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ABSTRACT

Cold-applied asphalt-modified elastomeric polyuasth waterproofing membranes (polyurethane
membranes) have been popular for roofing and watefing applications in the Pacific Northwest and
British Columbia for at least the past 15 yeardeill relative low cost and easy application resllte
their widespread use in inverted roof membrane nabes (IRMA), i.e. protected membrane roof
assemblies (PMRA) applied to concrete decks. Hewaewater filled blisters under these membranes (as
opposed to water vapour filled) have been discaerenumerous buildings in the Pacific Northwest in
recent years. In some cases, the blisters welarge that replacement of the membrane was required
Water leakage to the interior can result when tieten expands to a crack or joint in the concedidb.

The local building science and roofing industryaigare of the problem, however without a causal
effect or complete understanding of the moistua@dfer physics. Water vapour diffusion and capillar
flow do not adequately explain the pressures oumels of water contained within these discrete water
blisters. However, moisture transfer via osmosia cesult in blisters under significant pressurd an
potentially explains the observed conditions. Osm@sthe physical transfer of water through a semi
permeable membrane when separating solutions fafrelift dissolved ion (salt) concentrations. Under
osmotic pressures, water will flow through a membr&rom the less salty side to the more salty side
an effort to reach equilibrium.

A series of laboratory experiments were performediémonstrate that the required conditions for
osmosis to occur exist in the field. Laboratorytitesof several of these membranes confirmed they a
semi-permeable to water (in order of 60 to 420 agiPf for typical thicknesses). We also confirmed a
significant dissolved salt-ion concentration in thwater collected in the field from beneath the
membranes.

Finally, osmotic flow was measured through sevefahe membranes using a controlled laboratory
apparatus. The measured flow through these menwbranthe laboratory is in the correct order of
magnitude to explain the large water filled blistand pressures observed in the field.

This paper demonstrates osmotic flow through pethane membranes and attempts to create an
industry awareness of the issue. Ongoing researainderway to refine polyurethane waterproofing
membranes to reduce their susceptibility to osmasid prevent future occurrences of water filled
membrane blistering.

RESUME
Les membranes d'étanchéité élastomérique de bitamoglifié et polyuréthane (ou membranes
d’étanchéité en polyuréthane) appliqguée a froi@alément sur la dalle de béton sont un systéme de
toiture et d’étanchéité utilisé dans les édificesgitande hauteur dans la zone Pacifigue Nord-Ouest
depuis plusieurs années. Leur co(t relativementebdsur facilité d’application sont des facteuldsc
expliquant l'utilisation répandue de ces membraasstant qu'élément étanchéité dans les toitures
inversées. Depuis quelques années, de grandesesufaursouflées ont été identifiées dans plusieurs
batiments du Pacifique Nord-Ouest. Dans certaiss les boursouflures étaient si importantes que le
remplacement de la membrane de toit fit nécesdhast courant d’observer l'infiltration de I'ealans
le batiment losqu’une boursouflure recouvre untjoinune fissure dans la dalle de béton.

Quoique les intervenants en science du batimelgsetembres de l'industrie de la toiture soient au
courant de ce probléme, une compréhension des pigdes physiques expliquant la situation n'est pas
avancée. Les pressions et volumes d'eau mesurés ldarboursouflures ne peuvent étre dus a des
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mouvements d’humidité résultant de la diffusion ldevapeur d’eau ou par capillarité. Toutefois, le
concept de mouvement d’humidité par osmose peuigeréples conditions observées. L'osmose est le
transfert physique d'eau a travers une membranei-genméable séparant deux solutions aux
concentrations d’ions dissous différentes. Sousgiwa osmotique, I'eau passe a travers une membrane
du cbté moins salé vers le c6té plus salé pourderats I'équilibre.

Une série d’essais en laboratoire ont démontrédegieonditions requises pour 'osmose se retrouvent
dans les batiments. Les essais en laboratoirelssieprs membranes les ont évalués semi-perméables
I'eau (avec des perméance de I'ordre de 60 & 4#@arsrhpour des épaisseurs de membrane typiques).
Une concentration significative d’ions de selsearaesurée sous les membranes in situ.

