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Abstract

We model radon entry into a Florida house whose concrete slab is supported by a perme-
able concrete-block stem wall and a concrete footer. The slab rests on backfill material;
the same material is used to fill the footer trench. A region of undisturbed soil is
assumed to extend 10 m beyond and below the footer. The soil is assumed homogeneous
and isotropic except for certain simulations in which soil layers of high permeability or
radium content are introduced. Depressurization of the house induces a pressure field in
the soil and backfill. The Laplace equation, resulting from Darcy’s law and the con-
tinuity equation, is solved using a steady-state finite-difference model to determine this
field. The mass-transport equation is then solved to obtain the diffusive and convective
radon entry rates through the slab, the permeable stem wall, gaps at the intersections of
the slab, stem wall, and footer, and gaps in the slab. These rates are determined for vari-
able soil, backfill, and stem wall permeability, slab opening width and position, soil, slab,
and stem wall radium content, slab and stem wall diffusivity, and water table depth. The
variations in soil permeability and radium content include cases of horizontally stratified
soil. We also consider the effect of a gap between the edge of the slab and the stem wall
that restricts the passage of soil gas from the stem wall into the house. The model
predicts that the total radon entry rate is relatively low unless the soil or backfill permea-
bility or radium content is high. Variations in most of the factors, other than the soil per-
meability and radium content, have only a small effect on the total radon entry rate.
However, for a fixed soil permeability, the total radon entry rate may be reduced by a
factor of 2 or more by decreasing the backfill permeability, by making the stem wall
impermeable and gap-free, (possibly by constructing a one-piece slab/stem-wall/footer),
or by increasing the pressure in the interior of the stem wall (by ensuring that there is a
large pressure drop across the slab/stem-wall gap), thereby reducing radon entry into the
wall from the soil. Use of an impermeable stem wall and a low-permeability fill in com-
bination is predicted to reduce the radon entry rate by 71%.
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Nomenclature

Indoor radon (222Rn) concentrations arise from convective flow of radon-bearing
gas from soil into the building interior, diffusion of radon from soil and building materi-
als, and from the entry of outside air (Nazaroff et al. 1988; Nero and Nazaroff 1984;
DSMA 1983). In houses with elevated radon concentrations, convective flow of soil gas
is the dominant source in almost all cases. In this situation, flow of gas, in response to a
pressure difference between the soil and the building interior, will depend on both the
type and location of openings or other flow pathways between the building and soil and
on the characteristics of the surrounding soil. The building substructure -- usually either
a basement, slab-on-grade, or crawlspace (or some combination of these) -- has a
significant role in defining the nature of these pathways and openings.

Introduction

2.

Symbol Name Units
C Radon concentration Bqm™
C. Radon concentration far from the soil surface Bq m™>
D Radon diffusivity (bulk) m?s™!
E Entry rate of soil gas m’s™!
E, Normalized entry rate of radon m’ s~
g Gravitational constant ms2
k Air permeability m?
n Number of bends in gaps or openings -
P Absolute pressure Pa
P, Atmospheric pressure Pa
p Disturbance pressure Pa
r Radial coordinate m
S Radon production rate Bgs™!
t Thickness of gap or opening m
w Width of gap or opening m
z Vertical coordinate, positive downward m
v Velocity ms!
AP Difference between house and atmospheric pressures Pa
AP, Pressure drop through a gap Pa
€ Porosity -
A Radon decay rate s71
M Viscosity of air kgms7!
P Density of air kg m™
o Element of area of gap or opening m?



As in other regions of the U.S., elevated indoor radon concentrations have been
observed in a number of areas of Florida (Geomet 1988). In response, the State of
Florida, along with the U.S. Environmental Protection Agency, has established the
Florida Radon Research Program with the broad objectives of conducting research on
radon entry into Florida housing and of developing building codes and construction stan-
dards designed to restrict radon entry into buildings (Sanchez et al. 1990). Since a large
fraction of houses built in the state utilize one of several variants of slab-on-grade con-
struction (Scott and Findlay 1983; Acres 1990), much of the research and code develop-
ment has focused on these substructures. An important objective is to understand how
details of the construction techniques used, both those in current practice and those that
might be adopted in response to new building and construction codes, affect indoor radon
concentrations.

