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Analysis Technique for Chloride Penetration in High Performance Concrete
Behavior Considering Time-Dependent Accelerated Chloride Diffusivity

Seung-Jun Kwon" and Sun-Gyu Park””
1)Dept. of Civil Engineering, Hannam University, Daejeon 306-791, Korea

2)De:pt. of Architectural Engineering, Mokwon University, Daejeon 302-729, Korea

ABSTRACT Recently, accelerated chloride diffusion coefficients are used for an evaluation of chloride behavior. Similar as

apparent diffusion coefficients, accelerated diffusion coefficients decrease with time. In this study, decrease in diffusion coefficient
with time is simulated with porosity. Utilizing DUCOM-program, porosities from 15 mix proportions are obtained and diffusion
coefficients are modelled with regression analysis of porosity for 270 days. Considering non-linear binding capacity which means the

relation between free and bound chloride ion, chloride behavior in high performance concrete is evaluated. Through utilizing the
previous test results for concrete under chlorides for 180 days, the applicability of the proposed technique is verified. The proposed
technique is evaluated to reasonably predict the chloride behavior in concrete with various w/c (water to cement) ratios and mineral

admixtures (GGBFS and FA). It is also shown that decrease in chloride diffusion should be considered for chloride prediction in

concrete with mineral admixture since it has very clear decrease in diffusivity with time.
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Table 1 Conditions for rapid chloride penetration test

Conditions Levels Setup

0.5 mole
NaCl

Saturated
Ca(OH),

Cathode

Electrolyte
Anode

Applied voltage

W) 30

Thickness (mm) 50

D,=N-(—)"D, 3

o714, D& X AstEole AT, DE TEAE
o] 7]® A3tE FAAFRE 291 K14 1.22x10°(m/sec)
o #& 7P AdS N e AR (E G

F)Vue] B AR 6}% TESTE Al A8
Bl %= Table 28 Zom, Szl 3784 A
#- Table 30l Felstoitt. zF vigte] whE 37184 2

Table 2 Mix proportions for high performance concrete'®

Items Unit weight (kg/m’) Binderx%
w/b Binder materials Admixture
0,
Names ONWT ¢ loces|ase| S| €| sp | A
OPC100-37| 37 [168|454| - - | -|767/952/1.0 {0.017
OPC100-42| 42 [168]400| - - | -|787(976/0.9 |0.015
OPC100-47| 47 [168|357| - - | -1838]960(0.85(0.017
G30N70-37| 37 [168(318| 136 | - | - |762]/946|0.8 |0.018
G30N70-42| 42 [168(280| 120 | - | - |783(972|0.75|0.013
G30N70-47| 47 [168(250| 107 | - | - |835(956|0.65|0.015
FI0N90-37| 37 [168]409| - |45]| - |760(/943/0.75|0.018
F10N90-42| 42 [168(360| - |40 | - |780/969/0.9 |0.021
F10N90-47| 47 [168(321| - |36 - |832]952|0.75|0.017
F20N80-37| 37 [168(363| - |91 | - |752]/934|0.75|0.018
F20N80-42| 42 [168(320| - |80 | - |774]/961|0.85|0.025
F20N80-47| 47 [168(286| - | 71| - |826]/946/0.7 |0.017
F30N70-37| 37 [168(318| - |[136| - |745(952|0.75|0.2
F30N70-42| 42 (168|280 - |120| - |768]953|0.75|0.015
F30N70-47| 47 [168(250| - |107| - |820(/939/0.65|0.019

Note) w/b : water to binder ratio, S: sand, G : gravel,
SP: super-plasticizer, AE: air entrainer

Table 3 Results from regression analysis

D,=N-(-2)n,
Type bag

N n
OPC100 0.0404 (w/c) —0.0041 7.882
G30N70 0.0211 (w/b) 8.820
F10N90 0.0241 (w/b) +0.0025 11.497
F20N80 0.00501 (w/b) —0.0079 16.721
F30N70 0.072(w/b) —0.0163 17.551
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Table 2914 OPC100-37-% OPC(ordinary portland cement) st} 372 E-A3 AN E YER AL 9tk Fi= FAS UE
£ 100%(FFH)E AFESE S ou|stal 37 E-Aldl U 2] 27192 GGBFS S} 5d 3ttt
EnE yebdth G30N70-37> GGBFSS| A $H&(T% Table 30X = F=E2 7€ 372443 E3HA]
(a) OPC 100 series (b) G30N70 series
(c) G50N50 series (d) FION90 series
(e) F20N80 series (f) F30N70 series

