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The main sources of radon indoors are the infiltration from the soil through the building materials and the
materials themselves. These pathways are significantly influenced by the radon diffusion coefficient, D, of those
elements, playing an important role when trying to mitigate radon accumulation. Current methodologies
developed to determine D are difficult to apply. ISO 11665-13 imposes restrictive conditions on the experimental
system and requires the application of numerical methods. In the methodology the problem material is placed
between a chamber containing a radon source and an empty one and radon concentration is measured in the
chambers. The D closer to the experimental data is then selected. In this work, the methodology was improved,
and an algorithm was developed to complement the ISO. The algorithm solves for the physical governing
equations and finds the value of D that best fits the data by minimising the differences between the predicted and
experimental concentrations. Various statistical parameters and stop conditions were studied to determine when
an optimal D was found. A validation procedure was developed for internal validation, and results were
compared with the literature for external validation. Additional results are presented for materials not found in

the literature.

1. Introduction

One of the main contributors to the effective dose from natural
radioactivity in the Earth crust is the 2*®U-series radionuclides, which
produces 222pn (T1/2 = 3.8 d). Given that this radionuclide is a noble
gas, it can easily escape into the atmosphere from the surface soils in
which it is generated, then it decays to its short-life decay products that
can adhere onto the respiratory system when they are inhaled. Radon
gas and its short half-life decay products, 218p (T1/2 = 3.1 min), 2l4pp
(T1/2 = 26.8 min), 2*Bi (T1 /5 = 19.9 min) and 2'*Po (T} /5 = 164.3 ps),
are responsible of almost half of the effective dose received by the public
from natural sources [1-3], and their long-term inhalation under high
concentrations can cause lung cancer [4-7]. In the open air, radon gas is
diluted and transported in the atmosphere [8-10] and is found at low
concentrations, around 10 Bqg m™3, but in enclosed spaces such as
mines [11,12] or buildings [13-16], it can accumulate and reach high
levels (2-3 orders of magnitude higher), increasing the importance of
studying indoor air quality [17-19].

The European Directive 2013/59/EURATOM [20] includes the
obligation to reduce the public exposure to radon, requiring Member
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States to elaborate national plans against radon and to establish a na-
tional reference value for radon concentration in close buildings, with
the reference value being an annual average of less than 300 Bq m=3. It
also states the need to identify residences, buildings with public access
and workplaces, in which the annual average value for radon concen-
tration is higher than the reference value, to consider any possible entry
point for radon gas and to adopt measures to reduce the radon con-
centration [21,22].

The main source of indoor radon [23,24] is the infiltration from the
soil of the building basement, through cracks and crevices, or by diffu-
sion through the construction elements [25-28]. The building materials
themselves, depending on their radioactive composition [29,30], can
also generate radon and release it into the indoor air [31-35]. The radon
diffusion coefficient of the different building materials will be the
parameter that regulates the transport of radon through them and will
have a greater effect on the flux through the internal surface of build-
ings. Consequently, this parameter has to be considered when studying
the possible accumulation of radon indoors [36].

Several methods have been developed to determine the radon
diffusion coefficient of materials [37,38].
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Cozmuta and Van Der Graaf [39] and Ye et al. [40] considered the
stationary state and obtained the radon diffusion coefficient by studying
the radon exhalation rate from one side of the material, being the main
drawback of this methodology its experimental setup, specifically the
necessity to reshape the material [39,40] and the difficulty to find a
cover against radon [39]. Other methods used indirect measurements
[41-43]. Arafa [41] employed activated charcoal canisters, which were
covered with the problem material and exposed to a known radon
concentration, but it is important to ensure that the canister is properly
prepared so that the radon absorption capacity is not affected. Quindos
[42] and Tsapalov et al. [43] covered one side of a modified Lucas cell
with the material of study. From the approach taken to solve the
equations involved in the problem there is a limitation in the thickness
of the material and range of the radon diffusion coefficient [42] or the
necessity of an special software [43].

The ISO 11665-13 “Determination of the diffusion coefficient in
waterproof materials: membrane two-side activity concentration test
method” [44], which is based on the work of Jirdnek & Svoboda [45],
relies on measuring the radon concentration in two chambers separated
by the problem material. A radon source is placed in one of the chambers
and the other one is kept empty, measuring the radon concentration
evolution in both chambers. They proposed two different approaches.

The first one is a steady state method that is easier to apply but longer
to test, and it is necessary to estimate beforehand the time needed to
reach the stationary state. Under steady-state conditions and neglecting
radon radioactive decay, back diffusion and ventilation, the exhalation
can be calculated as the slope of the linear regression of the concen-
tration in the empty chamber versus time. An equation for the exhala-
tion, dependent on the radon diffusion coefficient and obtained through
solving the steady-state diffusion transport in the material, is then
compared with the previously calculated value, and the radon diffusion
coefficient is found by an iterative process. This approach is less accurate
as many approximations are made.

