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Abstract:  Where chloride ion concentrations are high in coastal environments or in groundwater, chloride 
diffusion modelling is often used to assess reinforced concrete structures in durability design. Model results 
are often used to link concrete quality, cover and a structure’s design service life. For this, Fick's second 
law of diffusion is used and input parameters for these models include surface chloride concentrations, the 
influence of binder types covering cements and supplementary cementitious materials, and ageing factors 
to model the change in chloride diffusion coefficients with time. Further, threshold chloride ion 
concentrations for steel depassivation in concrete are used to estimate design lives. All these input 
parameters are known to vary in practice, some of these significantly.  Results from a recent study are 
presented that considered 240 concrete samples having varying binders and water/binder ratios that were 
exposed to chloride ions and tested for chloride ion concentration with depth. The data were analysed and 
chloride diffusion coefficients were determined using Fick’s 2nd Law. A separate analysis was carried out 
on the same data using a simple 2nd order polynomial function to characterise chloride diffusion into 
concrete. Statistical analyses showed that the simple 2nd order polynomial function predicted chloride 
diffusion equally well when compared with Fick's second law. Use of the polynomial function showed that 
some of the errors inherent with input parameters required to conduct chloride diffusion modelling could be 
potentially overcome, meaning that its application in design and construction on projects might be made 
simpler.
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1. Introduction
This paper is based on research undertaken to determine the effect of increasing the limestone mineral 
addition (LMA) in cement with or without the addition of cement kiln dust (CKD) on the ingress of chloride 
ion into the mortar or concrete. The chloride ingress was determined by both the rapid chloride migration 
method NT BUILD 492 [1] and the NT BUILD 443 [2]. The chloride ion penetration depth (xd) and the non-
steady state migration coefficient (Dnssm) for the chloride ion migration tests were measured at 35-days, 
100-days and 364-days (1-year). The chloride ion diffusion coefficient (Da), the surface chloride 
concentration (Cs) and the chloride ion depth when the chloride ion content was 0.40% was measured after 
35-days and 364-days of immersion in the sodium chloride solution. 

In addition to the chloride diffusion analysis, further analysis was undertaken to determine if a statistical 
relationship existed between the results obtained using Fick’s Second Law of diffusion and the results 
obtained from the second order polynomial function. A good correlation would allow for the more rapid 
assessment of measured chloride ion contents of site collected specimens. 

2. Materials and mix proportions
The materials used to produce the test specimens were:

 Type GP cement, with nominally 4% and 10% LMA interground in a ball mill.
 Type GL cement made from Type GP (10% LMA) plus 5% fine LMA added at the mixer.
 Fly ash typical of Australian fly ash.
 Ground granulated blastfurnace slag (slag), commonly used in Australia. 
 LMA and CKD from South Australia.
 Fine aggregate was a concrete sand that satisfied AS 2758.1 requirements [3]



The water/binder ratio of the mortar mixes was set at 0.40 to achieve a minimum compressive strength of 
40 MPa at 28-days. The sand content was adjusted depending on the binder type to allow for the difference 
in the relative density of the cement, fly ash and slag.  The chloride ingress was measured on samples from 
three batches based on the matrix shown in Table 1.

Table 1: Mix Matrix for the Research Program

Batch no. % Limestone % CKD Water/binder ratio Sand/binder ratio
Cement only mixes 

1, 2, 3 4% 0%, 2%, 5% 0.40 1.99
1, 2, 3 10% 0%, 2%, 5% 0.40 1.99
1, 2, 3 15% 0%, 2%, 5% 0.40 1.99

80/20 cement/fly ash mixes
1, 2, 3 4% 0%, 2%, 5% 0.40 1.93
1, 2, 3 10% 0%, 2%, 5% 0.40 1.93
1, 2, 3 15% 0%, 2%, 5% 0.40 1.93

60/40 cement/fly ash mixes
   2, 3 4% 0%, 2%, 5% 0.40 1.87
   2, 3 10% 0%, 2%, 5% 0.40 1.87

