OVEIRVIEW,

University éf Waterloo
‘ Waterloo, Ontario, Canada

www.civil.uwaterloo.ca/beg o Modeling

University of

Waterloo

B EG 212412005 2 /170
v Building Engineering Group

e I B =
h . Precipitation - Outdoor air,
Wlolgitire Prysics wore [T | [ S i —
I"Liquid ] [Ciquid [Vapor ]
;:::ﬁ" [Rain&Leaks | [ capilaity | [ Diffusion |Convection |
Wetting ‘ Wietting | Rising Damp | ” Sarpticn |::u-u=|emaim|
Process [absorption) “wicking” adsorplion |  abisorplion

Moisture Vapar: in air, adsorbed to internal material surfaces
Storage Liquid: bound in capillary pores. in voids, pools and depressions

- . . . Drying | Sorbed vapor: | Capiltary liquid:
o Moisture Transport — diffusion, capillary Process varm
Trnnsposrt l I:iﬂ'i] | I c I l
212412005 3 170 Moisture Vapor: interior and exterior air
Sink Liquid: to exterior surfaces and interior drains
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ENVEETNVIGIECHIE

9.58 x 10"

2/24/2005

Polar lrnolications

« liquid water sticks to itself and surfaces
e Surfactants
« interact with water at surfaces

212412005

7 170
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T2 Polar Molaet) e

2/24/2005

6 /170

WVIGISEUENZHESES

o As for most materials

o All four phases ‘e
occur commonly
in buildings,, L

aporate [
/ Gas
condense

[ V f ‘ sublimate frost
:.; ¢ 8. H

adsorb

2124120

PR
desorb

Adsorbed




WVlolsitire 215 el Geag (Wetter elgor) Veagollr Pragsire

o

« = more collisions with walls (higher pressure)
« = pressure simply another measure for moisture content

2/24/2005 10 /170

3 L. i o m “e AL
Weeria e Vet i Alr > o T e
p £, b T" B r{ T -
PSYCHROMETRIC CHART AL AN L =
MORMAL TEMPERATURES . ¥4 L o
SIMETRIC UNITS » v Z' T : ] '
Bassenetrie Pressure 101325 hPa | 1 Nl AT B
SEA LEVEL * 4 “_‘} A1 (=N i"'
L ";d?\{ _z‘:.., YT Lo
: KA T U
- 1 A7 @ 114 ‘:}>< AU L b
. . 4 i
f.r’ y A J’-éwk N TH N o b
5 "‘-).‘F’ M T e N b
/. vt S AR I
f i~ -] I~ - -
(’ a _*/ ~ 5 X A- = ]
=, » 3:." : _\: NSSH 1 ENERS —-:‘
. 5 - 4 N ANSPas NI gy SHREURNSE IS iy
T4 {] T
psychrometric chart NS AR T AN T
S % SEER” Tl NS IRNEB= <R SEIEN i
L PE Sl = E il ] T S U .
== - o I~ [ - B TR
] - - ! LT T
» =apl R EVRSES U an! < (1] HTTH
Pl T ] ] nARENE ] 1 B~
# RS SRS ESUSNR NSNS S SUaS
X T T t 3 = aat 3 2
L] L. e i L }’
212412005 11 17 [ ——— Votemnmlag vy an b tliglnsenrig
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WVlolsitira s el Ljefilic

n

-10°C 7.50 0°C 50 10°C 15.0 20°C 20 30°C %0 40 © 2/24/2005
14°F 32°F 50°F fempeaue(c 68°F 86°F 104° F

Wlolgitire s Eefuijc

» Liquid molecules repelled by hydrophobic
« E.g., try a pin hole in housewrap

212412005 15 /170 2/24/2005 16 /170
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Wlglgitlre <15z Seolel

oy Mark Parisi

www.offthemark.com

ATLAMTIC FEATURE $4 395 WA RK PARE!