We have developed a steady-state finite difference model of radon transport through
soils and into buildings (Loureiro et al. 1990; Revzan et al. 1991a) to investigate the
dependence of radon and soil gas entry on a variety of parameters, including features of
the soil and building system. For the present study, the steady-state finite difference
model has been modified to account for the details of one form of the slab-on-grade sub-
structure. We neglect the effect of variations in atmospheric pressure, which may
increase radon entry rates, especially when the soil permeability is relatively low
(Narasimhan ez al. 1990; Tsong and Narasimhan 1991). For this study, we also neglect
the effect of inhomogeneity and anisotropy of soil permeability. Preliminary modeling
indicates that anisotropy of soil due to layering produces significantly increased radon
entry rates. Inhomogeneities such as soil fractures, which have not yet been studied, are
also likely to increase entry rates. Validation of the model under controlled conditions is
proceeding (Fisk et al. 1989; Garbesi et al. 1992).

We present here the predictions of the steady-state model, using a set of building
substructure and soil characteristics that are representative of a particular type of Florida
house. We then discuss the influence of variations in certain of these characteristics on
soil gas and radon entry. Because the model is not yet validated, the results should be
viewed as providing a measure of the relative, rather than absolute, effect of varying
these parameters.

Model Description

We model soil-gas and radon transport for a system comprising undisturbed soil,
soil backfill, and building substructure. The model incorporates an above-grade concrete
slab floor, supported at the perimeter by a concrete-block stem wall that rests on a con-
crete footing. The slab and footing are considered to be impermeable to air, but the air
permeability of the stem wall may exceed that of the soil. The stem wall is represented
by inner (‘‘house-side’’) and outer (‘‘soil-side’’) permeable layers separated by an open
zone. The sections that connect the layers are neglected and the layers are assumed con-
tinuous, i.e., the changes in permeability at the mortar joints between blocks are ignored.
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The slab rests on fill mateﬁal elevated above the natural grade level. The footer trench is
filled with the same material. The region modeled includes the slab, stem wall, and
footer of the house, the fill, and a section of the undisturbed soil.

Radon-bearing air (‘‘soil gas’’) is assumed to enter the interior of the stem wall
through gaps between the stem wall and footer, through gaps between the stem wall and
slab, and through the parts of the permeable sides of the concrete blocks that are in con-
tact with the fill material. Air also enters the above-surface part of the soil-side
concrete-block layer without passing through the soil or fill. All air entering the interior
of the stem wall is assumed to pass into the house through a gap between the stem wall
and the slab edge. Soil gas may also enter the house directly through an opening in the
slab itself, e.g., a crack or an opening for utilities. A detail of the neighborhood of the
stem wall, with the width of the gaps greatly exaggerated, is shown in Figure 1. For sim-
plicity, The walls of the footer trench have been modeled as vertical, rather than sloping.
The part of the house above the slab is not modeled.

Assuming that the cross-section of the stem walls is uniform, and assuming that we
are willing to limit the discussion of slab openings to those that are cylindrically-
symmetrical, the slab, stem walls, and footers can be modeled as cylinders with only the
loss of corner effects, which have been shown to be unimportant in the case of basements
(Revzan er al. 1991a). The region from which a house draws soil gas depends on the
positions of adjacent houses, the extent of their depressurization, and the characteristics
of the soil. The exact boundaries of this region are likely to be important in particular
cases, but in the general case, the soil may be represented as well by a cylinder as by a
box. The entire region may therefore be modeled in cylindrical coordinates, which per-
mits greater resolution, shorter solution time (with lower cost), or a combination of the
two.