Finalement, le débit osmotique a été mesuré pousigurs membranes avec des équipements de
laboratoire. Le débit a travers les membranes 'est drdre de grandeur suffisant pour expliquer les
grandes boursouflures observées et les pressidisgspaesurées in situ.

Le but de cet article est de démontrer le phénordéremose et de flux osmotique et de sensibiliser
lindustrie & ce phénomeéne. Une recherche est arsqmour améliorer les membranes d'étanchéité en
polyuréthane, réduire leur susceptibilité a l'osencet prévenir I'apparition des boursouflures de
membrane.

INTRODUCTION

Over the past several years, we have reviewed dogérasphalt-modified polyurethane membrane
applications ranging from 5 to 15 years of age.e Tembranes are applied to sloped concrete slabs in
both insulated and un-insulated IRMA’s. Typicalye note water filled blisters have formed between
the membrane and the concrete deck and are oftéer wonsiderable pressure. These self-contained,
pressurized water blisters have no identifiabl&dga path through or around the membrane. Blisters
range in size from a penny to entire roof deck @ugad can contain significant quantities of wathr.
some cases, large blisters (>50 mm deep) haveadegplconcrete pavers, creating hazardous walking
conditions. As blisters expand over cracks or gintthe concrete, water can leak to the interior.

In our experience in the Pacific Northwest, thestblis described above only occur with asphalt-
modified polyurethane membranes used in IRMA'’s aotdin other waterproofing systems such as hot
liquid applied rubberized asphalt or sheet appB&% modified bitumen. In an IRMA, the membrane is
installed directly on the structural concrete, tahdnsulation (if separating heat space) and &iaba
wear course. In the wet Pacific Northwest climat®jsture remains in contact with the membrane for
much of the year in IRMA’s.

Hygrothermal analysis shows that vapour diffusioan ctransport water through polyurethane
membranes due to their relatively high vapour pamoe compared to other waterproofing membranes.
However, the quantity of water transported by vahffusion is not in the order of magnitude reguir
to explain the blistering, nor are water vapourspuges sufficient to explain the high hydrostatic
pressures that exist within the blisters.

To explain the large volumes of water and high fuwess within the blisters, we hypothesize that
osmosis is acting to transport water through thenbrane. In the roofing industry, the concept ofexat
flow by osmosis is uncommon. The process of osnflatie has been reported to fail flooring and traffi
membranes, and is a consideration in the desighbridfje decks and water tanks where exposed to
groundwater, salt-water or road de-icing saltss lso a reported problem and design consideratitim
glass fibre-reinforced boat hulls, where osmosisfoam blisters within the fibreglass.

Objectives

The objective of this research study is as follows:
* Confirm that osmotic flow is a significant contribu to the observed in-situ blistering of
polyurethane membranes directly applied to conérei@MA’s.
» Develop a test method to determine the suscepyibif a membrane to osmotic flow and
measure the rate of osmotic flow under variouscsaitentrations.
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» Determine a possible relationship between wateovpprmeance and osmotic flow.
» Create awareness and highlight the need of osmostsol for the inclusion in current Canadian
and US standards for polyurethane waterproofing bnanes.

Background

Asphalt-modified polyurethane membranes have bsed in hundreds of buildings constructed over the
past 15 years in the Pacific Northwest and LoweinMad of British Columbia. Their relative low cost
and easy application have lead to its widespreadrufRMA's, both insulated and un-insulated aslwel
as for planters, fountains, and foundation walls.

Our firm and other local consultants have reviewdedens of buildings where the polyurethane
membranes have blistered. Blisters are also a dmquccurrence in fluid-applied polyurethane
membranes in Japan (Tanaka et al 2007 & 2008).eMiiled blisters range from penny sized to those
that encompass entire decks (Figures 1 & 2). Unlizpour blisters filled with air, caused by other
mechanisms, these blisters are filled with watedleunconsiderable pressure. Larger blisters can lift
ballast and pavers, creating a hazardous “watéet-éféetct when walking on the surface (Figures 3% 4
Small blisters typically do not result in direcales to the interior, however, larger blisters gr@tompass
a crack or joint in the concrete, tend to manifetst leaks to the interior.

