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Chloride diffusion coefficient modified by pore
fractal theory in concrete
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1b. School of Materials Science and Engineer, Guangxi University, Nanning 530004, P. R. China;
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Abstract: Based on the theory of chloride diffusion and pore fractal theory a new model is proposed on the
base that the sinuosity of chloride diffusion characterized by the axis fractal dimension of the small pore and
the porosity of concrete modified by the surface fractal dimension of large pore. The model was applied to
analyze 14 d and 28 d age concrete with different proportions and the results, showed a linear relationship
with those of he Coulomb electric charge determined by The Rapid Chloride Permeability Test (RCPT)—
American Society of Testing and Materials (ASTM) test method C1202. The Chloride diffusion coefficient
modified by pore fractal theory was presented in this study. Two different chloride concentrations in
different depths of concrete were calculated by modified Chloride diffusion coefficient and orthodox Chloride

diffusion coefficient. The comparison between two different Chloride diffusion coefficient indicated that the
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chloride concentration calculated by modified Chloride diffusion coefficient agreed better with the measured

chloride concentration.

Key words: concrete; fractal dimension; diffusion coefficient; chloride diffusion
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FEA R SO, Al Oy Fe; O CaO MgO SO4

PRt 20. 63 6. 21 3.45 60. 81 0.75 2.52
Fo B IR 50. 18 25.18 8.99 4.04 1.51 0.54

il

32.71 15. 49 0.3637.95 9.59 0.12
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B LB G a3k 2 fros.
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Table 2 Mix proportion of concrete
%5 Y/ K/kg K/ ke WHIK/ kg BT/ ke MEA/ ke HER/ke  BUKH ke
F3 0. 35 142 366 35 0 705 1250 3.4
FG5 0. 33 145 201 81 121 703 1250 3.3
G6 0. 36 150 250 0 167 704 1250 2.8
P3 0. 35 151 431 0 0 704 1250 4.7
L3 HRFESER FEUPZE 14 d A 28 d RIS T
L3.1 RAHERARLE Ris DARS K LB ASTM C1202) . X258 S B 13 B0l 5 19 i

B $80 mm > 50 mm [ FEIE B 1 d BRI 5 i
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Fig. 3 Relationship between porosity and electric flux

Hi 1 3 AT LUA . 5 i fL B R 15 v Je o 2 )
Kﬁ&ﬁﬁ%ﬂ@éﬁﬁéé%,ii:if‘éffﬂiﬁ?ﬁlﬁl/%%(ﬁlﬁl

or KB HE A B TR B L FL B R R X LA AR
?%%L_@E’JE!Z?aé/wl_mljvf%%ﬁﬁﬁ? A
AR BE A N E B 2 2 LB R 0 50 7] i
3z B L B P B R SR T A YRR B
Wt S R Rk AR

Coe D, =c+g-D an

A C oM S D NAE FAHUY BREGe
LB R 7D BT HRY MRS XT3
B BIR F3 RE AL, B 06 PR AR, K Ak o
B Ry IR AE Hoh R BRI VE T, b A R4
FLAR AL, 3 565 AR S 1 0 FL B 3R ARG AEL S P S L TR
SERIHE 22 W AR R TR A 28 d A R RE
it o B A B0 P 880 s R RE R A AL AR K R A
o5 45 T 956 4 2 WO A B AR Y K Ak 7= i HE AL A5
ANFLBR A AT 3 BT VR R R O L B R R R
R YR /INAL B o il B B DA R AR N X B
A B T G6 F1 FGS FE S AL, TR
KA B bR /INFL B S A i DA e B A U
ORD)ITITRT AN SR £ NS A W= B VA /1 € M o)
FL 3 5 TR 1) L B 23R 2 ) AN 2 TR P e 4 1 G
F o T 2 B A 7K AR R B A 18 o /0N ALt AL
B FEIR S b BOBE 7 AR R AR K, H 3 A Bl
RN
3.1 SRHEHEBEENKER

AR 43TV 24 B0 7 S 2 T8 43 T8 2 B N 7E
2EZZL ALK D AR E 1 B 2 2
15, FE TG 4R B0 T 5 R & B R TR X L AR
(] B 43 T8 4E 0 A & . —1{H . /£ 100~2 000 nm [X
(] B 3L 3% T 43 T2 4E 50K F 3 FLE £k 70 TP 4k 5K
KT 2 WG BLFB o 0F 58 & Ik 2 i T 4R
FRFLAE R R A5 1 T AR B . B T H AT TR OR
S F Tk FLAR I O vk DALIRST 9 FL AR SR R 5 2 X
V7 4 FLARE S PRl A 2 A0E A L A FL A AR i AT g s S 3
WAL R W T HEBOR T 3 L& B ek T 2
f— A EE A,

