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DESIGN OF RADON RESISTANT AND EASY-TO-MITIGATE
NEW SCHOOL BUILDINGS

by: Alfred B. Craig, Kelly W. Leovic,
and D. Bruce Harris
U.S. Environmental Protection Agency
Air and Energy Engineering Research Laboratory
Research Triangle Park, North Carolina 27711

ABSTRACT

The Air and Energy Engineering Research Laboratory’s (AEERL)
radon mitigation research, development, and demonstration program
was expanded in 1988 to include the mitigation of schools.
Application of technology developed for house mitigation has been
successful in many but not all types of school buildings. School
mitigation studies carried out to date in the AEERL program have
been reviewed 'in order to determine those architectural features
which affect radon entry and ease of mitigation. This paper
details those features having the most effect and recommends the
design parameters which should be most cost-effective in
controlling radon in new school buildings.

This paper has been reviewed in accordance with the U.S.
Environmental Protection Agency’s peer and administrative raview
policies and approved for presentation and publication.
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- INTRODUCTION A .
.-The Air and :Energy Engineering Research ﬁaﬁcratcry (AEERL) of
the U.Sy Environmentdl Protection Agency (EPA) has been-developing
and . demonstrating radon mitigation technblogy in houses,  both
existing and new, since 1985. 1In 1988, the program 'was expanded
to include radon mitigation 1in exlstlng schols.l In ‘the
1nterven1nq 3 years, detailed diagnostic studies have been carrled
out in about 40 schools in 8-states and mltigatlcn studies’ in_ 20
of these schools. Walk-thrdough examlnat1ons—-and reviews - of'
architectural. .drawings have beeft’ conducted 1n many additlcnal
schools. BT - -
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0ver the past year, architectural features of the schools
studied have been carefully reviewed in an attempt to ldentlfy
those features which~affect radon entry and ease of mltlgatlon._
Results ©of the studied are currently being used to develop a guide
for construction of radon resistant and easy-to-mitigate schools.
This new guidance document will be available later this year. The
purpose of this paper is to briefly summarize some of the design
and construction features whlch have been 1dent1f1ed as 1mportant
in this study..-.ﬁf im - :
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Nearly ‘all new ‘schools being built today‘are slab—on—grade,?
(SOG), - and =~ this'*’paper 1is 1limited to thlS ‘architecturail” "
substructure. .- However f what ®is stated for SOG schools normally "~
applies to schools with basements and is? appllcable to*them. Few; -
if-zany, new schools. are -being bullt -today w1th brawl spaces, §o;
they: are not COVered in thls paper.- - T2T 0 . : = o»
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Two design features are kncwn to affect the rate of radon
entry into 1large® buildings--slab’' cracks® and penetrations and
pressure differentials resulting - from- the 'bulldlnq ‘shell’
construction.: and the -design - and operatlcn‘"of the’ heatlnq,
ventilating, and air conditioning “(HVAC) ‘system. -7+ ©=F ¢
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SLAB CRACKS AND PENETRATIGNS ¥il.:ilhkl. .4

<irSlab.cracks, é‘xpanmbn jon.nté “and penetrat'ions i bc‘hools are
similarTto. thosg zinhduses -~-as 4s”their : ‘control. - These” can -be'’
eliminated:by .achahge of- bﬁlldzﬂg’deblqn ‘or their- effects can ‘be * -
minimized~by .propér sealing.-"Treat care shoula be taken in slab
design:to mlnnmxzeaslab Cracklhg—i-JA" . - L &
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house5f51nce Lhe czacks are”frequently hldden and cannot be readlly
found: : .However, this 1% not true "inrnew-school -construction where *
all cracks and openings inithe’.slab are reddily dcdessible “at someE
stage of ccnstructlcn - s
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Expansion joints are the :largest source of cracks in SO0G
construction. Where codes do not require them, they should be
eliminated since, .in most cases, they serve no useful- purpose. A
slab is at its_largest size during curing in the first few hours:
after pourlng due to the heat of hydration of the -cement.: Asra
result,. the only. .Slab. which can be larger at a later date
(reqplrlng an expanszon ]Olnt) is one.-that- is poured and cures in
extremely cqld. weather. Allowance for. shrinkage, the other
function._ of an expan51on joint, is.better accomplished using pour
joints (w1thout expansaon joints) onAcontrol saw joints, both: of
whigh. are much easier to seal than; are expansion joints. dfhere.
pour joints are used without expansion joints, both slabs should
have a tooled edge to make possible a good polyurethane (PU) seal.

