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Abstract

This paper series includes two parts: (1) theoretical considerations and (2) experimental evaluations. In Part 1, the chloride ion diffu-
sion and migration processes in concentrated solutions are theoretically analyzed. The quantitative relationship between diffusion coeffi-
cient and migration coefficient is established. Two important parameters that are inherent in the cement based materials (i.e., ion-selec-
tive semipermeability and chloride binding) are discussed. The theoretical analysis shows that the “effective” chloride diffusion
coefficient determined from the conventional diffusion or migration tests is not a constant, but rather is a complicated function of concen-
tration. This function contains four main factors: (1) the parameter K, describing the effect of counter-electrical potential; (2) the ratio of
cation velocity to anion velocity B,; (3) the friction coefficient f, which reflects the ionic interaction; and (4) the activity coefficient vy,
which is also a function of concentration. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Chloride transport in concrete has drawn much attention
due to the problem of chloride-induced corrosion of rein-
forcement in concrete structures. Despite of the complicated
transport mechanisms of chloride ions in concrete, in many
cases diffusion is still considered as one of the mgjor trans-
port processes. Therefore, the measurement of chloride dif-
fusivity has been interesting topic. There are many methods
for determining chloride diffusivity. A number of literature
reviews can be found elsewhere [1-4]. In the past years,
some rapid methods based on electrical migration have been
developed [5-10]. However, the diffusion coefficients re-
ported in the literature are in general not comparable due to
different test methods, conditions, and even calculation
equations. It is well known that the ion transport is concen-
tration-dependent. Chloride diffusion or migration through
cement-based materials is not in an infinite dilute solution,
but an ion-enriched pore solution [2,8,11,12]. In many
methods a chloride diffusion coefficient is usualy calcu-
lated ssimply by using equations similar to those used for an
infinite dilute solution. A number of researchers have tried
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to establish a relationship between diffusion coefficient and
concentration. Andrade [8] simply replaced the concentra-
tion term in the migration equation with an activity term.
Chatterji [11] suggested a square-root rule. Zhang & Gjarv
[12] introduced a correction factor for the ionic interaction.
Recently, Zhang [13] proposed a cubic root relationship. In
this paper some basic theories of ion transport in concen-
trated solutions will be used to find the relationships be-
tween diffusion coefficients obtained from different test
methods. It should be noted that the theories deduced in this
study are limited to binary electrolytic solutions, which are
often used as external source solutions for chlorides pene-
trating into concrete. Further study is needed to extend the
theories to multicomponent solutions if other ions such as
alkali coexist.

2. lon diffusion and migration functionsin general

Diffusion is the movement of substance under a gradient
of concentration, or more strictly speaking, chemical poten-
tial, from a high concentration zone to a low concentration
zone, while migration is the movement of charged sub-
stance under the action of an electrical field.

In generd, chlorides exist in concrete in two forms: free
chlorides and bound chlorides. The total chloride content in
concrete is a sum of free and bound chlorides. It should be
kept in mind that only free chloride ions in a solution are
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movable and could contribute to a concentration or chemi-
cal potential.

Under a gradient of chemica potential, the ions will
move along the gradient. It has been found that the cations
(eg., Nat, K™, Li*, Cs", etc.) have a lower diffusion rate
than Cl~ in cement paste, as reported by Ushiyama and
Goto [14] and Roy et al. [15]. Because chloride ions cannot
exist alone, there must be some cations around to keep the
solution electrically neutral. Once chloride ions move for-
ward, a counter-electrical field between the chloride ions
and the surrounding slower cations will be formed. This
counter-electrical field tends to redraw the chloride ions
[10]. The combination of driving force (chemical potential)
and draw-back force (counter-electrical field) is called
“electrochemical potential.” The actua movement of ionic
species is in fact under the gradient of electrochemical po-
tential, as expressed by Eq. (1) [16,17]

_ D _ dc alnm zF (0]

“RTC = P * Gincd PRT Dg_x @
where J is the flux of ions, D denotes the diffusion coeffi-
cient, cisthe molar concentration, Risthe gas constant, Tis
the absolute temperature, V. represents the gradient of
electrochemical potential, x is the distance, vy is the activity
coefficient, z is the valence of ions, F is the Faraday con-
stant, and ¢ is the counter-electrical potential.

