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Background
Yüithin the United States, exposure to the radioactive

decay products of ¡adon (r*Rn) in buildings is the most
important source of human exposute to environmental
radÍation and also one of the largest sources of risk to
hr¡man healtl¡ c¿t¡sed by an indoor poUutant (f). In houses
with elevated indoo¡ Rn concentrations, the primary soutce
9f Ep i" usually the su¡rourding soil where Rn is generated
by the radioactive decay of trace nmounts of radi-r¡m. The
predominant procesß of Rn entry into houses with a con-

rnanuscript
project wos
Høza¡dous
greatly ap-

fiow of high-Rn soil gas
cracks, joints, and holes

Subslab ventilation (SSV) is one of the most effestive
and common methods of reducing indoor Rn concentra-
tions in houses wíth basements. There a¡e two ba¡íc
methods of SSV. I¡ subslab depre*sutization (SSD), a fa¡r
exhausts soü gas from beneath the slab floor to the outside.

the slab" Soil gas entry into the st¡uctu¡e contÍnues, but
the concentration of Rn in the entering soil gas is de-
creased.

SSV has become a widely used Rn control measute.
Dudng construction ofnew houses, provisíons that increase
the effectiveness or ease the instållation of SSV systems
are so¡oetimes recommended or required by code (3-5).
The most common provision is a layer of highly permeabie
(clea¡r and coarse) aggregate beneath the stÀb floor. Based
primarily on our general unde¡standing of flow through
pemeable media and informal evidencehom freld studi

In short-term nt ofSSD system
pe_rformance, pr radon entry from
subslab regions be assrued if the
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basi¡ of thls model and thÇ me¡s\¡rad
authors of ref 9 concluded that press

ia more dependent on soil pormeability than agg¡eggt¿
permeability.- 

The reaoaich described in the suboequent seqtions of tbis
paper represents an additional advanco ín both e-rperi'
ináut¡ assessroent and numerical modeling of SSV por"

formance.

Obj ectiues and ApProach

Soil permeabilþ was measu¡ed using e previously-do'
scribed in situ technique (J0), generally at two locatioru
within the backfill0.2 m from the basement walls, two
Iocations within the undisturbetl eoíI approrimately 3 rn
from the basement walls, and two locations 1.3 m beneath

se to assesg
visible iarge
typicatr gap

backfill area, and the difference between subslab snd
above-siab pressure at22-!ò6locations (depending ou the
house geometrY).

Seveial experiments were undert¿ken in most hous€s"

scterization. The aggregatcs were
suppliers. The most Permeable ag-

gregatæ type, called l'lyn. round or ft/r.q. :99nd b-y the
õupplie", is approri'"ately equivalent to ASTM gade no.
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information on particle size distribution (i.e., f¡action that
passes through various size screens) was obtained from the
suppliers.

resulJs of laboratory experiments is provided in Gadgil et
al. (I/).

Modeling. A few sophisticated nunerical models have

Loureiro and others use a fïnite difference method in
th¡ee-dimensional Ca¡tesian coordinates to model the

ip = -(¡r/kXr + clfi)ü (1)

V.ü = 6 (2)

Notice that the two equatíons can no longer be easily
combined, and the methods used for solving the Laplace
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equation, for Darcy flow, are no longer applicable to solve
the system of equations.

- Once the_v"þitf*d pressure fields fo¡ the soil gas are
determined, the radon concentration field in the sóil and
the radon entry rate could be computed by separately
solving the radon mass balance, as dõne by Revzàn et ai.
(14).

u¡l ì
co
vorticities and sheam function) and staggered grids for the
pressrue and the velocity components. We use the alter-

The solution approach
to convergence. po*it tum
residual in the fractional
change in pressure at any given node from one iteration

Model Verifícation
fþs ¡nms¡ical model was verified by simulating field

experiments performed on selected houseg in the pacific
Northwest and comparing simulation predictions with
experimental results. Veriflrcation of the model was con-
sidered succ€ssful if the predicted soil-gas flow ¡ate tùrough
the SSV suctíon pipe agreed with the measu¡ed vatue añd

and open to the outside during fïeld experinents. The
cracks between the basement slab and the wall/footers

