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Time-Varying Reliability of Rust Cracking Model Based on Initial Defect
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(1. College of Architecture and Civil Engineering, Beijing University of Technology, Beijing 100124,
China; 2. School of Civil Engineering, Central South University, Changsha 410075, China)

Abstract: In this paper., the prediction model of rust expansion time of concrete structures with the
consideration of initial defects is established based on the theory of fracture mechanics. The limit state
function of structure life prediction is established and an analysis method of time-dependent reliability
based on three-order moment method is developed. The results show that compared with Monte-Carlo
method, this method reduces the calculation time and improves the analysis efficiency when the calculated
results are more consistent with each other. Among the parameters of concrete materials, the failure
probability of concrete structure is the most sensitive to the randomness and uncertainty of cover thickness
and less sensitive to the probability distribution type of random variables.
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Fig. 1 Initial crack schematic diagram
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Tab.1 Summary of random variables

WA SR -1 {E A 5 R 2 7% 3k
C/mm 40 0.2 [10]
R/mm 8 0.15 [10]
E./GPa 27 0.12 [10]
f/MPa 3.3 0.2 [10]

7 2.0 0.2 [10]
K 2.072 0.177 [22]
w/e 0.45 0.1 [22]

SHAFAE 0 A HEAS B AZ S I 0 2051 B X R 20T
B A RE W AE BRI AY T = B O R AR R
R FISCHRL 23 19t By — Ay 4 AR 70 J7 ik o 278 &
(1 D1 i o B 157 AL )8 — 2R 51 B BEATL AR R D) E pR A2
Al :

po = D (i —G) +G, (16)
i=1
o6 = Ealz a7
i=1
_ 1N
QG — TZO‘iasi (18)
0G i=1

itqj P HUGANOGNA3G ﬁ%u%mﬁ%@ﬁ(; B‘Jﬁjﬁ\ﬁ?/ﬁ%\
fi JBE T AR HT B v O 25 2 6] b A9 Al ok 3T



416 E EH X @&

554

7 15 51 50 B B8 0 BT R R R R
LBt - M T RS 4R o SRR P

_ —signlass) Bam
o = In VA (1+ by ) a9

P{ - @71 (_ng) (20)
X
A—1+1
b
_ 1 AN S O
o= Cat b gt (a—b)g—
SN S ST
“ asu<2+a§n‘>
”:2(3;,« alo 4
3 BRIRIPEFHARFAEESH
3.1 EEWIE

DAL 3 477 J22 T 264 B 1] 95 00455 780 ) 7 SCagk [ 15 b ik
FT Y0 AIE » B 0 A SC % 2 0 TR 25 0 5 ik T 5 % 4
BB = B 40 5 2 CTMD R 47 38 3E. SR F % 48 Monte-
Carlo J7 ¥ (MC) LA [a] il A 80 75 Uk 47 X 1
Z UL 2. B POk 4P 2 R SO 3R 5 o, Ol JT 24
). % He Al 1 24 Monte-Carlo J5 3 S il BE OB/ T
10 000 YR, 15045 2 1 R AU ME R A TR 2 1Y, 24l
FER O 11 10 000 WG, @ B ML S Hr s R 5
Monte-Carlo ¥ 1155759 3| i) 25 R W) & & . I ]
DL e B i a5 1550 2 18 R 500 BT = B S B
ARG PRI RO %, A L I 5 B R g = T3
SRR FURS I B AR 22 S TR DY

B R A S s T AR T i o A X SCHRC13, 20 ] iy 4 41
AFHEAT IR AP 2 8 RO 23T 8 1B B s X S W
3. TESCBR TR, — BB 24 2R A R 2L 50 %6
BF IR EE R YR O &g T2 i BT, R AL
WESA R 50 2o b, ST 1 IF 24 B (] 2 2. 0 4R A4
S2 AR B P 2L T[] A 3. 7 4F, S3 IR 1 A T 2L it )
0.7 4E, S4 AR T R 29 Oy 2.3 4F L 5 S9EPR
AR EE 1 OR3P 2 T 2L ) ] S A — B

1.0r

0.8r

~

tcr/ EF

&3 TR EE PR 2 JT 20 ) 2% S SR AT He
Fig. 3 Comparison for failure probabilities of

cracking time of concrete covers

3.3 BENTZEHEXN KM EG B MESHT
3.3.1 Ry ERE MREELRPBEEESMES
20,40,60 mm W}, % FH & 4 5 Monte-Carlo 77
BT OR A2 R MR B AR B, Bk S WA 4.