Figure 1 & Figure 2: Typical Blistered Roof Membrares. Blister size ranging from penny sized blistert® areas several
square feet, membrane 5-10 years old.

Figure 3: Large “water-bed” type blister lifting pavers Figure 4: Water beneath blistered membranever entire deck
Investigating IRMA’s is challenging because ballastl insulation need to be removed to expose the
membrane. As a result, only small, random aredbeofnembrane are typically reviewed. Larger areas
of membrane typically only get exposed when leakseported, when blisters have become so larde tha
they lift up the ballast or pavers, or when the roeane is replaced.

Blisters typically occur on horizontal surfacest lalso have been observed on vertical surfaces of
water features, planters and green roofs. In IRMéésited in the Pacific Northwest, it is not uncoomm
for water to remain at the membrane surface yaangdoWhen inverted roofing and waterproofing are
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investigated in the summer, even after many weéklsyoweather, water exists at the membrane suyface
held by capillary forces between the membrane asdlation/drainage matt layer and prevented from
evaporating by the dimpled polyethylene drain nmahsulation installed above.
In our experience the following factors appeamnizréase the severity and size of the blisters:
(@) Blisters are often more severe at low points arateds of poor slope, i.e., ponding.
However, blisters do occur where the slab is weped to drains.
(b) Blisters are typically larger and more prevalerdraas where the membrane is thinner.
(© The size or severity of the blisters does not apfeebe affected by the use of either
drainage matt or extruded polystyrene insulatigoliag directly over the membrane.
(d) Blisters are almost always larger and more fregirealder membranes.
In our review of available literature, we foundtlét information regarding the blistering of
polyurethane membranes in IRMA’s suggesting the hamisms causing the failure are not well
understood by the roofing and waterproofing industr

MECHANISM OF MEMBRANE BLISTERING

Osmosis Process

Osmosis is a naturally occurring phenomenon, wheater (or other solvent) flows through a semi-
permeable membrane from a solution of low saltufgdlconcentration (hypotonic) to a solution ofthig
salt concentration (hypertonic), without the inptienergy (Wikipedia 2009).

Osmosis can be countered by increasing the pres$utee hypertonic solution with respect to the
hypotonic side. Osmotic pressure is the pres®geired to maintain equilibrium between the tweesid
with no net movement of solvent. Osmotic presswepedds only on the molar concentration of the
solute, not the type of solute present. Therefibrny difference in solute is present across a brame,
osmosis will occur.

Essentially, if a semi-permeable membrane sepaaai@sk of fresh and salt water, the fresh watdr wi
flow through the membrane to the salty side urgiliEbrium (equal concentration) is achieved. Iftle
unrestrained, fresh water would essentially fillthp salty side until the water head pressure imleip
the osmotic pressure. The semi-permeable membraisé lme permeable to the solvent (i.e. water), but
not to the majority of solutes (salt, metal, andtaminant ions), otherwise equilibrium will be ased
by dissolution through the membrane. Depending len molecular structure and pore size of the
membrane, certain salt ions may pass through frediife other larger and heavier metal ions may not
In this case, osmosis will still occur.

Reverse osmosis utilized in water filtration syséemssentially applies a high water pressure (50 p
to counter-act the osmotic pressure and force water through a specially developed semi-permeable
membrane to create fresh water. Reverse osmosivrares have been developed with these properties
in mind, to only allow HO ions to pass through, rejecting other larger isal$ with greater than 99%
effectiveness. The processes of osmosis and ressnsesis are demonstrated in Figure 5.
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Figure 5: Osmosis, Equilibrium and Reverse OsmosiBlow through a Membrane

The two laws governing the osmotic pressure ofwgalsolution were discovered by the German botanis
W. F. P. Pfeffer and the Dutch chemist J. H. v&iotf (Oxtoby et al 1999, Wikipedia 2009). The laws
state that the osmotic pressure of a dilute salutitba constant temperature is directly proportitmés
concentration, and that the osmotic pressure oblatien is directly proportional to its absolute
temperature. Osmotic pressure is analogous to Boler and Charles's Law for gases. The ideal gas
law, PV = nRT, has an analog for ideal solutionthinform ofzrV = nRTi. This is rearranged in Equation
1 in terms of molar concentration and solving femotic pressure.

n=ilMIRIT 1)
Where,n = osmotic pressure; i = the number of ions prodwhgring dissociation of the solute, M = the
molar concentration of all solutes, moles/L; R 3185 J/K-mol (0.083145 L-bar/moles-K) the molar gas
constant; and T is absolute temperature, Kelvin.