The second one is a non-steady stage approach, where the diffusion
equation is numerically solved and the radon concentration in the empty
chamber is calculated for different values of the diffusion coefficient.
Afterwards, the value of the diffusion coefficient with the radon con-
centration in the empty chamber that best fits the experimental data is
selected as the result.

When replicated by other studies [46-48] the first method, the
steady state case, is usually chosen even though it has more approxi-
mations, as the non-steady state solution is not trivial to be applied. The
work of Szajerski & Zimny [49] is based on the same methodology, but
they only make measurements in the empty chamber, which requires a
prior characterization of the radon source. They solve the transient state
by a numerical solution using the software SCILAB. Tejado-Ramos et al.
[50] also applies the ISO two-chamber method in the non-stationary
state applying a numerical solution with a GNU octave script. They
use more affordable radon detectors which causes a limitation in the
thickness of the material and the radon diffusion coefficient. The nu-
merical methods applied in [49] and [50] for solving the problem are
not made available since they are not the main subject of these studies.

The main issue with a simple and accurate application of the ISO
[44] methodology is the resolution of the diffusion problem to find the
best fitting radon diffusion coefficient, D. There is existing license soft-
ware [51] that tests different values of D given by the user as an input
and selects the one that give results closer to the measurements. But, to
the best of our knowledge, there is no current open-source option
available. The methodology also establishes long term measurements
and restrictive conditions for the measurement system.

For those reason, in this work, the numerical solution applied to
obtain D is done through a developed code, being this open-source
search algorithm the main contribution in this work. The algorithm
searches for the optimal value of D, using the experimental measure-
ments as a reference, through various statistical parameters. This makes
the iterative process faster and easier as we minimise one parameter to
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actively search for the best D value, and even if the algorithm starts with
a non-optimal value, the program will select new values in the right
direction in subsequent iterations. Some improvements have also been
made to the methodology to make it easier and faster to apply.

Taking into account the previous defined problem, the main objec-
tive of this study was to develop and apply a new algorithm to obtain the
radon diffusion coefficient of materials that is easy to replicate and apply
by a general user. The developed algorithm, Radco, can be found on the
website of the Nuclear Safety Council (CSN), as it is part of a project
funded by them. Also, the experimental set-up that complements this
algorithm is easily adaptable to different construction materials.

2. Theory and methods
2.1. Theoretical framework

The main idea of the proposed method by the ISO [44] is to place the
problem material between two chambers, one of which will be empty
(“receiver container”), and another one will contain a radon source
(“source container”) (Fig. 1). The different concentrations between the
two chambers will cause a transport of radon through the material
separating them. Measuring the time evolution of the radon concen-
tration in the chambers allows to calculate the radon diffusion
coefficient.

2.1.1. Radon transport through the problem material

Some assumptions have been made in the equation that regulates the
transport of radon in the material under study. The transport of radon is
only considered in one dimension, along the x-axis in the direction from
the source container to the receiver container, as the material is ho-
mogeneous, making the transport linear. Diffusion is assumed to be the
only mechanism for transport [52], so other transport mechanisms, such
as the advection given by Darcy’s law [53], are neglected. This is a
reasonable approximation as we have laboratory conditions, with small
changes in temperature, pressure, and humidity, which allows for the
pressure driven transport to be ignored. In addition, the only sink term
consider is the radon decay and the initial radon in the air of the con-
tainers is neglected [54]. Considering all these assumptions, the gov-
erning equation for the radon concentration in the material existing
between the chambers is [53,55]:
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Fig. 1. Experimental set-up for the determination of the radon diffusion coef-
ficient. x(m): position along the thickness of the material. d (m): thickness of the
material. C(x, t) (Bg m~3): radon concentration in the material. Cs(t)
(Bg m~3) and C,(t) (Bg m3): radon concentrations at the source and receiver
container respectively.
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o t: time (s)

e x: position along the thickness of the material (m)

e C(x,t): radon concentration in the porous space of the material
(Bqg m™®)

e D: radon diffusion coefficient (m?s~1)

e Jgn: radon decay constant (s~!)

e f: source term for the generation of radon from the material
(Bg m3st)

o d: thickness of the material (m)

In summary, Eq. (1) is a transient, one-dimensional equation with a
diffusion term given by Fick’s law, a sink term given by radon decay and
a source term from the generation of radon in the material. For the
samples studied in this work, the generation of radon from the material
is considered null but is a term that can be included with the developed
code.

