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ABSTRACT

The finite element code FRACTure was conceived for the simulation of forced fluid flow in fractured rock. For the
treatment of radon transport through the subsurface only minor changes were necessary in this code (extension by a
radioactive decay term). The calculations performed so far simulate steady state pressure and radon concentration fields
in the ground surrounding a cylindrical building. Comparisons of numerical and analytic calculations for a simple geome-
try show excellent agreement.

Successive simulations demonstrate the significance of individual transport mechanisms. All models assume constant
underpressure in the building and the validity of Darcy’s law for mass transport in the underground as well as Fick’s law
for molecular dispersion.

The results show that the radon transport by advection and by diffusion strongly depends on the gas permeability of the
underground. The source region of indoor radon extends over a limited volume of a few meters only. In soils with low
permeability the diffusive flux is dominating even at high pressure differences between the building interior and the sub-
surface. In these cases the radiation risk due to radon entry is small. On the other hand a high soil gas permeability leads
to a strong increase in radon entry into the building. For these advective dominated regimes even small pressure changes

produce large changes in the indoor radon content.

Introduction

Because the awareness for possible health
risk by environmental radioactivity developed
only in the last 10-20 years, systematic studies
on indoor radon concentrations have been
performed only recently. These studies were
mostly focused on the research of material
properties and data acquisition, in order to un-
derstand the origin of indoor radon (S6gaard-
Hansen and Damkjer, 1987; Nero, in: Naza-
roff and Nero, 1988, pp. 1-56). Very few at-
temps have been made to quantitatively com-
pute the radon transport from subsurface to
buildings.

A computation with a semi-analytical ap-
proach was presented by Nazaroff and Sextro
(1989), who calculated the radon entry into a
buried cylinder with a horizontal axis. This

cylinder is an idealisation of the main entry of
radon in a building that might be a floor-wall
joint or a perimeter drain tile system. By cal-
culating the travel time of individual air flow
pathways from the surface air to the cylinder
they predict the radon entry rate in a building.

A fully numerical analysis of the problem was
presented by Loureiro et al. (1990) who de-
veloped a 3-D finite difference code that was
especially conceived for this purpose. For the
first time a tool was available to calculate
quantitatively the steady state radon entry in
buildings. However, this code contains very
strict geometrical limitations and is restricted
to simulate steady state problems.

Apart from a numerical 2-D steady state cal-
culation, Andersen (1992) was the first to per-
form an evaluation of the transient effects of
indoor radon. He compared solutions of theo-
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" retically derived transfer functions with exper-
imental data in order to study the coupling of
an air pressure variation between a building
and the surrounding underground.

In this paper a new approach for modelling
radon transport processes will be presented. An
existing coupled three-dimensional transient
Finite Element code, named FRACTure (Kohl,
1992), was extended to the treatment of radon
transport problems. This procedure offers all
advantages of the finite element scheme, in-
cluding the selection of geometry and mate-
rials as well as the use of a standard graphical
presentation of the results. For future use tran-
sient datasets of radon entry can be simulated
as well.

Radon transport mechanisms

At present it is understood that the source
region of indoor radon is limited to some me-
ters below the building. The physical mecha-
nisms that are responsible for the radon trans-
port from subsurface to buildings were
described in detail by Nazaroff (1992). In the
following section these mechanisms will be
only briefly presented; the notations are de-
scribed in Appendix 1.

Radon (Rn) is a radioactive gas with three
naturally occurring isotopes that can flow in air
pore space of the subsurface and is subject to
radioactive decay. The half-life for ?*’Rn is 3.8
days, for 22°Rn 55 s and for *'°Rn 4 s, respec-
tively. Due to their very fast decay, **°Rn and
219Rn can only exceptionally cause radiation
exposure problems. Therefore, in the follow-
ing the term “radon” refers always to *>’Rn.