. Control saw joLnts,fpour jolnts, and expanslonc301nts, where
used,” should. 'be carefully sealed with a flowable PU caulk applled ;

according to.the manufacturer’s specifications. :With expansion -
joints, the top L/2 in.* should be removed to_make, space forta'good
PU seal. LAy - i ) = o B oD W ;
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2 second source of. openings in the slab are utlllty dine -
penetratlons. These can be minimized by running all utility lines,
except sanitary sewer, overhead in the area above the drop ceiling,
a practice found in. some existing schools visited: in our mitigation
studles.:-0verhead utlllty lines are recommended in radon-prone
aréas in order to minimize slab penetratlons by utility lines..:
Utility penetrations, when present, must be carefully sealed. Ifs
any . type qf wrapping, has ‘been put around;a sutility:.pipe to protect:
it from the concrete, it frequently allows.soil gas passage. -This
type of wrap must be designed so as to not allow any soil gas
passage or it must- be removed after the concrete.is set and the
resultlng space filled with a PU caulklng
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lz_In some,desagn s;tuatlonsL utllrty plnaﬁlpenetrate the slabrs
in groups to enter pipe chases. 1In these sjtuations;, great care:c
should be taken to de31qn-and construct. in such a way that no slab..
openings are left between the pipes. ~-~.:_rro ni L.omeay

HEATING, VENTILATING, AND AIR CONDITIONING "SYSTEMS- T1s crlé il 5.

Most  schaols,- beipg: built ;today- are- a,_ig'-fgondltzoned._“'rhls
usuafly.resyits in themuse-offiarge HVAC systems. supplying- many:
roomsﬁchnese largersystemsvare always jbuilt witdhiprovisions: for £
vent;latlonQQg the addition- eof -cutdoor raireto -the-air Zhandling.m
system. This results in pressurlzataon;gf the-building~as longrase>
the circulating fan of the air handler is in operation and an
adeguate quantlty of,~outdqor air- is. being breught -dnto the  sgstem
contlnuously . ..Pressurization -by &this: means. wikl ﬁlgnxf;cantly.
reduce radoneéontalnlng seil-.gasrentry-as: 2ong @s. the :circulatings:
fan .is operatlng -and fresh.air-is-being- brought inss Wnenttneﬂ.-_ 5
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(*)Readers more familiar with metric units may use the factors at
the end of this paper to convert to that system.
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circulating fan goes off, as is usually the case during night or

weekend temperature setback radon-containing - 5011 gas can enter

the’ building and in some cases has been found to reach high levels:

in some classrooms. Once the c1rcu1at1ng fan of the HVAC system
starts operatlng continuously in: the morning when heating or
cooling is called for, soil gas entry is stopped and the radon in
the building is diluted over some period of time by the outdoor air
being brought in by the HVAC system. If the radon level reached
during the night is high, this dilution process can take several
hours,_ Stud;es underway, some of which are being reported at this
meeting, are aimed at determining under what conditions the-HVAC
system can be depended upon. to control radon. to a satisfactory
level. = Viability of HVAC system design.and operatlon as a- radon
mitigation approach cannot be determlned unt11 these studies are
completed. )

Return air ducts have been found to be an entry route for
radon-containing soil gas. These should never be routed below the
floor since they are always under negative pressure when the HVAC
fan is runnlpg - Where the ceiling .plenum .is usged as ‘an unducted
return air space, any.block walls penetratlng the slab and ending
in the plenum should be capped with a solid. block Otherwise
radon-contalnlng soil gas can reach the plenum through the block
wall which is very porous below the slab, Radon leve}s can also
build up in supply ducts under the slab.when ‘the c1rculat1ng fan
is off and then be brought into the room when .the.circulating.fan
comes back on.