— BN AR BE £ B FLFL AR /N T 200 nm [ FL
R FEFL KT 2 000 nm B RA FELY L1 100 nm
AN LA B LN 2 G B 79 O S . X eT B
Je R Ay 224 L3 T8 A L AR B /NI L U T B R 5 L BE i
LRI . BrLs, T i LFLAR KT 2 000
nm L 3 [ 53 % 4E BOR /N F 100 nm fL%IER 53 T2 2
oz LA H i D, fl D (D, #l D, ¥H 6
AU EN A ED XX (L0 AT R

R R AR 0 B4l T F 545 2] 38 FE DL D
5 R RAE LR UL 4B 5

Bl A v /R HGE B 100 nm Y FLAIER 52 B
AR Dy RN . 256 A=) F 1o /T4, fL
HE D TR G HEIY MABZ R LR, X
J2 R FLE R 43 T8 4 B0 36, R IR B+ /AL



http://gks.cqu.edu.cn

4 BREE RSB EEGRELTRE TV HAK 55
2 500" 0.5 % 8. [ FAA 0.5 8 7 KR T LK FEE 0 B 2
2 000 . AP T 25 R S s R R .
B 1500 3 o 0.98 T
5 1000 | 097 1
* ¢ « 096 T
500 . . & 095 -
W
0 . ) ® 094
1.00 1.50 2.00 Z 003
KF100 nmLALE A AR el
C=-2 534 D-4 732 092 |
R=0.884 0.91

B4 100 nm HALBESHREHSEBEENXH
Fig. 4 Relationship between pore axes fractal

dimension within 100 nm and eletric flux

2500
2000 -
O L
g1500
21000 -

500

200 210 220 2.30 240 250
KTF2 000 nm LK H T4

C=15152D%-72428D_+87107
R=0.913

E5 XF200mAXRASHERSEEENXR
Fig.5 Relationship between pore surface fractal

dimension more than 2 000 nm and eletric flux

B 11 st B 38 O A B A K I R T sz 2 Y PR A
JI345E T HORBUE /N 25 WL B Rl e B
AN

K5 R AR i LR KT 2 000 nm fLE& H
YR D, S EMKR, K S A A E
0 kil L 2 1T 23 JE 4 50 H) B DR T DD 56 AR A
UCPR B, X N O AL A T3 T A SO R
FL BRI 23 ] 0 A1 AR A5 A 2% » 2 T 1) T e g e
FEEHFLZE F 15 BEAL . FL 45 A 1 £ b 45 7 5
TEFLIE I 12 3l 14 BHL 3 28 K T B0 HOR By v i
WEEH AL/
3.3 ETHRAMBENSBE T HAKERS
BREENXE

TRBE - N BRI A A7 45 IAL 9 K AL K fL=Z [
A NLIBE R AE— & . X T NLL o) L
BT < A1 Dy ZBIAFAELNE S AR s X T RALI S
TE A ] £L B A 15 D0 T FL 3% T BORDRE » ok 588 1
PR B R . 7ZEX Qo R AR A
Al A HUE S 1 6 Ron T n BOR Rl B (EL IR T f) 3F
SRR R 2 () A AR O AR B AR U Y

0 1 2 3 4 5 6 7 8 9
ZRAR B i1
B 6 nHKATRERERMEXREMEIT

Fig. 6 Correlation coefficients at different values of n

2500
2000 F 4
1500
E 2
= 1000
= *
500 |-
0 1 1 1 1
0.50 0.70 0.90 1.10 1.30
BRITH - EE R
€=2 984 T-1 500

R=0.972
B7 RATHELFRERBEENXRE
Fig 7 Relationship between the value

of model T and eletric flux

HIE 6 A SR80 n B2 A SC R AR
JIr LA sn 125 BRI 2. W] 4 T LB 2 B 4B IE B SRS

?Tf‘éﬂl%iﬁl*ﬁﬂT:ﬁ%;7ﬁﬁTT:
k~m

TDZ’D—Z THEAS 2 B0 45 2R R E 2 A A AR R A

B8 gyt TACE T )it a5 2R 5 S AL AL Z A
KA.

