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1. INTRODUCTION AND OBJECTIVES 

This report documents the research activities by Rogers and Associates Engineering 
Corporation on grant DE-FG03-93ER61600 during the funded project period from August 
1993 to April 1996. Previous periodic progress reports were issued to present preliminary 
administrative and technical information about the project/1"3* Technical reports of research 
results from this project and of direct applications of the technology developed here have also 
been published or submitted to peer-reviewed journals/4*1 2* 

The objective of this research was to characterize the mechanisms and rates of radon 
gas penetration of the different structural domains of the concrete components of residential 
floor slabs, walls, and associated joints and penetrations. The research was also to 
characterize the physical properties of the concretes in these domains to relate their radon 
resistance to their physical properties. These objectives support the broader goal of 
characterizing which, if any, concrete domains and associated properties constitute robust 
barriers to radon and which permit radon entry, either inherently or in ways that could be 
remediated or avoided. 

2. RESEARCH PROGRAM 

2.1 Methods 
The specific objectives of this project were met by laboratory measurements of radon 

diffusion and transport rates through specially prepared concrete test slabs that feature 
different concrete structural domains. These domains included cold joints, stressed regions, 
edge regions, formed cracks, and induced cracks. The test slabs were all prepared from the 
same batch of concrete to control concrete properties. A laboratory test chamber was 
configured for simultaneous measurement of radon diffusion and advection through the test 
slabs under near-zero air pressure gradient, and also under other prescribed air pressure 
conditions. The effects of surface sealants was also tested after completion of the initial slab 
characterization and testing, and the effects of chemical degradation and moisture changes 
were also investigated. 
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2.2 Research Results 
The detailed methods, results and findings of this research program are documented 

in a series of scientific publications and manuscripts submitted for publication/4"1 2^ 
Therefore, this section only summarizes the contents of each publication, and references the 
full papers, which are included as appendices to this report. 

The laboratory protocols for measuring radon diffusion coefficients for concrete were 
based on transient-diffusion methods developed originally for small (10 cm) cylindrical core 
samples. The methods and validation were developed separately, ( 4 ) but the method was used 
and adapted for particular applications in the present research project. The full text of the 
diffusion measurement paper for cylindrical concrete core samples is presented in Appendix 
A. 

The transport of radon through cracks and other defects in concrete slabs has been a 
continuing concern in radon entry modeling. Using the methods developed in this project for 
estimating radon penetration of slab cracks, empirical analytical functions were developed 
for use in the RAETRAD model to combine with its numerical algorithm for an efficient 
representation of indoor radon entry/ 5 ) The full text of the paper describing the analytical-
numerical algorithm of the RAETRAD model and its validation are presented in Appendix 
B. 

The low levels of radon production in concrete are generally of no concern to indoor 
radon, but for accurate experimental studies, they had to be characterized. Therefore, a 
special procedure for low-level radon emanation measurements was adapted for use in this 
study/ 6 ) The procedure directly determines the radon effluent from concrete samples rather 
than relying on differences in radium assays to obtain much lower limits of detection of radon 
emanation. The text of the radon emanation measurement paper is presented in Appendix 
C. 

Radon diffusion measurements on aged concrete samples ( 7 ) led to improved 
understanding of the concrete aging process, its potentially small effects on diffusion, and 
hypotheses on differences between new and aged concrete penetration by radon. Although 
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the measurements on a chemically-aged slab are still in progress/ ' the results will be 
reported in the near future. The earlier work on aged samples is shown in the paper in 
Appendix D. Later work involved chemically degrading one of the test slabs with aqueous 
sodium sulfate over a period of approximately one year, followed by removal by removal of 
the sulfate by leaching. Chemical analyses showed large amounts of Ca, Si, Al, and other 
major concrete constituents in the leachates, indicating significant concrete degradation. 
Surface cracking was also visible, although the test slab was still intact. After leaching of 
the test slab, it was dried over an extended period, with radon diffusion and advection 
measurements at different moisture contents during the drying period. The last of these 
measurements are in progress, after which the results will be reported/ 1 2* 

More detailed models of radon penetration of cracks were developed in the course of 
this research project, and these were also incorporated into extensions of the RAETRAD 
model. ( 8 ) The advantage of the extensions was to permit modeling of the crack by specifying 
only its width and length, rather than the previously-required permeability and diffusion 
properties. The permeability and diffusion properties are now determined inside the 
extended RAETRAD model by theoretically-based model algorithms determined as part of 
this work. The text of the paper describing the crack functions in the extended RAETRAD 
model is presented in Appendix E. 

A clarification of the literature on previously-observed porosity trends and diffusion 
definitions for concrete was required by an outside publication. The porosity trends were 
therefore clarified, and the correct definition of diffusion coefficients for concrete was shown. ( 9 ) 

The text of this material is shown in Appendix F. 

The primary publication describing all of the test slabs and measurements in the 
project is in final review by co-authors, and will shortly be submitted to Health Physics/1 0* 
The paper describes a novel method for controlling and maintaining steady-state advective 
air currents during radon diffusion measurements. It also describes the detailed experiments 
and methods used to characterize different kinds of cracks, penetrations, cold-joints, stressed 
domains, surface sealants, and other concrete properties. The full text of the paper is 
presented in Appendix G, with the following specific conclusions: 
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A precise method was developed to measure radon penetration of concrete 
slabs, cracks, joints, and sealants by diffusion (AP = 0) and combined advection and 
diffusion (AP > 0). Diffusion coefficients among nine different slabs were equivalent, 
initially averaging 6.5 x 10"8 m 2 s"1 and having a standard deviation of only 8%. The 
diffusion coefficients increased with time by 0.16% per day over a 2 year period, 
suggesting that gradual moisture losses during storage and handling of concrete 
samples are significant and should be measured or controlled in work affected by 
moisture changes. Small-sample radon diffusion measurements on cores drilled from 
slab 9 are within the range of values measured for the slabs, and are consistent with 
the range of previous small-sample measurements on Florida concretes. An acrylic 
surface sealant did not affect the diffusion rate but a fibered asphalt coating reduced 
the diffusion coefficient by a factor of 6. Diffusion coefficients in solid masonry blocks 
averaged 4.5 times greater than those for concrete slabs. Small cracks around pipe 
penetrations did not significantly increase radon diffusion coefficients when the crack 
thickness was less than 2 x 10' 4 m. 

The intrinsic permeability of the concrete averaged 1 x 10' 1 6 m 2 , about 3.3 
times lower than previous measurements on Florida residential concretes. The 
intrinsic permeability of the masonry blocks was 4.3 x 10 5 times greater than that of 
the slabs. Advective air flow at pressures up to AP = 60 Pa did not significantly 
increase radon movement through intact slabs, through concrete initially cast against 
plastic pipes, or through caulked gaps. However, advective air flow increased radon 
movement through disturbed pipe-slab joints, masonry blocks, cold joints, and concrete 
under tensile stress. Using approximate equations to estimate air flow and crack 
width from advection-enhanced diffusion measurements, the disturbed pipe-slab joints 
were estimated to be equivalent to 2 x 10"4 m wide cracks with an effective area of 
1.1 x 10' 7 m 2 . Cold joints were estimated to be 1.7 x 10*4 m wide from their air flow 
properties. The approximate expressions compared favorably with caliper 
measurements of a 1.8 x 10*3 m wide slab crack and 2.4 x 10"4 m wide pipe-slab gaps. 
A tensile stress of 10 6 N increased the intrinsic permeability of the concrete by nearly 
a factor of 70, bringing it near the threshold range where advective radon transport 
through intact concrete becomes significant. 

Poured concrete is generally a good passive barrier to radon diffusion. Its 
diffusion resistance may be improved by using asphalt wall coatings. The low 
intrinsic permeability of concrete makes it an excellent passive barrier to advective 
radon entry to the extent that cracks and openings can be avoided. However, even 
small openings can contribute to advective radon penetration, and should be 
redundantly protected by effective seals, separate plastic membranes that limit air 
flow, or by designs that minimize joints, penetrations, or hollow wall channels. 
Masonry blocks permit increased diffusive and advective penetration and should 
probably be avoided for soil-contact portions of walls. While caulks can stop advective 
transport through cracks, the chance of caulk failure and need for maintenance may 
limit their long-term reliability. 

A special case of enhanced radon penetration of slab cracks was noted in empirical 
measurements where the average measured air pressure gradient was zero, but advective 
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transport still was active. The enhancement has been identified as cyclic advection from 
high-frequency air pressure fluctuations. Although not long enough to attain equihbrium, 
the cyclic air flows are caused by wind turbulence and building occupant activities (air 
handlers, door opening and closing, ventilating appliances, and other driving forces. Even 
though no net air displacement may occur, the temporary exchange of sub-slab air with 
interior air causes a net transport of radon through cracks and openings. The phenomenon 
was studied experimentally with the slab testing system developed for this project, and the 
results were analyzed and generalized with a new mathematical model. ( 1 1 ) The text of the 
paper being prepared on this part of the study is presented in Appendix H. 

2.3 QA/QC Activities 

The radon detection system being used for this project was intercompared with the 
chamber at the U. S. DOE Technical Measurement Center in Grand Junction, CO. The 
initial comparison agreed within 8%, and the RAE calibration was subsequently adjusted to 
eliminate this residual bias. Other intercomparisons documented in the appendices include 
slab versus core-sample radon diffusion measurements, inter-laboratory comparisons of radon 
diffusion measurements, and comparisons of analytical with numerical calculations of radon 
entry. 

2.4 Collaborations 

The primary collaborations in this project have been among the principal investigators 
at Rogers & Associates Engineering Corp. (Drs. Kirk Nielson and Vern Rogers), Drs. Thomas 
Pugh and Walter Grondzik at Florida A & M University in Tallahassee, FL, and Dr Robert 
de Meijer at Kernfysisch Versneller Instituut at Rijksuniversiteit Groningen, the 
Netherlands. These associations have jointly developed the experimental apparatus for slab 
testing, and have reviewed the resulting measurements and interpretations of data. We have 
also collaborated in sharing measurement data, technical approaches, and theoretical 
interpretations with Diana Holford, Battelle Pacific Northwest Laboratory; Alan Tanner, 
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formerly with U.S. Geological Survey; David Sanchez, U. S. Environmental Protection 
Agency, Indoor Environment Management Branch; Richard Snoddy, Acurex Corp.; 
Mohammad Madani, Florida Department of Community Affairs; David Hintenlang and Fazil 
Najafi, University of Florida; Tom Borak, Colorado State University; and Ashley Williamson, 
Southern Research Institute. 

3. SUMMARY OF REPORTS AND PUBLICATIONS 
RESULTING FROM THIS PROJECT 

The following reports and publications have resulted from this project: 

1. Progress Report for August 1993 to February 1994, K. K. Nielson and V. C. Rogers, 
DOE/OHER grant DE-FG03-93ER61600, February 1994. 

2. Continuation Progress Report for March 1994 to March 1995, K. K. Nielson and V. C. 
Rogers, DOE/OHER grant DE-FG03-93ER61600, April 1995. 

3. Characterization of Radon Penetration of Different Structural Domains of Concrete, 
K. K. Nielson and V. C. Rogers, FY95 Research Summary, Environmental Science 
Division, OHER, January 1996. 

4. Radon Diffusion Coefficients for Residential Concretes, V. C. Rogers, K. K Nielson, 
R. B. Holt, and R. Snoddy, Health Physics 67, 261-265 (1994). 

5. The RAETRAD Model of Radon Generation and Transport From Soils Into Slab-On-
Grade Houses, K. K. Nielson, V. C. Rogers, V. Rogers, and R. B. Holt, Health Physics 
67, 363-377 (1994). 

6. A Sensitive Effluent Method for Measuring Radon Gas Emanation from Low-
Emanating Materials, K. K Nielson and V. C. Rogers, Nuclear Instruments and 
Methods in Physics Research - A 353, 519-523 (1994). 
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7. Radon Diffusion Coefficients for Aged Residential Concretes, V.C. Rogers, K K. 
Nielson, and R. B. Holt, Health Physics 68, 832-834, (1995). 

8. RAETRAD Model Extensions for Radon Entry into Multi-level Buildings with 
Basements or Crawl Spaces, K. K. Nielson, V. C. Rogers, V. Rogers, and R. B. Holt, 
Health Physics, submitted, (1996). 

9. Porosity Trends in Radon Transport Through Concrete and Consistency in Defining 
Diffusion Coefficients, V. C. Rogers and K. K. Nielson, Health Physics, submitted, 
(1996). 

10. Radon Penetration of Concrete Slabs, Cracks, Joints, and Sealants, K. K. Nielson, V. 
C. Rogers, R. B. Holt, T. D. Pugh, W. A. Grondzik, and R. J. de Meijer, Health Physics, 
submitted, (1996). 

11. Enhanced Radon Penetration of Slab Cracks from Cyclic Air Pressure Fluctuations, 
K. K. Nielson, V. C. Rogers, and R. B. Holt, Health Physics, submitted, (1996). 

12. Effects of Chemical Degradation on Radon Penetration of Concrete Slabs, K. K. 
Nielson, V. C. Rogers and R. B. Holt, in preparation, 1996. 

Students trained: 

One student at the University of Utah was trained in the course of this project. Other 
students at the University of Florida and at KVI assisted in selected technical aspects of 
performing this work. 
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Appendix A 

—Paper — 

RADON DBFFUSION COEFFICIENTS FOR RESn)ENTIAL 
CONCRETES 

Vern C. Rogers,* Kirk K. Nielson,* Rodger B . Holt,* and Richard Snoddy1" 

Abstract—Radon gas diffusion through concrete can be a 
significant mechanism for radon entry into dwellings. Mea
surements of radon diffusion coefficients in the pores of 
residential concretes ranged from 2.1 x 10~8 m2 s _ 1 to 5.2 x 
10~7 m2 s - 1 . The pore diffusion coefficients generally in
creased with the water-cement ratio of the concrete and 
decreased with its density. A least-squares regression of the 
diffusion coefiicients on concrete density gave an r value of 
-0.73. 
Health Phys. 67(3):261-265; 1994 
Key words: radon; diffusion; 2 2 ZRn, indoor; soil 

INTRODUCTION 

INDOOR RADON entry has been modeled most commonly 
as advective transport by pressure-driven air flow 
from the soil through foundation cracks and openings. 
The flow is caused by the typically negative indoor air 
pressure compared with that in the soil and the out
door atmosphere. Radon generated in the concrete 
floor and radon diffusion from the soil through the 
concrete floor have generally been ignored. Recently, 
attention has been directed toward the importance of 
diffusion as a significant mechanism for radon entry. In 
particular, Holub et al. (1985) identified radon diffu
sion through concrete as a possibly significant source 
of indoor radon in an energy efficient home, and 
Rogers and Nielson (1990) identified diffusion through 
concrete floors and the contiguous soil as a significant 
mechanism for radon entry for many soils under 
typical long-term average foundation air-pressure gra
dients. Loureiro et al. (1990) have compared theoret
ical diffusive and advective radon transport rates in 
soils to estimate conditions when diffusion is insignif
icant. Finally, Ward et al. (1993) have stated that 
diffusion through concrete walls and floor plus the 
floor-wall joint accounted for more than 80% of the 
total radon entry into an experimental concrete base-

* Rogers and Associates Engineering Corporation, P.O. Box 
330, Salt Lake City, UT 84110-0330; f Acurex Environmental Cor
poration, P.O. Box 13109, Research Triangle Park, NC 27709. 

(Manuscript received 26 October 1993; revised manuscript 
received 1 March 1994, accepted 30 March 1994) 

0017-9078/94/S3.00/0 
Copyright © 1994 Health Physics Society 

ment. The measurements were made over a 2-wk 
period, with relatively calm winds. 

While the diffusive radon flux through concrete 
floors is much smaller than the advective flux through 
floor cracks, the predominance of the intact floor area 
over the crack area may compensate for the difference 
in fluxes. Thus, it is important to examine the diffusion 
coefficients for radon in the concretes used in dwelling 
slabs to better assess the diffusive mechanism of radon 
entry. Diffusion coefficients have been measured for 
several samples of residential concretes from Florida. 

BACKGROUND 

Previously reported values for the diffusion coef
ficients, D, of radon in the pore volume of concretes 
are listed in Table 1. Most of the data were originally 
reported as a diffusion length, L, where 

L = \/D/\, (1) 
where 

L = diffusion length (m); 
D = pore diffusion coeffic 
\ = radon decay constant (2.06 x 10" 

D — pore diffusion coefficient (nr* s ); and 
" 6 s - 1 ) . 

Eqn (1) was used to obtain the value of D when L 
was given in the literature. When available, the water-
cement ratio (W:C), and the porosity, p, of the con
crete are also presented in Table 1. 

These measurements range from 7 x 10 
to 1.7 x 10" 7 m 2 s 

y n r s ' 
but most are less than 10~7 m 2 

MATERIALS AND METHODS 

Pore radon diffusion coefficients were measured 
on 9 samples of residential concretes and 16 samples 
cut from test cylinders of residential concretes from 
Florida. The samples were 0.10 m in diameter and 
ranged from 0.05 to 0.10 m in length. Concrete slabs in 
Florida residences are typically about 0.1 m thick. The 
physical properties of the samples are given in Table 2. 

Five-cm-thick samples C001A through C005C 
were cut from five compression test cylinders (001 
through 005) from batches that were used in residential 
construction. The test cylinders were poured in Jack-
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Table 1. Previous diffusion coefficient measurements in concrete. 

Volume 67. Number 3 

Reference 
Diffusion coefficient 

DflO-Xm^-') W:C 
Density 

(10- 3 kg m"3) 

Kruik 1971 as quoted in Zapaiac 1983 
Culot et al. 1976 
Jonassen and McLaughlin 1980 
Stranden and Berteig 1980 
Zapaiac 1983 
Stranden 1988 
Shuman et al. 1988 

3.5-17.3 
2.3 
1.1 
3.6 

3.3, 6.0 
0.7-8.2 
0.7, 1.7 

a 

0.46 
a 
a 
a 
a 

0.38. 0.39 

a 

2.3 
2.4 

a 

2.4, 2.25 
a 

2.4, 2.4 

* Not reported. 

Table 2. Physical properties of concrete samples. 
Sample WatercCement Dry density Calculated Sample 

ID Ratio (10s kg m~5) porosity thickness (m) 
C001A 0.60 2.11 0.19 0.05 
C001B 0.60 2.10 0.19 0.05 
C001C 0.61 1.96 0.25 0.05 
C001D 0.61 1.97 0.24 0.05 
C002A 0.53 2.05 0.21 0.05 
C002B 0.53 2.05 0.21 0.05 
C002F 0.53 2.07 0.20 0.05 
C003A 0.67 2.01 0.23 0.05 
C003B 0.67 2.04 0.22 0.05 
C003F 0.67 1.97 0.24 0.05 
C004A 0.66 2.10 0.19 0.05 
C004B 0.66 2.11 0.19 0.05 
C004C 0.66 2.05 0.21 0.05 
C005A 0.58 1.93 0.26 0.05 
C005B 0.58 2.01 0.23 0.05 
C005C 0.58 2.03 0.22 0.05 
C013 0.56 1.91 0.27 0.12 
C015 0.56 1.94 0.25 0.12 
C033 0.57 2.08 0.20 0.10 
TCA 0.60 2.15 0.17 0.10 
TCB 0.60 2.13 0.18 0.10 
TCC 0.60 2.14 0.18 0.09 
TCD 0.60 2.08 0.20 0.09 
M-l 0.53 2.11 0.19 0.10 
M-2 0.36 2.26 0.13 0.10 

sonville, Tampa, Orlando, and Miami, FL. They were 
provided by the Florida Concrete and Products Asso
ciation.* Four of the five test cylinders had a 0.152-m 
diameter and a 0.305-m length. The fifth test cylinder 
had a 0.102-m diameter and a 0.203-m length. Samples 
obtained from the same test cylinder are identified and 
differentiated by a letter at the end of the sample 
identification. The A samples are from the top of the 
cylinder and the F samples are from the bottom as it 
was cast. 

Samples C013 and C015 were cut with 0.10-m-
diameter core drills directly from residential slabs in 
Lakeland, FL, and sample C033 was cut from a 
residential slab in Gainesville, FL. The four T-series 
samples were cut from the floor slabs of two radon 
entry test cells constructed and operated as part of the 
Florida Radon Research Program (Fowler et al. 1991). 
Two samples, M-l and M-2, were cylinders cast in the 

laboratory from a dry concrete mix from Florida. The 
M-l and 'M-2 cylinders were 0.10 m in diameter and 
0.10 m long. The W:C for all samples, except C033, 
were obtained from the concrete suppliers' mix design 
specification sheets. The W:C for sample C033 was 
estimated from its density (Nielson and Rogers 1991). 

If density values were not supplied with the test 
cylinders, they were obtained from laboratory mea
surements of the mass and volume of the samples. The 
free water content of samples B-l and D-l was mea
sured gravimetrically before and after drying the sam
ples at 100°C. They averaged 1.7% (dry weight basis). 
This value was assumed to apply to all samples and 
was used to .obtain the dry densities from the measured 
air-dry laboratory densities by dividing the air-dry 
densities by 1.017. Hence, the dry densities were 
about 2% less than the air-dry densities. Although the 
diffusion coefficients were measured at the air-dry 
density and moistures, the dry density was used to 
characterize the concrete samples because it repre
sents a consistent point of reference that was not 
subject to environmental moisture variability. In-situ 
moisture contents were not measured for the con
cretes owing to moisture losses between the time the 
samples were collected and the time they were re
ceived in the laboratory. Polyethylene vapor barriers 
placed under the residential concrete slabs prevented 
the concrete from contacting soil. 