Buildings ¢can also be heated and air conditioned using unit
ventilators (UVs) supplied with hot water or steam from a.boiler
ahd with chilled water furnished from a central chiller. All UVs
are designed , for fresh .air addition .at , the: unlt. Use of
pressurlzatlon to control radon .in this’ type of system is similar
to that of a large central.HVAC system. T i
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Exhaust systems for large rooms such as. kltchens, lunchrooms,L
gymn351ums, multipurpose rooms, and shops create special prgblems -
since they can create_ negatlve pressure and cause.radon-containing

soil ‘gas’ to be brought in. This can be eliminated. by supplying
more conditioned outdoor air than is removed by the exhaust system.
Although. tpls may appear, to be anuexgenSLWe solutign,. it .is the

only knoWn way to ensure na SOll gas,entrg. A e S TR ARy R ©
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© fRestréoms elsé contaln exhaust.fans which.frequently cause

elevated ‘radon 1évéls in these rooms.  This can be minimized .by -

keeping the exhaust fan as small as code requirements will allow.
In addition, since the amount of time per day any person spends in
a restroom is presumed small, exposure in this area is relatively
small atmn B o ) o
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Schools without air conditioning are frequently ventilated by
the use Oof exhaust fans usuallg_mounted in the plenum above the
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hall ceiling. The use of exhaust fans should be minimized in
radon-prone areas since this will usually result in a radon
problem. Rooms should always be ventilated by brlnglng in outdoor
alr-rather than by»exhaustlng room air.

DESIGN FEATURES AFFECTING EASE' OF MITIGATION
WITH ACTIVE SUBSLAB DEPRESSURIZATION (ASD)

L = ; .
" The most succeSsful mitigation technique“for existing sonools
has been thé use of “ASD, the-same as in existing houses. This is
true as long as the school has aggreqate under the slab. Since the
presénce ‘of aggregate can be requlred in new school constrﬂCtlon
(and-is;“in fact, ‘common practice), then it is loglcal that, until
51m11arf1nformatfon for other mltlgatlon options becomes avallable
for performance “and -cost compdrison, ASD should be the mitigation
system of choice in new schools. Thus the rest of this paper will
dwell on factors which affect the ease of appglcatlon and the
effectlveness ‘of ASD 1n new schools

e

In’a paper whlch the authors presented‘at the' last symp051um
in -Atldnta(l), two schools ~m1t1gated*_1n Nashv111e, TN, were
compared. One reguired 16 suction points “to mltlgate 15 rooms,
whereas 15 rooms were- mitigated to a lower. radon level in  the
second school with only 1- suction point. Thls*strlklng dlfference_
in ASD effectiveness was’ the motivation- for these authors’
beglnning to’ rev1ew the factors whlch'affect the ease” of mitigation
in schools and 'has led to this paper- '~ €

In the authors’ experience, pressure fleld extension (PFE),
is "the*most valuable diagnostic tool in determlnlng the ease of
application ‘of active subslab“depressurlzatlon (ASD) to mitigation
of houses, sohools and*large bulldlngs. PFE measurements are even
more 1mportant in large bulldlngS'than in houses since much larger
subs14ab ‘areasare”involved and subslab-barrlers frequehtly exist
that are not normally found in - houses. ~ For example, PFE
measurements led to the prediction of the difference in ease of
applicdation- of?"a8D -to " the' twd previdusly - discussed Nashville
schéolé‘whrdh~was theh conf1rmed by the" results obtalned Thus PFE
igrised-as’ a‘surrogate for ease” of mitlgatlon 1n the subsoquent
digeussfort iff this’ paper. 9% Rae ; b ‘
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e 1! g lreview OF '{:hwe' PFE- m&asurements that” have been made on al;!.
of the schools in EPA’s program, examination of their architectural
drawings, and many discussions of the factors affecting flow of
gases through aggregate beds with fellow, scientists workgng on
radoﬁ"have-f@drfo-the"ldéntlflcation of the forlowrng %actorgawnlgn_

affbct?PFE nimoel "ﬁ‘ b e g SN e v G s g
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TE.EL Bu1k*den51ty (or‘vofa vorame) - FhE s 2
Particle size (both average size and particle size
. dlqtrlbutlon) ;
287 S Type ‘fhaturaily occurrlnq‘stone_jrom moralne
STToBus LY deposits oFcrufhed ‘bed “rock) .
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Layer thickness and uniformity of thickness
Subslab barriers
oo Subslab suction pit size = ¥ of e
g @ Amount of suction.applied - 20, ' T
: : Size and location :of openings in slabs (both
e planned and unp&anned) = - -

i 3 ; ' &

f These factors are discussed in the following sectlone. -
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The four propertles of. aggregate listed rabove are” known to
affectﬁthe flow of a- gas through stone beds. ¢ Bulk density’ is
actually controlled by particlessize distribution and type of stone
(naturally occurring moraine gravel, which' i's' rourided, packs more
efficiently than crushed bedrock w1th its greater varlatlon in
shape),« g e — : -SRI s G
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The ﬂollowlng tentatlve conolu51ons iare postulated ‘on the

