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Reliability-Based Service Life Estimation of Concrete
in Marine Environment
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ABSTRACT

Monte-Carlo simulation technique is often used in order to predict service life of concrete structure subjected to

chloride penetration in marine environment based on probability theory. Monte-Carlo simulation method, however, the method
gives different results every time that the simulation is run. On the other hand, moment method, which is frequently used in reli-
ability analysis, needs negligible computational cost compared with simulation technique and gives a constant result for the same
problem. Thus, in this study, moment method was applied to the calculation of corrosion-initiation probability. For this purpose,
computer programs to calculate failure probabilities are developed using first-order second moment (FOSM) and second-order sec-
ond moment (SOSM) methods, respectively. From the analysis examples with the developed programs, SOSM was found to give
a more accurate result than FOSM does. The sensitivity analysis has shown that the factor affecting the corrosion-initiation prob-
ability the most was the cover depth, and the corrosion-initiation probability was influenced more by its coefficient of variation

than its mean value.
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[ Assume mean value of random variable to be initial MPFP]

}

[ Transform non-normal distribution into equivalent normal distribution at MPFP ]‘—
[ Rackwitz-Fiessler Transformation |
v

[ Linearize the limit state equation at MPFP
[[Taylor Series Expansion
[ Compute the minimum distance from the origin to MPFP]
[[Optimization Technique |

{Obtain new MPFP and new reliability index ¢ ]

No

Fig. 2 Algorithm of FOSM
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[Orthogonal transformation by the rotation matrix [H]J
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The second-derivative matrix of the limit state surface
Evaluated at MPFP [D]

[ Main curvatures x computed as the eigenvalues of [A] ]
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[Failure probability P;qqq, ]

Fig. 3 Algorithm of SOSM
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Fig. 4 Graphical representation of limit state equations in
uncorrelated standard normal space
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Table 1 Reliability index

Analysis method p
&1 & 3
FOSM 1.4142 1.4142 1.4142
Breitung 1.4142 1.4900 1.3028
SOSM
Tvedt 1.4142 1.5153 1.2679
Analytic integration 1.4142 1.5117 1.2850
Table 2 Failure probabilities
P (%
Analysis method 7 %)
&1 & &3
FOSM 7.8650 7.8650 7.8650
Breitung 7.8650 6.8107 9.6321
SOSM
Tvedt 7.8650 6.4850 10.211
Analytic integration 7.8650 6.5301 9.9390

12

10 |

Failure probability [ %]

gl g2 23
Limit state equation

[OFOSM OSOSM(B) ESOSM(T) M Integration |

Fig. 5 Comparison of failure probabilities of Table 2
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Table 3 Analytic solutions and limit state equations for probabilistic life estimation

Analytic solution

Limit state equation

X
1<t C(x,t)C,-+(Cn—(7,-)[lerf[2 _Qg_(t_o)"[ﬂ 13)
1-n

t

______if__.______] (15)

2 &(’_u)t
1-n\t

g=C,—C—(C,-C) l—erf[

11| 7 C"+(C”C’){l_erf[szo(i_")"[l+L(’7ﬂtﬂ (14

g=C,-C—(C,-C) ler‘f[z/\/Dn(t—")”[IJrL(t.‘ﬂ[) (16)

3. Q20|2 &0l fet BHEHO| Xg

A gaee paEe] Wy o33 Wy
g FYshe A9 /e 2adE PREe AEWTS
g 22 gaA gaole Aol Basit of
A, BAEA, Gole AT Fol FawFe
3A4E ghol olek WMEAS Btk wehd Faws
2 FENSE AFstel AHYOIES Aol W
Be Agsior Atk of FAHE AAE Fatel Ay
4 % daole Pralde] A3e ZAEYe] sk
SFopir}

HEX Al

w
o
=
o
=

oo™
Haoleo] FAYE WHE HFste] HZo] daol
o] FHHIL o] FHFo] dAlFE o= FAo]
Al Z—.‘ == Al71E 7HA17](initiation period), H-2]¢] X18) =]

AL AR ES] Al oal & o] A=
£ A7) (propagation period)g} gttt dukx oz 3
A71= WA 71 Hlete] wlg- &7 wfjel o] AFellA
= A JHAIE FHORE gt &, el F
5 Sk SHASEHIE A2 gHel daoleo] A F7t
2jo] JNAE= dEjolH, o]of th§-st=
SES TG ER ATt
HE A&sh7] fsi e AR E ek

[e) o | =
A, x5 A, G2 A7 ©lM o] xo] daol2EE, G
S} Coe A 2719 E02E =} S FaolR Fo

T, erf( e ARl 9, AjFo] o= A® AU

2 U RUASE O old GLHA Y3 43 A
s, A AAAE AVE 3 T 9 g ol F
9] oﬂ/\o]Q_ A EZlol= A (14H= + FRET),

21 (133 (14 Yebd ¥4 F 4 ¢, 1.5 A &
E W7t BEHAL /AT glon, of 45 tgs
L b—].;ﬂ)\}—EHH]-X-]Z\_'L Zyzb A (15)9]_ (16)4— 7 1;]_ E 3

Eay
=
A

Fl

100d = 2 oo W& fshke sl gt
< TR A4S FANANEE AP ZEE 2
o AR el mE dskE =M F
(155 A&t L o]Foll= 2] (16)=