The total concrete porosities were calculated from 
the relationship 

p = l-d/G, (2) 
where 

* Florida Concrete and Products Association, 649 Vassar 
Street, Orlando, FL 32804. 

d = concrete dry density (g cm3); 
p = total sample porosity (m3 m~ 3); and 
G = solids density (assumed to be 2.6 x 103 kg 

m- 3 ) . 
The procedure and equipment used to measure 

the diffusion coefficients was described previously 
(Nielson et al. 1982). The samples were glued into the 
diffusion sample holders using an epoxy which has a 
negligibly low diffusion coefficient. 

The sample is placed on a high concentration 
radon source (—107 Bq m - 3 ) , and an alpha detector is 
placed on the top end of the sample. At zero time, the 
valve of the radon source is opened, and the radon 
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diffuses upward through the concrete sample and into 
the detector. The time dependence of the detector 
counts indicates the time dependence of the radon 
diffusion through the sample and is directly related to 
D. The procedure considers the effect of radon gener
ated in the concrete. However, the 2 2 6 Ra concentra
tions in the concrete samples were all less than 90 Bq 
k g - 1 , so radon generated in the concrete was negligi
ble compared to radon from the source term in the 
equipment. 

RESULTS AND DISCUSSION 

The measured radon diffusion coefficients in the 
pore space of the concrete are listed in column 2 of 
Table 3. The diffusion coefficients range from 2.1 x 
10~8 to 1.1 x 10~7 m 2 s _ 1 for the slab samples, and 
from 1.2 x 10~7 to 5.2 x 10~7 m 2 s - 1 for the samples 
from test cylinders. These D values are generally 
higher than previous measurements given in Table 1, 
but the concrete densities are significantly lower. 
However, variations up to a factor of two are observed 
on different samples from the same test cylinders or 
concrete batch. This variation is attributed to material 
heterogeneity. 

To test the effect of material inhomogeneity in the 
test cylinders, paired measurements from adjacent 
samples are compared to obtain a relative standard 
deviation of 31%. The relative standard deviation of 
the paired test is computed as 

RSD = \Z2nl(Di-D2)2/l (£>i + D2), (3) 

Table 3. Radon diffusion coefficients of florida concrete 
samples. 

Sample no. 
D 

( lO - 8 n r s"') 
£>c 

T - i> (10-B n r s _ 1 ) 

C001A 
C001B 
C001C 
C001D 
C002A 
C002B 
C002F 
C003A 
C003B 
C003F 
C004A 
C004B 
C004C 
C005A 
C005B 
C005C 
C013 
C015 
C033 
TCA 
TCB 
TCC 
TCD 
Ml 
M2 

12 
34 
15 
14 
18 
18 
52 
19 
25 
37 
32 
32 
44 
17 
17 
39 
11 
11 
10 
7.4 
2.6 
2.1 
3.6 
6.4 
3.7 

150 
150 
200 
190 
170 
170 
160 
190 
180 
190 
150 
150 
170 
210 
190 
180 
210 
200 
160 
130 
140 
140 
160 
150 
90 

where 
RSD = relative standard deviation among pairs; 

£>, = first D measurement; 
D2 = second D measurement; and 

n = number of pairs being compared. 

Five of the paired measurements are the adjacent 
A and B samples from the test cylinder specimens, 
C001 through C005. The sample pair C001C and 
C001D was also included in the paired analysis be
cause its components are also adjacent. Both measure
ment precision and differences in material composition 
of the adjacent paired samples contribute to the 31% 
RSD. 

The diffusion coefficient procedure has an accu
racy of less than 7% for reference dry materials with 
known D values (Nielson et al. 1982). 

The D generally increases with increasing W:C 
ratio and with decreasing density. Nielson and Rogers 
(1991) have previously given a correlation between 
seven measured values of D for concrete and their 
W:C ratio. Least squares regression of the present 
data set on W:C yields the following equation: 

D = 7.7 x 1(T 1 0 exp(8.7 W:C). (4) 
The data and regression line are shown in Fig. 1. The 
correlation coefficient given for the fit of the present 
data by eqn (4) is r — 0.66. Previous literature values 
from Table 1 are also included in Fig. 1 when W:C 
values are available. The relationship given in eqn (4) 
has a smaller dependence on W:C than that given in 
Nielson and Rogers (1991). 

Regressing!) on the dry density (d) is more useful 
because density is easier to estimate for concretes and 
because accurate W:C values are difficult to obtain for 
concretes that were poured in considerably earlier 
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Fig. 1. Regression of ambient-moisture radon diffusion coef
ficient measurements on the water-cement ratio of concrete. 
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times. A least-squares regression using data from 
Table 2 and the previous data given in Table 1 when 
density values are available gives 

D = (0.084) exp(-0.0064d), (5) 
with r = -0.73. The data and regression line with 
density are illustrated in Fig. 2. 

Although the regression given in eqn (5) only 
accounts for about 54% of the variation in D, it is 
useful for estimating the radon diffusion coefficients of 
concretes when measured values are not available. 

Since concrete is a porous material, it is also of 
interest to compare the concrete D measurements with 
a previous D correlation for porous earthen materials 
(Rogers and Nielson 1991). The correlation is 

D m = O.llp exp(-6sp - 6s14P), (6) 
where s = moisture fraction of saturation. 

The D's calculated from eqn (6) for the concrete 
are listed in the third column of Table 3. They gener
ally exceed the measured D's by about an order of 
magnitude. This occurs because the small pore dimen
sions in the concrete cause Knudsen diffusion to 
dominate (Woods 1968; Youngquist 1970). Knudsen 
diffusion coefficients can be combined with the molec
ular diffusion coefficient to obtain the total diffusion 
coefficient as (Youngquist 1970) 

D, = (D- 1 + D^ 1 ) - 1 , (7) 
where 

D, = total pore diffusion coefficient (m2 s '); 
Dm = molecular pore diffusion coefficient 

( m ^ - 1 ) ; 
DK — Knudsen pore diffusion coefficient 110 f 

(m2 s - 1 ) ; and 
r = average pore radius (m). 

The average pore radius in the concrete samples 
can be estimated by using the measured concrete D's 

10* r-
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Fig. 2. Regression of ambient-moisture radon diffusion coef
ficient measurements on the dry bulk density of concrete. 
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for D „ the D's calculated from eqn (6) for Dm, and 
solving for r using eqn (7). The resulting estimated 
pore radii range from 2 x 10" 1 0 to 7 x 10" 9 m. This 
range is consistent with the range of pore radii re
ported in the literature for the cement paste portion of 
concrete (Woods 1968). 

CONCLUSIONS 

Radon diffusion coefficients for the pore space of 
residential concrete slabs and test cylinders were 
measured for 25 samples from Florida. The measured 
pore diffusion coefficients ranged from 2.1 x 10~8 to 
1.1 x 1 0 - 7 m 2 s _ 1 for the slab samples and from 1.1 x 
10~7 to 5.2 x 1 0 - 7 m 2 s _ 1 for the samples from the test 
cylinders. These values are consistent with previous 
values in the literature but extend the upper limit of the 
range by about a factor of five. The D correlations, 
with concrete density and watencement ratio, provide 
sufficient accuracy for general scoping studies. The 
geometric mean of the measured radon diffusion coef
ficients in concrete (1.4 x 10~7 m 2 s _ 1 ) is sufficiently 
high to permit radon diffusion to be the dominant 
mechanism for indoor radon entry under common 
long-term indoor pressure conditions (Nielson and 
Rogers 1991). 
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— Paper— 

THE RAETRAD MODEL OF RADON GENERATION AND 
TRANSPORT FROM SOILS INTO SLAB-ON-GRADE HOUSES 

Kirk K. Nielson, Vera C. Rogers, Vera Rogers, and Rodger B . Holt* 

Abstract—Remediation planning and 2Z2Rn-reIated construc
tion zoning require knowledge of how close and strong " 6 Ra 
sources can be in different foundation soils under different 
groundwater conditions without excessively elevating indoor 
z 2 2Rn levels. A two-dimensional numerical-analytical model 
was developed to simulate (a) 2 2 2Rn emanation, decay, and 
movement by diffusion and advection in soils around houses 
and in their understructures; and (b) Z 2 2Rn accumulation in a 
single-zone house. The model represents foundation soils and a 
house in elliptical-cylindrical geometry. 2 2 2Rn may diffuse 
through its floor slab or may enter via idealized cracks and 
openings. The model was validated with analytical calculations 
of two-dimensional air pressure fields and with one-
dimensional calculations of 2 Z ZRn generation with diffusion 
and diffusion combined with advection. Agreement generally 
was within <1% when finite-difference approximations were 
minimized. Benchmark comparisons with indoor " 2 Rn mea
surements in two test-cell structures under passive and de-
pressurized conditions averaged within 11% of measured 
values, well within measurement uncertainty. The correspond
ing average bias was only 3%. Larger variations were ob
served when applying the model to 50 houses. In this applica
tion, a negative bias of nearly 50% was observed due to data 
gaps and to poorly-characterized floor slabs and crack distri
butions. 
Health Phys. 67(4):363-377; 1994 
Key words: 2 2 2Rn, indoor; 226Rz; soil; diffusion 

INTRODUCTION 

ELEVATED indoor 2 2 2 Rn concentrations usually result 
from elevated 2 2 2 Rn generation and mobility in soils 
combined with openings or pores in building founda
tions. Models that characterize 2 2 2 Rn generation in soil 
and transport into houses have ranged from simplified, 
special-case geometries (Mowris and Fisk 1988; Naz-
aroff and Sextro 1989) to detailed three-dimensional 
numerical models (Loureiro et al. 1990). In reviewing 
the models, Loureiro et al. (1990) noted the tendency 
to ignore diffusive transport of Rn, even in detailed 
numerical models. While emphasizing details of 
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330, Salt Lake City, UT 84110-0330. 

(Manuscript received 2 June 1993; revised manuscript received 
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pressure-driven air flow through foundation openings, 
models have given less attention to the effects of 
varied 2 2 2 Rn source distributions in the soils surround
ing the foundation. The 2 2 2 Rn sources in near-
foundation soils are especially important in problems 
such as planning and regulating soil excavation and 
replacement at Ra-contaminated sites and in regu
lating building construction in areas with naturally-
elevated 2 2 6 Ra strata or high ^ R a fill soils. For these 
problems, models must address the questions of how 
close and how strong a 2 2 2 Rn source can be for 
particular soil and ground water conditions without 
excessively elevating indoor 2 2 2 Rn levels. 

The RAdon Emanation and TRAnsport into Dwell
ings model (RAETRAD) is a conceptual and mathemati
cal approach to address these planning and regulatory 
problems and to estimate indoor -^Rn levels in dwellings. 
It was developed to support 222Rn-resistant construction 
standards for the Florida Department of Community 
Affairs (FDCA) and the U.S. Environmental Protection 
Agency (EPA). It also provided a technical basis for soil 
excavation and replacement standards at 2 2 6Ra-
contaminated superfund sites (Rogers et al. 1992). For the 
Florida standards, RAETRAD was developed to charac
terize the importance of natural 2 2 2 Rn sources in founda
tion soils and fill materials, the competing mechanisms of 
2 2 2 Rn entry, the geographic distribution of 2 2 2 Rn poten
tials for construction zoning maps, and to develop simpli
fied lumped-parameter models (Rogers and Nielson 
1991b; Nielson and Rogers 1992; Nielson et al. 1993; 
Rogers et al. 1993). 

The RAETRAD model is implemented as a steady-
state, numerical-analytical computer code (Nielson et al. 
1992) that simulates (a) 2 2 2 Rn generation and decay in soil 
regions around a house and in the house understructure 
(e.g., floor slab, footings); (b) diffusive and pressure-
driven advective movement of Rn through the soils and 
the house understructure; and (c) ^ R n accumulation in a 
mixed, single-chamber house with a defined ventilation 
rate. Multiphase 2 2 2 Rn source and transport equations 
explicitly represent the rigid soil particles, pore water, and 
air-filled pore space (Rogers and Nielson 1991a, 1993). 
Numerical equations represent varied spatial distributions 
of 2 2 2 Rn sources, soil properties, water contents, and 
boundaries. The house modeled by default options in 
RAETRAD is defined genericalry as a slab-on-grade 
structure to correspond to typical single-famiry residential 
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housing in Florida. The modeling approach is general, 
however, and also could be applied in principle to houses 
with basements or other foundation designs. 

The present RAETRAD code overcomes several 
limitations of two-dimensional models that were in its 
initial application (Rogers and Nielson 1990). First, 
elliptical-cylindrical geometry now considers an as
pect (lengthAvidth) ratio to represent rectangular 
house shapes, while still preserving the numerical 
simplicity of a two-dimensional model. Second, calcu
lations that avoid the need for cylindrical symmetry 
represent discrete openings in the floor (e.g., pipe 
penetrations, sumps). Third, multiple openings (cracks 
and/or holes) are accommodated with independent 
pressure and 2 2 2 Rn boundary conditions for increased 
model flexibility. Finally, the numerical calculations 
are performed in a matrix calculation that avoids the 
iterative approach used initially. 

This paper describes the theoretical basis of the 
RAETRAD model, its numerical implementation, and 
its methods of dealing with foundation openings. It 
also compares selected RAETRAD calculations with 
analytical calculations and with indoor ^ R n measure
ments for benchmark validation. 

THEORETICAL BASIS 

The decay of 2 2 6 Ra in soils, concrete, and other 
(generally solid phase) materials generates 2 2 2 Rn with an 
energetic recoil trajectory that sometimes ends in the 
interconnected pore space of the material. The 2 2 2 Rn 
source strength therefore depends on both the 2 2 6 Ra 
concentration and on the fraction of 2 2 2 Rn atoms reaching 
the pore space, which is defined as the 2 2 2 Rn emanation 
coefficient. The emanated 2 2 2 Rn gas is distributed be
tween the aqueous and gas phases of the pore space 
according to equilibria defined by Henry's Law constants. 
It also is distributed between the solid and gas phases 
according to equilibria defined by surface adsorption 
coefficients. The 2 2 2 Rn in the gas phase moves rapidly by 
concentration-driven diffusion and by advection with 
pressure-driven air flow. Slower, but important, 2 2 2 Rn 
diffusion in the aqueous phase also occurs. RAETRAD 
ignores aqueous advection due to water flow and surface 
diffusion in the solid phase because of their relative 
insignificance in the foundation-soil environment. With 
2 2 2 Rn movement, new equilibria are established between 
the localized solid, aqueous, and gas phases that may 
correspond to higher or lower 2 2 2 Rn concentrations than 
are caused by the emanation rate in the immediate vicin
ity. 

Rogers and Nielson (1991a) give three coupled 
differential equations that describe 2 2 2 Rn emanation 
and transport in the solid, aqueous, and gas phases of 
porous materials. They reduce these equations to a 
single, multi-phase differential equation for steady-
state 2 2 2 Rn concentrations that demonstrates the sep
arability of air pressures and velocities from the 2 2 2 Rn 
source and transport factors. The air pressure and flow 
problem is solved first, and the resulting air velocities 

then are used to solve the 2 2 2 Rn generation and trans
port problem. The differential equation solved to char
acterize steady-state pressure-driven air flow is ob
tained from the equation of continuity and the 
equation-of-state for gases under isothermal expansion 
(Yuan and Roberts 1981). 

Boundary conditions for the pressure and ~ zRn 
equations require continuous air pressures and ~ 2Rn 
concentrations in the pores of adjacent numerical 
mesh elements. They also require continuous air ve
locities and ~ 2 Rn fluxes across the bulk mesh areas of 
adjacent elements. External boundaries of the numer
ical system are defined as zero air flow or flux (zero 
pressure or concentration gradient) at the bottom 
boundary, the outer radial boundary, and at the center 
of symmetry (Fig. 1). Indoor and outdoor pressures or 
concentrations, or special values that may be specified 
over the floor openings, define the top boundary (Fig. 
1). The governing equation solved by RAETRAD for 
air pressures is written on a bulk-space basis in two-
dimensional, elliptical-cylindrical coordinates as 

d[(Kvlv.) d(Phha)/dz]/dz + d[(Krl)i.) d(Pb/ea)ldrydr 
+ (g/rKKrM diPbleJ/dr = 0, (1) 

where 
d/dz - vertical derivative (m - 1 ) ; 
Kv = bulk soil air permeability in the vertical 

direction (m2); 
pi = dynamic viscosity of air (1.8 x 1 0 - 5 Pa s); 

Pb=P ea = air pressure on a bulk-space basis 
(Pa); 

P = air pressure on a pore-space basis (Pa); 
e a = e(l-S) = air-filled porosity (dimension-

less); 
E = total soil porosity (dimensionless: cm3 pore 

space per cm 3 bulk space); 
5 = soil water saturation fraction (dimension-

less); 
d/dr = radial derivative (m - 1 ) ; 
Kr = bulk soil air permeability in the radial di

rection (m2); 

"".'.'.'.'.'.'.'.'.'•'.'.'•'•'• '.'•'•'•'• '•'. '•'•'•'.'.'.'.'.'.'.'.:: i ? 0 " H ^ i o n * • • 

Fig. 1. Two-dimensional grid and boundaries used to define 
slab and soil regions for indoor —Rn and air entry calcula
tions. 
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g = elliptical radial dispersion factor = V[2/ 
(l+r f l

2)] (dimensionless); 
ra = house dimensional aspect ratio (length/ 

width, dimensionless); and 
r~ radial position from the house center of 

symmetry (m). 

Upon solving the pressure field with eqn (1), 
vertical and radial air velocities between mesh units 
are computed and stored for the 2 2 2 Rn calculations 
using the corresponding equations from Darcy's law, 
which are written as 

vbv = -(KV/\L) d(Pb/ea)/dz 

vbr=-{Krlv)d(.Pblea)ldr, 
(2) 

(3) 
where 

vbv = bulk vertical air velocity (m s x); and 
vbr = bulk radial air velocity (m s - 1 ) . 

The governing differential equation solved by 
RAETRAD to find steady-state ~~Rn concentrations 
is obtained from the multi-phase 2 2 2 Rn balance equa
tion (Rogers and Nielson 1991a). It is written on a 
bulk-space basis in two-dimensional, elliptical-
cylindrical coordinates as 

a[£»/fla(Cfc//f)/az]/az + d[D/ad(Cb/fs)/dr]/dr 
+ {glr)Dfad{Cblfs)ldr - d(VbvCb/fs)/dz - d(vbrCb/fs)/dr 

- (g/r)vbrCb/fs - \Cb + Rp\E = 0, (4) 
where 

Dv = vertical diffusion coefficient for -^Rn in soil 
pores (m2 s - 1 ) ; 

fa -e(l-S+SkH) (dimensionless); 
icH =Rn distribution coefficient (water/air) 

from Henry's Law (0.26 Bq m - 3 water per 
Bq m~ 3 air at 20°C); 

Cb =fsCa = m R n concentration in bulk soil 
space (Bq m - 3 ) ; 

Ca =~ 2 Rn concentration in air-filled pore space 
(Bq m - 3 ) ; 

fs = e(l-S+SkH) + pka (dimensionless); 
p = soil bulk density (kg m~ 3, dry basis); 

ka =kao exp(-bS) <m3 kg" 1); 
kao = coefficient of Rn adsorption on dry sur

faces (m3 kg - 1 ) ; 
b = adsorption-moisture correlation constant 

(kgrn" 3); 
Dr = radial diffusion coefficient for Rn in soil 

pores (m2 s - 1 ) ; 
X = 2 2 2 Rn decay constant (2.1 x 10~6 s - 1 ) ; 
R =soil 2 2 6 Ra concentration (Bq kg - 1 ) ; and 
E = total 2 2 2 Rn emanation coefficient (air + wa

ter) (dimensionless). 

This equation includes gas-phase advective trans
port and combined gas-phase and liquid-phase diffu
sive transport of ^ R n . The first term in eqn (4) 
represents vertical diffusion; the second and third 

represent radial diffusion; the fourth represents verti
cal advection; the fifth and sixth represent radial 
advection; the seventh represents 2 2 2 Rn decay; and the 
eighth represents 2 2 2 Rn generation by emanation. The 
factor fa physically corresponds to the effective poros
ity in which Rn is distributed, including the 
weighted gas-phase and liquid-phase components. The 
factor fs similarly represents the effective porosity 
containing 2 2 2 Rn, but also includes an equivalent pore 
volume for 2 2 2 Rn adsorbed on solid pore surfaces. 

The combined-phase diffusive transport is charac
terized by appropriate moisture- and porosity-
dependent values of the diffusion coefficient of the 
pore space (Rogers and Nielson 1991a, 1991c). This 
approach is important to correctly characterize 2 2 2 Rn 
diffusion in unsaturated soil pores that may have small 
intermittent water blockages, but that still may trans
mit significant 2 2 2 Rn flux (Nielson et al. 1984). Vertical 
and radial 2 2 2 Rn fluxes between adjacent soil layers or 
regions, across the top soil surface, and across the 
soil-house interface are calculated as 

Fv = -{CtfsWM dWeJ/dz - {faDJ diCJfJ/dz (5) 

Fr = -(Ch/fsXK/y.) d{PblEa)ldr - (faDr) diCJfJ/dr, (6) 
where 

Fv =bulk vertical 2 2 2 Rn flux (Bq m - 2 s - 1 ) ; and 
Fr = bulk radial ^ R n flux (Bq m - 2 s - 1 ) . 

The first (advective) terms in eqns (5) and (6) 
represent the Rn flux from bulk air movement in the 
air-filled pore space. The second (diffusive) terms of 
eqns (5) and (6) result from Fick s law, which de
scribes ^ R n flux in a single phase (Fick 1855; Crank 
1975). 

