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Foreword

The work | do does not often include presentation of
formal technical papers € . . | usually prefer to watch,
listen and read.

This year | felt compelled to begin documenting
Information on topics that we face every day e . but
seldom discuss in detall.

These particular topics come up at virtually every
ANSI/ AARST Standards committee.

4-5 old salty dogs will chime in on the discussion.
6-7 committee members will be completely lost.

That being true, | tender this information into AARST
archives.
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Foreword

We have so may folks that come from so many different
technological backgrounds.

Radon and soil gas hazards require all of us to bridge over
to add new or different disciplines to our life experience.

The vantage point | provide comes from: ﬁ;&
Lo

Typing in nearly 1,000 CRM test graphs each year for ﬁi
20+ years plus post-mitigation CRM tests;

15+ years of standards discussions where other folks
made me realize | was not alone in my observations;

And, time this last few years to contemplate what it
adds up to.

The 2016 International Radon Symposium



Withessed concern

A widediversity of challengeare withessed when folks
attempt to interpret indoor measurements and install
mitigation systems.

Mistakesin understandingfluid mechanicsare witnessed
to resultin consequencesor both misappliedexpenseand
continuedriskto occupants

Sod .. Different from limited case studies, this paper
addressesthe causeof fluctuating conditions that must
be accounted for in order to temper any assumptions of
test data meaning and usefulness
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Part 1. INDOOR MEASUREMENT

Regardless of test duration (2 d&8ys O6 rBoatkss):
All test regimens make accommodations for the fact
that health protection demands timeliness.

D>

Longer test durations (e.g., 3080 days¥erve to reduce
the influence of brief fluctuations.

D>

e Still: Measurementsess than365 daysannot be
exacting on longterm exposures;
or 8 &ong-term pressurerelationships within buildings.
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Interpretingusefulness of test data

é To be usefultest conditions must be compared to
average yearlongconditions.
Applicable worldwide.

. AverageYearlong Temperatures (F)

U

L To achieve comfort range
of 72-82°(F):

36" Winnepeg (Only Heat)

P
{ w‘ 3> 43 Montreal (Mestly Heat)

"' " 49" (hicago (Heat and Cooling)

'\-‘.,
‘”:#. 54" Kansas City, PA, NY (Heat and Cooling)

61" Atlanta & LA (Mostiy Ceoling}

2 68 New Orleans (Conling)

176 Miami (Only Cooling) /

ASHRAE Climate Zo%,




Interpreting usefulness of test data

One needs to account for:

1) influences caused by the needs of humai
comfort in occupiedspaces; and

2) influences caused by varylng condltlons
within the vadosezone. -'

é These two factors trigger a finite set of
building responsesto outdoor conditions
that modulate when air movement occurs "
and the direction, magnitude, and mixing

gualitiesof diverseair sources
AARST-NRPP TFhe-204
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FLUID MECHANICS OF SOIL GANTRY

Constants- AverageCondition

Human Comfort: The quest for comfort is the fundamental
constant that overwhelmingly dictates variability of soil gas
entry and the fate of soil gas once in a building.

Comfort requires a constant condition throughout theyear.

é Temperature nominally around4° F (23C)

N
Relativehumidity (RH)optimally at ~ 4060 RH s .
Formost humans:
A <20% RH in cold conditions caus#iyness;
A >80% RH in warm conditions caugasrspiration

>60% RH allowbiological growth (allergen triggers).
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FLUID MECHANICS OF SOIL GAS ENTRY

Constants- Average Condition

é Propensity of Closed Buildings:Comfort controlresultsin
closedbuilding conditions mordghan:

A 7% of the year (e.g., ~ 8months), and
A > 75% to 85% (e.g.,-20months) in most climate zones.

é Building Design Similarities Within Each Climate Zone:
Buildings are more tightlgealedin cold climates compared to
mild climates.Immediate action if too cold, hot, dry ohumid.

24 Hour Temp Averages Annual
ZONE Avg Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
W 1 Very Hot Miami, FL 76 82 79 74 69 68 69 72 75 79 82 83 83
Bl 2 Hot New Orleans, LA 69 79 70 61 55 52 55 62 69 76 81 82 82
Bl 3 Warm Atlanta, GA 62 73 63 53 45 43 46 53 62 70 77 79 79
4 Mixed Phillidelpia, PA 55 68 57 47 36 32 34 42 53 63 72 77 76
Bl 5 Cool Chicago, IL 49 65 53 40 27 22 26 37 49 59 69 74 72
Bl 6 Cold Minneapolis, MN 45 61 50 33 19 13 18 31 46 59 68 73 71
Bl 7-Very cold Minot, ND 39 56 45 26 14 6 11 21 41 53 61 68 67
Bl 8 SubArctic  Fairbanks, AK 27 45 25 4 -6 -8 -2 11 31 49 60 62 57

Bl 8 SubArctic Cambridge Bay 6 32 11 -9 -21 -27 -27 -22 -7 15 36 47 44




Natural Air Pressures Within Buildings

é The Dominant Cause of Soil Gas EntnAt any moment
outdoor air grows colder than indoor air during closed
building conditions, lighter weight indoaair rises up to
escape the top of the building

Soil Gas(@Rn)

Vacuoum (pz.)

~

é Thisresults hydraulically imegative pressurewithin lower
regions of a building toeplace that air from |locations that
present the least path of resistanc&he major portion of
available soil gas under the foundation is immediately

r— pressuredriven into the building5-15% comes from soil
— T - -




Propensity of Negative Pressure:
(Temperature HydraulicsStack Effec)

Cold Hot
<640 > 840

Mild
~ 74

9 €10
Inside

Positive or

Vadose Neutral

Intermittent ik Negative
Zone 3

24 Hour Temp Averages Annual

ZONE Avg Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
1 Very Hot Miami, FL 76 82 79 74 69 68 69 72 75 79 82 83 83
BN 2 Hot New Orleans, LA 69 79 70 61 55 52 55 62 69 76 81 82 82
Bl 3 Warm Atlanta, GA 62 73 63 53 45 43 46 53 62 70 77 79 79
4 Mixed Phillidelpia, PA 55 68 57 47 36 32 34 42 53 63 72 77 76
5 Cool Chicago, IL 49 65 53 40 27 22 26 37 49 59 69 74 72
Bl 6 Cold Minneapolis, MN 45 61 50 33 19 13 18 31 46 59 68 73 71
Bl 7-Very cold Minot, ND 39 56 45 26 14 6 11 21 41 53 61 68 67
MM 8 SubArctic  Fairbanks, AK 27 45 25 4 -6 -8 -2 11 31 49 60 62 57
MM 8 SubArctic Cambridge Bay 6 32 11 -9 -21 -27 -27 -22 -7 15 36 47 a4



Propensity of Negative Pressure:
Whenever outdooalir is ~ 10F (5C) colder than indoor air.