1.0 )
0.8 b MC(N=10)
—-=MC(N=100)
0k — —MC(V=1000)
e - = =MC(N=10 000)
N —T™
0.4F
02 fi
0 2 4 6 8 10
tcr/g

K2 TM 5 MC 43t )2 2 ot Z ) L
Fig. 2 Failure probability of cover thickness by TM
and MC

3.2 EERIBWIE
R B UEAS SCAR A TR B 1 45 b O SR A8 R

N

1.0 - g
, e _a- A
o’ ° A a7
0.8 -
i a7
; /
:. /
0.6 | &’
Q:‘ i // """" TM, C:ZO mm
K ——TM, C=40 mm
0'4_.: al - --TM, C=60 mm
,/ o MC, C=20 mm
o E o MC, C=40 mm
a MC, C=60 mm
P
/
0 5 4 6 8 10
to F

4 O [l (4 2 IR B R4 S22 2 B3 AR 28 1) 52 i
Fig. 4 Influence of the cover thickness on the failure

probability of cover cracking

Pl 4 AT, 5 B % 5 Monte-Carlo J7 i 48
b ST A — 35, i — 25 U BH = B A R AE 2 RO (R
PE TR R . 53, WE R T DUE B AR
J2 R B NPT B AR 2 R SO R A R . Yk
R 50 %0 I, 24 A 4 2 2 N 20 mm 34 in £



55 4 3] K

B AT R LA R T A 17

60 mm F TR &E + 047 2 IF 24 1 [a] LK 24 0. 4 4718
TN KLy 2. 8 4F, 156 B 1E in P 470 J2 T2 B n] A 85 RE K
TR E #4141y JIR A3 Bt 1]

3.3.2 MHpFERE KOS RN FREER S,

vopr
0.8+ gl
J ’ //
‘.' /
0.6 )/
G ; /
s i
i
04F iy
S e R=8 mm
::/' ——R=13 mm
02r ---R=18mm
7
A
<l | | Il | |
0 2 4 6 8 10

toe/ 4

S AN R AR A7 2 4 X P 3 )23 6 S0 HE R 1Y) 52 i)
Fig.5 Influence of the radius of reinforcing bar on the

failure probability of cover cracking

13,18 mm B 2 R0HE 258 5] A8 s 34

B &5 AT AT, YO R R AU 2R R 5000 . B9 A
A 8 mm HEAMF] 18 mm B, VR Bk - {37 2 T 2
BN K 24 1. 3 ARG I 2] K 24 2. 0 4F. i W 3% i
HE 1 B A 2 A% 8 A KR BE A R Y IR AR B ]
ER- AR N N = S E (S Sy
3.3.3 RBERERE EEE TR KA L E

&l 6 /R IREE - N R B hr i B B0 L 3 A i Y

1H 2% et r 24 450) 32 349 0 O 470 J2 F 24 2R S0 HE 5 i A
.

HH &6 AT, 20 ARl 50 00 L TR BE T
P75 5 5 5 A W 24400 B PR B A R PR 2 T 2L
[i] £ 5% T s 4 L A AH [ L O L BE B 2 88U 3 KL T
SAEF (] 1 RH N A9 A K. 5 O (] B T O 5 AR ek
N NESY PSS <E A
3.3.4 Sk ARk
304 IR P2 R RO S i AR i H

L7 AT, TR E AR 2 S ROE 3 0 45 il

7RI T =2,

1.0 1.0 ~ 1.0 S
0.8} i 08k 08}
S 77
A / 77
1 /’ ; "://
06t i 06 1ff 06F
Hi i 1
Co i o Il O d
m i ~ il R i un_
o4k 4 e /=8 MPa o4t i e E.=20GPa oat T Kic=1.5
— =13 MPa I E.=30 GPa f — K =2.0
02l ___fl:18 MPa 02l ’ - Eef 40 GPa 02l l’ ___KIUC":ZS
v | | | | | i | | | | | | | | |
0 2 4 6 8 10 0 2 6 8 10 0 2 4 6 8 10
tcr/q: tcr/iIE tcr/q:

