR, (6)
_, wd?
Fy.C _fj;,C 4 ) (7)
FT.C:;CTrdlb. (8)

KA F, ¢ B A IR T NG F, R S TR
HHIEEZE T1, NS, o 2 REAR AT 0 IR JE , MPa, 4%
K2 5 d R Z P B, mm , UG FR
BAR 7 N2 PP SR EE T Y BEEEGRE , MPa,
FiexX (5)THE 5 1, 2PN A S5 K, mm.
42 EFENITE

St e, AN AR EE 52 A R



5114

Ji5E 5% 51 HRBS00 S RBE L it Z R AR 05T 93

A G- EGE . 25 B rh SZ RN B AR 1
A, BRI AKX S

Mu,C:alf;b(hO_%)y (9)
x:(‘;‘T. (10)

KM, ¢ A PTS RE DT, N mm; o HEERLR
B, TREE TR SFYUN T C50 BFEL 1.05f TR BE
FH PR , MPa;b AR OF#R I 585 , mm; ho 4
A EEAA RO, mm; B, O REAR 32 H A A A
PihiR#E 1N, BUF, o M F, o EY8IME ; n 3240
PAFAREL.

JE R BB R A U S =, e
FRESEE 1, = 700 mm. AP AR IR E S T EAE
G TR 6, Fra RIS R i E
B 5 IREAEZ AP YME S 1.067, AriEZE S 0.113.
Ho g AT R A B9 A SR 2 YT
PIE K 1.019, brifE2= Jy 0.081, PB4 515645
W) BT

5 & &

SR FHE FEL Ok i v e 3 A 3 7 P TR
B AR AEAT s g i 5 38 B A A T | ik
PRI BRE - PR L B 5 T AN A T 5 - Al a5t
55, XF FAIFFE B o R s S AT T B - AR S RE Y
o, IR IR IS X E AR TS AR T T
AL

1) 38 3 45 ek B 777 B ) 7 A3 56 0 75 HRBSOOE
24N HRB400 2555 10 e /7 1 Jee s B . A PR iR 2 R
i R4 B o R o SR 2 M ).

2)45 1t HRB5S0OE 2% 1 HRB400 2% 40 2 2 =X,
LRI 2, KR Y F MR <2.6%0 , (A B
O #5175 TR B R 245 5 BE PO B R ] 5 B R >
2.6%, AR5 IR EE - BhAh 5w BES R K2k
PEW .

3)BC B HRB500E 2% F1 HRB400 2% 84 1175 i) TR Vit
AR, U U R R AR A R A — 3, RN 7 45
PRI TS R ) A AR T MR RRIR fL BH .
o SR PPTES AR T R R I Bt % Tl R 9 KT
LMk, HBESS R 3EK, BE B HRB400 2L 1Y
A, AR ER S TR, it v B B /N T G 3 5 T
B HRBS00E ZAN 1 il 14, S 251 5 Rl b s

HRERE S FIA T REAR .

4)7% JEAR NN B AR B R e — , i B ik AN
R BE AR 2 BRI T, BRI
KA TS MANATR B LARGTE R E ). T 54S
iR A R Y& KA

S 3k

(1] FRH XUSCIE. 500 MPa S S iEREE + 45 MR DR FEERELT ). ¥

ST RA244,2012,33(2) :26—30.
WANG L Q,LIU W F. Research development on reinforced concrete
structures with 500 MPa fine grained steel bars [J]. Journal of
Qingdao University of Technology,2012,33(2):26—30. (In Chi-
nese)

[2]  APOSTOLOPOULOS C A. Mechanical behavior of corroded rein—
forcing steel bars S500s tempcore under low cycle fatigue [ J ]. Con—
struction and Building Materials,2006,21(7) : 1447—1456.

[3] APOSTOLOPOULOS C A,PASIALIS V P. Use of quality indices in
comparison of corroded technical steel bars B500c¢ and S500s on
their mechanical performance basis [J]. Construction and Building
Materials,2007,22(12):2325—2334.

