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ABSTRACT

The chloride penetration in concrete structures is influenced by many factors such as types of cement and
admixture proportion. Therefore, the effects of these factors on chloride diffusion must be correctly considered. The
conventional diffusion analysis also neglected the existence of reinforcing bar in concrete structures. The purpose of
the present paper is therefore to investigate the effect of reinforcing bar on the chloride diffusion in concrete
structures. For this purpose, a comprehensive finite element analyses have been conducted to obtain chloride
penetration profile. The results indicate that the chlorides are accumulated in front of a reinforcing bar and that the
accumulation is much larger for the case of large diameter bars. The higher accumulation of chloride at bar location
causes much faster corrosion of reinforcing steel. It can be concluded from the present study that the effects of
reinforcing bars must be considered in chloride diffusion analysis for more realistic prediction of durable life of
concrete structures.
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Table 1 Value used in avrami equations

Compound a; b; C;
C3S 0.25 0.90 0.70
C2S 0.46 0 012
C3A 0.28 0.90 0.77

C4AF 0.26 0.90 0.55

Table 2 Mix proportion of concrete (kg/mB)

Cement Fine Coarse Cement
W/C content Water aggregate | aggregate type
0.4 420 168 602 1088 Type 1
0.6 310 186 687 1046 Type 1
0.4 420 168 602 1088 Type I
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Fig. 2 Variation of Bcgy and B, according to age
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Table 3 Effective diffusivity of chloride ions'”

Cement type De(x10°cm®/s)
opPC 447
OPC/30 % PFA 1.47
OPC/65 % PFA 0.41
SRPC 10.0

Note : at 256C, w/c=05
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Table 4 Chloride threshold in researcher™™'®
Threshold chloride,
percent by cement weight
Free Total
Source (water-soluble) | (acid-soluble)
Hope and Ip - 0.10 to 0.20
Evertte et al. - 0.40
Thomas et al. - 0.50
Hussain et al. - 08~1.2
Page and havdahl 0.54 1.00
Strafull - 0.15

Sipo] 3 WAOT Yolu A0S B
2 2§ 499 mesholw, (b)

Fg. 794 (a)&

B A7 1837 42 499 meshd vEhd Heltt
zyzke] #AS et EHoA e Zolgh Azt wE
Arol ool xeslele uwalgith o diol&e] HjA
g 7&anE vy sile FAstden A2 Hil

of 7)9t BT A7) ek 1 g DIHAT,

: With bar

. Witout bar

2 d=10mm

: d=20mm

:d=40mm

:c=20mm

: ¢=40mm

: c=60mm

L ¢1 :typel w/c=0.4
c2 : typel w/c=0.6
c3 : type3 w/c=0.4

RN AN T

Fig. 6 Analysis variables

Co

(a) Mesh considering bar

C

S

Co

1

(b) Mesh without bar

Fig. 7 Mesh for FEM analysis

887



flg gaole 344 2348 Fig 8 ~Fig. 12 o et
wigle), 2 238 Table 5 o Ugiglon, 22 $ixlo]
A @zoles] SR RSl Edste A Table
6 o Liehigc)

Table 5 ¥ Fig. 8 ~ 12 oA & &
Faahilol] ol B2 AP B
A%el A4 Aske 2 Aol vehla ok A2

S
f=1
)
_O'L
>
52
koo o

An)
e
ol
—Ho
1o,
=l
in)
_()rl_"
=
§2
rlo
ol
o
lo
ol
b
o
o
=S
Ll{}
jf_l,
e,

4 e A%e FERT AR AdE AnHE Yehy

Rtk ol giael TAHNeN BE ek ol

09 Fesiths AL ojulac
w22 WA ) 94F 4

e
s ) =2
LA G AT FholE TEY HZF IS B
oli gitk. A9 Aol dAT A¢w Yl A7t
e 75 H42s 19 2499 4o
astA B A5 Ao TR W7t Fovshe A
& UeRdh  o]RE F2o] ol it A
elA WelEe] g3tks 3t

T

0.007 — —
hilZct
~ 0.00 —- - —&— 10 years - Bar
é | —e— 10 years — No bar
£~ 0.005 " 7440 years - Bar
B s ! |—+—40years - No bar
8 g 0.004 4 - p0veq
3o i'
85 0.003 s T &
=0
52
5 0.002 R i—
0.001 \.\ :
] ——
0 2 4 6 8 10
Distance from surface,(cm)
(a) hl2cl, 10, 40 year
0.007 - T T
| | hrzer )
c 0.00 s ‘;—I——Bﬂyears—Bar [
8 : | —e— 80 years - No bar
g~ 0.0051 . —— 20 years — Bar i
c 2
s —— - a
§ % 0004} — J ) 20 years — No bar
S 3
So
8o 0003 -
=D
52
6 0.002} - k:‘\ \\
3
0.001 “ﬁm
0 " .