Eq. (1) has the following boundary and initial conditions [45]:

doC(x,t)

-D e h(Cy, — C;), forx=0, Vvt @)

%Xy —c). forx—d, Wt 3
0x

C(x,t) = Co(x), fort=0, 0<x<d ©)]

e h: radon transfer coefficient (ms~1) [56]

e C,,: radon concentration at x = 0, the contact point with the source
container(Bq m?)

e C,,: radon concentration at x = d, the contact point with the receiver
container(Bq m~3)

e Cs(t): radon concentration in the volume of the source container
(Bg m?)

e C.(t): radon concentration in the volume of the receiver container
(Bg m?)

e Co(x): initial radon concentration in the material (Bqg m~3)

Egs. (2) and (3) are boundaries conditions that reflects the gradient
in concentration of radon with a transfer constant h, and how the
transport at the top and bottom layers of the materials are determined by
the concentrations to which the material is exposed at each side. The
value of h was set to 0.1 ms~!, which is the value used in [44]. A
sensitivity study was carried out to determine the influence of changes in
h, but different values were used and no significant difference in the
result was found up to 5 orders of magnitude.

A higher concentration in the receiver chamber would reduce the
radon concentration gradient and hence the flux through the top layer of
the material. Furthermore, the concentration in the source container is
expected to be much higher than in the material, provided that the
material’s own radon generation is negligible, transporting radon from
the source container, Cs(t), through the material, C(x,t), up to the
receiver container, C.(t).

Eq. (4) reflects the initial concentration of radon in the material. If it
was previously exposed to a radon concentration, the initial concen-
tration can be found by solving for the stationary state of Eq. (1).

2.1.2. Radon accumulation at receiver container
The concentration at the source container is known from measure-
ments and the concentration at the receiver container follows a known
accumulation equation for each time step [45,57,58]:
Ei,ls

Cri=Crie " + Wef (1 —e ot 5)
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Cr;: radon concentration in the receiver container at time step

i (Bq m®)

Cr;_1: radon concentration in the receiver container at time step i —

1 (Bqg m™3)

o A effective decay constant (s!)

At: time difference between time step i and i — 1 (s)

e E; 1: radon exhalation rate from the material to the receiver
container at time stepi— 1 (Bq m™2 s71)

e V: accumulation volume, in this case the volume of the receiver

container (m?)
S: exhalation surface, in this case the surface of the material that is
exposed to the receiver container (m?)

Ei1 =h(Cxi1 — Cric1), (6)

e Cy,i—1: radon concentration in the material at the position in contact
with the receiver container at time step i — 1 (Bqg m%)

Aef = Arn + Ao + 41, )

Ji: leakage constant, for the leaks in the experimental set up (s™!)
Ap: bound exhalation constant, for the reduction of the exhalation as
the radon concentration increases (s™!)

Egs. (5) and (6) show that the radon concentrations in the material
and in the receiver container are dependent on each other through the
exhalation rate. The effective decay constant is obtained by fitting the
experimental accumulation curve in the receiver container [57,58].

Using the experimental measurement in the source and receiver
containers together with Eq. (5) and the numerical solution of Eq. (1),
the developed algorithm will search for the best value of the radon
diffusion coefficient.

2.2. Radon diffusion coefficient search algorithm

The developed code solves Eq. (1) by applying the finite element
method (FEM) in a one-dimensional mesh along the x-axis, using the
standard Galerkin approach and the trapezoidal rule for the discretisa-
tion in space and time respectively [59,60]. A system of linear algebraic
equations is obtained, with the nodal concentrations as the unknown
values, and solved using the standard Gaussian elimination method.

The steps taken by the algorithm to solve the equations while testing
a D value are as follows. First, if the material was placed on top of the
source container before the start of the measurements to have an initial
radon concentration, i.e. to saturate the material with radon, the initial
condition on the material, Eq. (4), has to be calculated. This is done by
solving Eq. (1) with the FEM in the steady state and using the first
measured concentrations at the boundary conditions, Eq. (2) and (3). If
not, the initial concentration is set to zero. Once it has the initial con-
ditions, it stars to iterate in time. It first calculates the value of the
concentration in the receiver container in the first time step with Eq. (5)
using the data from the previous time step, from the initial conditions in
this case. Then, it solves Eq. (1) with the FEM using the calculated
concentration in the receiver container in Eq. (2) and the measured
concentration in the source container in Eq. (3) for that time step. The
same is then done for the next iteration until it reaches the last time step.
Another option, if the sample was left beforehand to saturate but mea-
surements were taken during this period, is to also iterate during this
time but force the concentration in the receiver container to zero. All of
this can be chosen by the user when applying the algorithm.

The best value for the radon diffusion coefficient can be found by
solving Eq. (1) for different values of D and comparing the radon con-
centrations obtained by Eq. (5) with the experimental measurements.
The algorithm starts with two initial values of D, introduced by the
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user, then generates the radon concentration for these two cases and
compares them with the experimental data by using the mean absolute
error, MAE. After the comparison, it selects the D value for which the
differences between the experimental and calculated concentrations are
lower, meaning a lower MAE. Then it generates a new value to perform a
new iteration with two other values of D, the selected one and the
generated one. This new value is generated in the direction indicated by
another statistical parameter, the BIAS, and the step taken is half the

nput initial value of D list,
[D;, D]

Y

New D list,
[D selected, D new]

elect two values of
list

D loop

esult for this D; alread
calculated

Input initial values ¢,
Cr0¥ Cso

time loop
i=0

Calculate C,;

h 4

Y

time Joop

Calculate nodal
values ¢;{x)

i=i+1

False

i = last value in array time

D loop

)=147

j=1
(last value in array D)

True
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difference between the two values previously compared. All this is
repeated until one of the conditions applied is reached. The parameters
mentioned and the possible conditions are defined below.