_— —r e Reflects Dayto Night Temperatures

Annual Sep | Oct | Nov Dec | Jan | Feb | Mar | Apr | May | Jun Jul Aug

BEm #1 Hi 88 85 80 77 76 77 80 83 86 88 89 90
" VeryHot Miami, FL 76 Avg 82 79 74 69 68 69 72 75 79 82 83 83
3] Similar: Hawaii Lo 76 72 66 61 60 61 64 68 72 75 76 76
aE #2 Hi 87 80 71 64 62 65 71 78 85 89 91 90
[ 1] Hot New Orleans, LA 69 Avg 79 70 61 55 52 55 62 69 76 81 82 82
15 Similar: Florida, Houston Lo 71 61 52 45 43 46 52 59 66 72 74 74
g2 #3 Hi 82 73 63 54 52 56 64 73 80 86 89 88
BB Warm Atlanta, GA 62 Avg 73 63 53 45 43 46 53 62 70 77 79 79
=10 Southern California to S.Carolina Lo 64 53 42 36 33 36 43 51 59 67 70 69
Annual Sep | Oct | Nov | Dec  Jan | Feb | Mar | Apr | May | Jun Jul | Aug

#4 Hi 78 67 55 44 39 42 51 63 73 82 87 85

Mixed Phillidelpia, PA 55 Avg 68 57 47 36 32 34 42 53 63 72 77 76

NYC, PA, NJ, VA, KT, TN, KS, MO, OR, WA Lo 59 47 38 29 24 26 33 43 53 62 68 66
Annual Sep Oct | Nov | Dec | Jan Feb | Mar | Apr | May | Jun Jul Aug

K #5 Hi 75 63 48 35 29 34 45 58 70 80 84 82
BR Cool Chicago, IL 49 Avg 65 53 40 27 22 26 37 49 59 69 74 72
W MA, NY, OH, ML, IN, IL, IA, NE, UT, NV Lo 54 42 31 20 43 18 28 39 48 57 63 62
<[] #6 Hi 71 59 40 26 21 27 29 56 69 78 83 81
i Cold Minneapolis, MN 45 Avg 61 50 33 19 13 18 31 46 59 68 73 71
BBl ME, NH, VT, WI, MN, ND, WY, SD, ND Lo 50 40 25 11 4 9 22 36 48 58 63 61
e #7 Hi 69 57 35 23 16 21 30 52 65 72 81 80
WM Very cold Minot, ND 39 Avg 56 45 26 14 6 11 21 41 53 61 68 67
T Similar: Anchorage, Winnipeg Lo 43 34 17 6 -3 2 12 30 41 50 56 54
T BGttom Up-blUemost of yearday/nite] P o Al 0D miutnEvVicNEesAtmRdRi@anranimats



For fun

the West Coas
& MAMF and MALB

Economizers save a lot of energy

City AvgigSchool Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul  Aug
San Diego Hi 70 68 76 73 69 65 65 65 66 68 69 71 75 76
Avg 64 62 71 68 61 56 57 58 59 62 64 66 70 72
Lo 58 55 65 61 54 48 49 51 53 56 59 62 65 67
Los Angeles Hi 74 72 82 78 73 67 66 67 69 71 73 77 82 83
Avg 65 63 72 68 63 58 57 59 60 62 65 63 73 74
Lo 56 54 63 59 53 49 48 50 51 53 57 60 63 64
San Francisco Hi 64 63 70 69 64 57 57 60 62 63 64 66 66 67
Avg 57 56 63 62 57 52 51 54 55 56 58 60 60 61
Lo 51 50 56 54 51 47 46 48 49 50 51 53 54 55
Portland Hi 63 59 76 64 63 46 47 51 57 b1 B8 74 g1 g1
Avg 55 50 65 55 47 40 41 44 48 52 58 64 69 70
Lo 46 42 53 46 40 35 36 36 40 43 49 54 58 58
Seattle Hi 60 57 71 70 51 46 47 50 54 59 65 70 76 76
Avg 53 49 61 53 45 41 42 43 47 50 56 61 66 66
Lo 45 42 52 46 40 36 37 37 39 42 47 52 56 56
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Ooops

é Houses and when Economizer is off
City Avg School Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
San Diego Hi 70 68 76 73 69 65 65 65 66 68 69 71 75 76
Avg 64 B2 71 68 61 56 57 58 59 62 64 66 70 72
Lo 58 55 65 61 54 48 49 51 53 56 59 62 65 67
Los Angeles Hi 74 72 82 78 73 67 66 67 69 71 73 77 82 83
Avg B5 63 72 68 63 58 57 59 60 62 65 68 73 74
Lo 56 54 63 59 53 49 48 50 51 53 57 60 63 64
San Francisco Hi 64 63 70 69 64 57 57 60 62 63 64 66 66 67
Avg 57 56 63 b2 57 52 51 54 55 56 58 60 60 61
Lo 51 50 56 54 51 47 46 48 49 50 51 53 54 55
Portland Hi 63 59 76 64 63 46 47 51 57 61 68 74 81 81
Avg 55 50 65 55 47 40 41 44 48 52 58 64 69 70
Lo 46 42 53 46 40 35 36 36 40 43 49 54 58 58
Seattle Hi 60 57 71 70 51 46 47 50 54 59 65 70 76 76
Avg 53 49 61 53 45 41 42 43 47 50 56 61 66 66
Lo 45 42 52 46 40 36 37 37 39 42 47 52 56 56
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Understanding Limited Fordae toLimits
of Air Volumeévovement

This table i9ased only on the weight of 30,000 ftwf air inside
a moderate size homalNeights doubldor largertwo story
homes above a basement amfar morefor tallerbldgs.