In solutions containing multiple types of dissolvedlts, the partial osmotic pressure for each is
summed to determine the overall osmotic pressuesathe membrane. Essentially it is the differance
total dissolved solids (TDS) that causes the presfReverse osmosis membrane manufacturers have
simplified this formula to the following in termd @ressure in psi to size reverse osmosis filtratio
systems. (Lenntech 2008):

=1120 ) m, 2)

Where, 2 my is the sum of molality concentration of all cohstnts in a solution (moles of solute/kg of
solvent) and T is the absolute temperature in Kelvi

For example, salt water from the ocean will havetotal dissolved solids concentration of
approximately 36,000 mg/L or ppm (Lenntech 2008)isTconcentration has a total osmotic pressure
difference of almost 26 bar (2.6 MPa) at 20°C. Risit water, (i.e. well-water contaminated with gndu
salts) may have a total dissolved solids concdatratf 500 mg/L which results in a pressure of (bhab
(25 kPa) at 20°C. These osmosis pressures givedasation of the pressure required in a reverseosfn
filtration system.

Blistering Process

We hypothesize that the formation of a blister osdn two stages. In stage 1, a film of liquid arat
forms at the concrete to membrane interface. Wvmise that various sources can form the initlah f
water including vapor diffusion and capillary flosownward through the polyurethane waterproofing
membrane or water initially in the concrete slafnfrconstruction or rainwater. Once a film of water
forms, vapour pressures on both sides of the mamlaee equal and vapour diffusion ceases. In &age
the water film dissolves minerals from the conciat#easing the salinity. Once this osmotic cedrts,
osmotic pressures draw water through the membcaeating water-filled blisters.

A typical IRMA is depicted in Figure 6. Rainwatibows down through the ballast, insulation and
drainage layers to the waterproofing membrane. ddgtrout the wetting process, water is adsorbed ®n th
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surfaces and into the pores of the materials withénassembly, remaining there even after the diulke
rainwater is drained away. This creates a layevatér and vapour at 100% RH at the membrane surface

- Pedestals (Optional)

- Filter Fabric

- Extruded Polystyrene Insulation (2-4")

- Molded Polyethylene Drainage Matt (Optional)
- Cold-Applied Polyurethane Roof Membrane

- Concrete Slab (6-8")

1 - Concrete Pavers or Ballast
: | : | : i |T|

Figure 6: Typical IRMA Waterproofed with a Polyuret hane Membrane

Extruded polystyrene has a vapour permeance ofogjppately 15 ng/Pam? (per 100 mm), and
drainage mat, made of dimpled high-density polylethy has a vapour permeance of less than 1
ng/Pasm2. The ability of an IRMA to dry upwards by vapodiffusion through these materials is
limited. The concrete also has a relatively lowoappermeance, with a permeability estimated frodn 1
to 4.7 ng/s-m-Pa (WUFI 2009, ASHRAE 2005). Thuk58mm thick slab has a vapour permeance
between 7 to 30 ng/Rar?. Interior ceiling finishes or coatings will redudieis further. The vapour
pressure differences during wet periods of the geaushown graphically in Figure 7.

Typical Wet
Month Exterior . .

