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Bond-slip constitutive model of corroded reinforced concrete and its
numerical simulation application
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Abstract; To study the impact of corrosion of both longitudinal bar and stirrup on the bonding performance of steel
bar and concrete, we fabricated 25 corroded reinforced concrete ( RC) specimens by the accelerated corrosion
method of electroosmosis-constant current-dry wet cycles. Pull-out tests were carried out on the specimens, and the
influences of parameters such as longitudinal bar corrosion, stirrup corrosion, cover thickness, and stirrup spacing
on bonding properties were studied. The effect of corrosion on the bonding force between concrete and steel bar was
analyzed, and the degradation of the bonding performance was attributed to the reduction of the material behavior
and the degradation of the constraint effect. On the basis of the test results, a modified bond-slip constitutive model
was established and verified considering design parameters and both corrosion of longitudinal bar and stirrup. A
stress—slip model of corroded longitudinal bar was obtained by combining the proposed constitutive model and
infinitesimal algorithm. In the OpenSees platform, the stress—slip model was applied to the zero-length section
element, and the numerical model of corroded RC components considering bond—slip behavior was established by
adopting fiber-based beam-column element and zero-length section element. The accuracy of the model was verified
according to the quasi-static test data of the corroded RC column, and the fiber model considering only corrosion
damage was used for auxiliary verification. Results show that the bonding force between concrete and steel bar
increased first and then decreased with the increase in the corrosion degree. Increasing the cover thickness could
slightly improve the bonding force, while the increase in stirrup density could significantly improve the bonding
force. Compared with the fiber model, the bearing capacity, cumulative energy dissipation, and ultimate
displacement errors were reduced by 12.8% , 23.5% , and 14.2% in the constructed fiber model, indicating that
the constructed model can reasonably calculate the contribution of steel bar slip and accurately predict the overall
seismic response of the corroded RC columns.
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Tab.1 Specimen parameters

s PR W e R
JEREE/mm  EHAZ/mm HR/ %
Al ~ A5 25 16 $8@60 0/0.6/5/10/15
B1 ~B5 45 16 d8@60 0/0.6/5/10/15
Cl ~C5 45 16 d8@40 0/0.6/5/10/15
D1 ~ D5 45 16 $8@80 0/0.6/5/10/15
El ~E5 60 16 P8@60 0/0.6/5/10/15
1.2 #FRMEHE

TR R B 25 2k C40 1R TR BE T DR, 7
IRFE 28 d JEIASREE T 4O RSREE N 49.3 MPa,
SPERLE R 34 500 MPa, 420 5% F] HRB400 44
77 , SR HPB300 4N , M5 A ERES R 2,
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Tab.2  Mechanical property parameters of steel bar materials MPa

WA WS JEMRGREL , BRRERIE £, FRPERUR B
HRB400 d16 445.37 641.56 208 000
HPB300 $8 288.47 439.81 210 000
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Fig.3 Crack propagation of specimen
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Tab.3 Pull-out test results

WO YA WSS WRBRAIR DT FRZEEREE MINRRSS || R0 Ymes  FEATEEDR RIRBIHOT  BEASRE MRS
g Ry Hn,/% PN T/MPa  BRER, || i Eo% Fne./% PN T./MPa SRR,
Al 0 0 67.88 16.89 1.000 C3 1.92 3.81 80.38 20.00 0.89%4
A2 0.15 1.01 70.54 17.54 1.038 C4 2.21 5.19 61.57 15.32 0.685
A3 2.23 4.13 53.78 13.38 0.792 s 2.63 17.35 55.26 13.75 0.615
A4 6.52 7.21 42.52 10.58 0. 626 D1 0 0 60.57 15.07 1.000
A5 14.02 8.23 26.08 6.49 0.384 D2 1.34 3.16 63.58 15.82 1.050
B1 0 0 72.87 18.13 1.000 D3 2.29 5.33 50.28 12.51 0.830
B2 1.13 2.89 77.97 19.40 1.070 D4 1.45 14.83 36.94 9.19 0.610
B3 1.62 3.49 60.13 14.96 0.825 El 0 0 81.15 20.19 1.000
B4 4.48 6.34 42.97 10.70 0.590 E2 0.73 1.15 82.03 20.41 1.011
B5 5.29 7.52 35.09 8.73 0.482 E3 1.50 2.88 78.09 19.43 0.962
Cl 0 0 89.87 22.36 1.000 E4 2.02 4.80 69.73 17.35 0.859
c2 0.57 2.04 79.14 19.69 0. 881 ES 2.85 4.71 60.01 14.93 0.739
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4.3 BHSKBERSHN
BECCHR[ 29 ] 89725 B R E5 Tl RC AR A
ARG, BT RCAEXIHEAT 1 s i 6 0 400