" . ‘effect of aggregate pnopertles on PFE: ~ - o UE
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T PFElls‘groportlonal to average particle ste——the smaller
the_partlcle size, the ‘less . the. ?FE assuming the same
partaole size dlstrlbutxon. S "
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=2 ,The narrower the partlcle size distribution range' the
2% greater the- v01d volume and hence the: greater the PFE.
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.@“ ruThe- smeother the shape of the: stone, the lower the void

u;

volume; hence'moraine stone (with 1ts rounded . corners)
will give lower PFE for the same average particle size
_eaRs, and particle slze_dlstrlbution than-crushed aggregate.
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AEERL is sponsoring work at Prlnceton“Unlver51ty to vermfy ‘and
quantlfy these effects. -.-The first report- of 'this work 'is “being
.made by- Kenneth_ :Gadsby :.in ra poster. -:-paper.:given” at~ ‘this
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One of the greatest differences between mitigation: of'ﬁouses
and schools 1is the presence of subslab barriers which are
. .commopplace in .schools:-and:other: large :huildings.and: are rarely
found in" houses,.:PFE. neasurements- made-in. schools:=have ' shown a

,”verx strong correlatlon-watn -the presence. or-  absence of- ‘these

barr;ers. *+ Thelr - Presence-- is - determined- by ‘a = review.2of “the

w,fogndatlon plan in, the struotural drawings..-Based omssthlicol Jplans

rev1ewed e date joundathon designs ;can be. d1v1dedVLnto‘tne four
types . shown_schematxcaliy in- Figures :1,3,5,and 6. ‘Thesefﬁ?pes
determlneﬂtﬁe ease of mitigation.and.:the number of ~suction pdints

'necessary aesumlng other- factors-are:the-same. : -They are presented

in the order. of. dlfflculty to mltlgate by*ASD starting- wdth the
most dlftlcult. 2. T 4r y el BT i
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The type shown in Figure.1l (schematic) is the ‘most common and
unfortunately the most difficult:to mitigate. 1In this type, all
walls aroung each: room extend ‘below the slab to footings in
undisturbed soil resulting in the same:number of compartments under
the slab as number of classrooms above the slab. A section of this
type of wall:-is shown in Figure 2. PFE measurements made in
Nashville showed that some PFE could be achieved through one
subslab wall but not two. Unfortunately, installation of-a-suction
point in every other room was not sufficient to mitigate the
interwvening.rogms, and it-is now:believed that a suction'ﬁolnt will

~normally be:snecessary in -every room in this type of school.
Ohviously, this-is not a recommended footlng conflquration for new
schools bu11t~1nvradon-prone areas. T

e
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In the plan shown 1n Flgure 3, the hall walls extend ‘through
the slab to footings, but the walls between rooms are set on the
slab. _.The slab under these walls are normally thickened slab
footings as shown in Figure 4.: :Aggregate continues under these
thickened sections; consequently, they do not adversely affect PFE.
One- suctlonspolnt“on each sidecof the hall will mitigate a number
of xooms imy-this configuration, the:!number: depending on other
variables which affect PFE (such as -type of aggregate). A third
suction point might be needed in the hall but it is unlikely if the

¢« rooms.onreach side of the hall are“adequately mitigated. In this
type--of- structure, the bar =joists-. fo6r the Ioof are placed
perpendlcular to the hall and rest on the hall walls. The walls

. :betweenzthe rooms do not:carry any roof-ldad and consequently can
:restr-satisfactorily oni thlckened slaﬁ‘footlngs.