Fig. 1 Comparison of diffusion coefficient with test and analysis results
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7} QT it @arelAR) muele] skl Be)
TEE ARchs A% FR BE 5 QES g
g4 e] Algke] Enh

SAHsHE o] &= o] &ate] AstE A= sl 98l
A Afdstes 1998 B4 745 (binding
capacity)©] A Eojof grh 7]ES] AFeA = A
H] A3 isotherme] tdt A7} AIE oW HEs
o] Freundlich isothermell Ti3F #A 7} wo] AFEH 1 Q)
t}2) o] Ao A= A& FE o]eat 1A AFE o] &
ZEH|E AMEdte] #AAE TAE A3E 5F O}oq
AS FEEE L0 2 (9 e BAdE 74

L}ﬂ"/ﬁi 3,12‘3%, Flg. 201]}‘11_. ]E j-u-—i L]'E]'LH

32 flo oL rulo

o

o —a—"5 9
S e YTeA ©)

A7, G B G 1FHE}E 2 ATASEH% of
binder mass)= WERHIL 9lo™, o= ESAIRS] 5AS
a#3ske] A (10a~10c)8 o] &AL

a=11.8 (10a)
a=—34.00>+23.3b+11.8 (0 < b < 0.6) (10b)
a=—155f"+1.8f+11.8 (0 < f < 0.4) (10c)

Fig. 2 Binding capacity of chlorides'”

SrlgskE tHle| AlZie|EdgE et ds 23F|EC| Hels AT
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o A AL A (ans 2ol TAL F vk

"60 —C Ty div(J) +Q,=0 (11)

A7IA, a2 H3HES] Bl EFH (o9 e HE AL, ASdS
¥ el 3 (potential term)o] 2}l T}, dw(Jd)% gikar
(flux term)= YEF =4 HF2 A4S SA 9 183+
Ao 2 (12)¢ #o] vehd & gt

¢

h=—la+ 22 p, 2 (12)
A7, ¢ 13Y F5ms) S, ¢ A3HEo]-2(mol/)
o FEE vhehdth 4 (12004 B2 FE o] Aol
A EEE $HEY 5 7dshd 4 13)F 2o 4
el £ gl
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Jo==la, TN D (13)

A Qe 2T O A TEATE] 1A o
2 e glom of deli 71ES) ol &g
ol gste] 4] (4)9h o] LFER QLT

bound

tn+1 t,

m+1 m
q Obou nd

Q=" (14)

(mol/NO.ZEA 2 (9)<]

4> o
e
ot

= 4 HH DUCOM *~=71%)
o UPINAE ol galeLt, WA ARG B
(MCHHM' multi-component hydration model)°l] W& &
&, T s, 3k G40 Ay o] RERRE I
T3k gl ﬂ“i‘@ ARrFoR F572FA L2 (MPSFM:
micro pore structure formation model)©] AlAHET) &%

TITZE o) E Y (MTM: moisture transport model)
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i)+divJ()ﬂ,V)Q)—Q()Q):O (15)

A71A, a,F Y]-EF(specific capacity), X,& A% i
B T,P,C), QE Y3 (sink term)o] ] 2+ 2}
GEE £E37] 93 oux] MESS Table 40 He
skalch.

Table 4914 pC= DL, ki QHAEAT, K o
A VAT, K= 757 ) E AT, Qs MCHHM S,
2 7E deluA 9] B4, @, MCHHMOR T8
Zglo]| oat i xu|E, QS A7t WE AgE o
< TETE YERdch

frtassiieds A3de FallH =Ed s
Al 31489 358 rE o1& Dol AHEES
Aaginh B9AE TEE 4eEF QolMe 4 9)
g} o] AfrskEde] FERFE o1& A& el
ok Fig. 30143z o] ol AbgR Aost gslA el A
25 vehdct

= = el F1tell thgt olikslEs= A7 (Galerkin method)
&= ARgEITE AR TEA AL QleE R ARk
Wt oAkt E RS A et AL Wi 0ol sl
2 (16)7 o] vhepd = gk

