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ABS!RAC'r 

A rela~ively simple measuremen~ technique was developed to esti~ate :~e 
frac~ion of radon fl~x through a specific portion of a s~ructu.re boundary 
that is a~tributable to pressure-driven flow. !he technique consists of 
directly measuring the differential pressure across a s~ructure boundary, 
while concurrently measuring the radon-flux density for a por~ion of the 
boundary. Measuremen~s are also made of several other :ela~ed parameters 
( tempera~ures. barometric p.:essure. wind speed. and wind di.:ec-:ion). The 
eesulting data allow a simple regression of the measured radon- !lux densi::: 
on differQntial pressure. !he :ero pressure intercept of t~is regressic~ 
represents ~ero driving force for pressure-driven flow and, therefore. the 
nonpressure-driven flow component of the total flux density. 

This measuremen~ technique was conducted in three houses in or near Gra~~ 
Junction. Colorado. !wo of these houses are considered to have law radon 
levels. while t~e third house exhibits somewhat elevate~ radon levels du::~; 
the winter. !nte.rpretatiort of da~a acquired f:~m measurements at t~ese 
houses indicates that. contrary to the commonly accepted theory. pressure· 
driven flow accounts !or only a small f:ac~ion of the total radon enteri~; 
the~e st:uctu:es through the surfaces measure~. 



INTRODUCTION 

Unders~anding the dynamics of radon en~ry into even a simple struc~ure 
is not an easy task. However, two en~ry mechanisms are considered to be of 
importance for those cases where soil gas appears to be the major source 
of radon available for entry into a structure. These mechanisms are 
(1) diffusion of radon through the structure boundary and (2) pressure-driven 
flow of radon-laden soil gases through the structure boundary. 

Diffusion accomplishes transport of radon atoms by a random-walk process 
from regions of high radon conc~ntration to regions of lower radon 
concentration. The rate of diffusion depends on the difference in 
concentration be~ween the two regions and the physical parameters (including 
porosity, permeability, and water saturation) of the media separating the two 
regions. The potert~ial exis~s in most houses for diffusive transport of 
radon into the s~ruc~ure because the radon concentration in the soil gas is 
considerably higher than the radon concentration within the structure. 

Pressure-driven flow is simply the movement of molecules in a fluid 
state from regions of high pressure to regions of lower pressure. The lower 
levels of most houses exhibit modest pressure differences between their 
interior volumes and the a~mospheric and soil gases during the colder months 
of the year. These pressure differences, commonly on the order of several 
pascals (Pa), result from temperature differences between the structure's 
interior volume and outdoors, suction produced by combus~ion appliances 
operating within the structure, effects of wind, and changes in barometric 
pressure. The resulting depressuriza~ion of the structure volume creates a 
potential for flow of outside gases into the lower levels of the structure. 
The rate of flow depends on the driving force between the two regions (the 
dif:erential pressure) and on the physical parameters of the media separati~g 
the t·..,ro regions. 

The overwhelming majority of authors considering radon-entry dynamics 
favor pressure-driven flow as the dominant radon entry mechanism (1, 2, 
3, 4). However. some authors (5, 6) point to diffusion as an important 
transport mechanism. 

It seems likely that both processes are acting to transport radon i~to 
structures and that fac~ors specific to the structure under consideraticn 
deter~ine the relative importance of the two mechanisms. Our understanding 
of the relative contributions of these two mechani~ms would be greatly 
improved if there was a relatively simple method to directly measure the 
pressure-driven flow component oi the total radon entering a given structure. 
This paper presents the progress to date in developing such a technique and 
the results of field measurements employing the technique in three houses in 
the Crand Junction, Colcrado, area. 

APPROACH 

~ven a relatively simple structure such as a house represents a co~?lex 
net~ork of potential entry pathways for radon from soil gases. Moreover. 
factcrs such as soil moisture and permeability, which may dramatically a:fect 
both pressure - driven flow and diffusive transport of radon, may change 



seasonally and add further complexity. Our approach was to greatly simplify 
the system under consideration. Rather than treat the s~ructure and i~s 
surroundings as a multicompar~ment system as some authors have done (5, 7), 
we elected to consider only small portions of the structure boundary 
separating the structure interior from !the surrounding soil. 

