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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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Abstract 

We model convective radon entty through soil into a typical Florida house. The part of 
the house included in the model comprises a concrete slab supported by a permeable 
concrete-block stem wall and a concrete footing. The slab rests on backfill material; the 
same material is used to fill the footing trench. A region of undisturbed soil extending 10 
m beyond and below the footing is also included. The Laplace equation, resulting from 
Darcy's law and the continuity equation, and the mass-transport equation are solved 
using a steady-state finite-difference model to determine the pressure and radon concen
tration fields in the soil. The house and soil are represented as cylindrically-s~etric in 
order to increase resolution and computing efficiency without significant loss of general
ity. Isothermal conditions are assumed and spatial variations in soil moisture content are 
ignored. The soil is assumed homogeneous and isotropic except for ce~n simulations 
in which soil layers of high penneability or radium content are introduced. From the 
pressure and concentration fields, we calculate radon entty rates through openings in the 
slab, through gaps between the stem wall and slab and between the stem wall and footer, 
and through the permeable stem wall. These rates are determined for variable 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 varia
tions in soil penneability and radium content include cases of horizontally stratified soil. 
We also consider the effect of a gap that restricts the passage of soil gas from the interior 
of the stem wall into the house. The model predicts that the total radon entty rate is rela
tively low unless the soil or backfill permeability or radium content is high. Apart from 
soil characteristics, the backfill permeability is the major factor determining radon entty 
rates. Stem wall permeability is a relatively unimportant factor in radon entty when 
small openings through the slab into the house are also present Radon entty through the 
stem wall may be controlled by ensuring that the pressure in the interior is very nearly 
atmospheric, but entty through slab openings increases when this is done, so that the net 
reduction in radon may be only a factor of 2-3 . 
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Nomenclature 

Symbol Name Units 

c Radon concentration in soil Bqm 3 

D Bulk diffusivity of radon in soil m2s-l 

Es Entry rate of soil gas m3 s-1 

Er Normalized entry rate of radon m3 s-1 

g Gravitational constant ms-2 

k Permeability of soil ~2 
p Absolute pressure Pa 

PA Atmospheric pressure Pa 
p Disturbance pressure Pa 
r Radial coordinate m 
s Radon production rate in soil Bq s-1 

t Thickness of gap or opening m 
w Width of gap or opening m 
z Vertical coordinate, positive downward m 
v Velocity of soil gas m s-1 

£ Porosity of soil 
A. Radon decay rate -1 s 

f.1 Viscosity of air kg m-1 s-1 

p Density of air kgm-3 

0' Element of area of gap or opening m2 

Introduction 

Indoor radon e22Rn) concentrations arise mainly from convective flow of radon
bearing gas from soil into the building interior and diffusion of radon from soil or from 
building materials (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 differ
ence 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 characteris
tics 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. 

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 
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standards designed to restrict radon entry into buildings (Sanchez eta/., 1990). Since a 
large fraction of houses built in the state utilize one of several variants of slab-on-grade 
construction (Scott and Findlay, 1983; Acres 1990), much of the research and code 
development 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 a/., 1990) 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 when the soil permeability is relatively low (Narasimhan eta/., 
1990). 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 pro
duces significantly increased radon entry rates. Inhomogeneities such as fractures, which 
have not yet been studied, are also likely to increase entry rates. Validation of the model 
under controlled conditions is proceeding (Fisk, eta/., 1989). 

We present here the predictions of the steady-state model, utilizing a set of soil and 
building substructure characteristics that are typical of Florida soils and houses. We then 
discuss the influence of variations in certain characteristics of the substructure and soil
fill system, taken as parameters of the model, 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 as shown in Figures 1 and 2, The model incor
porates an -above-grade concrete slab floor, supported at the perimeter by a concrete
block stem wall that rests on a concrete footing. The slab and footing are considered to 
be impermeable to air, but the 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 layers are assumed continuous, i.e., the changes in 
permeability at the mortar joints between blocks are ignored. The slab rests on fill 
material elevated above the natural grade level. The footer trench is filled with the same 
material. The area 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 permeable sides of the concrete blocks. 
All air entering the interior of the stem wall is assumed to pass into the house through 
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gaps between the stem wall and the slab. Air may also enter the house directly through 
an opening in the slab itself, e.g., a crack or an opening for utilities. A vertical cross
section of the region, with the dimensions used in this paper, is shown in Figure 1. A 
detail of the neighborhood of the stem wall, with the width of the gaps greatly exag
gerated, is shown in Figure 2. It may be seen that the walls of the footer trench have 
been modeled as vertical, rather than sloping, for simplicity. 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 comer effects, which have been shown to be unimportant in the case of basements 
(Revzan, et al., 1990). 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., 1990) 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, 

k(r z) 
v(r,z)=- ' Vp(r,z), 

J.1 
(1) 

where vis the bulk velocity (flow rate divided by total cross-sectional area), k is the per
meability of the soil, J.1 the viscosity of air (1.8x1o-5 kg m-1 s-1), 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 (r ,z) - P A - pgz, (2) 

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

V·v(r ,z) = 0. (3) 

Combining Equations 1 and 3, we have the first equation of the model: 
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(4) 

The boundaries for the solution of Equation 4 are the outer limits of the soil block 
(chosen 10m 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 perme
able 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 the narrow gaps, since numerical modeling of such areas offers no advan
tages 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 a gap, the pressure is 
determined by the difference between the house pressure and the pressure drop across 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 A (Feustel and Sherman, 1989; Sherman, et al., 
1979; see also Revzan, et al., 1988; 1989). The difference between the pressure at the 
house side of a gap and P A is written as APb. This is assumed to be the pressure at the 
top of the slab. In the general case, it is also assumed to be the pressure inside the stem 
wall. Two special cases are also considered: 1) the stem wall is filled with an imperme
able material, so that the normal derivative of the pressure vanishes inside the stem wall, 
i.e., flow of air into the house occurs only through the wall-slab gap and the top of the 
house side of the stem wall (the part of the wall adjacent to the gap); 2) there is con
sidered 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 APb and the pressure drop caused by flow 
through the restriction. 

The pressure drop across a gap, AP 8, is determined from an algorithm due to Baker, 
et al. (1989): 

(5) 

Here, tis the length of the gap in the direction of flow, w is the width of the gap perpen
dicular to the flow, vis 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 which is always 1 for the 
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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 includes the flow of outside air, considered to be 
radon-free, through the above-grade part of the wall. Air flow through the permeable 
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. This choice of boundary condition is unlikely t~ 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, E5, from 

Es = Jv<rg ,z )·da(rg ,z ), 
I 

(6) 

where a is an element of area and l: 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, et al., 1988), 

v(r ,z )·VC (r ,z) = V·[D (r ,z )VC (r ,z )] - £(r ,z )f...C (r ,z) + E(r ,z )S (r ,z ), (7) 

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 
surface boundary conditions, c_, is given by 

(8) 

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

•· 
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In the general case, the boundaries for the solution of Equation 7 are 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 sur
face, we assume C = 0; because radon concentrations in soil gas are typically high com
pared to those in the atmosphere, the assumption of a non-zero soil-surface concentration 
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. When the stem wall is filled 
with an impermeable material, the boundary is the top of this material, which is con
sidered to be at zero concentration. 