[4] SUMPTER M S. Behavior of high—performance steel as shear rein—
forcement for concrete beams [D]. Raleigh,NC:North Carolina
State University,2007: 145.

[5] SUMPTER M S,RIZKALLA S H,ZIA P. Behavior of high—perfor—
mance steel as shear reinforcement for concrete beams [J]. ACI
Structural Journal, 2009, 106(2): 171—177.

(6] FiisE. HRBS00 97 N /1 ik AR 5 + 952 T PEREA 7.

[D] dbat: b at Tk R TR BE, 2015: 1—4.
XU H B. Research on the performance of HRB500 bars reinforced
prestressed ultra~high performance concrete beams [ D ]. Beijing:
College of Architecture and Civil Engineering of BJUT,2015:1—4.
(In Chinese)

[7] k5. HRB500 25 R EE A2 B P Re i Ie i 77 5 T
SAHTID ). KU R R R TR, 2007 : 1—13.

SHEN Y. Experiment and finite element analysis of reinforced con—
crete slabs with HRB500 steel bars [ D ]. Changsha: College of Civil
Engineering, Hunan University, 2007 :1—13. (In Chinese )

(8] Rk HRBS00 £ H A 1R 35 1 S 1 I 52 7 11 RE I 6 K2 P

WFFELD ] Kb R A% AR TR B, 2007 : 1—12.
XU F B. Experimental and theoretical research on flexural behavior
of reinforced concrete beams with HRB500 bars [D]. Changsha:
College of Civil Engineering, Hunan University,2007:1—12. (In
Chinese )

(9] ZEB. HRBS00 45 TR I 1 i R SR SE 1 1Y ik 5 e

FRID ] Kb WK% AR TRAEBE, 2009: 1—16.
LI Q. Experimental and theoretical study on crack widths of full
scale reinforced concrete beams with HRB500 bars [ D]. Changshas:
College of Civil Engineering, Hunan University,2009: 1—16. (In
Chinese )



94 ARG R 2A 4 (A AR BRA AR ) 2020 4F
[10] 5K/EE. HRB500 Z AT TREE M- F1ERE AR IR T [ D 1. KR Chinese )

[11]

[12]

[13]

IR AR TR, 2004 1—13.

ZHANG T. Experimental study on the mechanical properties of
HRB500 reinforced concrete members [ D ]. Zhengzhou: College of
Civil Engineering,Zhengzhou University,2004:1—13. (In Chi-
nese)

L. HRBS00 2R GE T AE AR A AR BT 5E [ D 1R D

R R R TR B, 2009 1—11.

JIANG T. The static experimental study of the HRB500 reinforced
concrete frames [ D ]. Changsha: College of Civil Engineering, Hu—

nan University,2009: 1—11. (In Chinese )

TRKE. HRB500 2859 A3 3 Bz 1 T 5 - 552 Ik RE Aoy ik
WFFEL) ). 54K, 2009,39(4):527—530

YU Q B. Experimental study on flexural behavior of prestressed
concrete beams using the HRB500 steel bars as nonprestressed rein—
forcement [J]. Building Structure, 2009, 39(4): 527—530. (In
Chinese)

TR, I, 7B B 500 MPa U O TREE - 52 Tk fE
I (] KR (AR5 TRERR) ,2007,40
(5):507—511.

WANG T C,LI' Y Y,RONG X. Test for bending behavior of rein—
forced concrete beam with 500 MPa steel bar [ ] ]. Journal of Tianjin
University (Science and Technology),2007,40(5):507—511. (In

[14]

[15]

[16]

[17]

WANG T C,LIU X,ZHAO H L. Experimental research on seismic
behavior of shaped columns reinforced with high—strength steel bars
under cyclic loading [J]. KSCE Journal of Civil Engineering,
2015,19(4):982—993.

