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ABSTRACT 

Concrete carbonation induced by gas transport has an adverse effect on the service life of the steel-
reinforced material. Gas tightness is crucial where concrete is used to contain radioactive materials 
and of utmost importance where acting as a radon barrier. Since as a rule gas travel inside concrete is 
governed either by diffusion or permeability, the material’s performance in that respect is assessed 
by analysing those two parameters. 

The gas diffusion coefficient in concrete is not readily found, however, due to the practical 
difficulties involved in preventing gas from leaking out of standard diffusion cells. An alternative 
approach is to measure permeability at high gas concentration and pressure. The existence of a 
relationship between the oxygen diffusion coefficient and permeability in OPC concrete was 
established by the authors in a previous paper. 

Diffusion has also been shown to be related to porosity and, in solutions, to electrical resistivity. 
Little is known, however, about the relationship between gas diffusion and resistivity where the pores 
may be filled not with a liquid, but with air. Inasmuch as resistivity is a non-destructive technique 
and porosity a property that can be readily measured, these two parameters could be used to directly 
assess concrete durability, its performance in nuclear facilities and its suitability as a radon barrier. 

This paper describes a study conducted to formulate equations from which to analytically 
determine the oxygen diffusion coefficient. These equations are derived from empirical 
measurements of oxygen diffusion coefficient, concrete porosity and electrical resistivity. The 
findings, which corroborate the existence of such relationships, were used to formulate an equation 
to calculate the diffusion coefficient directly from the experimental values of concrete porosity and 
resistivity. 

Since porosity depends primarily on concrete batching, curing and moisture content, two OPC 
concrete mixes were prepared using different water/cement ratios and two curing conditions. The 
combination resulted in four types of concrete. Pre-conditioning at three values of relative humidity 
was subsequently deployed. 

 

1.- INTRODUCTION 

Diffusion is useful for characterising concrete resistance to gas permeation, a primary determinant 
of carbonation and gas tightness. 



Reinforced concrete durability has been shown to be adversely affected by many factors1, 
mechanical (overloading, vibration, earthquakes, impact), physical (frost, fire), biological 
(microorganisms, plants) and chemical (soil sulfates, chemicals). Whilst mechanical issues can be 
factored into structural analysis and design, the action of all the other agents depends primarily on the 
ingress of aggressive substances carried across concrete pores by gas or water. The mechanisms 
governing gas transport through concrete are the same as in any other porous medium: pressure head-
induced permeation and concentration gradient-induced diffusion2. The latter drives the transport of 
carbon dioxide, which carbonates the hydrated paste in the concrete cover. CO2 diffusion is a key to 
the advance of the carbonation front and therefore to reinforced concrete durability. 

Gas diffusion plays a significant role not only in concrete durability but also in its airtightness, 
which must be monitored in nuclear reactor containers and periodically tested to ensure the absence 
of leaks. It is likewise a determinant in another issue of growing concern, the radon released from 
rock and soil that accumulates in buildings3,4. 

Measuring the gas diffusion coefficient is challenging for want of standard procedures and the 
need to render the testing apparatus (normally a two-chamber diffusion cell) sufficiently airtight. In 
an attempt to solve that problem, in a recent study5 the authors related permeability, testing for which 
is standardised and widely referenced6, to gas diffusivity. In that context, the theoretical relationships 
between gas and liquid permeability and diffusivity established by TC 116-PCD constitute 
meritorious progress in the understanding of other features of substance transport through concrete7. 

The difficulty involved in measuring gas diffusivity has driven the use of parameters other than 
the permeability coefficient (k) to characterise concrete resistance to gas transport, such as porosity 
(ɛ), including tortuosity, and (as in stone) electrical resistivity (ρe). Whilst correlations among these 
parameters in solutions have been described, no expression applicable to gases has yet been 
forthcoming. Potential relationships between the oxygen diffusion coefficient and electrical resistivity 
were explored in this study. Characterising the gas diffusivity of concrete on the grounds of resistivity 
would greatly simplify the approval process with a view to insulating buildings against radon and 
assessing concrete durability and performance in nuclear facilities. 

