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Abstract

In service life modeling of concrete, the ion transport in the pore solution is crucial. The main deterioration phenomena associated
with ions in the pore solution are (1) corrosion due to external chloride ions reaching the embedded reinforcement bars; (2) carbonation
due to presence of dissolved carbon dioxide (which will form carbonic acid with water) supplied from the surrounding air; and (3) leach-
ing of hydroxide ions from the pore solution to the surrounding environment. Models dealing with diffusion of ions are usually based on
the mass balance equations for the individual diffusing ions together with constitutive relations for the mass density flows and for the mass
exchange among the constituents. The important consequences of electroneutrality among the diffusing ions, however, is often omitted in
models dealing with diffusion of ions in the pore solution of concrete. Here a method will be examined that allows diffusion of different
ions in water, which satisfies both the electroneutrality requirement and the mass balance laws. For simplicity the effect of built-up elec-
tric double layers on the charged pore walls will not be treated. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Transport of a mixture of ions in the pore solution in
concrete isinfluenced by five main different mechanisms:

1. diffusion (i.e., gradient dependent mass flow of the
individual ions)

2. forced convection (i.e., a mass flow of dissolved ions
due to the motion of the pore solution induced by cap-
illary suction or/and an external pressure gradient)

3. binding of ions onto the pore walls and leaching of
ions from the solid (i.e., the effect of creation of so-
called double layers on the pore walls and also due to
chemical reactions with the solid hydration products
in the cement)

4. motion of ions due to an external electrical field in-
duced by reinforcement corrosion

5. motion of ions due to a momentarily induced internal
electrical field among the ions present in the pore so-
[ution (i.e., the effect of the composition of the mix-
ture on the mass flow among positive and negative
charged ions in solution)

In this paper only the last mechanism (motion of ions due
to amomentarily induced internal electrical field among the
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ions present in the pore solution) will be analyzed. The oth-
ers can be studied elsewhere [1-15].

2. Mass balance

Mass balance of different constituents present in a mix-
ture may be formulated as shown in Eq. (1) (compare to ref.
[16)):

oc, , . A
p—=— = —div(p,u,) —pxgradc, + C,; a=1 ..,0

ot

)

where c,(x, t) is the mass concentration of an arbitrary con-
stituent denoted a. The total number of constituents is de-
noted M. The mass concentration is defined as ¢, = p./p
where p,(X, t) is the mass density of the constituent and
where p(X, t) is the mass density of the whole mixture (i.e.,
thesum of al p,). Thediffusion velocity u, isdefined asu, =
X, — X, where X,(X, t) isthe velocity of the a:th constituent
and x(x, t) denotes the velocity of the whole mixture,
which is the mass weighted sum of the individual velocities
of the constituents. The mass exchange rate between the ath
constituent and all other constituents is denoted €,(x, t).
Due to the mass balance for the whole mixture, one must as-
sure that there is no net production of mass in a material
point: 3, _ ;" €,(x, 1) = 0.

Here it will be assumed that ions appearing in solution
are in weak concentration; therefore it will be assumed that
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p(X, t) isan approximately constant property and that the ve-
locity of the mixture is approximately zero. These assump-
tions result in the diffusion velocities u 4(x, t) for the constit-
uents being approximately the same as their corresponding
velocities X4(x, t). Furthermore, it will be assumed that no
net mass exchange takes place among the constituentsin the
mixture. A more simplified version of EQ. (1) can therefore
be written as EQ. (2):

na
ot
where n, (mol/m®) denotes the mol concentration of the ath

constituent. In Eqg. (2) it is assumed that p = 0 and that
x = 0.

= —div(n,uu,); a=1,..,0 )]

3. Electroneutrality

Elecroneutrality in a solution with different ions is ex-
pressed with the mole concentrations n,(x, t) and its corre-
sponding valence number v, asin Eq. (3).