- DLIEL. HRBS00 2% 5 ff 1% 446 -+ 38 Al 42 6 U oo U U 4 127 1
RELIRBFFEL D ], 3 5 3 5 TR A T RR2EBE, 2017 :1—6.
FENG J Z. The experimental study on the mechanical properties of
HRB500 reinforced concrete beams at normal temperature and high
temperature [ D ]. Qingdao: School of Civil Engineering, Qingdao U—
niversity of Technology, 2017 :1—6. (In Chinese)

SR, RIS, T4, 5. @ERIEE TR BE L 45T A P8
B IREIM ALt B i, 2011:260—275

JIN W L,YUAN Y S,WEI J,et al. Durability theory and design
method of concrete structure under chloride environment [ M ]. Bei—
jing: Science Press,2011:260—275. (In Chinese )

WPTT, BUR , M ALK, &5 A EPUEARTCAESLE HRB500 49
FIMEAR S-N ML AT5T [J]. WM R%%Mm (HARBZM),
2018,45(3):110—114.

XU Q Y,DUAN J,XIAO Z C. Research on probabilistic S-N curve
of HRB500 reinforcing bar of longitudinal connected slab track on
bridge [J]. Journal of Hunan University (Natural Sciences),
2018,45(3):110—114. (In Chinese)

(k5 83 M)

[12]

[13]

[14]

[15]

ERAE RS, L RAE, AR RO SRR N ehA S K T )
AR BTELT ). EAM AR, 2016,22(2) : 1—6.

WANG P J,ZHU L, WANG Q H, et al. Experimental studies on flow
pattern and wall pressure distribution in wall discharged silo [J].
China Powder and Technology,2016,22(2):1—6. (In Chinese)
S B T RS HOT A G OB ZE L D ). 450 P E L
Kef 12 5 B AR T REABE, 2018 :43—70.

LIANG B C. Study on silo discharges simulation base on DEM [D].
Xuzhou : School  of and Civil
University of Mining and Technology,2018:43—70. (In Chinese)
K3 DL AR 2L RO 45 A A BB R iR 3 2 i B IF 5T
[D ] F-IH TR Tolb K2 B AR, 2010 14—72.

ZHANG L J. Study of shaking table tests on the model of
[D]. Zhengzhou::

Mechanics Engineering, China

cylindrical —supporting group silos structures
College of Civil Engineering and Architecture ,Henan University of
Technology,2010: 14—72. (In Chinese )

SRR, I OR R S AR AL B bR 2 BUER ST (D). JExt:
JUHAGE R AR IR TP, 2016: 19—32.

GUO K P. Lateral pressure distribution and seismic vulnerability
assessment of circular reinforced concrete silo [D]. Beijing: School

of Civil Engineering, Beijing Jiaotong University,2016:19—32. (In

[16]

[17]

[18]

[19]

Chinese )

VR AR, TSk R, TR WL RO BT 4 S 25 s St 58
EAPATLY ). MR T, 2015,31(3) : 55—61.

XU Q K,WANG L M,DING Y G. Modal and earthquake response
analysis of cylinder —supported grain silo structures [J]. World
Earthquake Engineering,2015,31(3):55—61. (In Chinese)

GB 50011—2010 HFHTRBIHIE [S]. LAt HE i iR
#t,2010: 19—20.

GB 50011—2010 Code for seismic design of buildings [ S]. Beijing:
China Planning Press,2010: 19—20. (In Chinese )

FRR S TR, 5 HURRAE R SRR ORI i
WHrIEL) . PERBEBISE, 2012,38(2):175—178.

WANG L M,ZHANG H,ZHANG L ], et al. Experimental study on
lateral pressures acting on the wall of a group of granular silos
induced by earthquakes [J]. Sichuan Building Science,2012,38
(2):175—178. (In Chinese )

GB 50077—2017 4kt £ 18 B bR MEL S I dbst: bl
th A, 2017 7—11.

GB 50077—2017 Standard for design of reinforced concrete silos
(Il Beijing: China Planning Press,2017:7—11. (In Chinese)