The steps taken by the script are explained below in more detailed
and are shown in the flow chart in Fig. 2.

With each pair of D values, the script compares the predicted results
to the experimental measurement using the MAE, which is defined as:

v

Compare MAE and select
D with lower value

A

Generate r2 and chi-
square for the
selected value

A

Create a new value of
D in the direction
indicated by the BIAS

valuate conditions fo
number of iteration,
relative value of selected
D and new D, the value of

r2 and the chi-square

False

Give selected Das a
result

Fig. 2. Algorithm flow chart.
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MAE =

z2|=

N
dla-cil, ©)
i=1

e N: the total number of time steps

e C;: radon concentration in the receiver container predicted by the
code at time step i with Eq. (5) (Bq m~3)

e Cf;: radon concentration in the receiver container at time step i

experimentally measured (Bqg m~3)

Once the best value of D between the two is selected, another sta-
tistical parameter, the BIAS, is used to know the direction in which D
should change to get closer to the optimal value. Essentially, this
parameter determines if the tested value for D was overestimated or
underestimated and deduces if the next value should be higher or lower
than the previous one. The BIAS is defined as:

BIAS = (C‘Irjl -G 9

2=
M=

]
-

i

A new value for D is then generated by taking a step from the selected
D equal to half the difference between the two previously compared
values in the direction indicated by the BIAS. This step size ensures that
the algorithm always converges after successive iterations, rather than
fluctuating around an asymptotic value. The comparison and selection
of a D value is then performed again, this time between the selected and
the generated value.

In the developed code 4 types of conditions to stop the iterations and
return the last selected value of D are possible to apply, and are as
follows:

1. When the number of iterations reaches a predefined value. The
default value is 100 iterations. This condition prevents the algorithm
from getting trapped in loop cases and never reaching completion.

2. When the relative difference between the new generated value of the
D and the selected one, defined as:

_ |Dselected - Dnew|

R-D(Dnew:Dselected) - L4 1007 (10)

D. selected

is less than a selected value, to study if the improvement in D is
significant. The default value is 10%. This condition is based on the
idea of terminating the iteration process if it has reached a value that
accurately reproduces the experimental measurements and the new
test values are not significantly improving the outcome.

3. When the value of y2, defined as [61,62]:

2 o
r©=N-1)=3% an
Oint
0 ojy : internal uncertainty (Bq m~3)
0 Gext : €xternal uncertainty (Bq m~3)
Oint = ;, 12)
N -2
a(C,
> (otc0)
0 6(C;;) : the uncertainty of the measurement C;; (Bqg m3)
N 2 -2
Z (ng - Cfx) (U(Cf,i)
Oext = = N o 13)
(N-1)3 (o(C5))
i=1

is less than a critical value obtained for a significance level. The
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default value is a significance level of 1%.
4. When the value of the coefficient of determination, r2, defined as:

Zi (Ciz - d.i)z

r=1- 5
S(c-c)

14

o C'f : mean radon concentration in the receiver container experi-
mentally measured (Bq m~2)

is higher than a selected value. The default value is 0.95. This

condition checks if the generated curve is a good fit of the exper-

imental data.

In summary, the code will minimise the parameter MAE in order to
get closer to a value of D that better fits the experimental measurements,
until it considers that further iteration will not lead to better results.

3. Experimental set-up and materials
3.1. Experimental set-up

The experimental set-up consists of two accumulation chambers of
2.4 L each, a perforated cover, that fits between the two chambers and
where the problem material is placed, a radon source, and two radon
detectors, a RTM 1688-2 (SARAD) and a RAD7 (DURRIDGE) (Fig. 3). To
avoid systematic differences in the measurements, the detectors were
compared against each other using a reference soil [58].

The accumulation chambers are of reduced size and made of poly-
propylene, although iron chambers are normally used. The cover is
made of the same material of the chamber, as it is the actual cover of the
chamber where a perforation was made. The leaks of the chambers were
taken into account by calculating the effective decay constant through
the fitting of the measurement data for each experiment. The sealing of
the experimental set-up, of the chambers with the different sides of the
cover and of the sample with the cover, was done by using acrylic filler.
The problem material is attached to the cover and the acrylic filler en-
sures that the material is held in place and secure (Figs. 1 and 3). Both
the chambers material and the filler were tested to assured radon leaks
and to verify its suitability for the ISO application.