Conditions 10°C /

>90% RH —

VP =0~1200 Pa Vapour Pressqre
Drive to exterior ~

Membrane Interface 1000 Pa

Conditions
20°C / 100% RH
VP =2200 Pa

Vapour Pressure
Drive to interior ~

Typical Indoor
P 1000 Pa

Conditions
21°C / 50% RH
VP =~1200 Pa

Figure 7: Vapour Drive from Saturated Roof Membranelnterface to the Interior and Exterior

Even during the warmer summer months, and undear $mating, the insulation above the membrane
maintains the concrete temperature relatively @msand as a result, minimal heat is providedyoodt

the excess or absorbed water. Field experiencehggthermal modeling show that even when bulk
surface water dries out, the relative humidity abdlke membrane remains above 90% year round,
maintaining a constant vapour pressure drive frioenetxterior to the interior. Therefore, whethquid
water or water vapour is present at the roof mendurface, there will be an almost constant vapour
pressure drive inwards, which will effectively pesx significant drying from occurring upwards thgbu

the membrane. As a result, indoor humidity and tajure do not have a significant effect on the
amount or severity of blistering. This is supporbsdour field observations of blistered membranesr o

all types of occupied and unoccupied spaces inotudiccupied residential suites, mechanical rooms,
pools, parking garages, and exterior spaces. €&igulepicts the concrete moisture content output fx
seven year WUFI 4.1 hygrothermal simulation of itiverted roof assembly discussed above with two
different membrane vapour permeance. The plot coespa 30 mil polyurethane membrane (vapour
permeance = 400 ng/Ran’) and a two-ply SBS membrane (vapour permeance <Hasgn’). WUFI
does not account for moisture flow by osmosis,dmés model vapour and capillary transport throhgh t
membrane and concrete. The impact of rainwaterivgetind sitting on the membrane between rain
events was accounted for in the model; however thatethe waterproofing membrane was assumed to
have no capillary suction, consistent with otherntbeane material properties listed in the WUFI
database.

12" Canadian Conference on Building Science and Tdobge- Montreal, Quebec, 2009
12e Conférence Canadienne sur la science et ladiie du batiment — Montréal, Québec, 2009
Page 364



140

120 Polyurethane — top 10 mm of concrete

Polyurethane — entire 150 mm of concrete

100 ——
% SBS —top 10 mm of concrete

a0 —

SBS - entire 150 mm of concrete

Moisture in Concrete (kgfm3)

&0 . . : : . .
Jan 2000 Jan 2001 Jan 2002 Jan 2003 Jan 2004 Jan 2005 Jan 2006 Jan 2007
Figure 8: Modeled Moisture Content of Concrete Slalwith SBS and Polyurethane Waterproofing

The simulation demonstrates that the polyurethaemionane will result a net wetting of the concrete
from vapour diffusion. During a typical year, mameisture is transported through the membrane heo t
concrete, than can dry out of the concrete itsé@lfis analysis is sufficient to show that over tithe
concrete under the membrane will become saturatédwever, once the top surface of the concrete
becomes saturated, the vapour pressure will bel equiaoth sides of the membrane, diffusion willpsto
and there will be no driving pressure to creatésids.

Once the concrete is wet, salt ions in the concagigregate, cement and admixtures dissolve into
available water at the surface. This dissolutioniasfs from the concrete creates the required salt
concentration difference between the top and botibthe membrane for osmosis to begin. Once starte
osmosis continues until the salt concentration igrads removed, or water is removed from the fresh
water side of the membrane. The process is slostatt, but accelerates rapidly once small quastitie
liquid water are present beneath the membrane.o$im®sis mechanism is summarized in Figure 9.

T T 1.1 1.7 1. 1.7 Water sits on top of membrane, held by capillary beneath insulation or due to poor
drainage of the concrete surface

Vapour diffusion moves moisture through the membrane. Concrete is less
permeable than membrane and water begins to saturate the concrete and
accumulate at the membrane interface.

T Ty 1] In the accumulated moisture, mineral ions leach out of the concrete slab
increasing the salt concentration of the water beneath the membrane. Osmosis
begins and small blisters are formed.

Vapour diffusion to interior through concrete is relatively slow compared to the
rate transported by Osmosis.

ol Ty (L] Tyl Osmosis transfers new rainwater through membrane into blister which is at a
much higher salt concentration. As the blisters expand, more salts dissolve out of
the concrete increasing the salt concentration gradient. Blisters continue to grow
until membrane ruptures or leaks occur through concrete at a crack or joint.

