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ABSTRACT
The Boltzmann-Matano methodology has been applied to calculate the non-steady
state chloride diffusion coefficients for concrete. It was found that the chloride
diffusion coefficients depend on time and concentration/depth. The chloride diffusion
coefficients were expressed as a linear function of the Boltzmann variable.

Introduction

With increased acceptance of life cycle cost analysis of concrete structures, service life
prediction models based on the depth of chloride ingress in concrete were developed (1,2) based
on non-steady-state chloride diffusion described by Fick’s Second Law in one dimension as,

aC o’C

. 2~ Pac

where, C represents chloride concentration, t is time, x is distance, and D is the chloride diffusion
coefficient or diffusivity. The solution of Eq.[1] for an infinite concrete beam immersed in a bath
of constant chloride composition is (3),

2] cx,b) = C, erf(vjﬁ)

where erf represents the statistical error function and C, is the chloride concentration at the beam
surface. Eq.[2] is valid for a constant diffusion coefficient. But, this is seldom true for concrete
systems. For example, Buenfeld and Newman (4) and Mangat and Molly (5,6) showed that
chloride diffusion coefficients depended on time. In the latter case, a relationship was proposed
where the chloride diffusion coefficient was expressed as an explicit function of time.
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Chloride diffusion coefficients can also vary with composition (or equivalently with the
depth of chloride penetration into the concrete). In this case, Eq.[1] becomes,
aC a( ac] oD 9aC 0°C

Bl o0 " xPa) T xx TP

The equation is inhomogeneous, and a generic solution in closed form is impossible. However, a

special case, where conditions are simplified by the Boltzmann variable u=x/ Jt, transforms
Eq.[3] to a solvable homogeneous differential equation.

y ude 4 dc
] "2 du du du
With appropriate simplifications, the integral of Eq.[4] between C=0 and C=C" (0<C <C,) is,
* *
197 [ dcT=
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Since, chloride concentration profiles are routinely obtained at fixed time intervals, then Eq.[5]
can be expressed in terms of the chloride profile parameters as,

1

(6] >
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dC dC
The D(d—) term is a consequence of an infinite beam where d_=0 at C=0. The
X =C* X

concentration dependent diffusion coefficient , D(C"), can be isolated in Eq.[6] as,

* 1 (dx ¢
7] DC) = -5 (dc]g'{" dc
Eq.[7] was first used by Matano (7) to calculate diffusion coefficients in metallurgical systems.
Gummerson et al (8) determined hydraulic diffusivities for ordinary Portland cement mortars
using Eq.[7]. This paper represents the first attempt to apply the Boltzmann-Matano methodology
to determine chloride diffusion coefficients as a function of time and distance/concentration for
concrete exposed to chloride solutions.

Experimental

The concrete mix design is given in Table 1. The coarse aggregate was crushed limestone
(<19 mm), and graded silica sand was the fine aggregate. The slump was 114 mm and the
entrained air was 5.0%.

TABLE 1.
Mix Design (kg/m‘?)
Type 50 | Water | Coarse Agg. Fine Agg. Air Agent Superplacticizer
Cement (Darex) (40% Disal)
369.96 | 147.98 1107.01 737.95 0.93 4.64

Beams of dimension 75 mm x 75 mm x 300 mm were cast and cured at 100% rh for 3 and 2¢
days. Subsequently, the beams were waxed on five sides and immersed into baths. The
composition of the baths is given in Table 2.
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TABLE 2
Ion Concentrations of Baths (%)
Bath 1 Bath 2
K* 4.68 432
Cr 16.82 16.98
SO~ 0.18 0.16
Ca®™* 0.134 0.154
Mg®* 0.107 1.46
Na* 7.76 5.44

At 3, 6, 12, 18 and 24 months, the beams were removed from the baths. The chloride
contents (ASTM C114) were determined at various penetration depths by measuring total
chloride in specimens 4 mm thick (i.e., specimens were taken at 0-4, 6-10, 12-16, etc. mm from
the specimen surface).

Results and Discussion

The chloride penetration data are presented in Tables 3 to 6. For each curing condition,
bath exposure and time, the chloride profiles in Tables 3 to 6 were fitted to an equation of the
form,

(8] C=Ae

where, A and B represent constants, and C is the concentration of chloride. Values for A and B
were determined by minimizing the chi-squared values using the Levenberg-Marquardt algorithm
(9). Subsequently, Eq.[7] was used to calculate the chloride diffusion coefficients. These values
have been summarized in Tables 7 to 10 and Figures 1 to 4.