% 304717 A

ARgsofF dit),
3.2 Schiessl|9| si{A{a}o| H|

Schiessl'”& ¢ Ao]& HFEo| T =
dAEE sFsts JAFAol7 JE5FA o2 4
HE sHAdE R dYste] g3 22 SHAVSE A S A}
L3t

(o
2
i
k1
o,
AN
N

g = xc_x(t)
t, n
= X, = 2Ccrip) ktDRCM,Okekc(7) ! (17)
C ri
Cienn = enf (1-22) (18)
SN

5] o]

Al -45} T E 248
17 SRHAIFE ekl sk A, keE %73 7:11—)1“, kc
= AT, n ARAT, 1= 715
= 71EA 7ot

Schiess|'”¢] & DuraCrete W 'Mol| A 2] ghatslo)
]:H%]— )\474]1:1]-7(-]}\1‘,4. 7]—0] iIEZ]o]oﬂ 1:Hb‘]— ‘6]—’“;_ 6]—74])\]—
H24S TddtEe AR dddn, 28y EREHS

A&k A 4 (18)2 mlEHel Faul7E =o F3
Hog Q82 Yoy ALyt EARR, AAZ 2
(17)8] A=A+ *&Xé—é 7] MWL 2l (18)e] &

M2|Mo|=20 7|dtst alietd E232|EQ LH7+" HIH| 599



Table 4 Basic inputs for example of section 3.2

Table 7 Basic inputs for example of section 3.3

Input Coefficient Type of
vzlirrlgl;tle Mean :::irili?(r)i di:?ijbeut(;in variI;ble Mean of variation distyrri)bution
Ceri (%) 0.70 0.10 normal C,, (kg/m’) 12 0.2 normal
Con (%) 4.00 0.50 normal C, (kg/m’) 9 0.1 normal
x, (mm) 50.95 423 normal C; (kg/m’) 0 - fixed

k () 0.85 0.20 normal x (mm) 80 0.1 normal
Dreno (msec] 475x107 | 071107 |  normal D, (m’/sec) | 1x10™" 0.2 normal
k, (-) 1.00 0.10 normal n () 02 0.1 normal
k(o) 1.00 0.10 normal f, (day) 28 - fixed
n (=) 0.60 0.07 normal fe (year) 30 - fixed
7, (day) 23 _ fixed t (year) 100 - fixed
t (year) 100 - fixed
AL B T}
o] dANA AHE n o 2oL HERA o
Table 5 Reliability index of example of section 3.2 & ;LEIOI]];.O?]H 18081}\;:] 4;} ved]tO] 738 %131]} 3
Analysis method b Aol o] 4F ARE Bel FL L 5 Ak
FOSM 2.2570
sosM | oreitng 23019 3.3 0% £3 FOSME} SOSMe| H| @
Tvedt 2.3092
MCS 2.3078

Table 6 Failure probabilities of example of section 3.2

Analysis method P; (%)
FOSM 1.2006
Breitung 1.0670

SOSM
Tvedt 1.0467
MCS 1.0505
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Table 8 Reliability index of example of section 3.3

s

Analysis method

A B C D E F

FOSM 2.0068 |1.154511.3999|1.3519| 1.0115]0.9558

Breitung| 2.0068 | 1.1659 | 1.4043 | 1.3645| 1.0162 | 0.9603

SOSM

Tvedt [2.0068|1.1708|1.4057|1.3688|1.0186|0.9628

MCS 2.0067|1.1707|1.4060|1.3693 [ 1.0184 | 0.9625

Table 9 Failure probabilities of example of section 3.3

P (%
Analysis method s %)

A B C D E F

FOSM 2.2384(12.416|8.0769|8.8200|15.589|16.958

Breitung|2.2384(12.183|8.0118(8.6203|15.477|16.847
SOSM

Tvedt (2.2384|12.084|7.9907|8.5524|15.419|16.782

MCS 2.2391|12.086|7.9862|8.5453(15.424|16.790

Table 10 Basic inputs for sensitivity check

i variale | Mean | (T o
C,, (kg/m’) 12 0.1 normal
C, (kg/m’) 9 0.1 normal
C; (kg/m’) 0 - fixed

x (mm) 80 0.1 normal

D, (m’/sec) 1x107™" 0.1 normal

n (-) 0.2 0.1 normal

t, (day) 28 - fixed

t, (year) 30 - fixed

t (year) 100 - fixed
- Case E % : C,, C, x, D,

e
- Case F &9+ C,, C, x, D, n
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Fig. 6 Failure probability according to mean
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3

P

ol
rr
-0

42 HW7zgtol ™

2 (16)9] FAEN Ao tisle] RE SEMF] ME
As 10%2 2438k, 7 2ol 3+to] Table 10
of Jebd kel 0.95uellA 1057k Wske 25 100
d A oA e A g Wale Takdnh o ZA
F@ BN SES N EA 5] WIS Figs. 63 7
° 4 2k vheh i,

o] Wzl u PA7)A S % ;1 RERRE

A 4%

:%

4 gEHS
LT DuraCrete”)Oﬂ/HJ‘

mz
&
v
)
Ho
_%g
rlo
o
L
é
:L

LE|Hol =20l 7|85 setetd 232|EQ| 7Y &It 601



Failure Probability [%]
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Coefficient of Variation [%]

Fig. 8 Failure probability according to change of CoV
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Fig. 9 Reliability index according to change of CoV
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Fig. 10 Failure probability with respect to CoV of cover depth x
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