2, 3 15% 0%, 2%, 5% 0.40 1.87
70/30 cement/slag mixes

2, 3 4% 0%, 2%, 5% 0.40 1.98
2, 3 10% 0%, 2%, 5% 0.40 1.98
2, 3 15% 0%, 2%, 5% 0.40 1.98

40/60 cement/slag mixes
2, 3 4% 0%, 2%, 5% 0.40 1.97
2, 3 10% 0%, 2%, 5% 0.40 1.97
2, 3 15% 0%, 2%, 5% 0.40 1.97

The mix codes used are shown in Table 2. The example MF 04.0.40 emphasised in bold font is a cement/fly 
ash mix (MF) with 4% LMA (04), 0% CKD (0) and 40% fly ash (40) as cement replacement.

Table 2: Explanation of Mix Codes

Material LMA CKD SCM Explanation
MC or CC Mortar (MC) or concrete (CC) made with cement only
MF or CF Mortar (MF) or concrete (CF) with fly ash replacement of cement
MS or CS Mortar (MS) or concrete (CS) with slag replacement of cement

04 LMA content by mass in the cement at nominally 4%
10 LMA content by mass in the cement at nominally 10%
15 LMA content by mass in the cement at nominally 15%

0 Implies there is zero CKD in the binder
2 CKD content by mass as a percentage of the LMA is 2%
5 CKD content by mass as a percentage of the LMA is 5%

00 Implies no SCM in the cement
20 Percentage replacement by fly ash of the cement, 20% by mass
40 Percentage replacement by fly ash of the cement, 40% by mass
30 Percentage replacement by slag of the cement, 30% by mass
60 Percentage replacement by slag of the cement, 60% by mass



3. Methodology
A Pearson’s correlation analysis was carried out to determine if a statistical relationship existed between 
the results obtained using Fick’s Second Law of diffusion and the results obtained from the second order 
polynomial function. The 2nd order polynomial function was used because it produced the lowest coefficient 
of determination (R2), when assessing the laboratory results. A good correlation between these parameters 
would allow for the more rapid assessment of measured chloride ion contents of site collected specimens.

The surface chloride concentration was determined by a non-linear regression analysis using Fick’s Second 
Law equation, as given in CCAA report Chloride Resistance of Concrete [4], see equation 1. 

Cx = Cs[1 - erf (   x    )] (1)

                         2√Dt

Where: Cx is the chloride concentration at distance x.

 Cs is the surface chloride concentration.
 erf is the error function.
 x is the distance from the exposed face.
 D is the chloride diffusion coefficient.
 t is the exposure time.

The penetration depth was calculated from the respective equations for a threshold chloride concentration 
that was set at 0.4% of the binder, as suggested in the literature [5, 6, both cited in Life-365 Consortium III 
2018, and 7].

The Pearson’s correlation method was used because the data used was not monotonically related [8]. This 
means that the dependent variable (i.e. the data based on the regression analysis) increased or decreased 
as the independent variable (i.e. the data based on the polynomial curve) increased or decreased. The data 
were obtained from mortar specimens measured in the laboratory, which had been exposed to 35-days of 
exposure to NaCl solution. This age was selected because it would satisfy statistical requirements and 
allow for early predictions based on laboratory mix trials.  
The parameters considered were:

 The coefficient of determination (R2) for the two derived curves.
 The surface chloride concentration (Cs), defined as the y-intercept of each curve.
 The depth of chloride ion penetration calculated using the equations derived for the various binder 

types.

4. Results and discussion
The results obtained from analysis using Fick’s Second Law equation for the chloride ion diffusion 
coefficient, surface chloride concentration and chloride ion depth of penetration are summarised in in 
Appendix A for completeness. The Pearson’s correlation results based on these results are tabled and 
discussed in the subsections below.

