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Summary 

This report is dedicated to the effects from concrete aging on the release of radon from concrete. For this 

purpose, a second measurement of some previously tested concrete mixtures is performed, and a 

computational model is developed to predict the radon release from concrete. The selected samples are 

approximately five years of age and have been tested some four years ago. The computational model is 

constructed to simulate the release of radon from the tested concrete mixtures, and is customised for all 21 

concrete mixtures using input parameters obtained from earlier measurements and available data in 

literature. 

Four concrete mixtures from the 2014 survey have been re-measured and indicate a reduction in radon 

exhalation of around 35 to 45% when compared with the original measurements. It has been demonstrated 

that the drop in radon exhalation was consistent with the findings in earlier studies. 

A three-dimensional numerical simulation model is developed to compute the radon release and 

demonstrates generally good agreement. To reproduce the findings from the most recent experiments with 

the computational model was found challenging. The common hypothesis that effects from concrete aging 

would manifest itself primarily in a change in the material’s diffusion length resulted in a radon difussion 

length of only 0.02 m. Such diffusion length seems to be atypical for concrete. Therefore, a second scenario 

was computed, where the radon diffusion length was conservatively chosen to be 0.1 m and the emanation 

factor was reduced by 35%. These conditions also demonstrated good agreement with the experimental 

findings. 

Some recommendations for further work have been proposed to measure the radon emanation factor and 

the radon diffusion length in isolation. Such measurement could be performed on fresh and aged concrete. 

It also has been postulated that these type of experiments could be beneficial in other fields of concrete 

science. 
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Introduction 

Fly ash is widely used as a supplementary cementitious material in the production of cement and concrete, 

and improves durability and strength of the concrete. However, as for all materials of mineral origin, fly 

ash is a source for natural radioactivity; hence, its use in building materials is well regulated with numerous 

guidelines on its responsible use. For example, the EU Basic Safety Standard also known as EU-BSS now 

sets specific requirements on the received external dose from building materials and lists fly ash as a 

material to be considered for its presence of 226Ra (radium), 232Th (thorium), and 40K (potassium). These 

radionuclides are a source of gamma-emitting decay products in the building materials resulting in an 

external radiation dose to the inhabitant. Furthermore, the presence of 226Ra also provides a source of radon 

and contributes to the radiation exposure in dwellings. For this reason NRG has tested between 2011 and 

2016 over 20 types of concrete regularly used in the construction of Israeli dwellings and safe rooms (De 

With, 2017). The findings of this work have been used to enable an accurate understanding of the potential 

radiation dose to the inhabitant from the presence of natural radionuclides in the building material (De 

With, 2018). 

A topic that has received limited attention in NRG’s work for NCAB is the phenomenon of concrete aging 

and its impact on the radon release. Although the phenomenon is well known in concrete science, limited 

work has been performed in the radon community to obtain a coherent understanding on the timely 

variations in the radon exhalation, as the concrete’s microstucture evolves under the influence of hydration 

and carbonation. As a result, prediction of the radon exhalation rate from concrete remains challenging, and 

highly relevant as exhalation rates can change considerably during the materials life time.  

For this reason, the work presented in this report is dedicated to the effects from concrete aging on the 

release of radon from concrete. For this purpose, two types of work are executed, which includes a second 

measurement of some previously tested concrete mixtures, and the development of a computational model 

to predict the radon release from the concrete samples. Measurements to determine the radon exhalation 

rate are performed on a total of four concrete mixtures, and the results are compared with the earlier 

measurements to quantify the effect from concrete aging. The samples are approximately five years of age 

and have been tested some four years ago, which will enable an assessment that considers a substantial 

period of time. The computational model is constructed to simulate the release of radon from the tested 

concrete mixtures, and to gain better understanding in the underlying properties involved in concrete aging. 

The model is customised for all 21 concrete mixtures using input parameters obtained from earlier 

measurements at NRG and available data in literature. 

The report will start with a description of the test method and details of the concrete mixtures that are to be 

tested (Section 1), it then follows with a description and validation of the computational model (Section 2). 