Figure 9: Blister Formation Mechanism by Osmosis

HYPOTHESIS OF OSMOTIC FLOW

For osmotic flow to occur across a membrane, twgairements must be satisfied:

1. The membrane must be semi-permeable to water meteand not salt molecules, and

2. Liquid water of different salt concentrations mhetpresent on both sides of the membrane.
To prove the hypothesis that osmotic flow can ocaaross polyurethane membranes, samples of
membrane and water from the blisters were colledtedh several buildings. The water vapour
permeability of the blistered membranes was medsame the sampled water analyzed to determine the
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salt ion concentration of both the blister wated dhe water collected from the top surface of the
membrane.

Water Vapour Permeance Testing of Polyurethane Rodflembranes

Water vapor permeance of the sampled polyurethambranes was measured under dry-cup, wet-cup,
and inverted wet-cup conditions in general confaroeawith ASTM E-96. Vapour permeance of new
polyurethane membrane samples provided by sevesaufacturers and control samples of other
waterproofing membranes were also measured for aosgm. Vapour permeance test results correlated
with published and unpublished data provided byntleenbrane manufacturers.

Measured water vapour dry-, wet- and inverted wgt-gpermeance data for three different
polyurethane membranes are provided in FigureRésults for 3 low-permeance roofing membranes are
also shown for comparison purposes. Inverted wpttesting (wet-cup sample inverted so that liquid
water is in direct contact with sample) is not afeperformed by most roofing membrane manufacturers
but provides the best indication of vapour permeanwer realistic exposure conditions for a menbran
in an IRMA.

Two of the results are for aged polyurethane mendbsamples removed from site - Membrane #1 and
#2, both approximately 10 years old. Membrane #8ngw sample of a similar polyurethane membrane,
from the same manufacturer as Membrane #1. Thallexd membrane thickness of 30 and 60 mils for
Membranes #1 and #2 are considered thin by todstgisdards, but were common in the Vancouver
market 5 to 15 years ago.

450 0.60
400 —- .
_ —&— Membrane #1 - 30 mis (Aged) = 0.50
< 350 = e
(]
£ & ggg / = —8— Membrane #2 - 60 mis (Aged) £ @ 0.407
S & S0 / _ &< 030
§ 2 Iso {/ =— Membrane #3 - 150 mils (Ne % = 0.204
>
> 128 R _ —®— Impermeable Roof Membranes 0.10
i} = (SBS, TPO, EPDM)
0 Kc ® 0.00 L T & T @
Dry Cup Wet Cup Inverted Wet Dry Cup  Wet Cup Inverted
Cup Wet Cup

Figure 10: ASTM E96 - Vapour Permeability and Permance Laboratory Results for Membrane Samples

The results show that the polyurethane membraresetatively permeable compared to other roofing
and waterproofing membranes, especially inverted ougpp measurements. The relationship between
water vapour permeance and osmotic flow a membsanet fully understood at the micro-porous level,
however, we believe they are intrinsically relatéfdthe membrane has a measureable water vapour
transmission rate, then it makes sense that ithae an “osmotic flow” transmission rate as wilthe
membrane pore structure allows the passage of veatsr but not all dissolved salt and metal iohent
osmotic pressures can be developed.

Water Absorption of Polyurethane membranes

Water uptake testing of the polyurethane membramapkes was performed to determine if water
absorption is related to osmotic flow. If a matewdl absorb water into its pore structure, itltals that
water may also be able to flow through it.

Membrane samples were submerged in water for dwee tmonths and weighed periodically until the
mass remained constant for longer than 2 week$ 8ge¢d membrane samples absorbed approximately
16% to 17% moisture content by mass and the newhrsma sample absorbed approximately 4%.
Moisture absorption in all samples generally stopgiger 2 to 3 weeks. The higher absorption initped
samples may be due the polyurethane filler mater@d reinforcing mesh fabric used by both
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manufacturers at the time. These water absorptets tappear to indicate that water is able to pass
through the pore structure of these membranes.