To reach a higher concentration in the receiver container at the time
of the measurements, the sample is left to saturate with radon before-
hand. This is done by leaving the set-up of radon source, source
container, cover, and sample to accumulate for one week so when the
measurements start the concentrations in the receiver container will
evolve faster and will be high enough to avoid low precision when
measuring the radon concentration. In consequence, the initial con-
centration in the material will not be null and will be calculated by the
algorithm applying the corresponding boundary conditions. After a
week, the receiver container is placed on top of the cover and the actual
measurements begin. This accumulation step makes the methodology
scalable as it allows to have different samples getting ready while only
using two detectors for the actual measurements.

3.2. Materials

The methodology was applied to two membranes provided by BMI
Group (https://www.bmigroup.com/es/) and some typical construction
materials (Fig. 4). The characteristics of the samples are described in
Table 1. These materials have been selected to cover a range of thick-
nesses and compositions. Also, for some of the materials, their radon
diffusion coefficient has been previously measured in the literature and
we can use this as a reference to verify the results provided by the code.

During this work, 49 different experiments were compared for a
variety of materials, with thicknesses ranging from 0.4 to 20.5 mm,
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Fig. 4. Picture of the measured samples.

radon diffusion coefficient from 1077 to 10~!2 m? s~! and measurements
ranging from 18 to 258 hours. Also, a minimum of two different mea-
surements for each sample were done, allowing the calculation of an
uncertainty. For the commercial membranes, since two of each type of
membrane were provided, the measurements were repeated four times,
two in each parallel sample.

4. Results and discussion
4.1. Stop conditions and convergence evaluation

As it was explained, there are different stop conditions that can be
applied to stop the iterations and obtain a final result of D. Up to 9

different conditions were tested:

1. If the RD(Dyew, Dselected) iS less than:
a. (condition C1).
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Table 1

Description of the measured samples.
Code Description Thickness

(mm)
M1 Reinforced double layer low-density polyethylene and 0.4
polyester” membrane

M2 Elastomer modified bitumen” membrane 3.3
M3 Portland cement paste 10.8
M4 Marble 20.5
M5 Marble + Porcelain 9.8
M6 Mud brick 19.4
M7 Red paste with enamel 6.6
M8 Handmade ceramics 12.5
M9 Slate 7.1
M10 Hydraulic 17.5

2 Commercial name Monarflex RMB 400.
b Commercial name Polibater combi 48.

b. (condition C2).
c. (condition C3)
2. If the y? for the selected D is less than the critical value of y? for a:
a. level of significance (condition C4).
b. level of significance (condition C5).
c. level of significance (condition C6).
3. If the 2 for the selected D is greater than:
a. 0.8 (condition C7).
b. 0.9 (condition C8).
c. 0.95 (condition C9).

To study the stop conditions, they were applied to 49 different ex-
periments of varying duration and on a variety of materials with
different thicknesses and radon diffusion coefficients.

Fig. 5(a), (b) and (c) represent, for all the experiments, the relative

100
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difference between the D for each iteration and the D at iteration 50,
RD(D,Dsy), the relative difference between the y? for each iteration and
the y? at iteration 50, RD(y2, y2,), and the r* for each iteration,
respectively.

The search algorithm was instructed to stop after 50 iterations to
compare the results obtained for each of the conditions with the value of
D to which the code converges, so the convergence of the parameters can
be studied.

For these experiments, a wide range was chosen for the initial D
values, more specifically from 10-® m? s~! to 10~!3 m? s~1. This would
ensure that the initial range would contain all possible values known
from the literature and exemplifies a worst case where no prior knowl-
edge of the diffusion coefficient of the material is known. These values
are relevant since how close the initial given values are to the best fitting
value will determine how fast the algorithm converges to a value of D.
This is the main difference between the behaviour of the curves in Fig. 5.
In some cases, if one of the initial values is significantly closer than the
other, the code will choose one of the initial values of D for several it-
erations, and the results do not start to show improvements until after 10
or even 15 iterations.

In general, most parameters in Fig. 5 show a consistent improvement
as the number of iterations increases. This is the case for RD(D,Dsg), and
for r2. Regarding the latter, there are 3 instances where the parameter
never goes above 0.8. This shows that in those cases where the experi-
mental values of the radon concentration have a higher dispersion, this
parameter might not reach values closer to 1 since the experimental and
calculated values will never converge. However, most of the experi-
ments, 46 out 49, reach higher values of r2. Lastly, the parameter y> does
not decrease systematically in some experiments. Instead, it can increase
for some iterations and then decrease again to the convergence value.
This happens because y? is not the parameter we are minimising, but it
eventually stabilises. In all cases, the parameters converge or effectively

RD(D, Ds0)(%)

RD(x?, x%,)(%)

08

0.6

r

04

0.2

0.0

25
lteration

Fig. 5. (a) Relative difference between the D of the iteration with the D at iteration 50, (b) relative difference between the y? of the iteration with the y? at iteration

50, and (c) r? of the iteration, for the 49 experiments.