The term ~structure ~oundary~ means the concrete walls and floor slab of 
tha basement~ under study . We believ.e the importance of pressure-driven flow 
in transporting radon across the ~oundary can be directly ascertained by 
examining the radon-flux density from a small portion of the struc~ure 
boundary and concurrently measuring the differential pressure across this 
same boundary portion. Performing a regression of the observed radon flux on 
the measured differential _pressure _and determining the zero pressure 
intercept of such a regression line represents the nonpressure-driven flow 
component of the observed radon flux. 

Measurements were conducted only in houses with poured concrete basements 
for three reasons . First, a basement house represents a bet~er characteri=ed 
and simpler sys~em than ei~her a crawl-space house or a slab-on-grade house. 
Second, a basement with a floor slab and walls provides ~wo dis~inc~ly 
differe~t s~ructure boundaries that are bounded by soil on the exterior 
surface. Third, these structure boundaries are more readily accessible in an 
unfinished basement than in the finished living spaces above a crawl space or 
a slab-on-grade house. 

METHODS AND INSTRUMENTATION 

The basic requirements of 
this s~udy were measuremen~s of 
radon flux and differen~ial 
pressure at several locations 
in the baseme~ts of the studied 
houses. Additionally, moni~oring 
a number of associated parameters · 
more fully describes the system 
under investigation and ensures 
tha~ the measurements being made 
do not adversely affect the 
natural situa~ion. These 
associated measurements consist 
of the radon concentrations in 
the sqil g~s - idjace~t to ~he 
structure boundary. i n tb.e . 
:om:s·i:d·e ai r. a nd . in · t l:le ~· . · ~ 
bas:ement : v·a ric1J'i .t emperatu r es: 

~ and~ baro:::e tr.fc · ·?r:e·s.s·~-r~e .. wi~d · 
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RADON MEASUREMENTS 

Both active and passive continuous radon :monitors were employed in this 
study. The two types of monitors differ principally in the means of 
delivering the gas sample to the scintillation chamber and in the size oi the 
scintillation chamber. Both types of monitors have a zinc-sulfide-coated 
scintillation chamber connected to a photomult~plier tube, which is powered by 
a Ludlum model 2000 scaler . Modifications to ·~he scaler produce a logic­
level pulse as output in addition · to: the statidard light-emitting diode (LED) 
display and printed output . This modification permits the photomultiplier 
pulses counted by the scaler to be ttansmit~ed directly to the data logger. 
The data logger counts the number o-f pulses · p'e.r sampling interval and applies 
a calibration equation to compute radon concentration. 

Active Mo nitors 

An active continuous radon monitor was used for all radon measurements 
except soil-gas measurements. This monitor uses a 7.5-centi~eter-diameter 
photomultiplier tube looking into : a 1-liter scintillation ch~mber. A s=all 
pump delivers the sample through a filter into the scintillation chamber at a 
flow rate of 0.8 liter per minute (L/min). w11enever possible, an ex-cernal 
pump immersed in the a-cmosphere to be sampled supplies the air sample to the 
radon monitor to minimize the possibility of contani'inating the sample by a 
leak in the delivery system. The sensitivity of the active con-cinuous 
monitors is approxima-cely 220 counts per hour per picocurie per liter 
[cph/ (pCi/L)]. 

Pa s sive ~~nitor s 

A ~assive cbntinuoui radcn monitor was develop~d tb ~ ~easure ~6il·gas 
radon _ concent:.-at·ion. E.arly attempts to use the activ~ ver~ion of the 
continuous radon monitor demonstrated how sensitive Sdil·ga~ radon 
concentration and sub-slab differential pressure are· t~ even slight 
perturbations . ·Extraction of extremely small flow rates of soil gas res~lted 

in significant depletion of the sub-slab radon concentration -and 
dep r.essur.iza tion- of ... ·t ·he sub- slab soil in the region · q i the measurements . A 
closed-loop recirculation system was also tried, but _ t~e system ~reduced 
unacceptably large perturbations. = i · .. 