pale £lotruey 8L AV . 32 T i B o
o peFigurpes shows~a footlnq COnflguratlon found in three schools
mitigated by EPA. In this configuration, the walls between the

krrooms -go through -the slab to-footings but the hall walls- ‘set” on

--thhckened slab ~footings: © In this case, ‘the roof ‘bar joists are
- ;placed parallel:ito. the.-hall and Test..on‘the walls between the
rooms. The aggregate continues under the hall for the full length
of the building; consequently, PFE can be achieved down the hall
and into the individual rooms. Wwith this conflguratlon, the
suction point is best put in the hall, and the nufiber bf‘reoms: that
can be mitigated will depend on other variables (such as type of

seaggregatehpi2spisim reewred FanneTsilln Jarresvy €.
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vigzey Ther fnnalaconﬁrguﬁhtioﬁffoﬁnd to-date: ‘shown in Flgpre 67 “was
¢ used 2invshez [Twos Rivers s Middles SEhde¥” in- “Nash¥ille. | In“thls

sconf igurationrrie noc wallsticge throlgh* o - -footings: “'alt * sit® on
-4hickened: sdab :footings: ~This is-referred o “aréhitecturally “as
-stt.ﬂnd'beam.cansﬁruotsohuand?LS“oommoﬁT?=ﬁsed*1n'bﬁlldxn95‘whlch
ugrecvery“wldEEﬂnd veryt Loy, such '’ as~5dperméfkefs. Posts “on ‘both
- Sides-of the hallirat Two Rivers go throughfﬁo footlngs and are* tled
: Xogether: ~with*overhead ‘beams:‘which- in “turh carry, the  roof ‘bar
jossts. «The ‘posts and °bednis¢ ¢an® be’ either relnforced concrete as
in Two.Rivers, or .more.commorly &téel as'in supermarkets. In this
configuration, the aggregate is continuous under- ‘the * entire



building and, consequently, PFE can reach long distances.if other
conditions are proper. At Two Rivers, PFE easily extended 130 ft,
and one suction point mitigated 1%,000 ft’ to less than 1 picocurie
per liter (pCi/L). EPA recently arranged to have a hospital
building under construction install a suction point in the center
of a 200 by 250 ft slab (50,000 ft*) underlaid with carefully placed
coarse crushed aggregate (ASTM #5 stone). Some time this spring,
PFE of this slab will be measured, and EPA will have a better feel
for just how much PFE can be achieved under a very large slab with
optimum aggregate and a large suction pit.

SUBSLAB SUCTION PIT SIZE

The importance of the size and geometry of the suction system
under the slab has been the subject of considerable debate and
disagreement over the past 3 years. However, it has been the
authors’ experience that, everything else being the same, the
larger the suction pit, the greater the PFE. Although this is not
too important in houses, it becomes much more important in large
slabs such as schools.

In an existing school, the size that can readily be dug
through a hole in the slab is about 40 in. in diameter. However,
in new construction, there is essentially no limit to the size of
the pit which can be installed. It is believed that the
controlling factor in increasing effectiveness is the size of
interface between the hole and the surrounding aggregate. With
this in mind, one of the authors (Craig) designed the suction pit
shown in Figure 7. The pit is constructed by digging out an area
of about 6 ft square where the suction pit is desired. Four
concrete blocks, 8x8x8 in. in size, are placed in a square 4 £t on
a side and covered with a 4x4 ft piece of 3/4-in. treated plywood.
The depth of the hole is such that the top of the plywood is even
with the bottom of the slab to be poured. The aggregate is filled
level with the plywood, allowing it to slope into the hole. The
angle of repose of the stone will be about 30° leaving most of the
hole open. The 6 in. suction pipe is installed under the plywood
as shown in Figure 7 and run to a convenient place for the riser.
This arrangement makes it possible to separate the location of the
suction pit from that of the riser.

The plywood serves only as a form for the slab over the hole.
The strength of the concrete after setting is more than sufficient
to span a 4 ft hole unless the slab has unusually high loading.
In that case, the slab will need reinforcing.

Perforated pipe can alsoc be used in lieu of the suction pit
described above. However, calculations show that the suction pit
has an air to aggregate interface equivalent to about 200 ft of
perforated pipe with 10 holes of 3/4-in. diameter per lineal foot.
As a result, it is believed that the PFE from either system will
be about the same. Tests are planned to compare these two
techniques in new construction. It is believed that the suction
pit is significantly cheaper to install than the perforated pipe.
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