Radon is generated in the subsurface. The

generation rate in a dry (not water saturated)

underground is given by:
G=fpsAraA(1—€)/€ (1)

The spatial difference of radon concentration
that exists between the surface (I=0) and the
underground induces a diffusive radon flow
towards the surface. Also an advective radon
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flow can be initiated if a spatial air pressure
difference exists in the subsurface. Nazaroff
(1992) discussed possible origins for an air
flow field in the underground. He concludes
that the advective flux is mostly due to tem-

~ perature differences between the free surface

and the building, due to wind or due to venti-

lation and heating inside the house.
Considering these transport mechanisms, the

rate of change of radon concentration in soil

pore air can be described by the general trans-

port equation:

o = VDVI — VI

at Diffusion  Advection Decay

A+ G 2)
Generation

Mass transport (i.e. air flow) in the soil can be
described by Darcy’s law, if the value of the
Reynolds number is smaller than about 4. The
mean air velocity can be derived by a scaling
with the porosity to:

1-(—151713):1; (3)
e \u

For the pressure field the Laplace-equation can
be assumed:

V(’—‘VP):O (4)
u

Numerical tool

During the last four years the new finite ele-
ment code “FRACTure” has been developed
(Kohl, 1992). It was originally conceived to
study the response of a hot fractured medium
to a forced injection of cold fluid. For a correct
treatment of this problem a full coupling be-
tween hydraulic, thermal and elastic processes
had to be implemented in the code. The pro-
gram’s name “FRACTure” therefore is a ac-
ronym for its coupling mechanisms: Flow,
Rock And Coupled Temperature effects. Dur-
ing the code development, it was always kept
in mind that FRACTure should be flexible to
serve as a general tool for the simulation of
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various coupled processes in geoscience.

Figure 1 shows the structure of FRACTure.
New physical processes (for example radon
transport or mass transport) are linked as
“element-types™ (i.e. a set of subroutines) to
the program kernel. The kernel drives the new
subroutines and actualizes the coupling order.
A detailed description of the code can be found
in Kohl (1992).

As the code was already used for different
geophysical purposes (geoelectrical and hy-
draulic simulations), it was intended to apply
it for the simulation of radon flow in the sub-
surface too. The existing structure of the code
almost fitted in the needed structure for the ra-
don transport simulation: no changes were
necessary for the mass transport equation, since
the air flow is described with a Darcy consti-
tutive law as is the originally implemented
water flow in aquifers. Furthermore, the cou-
pling logic of a hydro-thermal regime corre-
sponds exactly to the requirements of radon
transport. According to eq. (2) the coupling
from mass transport to radon transport con-
sists of the transfer of an air velocity field that
serves as advective term in the radon elements.

The new designed 1-D, 2-D and 3-D radon

hydraulics
linear B
radon
linear
FRACTure /
kernel

elasticity
linear

© 000

hydraulics
non—linear

Fig. 1. Structure of FRACTure. Different element types
can be linked to the program’s kernel.

element types look similar to the already exist-
ing thermal element types. They only differ by
an additional calculation of the interactions
that are due to the radioactive decay. Once this
term was included in the new radon elements,
it had to be verified against an analytical
solution.

Verification of radon elements

Telford (1983) presented a model of one-di-
mensional radon transport from the under-
ground to the surface. At the lower end a
boundary condition with a constant radon
concentration is assumed. At the surface the
concentration is held at zero (i.e. radon is al-
lowed to leave the model domain here). Be-
tween the upper and the lower end no radon is
generated. A diffusive flux will establish due to
the concentration difference. Also an advec-
tive flux is admitted, with an upward directed
air-velocity field. Telford (1983) gave an ana-
lytical solution for this problem:

I= IO . expl:(lz_Dr) U:|
. v? A
Sll‘lh(l" F‘I‘—)

) v: A

smh(l D2 + D)
The boundary conditions can be easily derived
from eq. (5); at the lower end with r=/ the
concentration is /; and at the surface (r=0m)
the concentration is 0 Bq m 3. The radon ele-
ment types were verified against this analytical
solution. A 10 m deep domain was assumed in
vertical direction. The numerical model was
discretized into equally spaced 50 cm lagran-
gian elements. The model parameters were
taken as D=1.0x10"%m?/s,v=1.0x10"*m/
s; the decay constant of radon is 2.1 10~ ¢s~L
The result of the verification is shown in Fig.
2. It contains comparisons for three different
problems, each with differently activated
mechanisms:

(5)
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Fig. 2. Comparison of steady state concentrations for three cases each with differently activated mechanisms: Diffusion-
Advection-Decay (DAZ), Diffusion-Advection (D4), and Diffusion-Decay (DZ). The numerical results are shown by
an asterisk, the analytical solution by a straight line. The logarithmic scale (right) shows a better resolution at low

concentrations.

(1) Diffusion—-Advection-Decay
(2) Diffusion-Advection
(3) Diffusion-Decay

An excellent agreement between the numer-
ical and the analytical calculation for all three
case-problems can be seen. For a better repre-
sentation of the small values a second figure
was plotted with a logarithimcally scaled con-
centration axis. The deviations are far below
1%. The accuracy of the numeric model dete-
riorates with a coarser grid size. For example
the deviations for element sizes of 1 m already
are about 8%.

