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Distribution Models of the Fracture Resistance of
Steel Strands Corroded by Chloride
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Abstract: Mises strain from plastic theory was put forward to be the fracture criterion of corroded steel
strands. By tension tests of 14 corroded steel strands with chloride, 46 breaking wires were obtained with
the mean tension stress and the geometric configuration of the pit. Based on the above, the fracture
resistance of each breaking wire was simulated by the finite element software ANSYS. And the simulation
results were addressed to analyse the characteristics of fracture resistance with SPSS software. It was found
that at the significance level of 0. 05, both normal distribution and logarithmic normal distribution were not
refused for the fracture resistance distribution. Hence, the distribution models (percentage distribution
function) were obtained under the two distribution modes.

Key words: prestressed concrete; durability; chloride environment; corrosion of steel strands; fracture

resistance; distribution models

PSR BE LA T Z B T AR T REA . AT A R R T RG0S . SCRRLS JWFSE T
(EX T AE AR PR 8 U U BR T L DU AR SR BRR BT L JE SRR PRI BE b v A9 40 Z i IR T IR 25 ) e B
Vo iy DB v #h PR A5 SR R P ERSE b B N AR B R Dk AT SR Y BT Pl R A 5 SCHRL6 TS T S R R
S EE A T W AT AR R oy IR BE L P NS Y I T ok A R R A B LR
T TR A T S A TN R R R O S SRR SCERLT W TR B A b TR )

Y %% B #7:2009-05-15
EETE EHEERRFIES R H (50478100,50538070)  #4: JH ik 2 & J& 3L 42 ¥ B H (2006-15., XM07C082)
EFEB M AR RA9720) . 5 W 4 @ H0Rz BN ) IR BE 1 45 0 B L AVEDESE > (E-maiD Ifmfm@163. com,

http://gks.cqu.edu.cn



bl

% 6 9 F

S

5RO F AR R AW LR o A AR 35

BT 1 B ek By A 1) AL ST T ok A Y R AR
BERY, LT IR E ST A L P — 2 W I 9 g
A 8 1B Al TR) AR 2 T 7 TR 056 445 A s AR B 5
Y S — TG AR

Il N A1 A A0 56 T I8 g 5 g 2 1k B AR A L
RGBT ST SCRRE8-9 JWFFE 1 I I U0 g 8 22 1) ) 2
P REAR A ) AL SCRRC10-12 JRF 5 1 e v JES ol 09 2 2%
14 3 2 Pk RE AR A 1R s SCHR [ 13-14 JF5E T BE4U A 2%
5 ik B 40 £ 1) 32 L W AR AIE K A2 ir 1 A AR Al R 4
)L, {ELJE: o 5% T 6 ke g 7 DRI 288 2k A0 Y 1) T 5 i
A L

AR 254 O 255 st L o TG ok A 60 4 1 T ¢ 5 75 B
BT W7 2R R0 T 2T T O L O AR s[RIy T
FHPE BE AN RE T L ik T 73 A B BEBIL R DL A 204
F14 Bt ML A S5 D DAL o o8 15 3 o 99 25 2k 1) Wiy 528 47 ) 0
SR X 7 A T ATL [ 00 Ak L B B AR A T R BT )
1 T S 2800 1) o A R

230 T F AR R R W T B S AR R A
ST S T el 0 1 T 2RO U L SR AT W R ) Y
J124 20 AR T I 0T S ik A 2 4 0 B 1 R R AT
L 22 Wy SRS (9 1 S B g B i 11 4k il 5t 4 LA
ARG RS AR B ERE | ok ANSYS BpR A0 43 AR
Wy SR 22 9 T 2R BT 0 (E A5 BV G s AR A I R
R BBEGE T B SPSS 73 Hr Ji 1 4 28 26 1) W 2R 47t
T1 o At

1 BT RAED

SCHRL T3 TR WY T b A9 48 2 1 de KT R 28 )
HH BAE AR D) B 22 W7 2R8I 1 AR D) 9 22 1 7 2R
BIPCR T I 2R 3. B DL, 1 Ig i 4 4k
4 1T 2R 0 U S B b R e B R A 22 A I 2R
i Epar

