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ABSTRACT

Recently, a variety of researches has been carried out to obtain a more controlled durability and long-term
performance of concrete structures under chloride attack environments. In particular, new procedures for
probability-based durability analysis/design have been noticed to be very valuable for the enhancement of service life
of concrete structures. Although there is still a lack of relevant data, this approach has been successfully applied to
some new concrete structures. In this paper, the diffusion equation based on Fick's second law has been solved with
a time dependent diffusion coefficient and the probabilistic analysis of the durability performance has been carried out
by using a Monte Carlo Simulation. From the results, the influence of each parameter on the durahility of concrete
structures was investigated and the new procedure for durability analysis was demonstrated in terms of chloride
penetration data from various concrete structures. The new procedure might be very useful in designing important
concrete structures and help to predict the remaining service life of existing concrete structures under chloride attack

environments.
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Table 1 Parameter values for sensitivity analysis

Parameters Base case o Variation of
(average, standard deviation) values
Do (10" "m/s) N6, 1.2) 3,69
n N(0.4, 0.08) 0.3, 04, 05
¢ (cover, mm) N(70, 7 30, 50, 70, 90
Car (kg/m") N(1.2, 0.24) 06, 1.2, 24
Cs (kg/m°) N(9, 1.8) 45, 9, 13
242

TAYEY GiolE PHAse AMER AHE FF,
29 P 5 e WY %S Eed, v A
APlNE A 2w A% del] Fole A% 9
Jo2 oY AT B ARE Fuad B3 4% A
g 7 RS HEIEEAC ANE Y 3REdae A
HEY F FRe jglel 71 Ave) g HARY A

A8t .

2 dolMe FiASY Wl g2 gugse] wi}
FolE FA4317] 3lo] Table 19 AAE] Y& AAY
27] BAAF(D,) L 331077 6x107 D 9x10 m/s2
HgA7aA RANNSES Astsiden o ARE
Figs. 1 2 2 YehdTt

Fig. & H¥ t& 2A4¥s go] 5498 2% 232
E R A3 2A8E] 0% o2t 7| Yaol
2 BASE 6x10 el x0T ¥R 15M) 2713

100
n=0.4, c=70 mm
- 90 —| C=1.2kg/m3, C,=9kg/m?3 | Dq = 9.0E-12 (m?/s)
SN
= 80
_g 70 - Do = 6.0E-12 (m?/s)
e
s GOﬂ
O 50
o
_g\ 40 —
% 30 -
'§ 20
& 40
0
o 30 60 90 120 150

Time (years)

Fig. 1 Probability of corrosion vs. time with various
diffusion coefficients

100
|n=04, =70 mm, Cci=1.2kg/m?, Cx=0kg/m? |

— 90_‘>A_\___\___L,,L [y e— i — S
g R
o B0 horoboob bt e
o |
w TO—f--t--t c
o .
£ e0—4--1-- L
3]
S s04--1--
]
2 40t
3 30-----
3

- - Lt L
o 20
o 104 -~ -—-L/~4 -

0

01 2 3 4 6 6 7 8 9 10
Diffusion Coefficient (X102 m?/s)

Fig. 2 Probability of corrosion vs. diffusion coefficient
at 100 years

2 dc| ESS| =22 M18A 25(2006)



69dolA 23 d o2 132 At glom, 10 %<

47 584, 16d R 93] 7)3ke] B3t o] A

3o
BAs g e 31077 6x10™ 2 9x10"% el
-H}\

h=}

50 %9

Fig. 3¢ 9% 28014 4857 10049 3%
e

o

]

A% F9 AREAA W
Tkl S o]z

8

BE37] 93 BLF TETAS et

W gle, 27k« giAlg 27183 COVicoefficient

2
of variation)& 10% % 20%=

AEF o] Ag giol2 FAAFY WA ulE
3

oot

8
SA7 Lmm $7KH 22 & 5 ok 0|25
2

3

1AL Gl Hs) BAY GRE e AL R

sl

2 b8

32 Aol AZISIEN x|

100
n=0.4, C,~=1.2 kg/m3,Cs= 9 kg/m3

- 80
S
c B0 === Dy=6.9E-12 (m?s), COV=10%
S P
‘w70 -~ D,=6.0E-12 (m?/s), COV=20%
[e]
E 60—
8
- 90— -y A
; 40 -~ Dg=3.0E12 (m?/s), COV=10%
= D,=3.0E-12 (m?/s), COV=20%
a8 30
3
g 20 —

