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ABSTRACT 

Indoor radon entry commonly is modeled as advection from pressure-driven tlow through 
foundation cracks and openings. However recent diffusive-advective model analyses suggest that 
diffusion through intact concrete floor areas alsQ may be significant. Diffusive radon entry is 
characterized further by new measurements of the porosities, radon diffusion coefficients . and air 
permeability coefficients of concrete. The measurements include concretes from typical Florida 
slab-on-grade housing, and others from industrial mixes that were selected to inhibit radon movement. 

Measured radon diffusion coefficients ranged from 9x 10'6 em: s·1 for the industrial concretes to 
0.003 em= s· 1 for tloor-slab concretes. Air permeabilities generally were below l x 1 0· 11 em=. The 
diffusion measurements included concretes made from Type I. II, and V cements. and exhibited a 
correlation with the water/cement CW !C) ratio of the concretes. The correlation had the form D = 
l. 8x to ·~ exp( 11.1 W /C). The average diffusion coefficient measured for the tloor slab concretes 
( 1.6x 10·) em= s·') suggesteJ that diffusion may account for indoor concentrations up to 2 pCi L ' in cases 
of soil-gas radon concentrations of 3,000 pCi L' 1

• Radium concentrations of 5 pCi g·' in the concrete 
similarly may contribute more than I pCi L· 1 of indoor radon. Combined diffusion through an intact slah 
and through a perimeter t1oor crack slightly exceeded advective radon entry for a reference house on 
sandy soil. and exceeded advective entry rates by more than I 00 times for the house on clayey and silty 
clay lnam soils . 

This paper has heen reviewed in accordance with the U. S. Environmental Protection Agency's 
f'eer and administrative review policies and approved for presentation and publication. 

INTRODUCTION 

Indoor radon c:ntry from soil gas has heen modeled most commonly as advc:~:tive transport hy 
pr~ssurc:-driven air tlow through foundation openings or ~ra~ks. The: tlow is caused hy th!i! typically 
negativ~ indoor pr~ssure ~umpared with that in the soil and the outdoor atmosphere. Re~;emly. auemion 
has h\!t:n Jire~ted rowan! the importan~;e of diffusion as a significant mt:chanism fnr radon ~ntry. In 
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particular. Tanner (1) identitied radon diffusion as the dominant entry mechanism when foundation soil 
permeabilities are less than 7x 10'12 m:. Rogers and Nielson (2) also identitied diffusion through concrete 
t1oors and the contiguous soil as a signiticant mechanism for radon entry for many soils under typical 
long-term average foundation pressure gradients. Loureiro et al. (3) have compared theoretical diffusive 
and advective radon transport in soils to estimate conditions when diffusion is insignificant. 

While the diffusive radon flux through concrete floors is. much smaller than the advective flux 
through cracks in the floor, the predominance of the intact floor area over the crack area may compensate 
for the difference in fluxes. Thus, _it is desirable to examine the diffusive properties of concretes used 
in dwelling floors to better assess this mode of radon entry. It also is instructive to characterize the 
relative importance of radon generated within the concrete to determine whether aggregates or other 
concrete components may contribute significantly to indoor radon concentrations. 

This paper identifies the main properties of concrete that int1uence radon migration into dwellings. 
It reports measured values of these parameters for concretes typical of Florida residential floors and also 
for industrial concretes specifically selected to restrict radon migration. It then examines the relation of 
the measured properties to other physical properties of the concretes. Finally, it examines the relative 
importance of the concrete properties. including radium concentrations. to radon entry into dwellings. 
The radon entry analyses are based on an approximate indoor radon balance equation and on a complete 
numerical analysis of combined diffusive-advective radon entry. 

CONCRETE CHARACTERISTICS IMPORTANT TO RADON TRANSPORT 

The simplified equation describing radon generation and transport in concrete (ignoring radon 
adsorption) is given by (2,4): 

ac = . D~C ~ K 'VP . ~C - t..C + RpE/.. (1) 

at ·_ J.L _ p 

when! 
C = pore radon concentration (pCi em·') 
D = radon diffusion coefficient (em: s·1

) 

K = permeahil ity coefficient (em=) 
AL = viscosity of air (Pa•sl : 
v = three dimensional gradient ci'perator . 
P = atmospheric pressure (Pa) 
~ = radon Jecay constant (2. I x 1 0'6 s· 1

) 

I 
R _ .. . :=_ .. radium concemra_tion (pCi _ g;~) ·. • .. ; ~ . · , J • - -
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The diffusive component of radon transport in equation (1) is based on Fick's law, which detines 
diffusive radon tlux as: . 