Simulations
Background and overview

In order to demonstrate the capabilities of
the new radon elements in FRACTure, we have
chosen a model that is close to the simulation
of Loureiro et al. (1990) but that considers
some special aspects of Swiss mountain dwell-
ings. In a radon survey on selected sites in
Switzerland high indoor radon concentrations
were measured (up to 10,000 Bq/m> - see
Medici, 1992; Medici and Rybach, 1994-this
volume). In these areas the radon may origi-
nate from greater depth due to the high perme-
abilities of the underground. Furthermore, the
buildings on these sites often do not have any
foundation of concrete. The underground be-

low the cellar then is only compressed soil, or
sometimes even outcropping rock with large
open joints. Thus there is only a low resistivity
for the diffusive or advective radon flux to the
buildings. These extremly exposed buildings
are often located in mountain areas on Quater-
nary deposits or on karstic Jurassic limestones.

For the simulation of radon flux into the cel-
lar of a building, a cylindrical model was as-
sumed. The geometry was carefully chosen in
order to avoid any boundary effects. Several
different models have shown that a depth ex-
tension of about 15 m and a lateral extension
of 20 m is sufficient. The underground struc-
ture of the building is assumed to have a depth
of 1.5 m and a foundation thickness of 0.3 m.
The radius of the building is 5 m. The geome-
try of the house and the spatial discretisation
of the underground are shown in Fig. 3.

The radon concentration at the free surface
is assumed to be zero. The other domain bor-
ders have a no flow boundary condition. Since
the model cannot predict the air exchange in
the building that strongly depends upon hu-
man influences (ventilation habits, etc.), the
concentration in the building is generally cal-
culated via the rate of radon inflow and an air
exchange rate:

- JtOl
- Vh ° (l‘l’L)

Two transport mechanisms of radon entry into

Iy (6)
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Fig. 3. Discretisation of cylindrical model domain with
shilouette of building. A total extension of 20 m laterally
and 16.8 m vertically was assumed. For avoiding numer-
ical instabilities the smallest element sizes were taken near
walls and foundation.
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Fig. 4. Model subdivision for different material proper-
ties: undisturbed underground (material ), compressed
underground (2), air in the building (3), vegetable soil
(4) and wall/foundation (5).

the building are admitted: diffusion due to a
radon concentration difference between the
surface and the underground and advection
due to an air pressure difference between the
free surface and the building. This pressure
difference is produced by a thermal gradient
that always exists between the interior of the
building and the outdoor surface. It initiates
an air flow from the surface through the soil to
the foundation of the building.

The air pressure can be described with the
ideal gas law. According to Nazaroff (1992), a

temperature difference of 20°C and a vertical
distance to the undisturbed pressure of 3 m
yields a pressure difference of 2.6 Pa. In our
simulation the differential pressure between
the surface and the building’s foundation has
been varied between —5 and — 10 Pa. Since
barometric and other transient influences cause
pressure differences in the same order of mag-
nitude, even values below — 10 Pa seem rea-
sonable. The thermally induced pressure dif-
ference is therefore a base value.

Material parameters

In several radon surveys (see for example
Medici, 1992) it was suggested that in build-
ings with very high radon concentration the
advective radon flux is the most important
driving mechanism during the periods when
the highest radon concentrations were ob-
served. Therefore, in the steady state simula-
tions presented here the parameter variations
concerned advection only. So the rate of radon
entry into houses was calculated as a function
of the soil gas permeability and the driving ad-
vective pressure difference. Figure 4 shows the
subdivision of the model into five different
material sets: undisturbed underground, com-
pressed soil, air in the building, vegetable soil
and foundation. A selection of the material
properties used in the simulations is given in
Table 1, the values of other properties are as-
sumed not to be material dependant and are
given in Appendix 1. In order to clarify the ef-
fects of every parameter change, the material
properties in the simulations are kept as ho-
mogeneous as possible. Different properties
were only assumed between air and under-
ground material.