Dissolved Salt Concentration of Blister Water

Samples of water and membrane at large blistens ftwo different buildings were collected for
laboratory testing. The water was analyzed to confilifferent salt concentrations between samples
collected from above and below the membrane. Savgflevater were extracted from the membrane
blister with a syringe and small hand-pump, andectéd from above the membrane (rainwater). Both
samples were sent to an independent laboratorgrfalysis of dissolved metals concentration. Atrgda
blister in Membrane #1, approximately 12 inche$yalrostatic water head (~3 kPa) was measured prior
to the extraction of the sample water. The wateide the blister had a dark brownish tint, simitaall

of the blisters reviewed, and is likely to be theuit of continual contact with the bitumen in dsphalt-

modified polyurethane membrane.

B
fry Y

Figure 11 & Figure 12: Cutting of Membrane Blisterand expulsion of water during extraction process.

A water quality laboratory analysis determined thissolved solid concentration for 30 of the most
common dissolved metal ions. Table 1 includes #wilts provided by an independent water testing
laboratory of the membrane blister water and ratem&ken from one of the buildings where Membrane
#1 was used.

Table 1: Dissolved Metals Concentration — Buildindl (30 mil membrane sample)

Water from Beneath Membrane #1
(Blister Water)

Water from Above Membrane,
(Rainwater)

Soluble Metal lonsin Solution

Dissolved Solid Concentration,

Dissolved Solid Concentration,

mg/L, ppm mg/L, ppm
Sodium 2960 1.89
Potassium 574 0.47
Sulphate 75.3 <1.0 ppm
Magnesium 1.83 0.35
Phosphorous 1.82 <0.2 ppm
Silicon 29.9 <1.0 ppm
Calcium 3.4 4.0
Other Dissolved Metals Trace amounts of severghpn None present
Total Dissolved Solids ~3650 ppm ~7 ppm
Hardness, CaCO3 equivalent 16.0 115

As suspected, the blister water had high levelseskral dissolved metal ions, the majority of which
were sodium and potassium ions. The mix of dissblretal ions at the blister water is likely from
minerals within the aggregates, cement, admixtuaed, polyurethane membrane itself. The presence of
silicon, present in cement (calcium silicates €20,), indicates dissolution from the concrete. Theslev
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of dissolved ions within the blister water was ddaegably higher than rainwater and for referenaadse
saline than brackish water, but much less than seaw

Initial calculations predict that an osmotic pressof approximately 326 kPa was present at this
blister. While this pressure could not have beeysiglally contained within this elastic membraneisit
better visualized as @aressure potential which causesuction of liquid water through the membrane. In
reality the pressure within the blister is modedtalty failure of the membrane-to-concrete bond at th
sides of the blister and stretching of the membrarder tensile stresses.

VERIFICATION OF OSMOTIC FLOW

Apparatus

To measure osmotic flow through the membranedalt®ving apparatus was developed and tested.

The concept is simple; a piece of the polyurethaoé membrane is used to separate distilled artd sal
water. If osmosis flow occurs across the membrarser will flow from the distilled water reservoir
through the membrane and into the salt water eqililibrium occurs or the pressure developed in the
container is equal to the osmotic pressure (Oxtbgl 1999). By measuring the mass and volumetric
change of the container containing the salt watdrraembrane at regular intervals, the osmotic ttaw
be measured.

Distilled water was used to represent rainwated, water removed from several membrane blisters
was used as the salt water. Polyurethane and mibng membranes, ranging in thickness from 30 to
150 mils were tested, as was a commercial revess®&is membrane as a proof of concept exercise.
Figure 13 demonstrates a concept of the apparatugigure 14 shows a schematic of the container and
photograph of one of the proof of concept test ispecs.

Increase in Volume = Flow
through Membrane

Patm Pc = Patm Patm

Salty
‘Water

Salty Fresh Fresh
Water Water P T T‘ T Water
Membrane / Membrane /

Osmotic Flow

Osmosis occurs until Pressure within container
reaches the Osmotic Pressure

Initial Setup, Pressure within Container is
equal to atmospheric.