 

2.- THEORETICAL FUNDAMENTALS 

In past research8 one of the present authors proposed the use of resistivity to characterise service 
life based on Einstein’s law that relates the movement of electrical charges to the 
conductivity/resistivity of the medium9: 

D  [1] 

where D is the effective or steady-state diffusion coefficient [cm2/s], n is a constant dependent on 
the concentration of the external aggressive agent and ρe is electrical resistivity (of water-saturated 
concrete in the new model) [Ωꞏcm]. 

That equation has been applied to electrolytes10, for ion travel can be likened to that of electrical 
charges. The feasibility of applying Equation [1] to model gas transport was explored in this study, 
assuming that, although gas molecules are not electrically charged, their mobility can be quantified 
and modelled in much the same way as the components of electrolytes. 

A second advantage to Equation [1] is that concrete resistivity can either be measured directly or 
calculated from porosity as per the modified Archie’s law11 (Equation [2]): 

ρe = ρ0 ꞏɛ-τ                                             [2] 



where ρ0 is the electrical resistivity of the pore aqueous phase (approximately 0.5 [Ωꞏm]) and ɛτ is 
tortuous porosity, a parameter used in this study to combine porosity and tortuosity. 

Another equation tested, based on pore diameter, was derived earlier11 by analogy to a modified 
version of Archie’s law: 

Ø = Ø0 ꞏɛ-τ                    [3] 

where Ø0 is the minimum pore diameter in MIP (mercury intrusion porosimetry) and Ø may be 
either the threshold Øth or the mean Øm pore diameter, both of which are identified in Figure 1. 

 
Figure 1. MIP measurement of cumulative porosity, showing the threshold and mean pore diameter values 

In a nutshell, if gas diffusivity can be related to resistivity (Equation [1]), the former can likewise 
be related to the pore microstructure in concrete. 

3.- MATERIALS AND METHODS 

3.1.- Materials 

The 75 mm diameter (surface area = 0.0044 m2) cylindrical concrete specimens prepared were cut 
into 50 mm thick slices. 

The two ordinary portland cement-based concrete mixes studied were designed with different w/c 
ratios (Table 1), inasmuch as that factor is a determinant in concrete porosity and its diffusion 
coefficient12. 

The concretes were batched to cover the range of mixes routinely used in construction in Spain, as 
listed in Table 1. 

Table 1. Concrete mixes used in the study 

Concrete 
mix 

Cement 
[kg/m3] 

Cement 
type 

Water 
[kg/m3] 

W/C 
ratio 

Gravel 
(4/11) 

[kg/m3] 

Sand 
(0/4) 

[kg/m3] 

Admix-
ture* 

[kg/m3] 

Paste 
fraction γ 

1 300 
CEMI 
42.5 R 

165 0.55 928 994 0 0.65 

2 400 
CEMI 
42.5 R 

166 0.41 886 957 2 0.67 

*Rheobuild 1000 



Given that gas transport in concrete is primarily governed by the porosity of the material and that 
curing affects porosity13 significantly, each concrete mix was cured under two conditions: 

1. ‘dry’ chamber curing (>98 % RH) for 2 d followed by 26 d in a laboratory environment (50 % 
RH) 

2. ‘wet’ chamber curing (>98 %) for 28 d. 

The characteristics of the four resulting concretes studied are summarised in Table 2. 

Table 2. Types of concrete tested 

Concrete mix Curing conditions 
Label (kg/m3-W/C- 

curing) 

1 
Dry 300-0.55-2 d 
Wet 300-0.55-28 d 

2 
Dry 400-0.41-2 d 
Wet 400-0.41-28 d 

 

As the table shows, the concretes were labelled in keeping with the amount of cement used (kg/m3), 
w/c ratio and days cured in a humidity chamber. 

Since in addition to cement content, w/c ratio and curing, moisture in concrete pores has a 
significant effect on gas transport14,15, the concretes prepared were preconditioned to three relative 
humidity values: 50 % (laboratory environment), 75 % and 84% RH (both in humidity chambers), 
using specific salt solutions as recommended in European standard EN 8396616 substituting KCl for 
NaCl in the 84 % material. 