The air permeability of soils for use in eqns (l)-(3) 
may be measured by in-situ field methods (Nielson et 
al. 1989; Williamson and Finkel 1991). If representa
tive measurements are unavailable, generic values can 
be estimated for modeling purposes from an empirical 
function of the soil water content, soil porosity, and 
the average soil particle diameter as follows (Rogers 
and Nielson 1991c): 

K= 104(e/500)2rf4/3 exp(-125 4), (7) 
where d = arithmetic mean soil particle diameter, 
excluding > # 4 mesh (m). 

This correlation is based on 137 in-situ soil air 
permeability measurements in Florida and Utah soils. 
It exhibits a geometric standard deviation (GSD) of 2.3 
between measured and calculated values. The textures 
of its basis soils range from gravelly sands to fine 
clays. Their air permeabilities range from 1 0 - 1 6 to 
1 0 - 1 0 m 2 , and their fractions of water saturation range 
from 0.06 to 0.97. 

Diffusion coefficients for 2 2 2 Rn in soils for use in 
eqns (4)-(6) can be measured by standard laboratory 
methods (Nielson et al. 1982; Williamson and Finkel 
1991). If representative measurements are unavailable, 
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generic values can be estimated similarly for modeling 
purposes from an empirical function of the soil water 
content and soil porosity as (Rogers and Nielson 
1991c) 

D = D0e exp(-6Se - 6S14e), (8) 
where D0 = diffusion coefficient for 2 2 2Rn in air (1.1 x 
lCr5 m2 s"1). 

This correlation is based on over a thousand 
laboratory measurements of 2 2 2Rn gas diffusion in 
recompacted soils from Arizona, Colorado, Idaho, 
New Mexico, Oregon, Pennsylvania, Texas, Utah, 
Washington, and Wyoming. It exhibits a GSD of 2.0 
between measured and calculated values. The textures 
of its basis soils ranged from sandy gravels to fine 
clays. Their diffusion coefficients ranged from 10" 1 0 to 
10~5 m 2 s - 1 , and their water contents ranged from 
dryness to saturation. The RAETRAD code contains 
default values of d and water content for standard soil 
textural classes (Soil Survey Staff 1975; Nielson and 
Rogers 1992) so that the user needs only to specify a 
soil type if default values of K and D from eqns (7) and 
(8) are desired. 

Soil porosity for use in the 2 2 2Rn and air pressure 
equations generally is estimated from soil density, 
which also is required for eqn (4). Density commonly 
is measured by the drive-cylinder method (American 
Society for Testing and Materials 1983) or is estimated 
from data on similar soils in county soil survey reports 
(e.g., see Thomas et al. 1985). Soil porosity is calcu
lated from soil density as 

e = 1 - p/Pg, (9) 
where pg = soil specific gravity (kg m - 3 ) . 

Soil water content, as a fraction of saturation, is 
used to calculate^ and e 0 in eqns (l)-(6). It also occurs 
as the dominant surrogate in defining soil air perme
ability and 2 2 2Rn diffusion coefficients in eqns (7) and 
(8). Since water content commonly is measured or 
reported in units of percent water on either a mass or 
volumetric basis, it is converted to saturation fraction 
units with the following relation: 

1005 = pMJ(pws) = Mv/(pwe), (10) 
where 

Mw = soil water content (dry weight percent); 
pw = density of water (kg m - 3 ) ; and 

Mv = soil water content (volume percent). 

Soil water contents are best defined from mea
surements; however, seasonal variations may require 
extensive data collection to obtain representative long-
term averages. When measured data are inadequate or 
unavailable, they can be estimated for modeling from 
the soil water drainage characteristics, which are 
commonly reported in county soil surveys (e.g., Tho
mas et al. 1985). At depths within about 1-2 m of the 
water table, long-term average water contents often 
correspond to drainage curve values at matric poten

tials that are equal to the distance above the water 
table (Marshall and Holmes 1979). For deeper water 
tables, field capacity values give the maximum water 
contents that remain after gravitational drainage. 
These values are commonly represented by the water 
contents at matric potentials of -10 kPa (-1 m H 20) 
for sandy soils to -30 kPa (-3 m H 20) for loams and 
finer-textured soils (Papendick and Campbell 1980). In 
wet climates such as Florida, field-capacity values are 
typically maintained at shallow depths during much of 
the year. In the absence of more specific data, field-
capacity values for estimating water contents also can 
be estimated from soil texture and density using 
physico-empirical models of soil water drainage char
acteristics (Nielson and Rogers 1992). 

RAETRAD uses two-dimensional finite-difference 
forms of eqns (l)-(6) as a computationally-efficient 
alternative to three-dimensional algorithms. Three-
dimensional algorithms require much longer computa
tion time and larger data sets to yield results very 
similar to those obtained from two-dimensional calcu
lations [as demonstrated for houses with basements by 
Revzan et al. (1991)]. Although two-dimensional ana
lytical solutions exist for certain special cases, numer
ical methods are required to solve eqns (1) and (4) with 
enough generality to accurately represent a house 
foundation and its underlying soils. 

The house floor slab, footings, foundation soils, 
and floor cracks are defined with elliptical-cylindrical 
symmetry so that two-dimensional arrays can repre
sent their properties in finite-difference calculations. 
With this symmetry, the footprint of a rectangular 
house is represented by an ellipse of equal area. The 
elliptical-cylindrical geometry approximation more ac
curately represents the aspect ratio (length/width) of 
the rectangular house than do corresponding circular-
cylindrical or two-dimensional cartesian geometries. 
The material property arrays are oriented in the verti
cal and radial (horizontal) dimensions, with the origin 
at the top of the floor slab for the vertical dimension 
and at the center of symmetry in the radial dimension, 
as illustrated in Fig. 1. Individual regions defined for 
foundation fill, sub-soils, concrete slabs, footings, and 
other structures are assumed to be homogeneous. 
However, they can be divided into numerous different 
regions with different properties, depending on the 
level of detail desired for describing the problem. 
Thus, horizontal layers of different soil types or other 
site-specific features can be represented. For each 
defined region, individual values are defined for 2 2 6Ra 
concentration, Rn emanation coefficient, density, 
porosity, water content, 2 2 2Rn diffusion coefficient, air 
permeability, ~2Rn adsorption coefficient, and anisot-
ropy for the diffusion and permeability coefficients. 

The two-dimensional numerical equations are 
coupled with analytical functions in selected disconti
nuity regions, such as floor cracks, to model air and 
—2Rn entry with greater computational speed and 
efficiency. Analytical functions, as in eqns (7) and (8), 
also are used to define default values of input param-
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eters for cases in which more specific values are 
unavailable. The resulting numerical-analytical algo
rithm provides relatively fast but detailed calculations 
suitable for small, personal computers. It also retains 
the operational simplicity and minimal input require
ments previously associated with one-dimensional cal
culations (Rogers et al. 1989). The RAETRAD algo
rithm assumes isothermal conditions, except as 
thermal gradients affect the user definitions of indoor 
air pressure and air exchange rate. 

The total rates of soil gas and 2 2 2 Rn entry into the 
house are computed by summing the contributions of 
each concentric, annular mesh area over the entire 
floor slab. Air entry rates are computed as 

Q3ir=2iA^bv)i, (11) 
where 

Qail = flow of soil gas into the house (m3 s - 1 ) ; 
A; = area of floor annulus i (m2); and 

(vbv)i = air velocity from the floor through annular 
area / (m s - 1 ) . 

Corresponding 2 2 2 Rn entry rates are computed as 

where 
2 R „ = rate of 2 2 2 Rn entry into the house (Bq 

s - 1 ) ; and 
(Fv)o,i = vertical 2 2 2 Rn flux from the floor through 

annular area / (Bq m - 2 s _ 1 ) . 
The indoor 2 2 2 Rn concentration is estimated from 

the 2 2 2 Rn entry rate using a simple, single-zone model 
of house air ventilation and air exchange. The resulting 
net indoor 2 2 2 Rn concentration from soil and under-
structure sources is computed as 

C„ e t = C i n - C o u t = QRAVh\h), (13) 
where 

C n e t = net indoor ~ 2 Rn concentration from foun
dation sources (Bq m~ 3); 

C i n = indoor 2 2 2 Rn concentration (Bq m~ 3); 
C o u t = outdoor 2 2 2 Rn concentration (Bq m - 3 ) ; 

Vh = house volume (m3); and 
X/, = house ventilation rate ( s _ 1 ) . 

The pressure-driven air flows and 2 2 2 Rn transport 
estimated by the two-dimensional calculations have 
the general form illustrated in Fig. 1. The generally 
negative indoor pressure causes a low-velocity air flow 
from the outdoor soil surface to any opening(s) in the 
floor slab. Gaseous 2 2 2 Rn in each soil element along 
the flow paths is carried at the velocity of the soil gas 
along the same route. The advective Rn flux through 
floor openings is therefore proportional to the indoor-
outdoor pressure difference. The resulting indoor 
2 2 2 Rn levels are less dependent on pressure differ
ences, however, because the ventilation rate, \ h , also 
depends on the same pressure differences. 

Because of the generally low permeability of 
intact concrete, air flow through the slab is usually 
negligible, except near cracks or other openings. ^ R n 
movement in soils is predominantly vertical to the 
outdoor soil surface or to the floor slab; however, it 
exhibits some radial diversion toward floor openings 
and the house perimeter. Typical diffusion coefficients 
in concrete allow a 2 2 2 Rn flux through the slab that is 
much smaller than the flux through openings. This flux 
becomes significant, however, when multiplied by the 
much greater area of the intact slab. In many cases, 
2 2 2 Rn diffusion through the intact concrete floor con
stitutes a significant and sometimes even dominant 
mechanism of 2 2 2 Rn entry, as predicted theoretically 
(Tanner 1990; Rogers and Nielson 1990), and observed 
empirically (Kendrick and Langner 1991; Ward et al. 
1993). 

FOUNDATION OPENINGS 

RAETRAD accommodates cracks and other 
openings (e.g., pipe penetrations) smaller than a mesh 
space by defining alternative diffusion and permeabil
ity properties of the affected concrete mesh space. For 
linear openings such as cracks, the calculation is 
performed with the same elliptical-cylindrical symme
try as that for the house. This is suitable for openings 
such as perimeter shrinkage cracks, and may approx
imate other openings of similar area if they are distrib
uted over similar distances and positions from the 
perimeter. A three-dimensional calculation is per
formed for discrete openings that are not symmetric 
with the house. Fig. 2 illustrates the geometry of the 
crack and penetration openings. 

Symmetric cracks 
The vertical diffusion and permeability properties 

of the concrete slab for mesh elements containing 
small cracks are altered to reflect their increased 
diffusivity and permeability. More than one crack may 
be defined for a given calculation; however, only one 
crack may be defined in a given radial mesh unit. The 

< Length > 

Fig. 2. Geometry of symmetric floor-slab cracks and asym
metric utility penetrations for calculating 2 2 2Rn entry 
through different openings. 
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vertical permeability of the unit containing the crack is 
defined approximately as a weighted geometric mean 
of the vertical permeabilities of the concrete and of the 
crack volume: 

Kvm=K«~w)Kw

c, (14) 
where 

.Kv™ = effective vertical permeability of the slab 
mesh unit containing the crack (m2); 

Ks = vertical permeability of the concrete slab 
(m2); 

Kc= vertical permeability of the crack region 
(m2); 

w = empirical weighting function = [1 + 3 
exp(fc -l)]/4 (dimensionless); and 

fc = ratio of (crack width/radial mesh dimen
sion) (dimensionless). 

The empirical weighting function, w, was derived from 
calculated air flows in cracks to give approximate 
independence from radial mesh size. 

The vertical diffusion coefficient of the unit con
taining the crack is calculated approximately as a 
porosity-weighted average of the bulk diffusion coef
ficients of the concrete and of the crack region as 
follows: 

Dm = [fad -fc)Ds +fcPcV(fc)Dcy[fa{l -fc) +fcPc] 
(15) 

where 
D^, = effective vertical 2 2 2 Rn diffusion coeffi

cient of the slab mesh unit containing the 
crack (m2 s - 1 ) ; 

Ds = vertical 2 2 2 Rn diffusion coefficient of the 
concrete slab (m 2 s - 1 ) ; 

Pc = porosity of the crack volume (dimension
less); and 

Dc = vertical ~ 2 Rn diffusion coefficient of the 
crack volume (m2 s" 1). 

Asymmetric openings 
The area of an asymmetric opening is assumed to 

be small compared to the house area, allowing sepa
ration of the radial and transverse leakage terms (eqns 
1 and 4). With this separation, additional leakage terms 
are included in eqns (1) and (4) to account for the 
three-dimensional nature of the transport of air and 
2 2 2 Rn to the mesh element. The total leakage into the 
opening is summed from the combined radial and 
transverse leakage terms. This approach includes the 
interactions between the slab openings and all other 
defined cracks, but ignores interactions between dif
ferent asymmetric slab openings. Therefore, if multi
ple asymmetric openings are represented, they are 
necessarily assumed to be at such distance from each 
other that they do not interact. 

For modeling flexibility, RAETRAD permits def
inition of different indoor pressure and 2 2 2 Rn boundary 

conditions to the floor slab opening(s) than to the 
remainder of the slab and its cracks. With this option, 
pressures more negative than the normal indoor pres
sures can be applied to a floor slab opening to simu
late, for example, the operation of a passive sub-slab 
ventilation system. The summation of air and ^ R n 
entry from the various parts of the floor area (eqns 11 
and 12) also allows exclusion of effluent from desig
nated floor openings so that the effluent from a sub-
slab ventilation stack could be exhausted outside, 
instead of being included with the 2 2 2 Rn that enters the 
house. 

The computer code that implements the 
RAETRAD model utilizes a single-step matrix calcu
lation to obtain steady-state solutions to eqns (1) and 
(4) without iteration. For the separate pressure and 
concentration calculations, the finite-difference form 
of the governing eqn (1 or 4) is arranged to give the 
coefficients for each mesh point. The coefficients are 
calculated and then arranged in a matrix format to 
solve the resulting system of simultaneous linear equa
tions. The resulting matrix has five bands (a tri-
diagonal matrix with two outlier bands), and is effi
ciently solved by a band-matrix solving routine 
obtained from another code (Sullivan and Suen 1989). 
The size and speed of the algorithms permit execution 
on a personal computer. 

COMPARISONS WITH ANALYTICAL 
CALCULATIONS 

RAETRAD calculations were compared with an
alytical calculations from validation test cases de
signed to evaluate different aspects of the RAETRAD 
code. The comparisons necessarily involved simple 
cases for which analytical results could be obtained. 
They included a two-dimensional steady-state pres
sure field, two cases of one-dimensional diffusive 
2 2 2 Rn transport with 2 2 2 Rn generation, and a set of 
one-dimensional cases with combined diffusive and 
advective transport with 2 2 2 Rn generation under vari
ous applied air pressure gradients. 

Two-dimensional pressure field comparison 
The analytical pressure field computed for the 

two-dimensional pressure validation was computed for 
a homogeneous, isotropic, permeable rectangular re
gion defined as illustrated in Fig. 3. The boundaries on 
both sides and on the bottom were defined to have no 
air flow (zero pressure gradient). The top boundary 
was defined to allow air flow driven by two different 
pressures, Pl and P0, applied to each half of the top 
boundary. The steady-state pressure profiles were inde
pendent of the permeability of the region. The two-
dimensional, steady-state pressure distribution func
tion, Pipe, y), for the rectangular, cartesian coordinate 
system was solved from LaPlace's Equation, by sepa
rating variables, to obtain the infinite sum for K S O : 

P&&) = 2 A COS(«TCC/AT) cosh^-ny/AT), (16) 
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Constant Pressure 
P, 

x » a Constant Pressure 
P„ 

Homogeneous, Isotropic Permeable Medium 

No-Flow Boundary 

Fig. 3 . Boundary conditions defined for the 2-dimensional 
pressure field validation. 

where 

A„ = 2 (P, - P0) sm(mra/X)/[mr cosh(/z-n-y/Ar)] (;z > 
1); and 

Ao=a(Po-Pl)/X + Po(n = 0). 
Using boundary conditions Z3, = - 4 Pa and P0 = 

0 in eqn (16) with dimensions X = 31 m, Y = 15 m, and 
the pressure boundary at a = 15.5 m, the pressure 
profiles were computed as illustrated by the lines in 
Fig. 4 for the 1-, 2-, 4-, 8-, and 15-m depths below the 
y=Y pressure boundary. Because of the independence 
of permeability, the scale illustrated in Fig. 4 is rela
tive, and can also represent centimeters, feet, or other 
length units. 

Pressure profiles were computed by RAETRAD 
using a "long" house (8.7 m x 3000 m) to approximate 
cartesian coordinates (vertical and width), and to 
minimize effects from the ends. The resulting house 
had a 4.9 m equivalent minor radius, which defined the 
half-width of the long house, corresponding to the 
15.5-m pressure boundary in Fig. 3. Soil parameters 
were defined over the radial extent to 9.8 m, corre
sponding to the total 31-m analytical case. The house 

* | • o 6 a o i» 

UJ 

9 

4 5 6 
POSITION (m) 

Fig. 4. Comparison of pressure fields computed by RA
ETRAD (symbols) to pressure fields computed from eqn (16) 
(lines). 

floor region, normally defined as a concrete slab, was 
defined identically to the permeable soil, and given a 
thickness of 0.003 m, approximating the rectangular 
geometry of the analytical case analyzed above. The 
resulting pressure fields were compared with the ana
lytical pressure fields along the 0.3-, 0.6,1.2-,. 2.4-, and 
4.6-m depth lines below the pressure boundary (Fig. 
4). The numerical pressure fields exhibited average 
relative differences of 1.0%, 0.7%, 0.5%, 0.3%, and 
0.6%, respectively, from the analytical calculations 
(calculated as 100\Pn-Pa\/Pa). A second numerical 
calculation also was performed in which the top row of 
0.3 m square grids was split into two rows of 0.03 m 
high and 0.27 m high segments (short row on top). The 
corresponding average relative differences between 
the numerical and analytical pressure fields for this 
case were 0.9%, 0.7%, 0.5%, 0.3%, and 0.6%, respec
tively. 

One-dimensional 2 2 2 Rn profiles with emanation and 
diffusion 

2 2 2 Rn concentration profiles were computed for 
two one-dimensional steady-state validation cases by 
an analytical algorithm previously published and doc
umented for use in designing —2Rn-attenuation covers 
for uranium mill tailings piles (Rogers and Nielson 
1984). The analytical algorithm also has been bench-
marked and validated with experimental field data 
(Nielson et al. 1983; Kalkwarf et al. 1984), and is the 
basis for U.S. Nuclear Regulatory Commission licens
ing and regulatory compliance determinations (U.S. 
NRC 1989). 

The two cases used for these comparisons con
sisted of a uniform soil with 74 Bq k g - 1 2 2 6 Ra located 
outside of and away from a structure, and the same 
soil located beneath the concrete floor slab of a large 
(35 m wide) structure. By defining both cases as 
horizontally uniform for distances that are large com
pared to the diffusion length of 2 2 2 Rn, the one-
dimensional (vertical) analysis is appropriate. 

The soil was defined as a 6-m layer of sandy loam 
with a density of 1,600 kg m - 3 , and a constant water 
content of 11.7% (dry mass basis) that corresponded to 
a matric potential of -30 kPa (Nielson and Rogers 
1992). The soil 2 2 2 Rn emanation coefficient was defined 
as 0.40, and its porosity was defined as 0.407. 2 2 2 Rn 
diffusion coefficients were defined from the porosity 
and moisture as 1.37 x 10~6 m 2 s - 1 using eqn (7). The 
concrete slab for the second case was defined to have 
a density of 2,100 kg m~ 3, a porosity of 0.22, a 
thickness of 0.10 m, a ^ R a concentration of 37 Bq 
k g - 1 , an emanation coefficient of 0.07, a 2 2 2 Rn diffu
sion coefficient of 8 x 10" 8 m 2 s - 1 , and a water 
saturation fraction of 0.10. w 

The solid lines in Figs. 5 and 6 illustrate the 2" 2Rn 
profiles computed analytically for the air-filled pore 
space of the soil and concrete-covered soil, respec
tively. As illustrated, the ^ R n flux computed analyt
ically for the top surface of the bare soil was 8.04 x 
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Fig. 5. Comparison of 2 2 2Rn concentration profiles computed 
by RAETRAD (symbols) to analytical concentration profile 
(line) for a bare soil with a 2 2 2Rn source. 
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Fig. 6. Comparison of 2 2 2Rn concentration profiles computed 
by RAETRAD (symbols) to analytical concentration profile 
(line) for a concrete-covered soil with a 2 2 2Rn source. 

1 0 - 2 Bq m - 2 s _ I , and that for the top of the concrete-
covered soil was 2.04 x 10~2 Bq m~ 2 s - 1 . 

RAETRAD calculations utilized identical soil and 
concrete definitions. For the bare-soil profile, a small 
house was defined (2.1 m wide), and the vertical 2 2 2 Rn 
profile was defined by values computed for the yard 
more than 10 m from the house. For the concrete-
covered soil profile, the house was defined as a large 
house (>17 m wide) with interior air pressures equal to 
those outside the house (to avoid advective flow). 

Vertical soil mesh units were defined at 0.3 m 
intervals to coincide with the analytical calculations, 
except for the top row of units. For the top row only, 
separate calculations were performed for a 0.3-m 
mesh, and for the same mesh divided into two layers to 
test the sensitivity of the numerical calculations to this 
critical boundary mesh spacing. For the bare-soil case, 
the top mesh also was divided into two 0.15 m meshes, 
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and in a separate case into a 0.03-m mesh over a 
0.27-m mesh. For the concrete-covered soil case, the 
top soil mesh was also similarly divided into two 0.15 
m layers and into a 0.006 m layer over a 0.299 m layer. 