4.1 Correlation of coefficient of determination (R2)
The coefficient of determination based on the equations for both the best fit polynomial (2nd order) curve 
and the best fit regression curve were determined using Excel programmes. 

Table 3 shows the R2 of the equations derived from the ‘polynomial function’ and ‘Fick’s 2nd Law’ of diffusion 
as well as the Pearson’s value and corresponding Pearson’s correlation for the different binder types. The 
moderate to strong correlation, based on the guide suggested by Evans [9] between the R2 of the second 
order polynomial function and the Fick’s 2nd Law of diffusion, changed with the type of binder.



 Table 3: Pearson’s correlation for R2 based on polynomial function and Fick’s 2nd Law of diffusion

Binder 
type cement only 80/20 

cement/fly ash
60/40 

cement/fly ash
70/30 

cement/slag
40/60 

cement/slag
Mix / Curve Polynomial Fick Polynomial Fick Polynomial Fick Polynomial Fick Polynomial Fick
M 04.0. 0.96 0.98 0.96 0.99 0.96 0.99 0.96 1.00 0.96 1.00
M 04.2. 0.96 0.98 0.96 1.00 0.96 1.00 0.96 1.00 0.96 0.99
M 04.5. 0.96 0.99 0.96 0.99 0.96 0.99 0.96 1.00 0.96 1.00
M 10.0. 0.96 0.99 0.96 0.99 0.96 0.99 0.96 1.00 0.96 1.00
M 10.2. 0.96 0.99 0.96 0.99 0.96 0.99 0.96 1.00 0.96 1.00
M 10.5. 0.96 0.99 0.96 0.99 0.96 0.99 0.96 1.00 0.96 1.00
M 15.0. 0.96 0.99 0.96 0.99 0.96 0.99 0.96 0.99 0.96 1.00
M 15.2. 0.96 0.99 0.96 1.00 0.96 0.99 0.96 1.00 0.96 1.00
M 15.5. 0.96 0.98 0.96 1.00 0.96 0.99 0.96 1.00 0.96 1.00
Pearson’s 
value 0.48 0.56 0.70 0.73 0.68

Correlation Moderate Moderate Strong Strong Strong

Although all the R2 values for the equations for each different binder, determined using both the 2nd order 
polynomial function and Fick’s 2nd Law of diffusion, were high, Pearson’s correlation analysis only gave a 
moderate to strong correlation for the different binder types. The moderate to strong correlations indicated 
that it would be useful to establish whether the surface chloride concentration and the depth of chloride ion 
penetration data, also determined using the 2nd order polynomial function and Fick’s 2nd Law of diffusion, 
had a meaningful correlation.

4.2 Correlation of surface chloride concentration (Cs)
The data in Table 4 is for the Pearson’s correlation of the surface chloride concentration, between the 2nd 
order polynomial function and the Fick’s 2nd Law of diffusion, with the plot of the data shown in Figure 1. 
The Pearson’s correlation values indicated a very strong relationship between the Cs values obtained from 
the polynomial function and the Fick’s 2nd Law of diffusion. This strong linear relationship can also be seen 
in Figure 1. The linear trendline also indicated a strong correlation across the different binder types used, 
as can be seen by the high coefficient of determination value (R2 = 0.96) of the linear trendline. In addition, 
the results show that the cement only mixes produced higher values of surface chloride than the blended 
cements. This is due to the chloride binding and the denser matrix achieved with good curing when SCM 
are used in concrete [10-15].

Data in Table 4 show that the Cs values generated by the polynomial equation tend to be lower than the 
Cs values generated by the Fick’s regression analysis, for all binder types. Theoretically, assuming a value 
has been set for surface chloride concentration, any remedial action is likely to commence later if the 
decisions are based on the polynomial values, rather than on values generated by the Fick’s regression 
analysis. This means that the decisions based on Fick’s Second law may be possibly more conservative.