SCHR 13 156 T 185 ok B 22 2 409 22 Wi SRAIL 4 1) 2 A
BT AN 2 2 LHEE P T SR80 i 2 LG 1P B 2R Lt
WL W7 AL ] 0 FT U1 A BR A SR P AR TR L L AT A
JE R FIRA At T 2 5 125 v S P A R o O A7 S IS et
ZRLR N 22 1 W7 R N, JB R kR LE RE BE OB (LU
Mises [ 3 15 BI04 6} 59 Ji A 5 B2 AR D et AR ) 4D o
JHF 0 Je Al 9 A i e 4% F o o AT B9 R Al 2 — L L

L FRE 2 DN I IR A A 0 3R o U, FH F 7 A% A
R JE N 22 (Wi 2 Hr il Tar 2. 5 Mises Jif
JIAE X B, 88 M e R R R B — A B AR O AR
H——Mises W AE" 3% C L Mises W 2% e, 35 #IH%
FRAE €. 15yl 24 00, P
Ev = Euu (D
e, A ZFATE RZEMFRA L a5 H ANSYS
AR AR R T
1
N RSO

\/@1 —e) + 6 —e ) e —e ) SO AR =

1
V21 +)

(e —e)? + (g5 —e3)" 4 (g5 —&)?

(2)
2 " SR A B 3P B BEOR FH R R A L
By = s SRR B = 0.5,
T AR WS R ANSY'S A B G RR $8Lf E
T AN S R M 22 11 Mises W 28 # PR 1H e,.. — W24
WA

2 RIEHR

DR A I ik B 4 2 1) BT SR g i e R AT
B b B 4 A AR A L R S Ll R R T T A8
AR BE 3 F 2E AT i (B 3 R K U8 IR Y
5900 AR X FRIBCE 2 ) 12, 7(1X7) 1 860
MBI 1. Wihissk 13 S AZJE
WOEARE] T 14 AR N 2 ZihE . g 5y CS1~
CS14 3 Jg b B A SR 30 fRR AE A0 18T 25 45 3R 119
PRI 1,

@12.7 (1X7) 1 860 ZANALk

[_ C30 R+ L 8 BT
S — |
185 | 430 L 185 | |-|2°2
|CGuigies ) 800 Caahgies )| 150
1 T 1

T

1 SRS ML iRt

2 WMREMBEHEE

F1 WERAHERFHBMHE

e CS1 CS2 CS3 CS4 CS5 CS6

CS7 CS8 CS9

CS10 CS13 CSl14

o/ % 0.61  0.76  0.63  0.64  0.85  0.60

.62 0.62

0. 47 0.50 0. 41 0.43 —0 —0

http://gks.cqu.edu.cn



36 ER#E RSB

E7 N A 4 % 31 &

SRIGXT 14 KB PN L AR E AT T hr il 565
I E HL R AR IR AL b AT, 4 AR A R I A
ey, R BE Ry 0.5 mm/min, %5 AR A9 4 4k
Mo A B 3 LW 22 i 1R

FEXT 14 R85 10 28 2 3R A7 P AR I B B A
11 AR i it BT 1 AR 22, ok 3 IR
LRI 2 T 1 RN I L3R4S T 46
MW N 22

T B R A R GE I ok T HL M R b A AR A 22
W 28 Bt o E B e 4k IR g, T SRR B A
MR 22 Wt 4 ) e o 9 8 4R T S Y L T K
FCARAE 25 22 W 2405 T 7K 32 17 B 000 T 6, 0 BEAR
Y 22 Wiy 2L I i 7K 32 0 - BRI ) 6, Z R 4 R
R4 3 Wk 2 thgs i, Hoh R /e I & i 5 — it
Wt 22 57~ 35 7 3 K F i — 3 W7 22 57 35 R Sy . (H A 264
LA Hb 33X N UH BT R K T 22 5 1 A R N ) L Gy
At s G 550 DR — 4 W7 2257 13 0 ) 408 5 — I 22
RSP