The numerical concentration profiles for bare soil 
(Fig. 5) coincided almost exactly with analytical val
ues. Splitting the mesh units in the top row made little 
difference in the numerical concentrations. Numeri
cally computed 2 2 2 Rn fluxes showed greater sensitivity 
to the top mesh spacing, however, with values of 6.67 

a x 10" 2, 7.37 x 10~2, and 8.04 x 10" 2 Bq m~ 2 s _ 1 for 
I the 0.30 m, 0.15 m, and 0.03 m top mesh dimensions, 
* respectively. The 8.04 x 1 0 - 2 Bq m~ 2 s - 1 flux is 

identical to the analytically-computed value, thus 
demonstrating the advantage of using a fine mesh at 
the top (exposed-surface) boundary where 2 2 2 Rn fluxes 
are computed. The bias for the coarser top meshes is 
an expected result of the finite-difference representa
tion of the system. As the test case shows, however, 
most of the bias is avoided by using a small mesh at the 
critical top soil layer. 

The ^ R n concentration profiles computed by 
RAETRAD for the concrete-covered soil (Fig. 6) 
coincided almost exactly with the analytical values 
(lines) for depths greater than 1-2 m. They showed a 
negative bias at shallow depths that was related to the 
finite-difference representation of the system. By split
ting the surface soil mesh layer into smaller incre
ments, the numerical concentrations approached the 
analytical results. Variation of the mesh unit for the 
concrete region had less effect than the effects illus
trated for the top soil layer. Numerically-computed 
fluxes also approached the analytical value with the 
finer mesh spacing. The bias again results expectedly 
from the finite-difference representation of the system, 
and can be avoided by using a smaller mesh in the 
critical top 0.3 m of soil. 

VALIDATION WITH INDOOR 2 2 2 Rn 
MEASUREMENTS 

Model comparisons with indoor 2 2 2 Rn measure
ments have higher uncertainty due to the difficulty of 
adequately measuring and controlling all of the perti
nent soil and house parameters and their time varia
tions. However, this comparison is necessary to vali
date the RAETRAD model. RAETRAD calculations 
were evaluated using empirical measurements by 
Geomet Technologies, Inc. (Geomet) and Southern 
Research Institute (SRI) at two test-cell structures that 
they had previously constructed and characterized 
(Geomet Technologies, Inc. 1990; Fowler et al. 1991). 

The test cells were constructed in Bartow, Flor
ida, under the FDCA's Florida Radon Research Pro
gram (FRRP). They consist of 6 m x 6 m slab-on-grade 
single-story structures, without subslab vapor barriers 
or indoor partitions, located 4.6 m apart on mixed, 
recontoured soils of reclaimed land that partially over
lies former phosphate mine spoil banks. The founda
tions have 20 cm x 40 cm solid concrete footings 
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supporting two courses of hollow concrete block foun
dation walls (stem walls). The stem wall of test cell 1 is 
topped by a 10-cm solid block cap adjacent to a 
floating-slab concrete floor. The stem wall of test cell 2 
is topped with a shoe block (20 cm x 20 cm concrete 
block with the top 10 cm removed from the inside 
wall), into which the concrete floor slab is poured. 
Identical wood frame superstructures are sealed on all 
inside surfaces with 2-3 cm of spray polyurethane 
foam insulation to provide air-tight seals. A steel entry 
door on each cell is sealed with positive magnetic seals 
on all edges. There are no windows or openings in 
either cell, except for valved access ports for pressure 
and air flow control and monitoring. Each cell was 
instrumented and monitored under a variety of pres
sure and ventilation conditions for 2 2 2Rn concentra
tions and related parameters (Fowler et al. 1991). 

2 2 2Rn sources at the site were characterized from 
soil borings at 10 locations around the cells (0.3 m to 2 
m from their perimeters) and at two locations under 
the centers of the cells. Samples from 0.0 to 2.1 m 
depths were analyzed for 2 2 6Ra, and some were also 
analyzed for 2 2 2Rn emanation, water content, and bulk 
density. The results were averaged by sample depth 
(0.3-m increments) for each cell for comparisons with 
empirical measurements. 2 2 6Ra concentrations below 
2.1 m were defined as the average for the 1.5-2.1 m 
zone. The averaged 2 2 6Ra and moisture data varied 
significantly with depth under both cells; however, the 
emanation coefficients were scattered and did not 
correlate with either depth or test cell. Emanation 
exhibited a trend with ^ R a that was used to define 
emanation coefficients for all samples, including those 
for which it was not measured. 

Soil density was measured at eight of the soil 
boring locations (American Society for Testing and 
Materials 1983), yielding tightly-grouped values aver
aging 1,540 ± 20 kg m - 3 . This average was used for all 
of the soils, and corresponding porosities were calcu
lated from eqn (9) using a specific gravity of 2,700 kg 
m - 3 . Soil water contents were defined from measured 
means for depths to 1.8 m. For 1.8 m to 7.6 m depths, 
they were defined to increase exponentially from 12% 
to 27% (saturation) to approximate a water table of 
uncertain depth. 2 2 -Rn diffusion coefficients were de
fined by eqn (7), and air permeability was defined by 
eqn (8) and a limited set of measured values. 

Measured 2 2 2Rn profiles in the site soils were 
initially compared with numerical calculations to eval
uate model agreement. The depth-averaged 2 2 6Ra and 
emanation data were used in model calculations of 
soil-gas 2 2 2Rn profiles for comparisons with profiles 
measured in driven-probe samples collected by SRI 
and Geomet. The measured profiles were averaged 
from measurements at different depths from 8-9 sam
pling locations in the vicinity of each cell. The com
parison of measured values (symbols) and calculated 
values (lines) for test cell 2 (Fig. 7) exhibited an 
average relative difference of 27% and an average bias 
of +21% [calculated as 100(C c-CJ/Cm]. The differ-
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Fig. 7. Comparison of measured and calculated soil gas "^Rn 
profiles in exposed soils near the test cells. 

ence was dominated by the low measured mean for the 
0.9-m depth, which is physically unlikely (lower than 
the mean at the shallower 0.6-m depth). The average 
relative difference between the measured means and 
calculated values excluding the 0.9-m depth was only 
18% and the average bias of the calculated values was 
+10%. The relative standard deviation among repli
cate measured values averaged 42%. 

For test cell 1, the measured 2 2 2Rn levels ex
ceeded calculated values when the deep-soil 2 2 6Ra 
definition was based on the same 1.5-2.1 m depth 
average, even though the calculated values exceeded 
those for test cell 2. Higher 2 2 6Ra in the deep mine 
spoil material, therefore, was estimated at 700 Bq kg - 1 

to approximate the measured ^ R n profile as in Fig. 7. 
This 2 2 6Ra concentration is consistent with levels 
encountered in Florida phosphate soils. The illustrated 
profile was relatively insensitive to the deep-soil ^ R a 
under test cell 1 because of the high water content that 
prevented much of the 2 2 2Rn from moving upward. 
The average relative difference between the means of 
the measured and calculated values for test cell 1 was 
only 6.9%, and the average bias in the calculated 
values was —5.0%. The relative standard deviation 
among replicate measured values averaged 34%. 

The test cells were further characterized to obtain 
data for model comparisons with indoor 2 2 2Rn mea
surements. Laboratory assays of 10-cm diameter core 
samples from the concrete floor slabs indicated 37 Bq 
kg*"' 2 2 6Ra, with an emanation coefficient of 0.077. 
Their bulk density was 2,180 kg m~3, indicating a 
porosity of 0.18 for test cell 1 and 0.17 for test cell 2. 
Their moisture was estimated at 50% of saturation for 
both slabs. 2 2 2Rn diffusion coefficients were measured 
at 4.3 x 10 - 8 m2 s~l for test cell 1 and 6.3 x 10~8 m2 

s - 1 for test cell 2. Air permeability was estimated at 
3.3 x 10~16 m2 for test cell 1 and 6.5 x 10~16 m2 for 
test cell 2. The concrete block stem walls and their 
footings were estimated from design drawings to ex-
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tend approximately 0.6 m into the soil. No significant 
fill thickness was estimated for the cells, based on the 
nominal floor elevation 0.1 m above the surrounding 
soil. The stem walls were assumed to have identical 
2 2 6Ra concentrations and 2 2 2Rn emanation coeffi
cients to the floor slabs, to have a nominal bulk 
density of 1,700 kg m - 3 , and a corresponding poros
ity of 0.37. Their water content was estimated to be 
about 20% of saturation. The air permeability of the 
concrete blocks was estimated at 10" u m2, between 
the high values that have been reported in some 
instances (Ruppersberger 1991) and concretes mea
sured in Florida slabs (Rogers et al. 1991). Corre
sponding ^ R n diffusion coefficients were estimated 
to be 10 - 4 m2 s _ 1 . 

Indoor air pressures under passive conditions 
were highly variable. They were estimated from SRI 
measurements at the base of 10-cm-diameter holes 
drilled in the center of each slab to be -1.6 Pa in cell 
1 and -0.6 Pa in cell 2 (Fowler et al. 1991). Different 
thermal gradients and leakage areas of the two test 
cells can explain this difference in passive-condition 
pressures. In drilling the center holes, SRI observed a 
sub-slab settlement gap between the soil and concrete, 
consistent with their observation of radially-uniform 
sub-slab pressures away from the center of the slabs. 
The sub-slab gap was estimated for modeling to con
sist of a plenum approximately 9 mm thick, with no 
2 2 6Ra, but with a density of 1,000 kg m - 3 , a porosity of 
0.6, and a water saturation fraction of 0.1 (assuming it 
did not extend over the entire floor area). Its 2 2 2Rn 
diffusion coefficient was defined as 10 - 5 m2 s~', the 
value for air (Rogers and Nielson 1991c). Its air 
permeability was defined to be 10 - 7 m2. The perimeter 
crack in test cell 1 between the floating slab and the 
stem wall was estimated to average 5 mm thick. It 
contained a porous filler material that was covered 
over on about half of the crack area by a thin skin of 
concrete (a remnant of slab finishing). For modeling, 
the crack volume was represented by a porosity of 0.6, 
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a 2 2 2Rn diffusion coefficient of 5 x 10~6 m2 s _ 1 , and an 
air permeability of 2 x 10 - 8 m2. 

Table 1 summarizes the indoor 2 2 2Rn concentra
tions and associated passive-condition and induced-
pressure ventilation rates for the test cells. The first 
four cases are essentially equivalent, and were aver
aged for each test cell for model comparisons. For 
these cases, the center holes had not yet been drilled in 
the slabs. Indoor ^ R n measurements averaged 3,520 
± 1,630 Bq m - 3 for test cell 1, and 822 ± 270 Bq m~3 

for test cell 2. Corresponding RAETRAD analyses for 
cases l-A gave indoor ^ R n levels of 3,590 Bq m - 3 for 
test cell 1 (2% above the measured mean) and 740 Bq 
m - 3 for test cell 2 (10% below the measured mean). 
Sub-slab ^Rn concentrations (Table 1) averaged 300 
± 210 kBq m - 3 , which easily includes the approximate 
220 kBq m~3 to 270 kBq m~3 range modeled by 
RAETRAD. No sub-slab 2 2 2Rn data were available for 
test cell 2 for these cases. 

Cases 5 and 6 in Table 1 also were equivalent, 
exhibiting mean indoor 2 2 2Rn concentrations of 9,440 
± 2,890 Bq m - 3 for test cell 1 and 2,720 ± 1,230 Bq 
m - 3 for test cell 2. For modeling these cases, the 
0.1-m-diameter center hole was represented by a ring 
opening with equivalent area (0.15 m radius; 8 mm 
width). Its porosity, diffusion coefficient, and perme
ability were defined as 1.0, 10 - 5 m2 s - 1 , and 0.05 m2, 
respectively. RAETRAD analyses gave indoor 2 2 2Rn 
levels of 7,850 Bq m"~3 for test cell 1 (17% below the 
measured mean) and 3,220 Bq m~3 for test cell 2 (18% 
above the measured mean). Sub-slab 2 2 2Rn concentra
tions (Table 1) averaged 340 ± 90 kBq m~3, compared 
to 220 to 280 kBq m~3 calculated by RAETRAD for 
various positions under the slab of test cell 1. At 
greater depths below test cell 1, calculated levels 
exceed 410 kBq m - 3 . The single sub-slab 2 2 2Rn mea
surement under test cell 2 (Table 1) was 248 kBq m~3, 
compared to 185 to 222 kBq m~3 calculated by 
RAETRAD for the base of the slab and 260 Bq m~3 at 
greater depths. 

Table 1. 2 2 2 Rn measurements by SRI in the test cells 
Test cell 1: Floating slab Test cell 2: Slab in stem wall 

Indoor Indoor Ventil. Indoor Indoor Ventil. 
Case ~ R n Soil —Rn Pressure Rate - R n Soil —Rn Pressure Rate 
No.* (Bq m->) (kBq m - 3 ) (Pa) (ach)b (Bq m~3) (kBq m' •J) (Pa) (ach)b 

1 2,220 unkc d 0.028° 630 unk d 0.024° 
2 2,960 452 d 0.028e 740 unk d 0.024c 

3 5,930 159 d 0.028e 1,220 unk d 0.024 
4 2,960 unkc d 0.028e 700 unk d 0.024e 

5 11,500 278 d 0.028' 3,590 248 d 0.024' 
6 7,410 407 d 0.028" 1,850 unk d 0.024° 
7 1,850 360 -20 0.161° 
8 1,850 unk -20 0.161 
9 1,850 unk -10 0.081 

* Cases 5-9 have a 0.1-m-diameter hole open in the center of the slab. 
b Indoor air changes per hour. 
c Unknown, not measured. 
d Passive conditions; no mechanical suction applied. 
° Based on measured ventilation at other time under same pressure conditions. 
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More detailed comparisons with measured distri
butions of soil 2 2 2 Rn and air pressures utilized subse
quent SRI measurements from buried sampling ports 
under the conditions of cases 5 and 6 (Fowler et al. 
1991). The 12 2 2 2 Rn comparisons for test cell 1, illus
trated in Fig. 8, exhibit 14% average relative difference 
and - 7 % average bias in the calculated vs. the mea
sured values. Twenty corresponding 2 2 2 Rn compari
sons for test cell 2, illustrated in Fig. 9, also exhibit 
14% average relative difference between measured 
means and calculated values, but the calculated values 
have a +8% average bias in this case. Twenty-two air 
pressure comparisons for test cell 1, illustrated in Fig. 
10, exhibit 13% average relative difference and —5% 
average bias in the calculated vs. the measured values. 
The 21 air pressure comparisons for test cell 2, illus
trated in Fig. 11, exhibit 27% average relative differ
ence and only +2% bias in the calculated vs. the 
measured values. It should be noted that the average 
relative differences between measured and modeled 
values is consistently less than the average standard 
deviations among the replicate measurements. 

Other comparisons of measured and modeled 2 2 2 Rn 
concentrations showed similar agreement. In cases 7 
and 8, indoor 2 2 2 Rn in test cell 2 reached 1,850 Bq m - 3 

with a -20 Pa steady-state indoor pressure. The 1,590 
Bq m - 3 value modeled by RAETRAD was 14% lower. 
The soil 2 2 2 Rn concentration modeled for case 7 (200 
kBq m - 3 ) was 44% below the single measured value. 
However, measurement uncertainty may account for 
some of this bias. In case 9, indoor 2 2 2 Rn in test cell 2 
remained at 1,850 Bq m - 3 with a steady-state indoor air 
pressure of -10 Pa. The 1,910 Bq m - 3 value modeled by 
RAETRAD was only 3% higher. 

In summary, most of the test cell comparisons of 
measured vs. modeled air pressures, soil "^Rn, and 
indoor 2 2 2 Rn agree within less than about 20%. Fur
thermore, the differences between model calculations 
and measured means are less than the standard devi
ations among measured values. The comparisons uti
lized site-specific measured values for nearly all of the 
model input parameters. Default or best-estimate val
ues were used wherever site-specific data were un
available. 
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Fig. 8. Comparison of measured and computed (in brackets) 
soil -^Rn concentrations near test cell 1 (kBq m - 3 ) . 

The RAETRAD model also was applied to two 
sets of houses studied under the FDCA's FRRP. One 
of these sets included 20 houses characterized by 
Geomet, as described by the first four columns of 
Table 2 (Geomet Technologies, Inc. 1992). Indoor 
2 2 2 Rn measurements generally consisted of single 2-d 
charcoal canister measurements, although longer-term 
measurements also were available for some of the 
houses. The 2-d measurements were preferred for 
consistency because of their closer correspondence to 
the time period in which the house ventilation rates, 
Xh, were measured. Sub-slab 2 2 2 Rn samples were 
pumped through scintillation cells from sampling tubes 
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Table 2. Comparison of RAETRAD calculations with FRRP houses studied by Geomet. 
Measured values Calculated values 

Indoor Sub-slab House Sub-slab Deep-soil 
--"Ra 

Indoor A Indoor 
~ R n ^ R n ventilation —Rn 

Deep-soil 
--"Ra ~ 2Rn 2 2 2 Rn 

House ID (Bq m"3) (kBq m - 3 ) (ach) (kBq m - 3 ) (Bq kg"') (Bq m"3) (% diff.)a 

ASH60 41 9.9 0.24 10.0 11 13 -69 
BRP06 310 58.7 0.48 145 37 80 -74 
CS112 85 71.1 0.21 71.1 13 95 12 
HAM47 37 10.9 0.35 10.7 7 10 -73 
IVY07 30 58.0 0.49 58.1 48 31 6 
MR24C 67 33.2 0.34 47.0 11 44 b -33 
MR24L 130 55.3 0.48 57.4 19 36 -72 
MR24R 81 44.0 0.59 47.0 11 24 -71 
RNB07 30 7.4 0.16 11.5 7 21 -28 
RNB15 41 27.4 0.19 27.8 56 40 - 3 
RNB17 41 6.0 0.25c 17.4 7 21 -48 
RNB19 48 14.7 0.19 14.4 48 23 -51 
RNB20 59 15.9 0.15 15.6 56 31 -47 
RNB21 41 6.4 0.25 5.9 4 9 -78 
RNB22 33 10.0 0.22 10.0 41 14 -57 
RNB33 63 9.7 0.16 13.0 4 25 -61 
RNB60 52 39.4 0.26 29.6 67 31 -40 
SMO20 56 82.7 0.65 82.6 250 33 -40 
WEA04 70 29.7 0.35 25.2 685 2 7 b . -61 
WLC09 10d 15.9 0.15 15.9 19 32 230 

* lOOf^Rnc* - - R i w y ^ R n ^ , , . 
Floor crack included in calculation. 

c Assumed value; none reported. 
d Assumed value for measurement of "zero." 

or from sub-slab ventilation ports. Other site-specific 
measurements were used for 2 2 6Ra, emanation, mois
ture, soil texture, permeability, and house dimensions 
wherever they were reported. 

Where values were not reported, the following 
default values were used: Soil was sand as classified 
by the Soil Conservation Service (Soil Survey Staff 
1975); soil moistures corresponded to a -30 kPa 
matric potential (Nielson and Rogers 1992); 2 2 2Rn 
emanation was 0.3, footings and stem walls extended 
0.6 m into the soil; soil densities were 1,600 kg m~3; 
house ventilation rates were 0.25 air changes per hour; 
and diffusion coefficients and permeability were pre
dicted from eqns (7) and (8). Concrete floor slabs were 
defined with a diffusion coefficient of 10 - 7 m2 s - 1 , 
air permeability of 10~15 m2, a density of 2,100 kg m 
a ^ R a concentration of 37 Bq kg - 1 , and a 2 2 2Rn 
emanation coefficient of 0.07. 

Site-specific data generally were available to a 
depth of 0.9 m. For greater depths, ^ R a concentra
tions were fitted (column 6, Table 2) so that calculated 
sub-slab 2 2 2Rn (column 5) approximated measured 
concentrations (column 3). The RAETRAD calcula
tion using this source characteristic yielded the net 
indoor 2 2 %n concentrations shown in column 7, based 
on the measured (or assumed) air ventilation rates 
from column 4. The last column in Table 2 shows the 
relative differences between the calculated and mea
sured indoor 2 2 2Rn concentrations. Descriptions of 
visible cracks were only included for two of the 
houses, and these were represented in the RAETRAD 

an 
-3 

analyses. Since most of the house data sets included 
no crack descriptions, the modeled 2 2 2Rn entry was 
almost entirely by diffusion through the intact concrete 
floors. 

The data in Table 2 exhibit an overall average 
relative difference of 58% (49% excluding WLC09) 
between the calculated and measured 2 2 2Rn concen
trations. This reflects the large variability of predom
inantly single-sample 2 2 2Rn monitoring and the large 
number and uncertainties of model assumptions that 
were required to represent these houses. The average 
modeling bias in this 20-house data set is -33%, 
indicating that the model accounted for approximately 
two thirds of the observed levels of 2 2 2Rn entry. Part of 
this bias may be attributed to ~2Rn in outdoor air, 
which should be subtracted from the indoor measure
ments as in eqn (13) before making the comparison. 
Although outdoor levels during the measurements are 
unknown, a nominal background of 10 Bq m - 3 could 
account for much of the observed bias. The remaining 
2 2 2Rn entry probably occurs through unobserved floor 
openings, which typically occur in concealed locations 
(i.e., utility penetrations in walls, perimeter shrinkage 
cracks under walls or sills, openings under bathtubs, 
etc.). Thus, the observable cracks are indeed small 
and relatively insignificant, consistent with previous 
empirical observations of 2 2 2Rn leakage through ob
servable floor cracks (Acres International Corp. 1990). 