O

3 na(x, v, = 0 &)

a=1

Indeed, Eqg. (3) may not be valid during extremely small
scales of length and time. During such conditions the ion so-
Iution can be subjected to a static electrical field vector e =
grade where ¢ isthe electrostatic potential. This potential is
induced by a momentary small net difference between
present positively and negatively charged ions in a certain
material point x and at a certain timet. In the application to
be presented it seems reasonable to always fulfill the restric-
tion of electrical balance among the constituents in a repre-
sentative volume of the pore solution, assuming explicitly
that o(x, t) = 0. However, it is supposed that a more general
consideration in which the possibility of having a present
self-induced electrostatic field in the solution may improve
the constitutive assumptions for the mass density flow of
the ions in a mixture with different dissolved charged con-
stituents. Furthermore, such quantitative considerations
may be used in a simpler method where electroneutrality is
assumed among the constituents [i.e., when always having
Eqg. (3) satisfied].

4, Static continuity equation for the charge

When dealing with diffusing charged constituents, Fick’s
second law type of equations, based on the mass balance
and a congtitutive relation for the flow, can be improved by
aso invoking the local statement of balance for the charge.
This means that two physical balance principles can be used
as afoundation when constituting the flow characteristics of
ionsin solution.

The local statement of the static continuity equation for
the charge is one of Maxwell’ s equations, that is, Eq. (4)

div(d) = q ©)

where d is the electric displacement field vector d (C/m?)
and q (C/md) is the space charge density scalar.

5. Congtitutive relations—approach 1

This approach will be based on the mass balance equa-
tions for theindividual charged constituents only. However,
astate variable (X, t) will be introduced, which determines
the unbalance of charge at a certain material point x in the
domain and at the time t. The mol concentration flow will
be assumed to depend both on the mol concentration gradi-
ent and the gradient of the state variable ¢.

The 2 ) + 1 introduced unknown properties are shown
in Eq. (5).

O number of: ny(x, t)
O number of: u,(x, t)

o(x, t) (5)

where N is the number of introduced charged constituents
and n, and u, denote the mol concentration and diffusion
velocity vector, respectively. The number of balance equa-
tionsis N (i.e., N + 1 constitutive relations are required to
make the equation system closed).

The mass flow of the considered i ions 1, .. ., i arethe
assumption shown in Eqg. (6):

n,u, = —D,gradn, —E_ v, grade; a=1...0 (6)
where D, (m?/s) is the separate diffusion constant for the ath
congtituent and where E, (mol/s/m) is a material constant
describing the tendency of the ath ion diffusing towards op-
posite charged domains or being repelled from equally
charged domains.

In thisfirst approach the state variable ¢ will be defined
as shown in Eq. (7)

0

O, ) = 3 Ny(X, v, ™

a=1

This meansthat ¢ determines the charge unbalance in a cer-
tain material point in the domain of interest.

6. Governing equations—approach 1

By combining the mass balance law with the constitutive
relations discussed in the previous section, a closed equa-
tions system will be obtain. Using these equations, concen-
tration fields of different dissolved ionsin a mixture may be
calculated.

The N equations describing the mol concentration fields
n,(X, t), using the constitutive assumption in approach 1, are
shownin Eq. (8):
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on, . o2 0O
i div| Dgradn, + E,v,grad(ly nav% ;
0=

a=1,..,0 (8)

This equation is obtained by combining the mass balance
equations, Eq. (2), with the corresponding congtitutive relation
for the mol density flow, Eq. (6), and a so by using the defi-
nition, Eq. (7).

The prescription of the mol concentration as a boundary
condition to be used in Eq. (8) can be written as Eq. (9):

I’la(X, t)‘boundary = gaDirichIet (9)

where gR"'® s a prescribed value of the mol concentration
at the boundary surface at thetimet.

Alternatively, a Newman type of boundary condition can
be adopted that is a prescription of the mol concentration
flow through the boundary surface a thetimet, asin Eq. (10)

naua(xa t) D’n‘boundary = h[a\lewman (10)

where m is the outdrawn normal vector located at the
boundary surface and N is the prescribed value of the flow

naua(xv t) -m |b0undary-

7. Congtitutiverelations—approach 2

In a mixture consisting of 9 different types of dissolved
ions there are a determined number of combinations of cat-
ions and anions that can form different salts or acids. The
number of potential combinations of cations and anions will
be denoted ¥, and the potentially formed salt or acid will be
denoted with a subscript b.