It should be emphasized that, if not otherwise specifi-
cally stated, the symbol ¢ in Eq. (1) and hereinafter repre-
sents the ion concentration but not the ion activity, because
the effect of ion activity has aready been considered in Eq.
(1) intheform of 1 + dlny/dlnc.

In the literature the terms 1 + dlny/dlnc and ad/Ix are
often neglected. Thus Eq. (1) becomes a general form of
Fick’slaw, or Fick’sfirst law, asin Eq. (2):

ac
= D52 (2
or under the action of an external potential [6], asin Eq. (3):
J=-0% E‘PC F e 3)

RT oxJ

where the potential ¢ may represent the combination of the
external potential and the counter-electrical potential. If the
external potential is sufficiently large, the counter-electrical
potential as well as the diffusion term could be negligible.
Thus Eq. (3) can be ssimplified as[7] Eq. (4):

= DZ Da—(p @)

Andrade [8] also proposed a similar equation but with ¢ as
the ion activity, which is not a direct simplified form of
Eqg. (1).

Since the coefficient D in Eq. (3) and Eq. (4) is obtained
from migration tests, it is sometimes called “ migration coef-
ficient” [8] to differentiate it from the one in Eq. (2) ob-
tained from diffusion tests.

3. lon diffusion and migration in concentrated solutions

In a concentrated solution, ions are so close to each other
that the friction effect, or interaction, between moving ions
should not be ignored. A multicomponent diffusion equa-
tion [17] can be used to describe the mass transfer in con-
centrated electrolytic solutions. For a binary electrolytic so-
lution composed of anions, cations, and solvent, the
equation for anionsis as shown in Eg. (5)

c_c,
T
(c_+cy+cp)Dy

C_Cy
(c,+c++c0)D,0(V°_V*) ®)

c_ph_ =

(V+ _V—)

+ RT

where w_ is defined as the “electrochemical potential” of
anions; v, v_, and v, are the average drift velocity of cat-
ions, anions, and solvent, respectively; ¢; is the solvent con-
centration; D_, is the diffusion coefficient of anions in the
infinite dilute solution; and D_. is the diffusion coefficient
of anions with the interaction of cations and its reciprocal
could be regarded as a friction coefficient [17]. Without
convection, v, can be ignored. Let [See Eq. (6)]

(6)

Thefollowing flow equation for anionsin a 1:1 salt solution
could be derived as shown in Eq. (7):

dcgy L dlnyg Z-9F _ a9

V= 3 aind Rt Fax 0
where [see Eq. (8)]

2c+ ¢
9 = ED_() (8)

f (1 - B\))C *+Co
The solvent concentration ¢, can be estimated by using Eq. (9):

p—cM _ Po
MO MO
where p and p, are the density of the solution and solvent in

g/dmd, respectively, and M and M, are the molar weight of
electrolyte and solvent, respectively.

Co = -C 9

3.1. Diffusion process

As previoudy mentioned, without any externd potentia the
& in Eq. (7) represents the counter-electrical potential, whichis
caused by the difference in drift velocity between cations and
anionsin an electrolytic solution, as shown in Eq. (10):

RT
9%~ (1= T_g)In(yc) = ~XLK gln(yc) (10)
or asshownin Eq. (11):
00 _ —EK @lny , ding]
ax ©0gx  oxU
_ _R_’Iﬁ; . 0lnydc
" 7F ¢ O dindax (11)
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where 7, and 7_ are the transference number of cations and
anionsin the solution, respectively. Since [see Eq. (12)],

e —ve o U A (12)
SR TR VS

therefore [see Eq. (13)],

V,g—V_ U, o—U_
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(13)

where u,, and u_, are the mobility and N, and A _, are the
conductivity of cations and anionsin theinfinite dilute solu-
tion. Thus Eq. (7) becomes Eq. (14)

