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ARTICLE INFO ABSTRACT

Keywords: Chloride binding in concrete is an important factor and it can significantly affect the penetration
Chloride speed of chlorides in concrete and thus the service life of concrete structures. In this paper a new
Diffusion chloride binding isotherm is proposed to be included in the diffusion model of chlorides in
Chloride binding concrete. Instead of the use of the traditional Freundlich or Langmuir isotherm, the present
Concrete

chloride binding model uses a trilinear function to describe the chloride binding in concrete. The
trilinear binding isotherm not only reflects the nonlinear binding feature of chlorides in concrete
when it is exposed to a chloride environment, but also makes it possible to achieve an analytical
solution of the chloride diffusion equation. In the present paper, the superior of using trilinear
binding isotherm to other binding isotherms is demonstrated. The detailed derivation of the
analytical solution of the chloride diffusion equation with nonlinear binding feature is described
and illustrated. To demonstrate the rationality and accuracy of the analytical solution derived,
comparisons between the analytical solution and the numerical solution and experimental results
are also provided. It is shown that the chloride diffusion profiles obtained from the chloride
diffusion equation with the trilinear binding isotherm are much closer the experimental results
than that obtained from the chloride diffusion equation with linear or bilinear binding isotherm.

Analytical solution

1. Introduction

Chloride attack is one of the major structural deterioration problems in reinforced concrete structures. Chloride-induced rein-
forcing steel corrosion not only reduces the load-carrying capacity of reinforcing steel bars inside of the concrete but also can lead to
the cracking, delamination and/or spalling of the concrete cover. In order to predict the chloride attack-induced deterioration of
reinforced concrete structures, one has to know how chlorides penetrate concrete from its surrounding environment. Currently, most
of researchers and practical engineers use the ionic diffusion model to predict the chloride penetration in concrete [1-3]. However,
ionic diffusion in concrete pore solution is different from the ionic diffusion in water. The former is affected not only by the porosity
and tortuosity of the concrete but also the interaction between solid and liquid phases involved in concrete [4-6]. For the effect of
porosity and tortuosity one can use a reduced diffusion coefficient, whereas for the interaction between solid and liquid phases one has
to consider the physical and chemical reactions taking place in concrete pore structure during the ionic penetration. For chloride ions
one of such reactions is the chloride binding. Although there have been numerous experimental tests on chloride binding reported in
literature, the exact mechanism of chloride binding in concrete is still not well understood. This is because the chloride binding in
concrete involves complicated processes and is heavily dependent on the type of cement or binder used in the concrete mixture [7-9].
Currently, the chloride binding isotherm for a given concrete type is determined empirically by using the free and total chlorides
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directly measured in experiments [10,11]. The total chloride is the sum of the free and bound chlorides. The chloride binding isotherm
represents the relationship between the free and bound chlorides. In general, a concrete with good chloride binding ability is expected
to be more resistant to chloride penetration and consequently is highly resistant to reinforcing steel corrosion. Thus, an import issue in
modelling chloride transport in concrete is how to incorporate an appropriate chloride binding isotherm in the transport model to
describe the penetration of chlorides in concrete [12,13].