P A0 45 IS, XoF B A T 2L 22 By 11 Ak i) ok
HUB RTINS, K I A 1ot i L] B AR AT 3 L
MG B HETE | 5 Y S WK 55 3 Al 2R 5K
[] Bsf >R A 0 RO R B 4 & B T 4 — AR AN 22 Ty 1
Al S0 R A B 0 E R IR R A 3 AE RS T h IR
MFEFEREHF] 0. 01 mm, KEEAEHFHF] 0. 1 mm,

B TR 22 W S BT K A2 B SF 8RN T W
F AR i BT IR AR S 3L 3 2 RO~ 5 AT >R A BR oo e
PARAT B AR 4N 22 1 W 24t ) .
3 EHMNKEWNLH R A ERT

XD

Kl ANSY'S B4 6] 55 ot 9 228 2 9 24 19 W7 284 it
J1EAT A BROTHEAL
3.1 REMRAMXER

ANSYS 4B o, 4852 B9 28 2R 0 22 i b1 Bt
AL P A S R e i) £ 1) 45 1] iR Ak 2381 A O 28 1

o,

A B A 56 28 ol B Rk B0 W s . X 4 AR
TCIBE i @12, 7C1 X T) 1 860 AL Lk hb B 22 {4
TR L 25 75 B T 0 2R 4 24 1 A A 5 R il 2 T

Kl 3 iR,
2000
1500 | (0.05, 1900)
£ (0.0083, 1700)
1 000
3
500 I/ E=205000 MPa
0 . . \
0.00 0.02 0.04 0.06

&

B3 WNREWLHAMKREL

3.2 BN LWLR ANSYS R
3.2.1 AL JUATHER

LT h A7 T AR B 22 4 T AR Ak 22 L A
LR . MAEZH NSRRI ZEHBE. 5
D22 TE B — A AR S W AR R . Rt 6 AR
SR 22T HZ SRS IR T W 22 2 hr i T
AN ) T — ARk N7 Y R B 22 52 i (G S5 AP AE
P FE W LA R AR Y S AL FEAE FD o kT 40 e 2%
S 8, Sy {5 0] AT 4K o R4 A AR B X v A2 I A Sb
Bl 59 22 WA A N7 1 — MR AN 22 2 F0

R4 0 W, B9 40 4 AN 22 B B U R A8 R
R, — > WY S 19 ol 70 T 5 2 R A T A B A A R NS
FETERY » BUAR 22 [a] — A BT b AR /D [m] i i 2 2 4
WY P 5T 5 53 Ab Pl i B9 22 PNk e 1) o3 A U E A )
R TS AH S8 1k BT 22 8] 9 A B RE e A/ . BRI FE 43
B ATl AL 19 g 22 O inE L, i LA 1 RN 22 B
A 1AM R LR 34T R IT o 17

LB 22 b 1) b 5T LA R AT b 5 oy % HE
T IR LA ERTE 3 28 e AT ¥ AT A R A /R
IEEAE ANSYS s, 8] 4 SN ge 2l i CS1
R 3 AR IR 4 22 W 11 Al G LA R

(a) HHIRMT (b)

E LA

(c) MWEERIEMbT

B4 MRLMLHEMBAIR K ANSYS il

http://gks.cqu.edu.cn



4
bl
=
S

% 64

BB MA RGBT R A R 37

3.2.2 ANSYS 4

R 3 1 £ JL Ao A5 Y, 5 okt 99 228 2% B9 22 7T LA
KT AR A A LAl Y 18 A A2 LA R kAT
ANSYS 4347 .

HRAE S BN 40 2% (12, 7(1 X 7) 1 860 &
WAR L) W22 AR 20 0 4. 25 mm, K, L4
ZRIFRE A B AW 4. 25 mm; 580, AR 35 £ ot
S ASEARL A7 B A A K B B 50 mm B AT BR 2 9 24
HRAF RIS

RN A2 0 83 A P9 — o 49 [ 5y — it 0 TR A
Bl 75 T L ER R RORR S DAL L SR i 1) 5 B (B
32 B b AN 22 % S B HG Al B 22 64 2 R 5 A 1 3
TS A 245 A5 T A 2

B2 B B A 2R T Solidds SE A& BT IF R 43 A
1 O T A P A

5 S iy A 1 BROE ok T 19 T ok A 0 2 1 22 11
ANSYS I3 e B 7R i

N
B M2 1 ANSYS SRR E

& 5

3.3 BN LWNLE R I8 ANSYS IlE R
S o R ok 0 88 2k ) 22 Wy 54 BF T 7 32 1) - 3
FL I B0 AR ST g LA T bR A 3 4k RS R
3.2 e ANSYS A R TB B3 A A5 38 T 46

W7 2L 22 1R T BT T L R 2.

