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Pit Prediction Model based on Three-Dimensional Copula Function

YU Xuanrui, YAO Guowen, JIANG Yixing, LI Qiaoyi

(School of Civil Engineering, Chongqing Jiaotong University, Chongqing 400074, China)

Abstract: The corrosion law of steel strand in chloride salt environment under different stress amplitudes was

simulated by the salt spray corrosion test. The independent distribution form of long axis, minor axis and depth

of erosion pit was obtained from the perspective of probability. Besides, the joint distribution model include the

three parameters was set up based on the three-dimensional Copula function and the correctness of the model is

verified by significance test. The results show that Clayton Copula function has high accuracy in simulating the

distribution of pits. In addition, it is found that the tensile strength and elongation of steel strands decreased

mainly caused by corrosion and then the fatigue life of steel strand will be reduced. The three-dimensional corro-

sion pit prediction model is conducive to further study of the corrosion fatigue life of steel strands.

Key words: three-dimensional Copula function; joint distribution function; corrosion pit prediction model; salt

spray test

TEAER BT, i T 5 T R P AN L i
R (A5 M 28 2 e A b, it R R U R Y
I 2 SR RN PR X A Sk R A AR L AR
LR A I P AL, X T A 2 B AL IR o 4R v R
AR AL 5T N RS I A, B B2
HRR B SO SEBR TR (E

MEWLE L B4 i i o B 22 22 0 I
KVECBEAF TR I A, 2 28 2% 25 4 1) o A A

WA H 8 : 2020-06-03;5 137 H 11 : 2020-08-07
AT H < R S AR (2017YFC0806001)

g3 L B S TR S AR M B R, (]
T R T AL A R G — > B A Bl Y ) R
SR R N B 2 2 ) i b N B SRR TR R A B T
VAL Y ek R =3 R A

Rebak 26 RN Faber 55 W 9 28 £k 1 )65
T B0 B2 53 Sy 2l WS ok R AR ol A R
WEET L By A W U8 s ZE M B PSRBT
RS K AEWEE . Sun S5 Frankel 557 | Vermaas

AR M E G (1991—) , B R T PRAC il K44 E-mail: 1531282698@qq.com
WRAER  WEE SC(1974—) 55 AR A, T DS 3SR A= Bk i+ 4E |20, i+ E-mail: 990020050526@cqjtu.edu.cn



553

i B i, 45 LT =4k Copula B el 47 35 00 A2 754 1083

SER B, i T R S ) N 8 4R I T 9 57 T A 1) B B
PUZE e = I VR ot b 25 0% B8 o B 1Y
VAP S N A DR e = I N N S A 2
i R 55 il e RO SE A G ) R 5 0 e B A 4 A R
Ca R e N i R T E B W B S B
Tian %" 1 B AR DOME 3 B R &, B Bl BT
K T8 BRI BE 22 18] AN S R B b R B iR
M Gumbel #% {8 43 A, I F) B 4P 13 09 J7 12515 5
TR E 5N D RE K R Valor
T ALK 2 > 5 EE ST T B IR ] e A AR AR | 2 A ok i)
[E] 1L 3 W 6T L 470 K R 1 S W) Dk B ok B [
T3 WK ek B 0 S o S 35 ) S 2 X Bk BT 9 43 A
PSRE 3 A NN E T I 9 NS 7 N i = o
B LA [A]

H b SR B 5 AT, G 18 2 i B A AR 3 6 A R L
A TR 245, #1528 W ol 5 %o 4 488 4 1) DS o 95 5 5
SO SR, 46 R 22 B 98 AAS DG T2 o g 8 2 X
— BTy ], ma3 0 2 A B LT R R B X AR 4 2k
FIFERR IS, 20T =38 Z [ () A B SQHE L bt
P R R S — A = i AR R B g R AR Ak 1 [
11 SO S N £ A A R 1o [ R I VS
A BB AR A — T T 58 L 43 A1 B, AN fig
B W P T K R R ST AR SO At R 5F
ot Sfe ABE DL 2 1 B8 Tl A 10 L A B ik A B
JEEFNR BE =38 0y M7 43 A JE =X JF B T = 4E Copula
PRI B5 A5 ) LI A5 AE 36 43 A1 R, S ST = 4R ol e T
LAY 5] B N Kolmogorov-Smirnov i % (K-S K
5 ) A 5 1k SR B R AR R 4 5 B L DU ARG i T
B LE LR I 55 75 iy B FEAil
1 iRIE

it Y C-200 Y ER 25 Ji il X 56 A4 R A 401 4N 28 £k
PG ok ik B 2 SR AT AROR A BT R AR L R 5%
W% 55 33 R oA 250 mL/(m®~h). 948 28 i ik R B0 TR & H
fib 45 J A4 RHRIVE T R, 6 Fe TR AN, R EAL e R &
it O 0 850, SO b B i) 0 o A R R S U A A1 4
J R Bk i L) R 1 0.83%~0.86% C,0.62% ~
0.84% Mn,0.12%~0.20% Si. WL L i 7R & 51 4N
22 B, HAR M 15.2 mm, Brhiag o8 1 860 MPa, —
AR Bt R AL 2 2 B BE)E T AR IK T 110 g/m’
4 28 2 WA i A B T TN 2 7 4% il fin 28 A% eg 28, g
J11E (Ao) 43 51 75 100,200, 300 MPa, fif % fx KAH N
744 MPa'™ | B 047 (fo kB9 B8 2 M B 588 2 B v (L) .
Fr AR 56 2% FH WA W-1000 A1 J7 REIR B L, £ 2 h 528

WL Sy B BRA 4 4 h oy 14 28 34

PRI 56 AU R KYKY-2008B 21 Tl #1, ¥
B (SEM) WL I 5% 48 £k 04 Ji i B 25, 15 3] 3 b iz
JIWRT BT RS, LA SE 2 43 pl e 1 0 A LA