E. Castano-Casco et al.

do not change, before 25 iterations.

Table 2 shows the different thresholds applied for the parameters to
study the stop conditions applied to the 49 experiments. Firstly, the
percentage of experiments that reached the condition is shown to know
how restrictive the condition is. Secondly, the average relative differ-
ence of all the experiments, RD(D, Dsy), is shown to indicate how close
from the asymptotic value each condition is, i.e., how accurate is the
result with respect Dso. Thirdly, the range is also shown to indicate the
dispersion of the values reached by each condition. Lastly, the last
parameter is how many iterations on average was need, showing which
condition is faster.

The results in Table 2 show that conditions C1, C2 and C3, which all
refer t0 RD(Dnew, Dselected), are reached by all the experiments, making
this type of condition the more stable one as the algorithm will always
reach a result. The more restrictive this condition gets, the closer the
result is to the value at Ds, i.e., the RD(D, Dsy) mean is lower, but it
takes more iterations. The value of D obtained with condition C3 is the
closest, between the 9 conditions, to the converge value, with a RD(D,
Dso) mean of 0.1%. It is also the one that takes the longest, as the mean
number of iterations is the highest, 18. This shows that a more accurate
result takes more time.

For the conditions C4, C5 and C6, which all refer to y2, the results are
similar, but the number of experiments that reach the condition show
that, as expected, a lower level of significance allows more experiments
to reach the condition. The specific percentage ranges from 47% (sig-
nificance level of 10%) to a 65% (significance level of 1%). Looking at
the percentage of experiments in Table 2, we can see that these are the
more restrictive conditions.

Conditions C7, C8 and C9 are the fastest, as their mean number of
iterations are the lowest, but, to get a result close to the convergence
value, the most restrictive of the 3 should be applied. They also have the
higher dispersion among all conditions.

Additionally, these 9 conditions were applied to the same experiment
in order to better study the relationship between accuracy and execution
time by comparing them in one specific situation. The experiment
chosen was the 1st one made on sample M1, since in this case the 9
conditions were reached.

Table 3 shows the different parameters used to study the conditions
performance. With the execution time and the number of iterations we
compare how fast the conditions are, and with D and RD(D,Dsy) we
compare the results and how close they are to the convergence value.

Table 3 shows the results of applying these 9 conditions to the same
experiment. The condition that takes the longest is C3, with 25 iterations
and 3.9 minutes, but this longer time results in the obtained D being the
same as the convergence value of D. For the rest of the conditions, except
C7 and C8, the results are almost the same as the convergence value of D,
with only a relative difference of , taking a few seconds less. Although
this difference in time may not be significant for a single experiment it
can add up when experiments are run systematically.

The stop conditions can be combined, and the code will stop when
one of them is reached. A good compromise between time and a good

Table 2
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result is to use C2, C4 and C9, as they are all close enough to the D value
of convergence, with a relative difference of only a, and in the case that
conditions C4 and C9 are met, the computation time is reduced.

4.2. Detection limit

In order to study what is the minimum D that can be determined with
the methodology, the minimum detectable diffusion coefficient, MDDC,
data for the radon concentration measurements in the receiver
container, Cf, was simulated. The simulated accumulation concentration
was chosen to saturate at 6 Bg m~3, since this is the detection limit
calculated for the RTM detector with 6 counts and a cycle of 1 hour, and
to have a A, of 107> s~!, which is a normal value calculated in the
experiments. The MDDC values were calculated with the code for a
range of sample thickness from 0.01 c¢cmto 1 cm and a range of con-
centrations in the source container from 10 kBq m3to1 MBq m3.

Fig. 6 shows the representation of the MDDC calculated by the al-
gorithm as a function of the thickness of the material with different
curves for the different concentrations in the source container (Fig. 6
(a)), and as a function of the source concentration for 3 values of the
thickness (Fig. 6(b)).

As expected, for each of the source concentration curves (Fig. 6(a)),
the resulting MDDC increases with the thickness of the material. This is
because a higher thickness makes the diffusion of radon into the receiver
container more difficult, and in consequence there is a higher MDDC for
the same receiver concentration.

Also, for each thickness, the MDDC is lower for a higher concentra-
tion in the source container, this can be seen more clearly in Fig. 6(b). A
higher concentration in the source container for the same concentration
in the receiver container results in a lower MDDC as less radon is being
able to diffuse through the material.

For the tested cases, the minimum MDDC obtained was a value of 4.
54107 m? s7! for a thickness of 0.01 cm and a concentration in the
source container of 1 MBq m~3, and the maximum value was of 4.59 e
1071 m? s7! for a thickness of 1 c¢m and a source concentration of
10 kBqg m™3.

The minimum D that can be calculated with the methodology de-
pends on the thickness of the sample, the concentration in the source
container and the detection limit of the detector measuring in the
receiver container, and curves for different cases can be calculated using
the developed algorithm.