The aforementioned combinations yielded a total of 12 sample materials. 

3.2.- Procedures 

The cured samples were stored in humidity chambers until they reached a constant weight, when 
they were tested in a diffusion cell. Resistivity values were measured immediately prior to diffusion 
testing to ensure that the two tests were conducted on the same concrete microstructure for the intents 
and purposes of correlation. 

Electrical resistivity was found experimentally as recommended in European standard EN 83988-
1:200817, while the diffusion coefficient was determined using a custom-made diffusion cell and the 
methodology described below. 

3.3.- Porosity 

Samples dried to a constant weight in a laboratory environment were tested for porosity with 
mercury intrusion porosimetry (MIP) as specified in ASTM-D440418. In MIP analysis, mercury is 
injected into the concrete at high pressure as the volume absorbed is monitored.  

At least three samples of each type of concrete, ranging in mass from 0.69 g to 1.78 g, were tested 
on a Micromeritics Autopore IV 9500 VI.05 porosimeter with 14.300 advancing and receding contact 
angles. The arithmetic mean of the three measurements were used in the calculations. 

Inasmuch as MIP calls for small samples (1 cm3 cubes), the materials used contained no coarse 
aggregate, but only fines (grain size <5 mm). In other words, although MIP-determined porosity is 
normally reported to refer to concrete, it is in fact a measure of the porosity in the mortar (cement, 
fines and water). 



As mentioned in section 2, in addition to porosity () this study explored the effect of tortuous 
porosity () calculated: 

1. from the modified version of Archie’s law in which 0 is the electrical resistivity of water 
(Equation [2]) 

2. from a relationship derived from the aforementioned law based on pore diameters (Equation 
[3]). 

3.4.- Diffusion coefficient 

Experiments were conducted to find the diffusion coefficients by sealing the concrete samples into 
the open end of a custom-made airtight diffusion half-cell (Figure 2), into which nitrogen was 
streamed to establish quasi-null oxygen concentration. The oxygen content readings taken in the 
chamber during the test afforded a measure of the amount of gas diffused from the exterior 
environment across the sample. 

Oxygen content was monitored with galvanic cell-based sensors that generated a voltage directly 
proportional to the oxygen concentration. 

 

1=Airtight cell 

2=Shut-off valve 

3=Sample 

4=Oxygen sensor 

5=Temperature and relative humidity sensor  

6=Data monitor 

7=Nitrogen bottle 

8=Purge tube 

 

Figure 2. Experimental apparatus 

As this cell was custom-made for these experiments, it was subjected to two airtightness tests. 

First, the entire cell was tested for possible leaks by streaming nitrogen into the closed chamber to 
a null oxygen concentration and subsequently monitoring any fluctuations in oxygen content. As no 
rise was recorded, the cell was deemed to be airtight. 

The seal around the sample was then tested for airtightness with a sample wrapped in a double 
layer of aluminium foil and proceeding as above. A small amount of oxygen was observed to enter 
the cell. As the air ingress rate was calculated to be smaller than the 3.78x10-3ꞏh-1 ceiling laid down 
in international standard ISO/DTS 11665-1319, the seal was regarded to be sufficiently airtight and 
the leak dismissed. 

The steady state diffusion coefficient for the samples was found from Fick’s first law: 

J D       [4] 



where J is the rate of oxygen diffusion [mol/m2ꞏs] and  is the oxygen concentration gradient 
[mol/m4]. 

Where empirical data are at hand, into Equation [4] can be rewritten as: 

D     [5] 

where 𝑁  is the molar quantity of oxygen in the reception chamber at time n [moles]; S is the 

area of the exposed surface of the sample [m2], 𝑁  is the experimentally found mean molar 

quantity of oxygen in chamber i (in time interval n, n+1) [moles], with E as source and R as reception; 
𝑉  is the volume of chamber i [m3]; and L is sample height [m].  

Here, a source chamber was not needed because the oxygen in the surrounding air was used as the 
source. Since oxygen molarity in the air is a constant (9.3 mol/m3), equation [5] could be rewritten 
as: 

𝐷
.

     [6] 

The diffusion coefficients shown are the arithmetic means of the values measured in at least two 
samples of each type of concrete. 