SRR O R RN, 2% Sk
[13]FIASTIM G85—94(Standard practice for modified
salt spray (fog) testing), #h 55 % Wt NaCl, VK i iz
CuCl,* 2H,0 R Z& 18K 2 1, Herpr CuCl,- 2H,0 ¥R B2y
(0.2640.02) g/L, LR FEFHITE(50+E5) g/LmA
VKBS RS2 T ORIEFh 25 3 W 1) pH A 7E 3.1~3.3 Z
[6] 5 3 B O 25 °C. 3R 55 18 a8 58 iU L 7 80 °C
T FH B TR VS WIS VR AN 2 2k . Ry By 1k Bk R S N
LR Y JES i, TR AgNOIEREAT iR A, B A R
TR Rk ¥ KU T

2 ERS5HM

i3 ok s ) RN g S 2 5 ) R 20 4R T 2 MR RE I T
TR Z O B 5T 6 ok B[] N 4 £k b R R
Wi, DAL 77 08 Ae=200 MPa J} 1] , 43 51 76 £h 557 Ji il
R ¥EAT 120.360.600,720 h i, 0 5 40 28 £k 19 Bt
P75 JEE (fy) FIVAE A 35 (A ) OB AN 8 £k ik A7 00 1, 5 Bt
K21 m F BRI S X R IFFENL L E 5
it i A IR, A g0 N R e Re 5 i AT I o
[I0Py e R AR A = 2 AvE= A 7 o I S i ¢ 1) | =
Bt , ok H 2 mm/min 93 % 3k 2 H AR far 4k 2 kN J5
R 1 KN/ s B9 0 2802 A2 0 A7 5 ) AR, B 2 0 7 .6
B9 28 2 38 43 i B i A h Ap i & 18 1R OR L
BL ] UL, B 25 5 28 48 7 £h 55 90 b5 vp 2 8 1 () ) 48
Ko, Hprhsgm B BT B R

AL IE MR IE S B & 1R ik 1 a]
W: (1) 23055 J8 Pl 36 647 21 70 hish, B9 22 ¢ T 9%
BEZ ORI, LT A Bl ol . 5 228 2 4 i it Jn i 282
2y 28 KN B AN L bt hiis i 1 850~1 890 MPa,
B 3 (AL FE AL AR JE ) R T 5.5%0.(2)
b 55 T8 1l 3 5 HE AT B 120 h i, B9 22 8 A R I b,
PR S A B A A D 28 B R
10~150 g/m®, B2 26 1) FE AR T 4y 3 B0 )5 ok . >4 o7 4%
Jnzk 2 27 kKN B, HAHT R EE A 1 710~1 860 MPa,
FEH R Ry 5.0%~5.5%.(3) 4 £ 55 JiF ph ik 56 2k 47 5
360 hiF, 40 22 H B K B 2T 5%, L BRIE ik = ) nl L
AR BT e F R 150~300 g/m’. A0 48 £k 1 i
Jiti T A 28 Ry 25 KINEF, JHEATC A 5 RS R SE il 232 4 1S
PLHT R R L (4) 230 25 )6l 50 2647 51 600 hi, 4K
22 WA 22 s R R, R 0 AT B 5, 2 BRJE



1084 K OH OB ¥ R % 242
2400 - 2400
1800 - 1800 -
< <
& &
= =
2 1200 % 1200 -
@ = Specimenl 2 = Specimenl
2 ¢ Specimen2 5 o Specimen2
4 Specimen3 «x 4 Specimen3
600 - v Specimen4 600 v Specimen4
+ Specimen5 « Specimen5
<« Specimen6 <« Specimen6

0 2 4 6 8 10 12 14
Strain/%

(a)70 h
Pl 1

0 2 4 6 8 10 12 14
Strain/%

(b)120h

B L 1 I 7 — v AR 2k

Fig.1 Stress-strain curves of steel strands
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Table 1 Corrosion parameters of steel strand
C
orrosion Microstructure Mass loss/(g-m %) f+/MPa A%
time/h
70 <10 1 850—-1 890 =>5.5
120 10—150 1710-1 860 5.0-5.5
360 150-300 1620—-1 830 4.2-5.0
600 300—-400 1 350-1 550 3.2-4.2
720 =400 <1350 <3.2
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Table 2 Inspection parameters

Pit length Pit width Pit depth
Distribution form
Dmax RMSE ("AI Dmax RMSE CAI sz\x RMSE CAI

Normal 0.112 0.078 —623.56 0.123 0.038 —800.5 0.172 0.089 —591.1
Lognormal 0.093 0.063 —676. 10 0.052 0.012 —1084.0 0.251 0.123 —511.5
Weibull 0.254 0.134 —490. 44 0.181 0.042 —775.8 0. 346 0.197 —395.6

Gumble extreme
i 0.089 0.025 —903. 46 0.167 0.020 —958.4 0.042 0.018 —984.3

value

Exponential 0.365 0.153 —459. 82 0.376 0.076 —631.9 0.421 0.384 —233.4

Gamma 0.357 0.215 —374.13 0. 325 0.063 —676.1 0.342 0.236 —351.2
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Table 3 Linear correlation coefficient

Size of pit R

Length and width 0.937
Length and depth 0. 150

Width and depth 0.167

0.915 0. 790

0.143 0.105

0.083

x4 RERBSH

Table 4 Goodness test parameters

Copula type 0

Cai Dyyx

0.4357
2.3337
1.306 0

Clayton
Franck
Gumbel

0.016
0.036
0.025

0.1213
0.1348
0.1354

—504.83
—406.18
—448.81
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