There is both a time and concentration/depth dependence for the chloride diffusion
coefficient. In all cases, the chloride diffusion coefficient increases further into the bulk concrete.
However, for longer exposure times, the concentration/depth dependence of the chloride diffusion
coefficients is less pronounced. It is probable that components of the bath solutions interact with
the concrete and hinder chloride diffusion. At the outset, the interaction is mainly confined to the

TABLE 3.
Chloride Profiles (%) for 3 Day Cure Exposed to Bath 1.

Depth (mm) 3 Months 6 Months 12 Months 18 Months 24 Months

0-4 0.60 1.07 1.43 1.17 1.20
6-10 0.49 0.61 0.72 0.73 0.83
12-16 0.28 0.43 0.46 0.59 0.59
18-22 0.15 0.28 0.21 0.42 0.45
24-28 0.08 0.15 0.21 0.27 0.44
30-34 0.06 0.11 0.10 0.12 0.32
36-40 0.08 0.05 0.07 0.19
42-46 0.05 0.06 0.11
48-52 0.05 0.06
54-58 0.01 0.05
60-64 0.05
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TABLE 4.
Chloride Profiles (%) for 28 Day Cure Exposed to Bath 1.

Depth (mm) 3 Months 6 Months 12 Months 18 Months 24 Months
0-4 0.99 1.31 1.45 1.38 1.08
6-10 0.34 0.66 0.69 0.76 0.82
12-16 0.26 0.41 0.50 0.62 0.61
18-22 0.15 0.21 0.41 0.43 0.47

24-28 0.07 0.08 0.24 0.29 0.36
30-34 0.04 0.06 0.15 0.14 0.29
36-40 0.06 0.08 0.07 0.15
42-46 0.04 0.06 0.10
48-52 0.05 0.07
54-58 0.01 0.06
TABLE 5.
Chloride Profiles (%) for 3 Day Cure Exposed to Bath 2.

Depth (mm) 3 Months 6 Months 12 Months 18 Months 24 Months
0-4 1.18 1.05 0.94 0.94 1.21
6-10 0.43 0.59 0.67 0.67 0.73
12-16 0.23 0.35 0.47 0.47 0.59
18-22 0.12 0.17 0.29 0.29 0.46

24-28 0.06 0.08 0.15 0.15 0.37
30-34 0.04 0.05 0.06 0.06 0.28
36-40 0.05 0.04 0.04 0.15
42-46 0.04 0.04 0.11
48-52 0.04 0.04 0.04
54-58 0.04 0.04 0.004
60-64 0.01
66-70 0.02
TABLE 6.
Chloride Profiles (%) for 28 Day Cure Exposed to Bath 2.
Depth (mm) 3 Months 6 Months 12 Months 18 Months 24 Months

0-4 0.82 1.26 1.47 1.91 1.93
6-10 0.41 0.63 0.72 0.88 0.96
12-16 0.30 0.39 0.52 0.65 0.81
18-22 0.13 0.24 0.43 0.47 0.54
24-28 0.06 0.12 0.29 0.40 0.35
30-34 0.04 0.08 0.15 0.38 0.23
36-40 0.07 0.07 0.32 0.14
42-46 0.04 0.17 0.06
48-52 0.08 0.005
54-58 0.07 0.005
60-64 0.07
66-70 0.07
72-76 0.07
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TABLE 7.
Chloride Diffusion Coefficients for 3 Day Cure Exposed to Bath 1.
Diffusion Coefficient (cm®/s)

Depth (cm) 3 Months 6 Months 12 Months 18 Months 24 Months
0.2 1.6582x107 | 6.5478x10* | 2.0891x10® | 3.0062x10° | 3.6184x10*
0.8 2.3027x107 | 9.2123x10* | 3.0882x10® | 4.0294x10° | 4.6193x10°
1.4 3.0022x107 | 1.1986x107 | 4.0921x10® | 5.0651x10° | 5.6382x10*
2.0 3.7863x107 | 1.4935x107 | 5.1063x10* | 6.1171x10° | 6.6787x10°
2.6 4.7002x107 | 1.8162x107 | 6.1350x10°® | 7.1947x10°* | 7.7525x10°®
3.2 5.8128x107 | 2.1832x107 | 7.1953x10® | 8.3053x10" | 8.8487x10°
3.8 2.6213x107 | 8.3102x10° | 9.4758x10® | 1.0008x107
4.4 9.5202x10® | 1.0720x107 | 1.1265x107
5.0 1.2079x107 | 1.2618x10”
5.6 1.3606x107 | 1.4101x107
6.2 1.5781x107