In Section 3 the results are presented together with a analysis and discussion of the findings. The report is 

completed with conclusions and recommendation (Section 4).  
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1 Radon exhalation measurement 

1.1 Test method 

The natural free radon exhalation rate (E in Bq·(kg·s)-1) of the concrete samples is determined according to 

the standard method published under NEN 5699 (NEN, 2001). Determination of the radon exhalation rate 

is based on a continuous ventilation of an exhalation chamber with material sample. On the outlet side of 

the chamber the 222Rn from the material sample is collected and subsequently quantified using liquid 

scintillation counting. For this purpose, an exhalation chamber with an approximate volume of around 

36 liter is required. A constant flow of radon-free nitrogen gas of known humidity is passed through the 

chamber. The relative humidity of the nitrogen flow is regulated within the full range of 0 to 100% by 

means of a controlled mixing of dry and water–saturated nitrogen gas (Figure 1). After a given time 

(normally within 3 h) a steady-state concentration is reached and the experiment can be started. The 

outcoming flow is guided through two U-shaped tubes for a period of 10 to 30 minutes. The first tube 

contains KOH tablets to dry the gas flow; the second tube contains 4 g of silica gel and is cooled with liquid 

nitrogen to trap the radon. After absorption, the tube with silica gel is warmed and subsequently the content 

is poured into a counting vial containing toluene-based scintillation liquid. During this process no loss of 
222Rn was observed.  

 

Figure 1 Schematic view of the measuring arrangement for determination of the radon exhalation rate according to NEN 5699. 

Radioactive equilibrium in the counting vial is attained after around 3 h, and a further 13 h is required 

before the radon progeny in the vial is in equilibrium. Subsequently, a recording of the spectrum is 

performed using a liquid scintillation spectrometer. For an optimal count rate, the window settings are set 

from 110 to 600 keV. Under these conditions a counting efficiency of approximately 2.8 c·s-1·Bq-1 can be 

reached.  

The samples are conditioned at a temperature of 20 ± 2°C and a relative humidity of 50 ± 5%. Equilibrium 

is achieved when the mass of the sample over a period of seven days deviates by less than 0.07% from the 

value determined during the previous measurement. For fresh concrete a minimum curing period of at least 

28 days is required. 
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1.2 Measurement of Israeli concrete 

Between 2011 and 2016 (De With, 2017) a total of five material surveys have been executed with four to 

five different concrete mixtures being studied to determine it radiological properties. These include the 

determination of the concentration (Bqˑkg-1) of the naturally occuring radionuclides (226Ra, 232Th and 40K) 

and the radon exhalation (μBq·(kg·s)-1). In addition also the density of the concrete is determined. The 

radon exhalation was determined using three samples per mixture conditioned at a temperature of 20oC and 

50% relative humidity. The dimensions of the samples were 10×10×20 cm and free exhalation from all six 

surfaces. As a result a total of 21 concrete types have been tested (Table 1). The survey from 2011 – 2012 

was conducted using one reference concrete without fly-ash followed by four concrete mixtures containing 

120 kgˑm-3 fly ash. The surveys from 2013 onwards have been performed with one reference concrete 

(without fly ash) and three concrete mixtures with 100 kgˑm-3 of fly ash.  

For the purpose of this work the concrete mixtures from the 2014 survey are measured again in order to 

determine any change in radon exhalation after five years of aging. The samples from the 2014 survey 

(3 samples per concrete mixture) where mostly still stored at NRG’s lab. Unfortunatly two samples from 

concrete mixture 7335 and one sample from 7338 were no longer available. These samples where provided 

by NCAB. It is important to note that the samples did originate from the same batch of samples produced 

at the time (in 2014). This means that the latter samples were not only of the same concrete mixture but 

also of identical age as those that were measured previously by NRG. 

The mixtures were measured again using three samples per mixture, using the same climate conditions of 

20oC and 50% humidity and free exhalation from all six surfaces. The findings from these measurements 

will be reported in Section 3. 
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Table 1 Summary of the material properties, including density, activity concentrations (C) from 226Ra, 232Th and 40K, and radon 

exhalation (E) plus one standard deviation (±1 SD). The first row of each block contains the reference material without fly ash. 

(Ref. De With, 2017) 

Survey Sample Density Activity concentration Rn exhalation 

 
 ρ CRa CTh CK E 

  (kg·m-3) (Bq·kg-1) (Bq·kg-1) (Bq·kg-1) (μBq·(kg·s)-1) 