In the method to be presented hereit will be explicitly as-
sumed that when ions are transported in the water, the elec-
troneutrality ¢(x, t) will always be equa to zero (i.e., no net
difference of charge is alowed under any circumstances).
One way to arrange the equations is to combine the present
ions in a material point at a certain time, forming potential
salts and acids. These salts and acids are then only allowed
to be transported in the solution as a neutrally charged
“package.” When only letting anions and cations be trans-
ported in pairs, the 2 ¥ + 1 unknown properties must be
solved for, asin Eq. (11):

O number of: ny(x, t)
O number of: uy(x, t)

o(x, 1) (11)

where subscript b denotes the & number of potentially
formed salts or acids.

The number of mass balance equations introduced for the
neutrally charged package of anions and cations is < (i.e.,
¥ + 1 number of constitutive relations are required).

It will be explicitly assumed that the charge is balanced
at every materia point X and at every timet, asseenin Eq. (12):
m]
GO, 1) = T ny(x, v, = 0 (12)

a=1

The assumption for the mol concentration flow of the &
number of a neutrally charged package of an anion and a
cation is shown in Eq. (13).

PpUp = —I5bgradnb; b=1,..,0 (13)

where D, is aweighted value of the separate diffusion con-
stants for the cation and the anion, forming the neutrally
charged substance b. It can be argued that the following
weight of the individual diffusion constants is reasonable
[17, see Eq. (14)]:

1 ?
=5t =5 (14)
%(H D( il

Some values of weighted diffusion constants for different
saltsand acids are givenin Table 1.

When using the method discussed in this section, area
sonable technique for distributing the separate ion concen-
trations among the potential neutral package b must be
sought. One of the simplest methods for distributing the
ions among salts or acids will be explained by an example.
Consider a mixture of two anions and two cations dissolved
in water. The ion with the lowest concentration denoted
Npmin 1S, 1N this example, determined by Eq. (15):

Npmin = MIN(NE{D 1, niYy, n{Ds, niDy) (15)
The concentration nbmin will be combined with its two op-
positely charged ions (at the same proportions) so that all of
the substance having the lowest mol concentration is con-
sumed. The two missing constituents having neutral charge
will in this simple example be given directly. If for example
n{s(x, t) is the smallest number of n{?;, n{2,, n{;, and
n{", the composition will be [see Eq. (16)]

Np=13 = 05n{J5(x, t)

Np=o3 = 05n{s(x, t)

n{D; (x, t) —0.5n{D4(X, t)

n{t,(x, t) —0.5n{J5(x, t) (16)

Np=14

Ny=24

For a case with a mixture of dissolved Na*, K*, ClI-, and
OH~ in water with the mol concentrations n()y,, = 0.20 -
1073 (mol/m?), n,) . = 0.10- 103 (mal/m?), n,C)y_ = 0.20 -

Tablel
Example of weighted material constants to be used in approach 2

Substance Weighted diffusion coefficient (m?/s)
NaCl 167-10°°
NaOH 221-10°°
KCl 2.06-10°°
KOH 2.97-107°
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103 (mol/md), and n,C)y,,_ = 0.10 - 10~2 (mol/m?®) the mol
concentration of the neutrally charged components will be:
Ny — ke = 0.05 - 1073 (Mol/m®), ny, _ oy = 0.05 - 1072 (mol/m?),
Ny - nacy = 0.15 - 1073 (mol/mq), and Ny, _ yonq = 0.05 1073
(mol/mq) when using the weighting method discussed above.

8. Governing equations—approach 2

For al & number of neutrally charged combinations of
ions in solution the following & number of equations are
obtained by the mass balance equation for the individua
congtituents [Eq. (2)] and the corresponding constitutive as-
sumption for the mol concentration flow [EqQ. (13)], as
shown in Eq. (17).

%nti’ = div(Dygradn,);

Boundary conditions that can be used in Eq. (17) are either
the Dirichlet type of boundary condition, asin Eq. (18).

nb(x’ t)‘boundary = gtIJDirichIet (18)

Eq. (18) is a prescription of the mol concentration gg'ene
of the neutrally charged substance b at the boundary sur-
face, or the Newman boundary condition [see Eq. (19)]

r"bub(xl t) |:m‘boundary = hll)\lewman (19)

b=1,..,0 (17)

where h)}®ma s g prescribed value of the mol concentra-
tion flow through the boundary surface having a direction
determined by the outward drawn normal vector m.

It should be observed that ions supplied from external
sources must be composed into potential salts or acidsin the
same manner as was proposed for the ions present within
the domain of interest.