(o] 2 4 6 8 10

Distance from surface,(cm)

(b) hl2cl, 20, 80 year

Fig. 8 Profile of chloride ion

888

0.007 e p————
h22c1
- 0.00 %10 year — Bar
2 | ——10 year — No bar
g,; 0.005 - ‘1—-.-40 year ~ Bar
g e — _
8% 0.004 ) Lﬁ)g&y_e{grﬁ No bar
oo !
85 0.003 \ oot -
2o
S 0.002}-
0.001 o = S0 _
0
0 2 4 6 8 10
Distance from surface,{cm)
(a) h22cl, 10, 40 year
0.007 —_—
‘ hezct ;
- 0.00 1| —M—- 80 year — Bar
S || —~e—80 year - No bar]|
g, 0.0051 1 —&— 20 year - Bar
g8 ~e-—20 year - No bar
S ¢ 0.004 T
8 x |
85 0.003[ 1~ T T o
27 0.002 AN T
© !
0.001f——+ -~
0 |
0 2 4 6 8 10

Distance from surface,{cm)

(b) h22cl, 20, 80 year

Fig. 9 Profile of chloride ion

0.007
i hazct
- 0.006 i i —#—10 years - Bar
E . :‘—0—10 years — No bar
o~ 0.005 | —#— 40 years - Bar
%8 —¢— 40 years — No bar
$ ¢ o0.00e I
8o
875 0.003
22
52
= 0.002
&)
0.001
0
Distance from surface,{cm)
(a) hd2cl, 10, 40 year
0.007 : : . - —
heZct
c 0.006! —@- 80 years - Bar 1
2 e 80 years — No bar
g,; 0.005 Tl —«—20years —-Bar |
5 e —.— -~ |
8 ¢ 0.004 20 years ~No bar|
So
g 0.003
52
£ 0.002}— 4 1 —
o .
0.001 - - 1— = \—E e
o X %
0 2 4 6 8 10

Distance from surface,{cm)

(b) h42cl, 20, 80 year

Fig. 10 Profile of chloride ion

e==3r|EsE] =2y H147 635(2002)



. . . . 0.007 i r — —
! 1 h24ct | A | h26et 1
{ —a—10years —Bar ' s 0.008 | i ! ! ‘“—i——myears—BaJ |
H —e— 10 years —No bar- 2 ‘ | i —— 10 years —No bar-
PN | ! —— 40 years — Bar ‘E? 0.005 i . |- ©Oyeoars Bar |
g % . l : L —4——~40yea‘rs —N? bar, % g 0.004 ! : Ti~-0——740ye.:‘;3-s—N(_)ban
S%’ A ‘{ j g\g 0.003
= : | o
§v \{\:\&‘ ' | ‘ | 5 0.002
TN ! 1 ‘ 0.001
0 \m‘ ‘ ‘ 1 ’ 2 4 6 8 1;
0 2 4 6 8 10 ° )
Distance from surface,(cm)
Distance from surface,{cm)
(a) h24cl, 10, 40 year (a) h26cl, 10, 40 year
0.007 ‘ = ] 0.007 T " T
‘ h24ct ! \ : h26c1
_ 0.00 ‘r ‘ : } —i— 80 years - Bar . 0.006 ’ ' ' * i—i—-&)years —Bar
5 I ; e 80 years — No bar| 5 i !—0~&)years = No bar
g,; 0.005 i : ‘ —#— 20 years — Bar ®__ 0.005 §~*-20years—Bar '
é § 0.004 ‘ -—0—?0yea{s _NT » :5) £ 0008 s~ 20 years ~Nobar,
fo | 5
§\a 0.003 i ; g\a 0.003 !
8 0.002 t gv 0.002 i
0.001 l 0.001
0 . . . ¥ 0
o 2 4 6 8 10 0 2 4 6 8 iC
Distance from surface,{cm) Distance from surface, {cm)
(b) h24cl, 20, 80 year (b) h26¢cl, 20, 80 year
Fig. 11 Profile of chloride ion Fig. 12 Profile of chloride ion
Table 5 Result of analysis according to rebar effects, (><10_4 gev/'Seoncrete)
Variables 10 year 20 year 40 year 80 year
top Without bar 19.4 203 375 437
hl2cl of With bar 26.8 35.9 425 473
bar ACE(%) +38 +23 +13 8
top Without bar 194 29.3 375 437
h22c1 of With bar 30.9 41.0 46.6 50.2
bar ACH(%) +59.3 +39.9 +245 +149
top Without bar 194 29.3 375 437
h42c1 of With bar 34.7 46.2 51.7 54.2
bar AC£(%) +79 +b8 +38 +24
top Without bar 1.05 8.39 18.9 289
h24cl of With bar 3.25 14.4 26.3 355
bar ACT(%) +210 +72 +39 +23
top Without bar 4le-14 0.22 6.54 16.7
h26cl of With bar 3.4e-12 0.67 10.3 219
bar ACE(%) - +204 +57.5 +31.1
B 34 A9E a0l AABER 00015 2o/ Comome AR FEEO] TSN, AREANZS AT TALHA|
2 dgeiths 7PgoR WP AAALE AW ol IS weld Al Bl A% Az
27)0) A7k Table 6 3 20} of EolA] % UKol & wash e A0 ASWA ASAUnitiaton
Haole] il ofst ATHAo] UlFg Al T8 time) Bt H 42 %S FolE & 5 Ak
Hoo| ¥ErE meiEl 2az|E TABO| HA0S Al 839



Table 6 Corrosion initiation time (years)

. Analysis Analysis Relative
Van(alliles with ybar Withou}; bar ratio
(2) (3) (4) =(2)=(3)
hlZcl 5.09 7.48 68 %
h22cl 462 7.48 62 %
h24cl 21.74 31.41 69 %
h26¢cl 52.75 73.25 72 %
hd2cl 4.36 7.48 58 %
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