2011 – 

2012 

7013 2390 34.7±2.7 6.2±0.5 47.7±2.7 6.3±0.3 

7014 2400 35.3±2.3 8.6±0.7 73.7±3.7 6.1±1.4 

7015 2383 36.7±3.3 10.3±0.7 49.0±2.3 7.2±0.1 

7017 2403 40.3±2.0 9.2±0.7 73.3±3.0 5.9±1.1 

7019 2420 40.3±2.7 9.7±0.8 62.0±3.0 5.8±0.7 

2013 

2872 2431 32.8±1.9 5.0±0.5 42.3±2.5 7.3±0.4 

5850 2399 39.3±3.0 15.0±0.9 47.0±3.7 8.4±1.0 

5852 2399 35.2±2.3 8.1±0.5 56.9±3.9 7.2±0.6 

7699 2424 36.3±3.0 7.8±0.6 56.1±3.5 8.3±0.9 

2014 

7335 2420 29.4±1.9 5.7±0.3 48.0±3.2 6.9±0.2 

7336 2421 36.6±2.3 11.9±0.5 65.0±2.6 7.2±0.1 

7337 2418 35.1±2.0 9.2±0.5 70.2±3.6 7.3±0.5 

7338 2421 41.3±3.3 16.3±0.8 55.7±3.2 7.3±0.4 

2015 

9053 2512 30.8±1.8 5.9±0.5 44.9±3.1 6.2±0.2 

9054 2518 37.7±3.0 13.5±1.0 50.7±3.1 6.5±0.7 

9055 2537 37.3±2.0 6.5±0.4 50.1±2.8 4.5±0.2 

9056 2494 41.0±3.0 10.1±0.6 37.0±1.7 7.3±0.2 

2016 

2995 2468 33.1±2.3 4.4±0.4 40.0±1.9 6.8±0.4 

4645 2470 35.5±2.2 6.6±0.5 64.3±4.0 7.6±0.4 

4646 2474 39.7±3.3 12.9±0.9 47.7±3.3 7.7±0.5 

4647 2445 36.4±1.6 7.6±0.6 61.2±3.2 7.3±0.5 
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2 Radon exhalation modelling 

The solution of a one dimensional radon diffusion equation (Nazaroff and Nero, 1988; Antonopoulos-

Domis et al., 1998) is commonly used to determine the radon flux from building surfaces (such as walls 

and ceiling). However, with a test sample of finite dimensions in all three directions the transport of radon 

can no longer be considered of a one dimensional nature. Three-dimensional transport phenomena are 

expected and should be reflected in the computational model. As an analytical equation for such situation 

is not evident, a numerical method is introduced that computes the formation, presence, transport, and decay 

of radon in the pore spaces. Such numerical method differs from an analytical solution in that it computes 

the solution using a discrete set of calculation points (numerical elements) that together form a geometric 

description of the test sample. Further details on the developed computational method are described below.  

2.1 Governing equations 

When radon has emanated from the material grains and entered the void spaces in the bulk material, its 

transport through material is determined by a process called diffusion. The governing equation that 

describes the diffusion transport of free radon through a poreous material such as concrete reads as follows: 

� ��������� + �����
�
� + �����

��� � − �� + � ������� � = 0.      (1) 

The transport is considered continuous in time and therefore is of a steady-state nature. The first term on 

the left hand side represents the diffusion transport, followed by a sink term that describes the loss of radon 

from nuclear decay and a third term that describes the radon production from the presence of 226Ra. In the 

equation CRn is the radon concentration (Bqˑm−3) in the pore space of the material at point (x,y,z), CRa is the 

radium content (Bqˑkg−1), ρ is the bulk density of the material (kgˑm−3), f is the radon emanation factor from 

grain to pore space (-) and represents the fraction of free radon atoms that enter the pore space, ε is the 

porosity of the material (-), D is the radon diffusion coefficient in the material (m2ˑs−1), λ is the decay 

constant of radon (s−1). The radon diffusion coefficient D is often expressed in terms of the radon diffusion 

length l (m), which represents the distance of radon transport in a homogeneous infinite medium due to 

molecular diffusion, where the radon concentration decreases to 1 �� ~0.37 (factor e~2.72). The radon 

diffusion length l is calculated as follows: 

� =  !"            (2) 

The geometry is represented by a rectangular cuboid of dimension [2a,2b,2h], where a, b, h are the half-

length, half-width and half-thickness of the block, which are respectively 10, 5 and 5 cm. [x,y,z] are 

coordinates along the direction of length, width and height of the sample respectively with its origin at the 

center (Figure 2). 
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Figure 2 Schematic diagram of the cuboid and the coordinate system used for the model development. 

2.2 Numerical solution and model parameters 

The diffusion based transport equation is solved numerically (Yau, 1994) using a discretised computational 

domain of the cuboid (20×10×10 cm) with a discretisation thickness or grid size of 0.5 cm, which 

corresponds with a total of 16.000 numerical elements. 

 

 

Figure 3 Presentation of the numerical domain with a 1cm grid size to represent the cubiod with dimensions of 20×10×10 cm. 