3.5.- Electrical resistivity 

The direct (reference) method for measurig electrical resistivity described in EN 83988-1:2008 
was used. In that method, a resistivity meter is used to measure concrete resistance to the flow of a 
uniform electrical current generated by two electrodes connected to parallel sides of the specimen. 

Resistivity was measured both 28 d after the specimens were cast and prior to conducting the 
diffusion coefficient test. Following the standard procedure, the second measurement was taken on 
water-saturated samples (>98 % relative humidity). The resistivity values shown are the arithmetic 
mean of the readings measured in at least two samples of each type of concrete.  

4.- RESULTS 

The experimental values found for the oxygen diffusion coefficients, porosity and electrical 
resistivity in the 12 sample materials studied are discussed below. 

4.1.- Porosity 

The mean porosity values given in Table 3 show that, as expected, the concretes with less cement, 
a higher w/c ratio and shorter curing time under humid conditions were more porous. 

The tortuous porosity values calculated with Equations [2] and [3] are also listed in the table. 

Table 3. Porosity (vol.%) and tortuous porosity* values 

Concrete type 
(kg/m3-W/C- curing) 

Porosity, ɛ (vol. 
%) 

Tortuous porosity, ɛτ 

ρe = ρ0 ꞏ ɛ-τ [2] 
Ø = Ø0 ꞏ ɛ-τ [3] 

With Ø= Øth With Ø= Øm 

300-0.55-2 days 13.9 0.0048 0.012 0.136 



300-0.55-28 days 6.9 0.0042 0.012 0.075 

400-0.41-2 days 8.7 0.0047 0.010 0.085 

400-0.41-28 days 6.4 0.0042 0.014 0.203 

* calculated from Equations [2] and [3] 

4.2.- Diffusion coefficients 

Further to the diffusion cell findings given in Table 4, the diffusion coefficients lay within the 
range reported in the literature (10-7 m2/s to 10-8 m2/s)20. Those results were likewise consistent with 
expected behaviour, with higher values observed for concrete with shorter curing times and lower 
cement contents. RH content was also found to affect the diffusion coefficient, which tended to be 
lower at higher RH. 

Table 4. Oxygen diffusion coefficient values (m2/s) 

 Relative humidity 

Concrete type 
(kg/m3-W/C- curing) 

50 % 75 % 84 % 

300-0.55-2 days 1.95x10-7 1.70x10-7 1.75x10-7 

300-0.55-28 days 4.85x10-8 4.80x10-8 1.33x10-8 

400-0.41-2 days 1.02x10-7 1.05x10-7 1.09x10-7 

400-0.41-28 days 4.05x10-8 4.00x10-8 1.00x10-8 

Figures 3, 4 and 5 reveal a qualitative correlation between the diffusion coefficient (Table 4) and 
porosity (Table 3), according to which the more porous the material, the higher its diffusion 
coefficient. 

 

Figure 3. Porosity (%) versus diffusion coefficient (m2/s) at 50 % relative humidity 



 

Figure 4. Porosity (%) versus diffusion coefficient (m2/s) at 75 % relative humidity 

 

Figure 5. Porosity (%) versus diffusion coefficient (m2/s) at 84 % relative humidity 

Conversely, the lower the tortuous porosity, the higher was the diffusion coefficient. By way of 
example, tortuous porosity (Table 3) as calculated from Equation [3] (Ø = Ø0 ꞏ ɛ-τ, with Ø= Øm), and 
the diffusion coefficient (m2/s) (Table 4) are graphed in Figure 6 for 84 % relative humidity. 

 



Figure 6. Tortuous porosity (Ø = Ø0 ꞏ ɛ-τ, with Ø= Øm), versus diffusion coefficient (m2/s) at 84 % relative humidity 

4.3.- Electrical resistivity 

The mean electrical resistivity values for water-saturated specimens observed immediately prior 
to the diffusion coefficient test are listed in Table 5. Here also the results were consistent with 
expected behaviour, with lower values observed for concrete with shorter curing times and lower 
cement contents. The inverse correlation between resistivity and porosity is clearly visible in Figure 
7. 