Table I. Perneabilitie¡ (.&), Forchheimer Term¡ (c), and Crack
tr¡idths for Modellng of Eou¡es 002 anit 003

aggregate soil baekfÏll crack, mm

house002 Þ=8X10-?m2 å=10-10m2 å=10-10m2 1.1 L-
shaped

c=2Os/m c=0s/m c=0¡/m
house003 h=2x10-tm2 fr =10-1rm2 Þ = 10-rrm2 0.75L-

shaped
c=6s/m c=0e/m c=0s/m

0.0 0

100 r 05 fl0 ll5 120 125

Pressure tap number

-€-Prsssudzation test
'+Depressurization tost

-¡-Simulation,3 mm L shaped crack

-l-Simulat¡on, no crack

{-Slmulation, 1.1mm L shaped crack

Flgre 2. Comæ¡gon of f,eld rnæsuements and numarlcal predlctloæ
of subslab pressures at varlous polnts ln house 002.

were assumed to be of uniform thickness at all wall/
footer/slab joinLs (i.e., at the basement periphery and
a¡ound the central footer). The input parerneter values
for these simulations a¡e shown in Table I.

The average or effective thickness of the cracks cannot
be measured experimentally in a reliable manner. \üe
show (Figure 2) the predictions from two simulations for
house 002 with a 126-Pa depressurization at the SSV pit,
one simulation with perfectly sealed cracks and another
with wide (3-mm) L-shaped cracks. The predictions
bracket the experimental data for subslab and backfïll
pressures at all the points. Fu¡thermore, we also show in
Figure 2 that p¡ediction, made by assuming a 1.1 mm wide
L-shaped crack along all the slab-footær joint, agreed well
with experimental data for pressures collected at 22 dif-
ferent subslab locations and 3 points in the baclfill region.
The locations of the measurement (and prediction) point¡
for subslab and backfill pressrues a¡e shown in Figure 3
on a schematic floor plan of house 002. The measr¡red flow
dudng field experiments and the predicted flow in the SSV
pipe also a$ed well (within 10%). Figure 2 also provides
data from two tests which have respectively SSD and SSP
operation with a suction (or pressure) of 125 Pa applied
at the SSV pit.

Tbo additional tests at house 002 (SSD and SSP op-
eration using 200 Pa) were then simulated without
changing any of the other input parnmeters in the model.
The predictions again agreed well with the experimental
presÍnrÌe data at the measruements poínts (comparison not
shown for brevity).

A similù verification exercise was undert¿ken for house
003. The measued pressures a¡e reasonably well matched
by predictions assuming a 0.75-mm L-shaped crack at all

124
125

123

7.3m

Note: Not lo scals

Flgurc 3. Subslab pressure tap locatlons and ldentlflcatlon numbers
in the basement slab of house 002. Perlmeter, lnterlor lootlngs, and
the locatlon of the SSV plt are shown.
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Flgl¡ro 4. Corma¿son of fleld rnæsuernents and nurnerlcel predlctþrs
ol subslab prêssures at varlous polnts ln house 003.

slab/footer joints (see Figures 4 and 5).
Discussion. It should be noted that while the sets of

input parameters shown in Table I are certainly realistic
and consistent with measurement data on soil and ag$e-
gate permeability values, there exist enough uncertainties
in the experimental data on these values that the input
parameter set is not unique. po¡ s¡qmple, choice of a
somewhat higher permeability fo¡ the soil and a narrower
crack thickness leads to sim¡lar predictions from the sim-
ulations. We can also obtain fu¡ther ihprovementg in the
agreement with experimental data by assuming nonuni-
form crack thickness along the slab/footer joints and in-
homogeneous soil permeability. However, in the absence
of experimental evidence in support of such a¡tifacts in
the input data to the simulations, the ercellent agreement
of resulting simulation predictions with experimental
meaeurements becomes a mere curiosity. The agreement
between simulation predicüions and freld experimental data
shown in Figures 2 and,4 is therefore considered adequate
under these circumstances.