To overcome these problems, a pass ive in ·s ofi · ~~d~~ moriit~r ~as ~ a ss e~~!ed. 
The , ~r~~·be 1.'~~-tion. ·:: of· the monitor co nta i ns a H'a-mama "ts'u ~·:)O. lO, _ d·mi1lime ::H· 
diam~te.r pho1:emultiplier tube that lo oks in t o a · sc ihti11a'tion .c::.amb.er. r.l3C.:! o: 
a ... s.(_-millimeter (mm ) length of 112-inch co pper tub.i~·i c·oa ted . •• /i ::·h z "i"n~ ·· . 
sulfide . A nu-mber of small holes dri lled in: th e •lail :oi ~h e chamber a~t~. ·: :-: e 
end oppos~.~.e .th~ ph,o.tomult i plier tube allow soil gas'e s to ef'!.t·e~ . . Thi s . 
assembly is inserted into a 17 . 5-mm i ns i d e diameter (i.O : ) St~inle ss St~~i 
tube. approximately 60 cm in length, tha t i s used a s t he pr obe housing . .:-.e 

- ~Qw~r .. end pf the hqus~ng is-fitted wit h a tap e red plug. · Just abov e ~he ~:u~ . 
a numoer of Small holes drilled in the wall of the probe allow Svil gas~5 eO 
reach the scintillation chamber. A rubber stopper seals the open end c: :~e 
probe housing agains"t light entry and gas exchange: a high volt3ge·sign3i 
cable passes through the stopper. A light seal forms at the l o ~er end ~ = the 



probe by its insertion into the soil~. c A hole ·.is drilled in the ·concrete for 
measurements under a concrete sla~ the probe is inserted, and the area 
~between the probe housing and concrete is sealed with caulking material. 

The small volume of the scintillation chamber produces a relatively low 
sensitivity [2.5 cph/(pCi/L)], and the instrument exhibits a good high­
voltage plateau. When used for determining soil-gas concentrations with a 
counting interval of l hour, the coefficient of variation based on counting 
statistics is within a few percent for typical values of radon concentration 
in soil gas. 

RADON-FLUX MEASUREMENTS 

Radon-flux density measurements were made using a modification of the 
flow method described in Colle et al. (8). The device consists of a metal can 
that is 0.44 meter (m) in diameter and 0.16 m in height and has one 3-cm­
diameter hole in the side of the can. A small aquarium pump, mounted on the 
inside of the can, permits continuous sampling of the air within the can. The 
open end of the can is placed against the surface where the radon-flux 
density will be measured, and the can edges in contact with the concrete are 
sealed with a caulking material. The pump delivers a steady flow of 
0.2 L/min from the can to a continuous radon monitor. The hole in the side 
of the can permits room air to replace the volume of gas delivered to the 
radon monitor. When operated at a flow rate of 0.2 L/min, there is no 
measurable C< 0.1 Pa) pressure difference between the can and the room. The 
ventilation rate of the can at this flow rate is approximately 0.5 hour- 1 . 
Figure 2 is a schematic diagram of the flux can applied to a concrete surface . 
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Figure 2 . Schematic Diagram of the Radon-Flux Can Apparatus 
Applied to~ a Surfa~e 



The can ac'ts as a par"tial accumulator and allows 'the radon cortcentration 
'tO buil_d up wi'thin the can 'to a concentration that is a func'tion of th.e 
radon flux into the can, 'the concentration of radon in the air backfilling 
'the can, and the rate of air flow through the can. A simple mass balance 
approach, neglecting 'the radioactiv~ ·detay of radon, yields the following 
expression for 'the measured radon-flux density: 

where: 

J ,. 

A A 

J 

Qs 
Cs 
E 

radon-flux density from the surface of interest, 
= flow rate of soil gases into the can, 

A 

Qm 
cm 
Qr 
er "" 

radon concen'tration of the soil gases, 
contribu'tion of radon from direct emana"tion, 
area of the can, 
flow rate of sample into the continuous radon monitor, 
radon concem::ra"tion measured by "the com::inue.us moni'tor, 
flow ra"t:e of room air into the can, and · 
radon concen"t:a'tion of the room air. 