4.3. Validation and application

In the case of the radon diffusion coefficient, there is no Certified
Reference Material with an established value of D that can be measured
to validate the algorithm and methodology. For this reason, an internal
validation was firstly carried out by repeating the experiments for each
sample and an external validation by comparison with the literature.

The methodology for the measurement of the radon diffusion coef-

Comparison of different conditions to stop the code for 49 tested experiments. Percentage: percentage of experiments that reached the condition. RD(D, Dsp) mean:
mean of the relative differences between the result D for the condition and the one at iteration 50. RD(D, Ds() range: range of values of the relative difference. Mean

iterations: average of the number of iterations.

Nomenclature Condition Percentage (%) RD(D, Dsy) mean (%) RD(D, Dsy) range (%) Mean iterations
C1 RD(Drew, Dielected) < 20% 100 43 0-96 13
c2 RD(Dyew; Dyctected) < 10% 100 1.9 0-52 14
C3 RD(Dnew, Dselected) < 1% 100 0.1 0-05 18
c4 < on 65 2.8 0-93 15
C5 22 <13 00s 57 2.3 0-86 15
c6 P<iA o1 47 2.2 0-76 16
Cc7 r2>0.8 94 7.6 0 —-255 12
c8 ”>09 78 46 0-135 12
Cc9 r >0.95 57 33 0-86 11
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Comparison of different conditions to stop the code for the 1st experiment on sample M1. The D obtained for iteration 50 was Dsy = 3.56 ¢ 10712 m? s~1. RD(D,Ds):
relative differences between the result D for the condition and the one at iteration 50.

Nomenclature Condition Execution time (min) Iterations D(m2 3*1) 01012 RD(D, Dsy) (%)
c1 RD(Dnew Dsctected) < 20% 3.3 21 3.44 3
c2 RD(Dnew, Dctected) < 10% 3.5 22 3.68 3
c3 RD(Drew; Ditected) < 1% 3.9 25 3.56 0
c4 <1 on 3.3 21 3.44 3
cs 22 <2005 33 21 3.44 3
c6 <o 3.3 21 3.44 3
Cc7 r2>08 2.9 18 3.92 10
Cc8 r2>09 2.8 18 3.92 10
co r>>0.95 33 21 3.44 3
Cs(kBg m~3)
— 10 50 100 400 800 h (cm)
25 7% 200 600 —— 1000 — 001 0.1 — 1
b
107" = — -
H‘: 0%
S
[&]
[=]
[=]
=
10-(3
10" “ —
0.0 0.2 04 06 08 0.0 0.2 04 06 08 1.0
h (cm) Cs(Bg m=3) 16

Fig. 6. Minimum detectable diffusion coefficient, MDDC, (a) with the thickness of the sample for different concentrations in the source container, and (b) with the
concentration in the source container for 3 different thickness of the sample. Y-axis scale is logarithmic.

ficient was applied to 10 different samples. The results for D were ob-
tained using the developed code and applying conditions C2, C4 and C9.
The samples were left beforehand to saturate in all cases. The mea-
surements of the radon concentration in the source and receiver
container, alongside the radon concentration predicted by the algorithm
for the fitting D, are shown in Fig. 7 for the 3rd experiment on the sample
M1 (Fig. 7(a)) and for the 1st experiment on the sample M2 (Fig. 7(b)).

The evolution of the concentration in the receiver container in-
creases as radon is transported from the source container and saturates
to a value over time. For the source container, the concentration changes
as the conditions change from the chamber being closed to being in a
close circuit with the equipment, and from the sample being exposed to
the air to then being exposed to the receiver container. This will cause
the radon concentration to change and reach a new equilibrium. Also, in
some cases, the concentration in the source container is not as high as
the ones recommended by the ISO [44], within 1 MBq m~3 to
100 MBq m~3, but still the radon diffusion coefficient is estimated
correctly with our experimental set-up.

For the two experiments shown in Fig. 1 a solution was found in less
than 3 minutes, given as initial values 107®m?s~! and 10" ¥ m? s~ 1.
The D value chosen by the algorithm predicts very well the evolution of
the concentration at the receiver container for samples M1 and M2. This

is also reflected in the value of the r? calculated between the predicted
and experimental concentrations, which is of 0.90 for sample M1 (Fig. 7
(a)) and of 0.96 for sample M2 (Fig. 7(b)). The good reproduction of the
accumulation over time further confirmation of the ability of the algo-
rithm to reproduce the physical conditions of the experimental set-up.

Fig. 8 shows the D obtained with the search algorithm for the
different experiments taken on the samples and the calculated mean
value with his uncertainty, calculated with the standard deviation of the
mean.

When the experiment was repeated for each of the samples, the re-
sults obtained were always of the same order of magnitude and, in
general, the values obtained for each sample were similar, showing the
consistency of the methodology, that is, showing a good internal vali-
dation. The good repeatability of the method is important in order to
have a standard measurement of this parameter. This is reflected in the
relative error shown in Table 4 which was around .