The numerical discretisation is based on an explicit finite difference method without numerical relaxation. 

In this numerical technique the CRn is computed in each numerical element using its six neighbour values. 

The procedure to solve the system of equations is by looping through each of the elements and updating 

CRn assuming that the nearest neighbours already have values close to the exact solution. This procedure is 

repeated until the changes that are made in each iteration fall below a certain tolerance. 

The numerical scheme enables a selection of two types of boundary conditions, these are either a fix radon 

concentration (Dirichlet condition) or a fix value for the radon derivative (Neumann condition). To 

reproduce the experimental findings where free exhalation takes place from all surfaces, a Dirichlet 

condition with a concentration of 0 Bqˑm-3 is applied. In addition, the material specifications, which include 

the radium content (CRa), the bulk density (ρ), the radon emanation factor (f), the porosity of the material 

(ε), the radon diffusion length (l), and the decay constant of radon (λ) are to be defined. The emanation 

factor f and the radon diffusion length l is based on the reported values by Sahoo et al. (2011) and are set 

to f =0.11±0.02 and l=0.28±0.11. These parameter values seem consistent with other sources in literature 

such as (Rogers et al., 1994). The density ρ and the radium content CRa for the 21 concrete mixtures are 
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tested in the NRG labs and are sample specific. The porosity ε is set to a fix value 0.1 and the radon decay 

constant is 2.1ˑ10-6 s-1.  

The boundary conditions of the problem are governed by the fact that the pore space radon concentration 

at the surfaces of the material is zero. Based on these material properties and the described numerical 

method, the radon concentration in the pore space is computed. A plot of the radon concentrations along 

the centre plane is shown in Figure 4. In the plot highest concentrations are found in the heart of the concrete 

material, while the concentrations at the surface are equal to zero as imposed through the boundary 

conditions. The case describes a free radon exhalation across all surfaces without any (wind)pressure driven 

radon transport through the material. This scenario is therefore comparable with the conditions under 

experimental testing. 

 

Figure 4 Free radon concentration (z-axis) in the pore space along the centre plane of the cubiod. The two horizontal axes are the 

length (2a) and width (2b). Along the outer surfaces the radon concentration is zero, highest radon concentrations are found in the 

centre of the cubiod. 

The radon exhalation rate (E) from the concrete samples expressed per unit mass (Bqˑ(kgˑs)-1) is based on 

a surface integral operation of the radon flux (e) in Bqˑm-2ˑs-1 over the six surfaces of the prism, where the 

radon flux is expressed as a product of the radon gradient across the surface, together with the material 

porosity and the radon diffusion coefficient. Mathematically E and e are described according to the two 

equations below. 

��# = ��$ = %−&� ������� ��'()% , �
# = �
$ = +−&� �
����
�
 �
'(,+ , ��# = ��$ = %−&� �

����
�� ��'(-% (3) 

 

. = ∯0123#1245�
��#∯0163#1645����#∯7183#1849���

:7)∙,∙-9�      (4) 
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2.3 Verification of the numerical method 

For validation purposes, the numerical method is compared against the results from a one dimensional 

analytical method using the same set of input parameters. As a measure of error, the relative difference 

between the radon flux is determined. Such comparison with the three dimensional method is possible by 

adjusting the boundary conditions of the four surfaces that run parallel to the x-axis. For these surfaces 

Neumann conditions are applied with zero radon gradient across the surface. By doing so, the radon release 

is one dimensional only. Such numerical scenario can be compared with the analytical expression for radon 

release from walls as described by (Nazaroff and Nero, 1988): 

�� = λ��=)>? tanh DE           (5) 

where, d is the half-thickness of the wall (m), which in this work is a = 0.1 m. The other factors can be 

applied as previously described, and the radium content (CRa) and the bulk density (ρ) can be selected by 

choosing any of the measured samples. The two methods are compared using the material properties from 

the concrete with code 7013 (Table 1), including the default diffusion length of 0.28 m. The methods 

indicate a radon exhalation rate of around 1.8ˑ103 μBqˑm-2ˑs-1, with a deviation of 2.8% for the numerical 

method as shown in the top row. The deviation is most likely caused by the discretisation thickness ∆G of 

0.5 cm. Such discretisation is by definition an approximation to the real solution and therefore a cause of 

error. Subsequently, the radon diffusion length is adjusted from its default down to 0.02 m. As can be seen 

in the table, the deviation gradually increases from its original 2.8 to 11.7%. Reason for this increase is the 

presence of sharper gradients in the radon concentration near the outer surface, which by default result in a 

larger numerical error and manifest itself as an under prediction of the exhalation rate. Nevertheless, the 

deviation is within reason considering the uncertainties in the material properties such as e.g. shown in 

Table 1, and the parameter values such f and l, which are an assumption only.  