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

and 

Er = j(V(r,z)C(r,z)-DVC)-dd(r,z) 
1: 

Jc (r ,z )d cr(r ,z) 
<C >=_:I: _____ _ 

fdcr(r ,z) 
1: 

where cr and 1; have the same meaning as for Equation 6. 

Configurations and Procedures 

Base Configuration 

(9) 

(10) 

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, 1900; Scott and Findlay, 1983) and in discussions with Florida 
researchers (Pugh, 1990; Dixon, 1990); the base-case soil and fill properties were deter
mined from available studies of soil and fill properties (Nielson and Rogers, 1990; 
Roessler, et al., 1990). In this configuration (Figures 1 and 2), the outer edge of the 
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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 sections of concrete that connect the inner and outer concrete layers in actual blocks 
have been ignored, since they have little effect on the vertical flow of air.) 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 of 
the stem wall and the slab, between the inside .of the stem wall and the footer, and 
between the outside of the stem wall and the footer; all of these gaps are 0.003 m wide. 
There is an opening in the slab 3 m from the center; this opening 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, so that the distance between 
the bottom of the slab and the top of the footer is 0.5 m. The areas between the bottom 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 filled with a material ("fill") 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 concentrations are those that would be found sufficiently far from surfaces that the 
effect of boundary conditions is negligible, i.e., c_ as defined by Equation 8. For the 
narrow slab and stem wall, concentrations are generally lower than the value shown in 
the table; for the the soil, the value is the concentration a few meters below the soil sur
face. 

The pressure at the top of the slab and inside the concrete block wall is fixed at -2.4 
Pa with respect to the atmosphere, which is a typical indoor-outdoor pressure difference. 

Parametric Evaluations 

We evaluate the effect on soil-gas and radon entry of varying the following parame-
ters individually, the others retaining the values of the base configuration: 

• permeability of the soil as a whole (10-12 - w-9 m2); 

• permeability of soil layer 0.0-1.0 m below surface ( 1 o-12 - 1 o-9 m2); 

• permeability of soil layer 0.5-1.5 m below surface oo-12 - w-9 m2); 

• permeability of the fill - house and soil sides (1 o-15 - w-9 m2); 

• permeability of the fill- soil side only oo-15 - w-9 m2); 

• permeability of the stem wall- both sides oo-15 - 10-9m2); 

• permeability of the stem wall- house side oo-15 - w-9 m2); 

• permeability of the stem wall- soil side oo-15 - w-9 m2); 

• width of the opening in the slab (0.001-0.1 m); 
• distance of the opening in the slab from the center (0-7 m); 
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II 

• depth of the water table (0.5-10 m); 
• relative (to base case) radium content of the fill (0.1 - 1 0); 
• relative radium content of the soil below 1 m depth (0.1 - 1 0); 
• relative radium content of the soil below 5 m depth (0.1 - 1 0); 
• relative radium content of the concrete slab (0.1 - 10); 
• relative radium content of the stem wall blocks (0.1 - 1 0); 
• effective diffusivity of the concrete slab (10-9- 10-6m2 s-1); 

• effective diffusivity of the stem wall blocks oo-9 - 10-6m2 s-1); 

We also evaluate the following situations: 1) varying the soil permeability for high 
oo-9 m2) and low oo-15 m2) fill permeabilities; 2) varying the soil and fill permeabilities 
(independently) when the slab opening is the only entry point; 3) varying the soil, fill, 
and stem wall permeabilities (independently) when the stem wall is filled-with imperme
able concrete; 4) varying the stem wall permeability when the two wall-footer gaps are 
completely closed; 5) varying the width of a restriction between the interior of the stem 
wall and the house, e.g., a gap between the side of the slab and the concrete block of the 
stem wall. 

Results and Discussion 

For the base configuration, the predicted air and soil-gas entry rate into the house 
through the substructure is 6.9x10-3 m3 s-1, of which 93% is outside air that enters the 
soil-side of the stem wall. The soil-gas entry rate is 4.5x10-4 m3 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 fraction of the soil gas that enters through each of the areas 
of interest is shown in Table 2. 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-1• If there is no pressure 
difference between the inside and outside of the house, the predicted entry rate is 
1.2 Bq s-1, so that 1.1 Bq s-1 may be attributed to convection. This "convective" entry 
rate may not be due to convection in the strict sense, but may combine convection and an 
increase in diffusion due to an increased radon concentration at the point of entry. The 
fraction 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 2. 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 concen
trations at the basement side of the slab and the interior of the stem wall are zero. Of the 
diffusive entry, 43% is through the house side of the stem wall, including the two gaps, 
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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 diffusive 
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 frac
tional soil-gas and radon eritry rates at the several entry points are due to the differing 
radon concentrations in the soil gas at the several points of entry; these differences are 
due, in turn, primarily to the differing flow-path lengths from soil surf1l:ce. to 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 predicted pressure and radon concentration fields 
for the base configuration are shown in Figures 3 and 4, respectively. (The pressure field 
near the outside block wall appears blank on Figure 3 because the gradient is too steep to 
be shown.) 

Elimination of the slab opening from the base configuration has little effect: the 
total soil-gas entry rate is unchanged, while the total radon entry rate diminishes from 2.3 
to 2.2 Bq s-1 because of the difference between the radon concentration at the center of 
the slab and at the stem wall. In contrast, removal of all of the entry points in the stem 
wall has a major influence on both soil-gas and radon entry. The soil-gas entry rate 
becomes 1.5x10-5 m3 s-1, the 97% reduction being due primarily to the closure of the 
soil side of the stem wall. The radon entry rate is then 1.3 Bq s-1, a reduction of 43% 
due to sealing the stem wall. If, the stem wall remaining sealed, the width of the slab 
opening is increased to 0.1 m, so that the entry area increases from 0.019 to 1.9 m2, the 
radon entry rate rises to 1.7 Bq s-1, which is 74% of the base rate. The radon entry rate is 
reduced from that of the base configuration even if the slab opening is moved to the 
vicinity of the stem wall: for an opening 6.5 m from the center of the slab with a width of 
0.003 m (area 0.12 m2), the radon entry rate is 1.6 Bq s-1, 70% of the base rate. Since 
the diffusive entry rate through the slab (23% of the total base entry rate) is essentially 
unchanged by the sealing of the stem wall and moving of the slab opening, the reduction 
in the convective entry rate is greater than would be indicated by the numbers given 
above. Thus, the mOdel indicates that elimination of all openings at the stem wall, as 
might be accomplished by employing a one-piece concrete footer, stem wall, and slab, 
would be effective in reducing convective radon entry. 