- _ dlnyrgc _  dc
J =901 Z*KTO)%J'amcEDx Dy, (14)

where D, represents the “effective” diffusion coefficient de-
termined from conventional diffusion tests simply by using
Fick’slaw [see Eqg. (15)],

ol
Dy = B(1-2 Ko + 50 (15)
Inserting Eq. (8) into Eq. (15) gives Eq. (16):

+
= (-2 K G+ InEG 2T

f (1 BV)C + Co
Eq. (16) shows the concentration dependence of an “effec-

tive” diffusion coefficient. For pure solutions, B, can be es-
timated by Eq. (17).

d
o, (16)

B, = Vig _Uig _ Ay (17)

Thus the parameters K., and 3, in Eq. (16) can easily be ob-
tained by using the mobility or conductivity data from
chemistry textbooks or handbooks. The term alny/dlnc can
be estimated by applying the Debye-Hiickel equations,
while the friction coefficient f could be estimated by curve-
fitting some measured data of “effective” diffusion coeffi-
cient. Some examples will be given in Part 2 of thiswork.

3.2. Migration process

If the external potential ¢ is sufficiently large, Eq. (7)
can be simplified as Eq. (18)

_ Z9F 99 _ zDuyF _a¢

- TR T T TRT Cax

(18)

where D, represents the “effective’ diffusion coefficient
determined from migration tests, or the so-called “ effective
migration coefficient.” It isobvious that D, = 9. Since the
flow direction of cations in a migration process is opposite
that of anions(i.e. B, < 0), thus[see Eq. (19)]

D, _ 2c+cy

_ 2c+cy
D, f(1-B)c+cy

f(1+ \Bv\)C“:o

(19)

By comparing Eq. (16) with Eq. (19), one can find that [see
Eq. (20)]

alnyD f(1+|B,|)c+c
= (1-2.K)d+3 o \B\)C+CZ (20)

It can be seen that the relationship between Dy and Dy, is not
simple, but contains many parameters. This might bewhy in
the literature diffusion coefficients determined from a
steady-state migration test can rarely be directly compared
with those determined from a steady-state diffusion test. A
comparison between Dy and D,,, will be given, theoretically
and experimentally, in Part 2 of thiswork.

4. Diffusion and migration through a concr ete specimen
4.1. Solution-concrete system

The theories discussed above are based on a homoge-
neous pure solution system. For chloride ions diffusing into
concrete, however, in most cases there exists a solution-
concrete interface across which the physical meanings of
the dimension area or volume are different. For water-satu-
rated concrete, the following relations could be used to keep
the dimensions consistent [ 10; see Eq. (21)]

Dy = P and D, = Psm (21)
€ €

where € is the volumetric porosity of concrete and D and

Dy, are the “effective’ diffusion coefficient of concrete

from a steady-state diffusion test and a steady-state migra-

tion test, respectively.

4.2. Seady-state process

Under a steady state, the chloride binding or reaction
should be completed and the chloride flux becomes con-
stant. Since cement paste in the concrete behaves as an elec-
tronegative permeable semimembrane [11,14], when cat-
ions and anions from the externa source solution diffuse
into concrete the semimembrane will selectively reduce the
transference number of cations to increase the difference in
the average drift velocity between cations and anions. This
large difference between v, and v_ in the pore solution will
result in a counter-electrical field larger than that in the ex-
ternal source solution. The phenomenon can be described
by a membrane potential [18], which is expressed as Eq.
(22) [19,20],

a
= Q-0 == (t+m Tm)inzs
1
RT v c
= —=Kpln y———ici (22)

where Ad,, is the membrane potential or the potential dif-
ference between two diffusion cells with the activity a; and
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a,, and 7, and T_,, are the transference number of cations
and anions through the membrane, respectively. The symbol
K. denotes the difference in transference number or drift
velocity caused by the semimembrane effect [see Eq. (23)],