10.00
9.00 [
8.00 [
7.00 |
6.00 |
5.00 +
4.00 +
3.00
2.00

SFLTHE R/ (em®.g™)

1 1 |

0.40  0.60 0.80 1.00 1.20 1.40

BURITH 45 R
5=-8.401T+13.38
R=0.975

8 RATHHEERSEAERNXE
Fig. 8 Relationship between the value of

model T and total pore area



http://gks.cqu.edu.cn

56 P REHRE®RE R

# 37 %

WntE 8 pras BT T B35 45 0 5 6 fL T AR

FBAFER R AR, B T = ﬁ aJ

HLALER o 5 EASLIHAR S 1Y LEAH % ~ 2D D;, "] L)

FACIREE - I FLAR . XHLAR A9 A T b S F
FEFL AT AL 25 B 2 (B Y 56 R L O B LR
M ERRREENE R IT L. CABERERY,
ABE TV ARG FYIL R Z A L&
R R REAAGE M LR — A S EOE R RN
W VAR HARB SR, R
& T Z AR AL S A AR B K T
PR ST 52 2] B 0 G L AR KN R Y X
BB 1 10 BOR BUR A TR 2 B 1 4 Bt 6] 7 Y
GRS, IRYEBE M RAEILIE A S L DD
FLRNER o3 T2 2 %50, R AL 26 T 43 4 B3k [R] SR AR VR B¢
AL AR R AR X T LR A R — LA 2 K
A AL R AL 7] B W s T/ B TV IR Bz 3
KoL LIRS FEE MR LR .
3 ETFikE_ERBMNERLIPEBTFRE
i
AP A S 6 h B R Q 5 R
B RR AWM TPHZ R &L
De = 0.000 492Q + 0. 257 765 (12)
HR A L o A, B T ) 58 5 R 5 3l R
HIRIFHILIEXRZR(C = 2984 T — 1500), L
DI e dris sl B T It 3 45 0 58 80 i R 4
Z (B 2k 56 23R 18 De .
De = aT +0b (13)
MNEL 7 F A T 115 25 0 5 H il i 2 ) A 0%
ZRAATLIRE a=1.468 128,b=—0. 481,
Tang 555" i o) ¥ 8 3 B 51 . k13 Fick 55—
FE R AT R B R

Clast) = Cy +(C,—Cy) » [1‘*erf(2 ;25‘2)}

14

A Cle,00h ¢ N Z] « AR T E; C Nk

P B AR L, 2 58 TR B 1 i &l R IR A

AT X I 05 Co O IR BE - SR 7 28 1 K B
erf(x) iR 2 K%L .

Wi IS5 R RF 5 26 B S A R S T RIS

B I R BE b SR TR o AT AR A Fick 5

TR, MU B R T iR IR S

R De Z 18] B & 22, W] AT Fick 25 — & H 1Y i

M 3l DI EA R AR E 2 EE FE
RATBARE. LA — V)R Wk BEAE IR BE
ABTREWEE. E4XAOHERREY HURE T
S VR B I 5 S e R B R ABORE DG 43 AT 5 [
WS gm 57 s AR R 2) TR AR E R
BIERMT ARG S G XA A RFRY B E T
S TR L S 5 S B AT R L RO ] ¢
6 h, AV EZAHEE 6 mm, &9 FIE 10 234>
R AR 3 D S B X B TR v B R S
WRE L PR AR AR TR B s T A S B 5 O T AL
Wi 53 T2 10 S B 9 3R B B3 vk B R A DGk 4y
Br DL 115 B Sk BE 5 R A8 T 8 iR O T
e B R DG T LA 12,

0.14
012 | =
\
0.10 | \
\
R 008 | \
¥ N
0.06 | N
g ~
L ~
o 0.04 >, . .
0.02 | . A S
—.
- et
0 10 20 30 40
BTV IR B /mm
: o GO6-145ZHYR A P3-145ZHU¥REE
————— G614 5HWE ~ - — = P3-14350K)E

B9 MHdHERGEPIGBEFIHEMINRES
Fig. 9 Calculated concentration distribution and measure

concentration distribution of sample G6-14 and P3-14

0.12 [
0.10 | -
X
P 3 ~
g 0.08 .
F 006 | Y
® 004 | N
W >.
0.02 | — N .
r ’---_L.‘-_‘:_--—.‘
0 10 20 30 40
A Y BUIRE /mm