9. Constitutive relations—approach 3

This approach is based on both the mass balance equa-
tion for the individual constituents [Eg. (2)] and the balance
of charge equation [Eg. (4)]. Constitutive relations to be
used in these baance equations will be discussed in this section.

The 2 M + 3 unknown properties in this approach are
shown in Eqg. (20).

O number of: n,(x, t)
O number of: u,(x, t)
d(x, t)
acx, t)
o(x, 1) (20)

The number of mass balance equation is i and the conti-
nuity equation for the current density gives on extra equa-
tion (i.e., N + 2 constitutive relations are required to make
the equation system closed).

The electric displacement field vector d will be related to
the electric field vector e by the constitutive relation shown
in Eq. (21):

d = egye (21)

wherethe electric field vector e will be defined with the gra-
dient of the electrostatic scalar potential ¢(V), as shownin
Eqg. (22):

e = —gradd (22)

Eq. (21) and Eq. (22) combineto yield the assumption for d,
asseenin Eq. (23)

d = —eg gradd (23)

where g, (C/V) isthe coefficient of dielectricity or permitiv-
ity of vacuum, g, = 8.854 - 10—12, and ¢ (—) istherelative
coefficient of dielectricity that varies among different di-
electrics. For water at 25°C, ¢ = 78.54.

The charge density q can be related to the composition of
the mixture of ions, written in the local form, as Eq. (24)

O
a=F nyx v, (24)
a=1

where F = 96490 (C/mol) is a physical constant describing
the charge of one mol of an ion having a valence number
equal to one.

The condgtitutive relation for the mole density flows for
theMions 1, ..., N istheassumption [see Eq. (25)]

a=1,..,0
(25)

where D, (m?%s) and A, (m?/s/V) are material constants.
Some values of these material constants for different ions
dissolved in water are shown in Table 2. It should be noted
that the diffusion coefficients D, are predicted values ob-
tained by scaling the ionic mobilities A, [17,18].

The assumption for the mol concentration flow [Eq.
(25)] is in accordance with the phenomena where matter
tends to be transported to regions having the lowest chemi-
cal potential. That is, the congtitutive relation [Eq. (25)] can
be obtained for the case when the chemical potentia is as-
sumed to be a function of both the mol concentration and
the electrostatic potential.

It should be observed that the electroneutrality cannot be
fulfilled in every material point at every time level t using
this approach.

n,u, = —D,gradn, — A,v,n grad¢;

Table 2
Example of material constantsto be used in approach 3
Diffusion lonic mobility Dielectricity
Substance coefficient (m?/s) (m?slV) coefficient (C/V)
Cl- 2.03-10°° 791-10°8 —
OH~ 5.30-10°° 20.64-10°8 -
CO%™ 1.96-107° 7.46-1078 -
Na* 1.33-10° 519-10°8 -
K* 1.96-10°° 762108 -
catt 1.58-107° 6.17-10°8 —
H,O - - 695.4 - 10712
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concentration Cl° (mol;’m3)
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Fig. 1. Concentration of Cl~ at different times, calculated with approach 2.
Thetotal timeis 1 year and the profiles shown in thefigure are divided into
10 equally long time periods.

10. Gover ning equations—appr oach 3

The governing eguations for the i concentration fields
Ny(X, t) are obtained by combining the mass balance egua-
tion [Eq. (2)] and the constitutive relation [Eq. (25)] [i.e.,
see Eq. (26)]:

0
Ma = div(D,gradn, + A v n gradd);

a=1,..,0
ot

(26)

A Dirichlet type of boundary condition to be used in Eq.
(26) is a prescribed vaue of the concentration at the boundary
surface, written as Eq. (27)

na(xv t)‘boundary = gaDirichIet (27)
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Fig. 2. Concentration of Na* at different times, calculated with approach 2.
Thetotal timeis 1 year and the profiles shown in the figure are divided into
10 equally long time periods.
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Fig. 3. Concentration of OH™ at different times, calculated with approach 2.
Thetotal timeis 1 year and the profiles shown in the figure are divided into
10 equally long time periods.

The Newman boundary condition is a prescribed value of
the mass flow n,u, through the boundary surface [see Eq.
(28)],

NaUa(X, 1) [m‘boundary = hi’i\lewman (28)

where m denotes a unit vector directed outwards from the
boundary surface and where hY&mav (mol/s/m?) is a pre-
scribed normal value of the out or in flow of mol to the do-
main.