We use a finite-difference steady-state model (Loureiro 1987; Loureiro et al. 1990;
Revzan et al. 1991a) that, assuming isothermal soil conditions, comprises two difference
equations, each of which is obtained from a differential equation. First, the pressure field
is found from Darcy’s law,

V(?' ,Z) == %VP (r,z )v (1)

where ¥V is the bulk velocity (flow rate divided by total cross-sectional area), k is the per-
meability of the soil, p the viscosity of air (1.8x107> kg m™'s71), and r and z are the
radial and vertical coordinates, respectively. The disturbance pressure, p, i.e., the pres-
sure change in the soil that is produced by the difference between house and atmospheric
pressures, is defined by

P(r,z)'—'P(raz)_PA"‘PgZ, (2)

where P is the absolute pressure, P, the atmospheric pressure, assumed constant in a
steady-state model, p the density of air, which is constant when conditions are
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isothermal, and g the gravitational acceleration. Under isothermal conditions, the equa-
tion of continuity may be written

V¥(r,z)=0. 3)

Combining Equations 1 and 3, we have the first equation of the model:
V- {E%f—)vp r.z )}: 0. @)

The boundaries for the solution of Equation 4 are shown in Figure 2. They include
the outer limits of the soil block (chosen 10 m from the footer in both the r- and z-
directions, far enough from the house that insignificant change in radon entry rate results
from their extension), the soil surface, the bottom of the slab, the outer surfaces of the
footer, the inner surfaces of the permeable concrete blocks of the stem wall, including the
parts forming the sides of the gaps, the interfaces between gaps or openings and the
backfill, and the outside of the part of the stem wall that is above the soil surface. Since
the area modeled does not extend above the slab, the top of the soil-side stem wall layer
is treated as a boundary. Transport within the slab and footer is excluded from the
model, i.e., the velocity is set to zero at all nodes in these regions. Special techniques,
described below, are used to determine the velocities in gaps and openings, since numeri-
cal modeling of such areas offers no advantages to offset the considerable decrease in
computing speed.

At the outer soil boundaries and at all concrete surfaces, the normal derivative of the
pressure must vanish, i.e., there is no flow of air across these boundaries. At the soil sur-
face, the disturbance pressure vanishes. At the backfill side of each of the gaps shown in
Figure 2, the pressure is determined by the difference between the house pressure and the
pressure drop through the gap. Temperature differences between a house and the outside,
the effect of wind, and the operation of heating, ventilation, and air-conditioning systems
produce a pressure at the floor which is generally lower than P, (Feustel and Sherman
1989; Sherman et al. 1979; see also Revzan et al. 1988; Revzan 1989). The difference
between the house pressure and P,, AP, is assumed to be the pressure at the top of the
slab. In the general case, AP is also assumed to be the pressure inside the stem wall.
Two special cases are also considered: 1) the stem wall is impermeable, so that the nor-
mal derivative of the pressure vanishes at the stem wall; 2) there is considered to be a
restriction between the inside of the stem wall and the house (i.e., the gap between the
edge of the slab and the inside of the stem wall is small), so that the pressure inside the
stem wall is the difference between AP and the pressure drop caused by flow through the
restriction.

The pressure drop through a gap, AP, is determined from an algorithm due to Baker
(Baker et al. 1989):
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IAPgI=—1‘%2&IV'+‘P(—I.25+_n)V2. (5)

Here, t is the length of the gap in the direction of flow, w is the width of the gap perpen-
dicular to the flow, v is the average speed of air in the gap, i.e., the flow rate through the
gap divided by the area, and n is the number of bends in the gap (always O for the
configuration discussed here). For a restriction between the house and the interior of the
stem wall, treated as a gap, the flow into the gap is determined by summing all flows into
the interior of the wall through the permeable inner and outer layers and the wall-footer
and wall-slab gaps. This summed flow also includes the flow of outside air, considered
to be radon-free, through the above-grade part of the wall. Air flow through the perme-
able layers is not, in general, horizontal, i.e., parallel to the soil surface, so that air can
flow from a layer into a gap. Such a flow cannot be incorporated into Equation 5, so that
we have excluded it from the model by requiring that the edges of gaps in the stem wall
layers be no-flow boundaries, as shown in Figure 2. This choice of boundary condition is
unlikely to affect total radon entry rates significantly, but it does slightly exaggerate the
fraction of radon entering through the layers at the expense of the fraction entering
through the gaps. The top of the soil-side stem wall layer is also treated as a no-flow
boundary.