([ R M R M S

0 T I L} I T I T I T
0 40 80 120 160 200

Cover (mm)

Fig. 3 Calculated concrete cover for different mean
values and COV of diffusion coefficient at 100
years

ol

L

=3
=

rr

ZOcIE 2A20 #EEH 7Y olid

°l
& 34880 5% B3l Yk g3 Qo
A

B A% BEape ) A2 48

@ A% g 27

3

o]

e M o

060 E== 037914 060
Holm glom, A% Wy
Ao, oo
TIEY A5E 0. )
2 0%E 3 Ao thet Ao FARE HIE AE
ato] Figs. 4~69 YERNITh

Fig. 42 B 598 274 d9 &
of Zgste 717 ARRMIEA A4 nol
Aol 27 109, 164, 21902 F7H3ta glow, o=

A W g Aol

100
90
80
70 -
60
so—--F - 8T
40 —

Probability of corrosion (%)

—————— Dy=6.0E-12 (m¥s), =70 mm
C,=1.2 kg/m3, C= 9 kg/m?3
0 T I T I T I T I T

0 30 60 90 120 150
Time (years)

Fig. 4 Probability of corrosion vs. time with various
time dependent parameter n

100 -

I D,=6.0E-12 (m?/s), C=70 mm
> 90-7---- 1Ca=1.2 kgim?, C.=9 kg/nv
E’ | I [
c 80____:___\___\_ _L,,L,_L__‘\___ln___ll.,,

|
2 50_,,,IL,,L,A\___l___\__~ IL ,IL___\_ -
o | oo
B‘ 40____:___L__L,VL AL__L__:___‘L_,’L,,
§ 30____3___L__L,,L_ L__L__L_-‘:_,,:L~_
a 1 | |
2 20_‘___1\‘___|___ [ _L__L__:I___:L,,
o 10_L__L__ R V. N S ot
' ' J | '
i | | I 1 ' l
0 N B B B ) B B B

0 01 020304050607 0809 1
Time dependent parameter (n)

Fig. 5 Probability of corrosion vs. time dependent pa-
rameter at 100 years

243



100

Dy=6.0E-12 (m?/s})
C=1.2 kgim3, Cs=9 kgim?

80 — S n=0.3, COV=10%
n=0.3, COV=20%

Probability of corrosion (%)
3
{

0 50 100 150 200 250
Cover {(mm)

Fig. 6 Calculated concrete cover for different mean
values and COV of time dependent parameter n
at 100 years

FH ARAEY Ag7t AdSE A bE AT
ol sty A2e RAFEA 2 9¥%= A Qs
2 & ok ¢, Fig 58 29 100d Aol Al
A AF S7bell met o] PASEC] 48] P
e e & & gon, ofF Fg 29 vjmad A
T AF no] gaole WHAF DR FASE 1l

Ae FFge] g% & A ¢+ Utk

Flg 62 AHEFTEol 1004<
Za7] 98 989 HEFAE

219] A EAY Agd] diste] A9 COVZE 10%
209%91 Aol dis] HESHL o] F¢ Fig. 3% ]'7:‘_ }
A2 A7ke]EA A4 né HA ”‘}E e FAEE0
0% 7A-foll= veRA] ¢a1 glom FAZE 10%
9l BLol= COVZE 0%Y o u—‘?ﬂ* HEFA7F COV
7F 10%$) Al v8] 12~14mm 7}°}t e 4 T
AT o|ZHH AYEA] A4 ng A WA F2Y
RAZE )&= Go] HluA T 7

33 H29 m=FA

Aol FAEE Aol A dafel AT HZ F
As ge B 3 7] A e LY HEFAE
Z7MA71E Aoltk. &, diole] AEHoZEEH A
A Aholee AFAZE F7MAIIA FLE =EAI7
AAG 20| Ed] Edate oy} 2o RFE Hox

"ok 5dS A2 2 A AHed diste] H29

100%1 *11401]*14 J% A 2
=779 JJXMI 2 FAZE0] 24|50 ;JE}.