By using the static continuity equation for the charge
[Eq. (4)] together with the constitutive relations for the elec-
tric displacement field vector d [Eq. (23)] and the charge
density q [Eq. (24)], the governing equation for the static
electro potential becomes Eq. (29):

e
o0

I
o

=
I

concentration K* (mol/m?)

<o
o

|
: |
i VI S

35 40 45 50

25 30
x(cm)

0 5 10 15 : 20

Fig. 4. Concentration of K* at different times, calculated with approach 2.
Thetotal timeis 1 year and the profiles shown in the figure are divided into
10 equally long time periods.
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T T T T

© < o
i o oo —

<o
o
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Fig. 5. Concentration at different times of neutrally charged package dif-
fusing as NaCl, calculated with approach 2. The total timeis 1 year and the
profiles shown in the figure are divided into 10 equally long time periods.

O
—div(eg,oradd) = F z n,(x, t)v, (29
a=1

where it should be observed that this equation is coupled to
the M mass diffusion equations [Eq. (26)].

The boundary condition to be prescribed in Eq. (29) isa
value of the net supply of charge through the boundary sur-
face. This known value denoted rNe"m (C/s/nv?) is given
from the M mass diffusion eguations [Eq. (26)], which
means that Eq. (29) is coupled to the mass diffusion equa-
tions not only at the differential equation level but also at
the boundaries. The net supply of charge through the bound-
ary surfaceis given by Eq. (30):

,._.
|

e
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o
:

<
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o

concentration of potential KOH (mol/m®)

|

O 5 10 15 20 25 30 35 40 45 50
x(cm)

<

Fig. 6. Concentration at different times of neutrally charged package dif-
fusing as KOH, calculated with approach 2. The total timeis 1 year and the
profiles shown in the figure are divided into 10 egually long time periods.
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Fig. 7. Concentration at different times of neutrally charged package dif-
fusing as NaOH, cal culated with approach 2. Thetotal timeis 1 year and the
profiles shown in the figure are divided into 10 equally long time periods.

o- a
rNewman = J'TFEZ vanaua(x, t)EEm dt‘boundary (30)
=1

which isthe Newman type of boundary condition to be used
in EQ. (29). No Dirichlet boundary condition can be used in
the application here because the potentia ¢ is an unknown
property in the whole domain and at the boundaries.

When using this method to calculate the i concentration
fields n, the eletroneutrality will not be satisfied [i.e., Eq.
(Bl

0
o(x, t) = z na(x, t)v, 20 (3D

*

| . t =0

' L . 1 1 1

0 5 10 15 20 25 30 35 40 45 50
x(cm)

Fig. 8. Concentration at different times of neutrally charged package dif-
fusing as KCl, calculated with approach 2. Thetotal timeis 1 year and the
profiles shown in the figure are divided into 10 equally long time periods.
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BN E— T T T T T T

concentration Cl” (mol/m®)

20 25 30 35
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0 ‘ : :

0 5 10 15

Fig. 9. Concentration of CI~ at different times, calculated with approach 3.
Thetotal timeis 1 year and the profiles shown in the figure are divided into
10 equally long time periods.

However, due to the time scale in the problem the potential
b(x, t) will be very close to the value zero.

11. Numerical solution strategy

In order to compare the different methods of treating dif-
fusion of cations and anions dissolved in water with experi-
ments, a solution strategy is needed. The calculation of the
different concentration fields n, and the electrostatic field ¢
involves a set of equations that is coupled at the differential
equation level and at the boundaries; furthermore, the total
equation system will become nonsymmetric and nonlinear.
Therefore a numerical solution strategy will be outlined,

(mol/m®)

+

concentration Na

I

15 20 25 30 35 40 45 50
x(cm)

') L 1
(O 5 10

Fig. 10. Concentration of Na' at different times, calculated with the
approach 3. The total timeis 1 year and the profiles shown in the figure are
divided into 10 equally long time periods.
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Fig. 11. Concentration of OH™ at different times, calculated with approach
3. Thetotal timeis 1 year and the profiles shown in the figure are divided
into 10 equally long time periods.

which makesit possible to solve the equations. Thefinite el-
ement method will be adopted [19-22].