A FHAE A7) S
A 239 FE Abgstn BHox 9 WE = A a7

Table 4 Variables for mass conservation law

ol ihErd & itk

fn+(x :_afn,-%-l _(1_

Volume Integrals

0)f, (7

C:faNTNdV, K=/ BTDBAV, f=/ NTQdVv
14 v 14

Fig. 3 Schematic diagram for thermo-dynamic analysis

Variables Capacity, o, Flux, J; Sink, @
pc —KNvT @y
T [Kcal/K.m’] [Kcal/m’.s] [Kcal/m’s]
- Constant - Constant - MCHHM of cement
—(K+K)VP — —
$SaS/oPr (li; 2’")v Q]’”dk /8(5S¢)/at
P [knga.m3] [kg/m”.s] [kg/m’.s]

- Path dependent moisture isotherms
P Knudsen

- Random geometry of pores and -

vapor diffusion -

Water combined due to hydration;
bulk porosity change effect

[mol.l/mol.m’]

- Path dependent chloride ion transport

¢S5 ¢ S(= D,V Cy+4q,Cy)

Chloride diffusivity with porosity |-
Diffusion and convection

[mol/m’.s]

Qd
[mol/m3.s]
Bound chloride ion along with
nonlinear isotherm
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Surface integrals

C=0, K=h, f NTNdS, f=—h,X, f NTds

o171, B W@E WA, DE FAHA, N FA
BIAE depdth A (17)0lA4, BALAe] fetais]e
AR Edete 4, 72 B ol ALAF h(hy hp
h)® BAERE X(T,, h, CHE ©l838l] 4 (18a)
~(18c)¥} 7ol yEhd = itk

@ =h(T—T,) (18a)
¢'=—h,(h—h,) (18b)
q(f :—hd(Cb—Cj) (18¢)

o Z 2] A(keal/m’s), FEZYA(kg/m’s), ©]&EZYA
(mol/m’s)5 WERH, h,= AADAGF23x10%), b=
de%ﬁl 4(1.0x107), hdf o] & HALIAF1.0x107), T,
= AANA Y RLE(K), h= AACNAY R
HE, & AANA G A3 o] & E(mol)E UrEME‘r

Aol FERAY, AR, WE, RIS %
AW AAzACRE dgstd zF dAdel 71x$ Al
A8 FalA Az FTbellA WiEshs 238 ES]
EA Gk EE¥Th

NNA, o, . g 717 AAReIA S1gF A

e AR S A

(a) OPCI100 series

(d) F30N70 series

(b) FION90 series

AxE & %(aﬁ)ﬂr iﬁ‘r%ﬂOﬂ EﬂrE AR (N, n), 183
ZNRFAAF SR FEE ddkE FAHAF(D)E
A7t mstete], wie W AE A JgS v

o] Aol M Ate FAabA5a 7} v A3
o g;] ].o% "M%b ==

3 o

o u
& s ZAYEWS d3t= Aes LA
Feressde A8 vy g

S5 3t Fig. 494 &
A YR Sl

Fig. 5ol4= At A EA SAAG 22

Fig. 4 Mesh generation and boundary conditions

(c) F20N80 series

(e) G30N70 series

Fig. 5 Comparison of chloride behavior with test and the proposed technique
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(a) OPCI100 series

(d) F30N70 series

Fig. 6 Comparison of time effect in accelerated diffusivity

S 53 A3E A%S UEha ), dutgew &
Ao A 3He, E3HA FRFel et AET A S
e 3 ok A8 Ay 7] A A3E o] &3t
Zolm "™ 7} g4 A= 3.5% NaCloll 1802 <+ A A
o Ayel v E skt

NaCl 3.5% &% A3 2l 52 dslUEF %
of dfgsttl. 53] Fig. 5(e)olM= BE7] TS
G35k A= FEHT = Qe FAFETT A ”“ﬁo}
=, o] HAdE ?**‘9— /\}%%? A Ayt ¢
2 7% 545 el k' Fig 5004 & 5= 9l
o] AkE 712 180 B %9 dslE AeS vl
2 A 5 ka ek
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Ao E=AE e st Awtel nlwste] LAIEITE &

il-ﬂ

o,
Ul

il

{o
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(b) FION90 series

(c) F20N8O0 series

(e) G30N70 series
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FAES] d3k= AF sVl g A7E
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