The second data set included 30 houses charac
terized by SRI (columns 1-3 of Table 3). House 
ventilation data were not reported. Therefore, venti-
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Table 3 . Comparison of RAETRAD calculations with FRRP houses studied by SRI. 
Measured values Calculated values 

Indoor Sub-slab Sub-slab Deep-soil 
- f R a 

Indoor A Indoor 
House " 2 Rn ~ 2Rn 222 n 

—Rn 

Deep-soil 
- f R a —Rn ~ R n 

ID (Bq m" 3) (kBq m - 3 ) (kBq m" 3) (Bq kg"') (Bq m" 3) (% di£f.y 

Al 450 333 333 310 700b 57 
A2 2,070 715 715 700 850 -59 
A3 3,090 644 644 610 810" -74 
A4 320 157 158 150 350" 8 
A5 570 251 250 240 280 -51 
A6 750 217 217 200 250 -67 
A7 2,390 778 778 730 1,470" -38 
A8 200 100 100 93 110 -45 
A9 85 118 119 111 130 55 
A10 320 276 276 260 290 -10 
B2 2,260 760 760 620 1,030" -54 
B3 710 370 370 230 760" 6 
B4 160 159 159 150 170 10 
B6 200 64 65 63 75 -62 
B7 41 90 89 81 99 143 
B8 1,330 356 356 240 660" -51 
B9 280 330 330 310 380 33 
B10 240 67 67 63 72 -71 
Bll 1,470 265 266 250 540" -63 
CI 2,580 481 481 470 550 -79 
C2 790 693 693 570 1,040" 31 
C3 1,650 630 630 470 640 -61 
C4 3,820 481 481 570 540" -86 
C5 660 358 356 540 690" 3 
C8 1,330 652 652 640 740 -45 
C15 2,360 304 304 320 370 -84 
C16 1,180 389 389 370 440 -63 
C18 3,380 219 218 200 250 -93 
C19 540 693 693 730 1,240" 132 
C33 960 667 667 640 730 -23 

• 100( 2 2 2Rn c a l c 

Floor crack included in calculation. 

lation rates were estimated from the previous set to be 
approximately 0.25 air changes per hour. The indoor 
data again consisted mostly of single two-day charcoal 
canister measurements. These data also included oc
casional descriptions of accessible cracks, which were 
included in the respective RAETRAD analyses (Table 
3). Although visible cracks were included for more 
houses in this set, the crack sizes were generally 
minimal, and most of the modeled 2 2 2Rn entry still 
occurred by diffusion through the intact concrete 
floors. Reported values again were used for ~6Ra, 
emanation, moisture, soil texture, permeability, and 
house size and shape (aspect) ratio. Identical default 
values were used under the same conditions as for the 
previous set. 

Concentrations of 2 2 6Ra in soil layers below 0.9 m 
again were fitted to match sub-slab 2~Rn, as indicated 
by columns 3-5 of Table 3. RAETRAD calculations 
using the indicated sources yielded the indoor 2 2 2Rn 
levels shown in column 6. The calculated levels dif
fered from the measured values by an average of 55%, 
with an average bias of -23%. The bias of this 
30-house data set indicates that the model analyses 
accounted for only about three fourths of the observed 
levels of 2 2 2Rn entry. This comparison again neglects 

outdoor 2 2 2Rn levels, which may account for part of 
the bias. This set also supports the hypotheses of 
larger floor openings in concealed, inaccessible loca
tions, or higher concrete diffusivity. 

SUMMARY AND CONCLUSIONS 
The RAETRAD model characterizes steady-state 

2 2 2Rn generation and decay in soil regions around a 
house and in its understructure; 2 2 2Rn movement by 
diffusion and pressure-driven advective flow in the 
soils and understructure; and "^Rn accumulation in a 
single-chamber house. Using two-dimensional numer
ical calculations with analytical functions for efficiency 
at floor cracks and in defining default parameters 
(diffusion coefficients, permeability, etc.), RAETRAD 
is sufficiently small and fast to operate on personal 
computers while still providing detailed representation 
of soil distributions under the house. 

The validation comparisons with analytical bench
mark cases provide good evidence that the basic mathe
matics and implementation in the RAETRAD computer 
code is accurate to within approximately 1% or less. 
These comparisons also suggest the use of a thin mesh 
element at the top of the soil profile to avoid larger biases 
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(up to about 15-20%) that can result from the finite-
difference representation used in RAETRAD. The valida
tion cases separately confirm the accuracy of the two-
dimensional air pressure calculations, of Rn diffusion 
from a 222Rn-source region (one-dimension), and of com
bined 2 2 2 Rn diffusion and advective flow from a 2 2 2Rn-
souree region. 

Benchmark analyses of the test cell structures 
demonstrate that RAETRAD corresponds to empirical 
data from the two well-characterized physical sys
tems. RAETRAD analyses averaged within 11% of 
measured indoor 2 2 2 Rn concentrations in the six refer
ence conditions analyzed for the two test cells. The 
average bias between RAETRAD and the indoor 2 2 2 Rn 
concentrations was —3%. These cases evaluated pas
sive conditions for both floating-slab and slab-in-stem-
wall construction; the same cases with additional 
significant floor openings; and the slab-in-stem-wall 
case with two different mechanically-altered indoor 
pressures and resulting higher ventilation rates. 

The larger differences and biases observed between 
RAETRAD and the house data probably result from 
outdoor 2 2 2 Rn and from greater penetration of concrete 
floors than was represented in the RAETRAD calcula
tions. The increased penetration of concretes could result 
either from larger, concealed openings in many of the 
slabs or from higher diffusion coefficients for the slabs. 
Both possibilities are consistent with observations of 
construction practice and with the range of observed 
concrete diffusion coefficients (Rogers et al. 1993). For 
example, the modeled 2 2 2 Rn entry rates would more than 
double if the diffusion coefficient of the concrete were 
increased from 1 x 10~7 m 2 s _ 1 to 3 x 10~7 m 2 s _ 1 . The 
rates also can more than double from a floor crack area 
that totals approximately 0.005 m 2, which is equivalent to 
a perimeter shrinkage crack of only 0.1 mm width in a 143 
m house. 
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A sensitive effluent method for measuring radon gas emanation from 
low-emanating materials * 
Kirk K. Nielson *, Vern C. Rogers 
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Abstract 
The fraction of radon ( 2 2 2 Rn) gas emanated from soils and building materials is critical in estimating radiation source 

strengths for human dosimetry. A sensitive method has been developed to measure emanation fractions (£ ) from sample 
radon effluents. The method equilibrates samples with their emanated radon in sealed cans for 24-30 days. Samples are then 
assayed for radium ( 2 2 6 Ra) by high-efficiency gamma scintillation spectrometry that eliminates thorium (-^Th) interfer
ences. Radon in the can head space is then measured, and E is calculated as the ratio of emanated radon activity to sample 
radium activity. 

Values of E measured by the effluent method were compared with corresponding measurements by the differential 
gamma assay method. Precisions evaluated on 259 Florida soil samples indicated 1000-s detection limits for emanating 
radium of Ra • E = 0.02 pCi g~l by the effluent method and Ra • E = 0.5 pCi g~' by the differential gamma method. The 
effluent method has superior precision by a factor of eight for background soils containing Ra • £ = 0.25 pCi g~'. The 
effluent method averaged about 8% lower than the differential gamma method on 21 comparison samples. Twenty were 
within a ± 20% data accuracy objective. 

1. Introduction 

As radon ( 2 2 2 Rn) atoms are formed by radioactive 
decay of radium ( 2 2 6 Ra), part of them escape from their 
host mineral sites into gas- or liquid-filled pores, while the 
rest remain trapped in the solid phase. The fraction that 
escapes the solid phase is defined as the radon emanation 
fraction, E. This fraction directly affects human exposures 
from radium in soils, concretes, and other materials. Source 
strengths for indoor radon exposures and surface radon 
releases from earthen minerals are directly proportional to 
E as well as to radium concentrations (Ra). Although 
many soils, uranium ores and mill tailings emanate a 
relatively predictable 20-30% of their radon [1,2], E has 
ranged from < 0.01 to 0.91 from broader suites of natu
rally-occurring minerals [3]. Radon and gamma-ray source 
terms therefore cannot be reliably estimated without mea
suring the E of the source material. 

Traditional differential methods [3,4] for measuring E 

This work was funded in part by the U.S. Environmental 
Protection Agency and the Florida Department of Community 
Affairs. 

* Corresponding author. 

are simple but adequate for uranium ores, mill tailings, and 
other materials with elevated Ra. However, they often fail 
for materials with low Ra (Ra < 2 pCi g" ' ) or E (E < 0.1). 
Alternative methods for measuring E from sample radon 
effluents offer advantages for low-emanation materials [ 5 -
7], but the alternative methods have seldom been subjected 
to rigorous quality evaluations or comparisons with other 
methods. 

This paper evaluates the theoretical and practical preci
sions attainable for measuring E by the effluent method, 
and compares them with corresponding precisions attain
able by the differential gamma assay method. The compar
isons utilized hundreds of Florida soil samples, and com
pared the measurements with pre-defined data quality ob
jectives [8]. This paper also evaluates the accuracy of the 
effluent method by comparisons with corresponding differ
ential gamma assay measurements. The comparative accu
racy evaluation was required by the lack of standard 
reference materials with known E values. The analyses 
utilized a high-efficiency gamma scintillation spectrometer 
instead of a high-resolution (Ge) gamma spectrometer to 
optimize counting efficiency for samples where only potas
sium and uranium- and thorium-chain radionuclides are 
significant gamma-ray emitters. However, selected scintil
lation spectrometer results were verified with high-resolu
tion (Ge) spectrometer measurements. 

0168-9002/94/S07.00 © 1994 Elsevier Science B.V. All rights reserved 
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2. Theory 3. Materials and methods 

Radon emanation fractions are sensitive to sample 
moisture because the pore water acts as a moderator of 
energetic recoil radon atoms. As illustrated in Fig. 1, E is 
typically lower in dry samples because recoil atoms that 
escape into a pore can embed into neighboring solid 
surfaces and become trapped. With addition of water to the 
pore space, some recoil radon atoms are stopped in the 
pores and become free to diffuse away from their sample 
material. Both theoretical and experimental analyses show 
increased E with moisture up to a moderation limit, 
beyond which additional water has no effect [4,9,10]. 
Since moistures in outdoor soils and minerals generally 
exceed the moderation limit, excess moisture addition is 
helpful to obtain realistic or conservative values and to 
stabilize the E values against small moisture variations. 
Samples should contain their intended moisture when ema
nation measurements are made. 

Since E is defined as the fraction of all radon that 
escapes the solid phase, its measurement requires determi
nation of both the emanated radon activity and the total 
sample radon activity. These two parameters are measured 
independently in the effluent method to define E as: 

Ec=Ae/Ae (1) 

where Ee is the radon emanation fraction by the effluent 
method (dimensionless), Ae is the activity of radon em
anated from the solid phase (pCi), and Aeq is the total 
equilibrium activity of radon in the sample (pCi). 

The differential gamma assay method defines Ac from 
the difference in two gamma assays to obtain the following 
definition of E: 

£ d = ( A c q - A d e ) / A c (2) 

where Ea is the radon emanation fraction by differential 
gamma assay (dimensionless) and A d e is the radon activity 
in the sample after de-emanation (pCi). 

The precisions of the two emanation measurement 
methods were compared using a group of 259 pairs of 
measurements by both methods on soil samples obtained 
under the Florida Radon Research Program [8]. Because 
quantities of these samples were limited, precision esti
mates from replicate emanation measurements were evalu
ated separately using a group of 14 validation samples. 
These consisted of a diverse collection of natural soils, 
uranium ores, and mill tailings with a wide range of 
radium concentrations and mineral types. The data quality 
objectives were to attain a relative precision of ±15% 
standard deviation for samples with radium above 2 
pCi g~ l by the effluent method, and a relative precision of 
±20% standard deviation for samples with radium above 
15 p C i g - 1 by the differential gamma method. The 14 
samples plus seven Florida soils that exceeded 15 pCi g - 1 

also were used to evaluate the accuracy of the effluent 
method by comparisons with data from the differential 
gamma method. The accuracy goal was to demonstrate less 
than 20% relative bias between the two methods. 

Samples containing their intended moisture were sealed 
into tared metal cans and allowed to equilibrate with their 
emanated radon for 24-30 days. The equilibrium radon 
activity, A c q , was then determined by gamma spectrome
try using a lead-shielded, 13 X 8 cm NaI(Tl) scintillation 
detector (Harshaw Chemical Co., Solon, OH). The gamma 
assays generally employed 1000 s count times. The Aeq 

determination utilized gamma ray intensities from two 
energy windows, illustrated in Fig. 2, to eliminate thorium 
interferences. Interferences from potassium were negligi
ble. The gamma ray intensities were calibrated with sepa
rate 2 2 6 R a and 2 3 2 Th standards to obtain Ac„ as: 

where ClT, C-yj- are the thorium calibrations for energies 1 
and 2 (counts s - 1 p C i - 1 ) , Ilt U are the net gamma ray 

Invananl Radon Emanation 

S 10 
Sample Moisture (% dry wt.) 

Fig. 1. Generalized variation of E with sample moisture. 
Fig. 2. Gamma ray spectra and energy windows analyzed for 

Ra-chain and 2 3 2Th-chain radionuclides. 
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Valve 
Mounting pjerdng 
Frame Valve 

Fig. 3. Apparatus for sampling head space air from sealed sample 
cans into alpha scintillation cells. 

intensities at energies 1 and 2 (counts s - 1 ) , and C 1 R , C 2 R 

are the radium calibrations for energies 1 and 2 
(counts s - 1 ) . 

The gamma calibrations were determined, from varying 
standard masses, to be constant for energy two, but to have 
a mass-dependent term for energy one. The uncertainty in 
A c q was estimated from gamma ray counting statistics as 

A^cq = (C 2 T l / 7 f ~ Cr^i[)/(C„CV •ClTC2R), 

(4) 

where A At„ is the uncertainty in equilibrium sample radon 
activity (pCi), / [ = / , + 2 5 , (counts s" 1 ) , / 2 = / , + 2fl 2 

(counts s _ 1 ) , and BUB2 are the background intensities for 
energies 1 and 2 (counts s - 1 ) . 

The emanated radon activity, A c , was measured from 
an air sample drawn from the head space of the sealed, 
equilibrated sample can into a calibrated, evacuated alpha 
scintillation cell. For this measurement, the can was 
mounted against a piercing valve attached to the scintilla
tion cell (Fig. 3). The can was then perforated with the 
valve, and the valve and stopcock were opened to draw air 
into the cell. The cell was then removed from the filter for 
approximately 1 s before closing the stopcock to allow 
room air to equalize the low pressure in the cell from its 
incomplete filling by sample headspace air. The cell was 
counted after several hours with a photomultiplier tube 
(Model 182, Ludlum Measurements Inc., Sweetwater, TX) 
to determine its radon concentration by the standard method 
[11]. The value of A e for use in Eq. (1) was calculated as: 

A e = Rn(Va + * H V w ) ( l + V c /V a ) , (5) 

where Rn is the radon concentration in the scintillation cell 
at the time of filling (pCi c m - 3 ) , Va is the volume of air in 
the sample can, Va = V c a n - md/pg - Vw (cm 3), V c a n is the 
volume of the sample can (cm 3), mA is the mass of dry 
sample material in the can (g), p g is the specific gravity of 
soil (g c m - 3 ) , Vw is the volume of water in the sample 
can (cm 3), kH is the radon distribution coefficient 
(water/air) from Henry's Law (dimensionless), and Vc is 
the volume of scintillation cell and filter assembly (cm 3). 

The second term in Eq. (5) increases the calculated air 

volume in the can to account for aqueous radon that 
dissolved in the sample moisture. The last term in Eq. (5) 
accounts for the dilution of the emanated radon into the 
larger combined volumes of the can void space plus the 
scintillation cell assembly. The uncertainty in A e was 
dominated by counting statistics at low Rn concentrations, 
leading to the following estimate of emanation uncertainty 
using Eq. (1): 

(6) A£ e = £ e l / ( A R n / R n ) 2 + ( A A e q / A c ( ) ) 2 . 

Immediately after sampling the air from the sample 
can, the remaining air was purged from the can with a 
vacuum pump. The sample was then heated in a convec
tion oven for 4 hours with an additional vacuum purge 
during the heating period. This completed de-emanation of 
the sample, after which the sample was again counted to 
determine its de-emanated radon activity and uncertainty, 
A d c ± A A d e , using equations analogous to Eqs. (3) and (4). 
These values then were used in Eq. (2) to determine £ d , 
and its uncertainty, A£ d , was estimated as: 

A£„ = £„ 
' ( A A e q ) 2 + ( A A d e ) 2 

1/2 

+ ( A A e q / A e q ) -

(7) 
The samples were subsequently dried to constant weight at 
110°C for determination of sample moisture. 

4. Results and discussion 

The 259 Florida soil samples were determined from Eq. 
(3) to have a geometric mean radium concentration of 0.3 
pCi g _ 1 , with a geometric standard deviation of 2.0. Their 
moistures averaged 10.5% ± 0.3% (dry weight basis). The 
relative precisions of the emanation measurements by the 
effluent method are plotted in Fig. 4, showing the expected 
decreasing uncertainty with radium concentration. The data 

II 

1? 

.01 
.01 100 .1 1 10 

Emanating Radium Concentration, Ra E (pCi/g) 

Fig. 4. Relative uncertainty in Florida soil emanation measure
ments by the radon effluent method as a function of soil radium 
concentration. 
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quality objective for this method was satisfied for over 
98% of the samples. The upper right quadrant in Fig. 4 
illustrates the few points that exceeded the precision objec
tive. The dashed least-squares line fitted to the data sug
gests a relative standard deviation from Eq. (6) of &EC/Ee 

= 0.12(Ra • £ )~ 0 - 5 1 . This suggests a minimum measurable 
emanating radium concentration of Ra • E = 0.02 pCi g~' 
by the effluent method. 

The corresponding relative precision of emanation mea
surements by the differential gamma method, obtained 
from Eq. (7), are plotted in Fig. 5. They show similar 
decreases with radium concentration, but a greater overall 
uncertainty. These data consistently satisfied the less-strin
gent data quality objective for the differential gamma 
method (Fig. 5), but frequently failed the more stringent 
objective of the effluent measurements. The dashed least-
squares line fitted to the data suggests a relative standard 
deviation from Eq. (7) of A £ d / £ d = 0.50(Ra • E)~°-9S. 
This suggests a minimum measurable emanating radium 
concentration of Ra • E = 0.5 pCi g~' by the differential 
gamma method. 

Analysis of the intersection of the fitted lines from 
Figs. 4 and 5 indicates that the effluent method has the 
best precision for emanating radium concentrations below 
approximately 25 pCi g _ 1 . For an emanation coefficient of 
0.25, this corresponds to soils with less than 100 pCi g _ 1 

radium. Other comparisons of the two lines show that for 
background soils with R a - £ = 0.25 pCi g - 1 , the effluent 
method offers nearly eight times better precision than the 
differential gamma method. 

The triplicate analyses of the 14 validation samples 
generally demonstrated relative precisions of emanation 
measurements that were comparable to those computed 
from counting statistics by the differential gamma method. 
For the effluent method, calculated variations exceeded 
actual standard deviations by an average factor of two. 
This was dominated by high-radium samples with ex
tremely high precisions, however, as demonstrated by the 

£i 

!I 

II 
.01 .1 1 10 100 

Emanating Radium Concentration, Ra E (pCi/g) 

Fig. 5. Relative uncertainty in Florida soil emanation measure
ments by the differential gamma method as a function of soil 
radium concentration. 

+ VaWaton Samples 
• Florida Soils (Ra>15 pCl'g) 

Interval (or ±20% 
Agreement 

Uno of Exact Agreement 

I 
U.O 0.1 02 03 0.4 OS 0.6 0.7 0.8 

Radon Emanation by Gamma Difference 

Fig. 6. Comparison of emanation fractions measured by the 
effluent and differential gamma methods. 

average calculated relative emanation uncertainty of 0.0027 
for the eight samples whose actual variations exceed the 
calculated variations by more than a factor of two. This 
suggests that the calculated precisions above approxi
mately 0.5% are realistic, but that lower values are domi
nated by measurement variations other than counting 
statistics. 

The radium concentrations in the 14 samples ranged 
from 1.5 to 4,160 pCi g - 1 , and the moistures ranged from 
4% to 19%. The differences between measurements by the 
two methods are compared in Fig. 6. Seven of the Florida 
soils exceeded 15 pCi g " l and are also included in Fig. 6 
to provide a total of 21 samples for accuracy comparison. 
For the Florida soils, statistical precisions are shown in
stead of replication precisions. Only one of the 21 samples 
exhibited a comparison that fell beyond its measurement 
uncertainty outside the ±20% accuracy criterion. One 
sample was excluded because its AEd/Ed exceeded unity. 
Although certain other validation samples exhibited very 
large uncertainties, they were all within one standard devi
ation of the quality criterion. Numerical comparisons of 
the mean emanation measurements by the two methods 
showed an average difference of 15% ± 16% for the 21 
comparisons. The average bias was — 7.8% + 22% for the 
effluent method relative to the differential gamma method. 
This suggests that the overall bias between the two meth
ods is relatively insignificant. 