75° F Indoor air is .....ccceeveeceennes Outdoor Temperature

61kg 135 pounds heavier than outsideair @ 110°F 43¢
41 kg 90 pounds heavier than outsideair @ 95°F 3¢
20 kg 45 pounds heavier than outsideair @ 85°F 29°¢
""" 7kg 15 virtually equalweigt @~ @ 80°F 27°¢c
~0okg 0 virtually equal weight @ 75°F 24°C Annual Avg Temp for: Miami
""" 7kg 15 virtuallyequalweight @ 70 °F 21 °C Annual Avg Temp for: New Orleans
20 kg 30 pounds lighter than outsideair @ 60 °F 16 ‘C Annual Avg Temp for: Atlanta
34 kg 75 pounds lighter than outsideair @ 55 °F 13 'C Annual Avg Temp for: Philidelpia
43 kg 105 pounds lighter than outsideair @ 50 °F 10 ‘C Annual Avg Temp for: Chicago
61 kg 135 pounds lighter than outsideair @ 45 °F 7 °C Annual Avg Temp for: Minneapolis
75 kg 165 pounds lighter than outsideair @ 40 °F 4 °C Annual Avg Temp for: Minot ND
88 kg 195 pounds lighter than outsideair @ 30 °F -1 °C Annual Avg Temp for: Fairbanks AK

However, the actual energy and force that drives soil gas into,

a building ikinetic /.
Tiﬁ@fﬁ-ﬁﬂemaﬂvna!-%advn%ympmm@' ' '



Understanding Limited Force due to Limits
of Air Volume Movement

é Theactual energy and forcethat drives soil gas into a
building is limited by the smaller volume of either:

a) air entering duilding; or
b) air exiting auilding.

The fluid mechanics in simple terms:

Gravitational force is asserted when
water Is releasedto drive turbines for RANGHE= 1%
generatingelectricity. The actual energy S > >

asserted is kinetic and limited to the 3 Z
volume (i.e., weight) of the water that IS 222
allowed to be in motion.

P




Understanding Limited SIS o
of Air Volume Movement &

..........

| cover this in detail because it also affects & :
mitigation considerations |

Another example

With bottom vents open, the degree of negative pressure within
the cooker reciprocally changes in force to thextent you vary

the volume of air escaping at the top

For an inverse example:

If a water valve is throttled to allow only 1/2 capacity
for the water volume that could travel to an open
faucet, the force of water exiting the faucet is
reciprocally reduced by about half.
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Understanding Linswsies
of Air Volume Mo |
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Limited Force

é Driving force and fixed volume limits.

A Each building has a unique capn capacity for infiltrating
andexfiltrating air. The small gaps and openings in the
building shell, under closed building conditions, &red-
size openings

A Shifts in outdoor temperature vary the force and therefore
volume of air that enters or exits each small opening. &t
Indoor pressures increasen force, gaps in the building shell
and at the soil becomstressed towards their maximum
capacity limits for allowing air to enter or exit each small
opening.

At some juncturea virtual cap for the building's
driving force has been reached ,

o _?/,

D>
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Understanding Limited Force due to Limits
of Air Volume Movement

é Driving force variance and fixed volume limits

Thefluid mechanics in simple ternv&rying the force of a powerful
pump thatpropels waterthrough a 3" fire truck hose serves to vary,
the volume and force of watexxpelled. Howeveregardless how

much force is applied, a much smaller, fixed diamefarden hose
Isseverely limited by comparison in terms of capacityo deliver

both water volume andforce.




e All of this dramatically throttles down
the range of pressure fluctuations

Field observations and dozens of case studies
published In the last three decades
overwhelmingly reveal hourly indoor radon
fluctuationsthat agreewith temperatureeffects.

But they also reveal the boundariesimposed on
the magnitude of fluctuation due to limits of air
that canenter or escapea building.

Fluctuationl.5 standarddeviation?Sometimes
But not ~10-20 times different, as per weight of
outsidear.

u
3
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Mechanics of AEntry

Pressure Driven Ai(both soil gas and outside air)

The size of an individual opening is generally inconsequential
because the volume of air entering each airspace is dictatethidy

combined openingsinto that airspace. Too Small to See
Easily Seen Still Seen (irregularities in
(Large Holes) (Cracks or Gaps) material, nails, etc.)

The same amount of ai
can enter regardless of
gap size. The location o
entry is merely the

OPAOE 1T £ 1
OAOEOOAT AAcd

Some artwork is court




Mechanics of AEntry

Pressure Driven Aig Soil Gas

XWo ¢ Hath &f XWwo (T 1A #1] OAA
Least Resistance Common Example of

XWo CloséddAn almost equal Al Readily Visible Holes and Cracks Closed:
Pathway remains (Cracks, etc.) Pathways still Exist when Pressure Driven

Some artwork is court Spruce a
L
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Mechanics of AEntry

Pressure Driven Airg Soil Gas

and Cracks Closed:;
Pressure Driven
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Mechanics of AEntry

Pressure Driven Ailhydraulic correlation to diffusion)

Thevolume of pressuredriven soil gas and outside air entering
enormous compared to gradient diffusioninteraction.

Imagine 5 Million atoms a
minute diffusing through
concrete or a vapor barrier

Meanwhile imagine 5 Billion
atoms a second pressure
driven through a tiny
opening.

ﬁs?wnppd The 2016 International Radon S A



Mechanics of Air Entry aMixing

Dilution: Standards recommen@.35 air
changes per houfor homes. This means that
the entire volume of air in a home would be

replaced by fresher outside about every 3
hours.

Homesarecommonly found with even
faster ACH 0.5-1.0 air changes per haur

D>

-
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a4
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— Pressure
e
- e
—

™ VadoseZone ML

Mixture stabilization (dynamic equilibrium).

A period of 12 hours of closeauilding

conditions prior to initiating tests lasting les~ h
than 4 days imormally requiredo ensure the
measurement reflects typical conditions.  Heuse

Thiscan take longer (e.g., 24 hours) in milc.28eA. HouseClosed .
weather or can occur quickly (e.g., 4 hours, __.
very cold weather.

mNHPP X The 2016 International Radon Symposiefm
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Your Test Result

& The Concentration You Measure:

1.