The gas permeability that affects only the
advective flux has been varied in a range from
10~ m? to 10~'* m? (in geological terminol-
ogy, the permeability ranges from sandy clay
to clean sand).
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TABLE 1
Material properties of radon transport simulation
Undisturbed Compressed Air Vegetable Wall and
underground underground soil foundation
Eff. Diffusivity [m?/s] 10—¢ 10-¢ 1.3x10°3 10-¢ 10-¢
Porosity 0.4 0.4 1 0.4 0.4
Permeability [m?] Varying Varying oo Varying Varying

Discussion

As expected the simulations demonstrate
that the source region of indoor radon extends
only over a few meters below and around the
building. In Figs. 5-7 the radon concentration
field and the air pressure field in the under-
ground are shown for low permeabilities with
a pressure difference of —5 Pa and for high
permeabilities with pressure differences of — 5
and — 10 Pa, respectively. The radon concen-
tration is shown in shaded isolines, the appro-
priate values can be identified by a scale. The
pressure field is also presented in the same fig-
ures as black labeled isolines. The label corre-
sponds to the pressure value in Pa.

The undisturbed radon concentration is

c.0
m

-1.0

2.0 Pressure [Pa]

.3.0 ; Radon [Bq m™
-4.0
-5.0
-6.0

o biiiiai s : =
00 10 20 30 40 50 60 7.0 80
m

Fig. 5. Simulation with 5 Pa pressure difference and an
underground permeability of 10~'* m?, The radon con-
centration is shown in shaded isolines, the appropriate
values can be identified by the scale at right. The values
of the differential air pressure are indicated as labels on
the black isolines.
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Fig. 6. Simulation with 5 Pa pressure difference and an

underground permeability of 10~ m?.
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Fig. 7. Simulation with 10 Pa pressure difference and an

underground permeability of 10~ m?,

reached in all calculations performed at least
at 3 m below the building. The radon level in
that undisturbed region agrees with the theo-
retical value given by Telford (1983):
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Iundisturbed =fpsARa( 1— 6)/6
=59,650Bqm 3 (7)

Comparison of these figures shows, that the
radon flow into buildings is strongly influ-
enced by advection. In a low permeable under-
ground (Fig. 5) the perturbation in the radon
concentration field created by the building can
be well recognized. The advective effect is very
small; the stratification of radon is mainly due
to the diffusive transport. Table 2 shows that
for permeabilities of 10 !4 m? a twofold pres-
sure increase produces only an insignificantly
small increase of indoor radon content. How-
ever, at higher permeabilities advection starts
to play a dominant role in radon transport.
Pressure increase then produces a strong in-
crease in radon content in the building. Fig-
ures 6 and 7 show how the air flow field for
permeabilities of 10~!! m? forces the radon to
the domain just below the building. The in-
door radon content in this case already might
affect human health.

TABLE 2

Permeability and pressure dependent indoor radon concen-
trations (in Bq/m?)

10~ [m?] 10~ [m?} 102 [m?] 10~" [m?]

5Pa 92 95 137 374
10Pa %4 104 175 441

Conclusions and outlook

It is shown that FRACTure is a versatile tool
that can be used for the simulation of radon
transport. The significance of advection as
driving mechanism for indoor radon content
that was expected by several radon surveys is
now quantitatively proven.

FRACTure can be used also in considering
countermeasures to mitigate radon risk. Sev-
eral constructive measures like underfloor
ventilation can be designed to reduce indoor
radon levels. For the attempted radon reduc-

tion various scenarios can be calculated with
the code FRACTure by taking into account the
local ground properties and the materials and
construction of the given building (see Table
1).

Still more work has to be done in the future
for estimations of transient effects that are al-
ready known to be important. Another possi-
ble important source of underground air flow
is the temperature difference due to natural
thermal gradients in the subsurface and not

only the indoor-outdoor temperature
difference.
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Appendix 1

Notations

The values for the generally used parameters
are given in parentheses

226Ra content in soil (50 Bq/
kg)

Radon concentration

Radon concentration in
house

Total radon inflow in house

Ara [Ba/kg]

I [Bq/m’]
I, [BQ/m3]

Jiot [Ba/m’s]

D [m?/s] Effective diffusivity (2.0
m?/s)

f Emanation coefficient (0.3)

G [Bq/m®s]  Radon generation rate

k [m?] Permeability
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[ [m] Length of domain in eq. (5)

(10m)

L [s7!] Air exchange rate
(1.4x1074s 1)

P [Pa] Pressure

r[m] Distance from surface in eq.
(5)

v [m/s] Air velocity

Vi, [m3] Volume of building

€ Porosity

Als™'] Decay constant of 222Rn
(2.1x1075s71)

i [Pas] Dynamic viscosity of air
(1.8%x 10~ %Pas)

ps [kg/m?3] Density of soil grains (2650
kgm~3)
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