The effluent method is shown to provide superior preci
sion to the differential gamma method by a factor of eight 
at the 1 pCi g - 1 radium level that is typical of background 
soils. Its accuracy is demonstrated by equivalent results to 
the differential gamma method on samples with sufficient 
radium to obtain useful validation statistics. While both 
methods are suitable for high-radium samples, the effluent 
method, combined with the dual-energy gamma assays 
employed here, permits sensitive measurements of emana-
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tion in low-emanating natural soils that extend to as low as 
Ra • E £ 0.02 pCi g _ 1 of emanating radon. 
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Appendix D 

Note 

RADON DIFFUSION COEFFICIENTS FOR AGED RESIDENTIAL 
CONCRETES 

Vern C. Rogers, Kirk K. Nielson, and Rodger B. Holt* 

Abstract—This note reports radon gas pore diffusion coeffi
cient measurements for residential concretes from Florida, 
ranging in age from 12 y to 45 y. The coefficients ranged from 
1.5 X 10" 7 m 2 s ~ l to 5.5 x 10~ 7 m 2 s _ 1 . On the average, these 
values are about a factor of 1.6 higher than average values 
previously reported for new residential concretes in Florida. 
Health Phys. 68(6):832-«34; 1995 

Key words: radon; 2 2 2 R n , indoor; diffusion; 2 2 2 R n 

INTRODUCTION 

PREVIOUS measurements of radon diffusion coefficients 
(D) for the pore space of new residential concrete 
samples from Florida indicated that diffusion can be a 
significant mechanism for radon entry into dwellings 
(Rogers et al. 1994). In that work the D's for the new 
concrete samples averaged 1.9 X 1 0 - 7 ± 1.4 X 1 0 - 7 m 2 

s _ 1 . Because residential concrete can potentially degrade 
with time, it is of interest to determine the D's of older 
concrete samples. Radon diffusion coefficients have been 
measured for 22 older concrete samples from 11 loca
tions in Florida. 

BACKGROUND 

No previous information was found in the literature 
on the effects of concrete aging on radon diffusion 
coefficients. One recent paper (Roelofs and Scholten 
1994) reported measurements of radon exhalation rates 
from concrete samples as a function of time. They found 
that the exhalation rates from the concrete decreased by 
about a factor of 2 over 8 y. This decrease is usually 
attributed to changes in the emanation coefficient, but 
changes in the diffusion coefficient could also contribute. 
Martialay (1987) reported measurements of air perme
ability (K) made over a period of 20 y on six concrete 
slabs. The slabs were constructed with identical compo
sitions and a watencement ratio of 0.37, which is much 
less than the ratios for typical residential concretes. 

* Rogers & Associates Engineering Corporation, P.O. Box 330, 
Salt Lake City, UT 84110-0330. 
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Martialay's data indicate that K reached its maximum 
value at about 20 y and that K increased to about 80% of 
its maximum value at 12 y. Thus, most of the increase in 
K occurred in the first 10 to 12 y. Since D and K can be 
related for porous materials (Youngquist 1970; Rogers 
and Nielson 1991), the effect on K of concrete aging may 
be similar to the effect on D. 

MATERIALS AND METHODS 

Twenty-two concrete samples (cylinder core-drilled 
through the slab) were obtained from residential floor 
slabs in the Miami, Boca Raton, Pompano Beach, and 
Delray Beach areas of Florida. The slab ages ranged from 
12 to 45 y. Duplicate samples were obtained at 11 
separate locations. The sample dimensions are 0.09 m 
diameter by 0.10 m length. Table 1 gives sample identi
ties and characteristics. The concrete densities (dry basis) 
ranged from 1.96 X 10 3 kg m~ 3 to 2.12 X 10 3 kg m~ 3 . 

The porosity of the concrete samples was deter
mined from the measured dry density, as described by 
Rogers et al. (1994). The D measurements were made 
with the same equipment and procedures used by Rogers 
et al. (1994). To prepare the samples for the diffusion 
measurements, each cylinder was sealed into standard 
diffusion sample holders using an epoxy that has negli
gibly low radon diffusion coefficient. 

RESULTS AND DISCUSSION 

The last column of Table 1 contains the results of 
the D measurements. They range from 1.5 X 1 0 - 7 m 2 

s _ 1 to 5.5 X 1 0 - 7 m 2 s , with an arithmetic mean of 
3.1 X 1 0 - 7 m 2 s - 1 and a standard deviation of 1.1 X 
10~ 7 m 2 s - 1 . The 95% confidence interval about the 
mean is 2.6 X 10~ 7 to 3.6 X 10" 7 m 2 s - 1 . Relative 
uncertainties among the duplicate sample measurements 
are estimated to be about 21% using the approach in 
Rogers et al. (1994). 

The D values for these aged concretes average about 
a factor of 1.6 greater than the previous measurements 
for new concretes, and about a factor of 4.8 greater than 
the D 's for new concretes cut from residential slabs, as 
opposed to test cylinder samples (Rogers et al. 1994). 
These differences in the means are significant at the 95% 
level of confidence.. However, since D varies with 
density, the difference could result from differences in 
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Table 1. Characteristics of aged concrete samples. 
Sample Age Dry density 

No. (y) (103 kg m" 3) Porosity D ( 1 0 7 n r s - ' ) 

A-l 12 2.07 0.20 3.5 
A-2 12 2.07 0.20 1.5 
C-l 25 1.99 0.23 2.3 
C-2 25 1.99 0.24 3.4 
D-l 18 2.01 0.23 4.2 
D-2 18 2.01 0.22 3.9 
E-l 20 2.07 0.20 1.8 
E-2 20 2.07 0.20 2.4 
F-l 14 2.09 0.19 2.0 
F-2 14 2.09 0.19 2.1 
G-l 45 1.96 0.24 2.3 
G-2 45 1.96 0.24 2.5 
H-l 20 2.03 0.22 4.9 
H-2 20 2.03 0.22 3.7 
1-1 15 2.12 0.21 1.8 
1-2 15 2.12 0.16 2.4 
J-l 40 2.09 0.19 3.1 
J-2 40 2.09 0.20 3.5 
K-l 21 1.98 0.24 4.8 
K-2 21 1.98 0.24 5.5 
L-l 36 2.01 0.22 3.2 
L-2 36 2.01 0.23 2.8 

concrete density. The densities and total porosities of the 
new and aged concrete samples are equivalent within the 
measured variations. Their means differ by only a few 
percent. Thus, different density values should not ac
count for the differences in the D values between the new 
and aged concrete samples. 

This is illustrated in Fig. 1, which presents the aged 
concrete D values as a function of concrete density. The 
line in Fig. 1 is the least-squares regression for new 
concretes, given in Rogers et al. (1994). The regression is 

Dcor = 0.084 exp(-0.006rf) (1) 

where 
D c o r = pore radon diffusion coefficient estimated 

from the regression (m 2 s~'); and 
d = concrete density (kg m - 3 ) . 

About two-thirds of the data points for the aged 
concrete are above the regression line for the Dcot of new 
concrete. This result suggests that the D for concrete may 
increase slightly with age, independent of its density 
dependence. 

To remove the density dependence from the aged 
concrete D values, the aged-concrete D values were 
divided by corresponding values of Dcov which were 
obtained from eqn (1). The resulting ratio is the relative 
variation of the measured D values for the aged concrete 
from the new concrete correlation value. Biased devia
tions of this ratio from unity should then correlate with 
the age of the concrete if D varies with age, independent 
of density. The D/Dcor ratio is plotted in Fig. 2 as a 
function of the age of the concrete. The average value of 
D/DCOI is 1.9. However, the data show no general trend 
with age. A linear least-squares regression of the data, 
also shown in Fig. 2, has a correlation coefficient of only 
r = 0.23. Therefore, on the average, the D value for 
residential concretes more than 10 y old is about a factor 
of 1.9 higher than the average D value for new concrete 
in Florida, when corrected for density effects, but the D 
value for any one aged concrete sample is within the 
range of variability of D for new concrete. 

CONCLUSIONS 

Radon diffusion coefficients have been measured 
for Florida residential slab concretes ranging from 12 to 
45 y old. The D values for the aged concrete average 
about 1.6 times the average values for newly poured 
Florida concretes; however, individual measurements are 

1.9 2.0 2.1 

Concrete Density (103 kg nv3) 
2.2 

Fig. 1. Diffusion coefficients for aged concrete (dots) and regres
sion line for new concrete (Rogers et al. 1994). 

i 

10 20 30 

Age (yr) 
Fig. 2. Ratio of D to />„,, vs. age. 
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generally within the range of D values for the new 
concretes. Density differences do not explain the increase 
in D with age. When corrected for density differences, 
the D values for the aged concrete average about 1.9 
times the average values for the newly poured Florida 
concretes. 
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Appendix E 

Note 

RAETRAD MODEL EXTENSIONS FOR RADON ENTRY 

INTO MULTI-LEVEL BUILDINGS WITH BASEMENTS OR CRAWL SPACES 

Kirk K. Nielson, Vern C. Rogers, Vern Rogers, and Rodger B. Holt 

Rogers and Associates Engineering Corporation 

P.O. Box 330, Salt Lake City, UT 84110-0330 

Abstract—The RAETRAD model was generalized to characterize radon generation and 

movement from soils and building materials into multi-level buildings with basements or 

crawl spaces. With the generalization, the model retains its original simplicity and ease of 

use. A diffusive radon entry rate of 0.55 kBq h*1 was calculated for basement test structures 

at Colorado State University compared to a measured mean of 0.6 ± 0.1 kBq h"1 when the 

indoor-outdoor air pressure difference averaged APj.0 = 0 Pa and the floor-wall crack was 

sealed. When the crack was unsealed, radon entry rates increased because of air flow driven 

by pressure fluctuations. The measured pressure-driven radon entry at APj.0 = -3.5 Pa 

corresponded to the calculated radon entry rate using a 0.13 cm wide floor-wall crack caused 

by 0.08% slab shrinkage. Calculated radon distributions in a 2-level house also were 

consistent with published measurements and equations. 
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INTRODUCTION 

The RAETRAD (RAdon Emanation and TRAnsport into Dwellings) model was developed to 

characterize 2 2 2 Rn (radon) generation in soils and building materials and its movement by 

diffusion (concentration-driven) and advection (with pressure-driven air flow) into slab-on-

grade houses (Nielson et al. 1994). This note describes later extensions of the RAETRAD 

model to include basements, crawl spaces, and multi-level buildings. The extended model 

also simplifies the specification of slab cracks and soil moisture profiles. This note describes 

the model extensions and compares calculations from the basement and multi-level 

extensions with published measurements. 

MODEL EXTENSIONS 

To represent buildings with basements, RAETRAD was generalized to permit 

definition of below-grade slabs and basement walls that contact surrounding soils. The slabs 

and walls are defined like other building materials by location, thickness, radium 

concentration, radon emanation coefficient, density, porosity, moisture, and vertical and 

horizontal values of the diffusion and permeability coefficients. RAETRAD first computes the 

steady-state air pressure and radon gas distributions. It then integrates the air and radon 

transport (advective and diffusive) from the below-grade wall surfaces in addition to that 

from the floor surface to estimate the rate of radon entry into the first level of the building. 

The extended model uses the same 2-dimensional elKptical-cylindrical geometry and 

analytical-numerical methods as before (Nielson et al. 1994). 
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The calculated rate of radon entry from soil and slabs is now coupled with a multi-

zone model to characterize steady-state radon distributions among different levels of the 

building. Each level is characterized by its volume and inter-level and external air flows. 

The multi-zone model assumes rapid air mixing in each level, and accounts for radon 

generation and decay. For a multi-level building (represented in Fig. 1), the respective 

equations balancing radon production and loss in the bottom, intermediate, and top levels 

are: 

-C 2Q 2 >i + CiCQ^ + Q ^ + a V ! ) = S 1 + C 0 Q 0 > 1 (1) 

•C i + iQ i + 1 ) i + C.(Q M + 1 + Qi,i-i + Qi,0 + Wi) - C ^ L i = Sj + C 0Q 0 > i (2) 

CnCQn.n-l + Qn.o + W n ) - C ^ Q ^ = S n + C 0 Q 0 > n (3 ) 

where C{ = radon concentrations in levels i = 1 to n (Bq m"3) 

Qy = air flow rate from level i to level j (subscript o indicates outdoors) (m 3 s"1) 

X = radon decay constant (2.1 x 10"6 s"1) 

Vj = volume of level i (m3) 

Sj = radon entry rate into level i from soil and building materials (Bq s"1) 

C 0 = radon concentration in outdoor air (Bq m"3). 

Ordinarily, Si>1 ~ 0 because radon from soil and building materials primarily enters the first 

level unless hollow walls or other channels conduct it to other levels. Eqns (1) through (3) 

define a simple matrix equation that is solved for the indoor, radon concentrations, Cj. 
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Buildings with crawl spaces can be represented by defining the crawl space as the first level, 

and replacing the floor slab with a plastic vapor barrier, bare soil surface, or other definition 

that represents the floor of the crawl space. 

The radon diffusion and air permeability coefficients of slab cracks are now defined 

by internal functions instead of user-specified constants. The radon diffusion coefficients of 

cracks are defined from the diffusion coefficient of radon in air (0.11 cm s"1). The air 

permeability coefficients of cracks are defined by an expression from Baker et al. (1987) as: 

^ • • ^ • ^ ( 4 ) 

where k c = air permeability of the crack (m2) 

w = crack width (m) 

p = density of air (1.2 kg m"3) 

v = air flow velocity (m s"1) 

u = viscosity of air (1.8 x lO'5 Pa s) 

t = thickness of the slab (m). 

The last term in eqn (4) is generally negligible, so that k c = v^/12, independent of air velocity. 

However, for very wide gaps and large air velocities, the air velocity permitted by the soil air 

path is used to estimate the increased air permeability in eqn (4). 
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Soil moisture profiles can also be defined in the extended model from an internal 

function instead of from default or user-specified values. The internal function computes 

moisture profiles from the user-specified water table depth, soil texture, and soil density 

information using the capillary water retention algorithm from Nielson and Rogers (1992). 

COMPARISONS WITH RADON MEASUREMENTS 

The basement option of the extended RAETRAD model was evaluated by comparisons 

with measurements from basement test structures at Colorado State University (CSU) in Ft. 

Collins, CO (Ward et al. 1993). The model analyses used the published concrete and soil 

dimensions, densities, 2 2 6 R a concentrations, 2 2 2 R n emanation coefficients, and other 

properties. The floor surfaces were approximately 2.0 m below the ground surface. Soil 

moisture measurements at the site were consistent with an effective water table depth of 3 m 

in the sandy clay loam soil, from which vertical moisture profiles were estimated. The radon 
7 9 1 

diffusion coefficient of the concrete pore space was estimated as 2.4 x 10 m s from 

previous measurements in 2,100 kg m concrete (Rogers et al. 1995). An upper limit of the 

concrete permeability was also estimated from previous measurements (Rogers and Nielson 

1992) as 10 m . Model analyses were performed with and without a floor-wall shrinkage 

crack that was estimated to be 0.13 cm wide from a 0.08% shrinkage estimate (Ytterberg 

1987). Separate analyses also selectively suppressed radon contributions from the concrete 

or soil regions to estimate their relative importance. The analyses assumed indoor - outdoor 

air pressure differences (APj_0) of 0 and -3.5 Pa for comparison with published radon entry 

measurements. 
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The multi-level radon distribution equations were evaluated by separate comparisons 

with published radon measurements and calculations from a research house at Princeton 

University (Cavallo et al. 1994). The research house had a 150 m 2 living area, a 120 m 2 

basement, and a total volume of 625 m 3 . Basement radon levels and air infiltration, 

exfiltration, and inter-level flows (characterized by perfluorocarbon tracer gas measurements) 

were reported for two conditions. With basement windows closed, Sx = 1,550 kBq h"1 

(influenced by AP-.0 = -4.0 Pa), and C x = 5.0 kBq m' 3. With basement windows open, S x = 218 

kBq h"1 (influenced by AP^ = -0.6 Pa), and C x = 0.367 kBq m"3. Outdoor radon concentrations 

were reportedly negligible. The published air flow rates and radon entry rates were used to 

compute radon concentrations with eqns (1) and (3) for both closed- and open-window 

conditions. The calculated radon concentrations were then compared with the measured 

concentrations. 

RESULTS AND DISCUSSION 

Radon entry rates calculated with the extended RAETRAD model for the CSU 

basement structure ranged linearly from 0.55 kBq h"1 at AP^ = 0 to either 0.63 kBq h ' 1 

without a shrinkage crack or 1.27 kBq h*1 with a shrinkage crack at AP{.0 = -3.5 Pa. When 

APĵ , = 0 or without the crack, 31% of the radon entered from floor surfaces and 69% entered 

from wall surfaces, and 77% of the radon came from the soil and 23% from the concrete 

materials. With the crack and APj.0 = -3.5 Pa, 53% of the radon entered through the crack, 

32% entered from the walls, and 15% entered from the floor. In this case, 83% of the radon 

came from the soil and 17% came from the concrete. 
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Fig. 2 shows that the calculated radon entry rates at APj.0 = 0 are equivalent to 

measurements by Ward et al. (1993) when the crack was sealed. This agreement confirms 

the amount of radon that enters by diffusion from the soil and concrete. The higher rate of 

radon entry measured with an open crack (0.9 kBq h"1) illustrates an important difference 

between a true APj.,, = 0 and the effect of a APj.0 that averages zero but includes high-

frequency fluctuations of ±1 - 2 Pa, as shown in the data of Ward et al. (1993). RAETRAD 

does not model pressure fluctuations. However, the measurements with the open crack 

included cyclic upward and downward air flow that gives a net effect equivalent to 

approximately AP{.0 = -1.7 Pa, as confirmed by model calculations. Although Ward et al. 

(1993) speculated that the increased radon entry (from 0.6 to 0.9 kBq h"1) at APj.0 = 0 from 

the open crack was caused by diffusion through the crack, our calculations suggest that much 

of the floor would have to be removed to permit this much diffusive entry if there were truly 

no air pressure gradient across the crack. 

The pressure dependence of the radon entry measurements for the sealed crack case 

(closed circles in Fig. 2) suggests the presence of concealed cracks in the slabs or of possible 

permeable regions in the seal-slab interface that are collectively equivalent to a 0.13 cm 

shrinkage crack. The dashed line in Fig. 2 shows that the actual pressure-driven radon entry 

is at least nine times greater than would be expected if there were no cracks or openings in 

the basement structure. Since the air permeability of concrete is commonly an order of 

magnitude lower than the 10"15 m 2 value used to compute the dashed line in Fig. 2 (Mills 

1987), the pressure-dependent component of the radon entry must come from concealed 

cracks or defects, and not by transport through intact regions of the slabs. 
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Radon concentrations in the Princeton University research house calculated with eqns 

(1) and (3), were 5.2 kBq m"3 and 3.1 kBq m"3 respectively for the basement and main level 

with the basement windows closed and 0.33 kBq m"3 and 0.28 kBq m"3 in the basement and 

main level with the basement windows open. These calculated concentrations are 1.2% lower 

and 0.7% lower than the respective values determined indirectly by Cavallo et al. (1994) 

because of the inclusion of radon decay in eqns (1) through (3). However, the calculated 

concentrations are 3.5% higher and 10% lower than the respective concentrations measured 

in the basement, well within the range of measurement uncertainty. These comparisons 

demonstrate consistency of the extended RAETRAD model with the published empirical and 

theoretical data. 

CONCLUSIONS 

The extended RAETRAD model calculates basement radon entry rates that are 

consistent with reported measurements, confirming that diffusion and pressure-driven air 

flow (at AP i K ) = -3.5 Pa) contribute approximately equally to radon entry into the CSU 

basement structures. About one-fourth of the diffusive entry comes from concrete materials 

and three-fourths comes from the surrounding soils. Radon entering through the floor-wall 

shrinkage crack is probably driven by fluctuating upward and downward air currents rather 

than by diffusion. Even when the crack is sealed, radon enters advectively at a rate 

consistent with a 0.13 cm floor-wall crack (caused by 0.08% concrete shrinkage). The multi

level extension to RAETRAD gives radon distributions that are also consistent with published 
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radon measurements and equations. The new extension also considers outdoor radon and 

indoor decay of radon. 
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Appendix F 

POROSITY TRENDS IN RADON TRANSPORT THROUGH CONCRETE 

AND CONSISTENCY IN DEFINING DTFFUSION COEFFICIENTS 

Dear Editors: 

Renken and Rosenberg (1995) recently reported a trend of increasing air permeability and 

2 2 2 Rn (radon) diffusion coefficients in concrete with increases in concrete porosity. They 

indicated that (a) their trend contradicted our findings from an earher study (Rogers and 

Nielson 1992), (b) we "reported that increases in porosity do not necessarily produce higher 

permeability and diffusion coefficients", and (c) the lack of trend alleged in (b) "could be the 

result of employing transient measurements to calculate steady-state coefficients." We show 

here that (a), (b), and (c) are all incorrect. 

Concerning (a) and (b), we neither reported nor implied that increased porosity 

does not necessarily increase permeability or diffusion coefficients. Contrarily, our 

permeability and diffusion coefficients both increase with porosity in least-squares regressions 

on the published data (Rogers and Nielson 1992). Therefore, Renken and Rosenberg's trends 

are consistent with the porosity trends that we reported previously. We suspect that Renken 

and Rosenberg's misunderstanding came from their erroneous transcription of our 

permeability coefficients, five of seven of which are printed incorrectly in their Table 2 (two 

by factors of 100). We also note a typographical error in their Table 2 for the diffusion 

coefficient of mix B. For consistency with their Fig. 4, the coefficient should be 1.43 x 10*3 

cm 2 s"1. 