A finite time increment At will be considered, which is
related to thetimelevelst, andt; , ; ast;, ; = t; + At,inor-
der to obtain so-called recurrence relations. A time integra-
tion parameter O is introduced where ® = 0O is atruly ex-
plicit scheme, ® = 1isatruly implicit scheme, ® = 0.5is
the Crank-Nicholson scheme, and ® = 0.878 isthe Liniger
scheme in which @ is chosen to minimize the whole domain
error. Values of ® greater than or equal to 0.5 are shown to
be unconditionally stable for equation systems that are sym-
metric and positive definite.

The total equation system can be written in the form seen
in Eq. (32)

o
oo

<
o

-‘41'
—_

concentration K* (mol/m?)

o . ; i ; P

20 25 30 35 40 45 50

x(cm)

Fig. 12. Concentration of K* at different times, calculated with approach 3.
Thetotal timeis 1 year and the profiles shown in the figure are divided into
10 equally long time periods.
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Fig. 13. The global error in terms of differences in the mol concentrations
of anions and cations in the whole domain. Cal culated with approach 3.

tot - tot tot _tot tot

Ca +Ka +f =0 (32

where C'® is the damping matrix for the whole equation sys-
tem, K™ js the stiffness matrix for the whole system, and '
is the boundary and load vector in the problem. When using
a single time-step algorithm, Eq. (32) takes the form shown
in Eq. (33).

tot
_C(a%; —a) tot

0 e N CLECCLIE)

+ 1+ O(f]2, 11 €

This equation is used to solve the unknown vector a® ;.

The total damping C* is formed by assembling the
damping matrixes for the individual diffusion equations as
block matrixes. As an example considering four different
ionsa =1, ..., 4, and noting that only the mass diffusion
equations involve damping, the matrix C' can be formed as
[see Eq. (34)]

Cul 0 0 0 o0&,
o cd o o oy
c¥a® =10 0 [Ccd 0 0l|[ag
0 0 0 [Cul0||[an]

L 0 0 0 0 0 0| (34)

where [C,.] is expressed with the shape function N(x) as
[Crd = UNTNAV and where & = (af® ; — al®)/At.

The stiffness matrix for the concentration gradient-de-
pendent diffusion is formed as K, = [,B'D,BdV where
B(x) is defined as the gradient of the shape function [i.e.,
B(x) = ON(x)]. The stiffness matrix for the electrical dis-
placement field is formed as K, = [\BTe,eBdV. The stiff-
ness matrix for the part of the mass flow, which is depen-
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dent on the gradient of the electrostatic potential ¢ is
formed as K 5, (8) = JVBTAV,(8,,)BdV, where the second
term on the right-hand side of Eq. (26) istreated asanonlin-
ear parameter. The term related to the charge density q is
Eean = JUNTFV,NAV.

The total stiffness K can be written as seen in Eq. (35)

tot _tot

K™a™ =
Kl 0 0 0 [Kye(@w]||lam]
0 [an] 0 0 [Kn2¢(an2)] [anz]
0 0 [ K n3] 0 [ K n3¢ (ans)] [ an3]
0 0 0 [ K n4] [ K n4¢ (an4)] [ an4]
[E¢1nl [Eg1nl [Eg1nl [Eganl (Kol || [ag]]
(39)

where a® = [a® + O(a/%; — a)]. The total load and
boundary vector f,,; is expressed as shown in Eq. (36).

[f il
[f 1ol
= |[fodl
[f ndl
L[fol ] (36)

The load and boundary vector for the diffusion equationsis
in genera terms written as f,, = —[gN'h,dS — [g 4
NTg,dSwhere h, is a prescribed value of the normal flow of
ions through the boundary surface S, and q, is the value of
the flow through the boundary surface S, = g on which the
concentration n, has been prescribed. The values of g, can
be calculated whenever the concentration n, is prescribed at
the same material point.

The boundary vector for the electrical displacement field
problem can be formulated asf, = — [¢NT(F(253-1 Vanuy) -
mAt)dS (i.e., the boundary condition to be used in the part
of the equation system calculating the electostatic potential
vector a, is coupled to the mass diffusion equations).

Prescription of the value of the electrostatic potential ¢
at the boundaries is not relevant in this kind of physical
problem due to ¢ being an unknown property both at the
boundaries and in the domain of interest.