T35, A B A 5 el R A T L, B SO
KB RLAL, T A AR R R S B3 4, 1K 1F B9 B
PR AT RS FC A 24055 WSk 29 ]

F4 RCHBEHSHEHERMTESH

Tab.4 RC test column parameters and numerical simulation calculation parameters

. B A i A3 AP 2IREE L ot KR EE+ B 43 T P B R
n A/ % B/ % 38 B/ MPa 58 B/ MPa S JiE/ MPa 58/ MPa
C-1 0.2 3.7 5.6 19.9 27.8 353 512
C-2 0.4 3.8 5.7 19.8 27.8 353 511
C-3 0.6 3.6 5.7 20.0 27.8 354 513
C-4 0.4 0 0 24.6 28.1 373 537
C-5 0.4 2.4 4.2 21.4 27.9 360 521
C-6 0.4 6.2 9.6 17.6 27.6 340 495
43 B 2 BEh A PR AL 7 e U % g |44 (24)
Fhab 200 B EEA A (LI 11, DUR AR 2 A ) o A,
N . AL FE S E e sk gy g
XFEE T RC AT Y 100 g a0 45 SRR A T R (AR AL, 85 By AR By BB 2%

S LI 14, ke 0 £ 5 9 AR 45900 2 )
RSN B, FERRIREE,, ™ R AR iR
% By VAN

n

> (F - F)°
= | = 22
force n ( max( Ft ) ) 2 ( )
Qc - 'Ql
energy = !2 (23 )

t

E . IR RS TR ZE TR AR WA 5, F, M F, 535
St [0 £ 5 o Rl [l B e (L i 800 UL (E 5 1 8
{E,n Ry 1] PRACHRE , max (F,) S T A i [ 348 1) e K
WA Ay 2 (L, 02, 11 02, 0 531) DAy i [l i £k SR AR FEfiE
BAUE S 1A, A T A, 73 51 i R A RS B AU 5
IR {E,



511 o %, S BEIRANATREE L R B AR KOEUE RN - 149 -
80 80 80~
1=3.1%, 1,,,.=5.6% 1=3.8%, n,..=5.7% 1=3.6%, n,,.=5.7%
HJE Hin=0.4 I Hin=0.6 i
40| 40!
Z Z 7 ity = Z
o o ; = =
5 = ol , 70 = ol
& Ed LT ot 2= : #w®
iz = = Eddfll 22 ' Y
40 MH ReEC—2 40 RpFC-3
....... é{ggﬁﬁ gé&*ggi
, , - R , - SR
-80 -40 0 40 80 -80 -40 0 40 80 -80 -40 0 40 80
i A/mm S A/mm S A/mm
(a) IRfFC-1 (b) WfC-2 (c) fFC-3
80 80, 80
1=0%, 1,,.=0% 1=2.4%, n,,..=4.2% 1=6.2%, 1,,,.=9.6%
i Hin=0.4 3K Hin=0.4 % tn=0.4 :
40| 40! 40}
g £ g
& ol = ol & ol
Eied bt &
~40 SEC—4 40 T iprc-s -40r — ikfEC-6
o LT YRR YRR T PR
. - B , oo R , o R
-80 -40 0 40 80 -80 -40 0 40 80 -80 -40 0 40 80
i A/mm f# A/mm i A/mm
(d) RHFC-4 (e) kfFC-5 () &fFC-6
E 14 FHEIHZEITLE
Fig. 14  Hysteretic curves comparison
x5 BEHIERWIREIL
Tab.5 Comparison of simulation and test errors %
i LT P T AR A
PR :
REINRE Epee  RPFEREIRE E,,p WIRMIABIRE By,  KBIIRE E,,, BHREREIRE E,,.,, WIROGBIRE Ey,
C-1 23.9 53.1 4.8 9.2 18.9 7.9
C-2 22.1 37.9 30.1 6.2 11.4 5.8
C-3 19.6 37.8 17.9 6.9 13.9 23.6
C-4 18.4 26.7 40.3 10.3 15.8 4.6
C-5 18.5 24.9 36.2 6.6 17.2 8.1
C-6 20.8 47.6 17.2 7.5 9.8 11.1
H T 14 RIRD, A R 75 B FE 45 1 B8 R0 Y 2T 2 5 4
5