T *  F3-285 vk BE A FG-285: vk BE
— = —F3-28i R ---—--- FG-28i1 WK E

B10 28dHE B 5FG SEFIHHEMIMNKES
Fig. 10 Calculated concentration distribution and measure

concentration distribution of sample F3-28 and FG5-28

B9 & 10 A 11 8o 3 FFLBR 438 1Y A
T HOR BT AR S B 5 S e
B VR B A A 5 S B 0 LRGBS A
BT R B 24 Sy SNV B Y 0. 788 A5, H S



http://gks.cqu.edu.cn
% 4

BREEEF LS BHEEORELITFRE TV RKAK 57

0.15  y=0.188x+0.007
R=0.87

0.10

0.05

BERITH 545 2 10 SR TR 1%

0.00 0.05 0.10 0.15
S T %

11 RUKRES#EEGTEREEXESHT
Fig. 11 Correlation analysis between measuredchloride

concentration and calculated concentration base on model T

0.15
2
® 010 I e ¢
W% - 0.05 ,%
ﬁ% . 0. . *
*
=BL|- '—&e * ? S
0.00 0.05 0.10 0.15
S B TR E %
¥=0.363%+0.012
R=0.386

B 12 ZMRESEEAFETEREHEXES N
Fig. 12 Correlation analysis between measured
chloride concentration and calculated concentration

base on not modified diffusion coefficient

W RE TR FE AR AL A FEAR —F(R=0.87), i@
EXT R 11 FRE 12 BT AR R R B IE TR
BT R4S B ) S8 Rk B 5 S v B 2 T A R G
AR (R=0.386), X A] BE /& B S 4 F A [ 1)
F 2B EA AT FLBR 2R DL K AL 5 4, T 508 T 1
P HORBCGFLBRR LS A % VI A OC . B R T4
B YR BONE I K 2 i xR L i —
PR BOR T S2ES vR E AR Ak B SR R4 B
L B4k 3 S T 26 AS Rl IO BE 0 ok B
I3 AGE B — A BB R BOR TR & BOR E
B TR EE A

4 & B

18 AT AL B 3 B8 I 1 W8 T 97 HOR o
B I A Fick 55 7% H A AT ik SR AT 1 PR
BT RS I e TR e SRR R R 0 A 5 5
A BERT BE A5 H LR 4598

1)/ LI Ay 37 58 X S 88 337 BICAY 2 i R T L

i 0T S 1 IR S 5 A R R g /N AL B B
it 31 S T T RUCR Bt

DB L H/NTF 100 nm FLAL Gl B HEX 5 i
A Z A AR SE R s KT 2 000 nm fL AL T 7P
2 B5OR F 3 2 DR T RBRRU R R . BT
AR TAEA R ALAR B9 Ll B A A R P 38T M .

3) 18 3k /N FL AL B 2R o0 I 4 R AE SRS 1 9 Ol
PrBE R AL ALK 11 23 1 4 5008 1E L Bt R i 45 21 9 47
BUCRBOTY T (330 45 R 5 d ol i 2 [0 A 8 R4
MIZRPESC AR T I TH 25 R MO, v i B

DM T KA T BRBACA Fick 2 =
SE T IR AT A0 o8 TR 1A 9 S Rk R 0 A AT U
B T RE SR 2 D SEINELAY 0. 788 4. HLWI#H AR
AR R=0. 87, UEHORELS

S %3k

[ 1] Atkinson A, Nickerson A K. The diffusion of ions
through water-saturated cement [ J ]. Journal of
Materials Science,1984,19(9) :3068-3078.

[ 2] Hobbs D W. Aggregate influence on chloride ion
diffusion into concrete [ J ]. Cement and Concrete
Research,1999,29(12):1995-1998.

[ 3] Garboczi E ]J. Permeability, diffusivity and
microstructural parameters: A critical review [ ] ].
Cement and Concrete Research,1990,20(4):591-601.

[4]Ji HJ, Li Z, Yang Y L, et al. Effects of organic
micromolecules in coal on its pore structure and gas
diffusion characteristics [ J ]. Transport in porous
media,2015,107:419-433.

L5 ] A, ka5, 29 IR 8 1 fL 454 73 JB RRAE M BF 5T
BURS o L) ] IR #E 1. 2009(10) :2-3.

Jin S S, Zhang J X, Li S. Current situation and
development of fractal characteristic of pore structure of
concrete [ J]. Concrete,2009(10) :2-3. (in Chinese)

[ 6] Yu B M,Ping C. A fractal permeability model for bi-
dispersed porous media [J]. International Journal of
Heat and Mass Transfer,2002,45:2983-2993.