Once a solution to Equation 4 is obtained, the soil-gas velocity is found from Equa-
tion 1 and the soil-gas entry rate, E, from

E, = :“;V’(rg 2)-do(r,.2), | 6)

where G is an element of area and ¥ indicates an integral over the entire area of interest.
In the case of the soil-side stem wall layer, the soil-gas entry rate is found by subtracting
the air flow through the above-grade part of the outside surface of the layer from the total
air and soil-gas flow through the inside surface. In practice, we calculate soil-gas entry
rates through each of the gaps, through the house-side stem wall layer, and through the
soil-side stem wall layer. In addition, we calculate the flow rate of air through the soil
surface for comparison with the total soil-gas entry rate through all gaps and permeable
walls. '

After the pressure field in the soil, permeable stem wall layers, and gaps or openings
is found from Equation 4, the radon concentration, C, may be obtained from the steady-
state mass-transport equation (Nazaroff ef al. 1988),

v(r,z)VC(r,z2)=V-[D(r,2)VC(r,z)] -€r,z2)AC(r,z) +€(r,z2)S(r,z), ¥)

where € is the porosity, D the bulk radon diffusivity (the effective diffusivity is found by
dividing D by €), A the radon decay constant, and S the rate of release of radon per unit
pore space volume. For gaps and openings, we assume €=1 and S=0. For any
material, the theoretical maximum concentration at distances far from the influence of
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surface boundary conditions, C,, is given by
S
Co=+.
,L ®)

In general, the radon concentration in materials other than the undisturbed soil is less
than C,, for that material.

The boundaries for the solution of Equation 7 are shown in Figure 3. They include
the outer soil boundaries, the soil surface, the basement side of the slab, the interior of
the stem wall, and the portion of the stem wall exterior that is above the soil surface. At
the soil surface, we assume C = 0; because radon concentrations in soil gas are typically
high compared to those in the atmosphere, the assumption of a non-zero soil-surface con-
centration has a negligible effect on the result. We also assume C =0 inside the stem
wall, since the flow of low-radon air through the soil-side layer is much greater than the
flow of high-radon air through the house-side layer. At the outer and lower boundaries of
the soil, we assume that the normal derivative of C vanishes, which is equivalent to the
assumption that there is no passage of radon by diffusion across these boundaries. Since
passage of radon by convection has been excluded by the boundary conditions used in
solving Equation 4, these are no-flow boundaries for radon. In the special case of an
impermeable stem wall, the boundary is the top of the wall, which is an extension of the
slab. The interior of the stem wall, whose radon concentration is no longer zero, is
included in the region of the model.

From previously-determined velocities and a solution to Equation 7, we find the
radon entry rate, E,, and the average radon concentration, <C>, for any entry area of
interest, from the equations

E, = {[V’(r 2)C(r.z)-DVC)do(r.z) )
and

[c.zydo(r,z)
<C>=2% , (10)

[dotr,2)
z

where ¢ and Z have the same meaning as for Equation 6.
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Procedures

We define a ‘‘base configuration’’ for the substructure, soil, and fill. The charac-
teristics of the base substructure were determined from a review of typical construction
practices (Acres 1990; Scott and Findlay 1983) and in discussions with Florida research-
ers; the base-case soil and fill properties were determined from available studies of soil
and fill properties (Nielson and Rogers 1990; Roessler et al. 1990). In this configuration
(Figure 1), the outer edge of the concrete-block wall is 7 m from the center of the slab
and the concrete blocks are 0.19 m wide in total, with a central air space of 0.134 m and
two concrete layers 0.028 m thick. The slab is 0.1 m thick. The footer is 0.45 m wide by
0.30 m high. There are gaps between the inside layer of the stem wall and the slab,
between the inside layer of the stem wall and the footer, and between the outside layer of
the stem wall and the footer; each of these gaps is 0.003 m wide. There is an opening in
the slab 3 m from the center; this opening, representing a crack or joint, is also 0.003 m
wide.