£ OEEMASEM LU RMG TR RF R

455 CSl-1 CS1-2 CS1-3 CS2-1 CS2-2 CS2-3 CS3-1 CS3-2 CS3-3 CS4-1 CS4-2 CS4-3

;/TPQ 1639 1723 1723 1683 1782 1 809 1675 1689 1689 1661 1661 1382

€o.w  0.057 8 0.0584 0.0531 0.086 0 0.056 7 0.044 1 0.037 8 0.040 6 0.035 5 0.014 8 0.019 5 0.0115
45 CS5-1 CS5-2 CS5-3 CS6-1 CS6-2 CS6-3 CS7-1 CS7-2 CS7-3-1 CS7-3-2 CS8-1 CS8-2

;/TPZ 1690 1697 1707 1639 1639 1646 1 464 1621 1667 1667 1705 1740

€ow  0.0514 0.0649 0.044 8 0.017 8 0.011 0 0.011 2 0.048 9 0.020 3 0.022 3 0.012 7 0.081 8 0.042 7
45 CS8-3 CS9-1 CS9-2 CS9-3-1 CS9-3-2 CS9-3-3 CS10-1 CS10-2 CS10-3 CS11-1-1  CS11-1-2 CS11-2
K/'EPQ 1740 1734 1833 1 840 1 840 1 840 1705 1714 1718 1705 1705 1758

€ow  0.046 1 0.0427 0.0528 0.0527 0.046 3 0.056 5 0.043 7 0.061 1 0.083 1 0.055 9 0.039 2 0.068 1
455 CS11-3  CSl12-1 CS12-2 CS12-3 CS13-1 CS13-2 CS13-3 CS14-1 CS14-2 CS14-3

K}f}’/a 1761 1690 1690 1748 1712 1712 1768 1726 1776 1789

€ow  0.0407 0.0235 0.0257 0.039 2 0.031 2 0.011 4 0.029 2 0.051 1 0.040 3 0.064 5

T W 22 55 CSij-k Fom ANk k: CSi s it 56 &
24 Wt S T A Y f K Mises 278, BIHE 440 77 .

4 BRWNGLHRRONS HIEE

3 WARENT 46 A5 T B 40 2 22 1 Wy
ZLGT I T AT LA S RO G O TR AR A o A
BERL T SR AT A — MR AR 22 1 W7 28 RV R IR 3
BRI RO A TR I A 31 0 56 T AN A0 R 22
Wi R BT 7 19 o A BB i AR T M S W R T Y
AL
4.1 SHBEABRERMUSHERRE

HT T 1E 2543 7 RO BOE 25 43 A0 AR5 X 44 Rt )

MR LL ;5 6, 27410 22 Wi R BT 2R 32 1V i R T MPas e, RN

s 2O 2 18 73 A B B0 13 I S Rl X 2 2R
O3 A1 B HA B B B A BT v G X L
JEABE 1E 2573 A1 BSOS B 285 73 A1 4 O JB ok 9 4 £k
YU AR

KB G831 fF SPSS X} Fik 46 > 2 Bt
TIE R HE X R A P g 80 1) B s B A R AT T 0 A, R
3 M HA ARG R 6 RIE 7 450k 2 A BEAE
AH oA BT

http://gks.cqu.edu.cn



38 T RERE xR R %31 %
£3I HERARENHHHERESITE
[ERi0A(:
i H N Rl bR 2 e /M L ONED
#5251 50 4 154
EAE Wl 16 0.042 4 0.019 7 0.011 0 0.086 0 0.025 2 0.043 2 0.056 1
Wy 24450 7 % %5 46 —3.296 0.572 7 —4.510 —2.453 —3.684 —3.142 —2.882
Tstomo mn : (R — )"
%’ F(R) = exp| - — ] @)
ot | 27w O0Rr 20k
, InR — 4, ,)°?
st I o/ f(R>:4——i——fm{—£3—fﬁﬂl& )
V21 OrR 201r
2r , v 1 N
AL K o Floo, 70000 W T ) Fiie 1 AR S LX) 4%
1- N
(AR FEA BRI 22 5 e 1 gy 23 51 R T 24 3T 0 8K
0 1 o 1