Table 2 Analytically and numerically computed radon exhalation flux at the two surfaces on the x-axis (��(). The comparison is 

performed with concrete 7013 and the default material parameters described in Section 2.2. The radon diffusion length l varies.  

l HI,JK(  HI,LK(  Dev 

(m) (μBq·m-2·s-1) (μBq·m-2·s-1) (%) 

0.28  1.84ˑ103 1.79ˑ103 2.8 

0.10 1.46ˑ103 1.41ˑ103 3.4 

0.05 9.22ˑ102 8.75ˑ102 5.1 

0.02 3.82ˑ102 3.38ˑ102 11.7 

1 The Dev is determined by %12,MN( $12,ON(
12,MN( % × 100 
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3 Results and discussion 

3.1 Experimental and numerical results 

3.1.1 Radon exhalation measurement 

The four concrete mixtures have been measured for a second time as described in Section 1. The samples 

clearly demonstrate a reduction in radon exhalation as is illustrated by the results presented in Table 3, 

together with the original findings from 2014 and the variation in results. The reduction is seen consistently 

throughout the four mixtures and varies between 35 and 45%. In addition the radon exhalation of the three 

concrete mixtures with fly ash as measured in 2014 and 2019 is compared with the reference concrete 

mixture 7335. For this purpose the difference in exhalation rate ΔE is computed as ΔE=abs(Efly-ash-Eref)/Eref. 

The differences are within the statistical uncertainty of the experiments.  

Table 3 Measured radon exhalation rate with its standard uncertainty (±1 SD) as measured in 2014 and 2019.  

Sample E2014 ΔE2014 E2019 ΔE2019 Dev1 

 (μBq·(kg·s)-1) (%) (μBq·(kg·s)-1) (%) (%) 

7335 6.9±0.2 - 3.8±0.3 - 45 

7336 7.2±0.1 3.0 4.0±0.3 2.8 45 

7337 7.3±0.5 5.0 4.1±0.3 6.6 44 

7338 7.3±0.4 5.5 4.7±0.3 23.2 35 

1 The Dev is determined by �Q�RMS$Q�RMTQ�RMS � × 100 

3.1.2 Radon exhalation modelling 

The radon exhalation rate expressed in terms of Bqˑ(kgˑs)-1 is computed for all 21 concrete types and 

compared against earlier measurements as presented in Table 1. The results are presented in both Table 4 

and Figure 5.  The table contains the measurement result, its computed equivalent and the deviation between 

both findings. In addition the computed values from the proficiency parameter ut are presented. ut is 

included to determine if the experimental and computational findings are statistically different. The 

proficiency parameter is computed according to the formula by Brookes et al. (1985):  

UV = |QXY�Z$Q[�\[|
 ]XY�Z� #][�\[�           (6) 

where E is the exhalation rate (Bq·(kg·s)-1) and u the uncertainty (Bq·(kg·s)-1) as reported in Table 4. 

According to Brookes et al. (1985) the results agree within a 99% probability level when ut < 2.58. For 

values higher than 2.58 the results are significantly different. Figure 5 contains a graphic representation of 

the experimental and computational findings together with its uncertainty. 
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According to the criterium proposed by Brookes et al. (ut < 2.58) only the concrete mixtures 7019 and 9055 

are statistically different (Table 4 collumn 4). All other concrete mixtures are within the uncertainty limit. 

On this basis it is concluded that the experimental and computational results are in good agreement. Table 

4 also includes the mean radon exhalation rate with the standard error of the mean (^�̅ = `
√b). These results 

demonstrate a deviation of 6% and a ut of 1.7 and suggest no statistically significant difference. The mean 

values together with their statistical parameters are also presented for the reference mixtures and the 

concrete mixtures with fly ash. A comparison of the mean radon exhalation rate for the reference concrete 

and the concrete with fly ash, shows a slightly higher difference in the computed values (6.5 and 7.6 

μBq·(kg·s)-1) as compared with the measured values (6.7 and 7.0 μBq·(kg·s)-1).  With proficiency factors 

of respectively 5.7 and 0.9 (not shown in the table) for the computed and measured values these results 

indicate that only the difference in the computed values is statistically significant.  

Table 4 Measured radon exhalation rate (Table 1) and computed radon exhalation rate with its standard uncertainty (±1 SD). The 

standard uncertainty in Ecalc only considers the uncertainty in the measurement of CRa (Table 1).    