R i AR (1B [l il £ 5 3 00 B s B ok 4
UL, SRR IER BE AU R LT, 12 H A AR 38 2
S0 AR 2 A8 ) A [0 BRI AR W) A i, ] R
R TR BRI | & 1 AL R 4 R R A A R ) 3
%, W3S A SRR R D) | BRI FERE IR
FRAASIR 2Z (S0 0 7. 8% 14.5% F110.2% |, [t
LT YRR o3 S AR 12. 8% 23. 5% 1 14.2% , 5
W SRR, DR IGIES T 01 . Fh 25 i B AR I
SEFZIR S RCAE R (A By i) 8 22 3R W 4
FEFPEIR R A3 HT R s SR 3.2 15 BF e 7 i 45 h 6 4%
T RS AR 56 28 A B 35 T 21 2 B AR A 50 A 7 7k
A VR TIN5 h RC A 0 S A i) 1o 45 B33 40 7
R BTk

FETF 25 2 S il 1 5 b P b I S, ST IR
UE AL PR AP RS il A 11 FE 08 357 45 1ok R A 3
51 3R A S B0 A5 ok B T TR B L R 8 U R AR A
R BEIS S5 A WOCE I YRR RE BT AT K R R
PATT N T A T R 28 4 e A AR TR N FH B 4 ol
RC HEHARB A FEL5B T .

1) DA 4 A5 5 Al 5 b kot b &5 0 A — S ik
YEH (L BERE F50h3E K  ZEE5 0 B2 ARG, 38
PR 25 V5 T S i o 26t 45 e B T o 42 i A5 % 8%
SERE ST

2) B4 ol XoF 266 45 P B B 52 w05 PR A R
MLIHAR T H 4k, A6 Wu A7 v | TR BE + 8 3 7



+ 150 - e NS B | A - =

5556 4%

B ZR PR 2 24 TR Uk 2 T 9 240 TRCHT Ol R K
SRS TS N TR B - R A A, HL S 8
PR AR 5 B0

3) BT ROCAE A HERAE S0 A K
BRI, H5 5 T A 37 R 05 - R 45 T R AR R 7 H B o
RC AR | Sy 45 m RC A FHT AR R REAR AL 52
(32 e =

5% ik

(11K 200, RN, SRAEsE, 5. 25 BRGNS M A I VR A0 47 4 2
HBAEIESE ()], TR 1%, 2020, 37(9): 208
ZHANG Yixin, ZHENG Shansuo, RONG Xianliang, et al. Research
on freeze-thaw damage model of fiber beam-column considering
reinforcement slip effect [ J]. Engineering Mechanics, 2020, 37 (9):
208. DOI; 10.6052/j. issn. 1000 —4750.2019. 11. 0657

[2]SAATCIOGLU M, ALSIWAT J M, OZCEBE G. Hysteretic behavior
of anchorage slip in R/C members [ J ]. Journal of Structural
Engineering, 1992, 118(9) : 2439. DOI . 10. 1061/ ( ASCE ) 0733 - 9445
(1992)118:9(2439)