000 002 004 006 008 0.10
Mises 28

E6 WHiHMNNOGBEAE

glo

af ISR ||

0 )
-5.0 -4.5 -4.0 -3.5 -3.0 =2.5 -2.0
Mises /75X AL

B7 BIRANMBENSHTESE

G340 77 B AT LK 350 Wi B R AR 1Y 4y A
P hn, NIE 6 R 7 AT LAA H A0 X T 3 BOE &S
A3 TE AR 43 6T JE ok 5 4 2 W ST ) B A AR AL
A L A P S SR 3 T Rl A AR S A% A R IS
FREEA 2 KRHIEATERE . B 8 o0 b 5 Fh o) A =X
R FH 0 T AT LA R R

X HLATE R R R B 58 11 3 fF SPSS X | ik 46

A W7 ST 78 53 A3 10 I S RO BOE S AT LA
e K-S K 56, 25 R 2« 1E 5K 560 1 RS i 35 1k
OB 7K P2 0. 874 X $iIE 2 K 36 19 RS 1 b 3% 1%
OB 7KF- 2y 0,059, Z 35 4R T IE % Al #5632 1) . 3
PEAKOF- 005, X U6 EH L i 1l BE 2k 1) BT 447t 71 7E0. 05
B RO AR 1E 2553 A R BUE 259045
4.2 HMmER

TR AG R IR L 3 HLKE S o B 4 4 T 2 BT ) A o
EﬁRiﬁaﬁ%ﬁ@%ﬁﬁmRMEﬁﬁﬁm
R R S(R) R X B IE 25 43 A A R %5 B R 2K
F (R 4y i ik Ry AL

A B R B B FEAS 1 P 244

MR 3.6, =0.019 7, p, =0.042 45 6,, =
0.572 7+ gy = —3.296, Hfik S48 A XA
BVRT A5 3] JE5 ol 5 40 £ W7 45T 3 Y T 285 0 A1 A Y e X
BOES A A, 43 50 S R =

F(R) = 20.25 « exp[— 1 288(R — 0. 042 4)*]

(5)
(R ::1'4E6R « exp[— 1.524(InR + 3. 296)]
(6)

5 & it
D RIS i) Mises NAEAE ) Wi 2

et 11 B ok B 280 1 T o

2) 38 ko a8 2 O B R i A
ANSYS £ [T 2] T 46 4> Wi 2451 ) $d s R
FHBCH G811 844 SPSS % i B8 A 19 G211 £ W
G e B0 8 2 V) W 4T ) A 445 1 S 4 A B BIOE &
O3 A (3 K-S K50 i 58 3% /K S 43 900 k0. 874 Al
0%9W%?—%T%§mOo5m¥%#%ﬂT

X T o 4 A7 A T ok B 88 4k T SR T ) 1Y) 3 A A
(RE %5 B RO .

3) Ay 8 O ot 0 4 2k 9 Wi R4 47 g G A AT B A TR
Rz AR R T ACE 2 05 L o i ST L
VELAY FEBR RE A 28 15 3 A1 o Ol e 23R AT I ok A9 ¢
2 1) Vi 284 2 0 MR R B Y, 3 5 X H T 2R 800 A A A
Y HEAT HT B 9E TAE

SE

[1]1SCHUPACK M. A survey of the durability

performance of post-tensioning tendons [ J]. ACI

http://gks.cqu.edu.cn



% 6 4 EERLVECABBIMMEE G R A »HAER 39

bl

Journal, 1978, 75(10): 501-510.