The mean value of D, D, with his uncertainty, o5, the relative error
between the two, e5, and the D values found in the literature for similar
samples are shown in Table 4 in order to carry out the external valida-
tion of our code and methodology.

The mean value of D and the literature values are also shown in Fig. 9
for comparison.
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Fig. 7. Concentrations measured in the receiver container, C{ and source
container, C;, along with the theorical curve obtained with the search algorithm
for the final chosen D value, C?, for an experiment (a) on the sample M1 and (b)
on the sample M2.
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Fig. 8. Radon diffusion coefficient obtained with the search algorithm for the
different experiments performed in each of the samples and their mean value.
Y-axis scale is logarithmic.

The values obtained for the mean D values agree well with reference
ones, considering they are not the same samples, only similar, with the
data found in the literature.

M1 and M2 are commercial membranes with a previously measured
D value. The result obtained for M1 is very similar to that given in the
product data sheet, but not so much for M2. However, in the case of the
sample M2, the uncertainty provided in the literature is relatively high
(about 50% of relative uncertainty), and when this uncertainty is given
at 2 sigma level, the reference D value is of the same order of magnitude
as the one obtained in this study.

In the case of the Portland cement mortar, sample M3, the samples
found in the literature are of Portland cement with different percentages
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Final mean D result (D) for the tested samples with our methodology, with its
uncertainty (o3) and relative error (e5), and comparison with the literature.

Code Material Doy ep (%) D (10*10 m? 3*1) in
(10*10 m? 3*1) literature
M1 Monarflex RMB 0.035+0.003 9 0.034 £+ 0.010"
400
M2 Polibater combi 0.125+0.010 8 0.046 + 0.020"
48
M3 Portland cement 49+0.6 12 5.8 — 420°
paste
M4 Marble 63+1.1 17 9.9+0.3°
M5 Marble + 0.249 £ 0.019 8 -
Porcelain
M6 Mud brick 740 + 200 27 1000 — 5000
M7 Red paste with 630 + 160 25 3500 + 500°
enamel
M8 Handmade 1090 + 160 15
ceramics
M9 Slate 22.0+2.4 11 -
M10 Hydraulic 117 £20 17 -
& BMI Group
b [63-65],
¢ [66],
4 (671,
€ [46].
mem Mean value
. Literature
107
10°
T o107
a
107
107" Ii
M1 M2 M3 M4 M5 M M7 M8 M9 M0

Sample

Fig. 9. Mean radon diffusion coefficient for each of the samples and compar-
ison with the literature.

of silica fume and rice husk ash [63-65]. There are many factors in the
production process, such as the additive percentages, water/cement
ratios or curing days, that can affect the properties of the material, like
the density, the porosity, or the compression stress, and consequently
the resulting radon diffusion coefficient. It is therefore a good result to
have found a similar order of magnitude for D.

For the marble, sample M4, only one result was found in the litera-
ture [66]. The samples are not the same ones but the order of magnitude
of the result for the sample M4 is the same as the literature. Stacking
another material on top of the marble, the porcelain in sample M5, re-
sults in a lower value, meaning that the porcelain has a smaller D.

Samples M6, mud brick, M7, red paste with enamel, and M8, hand-
made ceramics, are all made from the same type of material, clay, but
are treated differently in the manufacturing process. A value was found
in the literature for clay bricks [46,67] and although the samples are not
the same, only the type of material, the order of magnitude of D aggress
well. Of the clay materials, the red paste is the one with the lower D,
probably for the addition of the enamel.

The samples of slate, M9, and hydraulic, M10, were not found in the
but a (220+£0.24) ¢ 10 °m?s71, and

literature value of
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(1.17 +0.20) 1078 m? 571, respectively, were found.
5. Conclusions

The main result of this work is the open-source algorithm that was
developed and tested to complement the methodology established by
ISO 11665-13 [44] for the measurement of the radon diffusion coeffi-
cient in a material. It was applied to a variety of experiments to study the
convergence of the different statistical parameters used by the code and
the different conditions that can be applied with them to stop the
algorithm.

The main conclusions were the following:

1. The statistical parameters used in the developed algorithm
converged in a few iterations for the tested experiments, less than 25,
and the selection of more restrictive conditions lead to better fitting
results at the cost of more computation time.

2. The MDDC can be calculated for different conditions using the
developed code, depending on the detection limit of the detector
measuring in the receiver container, the radon source used and the
thickness of the sample.

3. The radon diffusion coefficient of different materials was measured.
When the measurements were repeated on the same sample the re-
sults obtained were similar, showing good repeatability. The results
agreed with those found in the literature, at least in magnitude order,
as the samples are not the same ones. There are also measurements
for materials not found in previous literature.

In summary, the developed code was verified satisfactorily and made
available for their easy use, making this methodology easy to replicate
and apply.
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