To determine chloride binding in different types of concrete, experimental tests on cement pastes, mortars and concrete specimens
with various mixtures have been carried out in last four decades. From the experimentally obtained results a number of chloride
binding isotherms have been also proposed. For example, Tang and Nilsson [10] proposed a method for evaluating chloride binding
capacity of concrete based on the adsorption from solution and chloride binding isotherms of ordinary Portland cement (OPC) pastes
and mortars. Their experimental results showed that the relationship between free and bound chlorides could be described by the
Freundlich isotherm at high free chloride concentrations and the Langmuir isotherm at low free chloride concentrations. Glass et al.
[11] examined the chloride binding capacity of cement pastes in diffusion cell experiments. Spiesz et al. [14] presented a nonlinear
chloride binding isotherm and the non-equilibrium conditions between free and bound chlorides in concrete for simulating rapid
chloride migration tests. Baroghel-Bouny et al. [15] proposed various methods of prediction of chloride-binding isotherms of
cementitious materials at equilibrium and in saturated conditions. Ye et al. [16] investigated the mechanisms of chloride binding in
alkali-activated slag pastes using X-Ray diffraction (XRD) analysis, thermal gravimetric analysis (TGA), and scanning electron mi-
croscope (SEM) techniques. Avet and Scrivener [17] investigated the influence of pH value on chloride binding of plain cement and
limestone calcined clay cement. Chen et al. [18] examined the influence of various phosphate corrosion inhibitors on chloride binding
and release in cement pastes by using XRD and TGA techniques. Chen et al. [19] investigated the chloride binding and diffusion for
cement matrix with swelling agent, early-strength agent, and set-retarding agent by using XRD, TGA, and SEM techniques. Cao et al.
[20] investigated the chloride binding capacity of cement pastes immersed in chloride and various chloride-sulfate solutions. Jain et al.
[21] developed chloride binding isotherms for cement hydration compounds by taking account into the effect of pH value and the
presence of other ionic species. Yang et al. [22] investigated the influence of nonlinear chloride binding on the determination of
chloride diffusion coefficient in concrete obtained from bulk diffusion tests. The results showed that the chloride binding isotherms in
the bulk diffusion tests fitted well with the Freundlich isotherm but are not so nonlinear as expected. Teymouri et al. [23] developed
the pH-dependent chloride desorption isotherms for OPC pastes exposed to MgCl,, CaCly, and NaCl solutions. It was shown that the
Langmuir isotherm agreed well with the chloride binding of ground OPC pastes, and the amount of bound chlorides was predominantly
influenced by the cation-type of chlorides in the decreasing order CaCl2>MgCl2>NaCl. Huang et al. [24] presented an analytical study
on the diffusion of chlorides in concrete coupled with the effect of nonlinear chloride binding, in which the chloride binding was
represented by using a bilinear function. Bahman-Zadeh et al. [25] presented a thermodynamic and experimental study on chloride
binding of limestone containing concrete in sulfate-chloride solution. Liu et al. [26] reported the experimental and numerical studies of
chloride transport and binding in concrete under the coupling of diffusion and convection. Li [27] evaluated the chloride permeability
and chloride binding capacity of concrete modified with nano-SiO, nano-CaCOs, and multi-walled carbon nanotubes. The results
demonstrate that the addition of nano-SiO, compromises the chloride binding capacity due to the decreased pH value of pore solution,
resulting in the dissolution of Friedel’s salt.

The above literature survey shows that there have been extensive studies published in literature on chloride binding in concrete. A
number of chloride binding isotherms have been proposed, in which the amount of bound chlorides is expressed in terms of the
concentration of free chlorides in pore solution by using a linear function with a single parameter, Freundlich’s equation with two
parameters, Langmuir’s equation with two parameters, or a bilinear function with three parameters. When the linear or bilinear
binding isotherm is used the analytical solution of the chloride diffusion equation can be achieved. However, when the Freundlich or
Langmuir isotherm is used only numerical solution of the chloride diffusion equation can be obtained. Note that the linear and bilinear
functions do not have wide nonlinear features and thus their application is very limited. Although the Freundlich and Langmuir
isotherms provide some nonlinear features their application is also somehow limited. This is partly because the isotherm has only two
parameters which restrain the variability of the function, and partly because they cannot lead to analytical solution which makes it
inconvenient to do parametric study analysis. In this paper a trilinear function with five parameters is employed to describe the
nonlinear binding behaviour of chlorides in concrete. The use of the trilinear function not only widens up the variability of the
isotherm but also makes it possible to achieve an analytical solution of the diffusion equation. In the present study, the detailed
derivation of the analytical solution of the chloride diffusion equation with trilinear binding isotherm is described and illustrated. To
demonstrate the rationality and accuracy of the analytical solution derived, comparisons between the analytical solution and the
numerical solution and experimental results are also provided.