  Table 5. Electrical resistivity values (Ωꞏcm) in water-saturated specimens 

Concrete type 
(kg/m3-W/C- curing) 

Resistivity 
(ꞏcm) 

300-0.55-2 days 10 249 

300-0.55-28 days 11 839 

400-0.41-2 days 10 514 

400-0.41-28 days 11 928 

 

 

Figure 7. Porosity (%) versus electrical resistivity (Ωꞏcm). 

 

5.- DISCUSSION 

5.1 Qualitative correlation between diffusion coefficient, porosity and electrical resistivity 

To date, it has not been possible to find the oxygen or gas diffusion coefficient in concrete directly 
from the microstructural parameters of the material, even though relating the two parameters would 
simplify the assessment of two gas transport-associated properties: carbonation resistance and 
airtightness. 

This study aimed to find an expression to calculate the oxygen diffusion coefficient (𝐷 ) for 
ordinary portland cement concrete from Equation [1] using other, more readily found empirical 
parameters such as concrete porosity (ɛ), tortuous porosity (ɛτ) and electrical resistivity (ρe), as 
measured in the OPC concretes described in section 3.1. 



Even at first glance the findings (exemplified in Figure 8) revealed a qualitative correlation among 
the parameters (higher resistivity and lower diffusion coefficients in less porous materials), 
confirming the feasibility of a mathematical relationship. Less porous materials have fewer voids in 
the concrete matrix, which hampers both air/gas diffusion (lower coefficient) and water penetration 
(higher resistance to ion travel). 

  

Figure 8. Diffusion coefficients (for three RH values) and resistivity versus porosity and tortuous porosity (from Ø = 
Ø0 ꞏ ɛ-τ, with Ø= Øm,)  

5.2 Value of n 

Equation [1] above, where n is a constant dependent on the concentration of the external aggressive 
agent, has been used to define the relationship between the diffusion coefficient and resistivity in 
electrolytes, in which ion travel can be likened to that of electrical charges. The feasibility of applying 
Equation [1] to model gas transport was explored in this study, assuming that, although gas molecules 
are not electrically charged, their mobility can be quantified and modelled in much the same way as 
the components of electrolytes. 

Quantifying parameter n in Equation [1] is critical to any attempt to establish a quantitative 
relationship between the diffusion coefficient and resistivity. Once it is found, 𝐷 can be calculated 
directly from resistivity. 

The experimental values for resistivity and the diffusion coefficient in the four types of concrete 
(mix-curing condition combinations) were applied to determine n for each RH with Equation [1] 
(Figure 9). Contrary to electrolytes where n is constant, here it varied from 1 to 20 depending on 
concrete composition and curing time (the two parameters with the greatest effect on concrete 
porosity). At any given RH, n tended to grow with concrete porosity, for diffusivity was higher and 
resistivity lower in the more porous materials. The less significant effect of relative humidity may 
have been due to its measurement in water-saturated specimens in all cases. 

 



 

Figure 9. n values obtained by substituting experimental 𝐷  and ρe values into Equation [1] 

5.3 Relationships between n and concrete parameters 

The n values found for the 12 sample materials by entering the experimental resistivity and 
diffusion coefficient values into Equation [1] were plotted against the parameters associated with 
concrete microstructure: porosity (ɛ) and tortuous porosity (ετ). The analyses performed for concrete 
porosity (ɛ) and for tortuous porosity (ετ) (using Equation [2]) are represented by way of example in 
Figure 10.  

Calculations were performed to establish both linear and non-linear relationships with n as the 
independent variable. 

      
Figure 10. n versus porosity (left) and tortuous porosity (right, from ρe = ρ0 ꞏ ɛ-τ) 

The linear regression equations calculated for ɛ (Figure 10, left) were: 

a) For 50 % RH: n= 200.80ꞏɛ-7.82      at R2=0.98 
b) For 75 % RH: n= 200.71ꞏɛ-9.83      at R2=0.87 
c) For 84 % RH: n= 221.97ꞏɛ-12.01     at R2=0.88 

The nearly identical slope and y-intercept values for all three RH values denoted a highly robust 
relationship for that parameter. Porosity and electrical resistivity values are independent of RH, 
because they were measured with dry and saturated samples respectively, so the only variable 
parameter is diffusion coefficient, varying depending on the RH. 