We now examine in detail the effect of variations in the parameters on radon entry. 
In each case, all parameters other than the one under consideration, have their base 
configuration values, except where noted. A summary of the results, showing the param
eter, the range considered, and the ranges of soil-gas and radon entry rates is given in 
Table 3. In each case, the discrepancy between the total soil-gas entry rate and the entry 
rate of air at the soil surface is less than 0.01 %. Certain of the results, as noted below, 
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are shown in Figures 5 and 6. Figures showing variations in the soil-gas and radon entry 
rates through each of the entry points for each of the parameters are provided in an 
appendix; a key to the appendix figures is given in Table 3. Figures showing soil-gas 
radon concentration variations at each of the entry points are also provided in the appen
dix for cases where the variations are significant. 

Soil Permeability: 

Soil permeability is permitted to vary from 10-12 m2, below which convective entry 
becomes relatively insignificant, to 10-9m2• As the soil permeability increases, the soil
gas entry rates through all entry points also increase, those on the soil side of the block 
wall more dramatically. Although there is a significant diminution in radon concentra
tion at all entry points on the house side, the increase in soil-gas entry rates is sufficient 
to produce a considerable increase in the radon entry rates (1.48 to 13.4.Bq s-1

, see Fig
ure 5). The fraction of the total radon entry due to passage of soil gas through the house 
side of the block wall increases from 0.38 to 0.85 as the soil permeability increases. 

If the stem wall is filled with an impermeable material (such as concrete), so that 
there is no entry except through the upper house side gap, radon entry rates increase from 
0.70 to 1.70 Bq s-1 as the soil permeability increases (see Figure 5). These relatively low 
values are somewhat misleading, since the reduction due to the presence of the concrete 
is greatest at very high soil permeabilities, whose occurrence is unusual. At the base per
meability of 10-11 m2, the reduction is 59%, but the reduction in the entry rate through all 
entry points except the slab is 69%, which is high enough to indicate that filling the stem 
wall with impermeable material is an effective remedial measure. If the stem wall is 
made impermeable and all stem-wall gaps closed, so that radon entry occurs only through 
the slab, the range of radon entry rates is 0.97 to 1.90 Bq s-1• These values are slightly 
higher than in the case of the filled stem wall because diffusion through the stem wall is 
permitted to occur. 

When the permeabilities of the backfill and the undisturbed soil differ from one 
another, soil-gas entry is limited by the smaller of the two values. For that reason, the 
radon entry rate increases very little as the soil permeability increases beyond the base 
fill permeability. If the fill permeability is increased to 1 o-9 m2• the upper limit of the 
radon entry rate, at a soil permeability of w-9 m2, becomes 44.4 Bq s-1. For this fill per
meability and a high, but more reasonable, soil permeability of 5x10-11 m2, the entry rate 
is 7.85 Bq s-1, which produces an indoor radon concentration of 113 Bq m-3 

(3.1 pCi L-1) in a house of air exchange rate 0.5 h-1 and volume 500m3. This concentra
tion is 3.4 times the base concentration but still below the EPA guideline of 150 Bq m-3 

or 4 pCi L - 1. Hence, the model indicates that, even with highly permeable soil and fill, 
above-average soil radium concentrations are necessary to produce indoor radon concen
trations that exceed the EPA guideline. 

Since the backfill can be the limiting factor in soil-gas entry, it is of interest to find 
the variation in radon entry rates with soil permeability when the backfill permeability is 
very small. Taking the latter to be 10-15 m2, the lower limit of permeabilities of 
naturally-occurring soil, the model predicts that neither the soil-gas nor the radon entry 
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rate varies with soil permeability. The latter rate is 1.00 Bq s-1, a 57% reduction from 
the base rate. However, gaps or cracks in the fill might compromise its effectiveness in 
limiting soil-gas and radon entry. 

To determine the effect of soil stratification on radon entry, we independently con
sider two horizontal layers, each 1 m thick, the first beginning at the soil surface and the 
second 0.5 m below the surface. The permeability of each layer is allowed to vary 
between 10-12 and 10-9m2• The first layer is in contact with the backfill, whose permea
bility is 4x1o-n m2, while the second is separated from the backfill by a 0.5 m layer of 
the base soil, whose permeability is 10-11 m2• For layer permeabilities of 10-:10 m2, the 
radon entry rates for the two configurations are 204% and 137%, respectively, of the base 
rate, which is indicative of the importance of the placement of the layer with respect to 
the backfill. If the backfill is of low permeability, however, the placement of the high
permeability layer is unimportant. For a backfill permeability of 10-12 m2, all other 
parameters remaining the same, the radon entry rates for the two configurations are 64% 
and 62% of the base rate. 

Backfill Permeability: 

As the backfill permeability is reduced from 10-9 to 10-15 m2, the soil-gas entry rate 
decreases by nearly five orders of magnitude. Since most of this decrease occurs on the 
soil side of the stem wall, where the radon concentration is low, the radon entry rate 
decreases by only a factor of 2.2 (2.66 to 1.2 Bq s-1, see Figure 5). However, this rela
tively small reduction is misleading, since the reduction in the convective entry rate (as 
we have defined it above) is much greater. At the base fill permeability, an entry rate of 
1.14 Bq s-1 is attributable to the presence of the pressure field. For fill permeabilities of 
10-15 and 10-12 m2, this convective entry rate becomes 0.01 (>99% reduction) and 
0.22 Bq s-1 (81% reduction), respectively. Reducing the backfill permeability is a highly 
effective method of reducing convective radon entry. 

It has been suggested that radon entry be reduced by using a low-permeability 
material to fill in just the soil-side part of the footer trench. The soil-gas entry rate can, 
in fact, be reduced by a factor of 12 by reducing the fill permeability in this region from 
the base value of 4x1o-n m2 tow-15 m2• Unfortunately, the radon entry rate is reduced 
only slightly, from 2.33 to 2.11 Bq s-1• The reductions in the entry rates through the 
soil-side block wall and wall-footer gap are indeed dramatic, but the radon concentration 
on the soil side is so low that the effect on the total radon entry rate is almost negligible. 
Changing the permeability of the soil-side fill has essentially no effect on the radon con
centrations at the several entry points. 