2. Chloride diffusion model with chloride binding in saturated concrete

Consider the chloride diffusion in a saturated concrete. The mass conservation equation of chlorides considered in per-unit volume

of concrete can be expressed as follows,
0CT

= _w 1

o (€Y)]

where Cr is the total chloride content in per-unit volume of concrete, t is the time, and J is the flux of chlorides pass through per-unit
area of concrete in per-unit time. Note that the total chloride content is the sum of free and bound chlorides, that is,
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where Cy and Cp, are the free and bound chloride contents in per-unit volume of concrete. According to Fick’s first law, the flux of
chlorides in Eq. (1) can be expressed as follows,

e o

where D, is the effective diffusion coefficient of chlorides in concrete, ¢ is the porosity of the concrete, and the term Cy/e represents the
concentration of free chlorides in the pore solution. Substituting Egs. (2) and (3) into (1), it yields,

9G , 9C _ (D
L= 7v( : vcf) )

Eq. (4) indicates that, if the effective diffusion coefficient of chlorides in the concrete, the porosity of the concrete, and the rela-
tionship between the free and bound chlorides in the concrete are known, then Eq. (4) together with the initial and boundary con-
ditions of free chlorides can be used to calculate the free chloride content in the concrete at any coordinate point at any time.

In literature several chloride binding models have been proposed, in which the bound chloride content is expressed in terms of the
free chloride content by using the linear function, bilinear function, Freundlich function, or Langmuir function. The constants involved
in these functions were determined based on experimentally obtained data. In the present study we use a trilinear function to describe
the chloride binding. The present trilinear binding model not only has the nonlinear features of the Freundlich and Langmuir functions,
but also makes it possible to achieve an analytical solution of the diffusion equation.

3. Chloride diffusion model with trilinear chloride binding in saturated concrete

Consider the concrete in which the chloride binding can be represented by using a trilinear function as shown in Fig. 1 below. When
the concrete is exposed to a marine environment, chloride ions will diffuse from the environment into concrete. Assume that the
concrete does not contain any initial chlorides and the concentration of chlorides on its exposed surface does not change with time. In
this case the chloride profile in the concrete can be determined as follows.

Casel. Cs<Cq

% + % =V (Dg‘ﬁ VC,> (5)
Cy(t,x) =k C; (6)
Cs(0,x)=0 @
Ci(1,0)=C; ®

Case 2. Cp < Cg<Cp

Cp = Cpp + k3(Cr — Cyp)

Cp = Cp1 + k2(Cr — Cp1)

Bound chloride content

&7 Cp
Free chloride content

Fig. 1. Trilinear chloride binding model with five parameters.
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kG for G < Cp

atn={ 10)
Coni + ka(Cr = Cpi) for G > Cpy

Cr(0,x)=0 (11)

C(1,0)=C, (12)

Case 3. Cp < Cg

0Cf GC;, _ Deff
7*7”( e (13)

kG for G <Cp
Cy(t,x) = { Cat + ko (Cr = Cp)  for Cpn < Cr < Cp 14
Car +k3(Cr = Cp2) for C; > Cp

G (0.2)=0 15)
Gn0=c, (16)

where kj, ko and kg are the slopes of the chloride binding curve defined in Fig. 1, (Cg, Cp1) and (Cgp, Cp) are the free and bound
chloride concentrations defined for different binding zones as shown in Fig. 1, Cs is the chloride concentration on the exposed surface
of concrete, and x is the distance from the exposed surface. Of the seven constants (kj, k2, k3, C1, Cr2, Cp1, Cp2) involved in the trilinear
chloride binding model only five are independent. These five constants can be determined based on experimentally obtained chloride
binding isotherms [28-34]. After the chloride binding is defined, the chloride profile in concrete can be obtained by solving the
diffusion equations defined by Egs. (5)-(8), or (9)-(12), or (13)—(16), depending on the chloride concentration at the exposed surface
of the concrete.