Concerning (c), we have shown previously that "steady-state" diffusion coefficients 

calculated using transient-diffusion equations with transient measurements agree with 
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diffusion coefficients calculated from steady-state measurements (Nielson et al. 1982). The 

diffusion coefficient in our transient-diffusion equation is inherently steady-state. Only the 

concentration gradients and fluxes change with time. In fact, we sometimes extend our 

experiments to steady state to confirm the transient test results. 

In reviewing Renken and Rosenberg's (1995) description of diffusion tests and their 

comparison (Table 2) of measured diffusion coefficients with our measurements (Rogers and 

Nielson 1992), we also find an inconsistency between their definition of DRC in eqn (6) and 

the definition used for our data. From their eqn (6), Renken and Rosenberg present and 

define D R C as the diffusion coefficient for radon in the bulk concrete sample. This is also 

frequently called the effective diffusion coefficient. However, they compare DRC with our 

reported!), which is the diffusion coefficient for radon in the pores of the concrete, as defined 

in our theoretical papers (Rogers and Nielson 1981; 1991) and in our papers that present 

measured values (e.g. Rogers et al. 1994; Rogers et al. 1995). While this confusion of bulk 

(or effective) vs. pore diffusion coefficients is not new to the radon literature, the distinction 

of bulk and pore coefficients is vital to correctly use them for porous media. As we clarified 

previously (Rogers and Nielson 1981; 1991), the two are related by the porosity (p) as DRC = 

pD for dry, non-adsorbing materials, and by a similar effective porosity for media with both 

air and water in the pores. Clearly, the relation between DRC and D gives DRC a stronger 

dependence on porosity than does D. Dividing by porosity, Renken and Rosenberg's 

equivalent DRC/p values exceed most reported data for concrete of similar porosity (Rogers 

et al. 1994). This may be due to their measured porosities, which are low for the water-

cement ratios of the mixes, or to the methodology for determining D R C from their 

experimental measurements. Since they did not report how DRC was calculated from their 

radon measurements, it is difficult to determine whether the DRC/p values are biased. 
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Appendix G 

RADON PENETRATION OF CONCRETE SLABS, 

CRACKS, JOINTS, AND SEALANTS 

Kirk K. Nielson,* Vern C. Rogers,* Rodger B. Holt,* 

Thomas D. Pugh, f Walter A. Grondzik^ and Robert J. deMeijer* 

Abstract—Radon movement through different concrete structural domains was characterized 

by measurements on 12 test slabs with different cracks, pipe penetrations, cold joints, 

masonry blocks, sealants, and tensile stresses. Measurements characterized diffusive and 

advective transport at constant air pressures controlled throughout the AP = 0 to 60 Pa range 

with a tolerance of ± 0.5 Pa. Diffusion coefficients (AP = 0) initially averaged 6.5 x 10 

among nine slabs with only 8% standard deviation, but increased by 0.16% per day over a 

2 year period due to drying to an average of 2.0 x 10"7 m 2 s"1. An asphalt coating reduced 

diffusion 6-fold but an acrylic surface sealant had no effect. Diffusion was 4.5 times higher 

in solid masonry blocks than in concrete, and was not affected by small cracks. Advective 

transport (AP < 60 Pa) was negligible for the slabs (10"16 m 2 permeability), pipe penetrations, 

and caulked gaps, but was significant for cracks, disturbed pipe penetrations, cold joints, 

masonry blocks, and concrete under tensile stress. Cracks as small as 10"7 m 2 significantly 

increased radon advection. Approximate expressions were found to estimate air velocity and 

effective crack width from enhanced radon transport and air pressure conditions. Concrete 

is a robust and effective passive radon barrier to the extent that cracks and openings to the 

soil are avoided. 

* Rogers and Associates Engineering Corporation, P.O. Box 330, Salt Lake City, UT 84110-
0330; f Institute of Building Sciences, Florida A & M University, Tallahassee, FL 32307; 
* Kernfysisch Versneller Instituut, Rijksuniversiteit Groningen, the Netherlands. 
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INTRODUCTION 

Radon entry into buildings can be reduced by passive barriers that block radon 

entry routes and by active (fan-driven) soil ventilation systems that change air currents and 

ventilate foundation soils. Passive barriers include seals of foundation cracks, joints, 

penetrations, and openings, plastic membranes at the soil-building interface, low-porosity 

concrete for below-grade slabs and walls, and designs that avoid hollow or permeable 

channels in foundation walls. Although active systems are generally more effective (ten- to 

one hundred-fold radon reduction compared to 2- to 3-fold reduction), passive barriers have 

several advantages, including a potentially broader application. For example, nearly twice 

as much U.S. radon exposure occurs in the 150 to 300 Bq m"3 (4 to 8 pCi L"1) concentration 

range as in the >300 Bq m"3 range, and nearly 5 times as many U.S. homes have 150 to 300 

Bq m"3 concentrations as those with >300 Bqm" 3 (Marcinowski and Napolitano 1993). 

Passive barriers are also less expensive in new construction, ranging from $150 to $600 per 

house (Rogers and Nielson 1994), compared to $1,135 per house plus $100 per year for 

operation and maintenance of active systems (Henschel 1993). 

Despite their potential advantages, passive barriers are sometimes considered 

ineffective because of uncertainty in their individual or collective effectiveness or defects that 

compromise their effectiveness. For example, radon penetration of seemingly crack-free or 

well-sealed slabs has sometimes greatly exceeded model calculations (Garbesi et al. 1993). 

In other cases, floor-wall shrinkage cracks concealed by structural features degraded the 

performance of passive barrier systems (Nielson and Rogers 1995). Although model analyses 

suggest potentially better performance from passive barriers, few data are available to 

characterize the effectiveness of individual barrier components and the degree of leakage that 
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occurs when they fail. This lack of data commonly contributes to conservative overdesigns 

with active radon mitigation systems when less-expensive passive barriers may suffice. 

This paper describes laboratory research on the concrete and masonry components 

of passive radon barrier systems. The research was performed to characterize the rates and 

mechanisms of radon penetration through concrete floor and wall slabs and their associated 

joints, cracks, penetrations, and sealing systems. The research also characterizes physical 

properties of the concrete domains to relate to their effectiveness as radon barriers. The 

research thus supports the broader goal of identifying which concrete domains and properties 

constitute robust radon barriers and which permit radon entry, either inherently or in ways 

that could be avoided with proper precautions. 

The laboratory tests described here use an innovative system to precisely maintain 

air pressures differences across test slabs for accurate measurements under conditions 

throughout the 0 to 60 Pa range of pressure differences. The concrete test slabs contain 

common configurations of cracks, joints, penetrations, and sealants. The rates and 

mechanisms of radon transport are determined from measurements with and without air 

pressure gradients. The slabs are larger than traditional laboratory specimens to minimize 

the question of scale that has been raised in regard to air permeability in soils (Garbesi et 

al. 1996). 

THEORY 

Radon penetrates concrete building structures by two mechanisms: advection and 

diffusion. By advection, pressure-driven air currents carry radon atoms at approximately the 
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same velocity as the air current (neglecting second-order delays by adsorption on dry surfaces 

and absorption in pore liquids). In diffusion, the random movement of radon atoms causes 

a net transport from regions of high concentration to regions of lower concentration. The 

equation describing radon generation and transport in 1 dimension is (Nielson et al. 1994): 

dt fsdx dx fsdx fs 

where C = 2 2 2 R n concentration in air-filled pore space (Bq m"3); 

d/dt = time derivative (s*1); 

f3 = e(l-S+SkH) + pka (dimensionless); 

8 = total porosity (dimensionless: m 3 pore space per m 3 bulk space); 

S = water saturation fraction (dimensionless); 

kH = 2 2 2 R n distribution coefficient (water/air) from Henry's Law 

(0.26 Bq m' 3 water per Bq m' 3 air at 20°C); 

p = bulk density (kg m"3, dry basis); 

ka = coefficient of 2 2 2 Rn adsorption on surfaces (m 3 kg"1); 

d/dx = spatial derivative (m'1); 

fa = e(l-S+SkH) (dimensionless); 

D = diffusion coefficient for 2 2 2 Rn in the pore space (m 2 s"1); 

v = bulk (Darcy) velocity of air (m s"1); 

X = 2 2 2 R n decay constant (2.1 x 10' 6 s' 1); 

R = 2 2 6 R a concentration (Bq kg"1); 

E = 2 2 2 R n emanation coefficient (fraction). 

The corresponding equation for radon flux is: 
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J = -fj)*?. * vC, (2) 
dx 

where J = total (advective and diffusive) radon flux (Bq m"2 s"1). 

For advective air velocities common to cracked or permeable slab systems, the advective 

component of the radon flux, given by the last term in eqn (2), can be interpreted as an 

enhancement of the diffusion coefficient to obtain D', where 

-fj)0£. + vC 
jy = dx a D _ vC ( 3 ) 

/
• aC f oC 

dx dx 

The second equality in eqn (3) assumes that the concentration gradients with and without 

advection are equivalent. This is approximated by the present experimental system, where 

source concentrations are relatively constant, and the advection-dominated crack regions are 

largely independent of the intact diffusion-dominated regions. Re-arranging eqn (3), and 

integrating over a single region to obtain AC/Ax, the factor AC can be approximated by C, 

since the sub-slab concentration usually greatly exceeds the above-slab concentration. This 

assumption leads to the following approximate expression for estimating the slab-average 

advective velocity from the slab thickness, Ax, and the enhancement of the radon diffusion 

coefficient: 

v - fa

KU-U). (4) 
Ax 

Previous measurements suggest that the intrinsic permeability of residential concrete 

is on the order of 10' 1 6 m 2 , which is too low to normally permit significant air or advective 
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radon entry except through cracks, or other openings (Mills 1987; Rogers and Nielson 1993). 

However, the diffusion coefficients for radon in the pores of concrete are in the range of 

4 x 10"8 to 2 x 10"7 m 2 s"1, which is sufficient to support a low radon flux that becomes 

significant when integrated over the typically large surface areas of floor and wall slabs. 

Using these approximate transport coefficients in eqn (4) suggests that radon penetrates 

intact concrete at least 100 times faster by diffusion than by advection. Therefore, advective 

radon movement is primarily limited to cracks and other permeable domains of concrete. 

Accordingly, experiments were designed to characterize the nature and amount of radon 

transport in different permeable domains that commonly occur in concrete slab systems. 

For planar cracks in slabs, the intrinsic permeability for air flow can be estimated 

from the crack width as k = w2/12 (Baker et al. 1987). Using this permeability definition in 

the Darcy flow equation gives the following equation for estimating the effective crack width 

from air flow measurements: 

w = (2^iA.)y3 (5) 
L AP 

where w = effective width of the planar crack (m), 

u = dynamic viscosity of air (1.8 x 10-5 Pa*), 

Ax .= slab thickness (m), 

L = crack length defined from crack area/width ratio (m), 

Q = rate of air flow through the crack (m 3 s"1), 

AP = air pressure difference across the slab (Pa). 
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MATERIALS AND METHODS 

Concrete test slabs 

Twelve test slabs were prepared at Florida A & M University from a single batch of 

concrete. The slabs were grouped to provide triplicate samples of four different concrete 

structural domains, as shown in Fig. 1. The first group, representing intact slabs, was 

designed to compare conventional small-sample laboratory measurements with data from 

larger slab areas to examine potential scale dependence. This group also served as a control 

for the other groups, and was used for measuring the effects of uniform surface coatings. The 

second group contained solid masonry blocks that were cast into the center of the slabs, 

comprising the entire thickness of the center one-third of the slabs. The third group 

contained steel tension bars at each end to permit stressing the slabs during tests. The 

fourth group contained two 0.089 m diameter pipe penetrations to test the effects of slab 

utility penetrations. 

The slabs utilized a good quality concrete mix with plasticizer and water reducer to 

minimize porosity. The composition of the concrete mix is listed in Table 1. The wet concrete 

mix was poured into smooth forms over a sand base covered with polyethylene. Solid 

masonry blocks, tension bar hardware, or plastic pipes were placed into the forms for slabs 

4 through 12 as illustrated in Fig 1. The slabs were flooded with water after several hours 

and covered with polyethylene sheet to retain moisture. The slab dimensions averaged 0.40 

m x 0.61 m x 0.092 m. After a 30 d curing period, the slabs were mounted into steel frames 

as illustrated in Fig. 2. The slab edges were coated with a 2-part epoxy floor coating 

(Armorseal 1000, Sherwin Williams Co., Cleveland, OH) to form an impermeable seal to the 

foam plastic backer rods that closed the slab-frame gap. The outside regions of the gaps by 
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the upper and lower backer rods were also filled with approximately 0.01 m of polyurethane 

sealant. The mounted slabs were transported for testing to the Rogers & Associates 

Engineering Corp. laboratory in Salt Lake City, where they were stored at 20 ± 3 °C between 

experiments. 

Experimental measurement systems 

A specialized radon test system, shown in Fig. 3, was constructed to accurately 

measure radon movement through the slabs under precisely controlled air pressure 

conditions. The source and collection chambers were made of steel with similar dimensions 

to those of the mounted slabs. Separate pipes welded into each end provided inlet and outlet 

air flow and pressure monitoring and control. The separate air circuits provided a high 

concentration of radon to one side of the slab and a well-mixed monitoring stream on the 

other side. The chambers were sealed to the slab frames with plumber's putty (No. 31174, 

Oatey, Cleveland, OH), which was compressed by bolts to cover the 0.04 m wide flanges of 

the chamber and sample frames. The air pumps (M01320N, Air Dimensions Inc., Deerfield 

Beach, FL) provided 1 m h" 1 of flow in each circuit. One of several modular radon sources 

(approximately 4 kg of 90,000 Bq kg"1 uranium ore sealed into plastic pipes) was inserted into 

the lower circuit for each experiment, after which it was removed and allowed to re-

equilibrate before re-use. The radon detector (AB-5, Pylon Electronics Inc., Ottawa, ON, 

Canada) sampled air at 0.1 m 3 h"1 from the upper circuit with its own internal pump. 

The air pressure difference across the slab, AP, was monitored by a mechanical gauge 

(Magnehelic 2000.00, Dwyer Instruments Inc., Michigan City, IN). The pressure monitoring 

tubes were also connected to separate, partially-inflated mylar balloons (0.01 m each). As 

used previously by Zapalac (1983), the balloons avoided air pressure gradients across the slab 
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by referencing both sides to ambient laboratory pressures. In a novel applications of the 

balloons, the balloon for the collection chamber was alternatively connected to a different part 

of the air circuit (position 2 of the pressure reference switch in Fig. 3) to provide a sustained 

air pressure gradient for advective transport experiments. By restricting air flow with the 

pressure control valve in Fig. 3, the upper air circuit developed a high-pressure region 

between the pump and valve and a low-pressure region in the collection chamber. When the 

upper balloon was connected to the high pressure part of the circuit, the collection chamber 

was maintained at a lower pressure than the source chamber even though both were sealed 

systems. The magnitude of air pressure difference was adjustable throughout the 0 to >60 Pa 

range using the pressure control valve. 

A radon transport experiment was started by sealing a sample slab between the 

chambers, recording background activity in the radon detector, and then simultaneously 

inserting the radon source and re-setting the timer on the radon detector. The alpha activity 

in the collection chamber was then recorded for successive time intervals (generally 600 to 

1,200 s each) until the radon breakthrough was mostly complete, as indicated by diminishing 

increases in alpha count rate. Typical experiments lasted up to 100 h. The tightness of the 

closed experiment system was demonstrated by its ability to maintain air pressure differences 

and by the absence of balloon volume changes over extended times. 

The alpha activity data were fitted to theoretical curves calculated by a 3-region finite-

difference form of eqn (1) in which v = 0. The fitted curves thus yielded the best estimate of 

D\ The time-dependent radon diffusion calculation accounted for source-, sample-, and 

collection-chamber volumes, dilution by balloon volume changes, varying radon source 

concentrations, and continued radon emanation and decay throughout the system. 
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Experiments with advective transport were analyzed in the same way to determine the 

effective D', after which the advective component was estimated using eqn (4). 

The air flow properties of several porous or cracked slab configurations were 

determined separately by measuring the air flows at different pressures across the slab while 

pumping air directly into the source chamber (without a radon source). The collection 

chamber was vented to the laboratory for the air flow experiments, in which flow rates were 

measured with a dry gas meter (175-S, Rockwell Mfg. Co., DuBois, PA), and pressures were 

monitored in different ranges with one of several Magnehelic pressure gauges. 

Radon and air flow experiments 

The initial radon transport experiments included triplicate measurements on slab 1 

to estimate measurement precision, and single measurements on each of the other slabs to 

estimate inter-slab variations. One of the slabs (slab 7) was also measured with no external 

radon source to estimate the amount of radon that was being generated from 2 2 6 R a in the 

concrete. A system blank measurement was conducted with a steel plate in place of the 

sample slab to identify any extraneous radon sources or leakage that was not otherwise 

identified. For comparison with previous measurements, three 0.010 m diameter cylinders 

cut from slab 9 were also tested by the small-sample diffusion technique (Rogers et al. 1994). 

Later experiments characterized long-term changes in diffusion coefficients and radon 

and air leakage through surface coatings, concrete masonry units, stress zones, pipe 

penetrations, sealed cracks, and cold joints. The long-term monitoring involved slabs 2, 3, 

8, and 10. Surface coatings for radon experiments included an acrylic concrete sealer (No. 

8730, Quikrete Company, Atlanta, GA) applied to slab 2 at the recommended rate of 

1.4 x 10"4 m 3 m"2 and a fibered asphalt coating (No. 6125, Gibson Homans Co., Twinsburg, 
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OH 44087) applied to slab 1 at the rate of 4.4 x 10"4 m 3 m' 2 . Both radon and air flow tests 

were conducted on slab 6 to characterize the concrete masonry block system. Varying 

stresses were applied to slabs 7 through 9 with a torque wrench. Slab 7 was tested for radon 

penetration while under a tensile force of 1 x 10 6 N and AP = 59 Pa. Slab 8 cracked under 

a tensile force of 1 x 10 N and slab 9 cracked under a tensile force of 1.4 x 10 N, both before 

radon testing. Air flow properties were measured on the cracked slab 9 after sealing the 

center of the slab-frame gap with an expanding urethane sealant. Five core samples were 

then drilled from slab 9 to characterize the density, moisture, and porosity of the concrete. 

The intrinsic permeability of the core samples was also tested at higher air pressures (300 

kPa) as described by Rogers and Nielson (1993). 

Pipe penetrations in slab 10 were tested first with air pressure differences of AP = 0, 

24, and 59 Pa (± 1 Pa). The plastic pipes then were pressed out of the slab, rotated 90°, and 

pressed back into the slab for additional tests at AP = 0, 30, 45, and 59 Pa. The pipes were 

then pressed out and sanded to reduce their diameter by 4.8 x 10"4 m to give an approximate 

2.4 x 10"4 m pipe-slab gap for an additional test at AP = 30 Pa. The effects of a caulk sealant 

were then tested by manually pressing a concrete and masonry sealant (Silicone plus, Dow 

Corning Corp., Midland, MI) into the top surface of the pipe-slab gaps and re-testing at AP 

= 0 and 59 Pa. Concrete cold joints were then simulated by removing the pipes, sanding out 

the surface caulk residue (which penetrated only approximately 0.005 m from the top of the 

gaps), and pouring new concrete into the pipe holes. After curing for 35 d, slight shrinkage 

cracks were visible, and their air flow properties were measured along with a radon test at 

AP = 0 Pa. 
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RESULTS AND DISCUSSION 

Concrete physical properties 

The dry bulk density of the concrete slabs, estimated from two of the cores drilled from 

slab 9, was measured at 2,010 kg m"3 after drying to constant mass at 110 °C. The total (dry-

sample) porosity of the slabs was estimated from the measured density to be 0.225 m m 

based on a 2,600 kg m"3 specific gravity measured for Florida concrete components. The 

water content at the time of the density measurements (923 d) corresponded to 3.0% of dry 

mass (27% of saturation). 

Radon experiments 

Each radon experiment gave an alpha activity curve analogous to the top curve in Fig. 

4. The measurements with a steel plate in place of the sample slab (bottom curve, Fig. 4) 

demonstrated that there were no extraneous radon sources or leaks through the experiment 

system. The radon produced in the sample slabs was estimated from the measurements with 

no radon source (center curve in Fig. 4), amounting to R'E = 15 Bq kg" . 

The values of D' calculated from each measured alpha activity curve are listed in 

Table 2 with the corresponding pressure conditions and slab age at the time of the 

measurements. A long-term trend in the radon diffusion coefficients was estimated from all 

measurements in Table 2 that did not involve air pressure gradients or slab alterations that 

significantly affected the slab diffusion measurements. The diffusion coefficients, as shown 

in Fig. 5, increased by 0.16% per day, presumably due to gradual moisture loss. 

After removing the time trend, the average D' for the 16 measurements shown in Fig. 

5 was 6.5 x 10*8 ± 0.7 x 10"8 m 2 s"1 (mean ± s.d. at 137 d). The coefficient of variation among 
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the triplicate measurements on slab 1 was 0.075, an estimate of the measurement precision. 

The coefficient of variation among the slab-average D' measurements from experiments 1 

through 5 and 9 through 14, again after removing the time trend, was 0.086, an estimate of 

the combined inter-slab and measurement variations. The ratio of the inter-slab and intra-

slab variances is only 1.3, indicating that there are no significant differences among the 

initial diffusion properties of the plain, tension-bar, and pipe-penetration slabs. 