CONTRACTORS

2/24/2005

17 n7o

SUlEECENIERSION

212412005

19 n7o

Jea = lolsitire zis Solel

2/24/2005
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SUECERIIENSIREVYELLEIIE

Water attracted to self
more than surface

Water attracted to
surface more than self

&<90° &> 90°

e

normal material: hydrophobically treated:
“wettable” “non-wettable”
2/24/2005 20 170




Caolllairy Stetion Pragstre Caolllaipy Pragsires

meniscus

Surface tension up

e

Silicon dioxide (glass) — attracts water Gravity Down
Result - meniscus, capillary suction

7

2/24/2005 21 170 2/24/2005 22 /170

SUlEECENIERSION

Ceaolllary rise ggiwesn) gleias

2/24/2005 23 170 24 1170
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Caleulzitipief carollleipy flse

gpr 2r

2/24/2005

ambient
pressure

2ccosb

pressure

25 170

Pariicle Size s Caollleiry Siction

capillary rise [inch]

Caollleiny flsa \Varsts ellzipplaia

100

90

80 +

70 +

60 1+

50 1+

a0 §

30 1+

20 1+

101

0

\

\

\

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010

diameter [inch]

70
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SEREIEN e Netitre of Porads Veiarials

o Nature of material is as important as nature
of water
2/24/2005 29 /170 2/24/2005 30 /170

REZINVIELERIBIS

Slica trratic)f) 2t 0o roLs feie izl

averaging volume

Head end pore

o

ol o

> = . 4 . ;

* -
i 4 ;
-« Figure 1b. Brick

oo iE .
. Brick, sintered clay, porosity 40 per cent.

Figure Ie. (w;.\'um. hyeirated from plaster qr';m}i\' and water,
prorosiy 30 per cent.

w ! X
{ solid matrix

) ) 170 2/24/2005 32 170
air/vapor mixture
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liquid island




30 T

N N
o [$3)
L

Cumulative % ?iTotaI Volume
(8]

I— - Vacuum saturation - —

™ = 24 hr cold absorption =

1E-4 1E-5 1E-6

1E-7
Pore Radius (m)

1E-8 1E-9

M SUIFHBCENERISIORNIg
Spprel ) itlges ezl
ICEONVAEIR U
00 (SO0 f8) el
UIEES

35 n70
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2/24/2005

SIS
R Ok

o

STTPRIENVIGEEIS

oL

34 170

2/24/2005

SIGEUENVIECHENISING

36 /170




ANelsgrode) Sieiia of |Vglsit fe

crgy Or wdalclr vapOou

o Very important for porous materials with
large surface areas

2/24/2005

37 i

Acdsorgiion Lowar el
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Aclsgrogel Volsii)re

38 /170

More
H20

sticks
2/24/2005

Acdsorgiion ficnar Hrl

.........................................

40 1170

10



AGSEIPBIENICEIRERIEEELIE Wlzttarialls = L gis gf striece cirael

[

' Surface Area (m2 per cc)

U

Energy

Less L 0.0

H20 Assuming

sticks sphericall particlles o0

and cubic packing
0.0001
0.00001 0.0001 0.001 0.01 0.1 1 10
2/24/2005 41 n70 Radius [mm] 70

Aclsgrogel Volsit) e ANelsgrogel Volsit)re

One layer of molecules Multi- layer of molecules

20 40 60

0
000 e 0%e%0 80 _ ... i

2/2412005 43 1170 2/24/2005 44 1170

0 20 40 60
Relative Humidity

Dr John Straube Presentation Moisture Physics



Aclsgrozel Volsii) e Aclsgrogel Volsii)re

Multi- layer of molecules Multi- layer of molecules

0 20 40 60
Relative Humidity

40
Relative Humidity

60 80

2/24/2005

45 /170 2/24/2005 46 /170

. V\! Supersaturation - all pores filled
at .
Coriclgrgziiior] - & SwerauraedRegime g Freewater:
2 Capillary Saturation Supersaturated Regime
2 Wap
S D: water in pores, capillary suction Absorbed Water:
© ’ e D | capillary Regime
=}
§ crit g C C: Interconnected layers,
. L B (internal capillary
A ;33&/ condensation)
‘...‘...’... 0000 Adsorbed Water:
000688000000 900 = it
0006 00060690080 | Loosely attached - Fivgroscopic Regime
00€0868000000 900 B: Multiple layers of
000000000000 0000 | Strongly attached adsorbed molecules
0000000000000000 : : : : |
0 20 40 60 80 100 A: Single-layer of
Relative Humidity (%) adsorbed molecules
2/24/2005 47 70
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WVlolsitira Feaclofs Praclictisle] Sorotior)