To demonstrate the generality and superior of the proposed trilinear chloride binding model, Fig. 2 shows a comprehensive
comparison of the trilinear model and other commonly used chloride binding models with the experimental data obtained from three
different types of binders: (1) the mortar mixed with water:OPC:sand ratio of 0.5:1.0:2.0, (2) the cement paste mixed by 70% OPC plus
30% fly ash (FA) with water-to-binder ratio of 0.5, and (3) the cement paste mixed by 85% OPC plus 15% silica fume (SF) with water-
to-binder ratio of 0.45. The experimental data for these three binders were taken from Refs. [15,35,36], respectively. It can be seen
from the figure that, for OPC binder (Fig. 2a) and OPC + FA binder (Fig. 2b) the present trilinear binding model provides the best fit to
the experimental data, followed by the Freundlich and bilinear models; whereas the Langmuir model does not perform very well. For
OPC + SF binder (Fig. 2¢), again, the present trilinear model gives the best fit to the experimental data, whereas all other three models
do not perform very well. This demonstrates that the present trilinear chloride binding model can cover a wide range of chloride
binding behaviours and thus can be used to represent the chloride binding in various types of concrete.

4. Analytical solution of diffusion model with trilinear chloride binding

The trilinear chloride binding model presents the nonlinear binding behaviour of chlorides in concrete. More importantly, the use
of the trilinear function makes it possible to achieve the analytical solutions defined in different binding zones. According to the
diffusion equations described in the previous section, we can solve them separately based on three different cases (see Fig. 3 below).

4.1. Case 1

When the surface chloride concentration C; is not greater than Cy;, the chloride profile in concrete can be obtained by solving Egs.
(5)-(8), in which the bound chloride is linearly proportional to the free chloride (zone 1). In this case the diffusion equation, Eq. (5),
can be simplified into,

G __ Dy

2
or el +kl)V G a7

According the initial and boundary conditions given by Egs. (7) and (8) and assuming C(t,c0)=0, the solution of Eq. (17) thus can
be expressed as [37,38],

Cy(t,%) :cx(1 ferfz%/D_l) (18)
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Fig. 2. Comparison of different chloride binding models with experimental data. (a) OPC mortar. (b) OPC + FA binder. (c) OPC + SF binder.
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Fig. 3. Chloride diffusion in different binding zones.

where D; = (1 +k is the equivalent diffusion coefficient of chlorides in zone 1 where Cr < Cy;, and erf(e) is the error function.

4.2. Case 2

When the surface chloride concentration C; exceeds Cy; but is not greater than Cpy, the chloride profile in concrete can be obtained
by solving Egs. (9)-(12), in which the bound chloride is a bilinear function of the free chloride (zone 1 and zone 2). In this case the
diffusion equation, Eq. (9), can be simplified as follows,

CA[f [f'ff 2
—_ V - for C; < 19

aCf Deﬂ 2
o e(l+k, )V

According to the initial condition given by Eq. (11) and assuming Cg(t,c0)=0, the solution of Eq. (19) thus can be expressed as,

G for Gy > Cp (20)

X
Cit,x) =4, (1 _e'fZ\/_DT> for Gy < Cpy (1)

where A; is a constant to be determined. According to the initial and boundary conditions given by Eqgs. (11) and (12), the solution of
Eq. (20) thus can be expressed as [37,38],

for C; > Cp, (22)

C(t,x)=C, — Agerf \/w

where Dy = _Dot_is the equivalent diffusion coefficient of chlorides in zone 2 where C 1<Cr < Cp, and A, is a constant to be
(1K) q f1<bf f:

determined.
Let X;(t) be the coordinate point where Cf1 (t,x) = Cj?(t7 x) = Cy1. According to the continuity condition of concentration, we have

the following equations,

Cfl(l7X1) 1( —e'fz\/—> Cri (23)
C(1,X1)=C,— Ay erf \/“ =Cy (24)
Solving Egs. (23) and (24) for A; and Ay, it yields,
C,
A= % (25)
1—erf SN
C, — C
Apy=—7 (26)
erf s b
The coordinate X;(t) can be determined based on the continuity condition of flux at that point, that is,
(27)

Cl C2
_DE#V< ) - _Déﬁv ( € )
x=X)

Substituting Egs. (21), (22), (25) and (26) into (27), it yields,

x=X)
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C—Cy l—efs=" D, [X*/1 1
1y sz _ —zex |:_1 <_ _ _> :| (28)
Cf[ erfﬁ D, 4t \D, D,

Eq. (28) can be used to determine X;/+/t numerically. After then, A; and A, can be determined from Egs. (25) and (26).