(313K, BRR, B, 4. a0 RSP R Al S IR BE 1 ) B4 1
RERYRZNALT]. WA/REE Tl R22440, 2018, 50(12) : 89
ZHANG Bai, CHEN Jun, YANGOu, et al. Influence of specimen
size on bond performance between corroded reinforcing steel bars and
concrete[ J]. Journal of Harbin Institute of Technology, 2018, 50(12) :
89. DOI. 10.11918/j. issn. 0367 — 6234.201803017

[41EWIH, BRs, L 8 i 5 TR BE 1 [ 26 45 v ag il g
[J]. PRJRIE TR 42%4k , 2018, 50(8) : 150
WANG Chaoyang, YANG Ou, HUO Jingsi, et al. Experimental
study on bond performance between corroded bar and concrete[ J].
Journal of Harbin Institute of Technology, 2018, 50(8) : 150. DOI.
10.11918/j. issn. 0367 —6234.201707144

(5 1BRET . S8 R o 5 A 4 P 5 ol 09 737 0 o Al 4 P i X
5[ D]. A . WAL R, 2017

[6133MIE, A%, BIAAPE. 55 T A il VR B 0 R &5 M fi R b 11 1K
IRRFFT[T]. TolEEST, 1999, 29(11) ; 47
YUAN Yingshu, YU Suo, JIA Fuping. Deterioration of bond
behavior of corroded reinforced concrete[ J|. Industrial Construction ,
1999, 29(11); 47. DOI: 10.3321/j.issn:1000 —8993.1999. 11.011

[7]FENG Qian, VISINTIN P, OEHLERS D J. Deterioration of bond-
slip due to corrosion of steel reinforcement in reinforced concrete[ J].
Magazine of Concrete Research, 2016, 68 (15): 768. DOI. 10.
1680/ jmacr. 15. 00217

[8]KIVELL A. Effects of bond deterioration due to corrosion on seismic
performance of reinforced concrete structures [ D ]. Christchurch .
University of Canterbury, 2012

[9]JIANG Cheng, WU Yufei, DAI Mingjiang. Degradation of steel-to-
concrete bond due to corrosion [ J]. Construction and Building
Materials, 2018, 158 1073. DOI; 10. 1016/]j. conbuildmat. 2017.09. 142

[10] WU Yufei, ZHAO Xuemei. Unified bond stress-slip model for

reinforced concrete[ J]. Journal of Structural Engineering, 2013,
139(11) ; 1951. DOI. 10.1061/( ASCE)ST. 1943 —541X. 0000747
[11]ZHAO J, SRITHARAN S. Modeling of strain penetration effects in
fiber-based analysis of reinforced concrete structures [ J]. ACI
Structural Journal, 2007, 104(2) . 133
(12104, TR, ER%A. B IEHIR A58 10 2T AR5 K HE 4L
R R [T]. HESEE R 24, 2009, 30(4) : 130
YANG Hong, XUHaiying, WANG Zhijun. Seismic responses
analysis of RC frame based on fiber model considering bar slippage
at column bottom section[ J]. Journal of Building Structures, 2009 ,
30(4) . 130. DOI: 10.3321/j. issn:1000 - 6869.2009.04.016

[13]JEON J S, LOWES L N, DESROCHES R, et al. Fragility curves

for non-ductile reinforced concrete frames that exhibit different

component response mechanisms [ J ]. Engineering Structures,

2015, 85: 127. DOI. 10.1016/]. engstruct. 2014. 12. 009

(141 4HR, BE, Tk, MERREIITREE - PR AE S 2 5
b fnEIR S Tk . CN101762453B[ P]. 2010-06-30

[15]LIN Hongwei, ZHAO Yuxi, OZ*BOLT J, et al. Bond strength
evaluation of corroded steel bars via the surface crack width induced
by reinforcement corrosion [ J ]. Engineering Structures, 2017,
152 506. DOI. 10.1016/j. engstruct. 2017. 08. 051

(161 4mE, MTRSE, (&M, 55, MFINEEES S 8 i i
BEMIESWTE[)]. Wi Rl (TEhR) , 2020, 54(3) : 483
JIN Nanguo, HE Jiahao, FU Chuanqing, et al. Study on
experimental method and morphology of accelerated non-uniform
corrosion of steel bars [ J ]. Journal of Zhejiang University
( Engineering Science ) , 2020, 54 (3 ). 483. DOI. 10. 3785/
J. issn. 1008-973X. 2020. 03. 008