L7 ] BRIE, a0, 3 300 & M B TR B L 8 F IRl 8

UG 5 e S A A 4y L) ] IR B+, 2013(6) 1 15-18.
Chen Z, Yang L F, Jiang Q M. Rapid chloride
permeability test and concentration distribution of high-
performance concrete [J]. Concrete, 2013 (6): 15-18.
(in Chinese)

L8] Her e o dtipe VL, 55 VR BE L FLBR 0 B AR 5 S &
FBEMHISV LI REEE,2012(9) 14,

Zhao Z J,Zhang J B, Liu J,et al. Theoretical research on



http://gks.cqu.edu.cn

58 P REHRE®RE R

# 37 %

chloride
diffusivity [J7. Concrete,2012(9) :1-4. (in Chinese)

L 9] Fers REE LB R IERT5E (D). M7 : T P8 K
2 .2006. 11-71.

concrete pore fractal characteristic and

Yin H Y. Study the fractal charaterristic of concrete’s
pore structure [ DJ]. Nanning: Guangxi University,
2006:11-71. (in Chinese)

[10] Brakel J, van Heetjes P M. Analysis of diffusion in
macroporous media in terms of a porosity. a tortuosity
and a constrictivity factor [ J]. International Journal of
Heat and Mass Transfer,1974,17(9):1093-1103.

[11] Epstein. On tortuosity and the turtuosity factor in flow
and diffusion through porous media [ J]. Chemical
Engineering Science,1989,44(3) :777-779.

L12] 388 R EFEA . TA M. 55 5T 08 BE il ol A 3L
PRCAR BRI ] A2 T . 2010,38(10) : 238-242.
Fan X X,Wang B H,Yu C Y,et al. Study on effective
diffusion coefficient of oil shale based on fractal theory
[J]. Chemical Engineering,2010,38(10);: 238-242. (in
Chinese)

(137 3k, @ FTERBE L P % B LB 5 (D] bo i« ¥
LK% ,2008,84-86.

Zhang Y. Mechanicl of Chloride ions transportion in
concrete [ D]. Hangzhou: Zhejiang University, 2008 ;84-
86. (in Chinese)

[14] Gao P W. Shrinkage and expansive strain of concrete
with fly ash and expansive agent [J]. Materials Science
Edition,2009.,24(1):150-153.

(157 230, A E , sk 7 5. T HOR 43 T8 14 i 48 B A
FLB AL M LT ). 58 3t 5 55 B . 2013, 41(4) - 9-13.
Jiang W, Tang S H, Zhang J P, et al. Characteristics of
pore permeability of highly metamorphic bone coal []J].
Coal Geology &. Exploration, 2013, 41 (4):9-13. (in
Chinese)

[16] bl e, S AR iIR B¢ - (M. db 5t v [ 838
Rt 5199924,

Wu Z W, Lian H Z. High performance concrete [ M ].
Beijing : China Railway Publishing House,1999:24. (in
Chinese)

C177] % 23 20 T, 5 PR . VR 5 1 L A28 40 A AR B
L] R #E+,2011(6) :12-14.

Luo X B,Li H X,Feng Q G,et al. Model of pore size
distribution in concrete and its application [ J J.
Concrete,2011(6) :12-14. (in Chinese)

[18] Tao G L,Zhang J R. Two categories of fractal models of
rock and soil expressing volume and size-distribution of
pores and grains [ J]. Chinese Science Bulletin,2009,54
(23):4458-4467.

[19] Moon H Y., Kim H S. Relationship between average
pore diameter and chloride diffusivity in various
concretes [ J]. Construction and Building Materials,
2005(20) :725-732.

L20] 5 i AL R KA 55 TR BE - At = A B T3
HICR B 27 T R 7 1], IR+, 2007(10) : 7-11.
Feng Z W,Xie Y J.Zhu C H,et al. Research on the is
sues about rapid chloride permeability tes t result s and
chloride diffus ion coefficient of concrete [ J]. Concrete,
2007(10) :7-11. (in Chinese)

[21] Tang L P, Gulikers J. On the mathematics of time-
dependent apparent chloride diffusion coefficient in
concrete [ J ]. Cement and Concrete Research, 2007, 37
(4):589-595.

[22] Bary B, Bé¢jaoui S. Assessment of diffusive and
mechanical properties of hardened cement pastes using
a multi-coated sphere assemblage model [J]. Cement

and Concrete Research,2006,36(2) :245-258.

(3 EZHH)