Soil gasentersoccupiablespaces througta fixed number
of entry points at concentrations existingn the soil.

Outdoor air simultaneously entershrough afixed number
entry points (e.g., around window and door frames).

Thetwo mix to produce diluted soil gas ariais mixture is
the concentration witnessed with indoor measurements

............ shewa 1 0.6 About ~95% of air entering
@:Fioor ’ _’ P ol the building is from outside,
even withwindowsclosed.

(5 O| 406
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Mechanics of Air Entry abalution

D>

The Fate of Soil Gas (General$oil gas entering a
building will normallydilute to outside ambient
concentrations in less than 24 hoursvithin a closed
building8 8 d&to the rate of air changes per hour.

For an openedbuilding, this can occur within minutes.

Pressure
Plane

Water Table




FINITE SET OF BUILDING RESPONSES
TO OUTDOOR CONDITIONS

Varying Magnitudes ofPressure -
1. LlobservableConstancy and ForceWhen
highest outdoor temperatures are less thar s

'\U’a Indoors, soil gas entry is generally constan
The forcegrows somewhat stronger as

outside air grows colder

2. LlobservableNeutral Pressure When mp—

daytime outdoorand indoor temperatures m?
virtually thesame,the buildingtilts back

'\éa and forth between negative and positive
pressure. However, thiotal volume of soil
gas entryacrossa two-day period isften
similar.

@;ﬁunpp ) The
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Intermittent
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FINITE SET OF BUILDING RESPONSES
TO OUTDOOR CONDITIONS

Varying Magnitudes ofPressure e
% N\

3. LlobservablePositive Pressure:Usefulness
of test data when outdoor temperature
NTO1 AGAO x Al Oisliided.Boilgag V.| 4}
can temporarily cease to enter. The
floodgate can close.

4. LlobservableBlower driven pressure:A
more of a predominant concern for larger |
'\t;;a buildings. Sgnificantly imbalanced return of] , ‘
supply ducting can sometimdsave ~—_ ‘j,
significant impact.

AARST-NRPP Th :




FINITE SET OF BUILDING RESPONSES
TO OUTDOOR CONDITIONS
Avallability of Soil Gasvolumes
5. NOTobservableTheVadoseZone
The volume, distance and the path of soll air
'\% movement islimited by impermeable materials(e.g.,

clay, sand, packed soll, rock and water).

—

. @ Negative Pressure
Inside the Building

Zone
/.)'

Water Table



FINITE SET OF BUILDING RESPONSES
TO OUTDOOR CONDITIONS

Avallability of Soil Gasvolumes

TheVadoseZone isnot naturally homogenousin terms
of permeability and pollutantoncentrations especially
after building constructionPermeableareas subject to
the influence of building pressures can unknowingly ran
from inches to hundredsef feet away.

Top-soil eroded away to exposed
clay or rock (low permeability) Ex:
Dustbowl of the 1930s

81 O OE Azfitedadhedakay
from creek beds leaving highly porous
material

'
through Dry Cla

Water Table
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FINITE SET OF BUILDING RESPONSES
TO OUTDOOR CONDITIONS

Availability of Soil Gasvolumes

6. LlobservableWater Table:
Flood conditions can produce a binary effect for
'\éa cessation of soil gas entry.
Drought conditions carrender afar larger volume of
soll gasavailable for migration into the building.

7. LlobservableCappedSoll: Above-grade ains partof
the air influenced to travahto a building. ~ . 4

A Regions with large permeability expanses below the
building report enhanced soil gas entry.

A Inversely, regions with smaller permeable areas wit sl | il
cessation of hydraulic flow of soil gas into the buildi

(agstniee_» The 2016 International Radon Symposi




Test Locations

least affected by fluctuations in air distribution and

;E LIControllableGround contact rooms.These areas are
ventilation systems.

Mixtures in upper floors:Testdata usefulness idimited.

Soil gasis distributed throughout the building.

However, accounting for variability of test conditions iIs
far more complicated.

Air pressuresand movement, room sizesand openingsto
outsideair are verydifferent in upperregionsof the building

comparedto the areawhere soil gas initially entered and
mixed.

- ) _ O




Test Locations

Greatlycomplicating test reproducibility in upper floors
ISthe changing vigor and constancy ogir distribution
systems.

Forced Air HVAC75% of U.S. homes

HVACwith no fansor WHEN fans arenactive : Most HVAC
blowers only activate foshort durations.

Heat pump more continuouair distribution.

Forolderbuildings like asingle airspace for mixing.

AARST-NRPP >




ABASE CORRELATIONS
LED DATA

Properties of Pooled Data Compared to
Individual Tests

A It must be understood that unique conditions exist for any
short-term period regardless if that period ranges from days
to multiple months.

A Oneshould never assumdhat an individual test is immune to
unusual magnitudes of influenasot seen irpooleddata.
A7ZEAO UI O Al 1 et tektisjuskas £O1T |
Important as what you do know

A Only additionaltesting conducted under varied conditions can
gualify the magnitude of any specific influence on tessults.

/
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LEDDATA

location: Kansas City but similar to most studies

Pooled Averagan Ground Contact AreasData suggestshe
average measurement under closduilding conditions will
resultwithin one order of magnitude from the yearlorayerage.

8 year averages for 4,400 different tests. Raaoand Rain
Note: Dry soil & furnace (Sefidct); Frozen soil (JaReb); and A/C (July)

6 6.0

Action Level | .o .