244

30mm

Probability of corrosion (%)
3
|

16 87 [D,=6.0E-12 (mPfs), n= 0.4
C.=1.2 kg/me, C;=9 kg/ims

0 L) ' ¥ I T l ] I r
] 30 60 90 120 150
Time (years)

Fig. 7 Probability of corrosion vs. time with various

cover
100
Dy=6.0E-12 (m?/s), n=0.4
90 — N C.=1.2 kg/ms3, C=9 kg/md

Probability of corrosion (%)

0 30 60 90 120 150 180
Cover (mm)

Fig. 8 Calculated concrete cover for different COV of
cover at 100 years

Figs. 7 2 894 & 4 A%0] 9E
B2 3Hge Wale w T, u%%%ﬂﬂﬂ 50mm ©]
3t A% 100d AHESE o]F "y
of o]&t}. Fig. 8elA HEFA9 HA
AHEST 10090 diE 48 SEF 7;1]94 W3} % 2 2
HEy FA88 0% He J5FAE COV 0% 2
0% o 22 114dmm 2 124 mm= UrE}b}.T_V QAE}
olzjet A7E Fig. 63 Hwsiny FHEFAY HAE o
Aol A Ak EY Age} AR 7
A2 AlFel ke F= Aog Hokyr)

Fig. 9% SYe =zsloA FE5579 COVE 23l

Y
rl
o,

2 B3 A0l mE 3488 Aolg pelFn Aok
o A% ARFAL B e A A oA
I gy 7]°ﬂ% E}ﬂ]ﬁg l 57}3};‘]”& oF 100 ©]



D,=6.0E-12 (m?fs), n= 0.4
90 - C,=1.2 kg/m®, C;=9 kg/m®

Probability of corrosion

0 30 60 90 120 150
Time (years)

Fig. 9 Probability of corrosion vs. time with different
COV of cover

100

D,=6.0E-12 (m?/s), n=0.4
90 —{| €=70 mm, C_=1.2 kg/m?,

80 —
70—

601 Cs= 9 kg/m3
50 ----32 T

Cs= 13 kg/m3

40
30

C=4.5 kg/m?

Probability of corrosion (%)

0 30 60 90 120 150
Time (years)

Fig. 10 Probability of corrosion vs. time with various
surface chloride contents

A :
ol| A %1 ] g-E 0] 10/7} He 7§
, 90,

ATE Y= 2ALUE A2 EE U4 oA

100

D,=6.0E-12 (m?/s), n=0.4
¢=70 mm, Cs=9 kg/ms

C.=0.6 kg/m?

©
=]
]

=3
o
|

C.=1.2 kg/m?

~
=
]

60 —

'S
o
|

C.=2.4 kg/m3

W
o
]

Probability of corrosion (%)
S 8
| ]

)
|

o

L
0 30 60 90 120 150
Time (years)

Fig. 11 Probability of corrosion vs. time with various
surface chloride contents

7t 12, 16, 42902 43 J7ele A& & 5 gl

eps #Ee 9 9
zzagP e 23E FPH 006%E 71EeE 4
o, Sy AAMdE IA daclE: #E 12
kg/P o2 AAEE 9tk B AToE oA 9ol
b Agage B9 06~12kg/m'e) WAln Psie
Al Qe AFZE ASE 12~24kg/m’e Wl
Arke A7 AnE Fzdel A H2olLFEE 06,
12, 24kg/m3°i %M?% %

Fig. 11€ B9 9AA20L%E% 06, 12, 24kg/m’
J o Erél%‘EOI 1097} Bt Asaze 2 g 24
BdoE e A ¢ & few, olzvy e

PSEeR

m
452 $A3,

9 AN TN SR s B IAY
20l @FEE HUT d2se Ao BFHA 229 Ao
2 Bogt
4. gsigz 2a8|E FEE LITA A
2 goiE 2 - o) 29 A58 olgatol 2443
AN ERGLISFE B HAFE 44T T 4 (9
g olgste] 27 A D& FAA. o F & o
FA ANY 2R whet FEE )28 2aPE 7
239 WY 4L 24249 Aol el UG A
£3 $A4EE T A9 AF T 12d0] A3 A3
o W) HYTREVE ABE AN EHF Rl
9% A% w24l Aok AT AF F 8do] 4

3t

H3t PR ERRE dojzl AFo|t}
Table 291€ o5 24x8 2 289 AN FAHE

FaAT Dygto]l FolA glot. ¢d, FEE4 T4 &
2] Palr] fsiA Do AAS %& FollA] Table 2
A e WEEe A2 Y&

mlo

2=
Al

o A

245



Table 2 Parameters of durability analysis

N De G | Dx10%m%s) | Time

A (x10™ i) | (kg/m®) | n=02 | n=03 | (vears)
Pier 1" 2.20 780 | 604 | 100 12
Pier 2V 128 133 | 35 | 583 12
Harbor 17 167 1464 - 673 8
Harbor 2" 1.29 1512 - 52 8
Harbor 3" 129 672 - 52 8
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