Invariant | 1.9273x107 | 9.0158x10" | 2.8806x10* | 4.4463x10® | 5.4479x10*

TABLE 8.
Chiloride Diffusion Coefficients for 28 Day Cure Exposed to Bath 1.
Diffusion Coefficient (cm’/s)

Depth (cm) 3 Months 6 Months 12 Months 18 Months 24 Months
0.2 5.0573x10® | 3.7352x10® | 2.8796x10° | 2.5257x10® | 3.9138x10%
0.8 8.0720x10° [ 5.6224x10* | 4.0866x10° | 3.4518x10° | 4.9785x10°
1.4 1.1123x107 | 7.5335x10% | 5.3129x10° | 4.3843x10% | 6.0724x10°
2.0 1.4253x107 | 9.4896x10* | 6.5713x10° | 5.3263x10% | 7.2057x10¥
2.6 1.7556x107 | 1.1529x107 | 7.8814x10° | 6.2829x10® | 8.3917x10®
3.2 2.1230x107 | 1.3722x107 | 9.2772x10° | 7.2618x10° | 9.6491x10*®
3.8 1.6209x107 | 1.0811x107 | 8.2746x10° | 1.1002x107
4.4 1.2574x107 | 9.3395x10® | 1.2483x107
5.0 1.0484x107 1.4136x107
5.6 1.1748x107 | 1.6021x107

Invariant 6.7270x10® | 5.1565x10° | 4.3331x10° | 3.8309x10% | 4.7752x10°®
TABLE 9.
Chloride Diffusion Coefficients for 3 Day Cure Exposed to Bath 2.
Diffusion Coefficient (cm’/s)

Depth (cm) 3 Months 6 Months 12 Months 18 Months 24 Months
0.2 4.0663x10® | 4.2274x10® | 3.7974x10° | 2.5524x10® | 3.1144x10°
0.8 6.7022x10* | 6.2613x10® | 5.1779x10° | 3.4842x10° | 4.0426x10°
14 9.3416x10° | 8.3327x10® | 6.5588x10° | 4.4224x10° | 4.9899x10°
2.0 1.1989x107 | 1.0471x107 | 7.9406x10° | 5.3707x10® | 5.9638x10°
2.6 1.4657x107 | 1.2730x107 | 9.3236x10° | 6.3340x10° | 6.9743x10°
3.2 1.7371x107 | 1.5205x107 | 1.0709x107 | 7.3206x10° | 8.0361x10°
3.8 1.8067x107 | 1.2097x107 | 8.3422x10% | 9.1691x10®
44 1.3489x107 | 9.4172x10° 1.0401x107
5.0 1.4888x107 | 1.0573x107 | 1.1771x107
5.6 1.6297x107 | 1.1853x107 1.3307x107

Invariant 5.1689x10° | 5.7836x10® | 5.4099x10° | 3.6047x10% | 4.7065x10°
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TABLE 10.
Chloride Diffusion Coefficients for 28 Day Cure Exposed to Bath 2.
Diffusion Coefficient (cm?/s)

Depth (cm) 3 Months 6 Months 12 Months 18 Months 24 Months
0.2 8.3829x10® | 4.1342x10* | 3.1224x10®° | 2.6118x10%° | 1.6667x10%
0.8 1.2525x107 | 6.1408x10® | 4.3892x10° | 3.5467x10® | 2.3125x10°
1.4 1.6855x107 | 8.1823x10° | 5.6804x10° | 4.4811x10° | 2.9610x10*
2.0 2.1526x107 | 1.0287x107 | 7.0109x10° | 5.4150x10° | 3.6136x10°
2.6 2.6814x107 | 1.2504x10”7 | 8.4044x10° | 6.3478x10° | 4.2726x10°
3.2 3.3217x107 | 1.4927x107 | 9.8988x10° | 7.2791x10° | 4.9420x10°
3.8 1.7718x107 | 1.1555x107 | 8.2083x10° | 5.6273x10°®
4.4 1.3470x107 | 9.1340x10° | 6.3379x10®
5.0 1.0055x107 | 7.0879x10°®
5.6 1.0967x107 | 7.8995x10®

Invariant 1.1490x107 | 5.7027x10® | 4.7352x10° | 4.0926x10® | 2.5788x10*

surface layers with the consequent large variation in chloride diffusion coefficients from the
surface layer to the bulk. At longer exposure times, the interior of the concrete sample
experiences the same phenomenon and there is less variation of the chloride diffusion coefficients
across the sample. It has been suggested that the initial formation of Mg(OH),, prior to the onset
of cracking, can decrease the permeability of concrete (10). The presence of Mg?* in the baths
would indicate that such a mechanism is possible.