4

Concern Level 2 ., -

ZONE Averages in °F 00 T

Mar

Annual Sep

Feb

Mar

Apr

Jun

Jul

#4 Hi 78

42

51

63

82

87

Mixed Phillidelpia, PA 55 Avg 68

34

42

53

72

77

NYC, PA, NJ, VA, KT, TN, KS, MO, OR, WA Lo

26

33

43

62

68




ED DATA

tion: Kansas City but similar to most studies

Basement Compared to Upper Areas:
When HVAC is active, distribution mixes basement air into
a larger upper airspac&@-40% dilution)

1,100 different homes. Basementand Upstairs

7.0
6.0 -
5.0 -
Action Level 49 -
3.0
Concern Level 2.0 -
1.0 -
Averages in 'F
Sep | Oct Dec | Jan | Feb | Mar | Apr | May | Jun | Jul Aug
78 67 44 39 42 51 63 73 82 87 85
Phillidelpia, PA 68 57 36 32 34 42 53 63 72 77 76
NYC, PA, NJ, VA, KT, TN, KS, MO, OR, WA 43 53 62 68 66




EDDATA

Wind (kansas City)
& Our pooled datandicated little difference.
Avg. wind speed 10mph

Tests conducted: <10 mph->  +1% diff. from all Rn
Tests conducted: >10mph--> - 1%

At max wind speeds
Tests conducted: <25 mph-> 0%
Testsconducted: >25mph --> 0%
Tests conducted: <20mph--> +1%
Testsconducted: >30mph-->  -3%

The 2016 International Radon Symposiur@




D DATA

BarometricPressure

Due tostack-effect dominance intwo-story basement homes we
seldomsaw barometrigoressure correlate with radon fluctuations in
Individualhome tests.

D

All Barometric Avg. 28.92

¢ Below the average < 28.92 0% difference
é Above the average > 28.92 0%

é At more extremes:

é Lower Extremes <28.77 -2%

é Higher Extremes >29.01 -12%

High barometric pressure is usually associated|

with warmer weather @
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" Floods

POOLED DATA Readings are measurements of
outside dilution air only.
VadoseZone ’

Floodsand Droughts

:

Impact on average of all tes % < Dilution
Normalyearly rainfall: 39" rain No Make up air Tg
for the soil __y_

Floods of 1993 53"rain -3% (R

Mild drought 2000 31" rain +3%

Drought
Pores between soil granules become open and——7] \

. - /
crevices or dried underground waterways may . \\

allow soll air movement from far distances.

ﬁs'mnpp X | ol | . (
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RESULTS AND DISCUSSION

é If you do not control the conditions of the test, the
measurements are not reproducible (i.e., meaningless

é If you control test conditions to simulate the yearlong
OAOAOACASd AOEI AET C 1T PAOAOET C
conducted in ground contadreas:

U Subsequentests and hourly fluctuations in indoor soil gas

concentrations were prominently withessed to agree
within 1 standard deviation.

Limits

Generally Outside
Plausible Limit For
 Natural Causes

Al YD & |

This assumes: closeouilding conditions;

N Ve ~ ~ ~

at least each night; ando floods drought,

or hurricanes. | i
I

2 5 Tecin
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RESULTS AND DISCUSSION

More than one data point (e.g., hourly data, follavp tests
or duplicate measurements) serves to more than double the
statistical confidence in each test resuylPA 400R-92-0111992)

D>

Fluctuations wider than a 1.5 standard deviation were rarely
due to natural causes

D>

Conducting tests under two or more different test conditions
(e.g., cool versus cold weather) adds much greater
confidence.

D>

Limits

Generally Outside
Plausible Limit For

Additional testing can also be warranted: if Natural Causes

unexpected wide fluctuations are
witnessed;and if suspected concerns exist

regarding temporary conditions. é

] ]
2 5 T 10pcin 13 15 18 oo




CONCLUSIONS:

1. Fluctuations in soil gas entry are not randomThere are
known causes for effects that modulatehenair movement
occurs and thalirection, magnitude, andmixing qualities of
diverse air sourceghis fact applies worldwide.

2. To be useful Test conditions must be compared to
average yearlongconditions.

3. One must account for:
AQ OEA AOEI AEIT oftimar@dmioft Gedl T |«
b) conditionswithin the vadosezone.
Thesefactors trigger dinite set of building responses
that modulate when air movement occurs and the

direction, magnitude, and mixing qualities of diverse air
sources.




Questions on Part1 ?

e Reflects Dayto Night Temperatures

ZONE Averages in 'F

Annual Sep | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun Jul | Aug

e #1 Hi 88 85 80 77 76 77 80 83 86 88 89 90
" VeryHot Miami, FL 76 Avg 82 79 74 69 68 69 72 75 79 82 83 83
g Similar: Hawaii Lo 76 72 66 61 60 61 64 68 72 75 76 76
ag #2 Hi 87 80 71 64 62 65 71 78 85 89 91 90
8E Hot New Orleans, LA 69 Avg 79 70 61 55 52 55 62 69 76 81 82 82
15 Similar: Florida, Houston Lo 71 61 52 45 43 46 52 59 66 72 74 74
o #3 Hi 82 73 63 54 52 56 64 73 80 86 89 88
BB Warm Atlanta, GA 62 Avg 73 63 53 45 43 46 53 62 70 77 79 79
neE Southern California to S.Carolina Lo 64 53 42 36 33 36 43 51 59 67 70 69
Annual Sep | Oct | Nov  Dec  Jan | Feb | Mar | Apr | May | Jun | Jul | Aug

#4 Hi 78 67 55 44 39 42 51 63 73 82 87 85

Mixed Phillidelpia, PA 55 Avg 68 57 47 36 32 34 42 53 63 72 77 76

NYC, PA, NJ, VA, KT, TN, KS, MO, OR, WA Lo 59 47 38 29 24 26 33 43 53 62 68 66
Annual Sep Oct | Nov | Dec | Jan Feb | Mar | Apr | May | Jun Jul Aug

H #5 Hi 75 63 48 35 29 34 45 58 70 80 84 82
BR Cool Chicago, IL 49 Avg 65 53 40 27 22 26 37 49 59 69 74 72
W MA, NY, OH, ML, IN, IL, 1A, NE, UT, NV Lo 54 42 31 20 43 18 28 39 48 57 63 62
o] #6 Hi 71 59 40 26 21 27 29 56 69 78 83 81
BE  Cold Minneapolis, MN 45 Avg 61 50 33 19 13 18 31 46 59 68 73 71
BBl ME, NH, VT, WI, MN, ND, WY, SD, ND Lo 50 40 25 11 4 9 22 36 48 58 63 61
=S #7 Hi 69 57 35 23 16 21 30 52 65 72 81 80
WM Very cold Minot, ND 39 Avg 56 45 26 14 6 11 21 41 53 61 68 67
T Similar: Anchorage, Winnipeg Lo 43 34 17 6 -3 2 12 30 41 50 56 54




Part 2
FLUID MECHANICS AND
PASSIVE MITIGATION

Clarity for understanding fundamentals with
a hope to improve standard practice and
possibly provide insight for future innovation

The 2016 International Ra



Energy Sources

and the Natural Condition

- 7 __ -3 { AP )

S i o s -
® Air pressure differences that drive soil gas into a building are

due to gravitational force that occurs as a result of
differences in weight between indoor and outdoor air.