X _ Ch 1-¢"
X, 1+(C-1o| 1-¢

where X is the equilibrium moisture content (M%),

X1 is the moisture content in a mono-layer of adsorbate (M%),

« Over-saturated range ¢ is the relative humidity,
- water drains from material C is a constant, comprising the heat of adsorption, heat of condensation
. .0, crushed stone and the universal gas constant (typically 20 to 50),
n is the maximum number of layers that can be adsorbed((typically 4-6).
2/24/2005 49 /170 2/24/2005 0 1n7o

/2O OIENESSINES Lalvirs Caolllary conlclanseiior]

In[Pcap]_ -2-0-c0s6
Pw r-p-R, T

where, p is the density of water,

Pore Size (m)

_—

P, is vapor pressure over the curved surface of water in a capillary /
pore, 1.E-03 ’____,f——’
P is the water vapor pressure over a flat surface at the same // s s
temperature, | |
Ry is the water vapor gas constant, and other terms are as before. 1B
0% 20% 40%, B0% 80%, 100%
2/2412005 51 /170 22 52 /170
Relative Humidity (%)
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Sorgilon = Corlclerigztion

''''' — Kelvin (condensation) to 140%
———— Rounsley (adsorption)
Actual measured e ——concrete
S 20% + —=—brick
moisture £ —e— cement stucco
g
content § 1506 . 4 softwood
£
2 100% |
>
P . : 5% €
0 ; o 100
relative humidity 0% ‘ ‘ ‘ : }
o 0% 20% 40% 60% 80% 100%
53 /170 Relative Humidity e
20
o Spruce rFlygtaresls Of Sorgilor)
—2— Plywood
—>— Fibreboard
15 + —=—Red Brick
—+— Mortar
—e— Concrete
—o— Stucco moisture
- content
S 0t (%)
g
relative humidity (%)
51
0 A £ H—‘_J
0 20 40 60 80 100 55 170 212412005 . .
RH (%) wetting drying
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Sorgiion vs Tenee il e

material moisture content

2/24/2005 57 170

SOIPLIGIINLEST

vapor and air
fight container ™,

stable RH and T

saturated salt or
water solution

Dr John Straube Presentation Moisture Physics

Terflograillfe Effacs

30 T Softwood
= 25
>
S
=20+ Temperature
5 —+—0°C/32°F
S15+  o27°C/80°F ;
o —0—49°C/ 120° F -
_g T - 5 Its RH not
g | vapour
5 pressure
0 } T T T T
0 20 40 60 80 100

Relative Humidity (%6)

120

2/24/2005

58 /170

Slejriifleairice OF Heeflorls

« capillary range

2/24/2005

60 /170

15



SWENING SWEllING

Swelling SWelline
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2/24/2005

Swallifie) Casiric) SLirvisle

Swelling on Bottom Side

65 /170

Weagel Syellinie siniel Seirlrliele)e

212412005

Wood: water content and size

Water Vi \ Tl
% 10 // ‘\ \Tangentia]
/ 0 Radiak \
AL
20 40 60 80 O 5 10
RH% Shrinkage %o
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VIBISHUESSWENIRE

2/24/2005 66 /170

Colopizl Deoors

! I
[DESIgNEd S that firame

asTEANY e CIresSIaiaIn

«-I-» «EF» (CrossEgraim panelsisiice

=

Detail Section

68 /170
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Eﬂgk.e)sp.ansign_. 2 BN
Concrete Shrinkage 4.~

\Wood expansion
Concrete Shrinkagg:

Sitieee Sh Flflieie)d

2/24/2005 70 1170

Solitlons

Wlezistginie) Wlalsitire Sitg reiefe

Material Density (Dry) Open MC @ Wcap
3 Porosity  =95%RH
kg/m (%) (M%) (M%)