Filling the stem walls with concrete reduces the radon entry rate by roughly a factor 
of 2 over the range of fill permeabilities considered (see Figure 5). The effect of elimina
tion of all entry at the stem wall, so that the only entry point is the slab opening, depends 
strongly on the fill permeability. Between the lowest and highest permeabilities con
sidered, the reduction from the base rate diminishes from a factor of 2.6 to a factor of 
1.02. The influence of the fill permeability increases as the opening is moved toward the 
center of the house. 
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Stem-wall Permeability: 

It would seem that decreasing the permeability of the concrete-block walls, through 
which 41% of the radon enters in the base case, would significantly reduce the radon 
entry rate. Decreasing the wall permeability to 10-12 m2 does reduce soil-gas entry by 
76%, but radon entry is reduced by only 13%. A further decrease to 10-15 m2 gives only 
another 6% reduction in soil-gas entry and another 4% reduction in radon entry, since the 
entry rates through the slab opening and the three gaps are now dominant and essentially 
constant. Because the largest part of the reduction in soil-gas entry rate occurs at the soil 
side of the stem wall, where the radon concentration is low, there is only a small diminu
tion in the radon entry rate (see Figure 5). It does not appear that reducing the permeabil
ity of the stem wall concrete blocks is an effective remedial measure. 

We also considered the effect of varying the permeability of the soH and house sides 
of the concrete blocks independently and of varying the permeability of both sides of the 
blocks while: 1) eliminating the gaps between the lowest block and the footer and 2) 
filling the concrete blocks with concrete. As indicated in Table 3, none of these meas
ures has a significant effect on radon entry. 

We have indicated that a reduction in the soil-gas entry rate through the block walls, 
caused by decreasing their permeability, is offset by an increase in the entry rate through 
the wall-slab and wall-footer gaps. In the latter case, the pressure gradient near the gaps 
is much greater than in the former: at roughly corresponding points on the house side of 
the wall, the pressures are -2.3 and -1.8 Pa, respectively, compared to the house pressure 
of -2.4 Pa. The larger the interface (permeable material, gap, or opening) between house 
and soil or fill, the lower the pressure gradient; increased entry area (due to the block 
walls becoming permeable) is offset by diminished soil-gas velocity. 

Slab Opening: 

So long as the stem wall remains relatively permeable, the width of the opening in 
the slab has little effect on either the total soil-gas or total radon entry rate. The total 
radon entry rate changes by only 17% for widths ranging from 0.001 to 0.1 m. As the 
width increases, the slight increase in the entry rate through the slab opening is nearly 
offset by a slight diminution in the entry rate through the stem wall on the house side; the 
other entry rates are all but unaffected. The effect on soil-gas entry rates is similar. The 
radon concentrations at the entry points remain essentially unchanged. 

The distance of the slab opening from the center also has little effect on the entry 
rates. The radon entry rate reaches a maximum when the opening is approximately 5 m 
from the· center and diminishes as it approaches either the center or the stem wall. The 
radon entry rate through the opening itself changes more dramatically, but the change is 
somewhat offset by compensating changes in the entry rates at the house side of the stem 
wall. The entry rates through the soil side gap and block wall are essentially unaffected . 
The pattern of changes in soil-gas entry rates is similar. The radon concentration at the 
mouth of the slab opening diminishes from nearly 0.78 c_ when the opening is near the 
center to 0.47 c_ when it is near the block wall; the radon concentrations at the other 
entry points are unaffected. 
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Water Table Depth: 

The effect of a reduction in the water table depth is modeled by changing the lower 
boundary of the soil, i.e., we assume that no air flows through water-saturated soil. The 
depth of the water table has little effect on the radon entry rate until it is reduced to-2m, 
at which point the rate is 2.1 Bq s-1• The rate diminishes to 1.6 Bq s-1 at a water table 
depth of 0.5 m. The diminution is a consequence of lower soil-gas entry rates through 
the entry areas on the house side of the wall. 

Radium Content: 

If the radium content of all soil beneath the house, including the backfill material, is 
changed uniformly, the radon entry rate changes proportionally (soil-gas entry is not 
affected). If the radium content of just a part of the soil is changed, ho~ev.er, the situa
tion must be modeled to determine the effect of the change on radon entry. We examine 
three configurations: in the first, the radium content of the fill material varies; in the 
second and third, the radium content of all soil1 and 5 m below the surface, respectively, 
varies over the same range, with the remaining soil and the fill retaining the base value. 
We also consider the effect of varying the radium content of the slab and the stem wall 
independently. In all cases, the radium is allowed to vary between 0.1 and 10.0 times the 
base value. 

Since radium content has no effect on soil-gas entry rates, radon entry rates reflect 
the cqncentrations at the entry points. When the radium content of the fill is changed, the 
radon concentrations at the entry points and the radon entry rates also change. However, 
the undisturbed soil contributes radon to the soil gas in the fill and, hence, to the soil gas 
entering the house, so that the radon entry rates do not necessarily vary in proportion to 
the radium content of the fill. When the radium content of the fill is an order of magni
tude greater than that of the soil, the total radon entry rate increases by a factor of 2.9 
over the base value, with diffusive and convective entry increasing by approximately the 
same factor; the average sub-slab radon concentration is a factor of 3.2 greater than in the 
base case. If the radium content of the fill is a factor of 10 less than that of the soil, radon 
entry is reduced by 19%; the sub-slab concentration is 78% of the base value. The radon 
entry rate as a function of the relative radium content of the fill is shown in Figure 6. 

While the radon entry rates increase with the radium content of the deep soil in both 
the second and third configurations, the magnitude of the increase is profoundly affected 
by the depth of the boundary between the low- and high-radium regions. When the 
boundary is 1 m below the surface, an increase in the relative deep soil radium by a fac
tor of 10 (C_ = 3.7x1cf Bq m-3) leads to an increase in radon concentration at the house 
side of the block wall from 2.4x1o4 to 8.9x1if Bq m-3 and an increase in the total radon 
entry rate by a factor of 3.6 over the base rate. When the boundary is 5 m below the sur
face, the concentration at the block wall is 2.5xHf Bq m-3 and the total radon entry rate 
is essentially unchanged. A similar effect is seen when the radium content of the deep 
soil is a factor. of 10 lower than the base value. When the boundary is 1 m deep, the 
radon entry rate is reduced by a factor of 1.3; when it is 5 m, there is essentially no 
reduction. Radon entry rates as functions of the relative radium content of the deep soil 
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for the two cases are shown in Figure 6. 