Sample Emeas Ecalc ut Dev1 

 (μBq·(kg·s)-1) (μBq·(kg·s)-1) (-) (%) 

7013 6.3±0.3 7.0±0.5 1.0 11 

7014 6.1±1.4 7.1±0.5 0.7 17 

7015 7.2±0.1 7.4±0.7 0.2 2 

7017 5.9±1.1 8.1±0.4 1.9 38 

7019 5.8±0.7 8.1±0.5 2.6 39 

2872 7.3±0.4 6.6±0.4 1.3 10 

5850 8.4±1.0 7.9±0.6 0.5 6 

5852 7.2±0.6 7.1±0.5 0.2 2 

7699 8.3±0.9 7.3±0.6 0.9 12 

7335 6.9±0.2 5.9±0.4 2.3 15 

7336 7.2±0.1 7.4±0.5 0.4 3 

7337 7.3±0.5 7.0±0.4 0.4 3 

7338 7.3±0.4 8.3±0.7 1.2 13 

9053 6.2±0.2 6.2±0.4 0.1 1 

9054 6.5±0.7 7.6±0.6 1.1 16 

9055 4.5±0.2 7.5±0.4 6.5 66 

9056 7.3±0.2 8.2±0.6 1.4 12 

2995 6.8±0.4 6.7±0.5 0.2 2 

4645 7.6±0.4 7.1±0.4 0.9 7 

4646 7.7±0.5 8.0±0.7 0.4 4 

4647 7.3±0.5 7.3±0.3 0.03 0 

     

mean2 6.9±0.2 7.3±0.1 1.7 6 

mean3 6.7±0.2 6.5±0.2 1.0 4 

mean4 7.0±0.2 7.6±0.1 1.2 8 

1 The Dev is determined by cQXY�Z$Q[�\[QXY�Z c × 100 

2 Mean values for all concrete mixtures 
3 Mean values for the reference concrete mixtures 
4 Mean values for the concrete mixtures with 100 or 120 kg·m-3 fly ash 
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Figure 5 Comparison of the measured and calculated radon exhalation rate from the 21 types of concrete with its standard 

uncertainty (±1 SD). The standard uncertainty in Ecalc only considers the uncertainty in the measurement of CRa (Table 1).  

The differences between the experimental and computational findings of both individual and mean results 

are generally within the uncertainty levels and show good agreement. Nevertheless, the uncertainty 

surrounding some of the parameter values such as the radon diffusion length, porosity and emanation factor 

have not been considered. This does not mean that the parameters are fully correct. On the contrary, the 

applied values do carry a degree of uncertainty and in addition the parameters might not accurately reflect 

the properties for the kind of concrete studied in this work. Nevertheless, the variation in results is such that 

the choice of parameter values as obtained from literature is adequate.  

Other aspects that may contribute to the deviation is the choice of boundary conditions. These are set to 

0 Bqˑm-3, despite the fact that under experimental conditions there is a small build-up of radon in the 

exhalation chamber. Nevertheless, this build-up of radon is small and in the order of 20 Bqˑm-3. Considering 

that the radon concentrations in the pore space is in the order of 1,000 Bqˑm-3 (Figure 4) it is assumed such 

phenomenon will have minor influence on the radon exhalation that is found. 

3.2 Discussion of the findings 

3.2.1 Aging of concrete 

As presented earlier in Table 3, all four concrete mixtures demonstrate a similar decline in the radon 

exhalation rate. The decrease is approximately 40% based on a first measurement when the concrete was 

around one year of age, followed with a second measurement where the concrete age was some 5 years of 

age. This decline is consistent with previous work performed at NRG. One earlier study at NRG (Roelofs 

and Scholten, 1994) has been performed to monitor the radon exhalation rate over a prolonged period of 
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time and demonstrated a reduction in radon exhalation that continued for multiple years following its peak 

value after around one year. Their experimental findings are presented under Figure 6 and present the radon 

exhalation as a function of time for two sorts of concrete. If we consider the results from concrete with 

Portland cement (Figure 6, (a)) to be the most relevant for this work we can see the following. The radon 

exhalation has a peak value of approximately 7 to 9 (μBq·(kg·s)-1) after around one year and drops to 

somewhere under 5 (μBq·(kg·s)-1) when the concrete is around five years of age. This change in radon 

exhalation is very much consistent with the experimental findings of  this work. For the concrete with Blast 

furnace cement the drop in radon exhalation, in relative terms, is somewhat smaller although still very much 

present (Figure 6, (b)).  