It isimportant to note that the matrix system [Eqg. (33)] is
nonlinear and nonsymmetric with serious timescale differ-
ences. Numerical oscillations may therefore be observed
due to the system being inadequately scaled. It was, how-
ever, possible to obtain accurate solution results using the
proposed numerical method for certain choices of time steps
and element lengths. If the numerical approach presented
hereisto be used in problems where arbitrary element sizes
and time steps are implemented, some improvements con-

tot
f
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cerning stability conditions must be considered. One im-
provement is to extend the single time step scheme sug-
gested here to atwo time step scheme such as the Newmark
algorithm [20]. Using a Newmark algorithm of the type
called the Lees scheme, the nonlinear parameters may be
evaluated at the current time step, which will decrease the
error as compared to the ssimple Euler forward method that
was used to tackle the nonlinearitiesin Eq. (35).

12. Test resultsfrom approaches 2 and 3

One test example will be studied using approaches 2 and
3. In this example awater solution of NaCl at the concentra-
tion 1 mol/m? is stored in a container with the length 0.25
m; a container with the NaCl solution is in contact with an-
other container of the same sizefilled with aKOH dissolved
in water at the concentration 1 mol/md. At the start of the
simulation the Na* and Cl~ ionswill be allowed to be trans-
ported into the KOH solution, and the K* and OH™ ions
will be transported into the NaCl solution. By making this
kind of simulation, the effect of the mixture on the separated
diffusion processes for the individual ions can be analyzed
in a quantitative manner. One example is that an ion having
a large diffusion coefficient, such as OH™, is suspected to
increase the diffusion velocity for ions having a low diffu-
sion coefficient, such asNa*.

The numerical solution of the test example using ap-
proach 2 is performed with a standard staggered finite ele-
ment method. The solution to the test example with ap-
proach 3 is performed with the numerical method outlined
in the previous section.

Forty-one one-dimensional elements are used in the total
domain and 110 time steps are used to divide the total time
domain, which is 1 year. The Liniger time integration
scheme is adopted in both approaches (i.e., ® = 0.878).

In Figs. 1 to 4, the result of the different mol concentra-
tion fields obtained for Cl—, Na*, OH~, and K* are shown;
approach 2 was used to obtain these results. The weighted
material constants shown in Table 1 were used. In Figs. 5 to
8, results from the same simulation are presented. These re-
sults are illustrated in terms of mol concentration fields of
the potentially diffusing neutral package (i.e., al the possi-
ble combinations of NaCl, KOH, NaOH, and KCl). The re-
sults presented in Figs. 1 through 4 are calculated from the
resultsin Figs. 5 through 8.

Figs. 9 to 12 show results from a simulation using ap-
proach 3 with the material constants illustrated in Table 2.
In Fig. 13 thetotal error in terms of the charge unbalancein
the whole domain is shown at different time levels; these
values should be zero in the example studied.

13. Conclusions

Approach 1 suffers from several drawbacks. One of them
is the lack of knowledge of the material parameters E..

Compared to approach 3, the first approach even seems to
include doubtful physical assumptions.

The main advantage of approach 2 is that quite simple
numerical solution procedures can be used to solve prob-
lems of diffusing cations and anions. Another advantage is
that the assumption of electroneutrality is always fulfilled
even during the flow. The main drawback using approach 2
isthat a quite arbitrary method must be adopted when com-
bining the different ions into charge-free salts or acids.

The main advantage of approach 3 is that physical sound
assumptions are used. These assumptions lead to an equa-
tion system where the electrostatic potential controlsthe in-
fluence of the mixture on the flow of the individual constit-
uents in an elegant manner. One of the drawbacks of
approach 3 is, however, that the matrix equation system to
be solved is very badly scaled, mainly due to the nonsym-
metric properties and a so due to the different timescalesin
the determination of the different mol concentration fields
and the electrostatic field.

Approaches 2 and 3 give the same principle solution to
the test example studied. It is observed that both methods
give the expected nonsymmetric behavior in the mol con-
centration profiles. Furthermore, the influence of ions hav-
ing a large diffusion coefficient affecting the ions with a
low diffusion coefficient is observed.