Stratification of the radium content of the soil affects entry rates on both the house 
and soil sides of the stem wall. If the influence of the high-radium deep soil were limited 
to the introduction of radon into the air flowing through the high-radium region itself, it 
would be expected that radon entry rates on the soil side would be unaffected, since air 
entering the entry points on the soil side does not pass through soil below the level of the 
stem wall. However, radon produced in the high-radium region diffuses into the low
radium region, increasing concentrations in that region and, hence, entry rates in general. 
This may be confirmed by examing the consequences of changing the diffusivity. If the 
radon diffusivity is increased by a factor of 5 throughout the soil and fill, and if the soil 
below 5 m depth has a radium content a factor of 10 greater than that of the soil above 5 
m depth, the predicted radon entry rate is a factor of 1.80 greater than the base rate at the 
same diffusivity. At the base diffusivity, the factor is 1.05. At very low diffusivity, the 
factor is 1.00. The effect of the region below 5 m depth on radon entry is due entirely to 
diffusion. For the high-radium region beginning at 1 m depth, the equivalent factors are 
5.8, 3.6, and 1.2, so that both diffusion and the flow of air through the region have an 
influence on radon entry rates, with diffusion being the more important in this case. In 
general, the relative importance of diffusion and convection is dependent on the soil per
meability. 

If the radium content of the concrete slab is reduced to 0.1 of the base value, the 
total radon entry rate is reduced by just 6%, all of the reduction being in entry through 
the slab itself. If the radium is increased to 10 times the base value, the total radon entry 
rate increases by 67%; 75% of the increase is due to increased entry through the slab, 
with the remainder due to an increase in radon concentration at all entry points. The 
radium content of the stem wall blocks has a much smaller effect: for radium content 
ranging from 0.1 to 10 times the base value, the total radon entry rate ranges from 99.6% 
to 107% of the base rate. The relative unimportance of the stem wall radium is a conse
quence of the low mass of the concrete block layers. 

Diffusivity 

Radon entry through the slab is highly dependent on the effective diffusivity of 
radon in concrete: an increase in the diffusivity from 10-9 to 10-6 m2 s-1 increases radon 
entry through the slab from 0.04 to 3.77 Bq s-1 (7-700% of the base value). Because 
entry through the slab is a small fraction of the total entry when the diffusivity is small, 
the range of the total radon entry rate is 1.89 to 5.15 Bq s-1 (81-221% of the base value) 
for the same range of diffusivities. For the reasons given in the previous section, the 
radon diffusivity in the stem wall blocks has a much smaller influence on radon entry 
rates than does that of the slab. For the range of values considered, the total radon entry 
rate ranges from 99-114% of the base rate. 

Increased Pressure in the Stem Wall Interior 

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 wall that is above the soil surface, 
in addition to the flow through the below-grade part (Figure 2). For the base 
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configuration, this flow is 6.2xl0-3 m3 s-1, which is a factor 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 (soil side) layer of the stem wall, i.e., a flow restriction between the stem wall 
interior and the house, the pressure drop will cause the pressure in the stem wall interior 
to be greater (i.e., less negative) 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 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 verclcal flow.) For gap widths less than 0.008 m, the pressure on 
the house side of the stem wall is less than that in the interior, so that soil gas may flow 
through the concrete blocks without entering the house and radon entry ra,tes through the 
stem wall are uncertain. At a gap width of 0.005 m, the total radon entry rate is 50% of 
the base rate or less, and the entty rate through the stem wall is 5% of the base rate or 
less, so that almost all of the radon entty is through the slab or the slab opening. The 
pressure drop across the gap is 2.2 Pa or 92% of the house depressurization. At a 
(perhaps more realistic) gap width of 0.001 m, the pressure drop is 58% of the house 
pressure, the radon entry rate through the stem wall is 54% of the base value, and the 
total radon entty rate is 79% of the base value. 

It is possible to bring the interior stem wall pressure even closer to atmospheric 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 house
stem wall gap of 0.001 m, an above-surface wall permeability of w-9 m2, and the 
remainder of the wall of permeability w-12 m2, the pressure drop is 2.2 Pa (92% of 
base), the total radon entry rate is 1.14 Bq s-1 (49% of base), and the entty rate through 
the stem wall is just 0.07 Bq s-1 (4% of base). These values are similar to those obtained 
for the 0.0005 m gap with the stem wall retaining its base permeability. 

Summary and Discussion 

The model predicts that the radon entry rate into a house of the type considered here 
will be low or moderate unless the slab, soil, or backfill radium content is high or there is 
a high permeability path within the soil between the soil surface and the backfill. 

We used the model to assess the dependence of radon entty on a variety of changes 
to the design or construction of the house's substructure, for example sealing various 
cracks, filling the stem wall with concrete, or decreasing the permeability of the stem 
wall. Most design or construction changes had little effect on the radon entry rate 
because reductions in radon entry through one pathway were offset by increased radon 
entry elsewhere. However, two types of structural changes each reduced the radon entry 
rate by at least two thirds and, therefore, are worthy of further consideration. In the first 
case, all openings in the vicinity of the stem wall, including the permeable blocks, are 
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eliminated. This might be accomplished by constructing a one-piece concrete footer, 
stem wall, and slab assuming that cracks do not develop near the stem wall. This type of 
substructure is sometimes used in Florida. In the second case, the stem wall of perme
able concrete blocks is retained but the pressure within the stem wall is increased (thus 
decreasing radon entry) by: (1) decreasing the permeability of all sections of stem wall 
that contact soil or fill, possibly by application of a coating; (2) maintaining a high per
meability in the remaining above- grade section of stem wall; (3) sealing the top of the 
soil side of the stem wall at the level of the soil surface; and (4) virtually eliminating the 
normally-large gap between the edge of the slab and the outer layer of the ste~ wall. We 
are unsure of the practicality of this second option. 

We also examined the dependence of radon entry rate on soil and backfill permea
bility. The permeability ofboth materials has a large impact on the radon entry rate. The 
permeability of the soil cannot be changed, but low-permeability backfill could be 
emplaced beneath the slab. The predicted radon entry rate decreases by 81% when the 
permeability of the fill is decreased from 4x10-11 m2 to 10-12 m2 and convective radon 
entry is essentially eliminated by a backfill permeability of w-15 m2• This option should 
be considered further; however, we suspect that cracks in the backfill or gaps at the junc
tion of the backfill and either the stem wall or substructural plumbing could develop and 
seriously compromise the effectiveness of the low permeability layer in inhibiting radon 
entry. 

The dependence of radon entry on the radium content of the backfill and soil is the 
final important relationship examined. If the soil and fill are identical and homogeneous, 
the convective radon entry rate scales linearly with the radium content. However, 
increasing or decreasing the radium content of the fill has little impact on radon entry 
unless the fill's radium content is increased to more than three times the base case value. 
Consequently, efforts· to obtain fill material with an unusually low radium content are 
probably not warranted unless the thickness of the fill is considerably greater than in our 
model. An increase in the radium content of the soil with depth is important if the high
radium soil is not too far below the slab. For example, a factor of ten increase in the 
radium content of all soil located one meter or more below the slab results in an increase 
in radon entry by a factor of 3.6. When the high radium soil starts at a depth of five 
meters below the slab, the radon entry rate increases insignificantly. The increases are 
due partly to radon diffusion from deeper layers into shallower ones, including the 
backfill, followed by convective flow of this radon into the house. The practical implica
tion is that one need not be overly concerned about the effects of deep soil on radon entry 
into this type of house. 