   

(a) ○ sample 1 PC-84; □ sample 2 PC-84; ● sample 1 PC+84; 

■ sample 2 PC+84. -- polynomial fit of the PC-84 samples; 

--- polynomial fit of the PC+84 samples. 

(b) ○ sample 1 BF-; □ sample 2 BF-; ● sample 1 BF+; ■ 

sample 2 BF+. -- polynomial of the BF- samples; --- 

polynomial fit of the BF+ samples. 

Figure 6 Radon exhalation rate of concrete as a function of age. (a) Concrete with Portland cement, (b) concrete with Blast Furnace 

cement (Ref. Roelofs and Scholten, 1994).  

A similar reduction in the radon exhalation from concrete was found in the work reported by De With 

(2017). The work involved analysis of two concrete mixtures from NCAB, which were measured twice. 

First in 2010 when the concrete was relatively young and subsequently in 2012 after the concrete had aged 

for a further one year and three months. These results also showed a decline in radon exhalation, as shown 

in Table 5.  

Table 5 Measured radon exhalation rate with its standard uncertainty (±1 SD) (Ref. De With, 2017). 

Sample E2010 E2012 Dev1 

 (μBq·(kg·s)-1) (μBq·(kg·s)-1) (%) 

AP 4-6 10.5±0.2 6.8±0.2 35 

BP 10-12 5.4±0.5 4.8±0.2 11 

1 The Dev is determined by �Q�RMR$Q�RM�Q�RMR � × 100 

It is envisaged that the decline in radon exhalation is (among other things) a result of hydratation and 

carbonation of the concrete. These processes lead to a change in the microsopic structure of concrete and 
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reduce the diffusion properties of radon, which subsequently result in a reduction of the radon release. 

These experimental findings support this of hypothesis. 

3.2.2 Impact on material properties 

The comparison of computational and experimental data presented in Table 4 has generally demonstrated 

a satisfactory result. The comparison did not give rise to the idea of the applied model parameters being 

fundamentally incorrect. The findings from the most recent experiments, indicating a 40% reduction in 

radon exhalation over time, raise the question as to how concrete aging has altered the underlying properties 

of the concrete. With a half-life of around 1600 years for 226Ra, the production of 222Rn will be unchanged 

over such a limited period of four years. Therefore, the production and decay of radon can be excluded as 

being responsible for the change in radon exhalation. What remains is the emanation factor and the radon 

diffusion coefficient. If we build on the hypothesis suggested in the previous section, the change in radon 

release originates from a reduction in the radon diffusion coefficient. If we follow this hypothesis, the 

experimental findings can be computationally approximated by assuming a radon diffusion coefficient of 

1ˑ10-9 m2ˑs-1 (Table 6, collumn 3). Such diffusion coefficient corresponds with a diffusion length l of 0.02 m. 

This value is lower than what is typically reported in literature and also means that – even for the case of 

free radon exhalation from all six surfaces – the radon produced in the centre will not migrate to the outer 

surfaces and therefore will not contribute to the radon exhalation of the concrete.  

Table 6 Radon exhalation rate (E) with its standard uncertainty (±1 SD). The standard uncertainty only considers the uncertainty 

in the measurement of CRa (Table 1). 

Sample E2019 Ecalc(l=0.02) Ecalc(l=0.1 / f=0.07) 

 (μBq·(kg·s)-1) (μBq·(kg·s)-1) (μBq·(kg·s)-1) 

7335 3.8±0.3 3.8±0.2 3.7±0.2 

7336 4.0±0.3 4.8±0.3 4.6±0.3 

7337 4.1±0.3 4.6±0.3 4.4±0.2 

7338 4.7±0.3 5.4±0.4 5.1±0.4 

 

The above conclusion is better visualised when considering Figure 7 (a). The figure demonstrates the free 

radon concentration in the pores with the adjusted radon diffusion length. In this picture the radon derivative 

in space is very minimal in the heart of the concrete cube when compared with the original results presented 

in Figure 4. The phenomenon is even better seen when we consider only radon transport along the the x-

axis with release at the two outer surfaces on both sides of the x-axis (Figure 7 (b)). Here the radon 

derivative at the heart of the concrete is zero as indicated by the plateau. Such lack of gradient indicates 

minimal radon transport; hence, this radon will not be released.  
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(a) Three-dimensional radon release (b) One-dimensional radon release 

Figure 7 Free radon concentration (z-axis) in the pore space along the centre plane of the cubiod. The two horizontal axes are the 

length (2a) and width (2b). 