F = -DpvC · ~!1 (2) 

where 
F = bulk radon tlux (pCi cm·2 s·1

). 

Equations ( 1) and (2) show that the concrete parameters dominating radon transport are D . K, 
and p. The D and K parameters are influenced in turn by the concrete free moisture content, m, and its 
mean pore radius, rP. The measurements reported herein tocus on these parameters. The parameters 
intluencing radon generation in concrete are R, E, p , and p. Of these parameters. the influences of only 
R and E are examined .here in the radon entry calculations with RAETRAN (4) and RAETRAD (2). 

· Four samples (i=-1 through F-4) of residential concretes typical of new Florida dwellings were 
tested. These samples had a water-to-cement ry.l /C) ratio of about 0.6. Two additional samples (T -I and 
T-2) were obtained of concretes intended to have relatively low radon transport constants (D and K) . 
These samples had W/C ratios slightly less than 0.4. Bulk densities and effective porosities of the T- 1 
and T-2 samples were measured. For the (F-1 through F-4) samples. bulk densities were measured and 
porosities were estimated from the hulk densities by assuming a specitic gravity of 2.71. All six of the 
samples were taken from separately poured test cylinders, and thus may vary in curing conditions and 
tinishing from their construction counterpartS. The physical properties of the concretes are given in 
Table I. 

TABLE I. PHYSICAL PROPERTIES OF CONCRETE SAMPLES 

Sample Concrete 
TO Type 

F-1 r 
F-2 r 
F-3 r 
F-4 r 
T-1 rr 
T-2 v 

PER~tEAB!L!TY COEFFIC!E~T 

Water/Cement 
Ratio 

0.60 
0.60 

. . 0.61 
0.61 

. 0.39 
0.38 . 

.. . ~· . -

Density 
(g em<') 

2.15 
2. 14 
1.99 
2.00 
2.40 
..., ., -
- . .J) 

., ..... .. -· . ,.._ 

Porosity 

0.20 
0.21 
0.26 
0.26 
0. 11 
0.13 

Permeability ~.:oet'ticient~ were measun:!dl.on §amples · T; I "~rnr'f:~. n~in{the tran~ient method. as 
Jes~rihed previously (5). The permeability coeftkien{ fi~ sampfe-: F-4' 1W;s mt:!asured .:Using a 10 em 
diamt:tl.!r hy 5 ~.:m ll1ng ~oncret~ s:.~mple that was :(Jghriy!secure&in -a :t·J~r ·~ampT t:! holder:.- Simultan\!l)us 
ml.!asurl.!mt:nts w.:re then mat.lt! pf tht! air tlnw through the sample a~cf'iH .e'-'press-'urt! drop' ·a~.:ross the 
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sample. The penneability then was deduced using the one-dimensional form of Darcy's Law: 

where 

K = Q.uL 
A.1P 

Q = air tlow rate through the sample (cm3 s·1
) 

L = sample length (em) 
A = sample cross-sectional area (cml 

AP = pressure drop across sample (Pa). 

(3) 

Measurements of air permeability for samples T-1, T-2. and F-4 all were less than lxl0' 11 em=, 
and did not exhibit a strong dependence on porosity or on the W/C ratios. This suggests that the mean 
pore radius for the higher porosity samples may not be signiticantly larger than for the lower porosity 
samples, but that there simply may be more pores. These permeabilities are sufficiently low that radon 
advective t1ow through the intact bulk concrete is negligible. even for very high foundation pressure 
gradients. 

DIFFUSION COEFFICIENT 

Radon diffusion coefficients were measured on all concrete samples using the standard procedure 
for porous materials (6). For initial measurements, the samples were equilibrated with laboratory air, 
and had pore water contents that corresponded to the capillary retention by the concrete pores (7). In 
addition, for samples T -I and T-2, diffusion measurements were made on water-saturated samplt!s and 
at lower water contents. inducting zero pore water. The various water contents were achievt!d by 
vacuum-saturating the ~amples, with subsequent vacuum pumping to reduce water contents to the desired 
levels (measured gravimetrically). The results of the diffusion measurements are shown in Figure 1. 
There is considerable uncertainty in the water contents of samples F-1 through F-4. 