® This gravitational phenomenon exists by virtue of energy
from the sun (i.e., atomic reaction) where disparate
distribution of heat causes differences in weight across
oceans of outside air. The potential of this gravitational force
is sufficient to unleash tornadoes.




® Other sources of energy that cause air movement within a
building include radiant heat from the sun, fans and energies
resulting from chemical combustion (e.g.,, needs for
achieving human comfort that commonly entail combustion
systems for natural gas, fuel oil, propane, coal and wood).

® The result of gravitational energy:

Stack effect. The varying degree of temperature (i.e.
weight) difference between air within a stack (e.g., building)
compared to outside a stack determines the direction of
airflow and potential hydraulic force.

@Mﬁﬂ? The 2016 International Radon Symposim@



® Propensity of upward stack effect

Sep

82

24 Hour Temp Averages Annual
ZONE Avg
1 Very Hot Miami, FL 76
BN 2 Hot New Orleans, LA 69

Bl 3 Warm Atlanta, GA 62
4 Mixed Phillidelpia, PA 55

5 Cool Chicago, IL 49

Bl 6 Cold Minneapolis, MN 45
B 7-Verycold  Minot, ND 39

BB 8 SubArctic  Fairbanks, AK 27
BB 3SubArctic CambridgeBay 6

79
73
68
65
61
56
45
32

Oct

79
70
63
57
53
50
45
25
11

Nov

74
61
53
47
40
33
26
4
9

Dec

69
55
45
36
27
19
14
-6
-21

Jan
68
52
43
32
22
13

6
-8
-27

Feb Mar
69 72
55 62
46 53
4 A
26 37
18 31
11 21
2 11
27 22

Apr

75
69
62
53
49
46
41
31
-7

May

79
76
70
63
59
59
53
49
15

Jun
82
81
77
72
69
68
61
60
36

Jul
83
82
79
77
74
73
68
62
47

Aug
83
82
79
76
72
71
67
57
44

® Kinetic limits. The actual force depends upon the smaller
volume of either: a.) air entering a stack or building, or b.) air

exiting a stack or building.
Note... The volume of air exiting a building can be no more ‘
than the volume available to enter a building.

The 2016 International Radon Svmposiu
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‘? COUNTERING NATURAL ENERGY with ‘
o Passive Means (RRNC)

1) Reducing air infiltration and exfiltration

® Whole Building. Minimizing the volume of air that enters
and exits a building serves to minimize the magnitude of
force required to overcome natural forces and thereby
energy needed to control soil gas movement.

® Bottom. Critical component: A complete closed barrier
between soil gas and the air within the building is absolutely
essential for any passive design. This both minimizes
pathways for soil gas entry and reduces energy needs to
counter the persistently present driving force of stack effect.

E
7/
@ The 2016 International Radon Symposiﬂ/.&



1) Redu

® Whole BL
and exits
force req
control so

® Bottom.

between s

essential ... ..., ...
pathways for soil gas entry and reduces energy needs to
counter the persistently present driving force of stack effect. ‘

[ =4 Pl e Wl 1 -

/
/
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1) Reducing air infiltration and
exfiltration

® Upper Building. Studies support similar radon reductions as
for sealing a slab. Meanwhile, retrofitting such closure after
the building is constructed is often considered cost
prohibitive.

® Limitations. The disciple of energy auditing and field
experience for radon testing tell us it is appropriate to
assume that no barrier, slab or partition is airtight.

® Gaps smaller than you can see are witnessed to be fully
sufficient for allowing large volumes of pressure driven soil gas

- to enter. ; .,
ﬁ The 2016 International Radon Symposiu&



2) Enhancing hydraulic conductivity

® A complete hollow void under a building would require the
least amount of energy for controlling the destiny of soil gas.
Inversely, the amount of energy required to move air within
solid clay is excessive to the point of impossible.

Range of Hydraulic Conductivity of Natural Soils

USCS Soil Type Hydraulic Conductivity Range Permeability desciptih
class gallons per day/ft2

GP Uniform gravel 4,000 to 20,000 High

GW [Well-graded gravel 1,000 to 6,000 Moderate to high

SP Uniform sand 100 to 4,000 Moderate to high

SW |Well-graded sand 20 to 2,000 Low to moderate

SM  |Silty sand 20 to 100 Low

SC Clayey sand 20to 20 Low to very low

ML  |Silt 1to2 Very low

CL Clay 0.02 to 0.2 Very low to impermeable




3) Confining the expanse of soil gas

® The size of gas permeable expanses under a building has
traditionally been considered a commodity that can't be
manipulated.

® Meanwhile, controlling large volumes of air requires more
energy (fan drive or passively induced).

® Wherever there is leakage between a gas permeable layer
other inadvertently connected air spaces, the soil gas
control system will inevitably include air transport from all
iInadvertently connected air spaces.




fountering Natural Energy with
Passive Means (RRNC()

3) Confining the expanse of soil gas

If seeking to minimize energy needs (even for fan driven
systems), care can be exercised in building design to
establish boundaries for permeable gas expanses when
constructing a building.

The more tightly confined to permeable areas immediately
adjoining the building, the better.




3) Confining the expanse of soil gas

® For constructing boundaries: Earthen aggregates cross a
line for use in construction standards promulgated by ASTM
and ASHTO when the soil aggregate significantly limits
hydraulic conductivity for water. The same line that
distinguishes poor hydraulic conductively for water is
applicable for soil gas with earthen aggregates that
contain more than:

® 35% of sand, rock fragment fines, clay and silt; or

® 10% high plasticity clay or silt (e.g., expansive soil with a
liquid limit 250%)

hmm&!ﬂ’ The 2016 International Radon Symposium
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Energy Sources and RRNCVENT PIPES

® The vent pipe is the conduit pathway of air movement for
applying energy to control the destination of soil gas. The
vent pipe extends from the gas permeable layer at the soil to
above the roof.