Table 4: Pearson’s correlation for Cs - polynomial function and Fick’s 2nd Law of 
diffusion

Binder type cement only 80/20 
cement/fly ash

60/40 
cement/fly ash 70/30 cement/slag 40/60 cement/slag

Mix / Curve Polynomial Fick Polynomial Fick Polynomial Fick Polynomial Fick Polynomial Fick

M 04.0. 1.392 1.830 0.956 1.120 1.097 1.304 0.857 0.896 1.020 1.111

M 04.2. 1.374 1.826 0.896 0.994 0.938 1.051 0.906 0.989 1.001 1.126

M 04.5. 1.379 1.753 0.984 1.167 1.069 1.300 0.870 0.933 0.975 1.018

M 10.0. 1.361 1.601 1.154 1.437 1.115 1.330 0.892 0.939 0.979 1.049

M 10.2. 1.362 1.592 1.098 1.322 1.208 1.541 0.890 0.955 0.958 1.040

M 10.5. 1.296 1.515 1.127 1.390 1.115 1.358 0.959 1.044 0.967 1.028

M 15.0. 1.518 1.957 1.053 1.221 1.205 1.433 0.993 1.112 0.991 1.097

M 15.2. 1.395 1.758 1.138 1.250 1.201 1.436 0.962 1.056 1.009 1.129

M 15.5. 1.374 1.817 1.072 1.109 1.185 1.419 0.964 1.069 1.005 1.064
Pearson’s 
value 0.83 0.86 0.97 0.99 0.82

Correlation Very strong Very strong Very strong Very strong Very strong

Figure 1: Scatter plot of surface chloride concentration for polynomial curves and Fick’s 
regression curves

4.3 Correlation of depth of penetration
The Pearson’s correlation data of the chloride ion penetration depth, based on the 2nd order polynomial 
function and Fick’s 2nd Law of diffusion, are shown in Table 5 with the plot of the data shown in Figure 2.



Table 5: Pearson’s correlation data for chloride ion penetration depth based on 
polynomial curve and Fick’s regression

Binder 
type cement only 80/20 cement/fly 

ash
60/40 cement/fly 

ash
70/30 

cement/slag
40/60 

cement/slag
Mix / Curve Polynomial Fick Polynomial Fick Polynomial Fick Polynomial Fick Polynomial Fick
M 04.0. 14.3 12.3 11.3 10.6 12.5 11.5 10.5 10.3 12.2 11.5
M 04.2. 14.4 12.2 11.1 10.4 11.2 10.7 11.1 10.5 11.9 11.2
M 04.5. 14.6 12.5 11.8 10.7 12.3 11.2 10.7 10.3 12.1 11.6
M 10.0. 15.0 13.2 13.2 11.6 12.6 11.6 11.0 10.7 12.2 11.4
M 10.2. 14.8 13.3 12.6 11.4 13.4 11.7 11.0 10.4 11.5 11.1
M 10.5. 14.8 13.0 12.6 11.4 12.6 11.4 11.5 11.0 11.8 11.3
M 15.0. 15.0 13.0 12.5 11.5 13.3 12.1 11.9 11.1 12.0 11.2
M 15.2. 14.6 12.7 13.9 12.7 13.4 12.1 11.8 11.0 12.1 11.3
M 15.5. 14.3 12.3 13.2 12.6 13.3 12.0 11.9 11.0 12.5 11.7
Pearson’s 
value 0.90 0.94 0.93 0.95 0.81

Correlation Very strong Very strong Very strong Very strong Very strong

Figure 2: Scatter plot of chloride penetration depth for polynomial curves and Fick’s 
regression curves

The Pearson’s correlation values, for the chloride penetration depth, indicated a very strong relationship 
between values obtained from the polynomial curves and the Fick’s regression curves. The strong linear 
relationship can also be seen in Figure 2. The linear trendline also indicated a strong correlation across the 
different binder types used, as can be seen by the high coefficient of determination value (R2 = 0.92) of the 
linear trendline, significant at the 89.5% confidence level. 