Approach 2 overestimates the diffusion rates for K* and
Na* ions and underestimates the rates for the CI~ and OH™
ions as compared to approach 3; the effect is, however,
quite small. This behavior is suspected to be caused by the
somewhat arbitrary method used to combine ions into
charge-free packages, which was the strategy adopted be-
hind approach 2.

References

[1] B.F. Johannesson, Modelling of Transport Processes Involved in Ser-
vice Life Prediction of Concrete, Important Principles, Division of
Building Technology, Lund University of Technology, Lund, Swe-
den, 1998.

[2] Z.P. Bazant, Physical model for steel corrosion in concrete sea struc-
tures, Journal of Structural Division, Proc ASCM 105 (ST6) (1979)
1137-1166.

[3] A.W. Adamson, Physical Chemistry of Surfaces, 5th Ed., Wiley-In-
terscience Publication, New Y ork, 1990.

[4] J. Bear, Hydraulics of Groundwater, McGraw-Hill, Inc., New York,
1979.

[5] K. Tuutti, Corrosion of steel in concrete, Report, Swedish Cement
and Concrete Institute (CBI), Royal Institute of Technology, Stock-
holm, Sweden, 1982.

[6] P. Sandberg, Critical Evaluation of Factors Affecting Chloride Initi-
ated Reinforcement Corrosion in Concrete, Division of Building
Technology, Lund Institute of Technology, Lund, Sweden, 1995.

[7] J. Tritthart, Changes in pore water composition and in total chloride
content at different levels of cement paste plates under different storage
conditions, Cem Concr Res 22 (1992) 129-138.

[8] G. Sergi, SW. Yu, C.L. Page, Diffusion of chloride and hydroxyl
ions in cementitious materials exposed to a saline environment, Mag-
azine of Concrete Research 44 (158) (1992) 63-69.



1270 B.F. Johannesson / Cement and Concrete Research 29 (1999) 1261-1270

[9] C.L. Page, P. Lambert, P.R.W. Vassie, Investigations of reinforce-
ment corrosion. 1. The pore electrolyte phase in chloride-contami-
nated concrete, Materials and Structures 24 (139) (1991) 234-252.

[10] G.K. Glass, N.R. Buenfeld, The determination of chloride binding re-
lationships, Chloride Penetration into Concrete, Proceedings of the
International Rilem Workshop, St-Rémy-lés-Chevreuse, France, 1995.

[11] H.G. Midglay, JM. llIston, The penetration of chlorides into hard-
ened cement pastes, Cem Concr Res 14 (1984) 546-558.

[12] P. Sandberg, Durability of Concrete in Saline Environment, Cementa
AB, Danderyd, Sweden, 1996.

[13] A. Volkwein, Untersuchungen Uber das Eindringen von Wasser und
Chlorid in Beton, Ingtitute of Building Materids, Technica University of
Munich, Munich, Germany, 1991.

[24] J. Tritthart, The influence of the hydroxide concentration in the pore
solution of hardened cement pastes on chloride binding, Cem Concr
Res 19 (1989) 683-691.

[15] D.P.Bentz, E.J. Garboczi, Modelling the leaching of calcium hydrox-

ide from cement paste: Effects on pore space percolation and diffu-
sivity, Materials and Structures 25 (1992) 523-533.

[16] R.M. Bowen, Theory of mixtures, Part 1, in: A. Cemal Erigen (Ed.), Con-
tinuum Physics, Princeton University of Technology, Princeton, 1976.

[17] P.W. Atkins, Physical Chemistry, 5th ed., Oxford University Press,
Oxford, 1994.

[18] R.C. Wesst, D.R. Lide, M.J. Astle, W.H. Beyer, Handbook of Chem-
istry and Physics, 70th ed., CRC Press, Boca Raton, Florida, 1989.

[19] N.S. Ofttosen, H. Petersson, Introduction to the Finite Element
Method, Prentice Hall, London, 1992.

[20] O.C. Zienkiewicz, R.L. Taylor, The Finite Element Method, 4th ed.,
Vol. 2, McGraw-Hill, London, 1989.

[21] K.J. Bathe, The Finite Element Procedures, Prentice Hall, Englewood
Cliffs, New Jersey, 1996.

[22] T.JR. Hughes, The Finite Element Method, Linear Static and Dy-
namic Finite Element Analysis, Prentice-Hall International Editions,
Englewood Cliffs, NJ, 1987.