Because the ra'te of air flow out of the can is equal to the rate of air 
into the can, Qm • Q5 + Qr. If the assumption is made that Q5 is small 
compared tO Qr, tha't is to say that ~m = 0,. 'then the ne't radon·flux densi'ty 
from the surface being measured may be approximated by: 

J a 

A A 

Therefore, the following equa'tion was used to calcula'te the measured radon· 
flux density: 

J -
A 

DIFFERENTIAL-PRESSURE MEASUREMENTS 

Differen'tial-pressure measuremen'ts were made using several Validyne 

( 1) 

( 2) 

( 3) 

model DP 103-10- D~fferential Pressure Transducers coupled ~o Validyne model 
CD-15 Sine Wave Carrier Demodulators. The CD-15 produces a~ 10-vol't signal 
corresponding to the~ 8i.2-Pa (0.350-inch H20) full-scale pressure range of 
'the transducer. The stated accu_racy of the transducer is ~ 0. 25 percent f'.Jll 
scale or approxima't~l~ ~ 0.2 Pa.-

The differen~ial pressure measurements· were made by drilllng a 3/8- to 
l/2·inch-diameter hole in the floor slab or~ basement ~all. A length of 



1/4-inch-diameter stainless steel ~~bing was inserted a distance of 
approximately 20 cm into the soil beyond the thickness of the concrete. 
Caulking material was used to fill the space between the tubing and the 
concrete to form a gas seal. The open end of this tubing was then connected 
to the signal-in side of the pressure transducer. In all cases, the reference 
side of the pressure transducer was left open to the basement room. 

DATA LOGGING 

A Campbell Scientific CR-10 da~~ logger continuously recorded the 
values provided by the vari9us sensors. A pulse-counting module provided 
inputs for as many as eight radon monitors. A portable weather station 
equipped with wind direction and speed sensors, as well as a barometric 
pressure transducer, was coupled to the data logger to provide relevant 
weather data . All temperature measurements were made using type·T 
thermocouple wire. The data logger was programmed to sample each of the 
input channels at 10-second intervals and tabulate and record an average 
value for a 1-hour sampling period. 

FIELD MEASUREMENTS 

Field measurements were conducted in basements of three houses in or near 
the vicinity of Grand Junction. Colorado. No known uranium mill tailings 
deposits are associated with any of these houses. All three houses are 
situated on soils derived from the Mancos Shale, which underlies most of the 
Grand Junction area. These soils are dominated by the clay-sized fraction: 

· a significant portion of the clay-sized fraction consists of smectitic 
clays . The smectitic clays produce large shrink-swell potentials that affect 
not only the soils' engineerir.g properties but also the permeability and 
porosity characteristics. 

House-1 has a full basemen~. approximat~ly 22 by 43 feet, finished with 
plTwood paneling or paint on t~e wall surfaces and asphalt tile . on the floor . 
The basement is divided in to f i ve rooms, one of which ~s a bathroo m. The 
measurements were conducted in the largest of these rooms, measuring 
12 by 28 feet, during -October. This hous~ was unoccupied _ during all . of ' the 
measurements. Radon- flux density measurements were made at two . .:.ocations. 
The first location ,was ovet: an open joint ·in the floor slab a_p,p;t::x.ima:t-e"ly 
3 mm ·:.;ide: the . second·lccation was on one of the _exterior wa-l-ls a t. a h·e-i ·ght 
di :Ariprn~i~at~ly 1 meter .. Tha average radon conc~~~~rations for :h1s 
strL:~ t ur~ .for the las_t 6 years are 1. 8 pCi/L in the upstairs i).rea ' and 
2~ 8 p ti / ~ in the basement. 

House-2 has a partial ba~ement measuring 28 b~ 29 feet . The remaining 
potti6n of· the . house is located over ~ crawl space , The basement has been 
p ab:~ally. f;i.nished by the add.i:i6ri of t'vio' _interior walls that se~at:ate the 

~ ~= ~ ~Sement into two . rooms. ~· Th~ ~ea*ui~m~nts ~er~ conducted in the smaller of 
t h~ t·~ci Eooms, me~~u.~ing -.14-.by lJS feet, during Aug1,1s:tand September. This 

~ h ous~ ..:..a:s oc~upied dur;ing the ?etiod of the fiel.;d measurements. · ~he exteri o r 
·- · basement ··_walls . .. and .f)oor slab~ · ar:e bare" con.cr~te . Rad.on-.flux measi.::ements ' were 

macfe ·at' t ·..ro loca_tions on th:e· f].o ·or slab. The fir~s .t ·locat_j.on was .::vera cr.:1ck 
a p~coxim~t~~y 6.5 m~ wide: th~ second lotation wai over an undisturbed 

-



por~ion of ~he floor slab. A flux can was also located on one of the 
ex~erior walls at a height of approxima~ely 1 meter. The average radon 
concentrations measured in thii house during the past 6 years are 0.9 pCi/L 
in the upstairs area and 2.8 pCi/L in the basement. 