(a) PLIIRIE £,

(b) SRR Eyp

(©) KR RE K

Bl 6 fi Eq LR Ky x40 2 0 O 3 19 52

Fig. 6
|
R —
, .
0.8F |
ol S e n=2
. — =3
0.6[, ---n=4
Sl
0.41
1
1
0.2
1 1 1 1 ]
0 2 4 6 8 10
to ! F

B 7 R TR A R i BE T A 377 J2 2R 555 AR S A0 5 1
Fig. 7 Influence of the expansion rates of the corrosion

products on the failure probability of cover cracking

Influence of f,, E; and K} on the failure probability of cover cracking

P B K LA A R, 4 O RO % Sy s B AR
TR B Ry 4 1 488 22 B2 Tk E AR /N 1 R A, HG T 24 EE )
ZUR 6 L X R R T NS S R 2 R0 8 T
S4PT 55 Bk 1 0T A hy T R A Y R BB K L
AN T R 5 Il T 7 A ) 5 K T PR 8 T R b 1
(B, JIT LA B[R] B =2 45

3.3.5 ARk B8RRI TIKKILH 0.40,0.45,
0. 50 BHE BE + ORI 2 85 ik 2k At R i A8 i #. iy
8 AL YR BE - A Rk BT K K L i 2448 AR AL
R, 242 R RN 50 X s w/c=0. 50 I, IR #E +
R ZF 2R B 2 11 AR A4 w/c=0. 40
B TR B AL PR O AP 2 I 2 [ 1. 7 AR ZE A



118 B o @ K F F 4R 551 %
o 3.4 MHZBETR R L REEEBMESH

T TR 5 2 0 R i o (R R

R 7/ wie=0.40 SO 7= 0 T 25 0 W 7 LB 25

ool 1 e MRS 5 A O o R T A 20 6 LR ki 728 5 R

S (COVIEAF 418, T 9 Fom TR L IR IF 25K

A 3o R o R (78 5 2R O 2 2K RIS SRR A 53

02F iff 2%

¥ | L 9a) (D) ) T SRR R 25 52

R B O IR 475 6 SO 5 0 3 00 10 3 1 R 50

" A LA R R S R - 2 B 10 2 5.

P8 RO 042 S Vel 0 CE) el AT LR o 5 o 722 0 S L o 7 149 25 57

Fig. 8 Influence of the water cement ratio on

the failure probability of cover cracking
1.0r
0.8
0.6
a
0.4

02}

F BB X He v 28 S 1 0RO, 5 SCRR 25 JBIF 5 4
RIEAR —F M IF R A A F] 10 4FmF .28 S R EON
1.0f

1.0
0.8} e
¢
06F [
&« /
0.4r
02r
| 1 1 1 | 1 1
0 2 4 6 8 10 0 2 -+ 6 8 10 0 2 4 6 8 10
ol tl (ol
(c) HUPIIREE (d) BPEAR i (e) JKARMI B
1.0
o _9—-9-- —
0.8} P L eeme e
B e LA A S
iy e Y
“_0.6- //3/ ——TM
o ’ - —T™
04 3 e ™
i o MC
0.2 i = MC
// o MC
% 1 1 1 vl MC ]
0 2 4 6 8 10
toe! 4
(O kLt (g) /KK
—COV=0.1, —-—COV=0.2, — —COV=04, - COV=0.6

B9 %S 808 R R BT 2 50 0 5 1952 e

Fig. 9

Influence of variation coefficients of each parameter on the failure probability of cover cracking



55 4 3] K

B AT R LA R T A 119

0. 6 B ARG R R MR Ny 0.7 2475 M8 5 R AL
Sy 0.1 B HARY 2 R AR 1A' 9(b) ~ (D)
BRI AR R S A R R R T L) B A
A AE RS R B 38 60 %0 /i, B R B — 5 B R
oA ERERROEK LS, ETS
Monte-Carlo J7 ¥ #EAT T X L 45 R Wy & 54, ifF —
A U BT AR SO HE A v I R I O R 1
3.5 BMESHHZIE