4.3. Case 3

When the surface chloride concentration C; exceeds Cpy, the chloride profile in concrete can be obtained by solving Eqs.(13)-(16),
in which the bound chloride is a trilinear function of the free chloride (zone 1, zone 2, and zone 3). In this case the diffusion equation,
Eq. (13), can be simplified as follows,

G _ Dy

it PSS —.  — f < 2
a e +k1)v Cy for Gy < Cyy (29)
5 = mv Cifor Gy < Cp < Cpp (30)
—_— = f 1
P (1+k)V Cyfor Gy > Cpp (31)

According to the initial condition given by Eq. (15) and assuming Cft,c0)=0, the solution of Eq. (29) thus can be expressed as,

Ci(t,x) = ) for Gy < Cpy (32)

( v

where A; is a constant to be determined. According to the initial and boundary conditions given by Egs. (15) and (16), the solution of
Eq. (31) thus can be expressed as,

C(t,x)=Cs — A, erf 3 for G; > Cp (33)

\/_

where D3 = is the equivalent diffusion coefficient of chlorides in zone 3 where Cr > Cp,, and A; is a constant to be determined.

1+k
The solution of Eq. (30) can be expressed as [37,38],

Cit,x)=A3 — Ay erf 5= for G < G < Cn (34)

\/D—

where Az and A4 are the constants to be determined. Let X;(t) be the coordinate point where C} (t,x) = C)?(t7 x) = Cy1, and X(t) be the

coordinate point where C]%(t, x) = Cﬁ(t, X) = Cya. According to the continuity condition of concentration, we have the following

equations,
CHr. X)) =A( 1 X ) g 35
(6 X1) =A *6#27\/1—)17 =Cn (35
Ci(t,X1) =As — Ay erf 5 7= \/_ =Cyy (36)
Ci(1,X2) =A; — A4 erf \/_ =Cp (37)
C}(t,X2) =C, Azerf2 \/_ =Cp (38)

Solving Egs.(35)-(38) for Aj, Ay, A, and Ay, it yields,
Cf]

A= (39)
! 1-— erf—z\;(l'—)ﬁ
4, =8 Cn (40)
Xz
erf 3
-1
I R I (41)

X, X X X
efsibm s |\ e amn e s
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Cy —C
P T (42)
erf 5 b5 — e 5 b
The coordinate X;(t) and X2(t) can be determined based on the continuity conditions of flux at these two points, that is,
G G
—D 4V . =—Dy;V - 43)
x=Xi x=X)
C? C?
X=Xy X=Xy
Substituting Eqs.(32)-(34) and (39)-(42) into (43) and (44), it yields,
Cfl — sz 1 - erfz\)/(#ll - D2 X% 1 1
° X X AP L\ Ty (45)
Cn erf 5= —erfs7= VD 4 \D, D,
Ch—Cpy efsd= D, [X2(1 1
X x AP\ o D (46)
C, — sz erfz\/—D? — erf%/T? D; 4t \D, D;

Egs. (45) and (46) can be used to determine X;/+/t and X»/+/t numerically. After then, Aj, Ay, Az and A4 can be determined from
Egs.(39)-(42), and thus the chloride profiles in the three different zones can be calculated using the analytical solutions given by Egs.
(32)-(34).

5. Comparisons with numerical and experimental results

To demonstrate the present analytical solution, we herein show two examples. The first example is for the chloride binding, which
is similar to the Langmuir or Freundlich isotherm but is represented by the trilinear function with k; >ks>ks. The second example is for
a special case, in which the zone one represents the chemical binding (k;—co and Cf;—0), the zone two is to simulate the physical
binding, and the zone 3 is when the bound chloride reaches to its limit values (ks—0) [6]. Note that the surface chloride concentrations
in these two examples are all assumed to be greater than Cy (that is case 3). This is because if Cs < Cy the trilinear chloride binding
model will reduce to the bilinear chloride binding model, which has been investigated previously in article [24] and thus is not
discussed here again. The parametric values employed in the two examples are provided in Table 1.