Vim—V_m

23
Vim*Von =

Krm = (T+m_T—m) =

The differential form of the membrane potential can be
written as EqQ. (24)

9% _ _RT, [Inc, dlny
ax F O ™mOox - ox U
RTKim 6Inygac

= TF ¢ O " ainddax (24)

Owing to this extra counter-electrical field, the chloride dif-
fusion in concrete becomes [see Eq. (25)]

J =el_=—-9(1-z_K)

concrete

alnygac D ac

T anddox . ~sax (25)

where K. isthetotal effect of counter-electrical potential, as
shown in Eq. (26).
V,—V_

K., = K+K,, =
T 10 ™m V++V,

(26)

In the above equation v, and v_ represent the net drift ve-
locity of cation diffusates and anion diffusates through the
concrete specimen, respectively.

Similar to Eqg. (16), the relationship between the effective
chloride diffusion coefficient of concrete D and the chlo-
ride diffusion coefficient in the infinite dilute solution D_,
isshown in Eq. (27).

D ol
—= = s(l—z_KTo—z_KTm)%L+aT2-dy%

2c+cy
f(1-B,)c+c (27)

Compared with an external electrical field, however, this
membrane potential is aso negligible. Therefore, it does not
affect the migration function. According to Eq. (19) and Eq.
(21), the relationship between the effective migration coef-
ficient Dy, and D_, isas shownin Eq. (28).

DﬂSm 2c+cy

Do f(l BV)C+C0

2c+ ¢
f(1+ ‘Bv‘)c"'co

(28)

Thus the relationship between D and D, isthat shown in
Eqg. (29).
Dt _ alny
gn - (1_ZfKtO_ZfKrm)%+md]
fF(L+[By)c+co

FL-|B)c+c (29)

According to the definition of B, and Eq. (26) [see EQ. (30)]

— Vi — 1+KT - 1+KT0+KTm
B =o- = 1-K,  1-K. =K,

(30)

In this case, the parameters K., and f reflect the characteris-
tics of the pore solution in concrete, while the parameters c,
K.o, and vy reflect the characteristics of the external source
solution, especially under the steady state.

4.3. Nonsteady-state process

It is well known that when chloride ions diffuse or mi-
grate into concrete under a nonsteady state, some of the
chlorides will be bound on the pore surfaces or react with
the hydrates. Therefore, it is the increment of total chlo-
rides that results in a difference in the flux [21], that is [see
Eq. (31)]

OC oc aCb aC aCbD a‘]concrete
3t fat Tt ol T ac0T T ox D)

where C; and C, are the total and bound chlorides, respec-
tively, with the dimension kgg/m®.onerete: While the free chlo-
rides ¢ has the dimension kgg/my uion-

Differentiating Eq. (2) and Eq. (3), respectively, yields
Eq. (32

concrete —_

oD
ox 6xg353daqj m@qu ik (32)

ac Loxd " D s
for adiffusion process, and Eq. (33)

0J

concrete _ Q_

ZF 0@
ax  0x max SSmRTax(%

aDm[ﬁQj D a C

c 6X2
zF 0 990D gmac 2°¢ 10
RTSox ac ox D=ty 2t Ssmaxm%
(33)

for amigration process. According to Tang and Nilsson [6],
an inflection point exists in the nonsteady-state migration
process where dc/ox as one of the driving forces at its maxi-
mum and 92c/dx? = 0. Thus, under the assumption that the
potential gradient ddb/dx is constant, Eq. (33) can be reduced
to Eq. (34)

a‘]concrete _ |]3C CHODM dJc
T ox [Q)x ac +aDSS"J6x (34)

where a = ZF/RT X ad/ox is a constant. Combining Eq.
(31) with Eq. (32) and with Eq. (34), respectively, one can
obtain Eq. (35)

ot0 " 3e0” Tac oxd T D P (35)
and Eq. (36).
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dc
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In the literature, the following equations are often used for

nonsteady-state diffusion [22, see Eq. (37)] and migration [6,
see Eq. (38)]