House-3 has a partial basement measuring , approximately 16 by 38 feet. 
The remaining portion of this house res~s on slab-on-grade and over crawl 
space. The basemen~ is unfinished with bare concrete floor and walls. 
Radon-flux measurements were made at two locations on the basement floor slab 
during the months of December and January. This house was occupied during 
all of the measurements. The first . )ocation :was -over a 30-cm by 30-cm 
opening in the floor slab that presumably was intended for a lavatory . The 
hole exposes soil directly beneath the slab . (no aggregate is present). The 
second flux measurement was made over undisturb.ed concrete floor at a 
distance of approximately 1 m fr~m the closast :.edge of the first location. 
No- flux measurements were made on the walls and :. no· long- term average radon 
measurements are available for this house. 

RESULTS AND DISCUSSION 

This investigation was not intended as a comprehensive study of the role of 
pressure-driven flow as an entry mechanism for radon into houses but as an 
evaluation of the usefulness of the measurement technique. These three 
houses were selected far field measurement because of availability and their 
range of radon levels . Initial measurements were conducted over concrete 
surfaces with structural cracks and undisturbed sections of slab . Plans are 
underway to test this measurement technique on sections of the floor-wall 
joints at House-2 and Hause-3 . 

HOUSE-1 

There is a strong degree of correlation between the measured flux and the 
differential pressure jq House-1. Figure 3 shows a iime plot of the 
naturally existini differential pressure across the · floor slab and of radon· 
flux density-measured d;i.rect1y -p.bove an. open joint in the floor slab .' The 
da"J:a were· cb llec iei:i ·d<jr f ng t he ' inon th of October. The radon flux lags 
behi ~d ~ the di ff erent iil : pre ~ sur e by about 1 hour, primarily due to the 

!: .~ i ngr c'J t h of radon· d ailgh·~-e-~ a_c .t,i~.i t Y: w_i .thin the radon monitor ' s scintillaticn 
. ;c.-hamb,·u ·· .and:=the venii l_at i on ·csit .e o f the- -flux can ;· The occurrence of some 

n_e,.gai .:..ve: :cf:;i.H e-r-eri t i:a f -· pr e~ s·u re . v'a f ues m?y. represent -~sftuations wher.e the 
?JJ·b.:-sla'b=: r-e:g-io·n :fi :aci't.ral)y_ d.epressuri?ed . .,.i·:t.h resp·ect t6 the basemem:. but 
·it :..s more: -liker~ -th:.it ·'inese ·val~ es . represe~nt: :a s.li-ght ::era shift of· the 
pressure " tran:sduc:e·•r :.- .. , __ - '· -.: ' · 

:1gure 4 shows a regression Qi _the data. from th~ : t i me plots of Figure 3 . 
The :3don-flux data ~av~ b~in ~~h{fie~ to :compensate-foi the tim~ lag " i~en in 
F.i g ·~re 3; The'cotrelati ci ~ ·coe_ffic i e.nt of .0.-83 indicates a sttongdeRende-nce 
.of v,1ri:ations fn rado·i'l-ilux 'd~nsixy o_r{ variations in -different i al pre_s·s.ure . 

. . More s·i·:nply stated, pressur~: ~f~iven · flow- is. a .. ffec-ting the observed radon· flL!x. 
density , but ~ the slope , of the regression line is t: omp a ra tively low ~. The zero 
p.re:s.su,re · int.ercept- of ~·o._rs · pCi . ·m ~ 2 ·s·l represents 80 · perc~n~ o f the · a ~e.rage 
me§-st;~.red flu•x:. -· ou:r · 'i:nte.rp _retad.on is 1:ha.:t approx imat e ly 80 pe rce-nt oi. ~the 
radon flux : ~ran~por~ed iht~ugh ~he measured portion of the slab occurs ~~e to 
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a nonpressure-driven flo~ mechanism and only 20 percent occurs by pressure­
driven flo~. An obvious choice for this nonpressure-driven flo~ transport 
mechanism is diffusion. 