The distance between the bottom of the slab and the soil surface is 0.3 m and that
between the soil surface and the top of the footer is 0.2 m. The regions between the bot-
tom of the slab and the soil surface and between the top of the footer and the soil surface
(the footer trench) are assumed to be contain a backfill material that may be different
from the undisturbed soil. The outer edge of the soil is 10 m beyond the outer edge of
the footer, i.e., 17.13 m from the center of the slab. The depth of the soil block is 10 m
greater than the bottom of the footer, i.e., 10.5 m below the soil surface or 10.9 m below
the top of the slab. These distances are great enough that no significant increase in the
radon entry rate results from their extension.

The base-case permeabilities, diffusivities, pore-space radon concentrations, and
porosities of the materials included in the model are shown in Table 1. The indicated
radon concentration is C_, as defined by Equation 8, for the material of interest. The
proximity of the slab and stem wall layers to low-concentration regions ensures that con-
centrations in these concrete materials are lower than C_; the concentration in the soil
approaches C,_, at a depth of a few meters below the surface.

The pressure at the top of the slab is fixed at -2.4 Pa with respect to the atmosphere,
which is a typical indoor-outdoor pressure difference. This is also the pressure in the
interior of the stem wall, except for the special cases of an impermeable stem wall and a
flow-restrictive gap between the slab edge and the stem wall.

A list of simulations is given in Table 2. In each case the parameter indicated in
column 1 is varied over the range given in column 2, the other parameters retaining their
base values except where noted. The number of simulations carried out for each parame-
ter is shown in column 3. For 19 of the entries in Table 2, all parameters retain their base
values except for the one indicated as varying; in 2 cases, all stem-wall gaps are closed;
in 2 cases, an impermeable stem wall is simulated, as described in the previous section;
in 2 cases, the permeability of the backfill material is different from the base value; in 1
case, entry through the two gaps between the stem wall and the footer (Figure 1) is
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excluded.

Results and Discussion

The Base Configuration

For the base configuration, the predicted air and soil-gas entry rate into the house
through the substructure is 6.9x1073 m3 57!, of which 93% is outside air that enters the
soil-side of the stem wall. The soil-gas entry rate is 4.5x10% m>® s™1. As a check on the
mass-balance, the flow of air across the soil surface is calculated. This differs from the
total soil-gas entry rate by less than 0.005%, which indicates that the mass-balance is
within acceptable limits. The percentage of the soil gas that enters through each of the
areas of interest is shown in Table 3. 92% of the total entry is through the soil side of the
stem wall, including the gap, 6% through the house side of the stem wall, including the
gaps, and 2% through the slab opening. The flow of outside air through the above-
surface part of the stem wall is a factor of 14 greater than the total flow of soil gas
through the remainder of the entry areas.

. The predicted radon entry rate into the house is 2.3 Bq s”L. If there is no pressure
difference between the inside and outside of the house, the predicted entry rate is
1.2 Bq s71, so that 1.1 Bq s7! ‘may be attributed to convection. This ‘‘convective’’ entry
rate may not be due entirely to convection in the strict sense, but may also include an
increase in the diffusive entry rate caused by an increased radon concentration at the
point of entry, this in turn being caused by the additional flow of radon-bearing soil gas
into the vicinity of the substructure. The percentages of the diffusive, convective (in the
sense of the previous sentence), and total radon entry rates through each of the areas of
interest are shown in Table 3. The average radon concentration for the each of the areas
as a fraction of C_, is also shown; this is to be understood as the concentration at the soil
side of each of the areas, since the concentrations at the house side of the slab and the
interior of the stem wall are assumed to be zero.