+aD } (36)

ac o°c

i Dma_xz (37
dc c dc

at = nssm@_ + a—[l~ aDns;mé;( (38)

where D,y and D, are the “apparent” diffusion coeffi-
cients determined from conventional nonsteady-state diffu-
sion and migration tests, respectively. Comparing Eq. (35)
with Eq. (37), one can find that the relationship between
Dy @nd Dy is complicated, unless the term (9c/ox)? or
dDg/dc isnegligible. In this case [see Eg. (39)],

— DS&'J _ DSSd _ D%d
Dnssd - 4 aCb . acd] - . 1 aSO (39)
ac fTac0 ¢ (1-8)%¢

where ¢, and S, are the bound chlorides with the dimension
Kga/M3suion @Nd kgg/mPyiq, respectively. However, the as-
sumption of negligible (9c/ox)? or dDg/dc seems very
week, because dc/ox is the only driving force in a diffusion
process and Dy is afunction of ¢ as shownin Eq. (27). The
relationship between D,y and Dy in Eq. (39) has previ-
ously been reported by Atkinson and Nickerson [23] as well
as by Nilsson [21], dthough the above assumption was not
mentioned in their papers.

On the other hand, it is possible to obtain the relationship
between D, and D, by comparing Eg. (36) with Eq.
(38), athough it looks complicated [see Eq. (40)]:

D

nssm ~

Dlac Dlac
Dem * Chox (% dac _DSS'“ Caox (% dac (40)
aCb B aCtEl
€+% E%'F aCD

However, more experimental data are needed to verify the
above relationship.

In reality, chloride penetration into concrete is a non-
steady-state process. For the concrete structures submerged
in seawater, it could be described by Eq. (35), which in-
volves three important parameters. porosity, chloride-bind-
ing capacity, and effective diffusion coefficient Dy, The
latter is expressed by Eq. (27).

A few years ago, Garboczi [24] proposed an equation to
describe D, [see Eq. (41)]:

Dy = €ED_, (41)

where the parameter & lumps al the interesting features of

the pore structure, including “tortuosity” and connectivity
of the pore network, according to Garboczi [24]. Comparing
Eq. (41) with Eq. (27), one finds that [see Eq. (42)]

§ = (1_27Kt0_szrm)

@Iny 2C+C0
L LBIndJ] Df(l B,)C+C,

It is obviousthat £ involves not only the features of the pore
structure (K., and f), but also the features of the externa
source solution (c, K,o, and v). Here the “features of pore
structure” mean both physical and chemical characteristics
of the pore structure, such as tortuosity, semipermeability,
pore solution chemistry, etc.

(42)

5. Concluding remarks

It can be seen from the above theoretical analysisthat the
“effective” chloride diffusion coefficient determined from
the conventional diffusion or migration tests is not a con-
stant, but rather is a complicated function of concentration.
This function contains four main factors: (1) the parameter
K., describing the effect of counter-electrical potential; (2)
the ratio of cation velocity to anion velocity B,; (3) the fric-
tion coefficient f, which reflects the ionic interaction; and
(4) the activity coefficient y, which is aso a function of
concentration.

When chloride ions diffuse into concrete, an extra
counter-electrical field, caused by the ion-selective semi-
membrane effect, will be introduced. Therefore, the counter-
electrical field in a solution-concrete system consists of two
parts. one from the external source solution, K, and an-
other from the concrete, K ..

According to the theoretical analysis, the following rela
tionships between different diffusion coefficients could be
found:

* therelationship between steady-state diffusion and mi-
gration tests[Eq. (29)],

* the relationship between steady-state diffusion and
nonsteady-state diffusion tests Eq. (39)],

* the relationship between steady-state migration and
nonsteady-state migration tests [Eq. (40)], and

* the relationship between “effective” diffusion or mi-
gration coefficient and the diffusion coefficient at an
infinite diluted solution Eq. (27) and Eq. (28)].

The quantitative influences of various parameters on
chloride diffusion coefficient and some experimental evi-
dences will be given in Part 2 of work.
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