The measurements at zero pore water provide estimatt!S of the Knudsen diffusion coefticicnt and 
the associated etfectivc pore radius for samples T-1 and T-2 (8). The total diffusion coeftic.ienr'f,,r the 
sample pores combines the Knudsen diffusion coefficient and the diffusion coefticiem o('the pate tluid 
with the relationship l7.8): - · · ' : ·. .. 

~ . .. 

1 
D 

= + 

. ' . . • . c. . 
= Knudsen diffusion coefticient tern= s· 1

) 

D · c 
. ~ .. ~ .: . ~ . 

= Jiffu~i(1n coefticient of the pore tluid (em: s· 1
) . 

Using the prior. rrcJictive currelation for the Jiffusiun coefticient in soil pores to represent 0 1• 

(9). and using equation 1-+l tll estimate the total diffusion coefficient give tht! two curvt!s shown in Figurt! 
I. The curves agree with tht! data tor T-1 and T-2 to within the experimental diffusion measur.:mcnt 
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RAE-103423 

Measured radon diffusion coefficients for the six concrete samples, with 
comparisons to soil-based water-dependence trends for samples T -1 and 
T-2. 

· · '" u·ncertainty. If it is assumed that the mean. pore radius in samples F-1 through F-4 scales with the mean 
~· . r. 'pore ~ad ius in. sample T -2 according to the ratio of the sample porosities, then similar diffusion coefficient 
' ··' ' predietioris can be made for samples F-1 through F-4 that have similar degrees of accuracy as the curves 

for samples T-1 and T-2. 

U- It is also of interest to plot 'the .concrete diffusion coefficients for samples equilibrated with 
ambi~nt air as a function of their W IC ratios. The diffusion data, shown in Figure 2, .;orrelate well with 
the W IC ratios to yield the least-squares fitted expression: 
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• T-1 (Type II) 

c T-2 (Type V) • 
0 Culo1 et al ( 1 O) 

- 1.8E ·6 exp(11 1 W/C) 
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Concrete Water/Cement Ratio 
RAE-1 03424 

Regression of ambient-moisture radon diffusion measurements on the 
water/cement ratio of the initial concrete mixture. 

The correlation coefficient associated with this fit is r = 0.96. Also included in Figure 2 and in the 
determination of equation (5) is the radon diffusion coefficient for concrete reponed by Culot et a!. (I 0) . 
Equation (5) is also an excellent predictor for the value reported by Culot, and suggests an important 
dependence of the radon diffusion coefficient on the W /C ratio of the concrete. · · 
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SIGNIFICANCE OF RADON DIFFUSION THROUGH CONCRETE FLOORS: 
· , ... , • -ri · ·:: : • , • • ;- • · • • • ... · • • · ~ 

;_:r· . · The signi ficance of indoor radon entry by d_i.ffus i"on ,through.f.oncre~e Jl;oo.rs··can be estimated from 
·.a simpl-ified approx iniatio!'l . of the !!!d~.9r_ ra9on ~o.3J arj.ce : equat.iof.J ..•. fll e appro~(matio ri assumes that al l 

. indoor.radon enters via the conc;rete- ~o~.~r:ici~t io ri_"aief andj }uit).he i n_d_og_r; ~v9lume·~ is uni f9rmly- d fluted at 
L . - the COnt_i nU'OUS fclle of:.>.;_ •with clean a:it hav i ng_·~ lllSignifi'cailt .. r~d.O n. ~ODC~ntrat·io n : -. .. - ·• 
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where 
J 
A 
c 
v 
A., 

= 
= 
= 
= 
= 

1 ·A = CV'Av 

radon flux entering the house foundation (pCi m·2 s·1
) 

house foundation area over which radon entry occurs (m1 
steady-state indoor radon concentration (pCi L'1

) 

indoor volume (L) 
ventilation rate of indoor volume (s-1

). 

(6) 

For a simple slab-on-grade house geometry typical of Florida construction, equation (6) can be simplified 
further by introducing the indoor height as the ratio of the house volume to its area. This leads to the 
expression: 

C = 10-3 J I (h 'A) (7) 

where 
h = height of indoor volume (m) 

10'3 = L per ml conversion. 