As the proposed diffusion length seems rather low, there are some explainations to this. First, the diffusion 

length for concrete in literature might be primarily based on concrete mixtures that have not been aged for 

a prolonged period of time. A second possibility is that the molecules formed during hydration – such as 

calcium silicate hydrate (CSH) and calcium aluminium silicate hydrate (CASH) – have formed around the 

material grain and reduce the radon emanation from the material solids. In such hypothesis the radon atoms 

after recoil from the material grain are directly absorbed by the CSH and CASH molecules, and do not enter 

the pore space. If so this would justify a change in the emanation factor f. A scenario that considers a 

possible reduction in radon emanation combined with a radon diffusion length of 0.1 m is shown in 

collumn 4 of Table 6 and also indicates comparable results. Although this may seem to provide for a good 

result, it also demonstrates the challenges in computing the effects from concrete aging and the need for 

better understanding of the change in material properties over time.  

3.2.3 Determination of material properties 

Although the change in radon exhalation as measured in this work is not unexpected, it does raise further 

questions as to how the phenomon of concrete aging affects the microscopic structure of concrete and how 

this influences the relevant material properties. In order to get better understanding on the underlying 

mechanisms, possible further work could consider: 

i. measurement of the radon diffusion coeficient D,  

ii. measurement of the emanation factor f. 

Such measurements could be done in the following manner. The radon diffusion coefficent could be 

determined by taking a slice of concrete and exposing this on one side to a high radon concentration. As a 

result, the release of radon on the opposite surface is determined by the diffusion parameters of the concrete, 

and the emanation properties become irrelevant. Choosing a sufficiently strong radon source will ensure 

that the radon release by the concrete itself will be of no significance. In this apporach, the challenge is to 

sufficiently seal the high radon side to ensure that there is no radon leakage. Alternatively, the diffusion 
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coeficient can be determined by measuring the concrete prisms with different thicknesses and applying a 

radon seal on the four outer surfaces along the x-axis. 

The emanation factor can be determined by crushing the concrete and applying it as a thin layer (e.g. 1 cm 

thickness) when determining the radon exhalation rate. Under these conditions all radon emanated from the 

material grain will reach the free volume where it is detected. This means that the radon difussion will no 

longer play any role in the radon release, and the emanation factor can be determined by the ratio of the 

released radon and the produced radon. The radon production can be determined using the known radium 

concentration CRa. 

These experiments are primarily used to gain better understanding in the radon release from concrete. 

Nevertheless, the determination of these properties and its change in time may also find itself usefull in 

other areas of concrete technology. One area that might be of relevance is the transport and uptake of CO2 

in concrete, which is, at least in part, also dependent on the porosity characteristics of the concrete.    
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4 Conclusions 

The findings of this work are as follows: 

 Four concrete mixtures that were previously measured as part of the NCAB material survey from 

2014, have been re-measured and indicate a reduction in radon exhalation of around 45% for the 

first three mixtures and a reduction of around 35% for the fourth mixture. 

 The drop in radon exhalation was consistent with the findings in earlier studies, such as the work 

by Roelofs and Scholten (1994).   

 A three-dimensional numerical simulation model was developed to compute the radon release from 

the test samples. The model was validated against an analytical solution (Table 2) and indicated a 

limited error in the range of 3 to 10% depending on the radon diffusion length. It was suggested 

that the deviation originates from its numerical approximation. 

 Radon exhalation rates of the previously measured 21 concrete mixtures were simulated 

demonstrating generally good agreement. The mean radon exhalation rate with the standard error 

of the mean as measured is 6.9±0.2 μBqˑ(kgˑs)-1 while for the computed results the mean results 

are 7.3±0.1 μBqˑ(kgˑs)-1. 

 To reproduce the findings from the most recent experiments with the computational model was 

found challenging. The common hypothesis that effects from concrete aging would manifest itself 

primarily in a change in the material’s diffusion length resulted in a radon difussion length of only 

0.02 m. Although further study in literature would still be necessary, such diffusion length seems 

to be atypical for concrete. Subsequently, it was suggested that concrete aging may also affect the 

release of radon into the pores and a scenario was chosen where the radon diffusion length was 

conservatively chosen to be 0.1 m and the emanation factor was reduced from 0.11 to 0.07. These 

conditions also demonstrated good agreement with the experimental findings.   

 Some recommendations for further work have been proposed to measure the radon emanation 

factor and the radon diffusion length in isolation. Such measurement could be performed on fresh 

and aged concrete. It has been postulated that these type of experiments could also be beneficial in 

other fields of concrete science.    
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