Concrete 2200 15-18 4-5 6-8

. . Brick 16002100 11-40 3-8 6-20

- Reduce stiffness & restrain Cement Mortar 1800-1900 2030 5.7 14-20
: : Softwood 400-600 50-80 2030 100-200
® Shrmkage swelllng Fibreboard 240-380 60-80 2025 100-200
« Reduce range of RH Wood chipboard 700 5070 1520 100-150

Expanded 32 95 5 > 300

« Reduce rate of change polystyrene
o Reduce Cross graln' Gypsum (exterior) 1000 70 10 50-100
212412005 71 170 2/24/2005 72 n70
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Wlolsitire Trarsgort

170

Ljefuifel flowy

« About 10 000 Pa/m (1.3 psi/lyd =15 psi/33 ft)
o Air pressure varies

« wind typically < 100 Pa (0.015 psi= 2 psf)

« short 1000 Pa bursts (0.15 psi = 20 psf)

2/2412005 75 1170
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Wlolsitira T rarlsgor

« adsorbed

ice

2/24/2005

74 1170

Caolllary Flow

vigco )

2/24/2005

76 /170

19



Czolllary Flow

2/24/2005

\Weiiar Papairziilon \Vaenzip s

Water drawn into
crack by capillarity g

Hydrostatic head:
highest entrance toj
deepest exit

Hypothetical area of _
bonded mortar in head joint
2/24/2005 79 170
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rlezie] Jolgris — ealgl)lzlry creicis

Pragsure ancl \Vesor ey Parrmearice

Pressure

-125-100 -75 -50 -25 0 25 50 75 100 125

241205 Pressure Difference (Pa) &

20



Irnolicztions

2/24/2005 81 1170

Particla Size vs Caolllary Suction

Caolllziry Elows coricraia sujels

2/24/2005

82 /170
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Wlgzisurigie) Elejuic] Frepsoort

Room temperature and
humidity conditions

open container ~

supports
water

Maintain water level at the surface of the sample +3/-0 mm

21



Eicjuicliraigisoore: weattiple

contact witn water

Small capillaries have large
suction and large flow resistance

Large capillaries have less
suction and little flow resistace

212412005

87 n7o

Dr John Straube Presentation Moisture Physics

Tvolez) rasilis

w
o

N
(6]

\,

=
[&)]
|

Slope = water
absorption >/.,
10 1 coefficient

Weight gain (g since start)

)]

o
NoA
~
o 4
o J

Square Root of Time

Eiejuicltraipisoore: wattigle

Small capillaries have large
suction and large flow resistance

Large capillaries have less
suction and little flow resistace

2/24/2005 88 /170
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Eicjulcl treinisoart: Wetin)

Small capillaries have large
suction and large flow resistance

Large capillaries have less
suction and little flow resistace

2/24/2005 89 /170

Eicjuicliraigisoore: weattiple

Small capillaries have large
suction and large flow resistance

Large capillaries have less
suction and little flow resistace

2/24/2005 91 n70
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Elejulcl ireins oo i Wettine)

Small capillaries have large
suction and large flow resistance

Large capillaries have less
suction and little flow resistace

2/24/2005 90 /170

Eiejuicltraipisoore: wattigle

Small capillaries have large
suction and large flow resistance

Large capillaries have less
suction and little flow resistace

2/24/2005 92 /170
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Eicjulcl treinisoart: Wetin)

Small capillaries have large
suction and large flow resistance

Large capillaries have less
suction and little flow resistace

2/24/2005 93 170

Eieluicltraipisoare: racligirigition

Small capillaries
have large suction
and large flow

resistance

Large capillaries
have less suction
and little flow
resistace

2/2412005 95 /170
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Licjulcl trainisoort: raclisifigution

Small capillaries
have large suction
and large flow

resistance

Large capillaries
have less suction
and little flow
resistace

2/24/2005

94 /170

Eleluicliraipsoore: racligirigition

Small capillaries
have large suction
and large flow

resistance

Large capillaries
have less suction
and little flow
resistace

2/24/2005

96 /170
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Elelulcliraipsgort: racligirigition