® RRNC systems often described as ‘"passive soil
depressurization" actually function intermittently with
periods of soil depressurization, soil pressurization and
neutralized pressure.

® The degree of reduction demonstrated in most studies is
thereby inherently limited compared to constant
| depressurization with fan driven systems.

The 2016 International Radon Symposwu
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RRNCVENT PIPES

Existing Heat.

® For passive application, the use of heat already existing
within a structure is an important energy source to control
(depressurize) soil gas. Locating pipe lengths where they
naturally remain warm most of the year will serve to aid
effectiveness.

® Insulation for pipes in intermittently cold locations and
expanded exposure of pipes without insulation in locations
that are warm all year can aid effectiveness.

/
/7
@s@mp The 2016 International Radon Symposiu@



RRNCVENT PIPES

L

® Extreme heat in the attic during summer is often witnessed
to achieve consistent soil depressurization during summer.

® However in winter, long pipes in attics and pipes installed
near cold walls will be ineffective during the very season
when use of heat within the building is most beneficial.

® Can you optimize for the local climate?
® Maybe sunny California with 4o ft of pipe in the attic?
® But no good for Seattle where it rains most of the year.

@ﬂﬂﬁﬂ? The 2016 International Radon SymDOSiK.‘



RRNCVENT PIPES
=3 f " """ =

RRNC and wind effect energy :/‘

&
_

LR L
® While a degree of depressurization can occur when wind

crosses the top of vent pipes, it is typically a random event
and always intermittent. This effect is sometimes rightly or

wrongly described as Chimney effect, Venturi effect,
Bernoulli effect, etc.

® However in winter, long pipes in attics and pipes installed
near cold walls will be ineffective during the very season
when use of heat within the building is most beneficial.

ﬁﬂm
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RRNC Vent Pipes

RRNC vent pipe ventilation

® The breathing properties of RRNC installations can provide
intermittent periods when soil gas is expelled and replaced
by outside air.

® For many climates, neutralized pressure between soil gas and
the vent pipe that is open to outside air is the only hydraulic
mechanism for reducing soil gas entry across & 6 months of
the year. ~Neutralized pressure alone is not consistently
effective.

@mnum LivEs




Discussion of Alternative Methods and

Passive Energy Sources

Alternative passive energy.

® At this time, affordable products that generate electricity
(e.g., solar, wind, magnetic and even man or animal energy
for creation of electricity) have not demonstrated consistent
or sufficient energy for relying on as a standalone energy
source to power fans.

® The challenge is to provide electricity at all times to drive
fans that consume in the range of 20-8o0 watts for most
newly constructed homes.

The 2016 International Radon Symp



Ventilation of soil gas

® Effects are witnessed to be intermittent due to constant
variance in the magnitude of force and direction of wind.

® Soil gas typically represents only 5-15% of all air entering a
building. The pollutant mass (e.g., radon atoms or vapor
molecules) is not diminished unless first diminished by
cross-ventilation with the outside atmosphere. -

® Single vents do not cross-ventilate, so
elevated concentrations commonly still persist

much of the year.

ﬁﬂm




® Multiple vents can intermittently cross-ventilate a gas
permeable layer or crawl space to expel a portion of pollutant
mass to the outside atmosphere. g N

® However, whenever the combination of wind energy force
and direction of wind are not sufficient, effectiveness fails. In
many climates, cross-ventilation often comes with
significant energy penalties for the rest of the building.

(‘m’“ﬂm -
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Jssion of Alternative Metho

Passive Energy Sources

Ventilation of soil gas

Cross-ventilation is not occurring when you witness outsid
air flowing inward at all vents. This is often witnessed when
outdoor temperatures drop lower than about 65°

4

HOT AR O
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Wind Turbine Energy

® Studies in <1988 demonstrated good effectiveness for use of
wind turbines but also recognized that success is only for
intermittent periods and the chance for a compromised
turbine mechanism is high.

® Wind to drive a turbine is intermittent in duration and force
and high humidity of soil air discharged serves to degrade
metal components and form ice to close the pipe and
sometimes damage roofing and mechanical components.

w The 2016 International Radon Sympo’



Conclusions and Discussion l

1) The degree of reduction in soil gas entry is directly
attributable to the degree achieved for both:

® Breaking the connection between soil air and occupied
spaces, and

e Countering or minimizing air pressures that drive soil gas
into a building.

2) RRNC techniques currently employed will not be effective
without care to construct:

® appropriate gas permeable layers;

® a complete closed barrier between soil gas and indoor
air; and

® vent pipes designed to maximize heat energy that ‘
k/ already exists within a structure. .
RSTNRPP ?’




3) For optimizing innovative designs, energy needs for both
passive and active design are minimized if ....

® air infiltration and exfiltration is minimized for both soil
gas entry and the entire building;

® a gas permeable layer is provided that provides high
hydraulic conductivity for soil air; and

® the gas permeable layer is tightly confined to areas only
immediately adjoining the building within impermeable
boundaries.

/

/
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Questions?




Part 3

VacuumStrength Needs,
Limitations and Whole Building
Consideration

C
When Applying ASD for

Mitigating Soil Gas Entry

Provided by Gary Hodgden

V.

The 2016 International Radon Symposium



An important misunderstanding withessed

A Assumption: the degree of vacuum strength for aASD
system isequal to the degree of systemrotectiveness
or buffer for protectiveness.

A Whilethis mayseemintuitively correct8 8 8 8 8 8
It istechnologically incorrect.

A And, there arelimits regarding required considerations
of health, safety, comfort and other interests of
building occupants.

(%f"'“’" The-2016-taternational-Raden-Sympesidm




VACUUM STRENGTH-undamentals

Fundamentals

A Air moves from locations of higher to lower o
pressure with theslightest 0 pressuredifference. 4

A If "0" pressuredifference is maintained between |
two rooms, air does not cross between the two

alrspaces.

A This principle underpinall considerations for
vacuum strength oASD.

A ASD success or failure does not hinge on
ventilation or diffusion control.
/
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Fundamentals

A But "0" pressure is not possible to maintain.

The Sucking Machine....