Fig. 4 shows the free chloride distribution profiles at three different times, in which the analytical solution is obtained from Egs.
(32)-(34), and the numerical solution is obtained by solving Eq. (4) numerically using pdepe script built in MatLab software. It can be
seen from Fig. 4 that there is almost no difference between the analytical and numerical solutions. This demonstrates that the present
analytical solution is able to describe the diffusion of chlorides in concrete with different nonlinear binding features. Note that for
example 2, to ensure the numerical solution obtained is accurate enough special care is required for obtaining the numerical solution
because the large value of k; involved in the binding isotherm [39]. However, for the analytical solution it does not have this kind of
issue.

The experimental validation of the present model is shown in Fig. 5, in which the experimental results were obtained from articles
[24,28]. The experimental data shown in the figure are the free chlorides measured in the 120-day diffusion tests of the concrete with
water-to-binder ratio of 0.45, and 10% (LP10) and 30% (LP30) limestone powder (LP) replacement to the cement. The concrete was
mixed as follows: binder (cement and limestone powder) 450 kg/m?>, sand 558 kg/m?, gravel 1170 kg/m>, and superplasticizer 4.5
kg/m?>. The parametric values employed in the present analytical solution are given in Table 2, in which the diffusion coefficients are
taken directly from article [24], and the chloride binding constants are assumed based on the chloride binding data published in article
[28]. The difference in the parametric values between the two types of concrete reflects the influence of limestone on the diffusivity of
the mixed concrete. It can be seen from Fig. 5 that, by using the trilinear chloride binding model, the diffusion curves obtained from the
present analytical solution agree very well with the experimentally measured diffusion curves. However, if the linear or bilinear
chloride binding model was used, the analytical solution would not fit well with the experimental data as it was demonstrated in article
[24].

Table 1
Parametric values used in two examples.
Parameter Example 1 Example 2
Cs (mole/1) 0.4 0.4
Cr 0.2C, 0.01C;
Cr2 0.8Cs 0.8C;
k1 2.5 50
k2 0.5 0.38
ks ko/3 k2/100
Deg/e (m?/5) 1.5x10 ! 1.5x10 M
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Fig. 4. Comparison of free chloride profiles between analytical and numerical solutions. (a) Example 1 and (b) example 2.

6. Conclusions

Chloring binding in concrete involves both physical and chemical reactions of chlorides with cementitious materials near the pore
surface of concrete. Chloride binding can reduce the penetration speed of chlorides in concrete and thus improve the service life of
concrete structures. Therefore, it is important to consider the chloride binding in the chloride diffusion model. In this paper we have
proposed a trilinear chloride binding isotherm and the isotherm has been incorporated into the chloride diffusion model, from which
an analytical solution is obtained. From the results and discussion presented in the paper, the following conclusions can be drawn.
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Fig. 5. Comparison of free chloride profiles between analytical solution and experimental results.

Table 2
Parametric values used in simulation of experiments.

Parameter Concrete with 10% LP Concrete with 30% LP
Cs (mole/1) 0.3 0.43

Cn 0.1C; 0.1C;

Cpz 0.8C; 0.8C;

ki 10 15

k2 5 1

ks 1 0.02

Deg/e (m?/5) 3.32x107 1! 8.43x10 1!

e The trilinear chloride binding isotherm can effectively and efficiently represent the nonlinear binding feature of chlorides in
different types of concrete.

e The analytical solution of the diffusion equation using error function, presented according to different zones is mathematically
correct, which is validated by the numerical solution.

e The present analytical solution is simple and easy to use. For different types of concrete one can choose different diffusion coef-
ficient and different chloride binding constants to describe their different diffusivities.
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