HOUSE-2 

Because the measurements ~ere made in August and September, this house 
exhibited no significant depressurization of the basement relative to the 
underlying soil. In an effort to simulate ~intertime conditions, a small box 
fan ~as installed in one of the base~ent windows to slightly depressuri=e the 
basement. The fan was run at a constant speed so that the pressure variations 
~ould be similar in ·magnitude to what would be expected during the ~inter. 
Figures 5 and 6 present the results of this experimental setup. 

Figure 5 sho~s the regression of radon-flux density, measured over a small 
crack in the basement floor, on the differential pressure across the floor. 
Figure 6 sho~s a similar regression for radon-flux density measured over an 
undisturbed portion of the floor. Although some dependence oi' the measured 
radon flux on differential pressure is depicted on the graphs, the scatter 
about the regression line is quite large and, correspondingly, the correlation 
coefficients are extremely small. The zero pressure intercepts of 0.025 and 
0.017 pCi·m- 2 ·s-l for Figures 5 and 6, respectively, represent approximately 
80 percent of the average measured flux values. This indicates that 
pressure-driven flow adds only about 20 percent to the average nonpressure­
driven flo~ component of the radon flux. The measured flux values are quite 
low for these two locations and are, in fact. comparable to values given in 
the literature for emanation from some typical concrete samples (8, 9). 

HOUSE-3 

This house exhibits significantly higher radon levels than either of the 
other t~o houses in this study. The average basement radon concentration 
dur~ng the measure[!!~n-t:s •,.ras approximately 8 pCi/L, compared to~ 3. 6 and 
1.6 pCi/L for House-1 and House-2, respectively. The radon concentration 
measured in the sub-slab soil gas averaged approximately 3,760 pCi/L during 
thi measurement period. 

Figure 7 shows a regression of the radon-flux density on the differential 
pre~sure across the floor. The radon flux ~as measured over a 30-cm by 30-c~ 
opeping in the floor slab. As might be predicted in this situation, the 
measured flux density exhibits a relatively strong deoe~dence ~n differential 
pr~ssure. However, the high intercept of 13.2 pCi·m·Z.s· 1 indicates that only 
approximately 20 percent of the average flux density is que to the pressure· 
dri~en . flow component . . . Considering .. the rela.tiY.ely. ... larg-e area of exposed soil, 
it is not entirely unreaso~able that this i& the resul~ of diffusive 
transport directly from the soil. 
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CONCLUSIONS 

A relatively simple technique was developed to measure the pressure­
driven flow component of radon flux passing through a sel~cted ~ortion cf a 
structure boundary. The technique consists of directly measuring the radon­
flu~ density over a selected portion of the structure boundary, while 
concurrently measuring the differential pressure across the same boundary. 
Regression analysis of the resulting ,data allows a quant~tative 
interpretation of ~he fri~tion of ~ radon flux that is attributable to 
press u re· d .r .iv ~n ~fl·o.w; ": . . ., · .. .. · ... : -

.. - - -- - ... - . ·--. -.!.._ .. ~.. . ; : ~ ,.. --;;.c ~· . ·. !' ~ 

E: e n a i n precaud9~~ -a~·; ~":C~s's.a ry · in, the . u.se of this -technique. The - ~- ·. .. ~ . . .. -~ . · '., ' ' -· ... __ , ... _ , - ' 
pr essure transduc e~ s .mus t: ha .:r e._ ade.qua t e= s-e.nsi ~i ·1i ty to measure 'the small 
differe ntia l pres s 'ure' s o b~e rved ,a nd ~~st ~;-h:i,bit:· good zeco stab~lity to 
prodUce meaningful regression analysis reiulti. Additionally, the radon 
concentration of the room air backfilling the flux cans must be known. 

This t ech!li.q ue .. w.as- p e r-hc-med· .. in ""'the b'asetiiei\1: s··· o':f t -hr .. e_e houses wi 'th . - ~ t J 

slightly e leva1:ed radondevel:S. 'Inte'rpretation of the m·easurement resu.:. :s 
indica-ces that, on the av_er.~ge, .only 20 percent of the radon enters these 
struct~res through the Ho~~d~r~es tested because of ~ressure-~riven flo~ . 

. - - ~ ':. - ~ ~- .. 

. .. :-: 
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