Based on the approximate separability of diffusive and advective radon entry into dwellings, 
equation (7) can be used directly to estimate the component of the indoor radon concentration that results 
from diffusion through the concrete floor slab. The diffusive radon tlux through the slab was estimated 
by repeated analyses with the RAETRAN code (4), in which a 10-cm slab separated an indoor radon 
concentration of 2 pCi L- 1 from 5 m of sandy foundation soil that had varying source strengths 
corresponding to deep-soil radon concentrations of 100 pCi L'1 to 10,000 pCi V. Various diffusion 
coeftkiencs also were used for the slab. which had a fixed porosity of p =0.23, corresponding to the 
average porosity of the Florida concrete samples (F-1 to F-4). The radium concentration in the concrete 
tirst was assumed to be I pCi g·1

, and to have a radon emanation coefficient of 0.25. 

The resulting radon tluxes from the slab were divided by an indoor height of 2.3 m and a 
· ::;.-~ ventilation rate of l.4xla-~ ·. s· 1 (0.5 h'1) to estimate the diffusive component of the indoor radon 

concentration (equation 7). The resulting indoor concentrations (Figure 3) stan to exceed the l pCi V 
level fl)r elevated soil gas radon concentrations (several thousand pCi V) only when concrete diffusion 
col:!fti.:iems exceed 3x Jo·• em= s·1 or high_er. Using concrete diffusion coefficients similar to the 3.-+x to·• 
em= s I reported hy Cu.lot et al. (10): previous·estimates of radon entry by diffusion were relatively small 
(2) . !"lut still were significant compared to advective radon emr.y. . . Using the higher diffusion coefticil:!ntS 

r:~s·:: measured w.ith:.Fiorlda ·-tl<>o·r:s:!ah ~o~cret~·s ~~ver~gi_ng I_.QxJ 0'.'." c"m= s·1
),. indeor :raqo.n -co;nce_ntrations of 

::..: :; rnore:·:than:. 2;.pCr·;u'-:may ·res·ult from ·sd'il'radon ·_s9urces olabour.3,0-9Q. pCi ::4~:: The :assumption of 
JI, i,~ s:eparahi1 ity. .of diffi:rs~~€fand 1'adveciive e-n.trfrnade; a 9ifference o(!ess than. 5:% Jn the.>entry:r.ates: . Even 

if a 1-..:m perimeter,iloor:era~K" fs assu-med ;for the house. di'ffusioii rates th;ough the intact part or the slah 
are Jlfl!..:ted hy less than 25%. mainly from altered gradients near the perimeter. 
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Diffusive contributions to indoor radon concentrations for varying soil 
radon sources and five different radon diffusion coefficients. 

Further analyses with varying radium concentrations in the concrete slab are summarized in 
Figure 4. These used a radon diffusion coefficient equal to the average of the measurements on Florida 
concretes. As illustrated, 5 pCi g·t radium in the bulk concrete may introduce more than r pCi L 1 of 
radon into the house, and 20 pCi g·t of radium in the concrete may exceed the 4 pCirt-t indoor level even 
in the absence of significant subslab radon sources. These analyses assume a radon emanation coefficient 

.• of 0 . .:!5: howe~er, little is known about the radon emanation coefficients:.of- concrete, or how thev 
· co~pare·.with those of the aggregate and other concrete components. If radon emanation coefficients fo-r 

.. :-.. ·. 'concrecl! ' are : f~s than. 0.25., the resultin~ rado-n jsource strengths and •.indoor radon ~ concentrat-ions will 
·. •·.; . . -... .::. :; ~ -A··' d' I ' ... - . ; . . . . :: . . . . . - . .. I • , • - • .. -. • • ~. 
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A set of complete advective-diffusive radon entry analyses by the RAETRAD code (2) provides 
,. ~ ... } ~,~_<?:~ ~ir~t : ~J]:'~-_az}~?-~ P:_f .'-~d~~ ~.ryc:~. ; ~r~l:lg~ s~_ab:-Qn~grade. .foundations · by tllffusrve an~< ~~ve_ctive 
··~ V · m·e.cliamsms. In these anal ys~ .. radon. dt.ffused (. thr.'Ough .a ·JO~crn concreteil'oor-,srat:rthat had a· relative! v 
·~-· , ' ( ... .. -.r.· ·· .. r •·,. r' ,. rr ·· .. : . ... -:. . . _, . , . ., _, .. . 1 ...... ~· .. ~ ~ . ~ • ' ' - , .. 