IR LS5 PR IR AR E A 2

1.0p

N

A

A%,

0.8
0.6r
T

0.4

0.2F

0 2 4 6
toe! 5F
(a) PRIPEIESE
— XEUESA A,

JH -5 — 0 7 1) R 238 20 A1 o Bt BIL A% B 0 A 40 38 2 3
ZE 5 BT LA B8R F AN [a] B ME 25 23 A 0 DR 47 J2 2R 3L
WEARPEAT I BT UL B R R R R R L8
by W R L 25 22 S P RS B R AT 0 M TH A
XHRCIE 2590 A L Gama 79 A3 DL KR HE TE 25 50 A 1 B0
Y R SO R B AR R X L 45 2R 2 IR 10, A
Al DL 3 AR R AER 0 A T i RE AL AR A2 4R
XRS5 /0N 25 R BE HIL AR o oy A
R R AR,

1.0p
0.8
0.6r
v

0.4

0.2F

0 2 4 6
to ! 4F

(b) B =k L

Gama 431, - - - IES

10 M A X AR AP TR 2R 28O 2R ) 5 )

Fig. 10 Influence of probability distributions on the failure probability of cover cracking

=

&it

A SCHE T T 25 IR R I B r TR R DR AP )2
75 I i) 00 A AR, ST T A S TR B 4 R IR A
i B A BROTR A5 pR Bk, I 7E Rl 1 R R T T AR IR
(R TR B 435 K AR A% B 728 W & B 43 BT O ks R L — 4k
I A 7 3 %o W B R 2 o SR T = B i 2 T SR AR T
E T8 B F1R BOE R

(1) 5 Monte-Carlo J5 i #F47 X b 158 B HAE %
B T FRE U B TR) s o AR TIE T TS I R I o A A K
T 2 2K

(2) 78 HLE #ER op i 95 K i TR BE 1 MR 2 8
TR EE - R 2 O RO R X AR 2 TR B A B ML
FIAS A 52 P A R BORK. LA TR R 372 s =R
Xof Bl ML AL et 349 48 A8 Ak AR S R B0 b 55k UK.

(3) R4 2 2R R 2R X Bifi AL A 2t A 536 43 A3 2 78
RO 55 25

S Lk

[ 1] ANGST U M. Challenges and opportunities in corro-
sion of steel in concrete[ J]. Materials and Structures,

2018, 51(1): 1-20.

[2] JINWL, ZHAO Y X. Steel corrosion-induced con-
crete cracking[ J]. Construction and Building Materi-
als, 2016, 116 273-280.

[3] WONGHS, ZHAO Y X, KARIMI A R, etal. On
the penetration of corrosion products from reinforcing
steel into concrete due to chloride-induced corrosion
[J]. Corrosion Science, 2010, 52: 2469-2480.

[4] BB, 28K, &FC A8 T EMIRE 9 04

BIWEIE R RI[T]. sEER B F . 2013, 41(5) . 575-
581.
SHAO Wei. LI Jingpei.» YUE Zhuwen. Service life
prediction of concrete pipe pile due to chloride ion
corrosion by modeling[J]. Journal of the Chinese Ce-
ramic Society, 2013, 41(5). 575-581.

(5] VS BRI Z 55 Ik I 2L ] 75000 A R K 4H W0
HOy RAHLD]. BUER . 74 R AEHE K%, 2017,
WANG Ben. A model for prediction of time to corro-
sion-induced concrete cover cracking and analysis of
meso-crack propagation [ D]. Chengdu: Southwest
Jiaotong University, 2017.

[6] DUXL, JINL, ZHANG R B. Modeling the crack-
ing of cover concrete due to non-uniform corrosion of
reinforcement[ J ]. Corrosion Science, 2014, 89. 189-

202.



420 r oEHE R @ X F F R 954 %

[ 7] ANDRADE C, ALONSO C, MOLINA F J. Cover [16] XU S, MUHAMMAD A M, LI Q H. Determination
cracking as a function of bar corrosion: Part I—Ex- of double-K fracture parameters using semi-circular
perimental test[J]. Materials and Structures, 1993, bend test specimens[]]. Engineering Fracture Me-
26(8): 453-464. chanics. 2016, 152 58-71.

[8] MOLINA F J, ALONSO C, ANDRADE C. Cover [17]  ZEsE. TWERE, T 8. 35T XK W7 24485 50 4 I K Xt
cracking as a function of bar corrosion; Part 2—Nu- REE LW AR MR )] T T XFER
merical model[J]. Materials and Structures, 1993, 26 (BARZR, 2018, 35(3): 6-10.