For exposure to Bath 1, the smaller values of the chloride diffusion coefficients at longer

10—6. " " " —mtad
~8-02om "
—@-08cm i
L ~&~14em b
-y—20am L
28cm

107

/.
:
L

Diffusion Coefficient (cm?¥s)
7

10% v YT v
FIGURE 3. 10

Cured for Three Days and Exposed to Bath 2. Time (months)



Vol. 25, No. 7 BOLTZMANN-MATANO METHOD, CHLORIDE DIFFUSION 1563

—#l—-02am
o —@—08cm
—&—14cm
h —y—20an
—@—26am
—4—32am
+ —~X~—38am

Diffusion Coefficient ( cm?/s )

107 -
\A
I\A
10°¢ —————r—r—r—r—r— v
10
Time (Months)
FIGURE 4.

Cured for 28 Days and Exposed to Bath 2.

curing times is indicative of a less permeable concrete in agreement with general principles of
cement hydration. In contrast, for the more concentrated Mg2+ Bath 2, the

data indicate that the influence of curing is not as significant on the chloride diffusion coefficient.
But, chloride penetration depths were always less than the 3 day cured concrete.

Except for concrete cured for 28 days and exposed to Bath 2, all chloride diffusion
coefficients had a peculiar time dependence. Initially, chloride diffusion coefficients decreased
with time. Then, following 12 to 18 months exposure, the chloride diffusion coefficients increase
with exposure time. There are two possibilities to explain this behavior: either the precipitated
insoluble Mg(OH); has caused a sufficient number of microcracks which has allowed chloride to
penetrate more quickly, or a sufficient amount of Ca(OH), has been leached which renders the
concrete more porous. The concrete cured for 28 days and exposed to Bath 2 will continue to be
monitored. It is anticipated that the behavior described above will manifest with the next several
months. In any case, any prediction of a service life based on chloride diffusion coefficients
determined at the earlier times would seriously overestimate the time required for the chloride to
penetrate to the depth of the reinforcing steel. The time dependence of the chloride diffusion
coefficients proposed previously (6) is not obeyed in this work. This work represents true
diffusion measurements in the fully saturated condition, whereas the previous workers (5,6)
exposed samples to the cyclic conditions of the tides where imbition of the chloride may
compromise their diffusion calculations. The chloride diffusion coefficients in this investigation
have been plotted against the Boltzmann variable. Figure 5 is an example plot for concrete cured
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Exposed to Bath 2.

for 3 days and exposed to Bath 2. It can be seen that the chloride diffusion coefficients are well
represented by the indicated least squares lines. In all cases, all data fell to within £10% of the
least squares lines. The results have been summarized in Table 11. Therefore, it is possible to
calculate the chloride diffusion coefficient at any time and any depth using the equations described

in Table 11.

The composition independent chloride diffusion coefficients calculated with Eq.[2] have
also been included in Tables 7 to 10 and Figures 1 to 4. These values are comparable to those

TABLE 11.

Chloride Diffusion Coefficients as a Function of the Boltzmann Constant

(x=cm, t=months)

logD= A + B-(x/+t)
System A B
Bath 1, 3 day cure -7.4070 0.5365
Bath 1, 28 day cure -7.4276 0.4515
Bath 2, 3 day cure -7.4368 0.4554
Bath 2, 28 day cure -7.5204 0.5304
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values calculated with Eq.[7] for the surface layer. Clearly, any life prediction based on chloride
diffusion coefficients calculated with Eq.[2] is questionable.

It should be emphasized that the mathematical development in this paper has been applied
to experimental data on acid soluble chlorides in concrete. While it is true that it is the free
chloride concentration gradient which is the thermodynamic driving force for diffusion, there is
considerable doubt whether the chloride concentration of expressed pore solutions are valid
representations of the true free chloride concentration in concrete. The expression of pore
solution involves the application of pressure with a consequent temperature increase. Hence, there
must be an increase in chloro-complex solubility which will contribute to the chloride
concentration of the expressed pore solution. As such, the total acid soluble chloride
concentration is a good first approximation to the diffusional concentration gradient.

Conclusions

e The Boltzmann-Matano methodology for the calculation of chloride diffusion coefficients can
be applied to concrete systems.

e There is both a time and concentration/depth dependence of the chloride diffusion coefficient.

e The chloride diffusion coefficient can be expressed as linear function of the Boltzmann

: X
variable, //E

¢ Values of the non-steady state chloride diffusion coefficient, calculated with the assumption
that the values are independent of concentration, are not representative of the bulk concrete.
And, lifetime predictions based on these values overestimate the time needed for chloride to
diffuse to the level of the reinforcement.
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