· · · ·: ·low· al'ffilsiO'h ciicHtu~ient;..(5xl~1 c. cin= , s:. i ~}.-:a.nd also mo-v:ed::b:v,..·d iffuHon·and-·adY.eci.kfn fhrotigh a 1 em 
,. ... ,.. \,.,J,' -- .. ·L··-:·- .. 1 .. ,) -"'l . 'r..• . ~ · ' · • , •• v ... r. -. ' · ""' .. · · .. J' ~ - . . 

: :~ . -~ :-.R~~InY~te.(:c~·ac~ , m '.'U)~ . 09or .? ~ ~e !-r~fer.e_nce:_np~e ~as assumed ro b_e-. Incat-ed aite·rnaflvely-:on five 
~ -· ~: ~;"di.~e~~i~~~?i ls: . 'w!~ t.~~~~~-, i~~ l;uding s~dy ;~:_Sandy clay loam. loam, clay, .and si·lty Clay loam:. Water 
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Diffusive contributions to indoor radon concentrations for varying soil 
radon sources and eight different concrete radium concentrations. 

,, ,. ··:. contents of the soils were defiried as the drainage limits at -0.3 bar matric potential (11), and radium 
· .~·· ·: ·1:onccntrations in -the soils were varied to the maximum that could be tolerated for an indoor radon 
· .. ·. :: · :~ .con~_el'!tratiqn, of 2 pCi L·'. The radium concentration in the concrete ~as kept constant at 0.3 pCi g·' . 
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· . . ,~; · ~:. •: . ;~ · . : . ) P,.e resulting radon entry rates for the diffusion and advection mechanisms are plotted in Figure 
.. c·: : Jr.:,5~. · and~. illus.trate the dominance ·of diffusive radon entry for this ·~ase~ . Although the diffusive and 
: · . .,, z.r:a:qY-F~J~jy~ entry_ rates have .the same order ·of magnitude for the· sandy soils', they are· more qivergent for 

the low-permeability soils. differing by more than 2 orders of magnitude for the·Ciay and silty clay loam 
soils. . . _ 
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"' .. 1 ::;: ·J :;:. Jr..; :Jn :·Slirn.rtla.t:'Y ,.;the . present. radon~ diffusion •measurementS ·on. Fl or~8a · fl_q·~r. slao co ncr.e~e_s exceed 
: ::· . ; :r: :2~e,e·i9.H~ ;g~ifusion: ~Amates :for concrete.-~ empHasizing the imponpnce and sc>!fteti ft! e;s dQ.Ql!nance of the 
~: - : ,:djff\ls,i~~~ !'n9~tl.ani.srn. :fo.r:·!indobr :radun-~ntry. ' 'the eorrelation·.i r ' rado{l :di.ffu§10n_ coef:D~~eJ)~ . with the 
~ ,. : : const:'~~.e·-;~·!f= r:ijj,o:suggests this· ratio as a possib l e~surrogate~or est ima:ting·_ r?~on diffusi9,~j:oefficientS 
:~: o{ ~oncr~tes_.~,hen - better data are unavailable ;: -:-. par3Jnim ic mo'def anal y~is indicate several· pCi L' of 
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SCS SiCILo 
33 pC1 g·l 

SCS Clay 
t5 pC1 g· t 

SCS Loam 
56pC•g· 1 

0 

__.,._ Olllusive Entry 
-o-- Advective Entry 

SCS SaCILo 
3.6 pC1 g· 1 

Permeaoilities for SCS Sods at Water Contents 
Corresponding to ·0.3 bar Matnc ?atenoal 

Max Radium far 2 pCi L' 1 Indoors (0 .5 a c .h.) 
141m2 S.O.G. House , 0 .9 m Footer. 1 em 

Penmeter Crack 

Soil Air Permeability (cm2) 

RAE -103.!27 

Comparison of diffusive and advective radon entry rates for a slab~n
grade house with a 1-cm perimeter floor crack. 

indoor radon may result from diffusive entry from near-background soils. or from slightly-elevated 
radium concentrations (10-15 pCi g·') in the concrete. 
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