As with the Cs data it can be seen that the chloride ions penetrated more deeply into the specimens made 
with cement only compared with the blended cement specimens, also due to chloride binding and the 
denser matrix obtained when SCM are used in concrete [10-15]. As can be seen from the data in Table 5 
the depths of chloride ion penetration values, generated using the polynomial equation, were greater than 
those values generated by the Fick’s regression analysis, for all binder types. Decisions related to durability 
that consider both the depth of chloride penetration and the known depth of the reinforcement are likely to 
be taken earlier if they are based on the 2nd order polynomial function rather than on Fick’s 2nd Law of 
diffusion. This is a more conservative approach to durability assessments. 

5. Discussion, Conclusions and Potential Future Research

In this paper, a correlation analysis was undertaken on chloride diffusion data profiles obtained from 240 
concrete samples undertaken in research into concrete having cements incorporating limestone mineral 
addition and cement kiln dust.  Results showed that a second order polynomial function predicted the 
surface chloride concentrations and the depth of chloride penetration as accurately as using Fick’s 2nd law 
of diffusion on the same data.

Chloride diffusion models are widely used on projects in Australia to predict design lives of reinforced 
concrete elements in high chloride environments.  Predictions are made based on the specific chloride 
diffusion models used and there is conjecture in the technical literature and in engineering applications as 
to which specific chloride diffusion model is appropriate [16].  The process involved with the design for 
durability for a reinforced concrete structure in a high chloride environment involves:

 Getting a design life for the structure or structural component.
 Establishing an exposure classification for the structural component, in part, using current Australian 

Standard guidelines relevant to the structure.
 Modelling the design life using a chloride diffusion model to ensure that the concrete mix and cover will 

achieve the nominated design life in an uncracked condition.
 Following final design, verifying a concrete mix using data on concrete chloride ion concentration with 

depth taken usually after 35 days of exposure to chloride, and
 After establishing that it is deemed to comply with the specification, using a quality control tool (usually 

compressive strength) to accept or reject supplied concrete using a defined testing regime.

There are a range of assumptions required with the above to establish a link between a structure’s design 
life and compliance of concrete on a project.  Using chloride diffusion theory and test data, this link is based 
on test data on concrete (not reinforcement corrosion), and there are a range of assumptions that need to 
be applied.  Some of these include:

 The surface chloride concentration of the concrete.
 The influence of binder types covering cements and supplementary cementitious materials.
 Ageing factors to model the change in chloride diffusion coefficients with time (required for such models 

and tests to have any application in construction timelines), and
 The threshold chloride ion concentration for steel depassivation in concrete.

To determine chloride diffusion coefficients, chloride contents with depth need to be determined, which 
themselves are prone to error given that aggregate components are included in the extracted concrete 
powder sample which do not contribute to chloride penetration, noting this can occur at the aggregate-paste 
interface.  Further, after determining a chloride profile with depth into the concrete, an error function is 
applied to fit the measured chloride ion concentrations with depth.  Often on projects, the chloride ion 
concentration measured just below the concrete surface is lower than that derived further within, suggesting 
that the error function may not be the right function for such data.

Work done in this paper has shown that for a data set of 240 samples, similar statistically derived correlation 
coefficients were obtained using a polynomial function when compared with using the traditional chloride 
diffusion modelling approach. This suggests opportunities in research to consider more simple approaches 
to determining service lives of reinforced concrete structures that could be more easily applied on 
engineering projects.  A focus on reinforcement corrosion rather than considering concrete properties alone, 



as is the case with chloride diffusion testing, may be fruitful.  What is also required is more detailed validation 
of models on actual concrete structures that have been exposed for long periods to high chloride 
environments under Australian conditions, to link back to what is required in design for durability.
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Appendix A: Summary of chloride ion diffusion coefficient (Da), surface chloride 
concentration (Cs) and chloride ion depth when chloride ion content is 0.40%