Of the diffusive entry, 43% is through the house side of the stem wall, including the
two gaps, 4% is through the soil side of the stem wall, including the gap, 10% is through
the slab opening, and 43% is through the slab. Of the non-diffusive entry, 56% is
through the house side of the stem wall, including the two gaps, 24% is through the soil
side of the stem wall, including the gap, 17% is through the slab opening, and 2% is
through the slab. The ‘‘convective’’ entry through the slab is not truly convective, since
that is excluded by our choice of boundary conditions, but is rather an increase in dif-
fusive entry. Of the total radon entry, 50% is through the house side of the stem wall,
including the two gaps, 14% is through the soil side of the stem wall, including the gap,
13% is through the slab opening, and 23% is through the slab. The differences between
the fractional soil-gas and radon entry rates at the several entry points are due to the
differing radon concentrations in the soil gas at the several points of entry; these differ-
ences are due, in turn, primarily to the differing flow-path lengths from soil surface to
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opening. The radon concentration at the soil side of the stem wall is 0.02 C,, or less,
depending on proximity to the surface. At the inner wall, the concentration is 0.64 C_,
while at the slab the concentration rises to 0.77 C...

The soil-gas and radon entry rates that are predicted by the model when certain
parameters are varied from their base values are shown in Table 2. In each case, the
parameter under consideration is shown in column 1; any other conditions that are dif-
ferent from the base configuration are shown in parentheses. In every case, the
discrepancy between the total soil-gas entry rate and the entry rate of air at the soil sur-
face is less than 0.01%.

Of those parameters that are under the control of builders, only the permeability and
radium concentration of the fill, the stem wall characteristics, the width of the slab/stem-
wall gap, and the radium concentration and effective radon diffusivity of the slab have a
significant influence on the radon entry rate. Since the characteristics of concrete are
well understood and, in any case, diffusive entry from concrete is rarely the principal
source of radon in high-radon houses, the final two parameters will not be discussed
further. We describe the influence of the other important controllable parameters on
radon entry in the following sections; for a full discussion of all of the results summar-
ized in Table 2, see (Revzan et al. 1991b). A summary of the significant results is pro-
vided in Table 4.

Fill Characteristics

If the permeability of the fill is reduced from its base value of 4x107!! m? to
10713 m?, the total radon entry rate diminishes from 2.33 to 1.23 Bq s™!, a 47% reduction.
The diminution in the entry rate resulting from further reduction of the fill permeability is
insignificant. Diffusive radon entry through the slab is affected by changes in the fill per-
meability only to the extent that the radon concentration on the fill side of the slab is
changed. If this mode of entry is excluded, the radon entry rate changes from 1.79 to
0.72 Bq s~! when the fill permeability is decreased, a 60% reduction. Since the slab is
unlikely to be the principal source of radon in high-radon houses, this 60% reduction is
more indicative of the importance of the fill permeability than is the 47% reduction in the
total radon entry rate. The low-permeability fill exerts a controlling influence on soil-gas
flow, so that the radon entry rate is now essentially unaffected by the soil permeability.
At the very high soil permeability of 10~ m?, the introduction of the low-permeability
fill reduces the total radon entry by 91% from the base value. Increasing the fill permea-
bility to 10~ m? increases the total radon entry rate by 14% over the base case and the
radon entry rate exclusive of diffusive entry through the slab by 15%. The change in
entry rate resulting from further increase in the fill permeability is insignificant. The total
radon entry rate and the entry rates through the house and soil sides of the stem wall and
the slab opening are plotted against the fill permeability in Figure 4. (The entry rate by
diffusion through the slab has been excluded to improve the clarity of the figure; the
range of diffusive entry rates through the slab is 0.51 t0 0.55 Bqs™1.)
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If the radium content of the fill material is reduced by an order of magnitude, both
the total radon entry rate and the radon entry rate exclusive of diffusive entry through the
slab are reduced by 19%. The smallness of the reduction in radon entry produced by the
large, and probably impractical, reduction in radium, is the consequence of the diffusion
and convection of high-radon soil gas into the fill from the undisturbed soil. If the fill
material is also of low permeability (107!* m?), the reduction in the total radon entry rate
from the base value is 58% and the reduction in the entry rate exclusive of diffusion
through the slab is 69%.