Envlron. Scl. Technol., Vol. 26, No.9, 1992 1755

Hous6 002

.1 É
\

\ I

f,l-Èrl ]t-H{

t t.'a-r-,

+

\ra\
\

,̂r
ll
I

,l
t\
, Ir*t

. 122 121.

. 120

118.

. 117

115 ¡

¡ 113

112 o

o 101 102.

. 103

E p¡t
. 119 ¡ 104 '105 0

¡ 106

108 .

.109

f10 o

.116 . 107

. 114 o 111

æo-+a

\r¡a r-rr r Lr\¡ t
I

ry'l¡-r¡ ¡-¡-¡ ¡

\-¡ \a¿

I
lTõæ oõtl

rl

+

À

læt
-+PrNurlzallon læl
-a-Slmulãlon, 3 mm L deck3

-+Slmuldfl, l¡o sad(



.)113 o1o8

1og 1ot ljttr p¡t

0103 't11
a

14d

o106

a112 0107

al04
110
o

0105

a116 117a

o119 a120

1180o 115

a124
125
o

a 121 4122

a123

4126 127'

--â-¡
--e-

o

House 5, No plt
House 5, 25 cm tadlus Pll
Housê 2, No plt
Hous€ 2,25 cm radlus Plt

--J
A
Â

a

a

o

A

À

a

a

r¡)

f
an
art
q)

CL

ttg
CL
CLñ

¡¡
!t
o,.!
(É
c
oc
t,
c,
¿
at
tt
q,

CL

.r¡s
ø¡¡
¿
Ø

E
ro
c!
cct

0.8

0.6

0.4

0.2

2468

Dlstance from suction Plt [m]

10

Note: not !o scale
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To assess the importance of modeling non-Darcy flow,
we set the Fo¡chheimer term to zero (so eq 1 becomes

to simulate SSV sYstems.

Trends in Field Datø dnd Símulation Predictions

This section describes the dependence of subslab pres-

sure fields on selected features of the SSV system and

eubstructure and also on the ratio of aggregate to soil

formance.
Effect of a Pit. Field data demonstrat¿ that excavating
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the hole in the slab. In
plugged with concrete at
slab. Since SSV sYstem

inexpensive measure; we explore effects of other factors

squared.
Effect of the Ratio of Aggregate Perneability to

a¡e not di¡ectly intercomparable. For Figure 8a, the tætms

loose soil and tight soil refer respectively to soil permea-
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Fþurc 8. Measur€d subslab pressure fleH extenslon data from three
houses wlth dltferent comblnatlons of soll and aggr€gate permeablllty
(a) and numerlcal predlctlons for house 002 geometsy and soll char-
acterlstlcs lor tlrree dlfferent aggregates (b). See the text for exph-
natlon of tho torms loose and tlght lor solls and gravels. Theory
prdlc'ts lhat subshb pr€Eqre fr€ld extenslon should bo excolþnt when
the ratlo of aggr€gste to soll permeablllty ls large, an otfecìt observed
ln the experlm€ntal data shown as well as ln lhe slmulatlon results
shown. Slnce each of the three houses has a dlflerent geometry,
lndlvldual data polnts should not be dlrectly compared to draw con-
cluslons on panel a. The llnes on thls flgures are lntended for vleual
guldance only.

a single equation, is under investigation.
Effect of Sealing the Cracks. After a first set of flreld

experiments on subslab pressure fïeld extension in house
006, the cracks at the slab/footer joints were carefully
sealed, followed by a second set of experiments. Experi-
mental dat¿ (Figure 9a) demonstrate the subståntial im-
provement in the subslab preÍßure field extension following
sealing of the cracks. Simulations with the non-Darcy
STAR model using the house 002 geometry (note the
different hor¡se number) also show a simila¡ dramatic im-
provement in predicted subslab pressure fîeld extension
following sealing of all slab/footer cracks (Figu¡e 9b).

Conclusions
A unique field study of SSV system performance was

completed in six houses with basements. For each house,
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