All results presented in this paper are predictions of a numerical model that does not 
include the superstructure of the house and has not yet been validated. We expect that 
the model appropriately indicates the relative magnitude of the dependence of radon 
entry rate on the different factors. However, the determination of the fraction of the 
radon entering the interior of the stem wall that actually enters the living space of the 
house and the validation of the model using well-characterized experimental structures 
remain to be done. Model validation is now being carried out by the Florida Radon 
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Table 1. V aloes of certain parameters in the base configuration. 

Bulk Pore Space 
Penneability Diffusivity Radon Concentration 

Material (m2) (m2 s-1) (Bq m-3) 

Gaps and openings 1.2x10-5 

Concrete slab and footer 10-8 3.7xlo4 
Concrete blocks of stem wall 10-10 10-8 3.7x104 

Backfill 4x10-11 10-6 3.7x104 

Undisturbed soil 10-11 10-6 3.7xlo4 

• Far from surfaces 

,• 

• Porosity 

0.2 
0.2 
0.5 
0.5 

I 
...-l 
N 
I 



I 
N 
N 
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Table 2. For the base configuration, as described in the text, the fractions of the air and diffusive, convec
tive, and total radon entry rates for each of the areas described in the text. The convective entry 
rate is defined to be the difference between the total entry rates with and without a pressure field. 
The radon concentration given is the average at the soil side of the entry area, as a fraction of C_; 
the concentrations at the interior of the stem wall and the basement side of the slab are zero. 

Fraction of Radon Fraction of Fraction of Fraction of 
soil gas concen- radon entry radon entry radon entry 

Entry Point Entry tration (diffusive) (convective) (total) 

House side of stem wall, top gap 9.6x10-4 0.11 1.5x10-1 5.1x1o-2 l.Oxl0-1 

House side of stem wall, side of block 6.2x10-2 0.64 1.2x10-1 4.6x10-1 2.9x10-1 

House side of stem wall, bottom gap 9.9x10-4 0.12 1.6x10-1 4.9x1o-2 1.1xl0-1 

Soil side of stem wall, side of block 9.0x10-1 0.01 7.9x10-3 2.3x10-1 1.2xl<r1 

Soil side of stem wall, bottom gap 1.6x10-2 0.02 2.7x10-2 9.6x1o-3 1.8x10-2 

1.3x10-2 4.0x10-4 6.6x1o-3 Footer 
Slab opening 1.8x10-2 0.70 9.0x10-2 1.7x1o-• 1.3x10-1 

Slab 0.77 4.3x10-1 2.3x10-2 2.3x10-1 
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Table 3. The parameters, the range of values of each parameter, and the ranges of total soil-gas and radon entry rates that result from vari
ation of each parameter. The values of parameters other than the one varied are those of the base configuration, as described in 
the text. A key to the appendix figures is given in the last column. 

Soil-Gas Radon Appendix 
Parameter Range of Parameter Entry Rates (m3 s-1) Entry Rates (Bq s-1) Figures 

(Base) - 4.5x10--4 2.33 
Soil permeability 10-12- 10-9m2 4.0x10--4- l.Ox10-3 1.48- 13.4 A1S, A1C, A1R 
Soil permeability (fill permeability 1 o-9 m2) 10-12 - 10-9 m2 3.3x1o-3 - 6.1x10-3 1.59-44.4 A2S,A2C,A2R 
Soil permeability (fill permeability 10-12 m2) 10-12- 10-9m2 5.0x10-8 - 5.0x10-8 1.20-1.20 
Soil permeability (slab opening only) 10-12- 10-9m2 3.9x10-6- 3.3x10-.5 0.97-1.90 A3S, A3C. A3R 
Soil permeability (concrete-filled stem wall) 10-12- 10-9m2 4.6x10-6- 9.1x10-.5 0.70-1.70 A4S,A4C.A4R 
Soil permeability of0.4-1.4 m layer w-12- w-9 m2 4.0x10--4- 9.5x10-4 1.61-7.59 A5S,A5C,A5R 
Soil permeability of 0.9-1.9 m layer w-12- w-9 m2 4.3x10--4- 5.1x10-4 1.72-3.90 A6S, A6C, A6R 
Fill permeability w-1.5 - w-9 m2 5.0x10-8 - 3.3x10-3 1.20-2.66 A7S,A7C,A7R 
Fill permeability (concrete-filled stem wall) w-1.5- 10-9m2 3.3x1o-9- 4.9x10-5 0.66-1.20 ASS, A8C, A8R 
Fill permeability (slab opening only) w-1.5- 10-9m2 8.3x10-10 - 4.5x10-5 0.89-2.28 A9S,A9C,A9R 
Soil side fill permeability w-1.5- w-9 m2 3.9x1o-s- 3.3x10-3 2.11-2.33 A10S,AlOR 
Stem wall permeability 10-1.5- w-9 m2 8.3x10-.5- 5.2x10-4 1.93-2.35 A11S, A11R 
House-side stem wall permeability w-1.5 - 10-9 m2 4.5x10--4- 4.5x10-4 2.11-2.34 A12S, A12R 
Soil-side stem wall permeability 10-1.5- 10-9m2 8.9x10-.5- 5.2x10-4 2.17-2.34 A13S, A13R 
Stem wall (concrete-filled) permeability 10-1.5- 10-9m2 2.9x10-.5- 3.1x10-5 0.97-0.95 A14S,A14R 
Stem wall permeability (no wall-footer gaps) w-1.5- 10-9m2 2.9x10-.5- 5.2x10-4 1.65-2.25 A15S, A15R 
Slab opening width 10-3 -10-1 m 4.5x10-4- 4.5x10-4 2.28-2.67 A16S, A16R 
Slab opening distance from center 0-7m 4.5x10--4- 4.5x10-4 2.21-2.27 A17S,A17R 
Water table depth 0.5-10m 4.3x10--4- 4.5x10-4 1.63-2.33 A18S, A18C, A18R 
Radium concentration of fill• 0.1-10 4.5x10--4 1.89-6.70 A19C,A19R 
Radium concentration of soil below 1 m • 0.1-10 4.5x10--4 1.73-8.36 A20C,A20R 
Radium content of soil below 5 m • 0.1-10 4.5x10--4 2.30-2.45 A21C,A21R 
House to stem wall interior gap width 0.0005 - 0.004 m 4.6x10-.5- 4.4x10-4 1.17-2.31 A22S, A22C, A22R 
Effective radon diffusivity (slab) 10-9- 10-6m2 s-1 4.5x10--4 1.89-5.15 A23C,A23R 
Radium concentration of slab • 0.1-10 4.5x10--4 2.18-3.89 A24C,A24R 
Effective radon diffusivity (stem wall) 10-9- 10-6m2 s-1 4.5x10--4 2.31-2.66 A25C,A25R 
Radium concentration of stem wall• 0.1-10 4.5x10--4 2.32-2.49 A26R 

•Relative to the remainder of the soil and/or fill 
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figure 1. 
Vertical cross-section of the region modeled; the shaded areas are the 

stem wall concrete blocks, the sfab, and the footer. The dimensions are 
those of the base configuration, as described in the text. The slab o_pening 

is shown exaggeratecf; its width, in the base configuration, is 0.003 m. 
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Figure 2. · 
Detail of the vertical cross-section ol the region modeled, showing the footer, 

stem wall, and part of the slab. The dimensions are those of the base 
configuration, as described in the text. The three gaps are shown exaggerated; 

their widths, in the base configuration, are each 0.003 m. 