The non-linear regression equations for ɛ delivered fits comparable to those of the linear models, 
although the expressions themselves differed with the RH values: 

a) For 50 % RH: n=20 ln(ɛ)+59.35      at R2=0.99 



b) For 75 % RH: n=780.65ꞏɛ1.83       at R2=0.96 
c) For 84 % RH: n=-4827.7ɛ2+1225.5 ɛ-58.98 at R2=0.96 

The linear regression equations calculated for ɛ (Figure 10, right) were: 

a) For 50 % RH: n=17871ꞏ ɛτ-70.36     at R2=0.82 
b) For 75 % RH: n=20203ꞏ ɛτ-82.90    at R2=0.93 
c) For 84 % RH: n=22648ꞏ ɛτ-94.20     at R2=0.96 

Here also the slopes and y-intercepts were similar. 

The linear regression equations for the ɛτ values derived from Equation [3] (see Table 3) yielded 
poorer fits, with the non-linear regressions delivering less favourable fits than the linear expressions 
for that parameter. 

The scant effect of tortuosity on parameter n might be attributed to the fact that gas molecules may 
be less likely than the ions in the pore solution to interact with pore walls. 

In light of the aforementioned findings and since ɛ is more readily determined than ετ, the results 
for the latter were not taken into any further consideration. 

The regression expression delivering the best fit (conveniently for 50 % RH, the easiest condition 
to establish) was as follows: 

n=20 ln(ɛ)+59.35         R2=0.99 [7] 

That expression could be used to estimate the n value in Equation [1] directly from overall concrete 
porosity. 

5.4 Diffusion coefficient vs porosity and vs electrical resistivity: quantitative correlations 

Applying the foregoing, the oxygen diffusion coefficient, 𝐷 , can be calculated from resistivity 
by substituting the n value estimated with equation [7] into Equation [1], rewritten as: 

D
20 ln ɛ 59.35

 [8] 

Using Equation [8], the diffusion coefficient for OPC concrete can be estimated directly from 
experimental resistivity (ρe), provided porosity (ɛ) is known and lies within the range studied. The 
values found with Equation [8] are compared to the experimental findings on the oxygen diffusion 
coefficient-porosity plot in Figure 11. In Figure 12, the coefficient is graphed against electrical 
resistivity for four porosity values. 



 

Figure 11. Diffusion coefficient vs porosity, experimental and calculated values 

 

Figure 12. Diffusion coefficient vs electrical resistivity for four overall porosity values, calculated with Equation [8] 

Further research would be needed to determine whether these equations can be used with concretes 
made with other than OPC or exhibiting a different range of porosities. The expectation is that they 
should be applicable, inasmuch as they depend exclusively on empirical porosity values. 

 

6.- PRACTICAL APPLICATION 

Given that in practice the easier a method the better, the linear regression equation for 50 % RH 
could be used: 

 D
200.80 ɛ 7.82    [9] 

In the absence of porosity values and assuming 50 % RH conditioning, the following highly 
simplified expression could be applied: 

D
10 

                                                    [10] 

 



7.- CONCLUSIONS 

The conclusions that can be drawn from this study of diffusion coefficient - overall porosity - 
electrical resistivity relationships in OPC concretes are set out below. 

1. In OPC concretes with overall porosity ranging from 6.4 % to 13.9 %, the diffusion coefficient 
is related to electrical resistivity as described by the following equation: 

D
20 ln ε 59.35

ρ
 

2. With that equation the oxygen diffusion coefficient can be estimated directly from 
experimentally convenient parameters such as porosity, measured as in ASTM-D4404-18, and 
electrical resistivity, as in EN 83988-1. 

3. This equation is proposed for ordinary portland cement concrete only. Nonetheless, as it is 
based on porosity, which can be determined for any concrete, it may possibly be applicable as 
well to materials made from other types of binders. 

4. Where porosity lies within the range specified, other more simplified equations might also be 
used, such as: 

D
200.80 ɛ 7.82 

ρ
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