Small capillaries
have large suction
and large flow
resistance

Large capillaries
have less suction
and little flow
resistace

LUl T
ELEEELLELEEELEEEET
ey

AT A A A T A A Al
(((((((((((((((((((((l

SAARRALAER AR

Yy

555555555555555/

'5-'5-'5-'5-'5-'5-'5-'5-'5-'5-'5-'5-'5-‘7
SAREERAALLINEY

RSN

2/24/2005 97 170

rlyclrognooie

2/2412005 99 /170
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Elelulcliraipsgore: racligirigltion

Small capillaries
have large suction
and large flow
resistance

Large capillaries
have less suction
and little flow
resistace

x
N

RN

SHE5GEERGEERGEEGT

LA LL
SSSSSSSSSSSSSSSSSS"

55550500000 LELELEG
SSSSSSSSSSSSSSSSSSS"

PSREERRRARAAIEIN

2/24/2005 98 /170

WV IEIREPENIETILS

material material
system not in

equilibrium

Hydrophobically
treated material

Normal, capillary
active material

2/24/2005 100 /170
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WWettar Vegollr Trefsgor

« more to less air pressure
« flow through cracks and holes
= vapour is along for the ride

22412005 101 170

VelgoLr BIffUsion)

« small pored materials
« €e.0., concrete, brick, stone
e Some stop, or practically stop it
« crystals, or micropore
= €.g., many plastics (poly), metals, glass

2/24/2005 102 1170

Dlfiusion

7

Air Moisture Content
Temperature

I

apor

Distance Through Wall

Air Moisture Content

10C 200

212412005 P2F 68 F a6 A

F
Temperature

Alrilow

[72)

Air Moisture Content
Temperature

=
o

Air Moisture Cont‘_ﬂél

2/24/2005 32F e 20C 309

OF
Temperature 68 F add
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Vagollr Parrrgaolliny gasirarmant

T i

= 10096RH = 0%RH | = 100%RH |

l[

i b - o Procedure A Procedure B Procedure BW

B Z T Diffusion

25% RH | 0
-10°C 50 0°C 50 10°C 150 20°C 250 30°C 30 40°C 212412005 106 170
14°F 320F 500F Tfempeaue(t 68°F 86°F 104°F

Tyoiez) gelis

P gghf i salt RH% | salt RH
testarea__ ] Lithinm Chloride 113 | Sodinm Chloride 753
- Potassium Acetate 22.5 Potassium Chloride 84.3
Magnesium Chloride 32.8 Barium Chloride 90
) Potassinm Carbonate 43.2 Potassium Nitrate 93.6
saluraotfi::; : \ Vapo\:aap:; :ﬁ-ht sed Magnesium Nitrate 52.9 Potassium Sulfate 97.3
tight containers
2/24/2005 107 n7o 212412005 108 1170
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Vegollr Parpmeanes Vs Rl

| Example of Building Paper
Test Results ©

HPEMEaNCE”
Changes With Ri=

OLhENr trasport:
mEechanismsias\work

Relative Humidity (%)

22412005 109 170

® T tightly bound
1 adsorbed

A

RHa molecules: no
Pz surface diffusior

surface diffusio]
of loosely boun
adsorbed
molecules
tolow RH)
"
W W
HE i capilary
C ' RH transport and
H 1 surface diffusior
t Py
H
2/24/2005 i 4
RH,>95% RH,>RH, p >p,
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Aclsgrodel Elgw

2/24/2005 110 n7o

Cornoaiine MecrEpisirs

'I-'ightly bound
RH., adsorbed molecules --
no surface diffusion

E.g. Cold and humid
outside
warm and dry inside

T1 BEREL L L L P S T2 Surface diffusion flow
RH, s Fickian diffusion se—p-— RH, direction opposes
D1 L vapour diffusion !