[17]LIN Hongwei, ZHAO Yuxi, YANG Jiaqi, et al. Effects of the
corrosion of main bar and stirrups on the bond behavior of
reinforcing steel bar [ J]. Construction and Building Materials,
2019, 225. 13. DOI: 10.1016/j. conbuildmat. 2019.07. 156

[18]LIN Hongwei, ZHAO Yuxi. Effects of confinements on the bond
strength between concrete and corroded steel bars[ J]. Construction
and Building Materials, 2016, 118, 127. DOI; 10. 1016/]. conbuildmat.
2016.05. 040

[19]ZHOU Haijun, LU Jinlong, XV Xi, et al. Effects of stirrup
corrosion on bond-slip performance of reinforcing steel in concrete :
an experimental study[ J]. Construction and Building Materials,
2015, 93; 257. DOI; 10.1016/]. conbuildmat. 2015. 05. 122

[20 ] HASKETT M, OEHLERS D J, MOHAMED ALI M S. Local and global
bond characteristics of steel reinforcing bars[J]. Engineering Structures,
2008, 30(2): 376. DOI. 10.1016/j. engstruct. 2007. 04. 007

[21 ]MANDER J, PRIESTLEY M. Theoretical stress-strain model for confined
concrete[ J]. Journal of Structural Engineering, 1988, 114(8) : 1804

[22]SCOTT B D, PARK R, PRIESTLEY M. Stress-strain behavior of
concrete confined by overlapping hoops at low and high strain rates
[J]. ACI Journal, 1982, 79(1): 13

[23] CORONELLI D, GAMBAROVA P. Structural assessment of
corroded reinforced concrete beams: modeling guidelines [ J ].
Journal of Structural Engineering, 2004, 130(8) : 1214

[24]VUN S, YU Bo, LI Bing. Stress-strain model for confined concrete
with corroded transverse reinforcement[ J]. Engineering Structures,
2017, 151 472. DOI. 10.1016/]. engstruct. 2017. 08. 049

[25]IMPERATORE S, RINALDI Z, DRAGO C. Degradation relationships
for the mechanical properties of corroded steel rebars[ J]. Construction
and Building Materials, 2017, 148. 219. DOI. 10. 1016/j.
conbuildmat. 2017. 04. 209

[26 ]ZHANG Yixin, BICICI E, SEZEN H, et al. Reinforcement slip
model considering corrosion effects[ J]. Construction and Building
Materials, 2020, 235. 117348. DOI. 10. 1016/j. conbuildmat.
2019. 117348

[27] AMLEH L, MIRZA M S, AHWAZI B B N, et al. Bond
deterioration of reinforcing steel in concrete due to corrosion|[ C]//
Challenges of Concrete Construction; Volume 3, Repair,
Rejuvenation and Enhancement of Concrete: Proceedings of the
International Seminar held at the University of Dundee. Scotland ;
Thomas Telford, 2002. DOI; 10. 1680/RRAEOC. 31753. 0026

[28 1 ¥RIbesie. BRIMAN AT IR BE LB AL HEREMEFE (D). M st
R, 2004

[29 ] FBIL4E, HNT IR, Z5infil, 45, N LARMEE T 850 RC HEZLAE:
HURRMERERIRWIFT[T]. AL, 2018, 39(4): 28
ZHENG Shansuo, DONG Liguo, ZUO Heshan, et al. Experimental
investigation on seismic behaviors of corroded RC frame columns in
artificial climate[ J]. Journal of Building Structure, 2018, 39(4) :
28. DOI. 10. 14006/]. jzjgxb. 2018. 04. 004

[30] LI Lei, LUO Guangxi, WANG Zhuohan, et al. Prediction of
residual behavior for post-earthquake damaged reinforced concrete
column based on damage distribution model [ J ]. Engineering
Structures, 2021, 234, 111927. DOI. 10. 1016/j. engstruct.

2021.111927
(R4E AHm=E)