TheD of the three core samples cut from slab 9 averaged 1.5 x 10"7 ± 1.4 x 10"8 m 2 s"1 

(mean ± standard deviation). This mean corresponds to day 642 in the time trend in Fig. 5, 

demonstrating general consistency with the slab-scale diffusion measurements. Since the 

cores were drilled at day 920, however, the slab Z)'s may have been closer to 2.3 x 10*7 m 2 s"1 

at the time of the core measurements, suggesting that the D of the cores may be about 35% 

lower than that of the slabs. The magnitudes of the slab D' measurements are also 

consistent with the range of previous small-sample diffusion measurements in Florida 

concretes with corresponding density and water-cement ratio (Rogers et al. 1994). 

Experiment 15 in Table 2 shows that the acrylic concrete surface sealant made 

virtually no difference in D' compared to the value of 7.8 x 10"8 m 2 s"1 predicted from the 

trend line in Fig. 5. The asphalt coating used in experiment 16, however, reduced D' to 0.16 

of the value (2.1 x 10"7 m 2 s"1) predicted by the time trend. When similarly compared to 

time-trend interpolations, the D's of slabs containing masonry blocks averaged 19.6 ± 0.7 

times higher than those for corresponding slabs of solid concrete. If this increase is 

attributed to a higher D' of the masonry block (with an estimated 40% porosity), which is 

area-averaged with the D' of the concrete, the D' of the masonry block alone is estimated to 

be 2.9 x 10 m s , or 4.5 times higher than that of the concrete. 
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Although experiments 12 through 14 showed no significant radon leakage through 

pipe penetrations where the concrete was cast tightly against the pipes, further tests 

examined penetrations involving larger openings. For experiment 24, removal and 

replacement of the pipes scratched surface grooves in the pipes. However, the ratio of the 

measured and time-corrected diffusion coefficients was 0.97, indicating no significant radon 

leakage. In experiment 28, where the pipe-slab gaps were increased to 2.4 x 10 m width 

and caulked at the top surface, the ratio of the measured and reference diffusion coefficients 

was 1.11, again indicating no significant radon leakage (p > 0.2). In experiment 30, where 

the pipes were removed and the openings filled with fresh concrete, the resulting cold-joint 

shrinkage cracks gave a ratio of measured and reference diffusion coefficients of 0.90, again 

showing no significant radon leakage. A trial calculation of the open crack area required to 

increase the area-weighted diffusion coefficient of a 0.24 m 2 test slab by a factor of 1.25 gave 

an area of 1.3 x 10"4 m 2 , approximately equal to the area of the 2.4 x 10 m wide gaps 

around the pipes before they were caulked for experiment 28. 

Air flow experiments 

The intrinsic permeability of the four cores cut from slab 9 averaged 1.0 x 10 ' i D ± 0.2 

x 10 m , which is about 3.3 times lower than the geometric mean of 16 previous 

measurements on samples from Florida residential slabs (Rogers and Nielson 1993). The 

lower permeability results from a lower water/cement ratio in the mix and from the use of 

water reducers and plasticizers in the present concrete, reducing its porosity. 

The air flow measurements through the masonry block, the slab crack, the pipe gaps, 

and the cold joints are illustrated in Fig. 6 with least squares fits to each data set. The line 

fitted to the slab 9 crack data in Fig. 6 gives an effective crack width of 1.6 x 10 m using 
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eqn (5). This calculated width is 14% less than a 1.8 x 10 m width estimated from caliper 

measurements, possibly owing to the tortuous geometry of the crack. The line fitted to the 

slab 10 pipe gap data (sanded) in Fig. 6 similarly gives an effective crack width of 2.5 x 10*4 

m using eqn (5), within 6% of the width measured by calipers. The line fitted to the cold joint 

data in Fig. 6 gives an effective crack width of 1.8 x 10"4 m using eqn (5). Comparison caliper 

measurements were not possible for the cold joint crack. The line fitted to the masonry block 

data in Fig. 6 corresponds to an intrinsic permeability of k = 4.7 x 10 m for the masonry 

block, which is 4.5 x 10 times greater than the non-rounded value for the concrete slabs. 

Air flow through smaller cracks and openings was difficult to detect by air flow rates, 

but was more readily detectable by its enhancement of the radon diffusion coefficient. Even 

using radon as a tracer, however, there was no detectable leakage through the undisturbed 

pipe penetrations, as shown in Fig. 7 by the time-adjusted data from experiments 12,21, and 

22. After removal and re-insertion of the pipes, however, advective radon leakage was 

detected, as shown by the upper curve in Fig. 7. The increased advective leakage was 

probably caused by small axial scratches in the pipe formed during its removal and re

insertion, and possibly also by breakage of the concrete-to-pipe bond. The enhancement of 

D' at 59 Pa, when analyzed by eqns (4) and (5), corresponds to an effective pipe-slab gap 

width of 2.0 x 10 m, or a total open area of 1.1 x 10 m around the two pipes. 

The advective radon leakage through the pipe-slab gap was further increased by 

widening the gap to 2.4 x 10"4 m, as shown by the D' for experiment 27 in Table 2. The 

increase inD', when analyzed by eqns (4) and (5), suggests an effective pipe-slab gap of only 

1.4 x 10' 4 m. The difference in gap estimates probably reflects the various measurement 

uncertainties. The gap leakage was effectively stopped by caulking the top end of the pipe-

slab gap. 

G-15 



Experiment 18 in Table 2 shows that advective air flow significantly enhanced the 

radon movement through the masonry block. The flow increased the D' for slab 6 by a factor 

of 3.2, suggesting an air velocity of 4.3 x 10"5 m s*1, calculated by eqn (4) through the 32% 

of the slab area occupied by the block (assuming 40% porosity for the block). This velocity 

is similar to the velocity trend in Fig. 6 for the air pressure used in experiment 18. 

The tensile stress on slab 7 increased the time-corrected D' by 32%. Using the 

increased D' in eqn (4) gives an effective air velocity of 1.5 x 10 m s , which corresponds 

to an air flow rate of 3.7 x 10 m 3 s*1. Using this flow rate in Darcy's law suggests that the 

product of the permeability and the stressed area is k*A = 1.0 x 10*1 5 m . Since the tension 

bars are located approximately 0.37 m apart, the stressed area is estimated to be 

approximately 0.15 m 2 and its intrinsic permeability is approximately 6.7 x 10" 1 5 m 2 . The 

nearly 70-fold increase in intrinsic permeability from tensile stress compared to the core-

sample measurements brings stressed-slab permeability into the threshold range where 

advective radon transport through intact concrete becomes significant. 

CONCLUSIONS 

A precise method was developed to measure radon penetration of concrete slabs, 

cracks, joints, and sealants by diffusion (AP = 0) and combined advection and diffusion 

(AP > 0). Diffusion coefficients among nine different slabs were equivalent, initially 

averaging 6.5 x 10"8 m 2 s"1 and having a standard deviation of only 8%. The diffusion 

coefficients increased with time by 0.16% per day over a 2 year period, suggesting that 

gradual moisture losses during storage and handling of concrete samples are significant and 
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should be measured or controlled in work affected by moisture changes. Small-sample radon 

diffusion measurements on cores drilled from slab 9 are within the range of values measured 

for the slabs, and are consistent with the range of previous small-sample measurements on 

Florida concretes. An acrylic surface sealant did not affect the diffusion rate but a fibered 

asphalt coating reduced the diffusion coefficient by a factor of 6. Diffusion coefficients in solid 

masonry blocks averaged 4.5 times greater than those for concrete slabs. Small cracks 

around pipe penetrations did not significantly increase radon diffusion coefficients when the 

crack thickness was less than 2 x 10' 4 m. 

1 ft 9 

The intrinsic permeability of the concrete averaged 1 x 10 m , about 3.3 times lower 

than previous measurements on Florida residential concretes. The intrinsic permeability of 

the masonry blocks was 4.5 x 10 5 times greater than that of the slabs. Advective air flow at 

pressures up to AP = 60 Pa did not significantly increase radon movement through intact 

slabs, through concrete initially cast against plastic pipes, or through caulked gaps. 

However, advective air flow increased radon movement through disturbed pipe-slab joints, 

masonry blocks, cold joints, and concrete under tensile stress. Using approximate equations 

to estimate air flow and crack width from advection-enhanced diffusion measurements, the 

disturbed pipe-slab joints were estimated to be equivalent to 2 x 10"4 m wide cracks with an 

effective area of 1.1 x 10"7 m 2 . Cold joints were estimated to be 1.8 x 10"4 m wide from their 

air flow properties. The approximate expressions compared favorably with caliper 

measurements of a 1.8 x 10' 3 m wide slab crack and 2.4 x 10"4 m wide pipe-slab gaps. A 

tensile stress of 10 N increased the intrinsic permeability of the concrete by nearly a factor 

of 70, bringing it near the threshold range where advective radon transport through intact 

concrete becomes significant. 
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Poured concrete is generally a good passive barrier to radon diffusion. Its diffusion 

resistance may be improved by using asphalt wall coatings. The low intrinsic permeability 

of concrete makes it an excellent passive barrier to advective radon entry to the extent that 

cracks and openings can be avoided. However, even small openings can contribute to 

advective radon penetration, and should be redundantly protected by effective seals, separate 

plastic membranes that limit air flow, or by designs that minimize joints, penetrations, or 

hollow wall channels. Masonry blocks permit increased diffusive and advective penetration 

and should probably be avoided for soil-contact portions of walls. While caulks can stop 

advective transport through cracks, the chance of caulk failure and need for maintenance 

may limit their long-term reliability. 
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Table 1. Composition of the concrete used to prepare the twelve test slabs. 

Component Quantity Units 

Rock (#57) 747 kg 
Sand 587 kg 
Cement 182 kg 
Plyash 45.5 kg 
Air entraining agent 0.23 kg 
Water reducer (WR 75) 0.43 kg 
Water 119 kg 
Plasticizer (Eucon 37 SP) 0.0019 m 3 
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Table 2. Results of the radon diffusion measurements. 

Age APa D' 
Expt. Slab (d) (Pa) (m 2 s'1) Conditions and Comments 

1 1 137 0 5.9xl0-8 Uniform slab 
2 1 150 0 6.8xl0-8 Uniform slab 
3 1 160 0 7.0xl0"8 Uniform slab 
4 2 166 0 7.1xl0"8 Uniform slab 
5 3 171 0 6.1xl0"8 Uniform slab 
6 4 177 0 1.4xl0-6 Masonry block in slab 
7 5 178 0 1.3xl0"6 Masonry block in slab 
8 6 179 0 1.4X10"6 Masonry block in slab 
9 7 190 0 7.3xl0"8 Tension bars passive 
10 8 195 0 6.7xl0"8 Tension bars passive 
11 9 199 0 7.5xl0"8 Tension bars passive 
12 10 214 0 8.0xl0"8 Pipe penetrations undisturbed 
13 11 209 0 8.1xl0-8 Pipe penetrations undisturbed 
14 12 204 0 6.4xl0"8 Pipe penetrations undisturbed 
15 2 253 0 8.1xl0-8 Acrylic surface sealant 
16 1 852 0 3.3xl0"8 Fibered asphalt coating 
17 3 832 0 2.5xl0"7 Uniform slab 
18 6 232 14 ± 2 4.5xl0-6 Masonry block in slab 
19 7 922 59 ± 1 3.2xl0"7 lxlO 6 N stress 
20 8 839 0 1.6xl0-7 Tension bars passive 
21 10 221 24 ± 2 7.0xl0-8 Pipe penetrations undisturbed 
22 10 226 59 ± 1 8.5xl0"8 Pipe penetrations undisturbed 
23 10 233 59 ± 1 1.5X10'7 Pipes removed, rotated, & reinserted 
24 10 239 0 7.4xl0' 8 Pipes removed, rotated, & reinserted 
25 10 244 30 ± 2 8.8X10"8 Pipes removed, rotated, & reinserted 
26 10 259 45 ± 1 l.lxlO' 7 Pipes removed, rotated, & reinserted 
27 10 270 30 ± 1 1.2xl0-6 Pipes sanded to form 2.4xl0"4 m gaps 
28 10 841 0 2.2X10"7 Pipe gaps caulked at top 
29 10 848 59 2.3xl0-7 Pipe gaps caulked at top 
30 10 884 0 2.0xl0"7 Cold joints around concrete plugs 

Mean ± standard deviation; ± 0.5 Pa uncertainty at AP = 0. 
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Fig. 1. Four kinds of concrete slabs prepared for radon transport experiments. 
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Fig. 2. Structural details of the four groups of test slabs. 

G-24 



SLAB.TSTEQ.004 

Fig. 3. Apparatus used for diffusive and advective radon transport experiments. 
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Fig. 4. Alpha activity curves for radon penetration of slab 7, radon exhalation from slab 7, 

and system background. 
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Fig. 5. Temporal trend in radon diffusion coefficients due to long-term moisture loss. 
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Appendix H 

Draft Note 

ENHANCED RADON PENETRATION OF SLAB CRACKS 
FROM CYCLIC AIR PRESSURE FLUCTUATIONS 

Kirk K. Nielson, Vern C. Rogers, and Rodger B. Holt 

Rogers and Associates Engineering Corporation 

P.O. Box 330, Salt Lake City, UT 84110-0330 

Abstract—Indoor radon entry by pressure-driven air flow is commonly associated with flow 

rates from long-term average air pressure gradients. However, high-frequency (45 cycles h"1) 

air pressure fluctuations from atmospheric turbulence and occupant activity can cause cyclic 

air flows through foundation cracks that move significant amounts of radon even though the 

long-term average air flow is zero. The enhanced radon penetration rates were measured at 

40 s, 80 s, and 160 s air pressure cycle periods with 5 Pa peak air pressure differences across 

a 10 cm test slab. The slab contained concrete cold joints with an effective total crack area 

of approximately 1 cm2. The effective radon velocity through the cracks was measured at 

approximately one-fourth of the velocity of the corresponding air velocity in the cracks. 
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INTRODUCTION 

Recent laboratory measurements under controlled conditions (no air flows) show that Z 2 Z Rn 

(radon) diffusion through slabs increases only slightly (< 12%) due to cracks that comprise 

less than 0.05% of slabs with D > 2 x 10"7 m 2 s"\ but that constant air currents readily move 

radon through the cracks (Nielson et al. 1996b). Other measurements in basement test 

structures (Ward et al. 1993) show a 5-fold greater increase in radon movement through 

cracks than is accounted for by crack-related diffusion, even during periods when the air 

pressure difference across the slab was measured as AP = 0. We have speculated (Nielson 

et al. 1996a) that the enhanced crack effects when AP = 0 are caused by high-frequency cyclic 

pressure fluctuations of a few Pa that increase advective radon entry even though the AP 

measured over a given interval averages zero. 

This note examines the importance of short-term cyclic flows that may actually cause 

no net air movement, but rather short-term temporary exchanges of air between the indoor 

and the sub-slab regions. It describes equations and controlled laboratory measurements to 

characterize the increase in radon penetration of cracks that is caused by repeatedly-

reversing air currents from cyclic pressure fluctuations. 

Pressure cycle periods centered near 80 s and ranging over an order of magnitude are 

observed in the high-frequency mode of atmospheric turbulence data (Van der Hoven 1957). 

Similar periods may also typify indoor environments by propagation from outdoors or from 

door movements, air handler cycling, ventilating appliances, etc. Although the cyclic air flow 

periods are too short to approach steady state in most foundation soils, the flows are readily 

propagated through slab cracks and into the permeable fill commonly used to promote sub-

slab drainage. 
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THEORY 

When a small, cyclic pressure gradient, centered at AP = 0, is imposed at the indoor 

surface of a slab crack, a small volume of soil gas is repeatedly transported from the sub-slab 

region into the crack and possibly the indoor region, followed by a corresponding volume of 

indoor air moved into the crack and possibly the sub-slab region. If the indoor air is well-

mixed, the return air will contain much less radon than the air leaving the sub-slab region. 

Therefore, there will be a net enhancement of radon movement through the crack compared 

to the rate of movement if there were no air currents. 

The magnitude of the enhancement can be estimated from the advective-diffusive 

equation for radon transport: 

i £ = D<?£ +D^£. -v(x,t)C-XC, (6) 

dt a*2 dy2 

where C = radon concentration in the slab crack (pCi cm"3); 

d/dt = time derivative (s'1); 

D = diffusion coefficient for radon in the air of the crack (cm2 s"1); 

x = vertical position (cm): 

y = horizontal position (cm); 

v(x,t) = cyclical velocity (cm s"1); 

A, = radon decay constant (2.1xl0' 6 s"1). 

The second term on the right hand side of eqn (1) allows for diffusion into the concrete 

sides of the crack. The magnitude of this effect can be estimated by assuming that this 

average transverse diffusion rate over many cycles is separable from the transport along the 

crack. This analysis revealed that the net loss from transverse diffusion into the concrete is 
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negligible, as is the radioactive decay during the laboratory experiments, so that these terms 

were dropped from eqn (1). Solution of the remainder of eqn (1) is facilitated by transforming 

coordinates to the front of the advective wave front. This yields the following equation, where 

the prime on x and t denotes the transformed coordinate system: 

dC m D?C ( 7 ) 

W dx'2 

where x' = x - vt; 

f = t. 

The solution to eqn (2) for the flux out of the top of the slab, after transforming the 

J{L,t) = C0v0erfc{^±) t < Llv0 . 

= C0v0 t> L/v0 

coordinates back to the initial x and t units, is: 

where J(L,t) = radon flux from the top surface (x=L) of the slab (pCi cm"2 s"1); 

C0 = radon concentration at the lower boundary (pCi cm'3); 

v0 = peak velocity of the cycle (cm s"1); 

erfcO = complimentary error function; 

L = thickness of the slab (cm). 

This solution assumes that the velocity function is a square wave, and that there is 

sufficient mixing in the advective pulse that it remains at the source concentration, C0, even 

with diffusion occurring from its front face. It also neglects diffusion from the advective pulse 

when the pulse is receding back to the sub-slab region; however, this assumption is 
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reasonable because the extra diffusion that occurs when the pulse is receding will cause a 

lower diffusion rate to occur on the subsequent pulse that moves up through the slab. 

Averaging this solution over a complete cycle and including adsorption effects that reduce the 

amount of radon penetrating the crack gives the following average flux of radon in the 

presence of cyclic advective currents: 

tJ2 
Jav - hi* P f e* r 1 [diJ(L,m <»> 

2 pQ-m+mkff) J

Q 

where Jav = average radon flux (pCi cm"2 s"1); 

p = concrete density (g cm"3); 

ka = radon adsorption coefficient (cm3 g"1); 

p = concrete porosity (dimensionless); 

m = fraction of moisture saturation of concrete pores (dimensionless); 

kH = distribution coefficient for radon in water vs. air (dimensionless); 

tc = period of an air pressure cycle (s). 

MATERIALS AND METHODS 

The advective-diffusive slab radon test system described previously (Nielson et al. 

1996b) was used to characterize radon penetration rates through concrete cold joints in a test 

slab. The slab was previously estimated to have an effective 0.56 m length of cracks with 

1.8 x 10"4 m width (Nielson et al. 1996b). The mylar balloons used previously to avoid 

pressure gradients or to induce sustained advective air flows were used here to induce cyclic 

air pressure changes. The system was configured as if for zero pressure gradient, but a 
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calibrated mass was alternately placed on one of the balloons, changing to the other balloon 

after each time period of tj2. While this procedure approximated a square-wave pressure 

distribution on the balloons, the delayed response on the air pressure meter suggested a 

sinusoidal pressure distribution across the slab cracks for short (40 s) cycle periods. For 

longer (160 s) cycles, the pressure distributions approached the applied square-wave shape. 

The mass placed on the balloons was 0.034 kg, calculated to induce a peak system air 

pressure of APC = ±5 Pa. 

Five radon experiments were conducted. For the first, radon diffusion through the 

slab was measured without any masses on the pressure control balloons. For the second, 

third, and fourth, the mass was alternately placed on the balloons for cycle times of t = 40, 

80, and 160 s. For the fifth experiment, a smaller mass of 0.012 kg was left on the source-

chamber balloon for the duration of the experiment. 

RESULTS AND DISCUSSION 

The alpha activity curves from the experiments were normalized to the initial radon 

source concentration for each experiment to avoid small differences caused by use of different 

radon sources for some of the experiments. The resulting curves are shown in Fig. 1. The 

net rate of radon penetration in each experiment was computed from the normalized data by 

subtracting the diffusive radon movement measured in experiment 1 from the rates from the 

other experiments. The resulting rates, given in Table 1, show that increasing cycle times 

caused small increases in radon transport rate, but that the net radon transport from cyclic 

advection was significantly less than the rate for sustained advection, even when the rates 

were divided by two to account for the effective half-cycle component of upward transport. 
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The measured radon penetration rates were also less than the calculated rates for cyclic 

advection, suggesting adsorptive or other transient retention of radon that is not yet 

incorporated into the equation for calculating va. 

CONCLUSIONS 

Cyclic advection of radon through cracks is effective in enhancing radon transport 

through concrete slabs, even though no net air transport occurs. Although the exact 

mathematical model is still being refined, the measured results show that significant radon 

can be moved from beneath a slab by continued cyclic air currents that correspond to the 

velocities and frequencies typical of those expected from natural conditions in indoor 

environments. 
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Table 1. Comparison of measured and calculated radon advective velocities. 

tJ2 APC Measured va Calculated ua 

(s) (Pa) (ems' 1) (ems' 1) 

20 5 0.071 0.18 

40 5 0.086 0.28 

80 5 0.094 0.33 

1.6 0.115 0.12 

« 0 0 0 
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Fig. 1. Alpha activity curves from radon penetration of the concrete test slab with cold 

joints. 
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