I 
N 

"' I I -

Figure 3. 
Isobars for the base configuration, as described in the text. The regions 

above the slab and inside the hollow stem wall are 2.4 Pa below atmospheric 
pressure. The limits of the backfill are shown dashed. The pressure gradient 

very near the right (soil side) of the stem wall is too steep to be sliown. 



... 
<0 
<Xl 

0 

... 
<0 
CXl 

6 

... 
<0 
<Xl 
6 

N 
<Xl 
al 

0 

N 
<Xl 
a> 
6 

N 
00 
al 

0 

...... 
a> 
a> 

0 

0 

-X 
G) -
G) 

.s:: -
c:: 

en 
.s:: -G) 

a. 
0 
en 



15 

--I 
en 

c- 10 
cc -
Q) -0 

0::: 

I >.. 
~ N .... 

co -I c: 
LLJ 

c: 5 0 
""'C 
0 

0::: 

09/30/91 14:1'4:46 

L 

~ 

s Variable soil 
---EJ--- Variable soil ~filled stem wall) 
- ·+-- ·- Variable back ill 
- ~- Variable backfill ~filled stem wall) 
--e-- Variable stem wal 

1 o-13 1 o-12 

Permeability (m2
) 

. Figure 5. 
Convective radon entry rates resulting from variations in the soil and 

backfill permeabilities for unfilled and concrete-filled stem walls, 
and by variations in the stem wall permeability for an unfilled stem wall. 
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Appendix 

This appendix consists of a number of figures in which the soil-gas entry rate, the 
radon concentration, or the radon entry rate is plotted against one of the parameters listed 
in the first column of Table 2 of the text. Soil-gas entry rate plots are provided for each 
of the cases listed in Table 2, except for the case of variable soil permeability with low
permeability fill, for which the entry rates are essentially constant, and the seven cases of 
variable radium or diffusivity, for which the soil-gas entry rates are unaffected. In most 
cases, seven curves are provided for each figure: these represent the total entry rate and 
the entry rates through the penneable house- and soil-side stem wall layers, the upper and 
lower gaps on the house side of the stem wall, the lower gap on the soil side of the stem · 
wall, and the opening in the slab. In the cases where all entry except through the slab 
opening has been excluded, there is just a single curve. In the cases where a concrete
filled stem wall has been modeled, there are just three curves, since there is no entry 
through the wall-footer gaps or the stem wall layers. In the single case where it has been 
assumed that the wall-footer gaps are completely closed, there are five curves. The entry 
of outside air through the above-grade part ofthe soil-side stem wall is not represented. 

Radon concentration plots show the average concentration over the soil side of each 
of the entry areas. The plots have not been provided only for those cases where there is 
significant variation in the concentration at one or more entry points. In addition to the 
curves shown on the soil-gas figures, there is one for the concrete slab, for which there is 
no soil gas entry; there is no curve corresponding to the total entry rate. The concentra
tion is shown normalized by C. (= 3.7xl<f Bq m-3); in the cases of variable radium, the 
nonnalized concentration can be greater than unity. 

Radon entry rate plots are provided for all cases except that of variable soil permea
bility with low-permeability fill. In addition to the curves shown on the soil-gas figures, 
there is one showing entry through concrete slab. The entry rates given are based on a 

n4 . 3 C. of 3.7xlu · Bq m- . 

-30-



1. 0 

c 
0 0.8 ·--+-
0 
'-

-+-
c 
Q) 

u 
c 
0 0.6 

(_) 

c 
0 

1- ""'0 
0 w ...... a::: I 

"U 0.4 
Q) 

N --
0 

E 
'-
0 

::z:: 0.2 

10/03/91 10:46:4? 

.. 

.. ~ cr---···....-a---···-0 .. -e--. 

• -----------------.-~·--- . ----
./. ,.___---- .. ----~ . ---e-

.. ·~ --------- _____... ---
--

--~ 

?/ -·8-·-

~·-

--x--
---$---

- --<>--
-0··-

• 

House side, upper gap 
House side, stem wal 
House side, lower gap 
Soil. side, stem wall 
Soil side, lower gap 
Slab opening 
Slab 

- • .__. ---="-= - . ~. - . ~:-__:_~~__:__.A=.~.~.~~~_.::__. 

10-11 10-10 
Permeability of Soil (m 2

) 

Figure A 1 C. 
Normalized radon concentrations at the several entry points, 

with the soil permeability as parameter. 

1 o-9 



I 
w 
N 
I 

2·10-
3 l 

1 0-3 t + -- ... - '* - - --. - -- --· - --+ - - -+ - -· 

I I I I I I I I I 
I 

-..... 
I 
(/) 1 o-4 

.~··___.a----··-·-·· 

__.---··~ 
I") 

E -
Q) -0 

et::: 

>-.. ,._ -c 
l...&...J 

(f) 

0 
~ 

-·-0 
(/') 

--o - ... -...., 
.~ .--o--·· 

~ ... --e--- ---+----+-----+---
.· ~-~----+- ---~--.~--~· -~-
.~ . ~ -n-·-· 

-------- .. ......-- - . -a- . -
,--.10 - x:- =-- . -. ~ _.·-c.~· - .~· 

-~--·- Total . 
~- · - ·B- ·- House s1de, upper gap 

. ~~ ~·- House side, stem wall 
. ---~Y ---7<-- House side, lower gap 

...a-·~/ ---$--- Soil side, stem wall 

a -G--· ~~ 
1 o-s 

1 o-6 

1 o-7 
· __. / - ---o-- Soil side, lower gap 

3·10-8 V .. 1 1 1 1 11111 1 ~~~-~ ~~ 1 ?f openilng 1 1 1 1 1 11l 

10-12 10- 11 10-ro 10-9 

Permeability of Soil (m 2
) 

Figure A 1 S. 
Soil-~as entry rates at the several entry points, 

wlfh the soil permeability as parameter. 