If the radium content of the fill is increased by a factor of 5 over the base case, the
total radon entry rate is increased by 83% (the radon entry rate exclusive of diffusion
through the slab is increased by 85%). When the increase is by a factor of 10, the entry
rate increase becomes 188% (124%). A further indication of the importance of a high-
radium fill is provided by a configuration whose soil has a permeability two orders of
magnitude below the base value (i.e., 10713 m?) but whose fill has a radium content 5
times the base. The predicted total radon entry rate is 2.64 Bq s~!, which is 13% higher
than the base value and 90% higher than the value for a configuration with low-
permeability soil and normal (base value) fill radium. Of this entry rate, 88% is dif-
fusive, so that the high-radium fill produces a radon entry rate essentially equal to the
base value no matter how low the soil or fill permeability may be. Finally, if both the fill
and soil have radium contents a factor of 5 greater than the base value, with their per-
meabilities retaining their base values, the predicted total radon entry rate is 187%
greater than the base value and 57% greater than the value when only the fill has a high
radium content.

Based on the predictions of the model, the use of low-permeability backfill material
will reduce radon entry significantly. The use of low-radium material is not necessary,
but it is important to avoid material that is much higher in radium than the undisturbed
soil.

Stem-wall Characteristics

Elimination of all convective radon entry in the vicinity of the stem wall, as might
be accomplished by making the slab, stem wall, and footer a single concrete unit (some-
times referred to as a ‘‘monolithic slab’’), reduces total radon entry by 53% and radon

“entry exclusive of diffusive entry through the slab by 68%. The radon entry rate for this
configuration is not identical to the sum of the entry rates through the slab and slab open-
ing in the base configuration. The effective elimination of the stem wall as an influence
on the pressure field in the soil increases the pressure gradient near the slab, particularly
near the opening, so that the entry rates through the slab and slab opening increase, the
former from 0.54 to 0.57 Bq s~ and the latter from 0.30 to 0.52 Bqs™'. If the low-
permeability (10713 m?) fill is combined with the impermeable stem wall, the total radon
entry rate is reduced by 71% and the entry rate exclusive of diffusion through the slab by
94%.
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It is probably unrealistic to expect that the impermeable stem wall would remain
unaffected by normal cracking. To simulate the effect of cracks, we have introduced into
the model a second opening in the concrete slab, this one placed at the junction of the
slab and stem wall. The width of the opening is identical to the width of the central
opening in the slab, i.e., 0.003 m. (Opening width has only a small effect on radon entry;
see Table 2.) With this opening present, making the stem wall impermeable reduces the
total radon entry rate by 33% from its base value, instead of the 53% obtained when the
second opening is absent; the reduction in the entry rate exclusive of diffusion through
the slab is 44%, instead of 68%. When the fill is of very low permeability (10~!° m2, the
total entry rate is reduced by 64% from the base rate (71% without the second opening)
and the entry rate exclusive of diffusion through the slab by 84% (94%).

Restriction of Soil-gas Flow from Stem-Wall Interior to House

When the interior of the stem wall is at less than atmospheric pressure, there is a
considerable flow of outside air through the part of the outer (soil-side) layer that is
above the soil surface, in addition to the flow through the below-grade part (Figure 1).
For the base configuration, the flow rate of outside air is 6.2x107> m? s™1, which is a fac-
tor of 14 greater than the total flow of soil gas into the house. If there is a small gap
between the edge of the slab and the outer layer, i.e., a flow restriction between the stem
wall interior and the house, the pressure drop through the gap will cause the pressure in
the stem wall interior to be greater (i.e., less negative with respect to atmospheric pres-
sure) than that in the house, so that the driving force of soil gas and radon entry through
the stem wall, wall-footer gaps, and wall-slab gap will be diminished. (If air is permitted
to flow vertically through the soil side of the stem wall, the flow restriction may be par-
tially bypassed. In the model, we have used a no-flow boundary condition at the top of
the soil side of the stem wall; in practice, sealing of this area may be necessary to prevent

vertical flow.)