Age at test 35-days 1-year (364-days)
Diffusion Surface Cl Chloride Diffusion Surface Cl Chloride

Da Cs Depth Da Cs Depth
Mix code 10-11 m2/s % mm 10-11 m2/s % mm

MC 04.0.00 1.67 1.830 12.3 0.41 2.000 20.6
MC 04.2.00 1.64 1.826 12.2 0.90 2.000 30.6
MC 04.5.00 1.79 1.753 12.5 0.85 2.000 29.6
MC 10.0.00 2.17 1.601 13.2 1.09 2.000 33.7
MC 10.2.00 2.23 1.592 13.3 1.17 2.000 34.8
MC 10.5.00 2.23 1.515 13.0 1.17 2.000 34.8
MC 15.0.00 1.75 1.957 13.0 1.21 2.000 35.4
MC 15.2.00 1.84 1.758 12.7 1.17 2.000 34.8
MC 15.5.00 1.65 1.817 12.3 1.19 2.000 35.2
MF 04.0.20 2.20 1.120 10.6 0.55 1.706 22.0
MF 04.2.20 2.53 0.994 10.4 0.54 1.750 22.1
MF 04.5.20 2.12 1.167 10.7 0.60 1.798 23.7
MF 10.0.20 1.89 1.437 11.6 0.64 1.712 24.0
MF 10.2.20 2.02 1.322 11.4 0.62 1.847 24.5
MF 10.5.20 1.92 1.390 11.4 0.69 1.562 23.7
MF 15.0.20 2.26 1.221 11.5 0.73 1.587 24.5
MF 15.2.20 2.69 1.250 12.7 0.57 1.644 22.0
MF 15.5.20 3.14 1.109 12.6 0.59 1.591 22.1
MF 04.0.40 2.09 1.304 11.5 0.38 1.856 19.3
MF 04.2.40 2.46 1.051 10.7 0.31 1.762 16.9
MF 04.5.40 1.97 1.300 11.2 0.30 1.766 16.6
MF 10.0.40 2.07 1.330 11.6 0.34 1.810 17.9
MF 10.2.40 1.77 1.541 11.7 0.37 1.581 17.4
MF 10.5.40 1.97 1.358 11.4 0.29 1.726 16.2
MF 15.0.40 2.09 1.433 12.1 0.31 1.686 16.6
MF 15.2.40 2.06 1.436 12.1 0.34 1.598 16.9
MF 15.5.40 2.05 1.419 12.0 0.36 1.556 17.1
MS 04.0.30 3.01 0.896 10.3 0.66 1.570 23.3
MS 04.2.30 2.64 0.989 10.5 0.74 1.362 22.7
MS 04.5.30 2.81 0.933 10.3 0.70 1.474 23.1
MS 10.0.30 3.01 0.939 10.7 0.84 1.739 27.5
MS 10.2.30 2.76 0.955 10.4 0.77 1.679 26.0
MS 10.5.30 2.65 1.044 11.0 0.75 1.395 23.1
MS 15.0.30 2.44 1.112 11.1 0.68 1.587 23.7
MS 15.2.30 2.60 1.056 11.0 0.67 1.659 24.0
MS 15.5.30 2.52 1.069 11.0 0.78 1.473 24.4
MS 04.0.60 2.63 1.111 11.5 0.35 1.407 15.9
MS 04.2.60 2.42 1.126 11.2 0.30 1.548 15.6
MS 04.5.60 3.06 1.018 11.6 0.30 1.440 15.0
MS 10.0.60 2.81 1.049 11.4 0.29 1.463 14.8
MS 10.2.60 2.67 1.040 11.1 0.31 1.476 15.4
MS 10.5.60 2.86 1.028 11.3 0.22 1.582 13.3
MS 15.0.60 2.54 1.097 11.2 0.21 1.596 13.1
MS 15.2.60 2.46 1.129 11.3 0.22 1.695 14.1
MS 15.5.60 2.91 1.064 11.7 0.19 1.904 13.6