10/03/91 10:38:07 



I 
w 
w 
I 

...--... ..... 
I 
(/) 

CT 
CD --

Q) --0 
0::::: 

>-
L --c 

LL..J 

c 
0 

"U 
0 

0::::: 

20 

1 0 

1 

0.1 

~ 

-·8-·-

------7<--

---·---- -<>--
-----0··-

• 

otal 
House side, upper gap 
House side, sfem walr 
House side, lower gap 
Soil side, stem wall 
Soil side, lower gap 
Slab opening 
Slab 

-~ 
./ 

/ 
• / ~ .. --e--- . -e----

-- • ~ . .-::7 

~.· • -- • -:.--- -<"""~ ,....__---- . - - . 
• -------- • • • __.-'<> - - • n • 

~
. ~ -+--------~--- -~----az,.c"- ---:-=-~ ----~: • ---:. )( ---~-·- -~ .-· ·-· .-·-s-·-·B-·--·-SJ-=..:-·-G---· 

- _.-··· --.~ ----·- -----

-- -(r----~--~- -~---~--~- --()-_ 

2 •1 o-2 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1 0- 12 1 0- 11 1 0- 10 . 1 0 _g 

Permeability of Soil (m 2
) 

figure A1R. 
Radon entry rates at the several entry P.Oints, 

with the soil permeability as parameter. 

10/03/91 11:13:39 



I 
w 
.10-
I 

-..... 
I 
(/) 

,.,., 
E -
Q) -0 

a::: 
>--...... -c 

l.&.J 

(/) 

a 
(.!) 

-·-0 
(/) 

1 o-3 

1 o-4 

1 o-5 

I 

1 o-s 

- - - - - ... - - - - - - - -· - - - - - ... - - - - - ... - - - - - - - -· - - - - - ... - - - - - ... - - - - - - - -· - - - - - -

--~---~- -~--~---~--~-
-~--- ...... ~·· 

__-...-:~r--

../" .. ~ 
./' ~ ___.... ~ ---~- . 

.. ~· .~···~ . ~~~--
.~ ------- ./' . -::-~ ~. . .. .---"' . Er . -:: ~ 

.,._/ ./' .//. ..,.., . ..,..,,..¥ 
___.... .e- __a--. _/ 

.· _../" ./' __a-- . -::-/ 
_,->0 / . ~------

.· ____ .if;..-_./"' -

./ ~ ... x:-

7
$ ... 

./ 

~·-

~--

---·---
-~--

------€) .. -... 

Total 
House side, upper gap 
House side, stem wall 
House side, lower gap 
Soil side, stem wall 
Soil side, lower gap 

. _ Slab opening 
3·10-7 ~--~--~~~~~~--~~~~~~~~--~~~~~~ 

1 o- 12 1 o- 11 1 o- 10 1 o-9 

Permeability of Soil (m 2
) 

Figure A2S. 
Soil-gas entry rates at the several entry points, 

10/0J/91 11:09:38 
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Normalized radon concentrations at the several entry points, 

with the soil permeability as parameter 
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Radon entry rates at the sever_al entry points, 

with the soil permeability as parameter 
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Soil-gas entry rates at the several entry points, 

with the soil permeability as parameter 
(concrete-filled stem wall simulated). 
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Normalized radon concentrations at the several entry points, 

with the soil permeability as parameter 
(concrete-filled stem wall simulated). 
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with the soil-side stem wall permeability as parameter. 
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Radon entry rates at the several entry points, with the 

radium content of the soil below 1 m depth as parameter. 
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Figure A21 C. 
Normalized radon concentrations at the several entry points, with the 

radium content of the soil below 5 m depth as parameter. 
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figure A21 R. 
Radon entry rates at tne several entry points, with the 

radium content of the soil below 5 m depth as parameter. 
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Figure A23C. 
Normalized radon concentrations at the several entry points, 

with the effective diffusivity of the slab as parameter. 
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Radon entry rates at the several entry points, 

with the effective diffusivity of the slab as parameter. 

10/0J/91 13:56:18 



c 
0 ·--0 ..._ -c 
Q) 

0 
c 
0 

(_) 

c 
I 0 

00 
-..J -c 
I 0 

0::: 

-c 
Q) 

N --
0 

E ..._ 
0 

::z: 

" 

1.0 

0.8 

0.6 

0.4 

0.2 

-------· -------------------- ---
--· ----··G--···-··~···-···--e-------· ------

0 ... 

---a-- . -- -Ill - --- .. -----.. ..-··-a-··-··--·~ ··-- G-- ·--·· 

:--·*=·-

-·8-·

~·

---7<--

---·---
- --(>--

--€>··-

• 

:-::M=. 

House side, upper gap 
House side, stem wall 
House side, lower gap 
Soil side, stem wall 
Soil side, lower gap 
Slab opening 
Slab 

:-~"' 
--=-M==----·--· .---· 

0 , 0 C ~ -=-- -=-- =--1t;- =-- =-- F;-=--T--=-...-= =[- =J- -=y=r-1t:- =-- =-:... =--=--V: t 1 f I [ [ I 1 

0.1 1 10 
Relative Radium Concentration of Concrete Slab 

Figure A24C. 
Normalized radon concentrations at the several entry points, 

with the radium content of the slab as parameter. 

10/03/91 13:19:07 



4 

-.... 
I 
(/) 1 
0"' 

Ol -
Q) -0 

I 0:::: 
00 

>-00 
I 

II--c 
LLJ 

c 
0 

"U 
0 

0:::: 0.1 

3·10-2 

10/03/91 13:56::10 

~ 

--
-~·· ~ ----·· 181 ,____ , _____ ,,__. .. if-"' --=- , ------------ -··--··-· ------· ----------

···-"G--.. ·-··· 0 ... - .. G--- .. -··G--···~:.:· ___ :g_:::~--
- - - - - - - - -~ - - - - - - - - - - - - • - - - - - - - - -~ - - - - - - - - -_.t:- -,::---~- . - . 
---~ ----:#= ---:&: ----e----·-·-·-a-·-

·-·-·T~taf-·-· ~--·-· ·-·-· 
- ·e- ·- House side, upper gap 
~-- House side, stem walr 
----7<-- House side, lower gap 
--- •--- Soil side, stem w a II 
- ~-- Soil side, lower gap _--
---E)··- Slab opening __ - -~-
---• -- Slab · ____ ~ __ --~-
----~------<)---

1 
Relative Radium Concentration of Concrete Slab 

Figure A24R. 
Radon entry rates at the several entry points, 

with the radium content of the slab as parameter. 
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Figure A25C. 
Normalized radon concentrations at the several entry points, with the 

effective diffusivity of the stem wall blocks as parameter. 
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Figure A25R. 
Radon entry rates at t~e several entry points, with the 

effective diffusivity of the stem wall blocks as parameter. 
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Radon entry rates at the several entry points, 

with the radium content of the stem wall blocks as parameter. 
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