112 70

RH,<80% RH,<RH, p,>p, T,>T,

28



Velgollr Parrmganee: Silleco

Resuli’c of Adsorbed Flovv:

600 -

500 1

400 4

300 ~

200 ~

Permeance (for 19 mm thick)

100 4

0% 20% 40% 60% 80% 100%

Relative Humidity (%) e

N gOL Bl rlars

e Measurement Units
® perms ng /(s-m?-Pa)
o  perm grain/(hr-in Hg- ft?)
o« WVT grams/(sq ft/24 hours)

22412005 115 170
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Veagollr Parrrganicas Spigarirlinle

Result of Adsorbed Flow

2000 +—— —o—11.1mmOSB

Wet Cup

—0—12.7 mm Plywood

1500

1000 4

Dry C

Permeance (ng/Pas m2)

|
\

500

0 0.2 0.4 0.6 0.8 1

Relative Humidity 0

Eows=ogringzincs \Vetarlels

o Extruded foam 1/2 - 1 US perms for 1.5”
e Plywood 0.5 to 20 US perms (dry to wet)

o Kraft paper 0.3 to 2 US perms (dry and
wet)

2/24/2005 116 1170

29



SEIMIEREIINERI ENVISIEIIEIS rliejri=ogr etarials

SUMIMERAVICISHURENEIISIoND

Malsitre Triresnolcls
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WVlzita izl Papiorzines Farasneolels

» Dissolution/Dissassociation

o Also, mechanical properties, insulating,
etc.

22412005 121 n70
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Bapriorznes of W7

e Enclosure - wall, joints, window
e Building - 12 storey apartment bldg
o Site - seashore or sheltered

¢ Climate -Miami or Minneapolis

2/24/2005 122 1170

124 1170
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Wlzita rlzll Papio e

o Must know loads, microclimate

» “No Wrong Material, . N
Just Materials Used the Wrong Way™ | Py i : Florida Pier

tructural Steel
Waterloo
212412005 125 170 2. e

- s | REIRENe
Sigd] Corrosion : :
gl [ —Corrosign
14 1 E
—E0 g 100} | ]
12 1 —0 o { : ;
B 10 40 lc:o BFDI:D?LE;WIOSD%
ﬁ —30 Relative humidity %
go —a
e Zinc galvanizing is sacrificial : ol
HER =1 —0
e Factors
« Temperature (Arhenius Law) 1
o Time of Wetness (TOW) 2] —/—/
« pH of environment N . . .

< Salinity 75 80 85 a0 25 100

2/24/2005
L2e Hourly Average Relative Humidity (%)
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o) e Siga) Sorrasior)

(g/m?/day)

(Acid) pH

2/24/2005

(Base)

129 n7o
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or) e Zigie Caorrasior)

(9/m?/day) “
0 7 14
acidic pH basic

2/24/2005

130 170

Mlotlel Groyvin Gl Stlffcleas

n
»

0C/32F Temperature 50C/120F
o Food Source (cellulose, soap, wood, oil)

e pH - usually less than 8 - 10

2/24/2005

132 170
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Humidity Substrate

| A JMlk ;

Relative humidity [%] Quality

-l

Carnnipeition & Groyyin)

Propability
of growth

From: Klaus Sedelbauer PhD Thesis

Temperature Time

_...,.unil\m !| H‘ |

-t

a
w \\\;
N

Relative humidity [%]
@
o

Propability
of growth

Glermlrlmtlonlﬂme d] GlrmT rate 'lmrrl.lll‘.I]
oo b L : 0 10 20 30 40 600 10 20 30 40
Temperature [°C] Hours/Day 2 S Temperature [°C] ﬂ1

m: Klaus Sedelbauer PhD The:

conditions change

Relative humidity (%)

A - highly xerophilic
B - xerophilic
C - moderately xerophilic
D - moderately hydrophilic
E - hydrophilic

F - highly hydrophilic

From: Clarke, Bldg & Environ

212412005 L

5 10 15 20 25 30
TemEequrs (°C)
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Weoel Daczly

I
>

0C/32F Temperature 50C/120F

2/24/2005

o Highly species, sample, exposure dependent

137 nro

ERECZEEtIEY,

« pores size distribution
« liquid diffusivity

212412005

139 n7o
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2/24/2005

Subfluorescense

140 170
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2/24/2005

141 n7o

Wlleroe!ippeie

Damage
] Possible
Pressure

-20 0 20 40

212412005

143 n70

IDISSEIUIeN

« Gypsum becomes goo
« paper unglues

2/24/2005 142 170
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Wlleroelipperie

pH=47?

Cmvmomn

2/24/2005 144 70
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ITTUsSIoN, convection, capiliary, adsor
e ... when thinking about moisture

2/24/2005

145 n70
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