_/HH\

------ - Neutral Pressure Pla — . — — —

Water Table




Whole Building
Pressure Relationships

A Large, fluctuating
pressure differences
between indoor and
outdoor air o —

0 pa -1 to -5 or more pa
P

Water Table

Note: Pressure values shown are for example purposes

‘r\ only and dynamically change.
Spruce pa= pascal © 2014 Spruce Environmental Technologies @



A 2 pascal (pa) is often
consi deknewinga s
if air will move across a
partition.

A But air moves with
pressures < 0.25 pascal

Water Table

Note: Pressure values shown are for example purposes

‘r\ only and dynamically change.
Spruce © 2014 Spruce Environmental Technologies @



Whole Building Press\

The Slab = One More Partition

A Negative building pressurproportionately impactsall air entry
(both outdoor and soil gas entry)

Average
Weather

Water Table



Test Results and System Design

A Afirst consideration for ASD design is thpercentage
of soil gasthat must no longer enter the building.

A If indoor air igwice the action level, 50%
reduction in soll gas entry is typically required.

A Since you can't presume to know all possible
pathways, systensuccessan only verified by
comparing pre- and post-mitigation tests of indoor
air.

A The secongdbutequal consideration is the system's
capacity to not lose control for stopping soil gas entry

/
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VACUUMSTRENGTHNEEDS

A Pressure differences oftpa (4/1000 inch water
column) across a slab acemmonly withessedto
successfully reduce radon entry across the year.

A But such rules of thumb are oversimplified.

A Forestimating O O1T 1T dor@ODIT A préshuteghe
time period when measuredmust be comparedto
conditions known to occur at other times of the year.

24 Hour Temp Averages Annual
ZONE Avg Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
1 Very Hot Miami, FL 76 82 79 74 69 68 69 72 75 79 82 83 83
MM 2Hot  NewOrleans, LA 69 79 70 61 55 52 55 62 69 76 81 82 82
mE 3Warm Atlanta, GA 62 73 63 53 45 43 46 53 62 70 77 79 79
4Mixed  Phillidelpia, PA 55 68 57 47 36 32 34 42 53 63 72 77 76
5 Cool Chicago, IL 49 65 53 40 27 22 26 37 49 59 69 74 72
MM 6 Cold Minneapolis, MN 45 61 50 33 19 13 18 31 46 59 68 73 7/l
WM 7-Verycold  Minot, ND 39 56 45 26 14 6 11 21 41 53 61 68 67
MM 8 SubArctic  Fairbanks, AK 27 45 25 4 -6 -8 -2 skl 3 49 60 62 S

MW 8SubArctic CambridggeBay @6 32 11 9 21 27 =27 22 3 15 36 47 44




a)

NEEDS

In example:

1/1000 inch water columnZ5 Pa)during coldest
weather, and confirmed by indoor measurements to
successfully stop soll gas entry, may need very little
added protective buffer.

Inmild weather it might likely demonstrateor 2.5
times more vacuum neededduring mildweather.

Similarly, 1 pa (4/1000 inch water columm) coldest
weather might likely translate taalmost10times
more vacuum than needed in mildveather.

@s'mnpp x
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NEEDS

Examples of concern

a) Toolittle: 1pa (4/1000 inch water column) showing
successiuring mild weather but if cold weather
Increasesnegative pressureby more than 1 pa
(4/1000 inch water colun)nthe system fails.

b) Toomuch: 5pa (20/1000 inch water column) during
coldest weatherlikely translating toalmost5 times
more vacuunthan needed in cold weather ansD
times more than needed in mildweather.

Warmweather challenges: Only a measurement under colder weather
conditions can confirm the building's response to coldexather. /

munpp X | : | | : 0/’




Limitations& WholeBuilding Consideration

Pressurd 0Ol OAAOEI T ¢

&L [

e Seldomis ASDnitially applied to all portions of a building
that touch ground.
A Tests areoften not high enough to warrant it.

é Butsoll gasDOES enteroccupied spaces to some
degree from every portion of a building that touches
ground, regardless if the path of entryigentifiable.

(%‘NHPP The Zﬁrﬁ'mmmmﬂﬂw um




Limitations& WholeBuilding Consideration

Missed Sources

Forillustration

If even theslightest vacuum iconsistent and indooair
tests do not indicatesuccessa common mistake has
beenmade8 8 8 8 8

A source area has been missed.

Thereare two types of source areasften missed

(%‘m TF%MR&W’




Limitations& WholeBuilding Consideration

a) Thoseinternal to the slabarea of interestsuchas:

A inconsistent permeabilitypr

A asizable void remote from the suctigroint
- Regardlesof system vacuum strength, the air volume
transfer capacity severely limited by pores in solil or
granular fill is insufficient to overcome leakage around the

sizablevoid.

4;:_:_ul
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b) Thoseexternal to the slabor area ofnterest.

- Theseare areas divided by footings, walls or other
obstructions (e.g., adjoining or upper slab areas,
garages, crawl spaces, etc.)




Lookingat a population of homes rather than
iIndividually, adatabase of > 20,000 poshitigation
radon tests in Kansas that anecdotally agrees with
Pennsylvania state tracking:

A ~90% of barebones ASD systems achieve < 4 pCi/L
A ~T75% achieve < 2 pCi/L (~ outdoor ambient).

D>

e Corrections tareat all ground contact slabs resulted in
A ~98%< 4 pCi/L

A ~85%< 2 pCilL.

A Mostremaining buildings between-2 pCi/L were

older homes with packed soil beneath them.
munppz Fe-2016 : FRa i : ‘:’




%l EAT AAA 0 OA O ®®dionl %Il El/
é The benefit ofenhancedpressure is mostly limited to

extending a vacuum through materials with poor
permeability .

D>

andonly within the specific area(s) ASD is applied.

D>

Vacuumwitnessed to extend to other portions of the
building is inadvertent and limited ireliability as a
sustainable condition.

(%/NHPP The-2016-Hiernational-Radon-Sympesitm




Limitations& WholeBuilding Consideration

Inversely a moderate vacuum is often found to easily reduce
excessively high concentrations (e.g., 100 times the action
level) to outdoor ambient concentrations.

D

Why? Highndoor concentrationgan be due to highly
permeable pathways allowing th&lightest vacuumto
transport large volumes of moderately potent soll gas.

D>
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Extent of Building Influt

You donot
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Radon Tests and Use In VI Stewardship

Useful Information Before Post-Mitigation
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