(9): 532-548. LI Jing, DING Xiaotang, DING Lidong. Research on

L9 i, 22600, sk/NKI. WATREE L 452 dE Y the effect of seawater on the fracture performance of
SIGERE AR ] RYNKEZRIE IR, 2016, 33 concrete based on double-K model [J]. Journal of He-
(6): 639-645. bei University of Engineering ( Natural Science Edi-
XU Pei, LI Minhui, ZHANG Xiaogang. Non-uni- tion), 2018, 35(3): 6-10.
form steel corrosion expansive force model for the [18] ZHANG X G, WANG X Z, LU Z H, etal. Analysis
cover of reinforced concrete structure[ J]. Journal of model of non-uniform corrosion induced cracking of
Shenzhen University Science and Engineering, 2016, reinforced concrete structure[ J]. Journal of Central
33(6): 639-645. South University, 2011, 18. 940-945.

[10] ZHANG X G, ZHAO Y G, LU Z H. Corrosion in- (191  SRAASE. WG R8T op 4 05 TR 8E 4 5 Ak o 24 it 1) 1)
duced stress field and cracking time of reinforced con- fairf]]. EisisEXRFEER. 2006, 27(3): 22-26.
crete with initial defects: Analytical modeling and ex- WU Xianghao. Analytical solution for cracking time
perimental investigation[ J]. Corrosion Science, 2017, of reinforced concrete structure due to corrosion ex-
120, 158-170. pansion in marine environment[ J]. Journal of Shang-

[11] #¥y, T, 70, . LT 58 724 Y 8w hai Maritime University, 2006, 27(3); 22-26.

TR ACRGER A T SRS MK E 2R [20] HUGO G, JOSE C M, ANTONIO A H. An innova-
(B#ARZRR, 2014, 41(11): 67-73. tive adaptive sparse response surface method for
FAN Ling, WEI Jun, LI Jiangteng, et al. Time-de- structural reliability analysis [J]. Structural Safety,
pendent corrosion reliability analysis considering on 2018, 73 12-28.

time-dependent chloride diffusion[J]. Journal of Hu- [21] LIUY P, WEYERS R E. Comparison of guarded
nan University (Natural Sciences) . 2014, 41(11): 67- and unguarded linear polarization CCD devices with
73. weight loss measurements[ ] ]. Cement and Concrete

C12] JRdge 0090 38 ol Xof A5 4% 45 g Tf A 1 2 ) ) F 5 (0. Research, 2003, 33: 1093-1101.
=M ZHAZE KA, 2017, [22] ZHANG X G, WANG J, ZHAO Y G, et al. Time-
ZHOU Min. Research on the effects of the durability dependent probability assessment for chloride induced
of reinforcement corrosion on bridge structures[ D]. corrosion of RC structures using the third-moment
Lanzhou: Lanzhou Jiaotong University, 2017. method [ J]. Construction and Building Materials,

[13] LIU Y P, WEYERS R E. Modeling the time-to-cor- 2015, 76 232-244.
rosion cracking in chloride conta-minated reinforced [23] ZHAO Y G, ZHANG X Y, LU Z H. Complete mo-
concrete structures[ J |. ACI Materials Journal, 1998, notonic expression of the fourth-moment normal
95(6): 675-681. transformation for structural reliability[J]. Comput-

[14] ESRA M G, KASIM M, ERHAN G, et al. Numeri- ers & Structures, 2018, 196 186-199.
cal modeling of time to corrosion induced cover crack- [24] ZHAOY G, ZHANG X Y, LU Z H. A flexible dis-
ing in reinforced concrete using soft-computing based tribution and its application in reliability engineering
methods [J]. Materials and Structures, 2015, 48(6) : [J]. Reliability Engineering and System Safety, 2018,
1739-1756. 176. 1-12.

(150 B4R, 5 T80 b ol B TR AR 199 T 6 - A £ 5 K O 284 T S [25] ZHAOY X, ZHANG X W, JIN W L. Influence of

WD) Kb . Hpg K, 2018,
ZHAOQO Ran. Reliability analysis of cover cracking of
concrete structure considering the shape of initial de-

fect[D]. Changsha: Central South University, 2018.

environment on the development of corrosion product-

filled paste and a corrosion layer at the steel/concrete

interface[ J]. Corrosion Science, 2017, 124 1-9.
(ALm#E. L)