[ 2 ] NUMBERGER U. Corrosion protection of prestressing
steels[ C]//FIP State-of-the-Art Report. Draft Report,
FIP, London, 1986.

[ 3 1WALTER P J. Corrosion of prestresing steels and Its
mitigation[J]. PCI Journal, 1992(5): 34-55.

[ 4 ]NUEMBERGER U. Reasons and prevention of

corrosion induced failures of prestressing steel in

concrete[ C]//In: Jin Weiliang, et al. Proceeding of the

International Conference on Durability of Concrete

Structures. Hangzhou: Zhejiang University Press,
2008 137-145.

[ 5 JLI FU-MIN, YUAN YING-SHU, WANG BO, et al.
Corrosion characteristics of prestressing steel strands in
concrete corroded by chloride attack[ C]//In: Yakota
Hiroshi, et al. Proceeding of the 2nd International
Workshop on Life Cycle Management of Coastal
Concrete Structures. Yokohama: Port and Airport
Research Institute, 2008. 95-98.

[6 JLI FU-MIN, YUAN YING-SHU, JIANG JIAN-
HUA, et al. Stress corrosion cracking susceptibility of
steel strands in concrete contaminating salt[ C]//In:
Sun Wei, et al. Proceeding of the First International
Conference of Microstructure Related Durability of
Cementitious Composites. Bagneux: RILEM
Publication S. A. R. L., 2008 463-472.

L7 ]2 W R, RIWBg, WRKA . 5. TRBEL 805 15 b iy 3l

NEAT R B EE R4, 2008, 37(4): 565-
569.
LI FU-MIN, YUAN YING-SHU, JI YONG-SHENG,
et al. The corrosion kinetics of steel bars embedded in
concrete[ J |. Journal of China University of Mining and
Technology, 2008, 37(4); 565-569.

[ 8] VEHOVAR L, KUHAR V, VEHOVAR A.

Hydrogen-assisted stress-corrosion of prestressing

wires in a motoway viaduct[ J]. Engineering Failure

Analysis, 1998, 5(1). 21-27.

[ 9 ] VALIENTE A. Stress corrosion failure of large
diameter pressure pipelines of prestressed concrete[ J].
Engineering Failure Analysis, 2001, 8: 245-261.

(100 AP H  BRPHSF- . 2ok, S A 4 £k Jy % 1 de 1 il 3 it

Fe[1]. BARSC A AR, 2005(6) ; 33-36.
ZHENG YA-MING. OU YANG-PING, AN LIN.
Study on the test of mechanical properties of corroded
steel bar embedded in concrete[ J]. Modern Technique
of Communication, 2005(6) : 33-36.

[11] DARMAWAN M S, STEWART M G. Spatial time-
dependent reliability analysis of corroding pretensioned
prestressed concrete bridge girders [ J]. Structural
Safety, 2007, 29. 16-31.

[12] B/NEE, A JoR 45 TN ) 3N 48 4 4 1 )R 1 2% 1 g
R, kif 2440, 2008, 30(2): 108-112.
LUO XIAO-YONG, LI ZHENG. Mechanical
performance of corroded unbonded prestressed steel
stranded wires [ J ]. Journal of the China Railway
Society, 2008, 30(2). 108-112.

(13] 2 pd R, AW 0E. 5 Dl B0 402 1Y i ) o DB 2R A P LT .
R KM ARBFER, 2007, 37(5): 904-909.
LI FU-MIN, YUAN YING-SHU. Fracture behaviour
of corroded steel strands under static tension [ ] ].
Journal of Southeast University: Natural Science
Edition, 2007, 37(5): 904-909.

[14] 2R IR, SN, AR, 45, SR il B 40 2k 1 2 $ir
PERER AL RFIELT ], AR R 2244k, 2009, 39(2): 340-
344.

LI FU-MIN, YUAN YING-SHU, DU JIAN-MIN, et
al. Deterioration of tensile behavior of steel strands
corroded by chloride [ J .
University: Natural Science Edition, 2009, 39 (2):

Journal of Southeast

340-344.
[15] Refife. ¥AME AL AR [M]. dbat. SSEEFE R
., 1986.

(mE ) )

http://gks.cqu.edu.cn