For gap widths less than 0.0008 m, the pressure on the house side of the stem wall is
less than that in the interior, so that air and soil gas may flow through the concrete blocks
from the soil side to the house side (below the slab) without entering the house, so that
radon entry rates through the stem wall are uncertain, but likely to be near zero. At a gap
width of 0.0005 m, the total radon entry rate is reduced by 50% or more from the base
value, and the entry rate through the stem wall by 95% or more, so that almost all of the
radon entry is through the slab or the slab opening. The increased flow of soil gas
beneath the slab causes the entry rate through the slab opening to increase by 83% over
the base value, so that flow restriction is less effective in reducing radon entry than is the
elimination of soil-gas flow through the stem-wall, e.g., by using a monolithic slab. The
pressure drop through the gap is 2.2 Pa or 92% of the house depressurization. At a gap
width of 0.001 m, the pressure drop is 58% of the house pressure, the radon entry rate
through the stem wall is reduced by 46% and the total radon entry rate by 21% from the
base values.
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It is possible to bring the interior stem wall pressure even closer to atmospheric
pressure by increasing the permeability of the above-surface part of the soil side of the
stem wall. If the remaining parts of the wall are maintained at low permeability, the
radon entry rate through the wall may be greatly diminished. For the base configuration,
with a slab-stem wall gap of 0.001 m, an above-surface wall permeability of 10 m?, and
the remainder of the wall of permeability 10712 m?, the pressure drop through the gap is
2.2 Pa (92% of base), the total radon entry rate is 1.14 Bq s~ a reduction of 51%, and
the entry rate through the stem wall is just 0.07 Bq s™! a reduction of 96%. These values
are similar to those obtained for the 0.0005 m gap with the stem wall retaining its base
permeability.

Conclusions

For the base configuration, the predicted radon entry rate is 2.3 Bq s™!, equivalent to
a flux of 0.015 Bq s™! per m? of slab area. For one-story houses with air exchange rates
from 0.5-1.0 h™), this flux produces indoor concentrations of 20-40 Bqm . These
values are consistent with concentrations observed in Florida houses (Geomet 1988).

Of the total radon entry rate in the base configuration, 52% is attributable to diffu-
sion, i.e., the radon entry rate would be 1.2 Bq s™! when the house is at atmospheric pres-
sure. When the house pressure is 2.4 Pa below atmospheric, the radon entry increases to
2.3Bqs~!. The increase is due to convective entry of radon-bearing soil gas and to an
increase in diffusive entry due to a higher radon concentration in the pore spaces of the
material adjacent to the slab and stem wall. 64% of the total radon entry and 80% of the
radon entry attributable to house depressurization occurs through the stem wall blocks or
gaps between the stem wall blocks and the slab or footer. Although these numbers are
slightly misleading, because elimination of an entry point does not result in the reduction
of radon entry by the amount entering through that point, they do suggest that attention
be paid to the area of the stem wall. The use of a monolithic slab reduces total radon
entry by 53%.

Examination of the effect on radon entry of changes in the house substructure and
materials in the the adjacent region indicates that attention should also be paid to the per-
meability of the backfill. The use of a backfill of permeability 10713 m? or less not only
reduces total radon entry by 47%, but almost eliminates the dependence of radon entry
on soil permeability. Combining the low-permeability fill with the monolithic slab
reduces total radon entry by 71%.

The radium content of the backfill is important only if it is significantly higher than
that of the near-surface soil. An increase by a factor of 5 over the base value (and over
the soil radium content) produces a 83% increase in total radon entry, whereas a reduc-
tion by a factor of 5 reduces radon entry by just 19%. If the radium content of both fill
and soil is increased by a factor of 5, radon entry increases by nearly a factor of 4. How-
ever, increasing the radium content of the soil alone has a smaller effect on radon entry.
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In particular, the radium content of the soil 5 m or more below the surface has little
influence on radon entry.
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