Figure 13: Osmotic Flow Testing Apparatus Schematic

| «¢— 250 mL Glass container
with screw-top lid

Brass coated screw-top lid

Membrane bedded in

Salty Water, waterproof epoxy, epoxy
extracted from fills voids in screw top lid
membrane and prevents unscrewing

blister
55 =\ Waterproofing Membrane,
30 to 150 mil thick

Figure 14: Osmotic Flow Testing Container Schematiand Photograph of Increase in Water Volume

As a proof of concept experiment, a commercial r&vesmosis water filter was disassembled and a
sample of the osmotic membrane put into the appanaith the blister water removed from site. Other
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salt-solutions using common table salt were alstete Flow through the membrane initially was ia th
order of 15 L/riday before immense pressures developed in theaicens. This order of flow is
comparable to what is advertised by the osmosishreme in a water filtering application. As a resflt
the high pressures developed, several of the cwmnthds burst during the test procedure. In Figldea
total of 58 mL (25 L/M) of water was transported through the reverse emmmembrane, as was
measured in the container at the end of 31 days.

Procedure

Samples of polyurethane membranes discussed ipréh@ous sections were tested using the osmotic
flow test apparatus. Samples of salt water remdk@un the blisters were used in conjunction with the
membrane samples to demonstrate osmotic flow utfterspecific field conditions. Initial testing
focused on two of the aged polyurethane membratiesad #2). Samples of the membranes and salt
water from the blisters were put into the test aptpes and tested as follows:

1. Samples of membrane are cut to precisely fit i $crew top ‘open top’ lid of the glass jar.
Each sample is initially weighed and the thickriesseasured.

2. A known mass of salt water is placed into the gjass

3. Membrane samples are bedded into waterproof epakynwthe lid flange of the glass jar. Epoxy
is also used between the membrane and the glassscféw-top lid provides compression and a
watertight fit of the membrane at the edges. Thenbrane acts as a gasket, however waterproof
epoxy is used to aid with sealing the membranddoepand to seal the container shut.

4. After the epoxy has cured and the container is kegsked, the initial mass of the container,
membrane, and salt water together is measured.

5. Membrane coupons (blank samples) are produced umreshsveighed and submerged in the fresh
water bath. The water level of the fresh water eptkequal to that within the container to
eliminate the effect of hydrostatic pressure head.

6. At regular intervals, the containers and blank damjre removed from the fresh water bath,
dried thoroughly, and weighed. This process is atggkapproximately twice a week for several
months. For samples with significant osmotic flome.(through an osmosis membrane), the
volumetric increase can also be measured usingigtiaths on the sample container.

7. The flow of water through the membrane is measbsedubtracting the incremental mass from
the initial container, water, and sample mass. glass container, lid, and epoxy do not absorb
water, (confirmed by producing empty container kéaand submerging them in water), so any
change in mass is the result of absorption intartkenbrane and flow into the salty water within
the container.

8. To isolate osmotic flow, the absorption rates & thembrane samples had to be known. For the
two membranes tested, each gained approximately mé¥ture by mass within 3 weeks, and
remained constant for the remainder of the tesaniBlsamples were used to determine the
required time and mass of water for absorptionaturation to occur. Following this initial
uptake, additional mass/volume gain of the contaifeby osmosis flow through the membrane.
This can also be confirmed by measuring the voluwhewater within the container and
subsequent pressure developed.

Results

Measured osmotic flow rates through 30 and 60 amhgles of Membrane #1 and #2 are presented in
Figure 15. Several additional samples of these manés are currently being tested and are showagimil
flow rates.
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Figure 15: Polyurethane Membrane #1 and #2 — Measad Osmotic Flow through Membrane

Small deviations result from precision of weighithg samples (to nearest £0.01g of container mhas),
otherwise a constant flow rate was measured. With getup, it appears to take a few weeks for the
membrane to become fully saturated before osmiotic fates can be determined. On average an osmotic
flow rate of between 8 and 13 dfday was measured.

As shown, both membrane samples have similar afderagnitude osmotic flow rates. Over time, the
osmotic pressure should decrease with a decreasiltgoncentration, however the volume of water
needed to reach equilibrium is many times the sizéhe jars and thus we wouldn’t expect to see a
significant change in slope of the 150 day tesiggeHowever, as pressure develops within the dotist
and the membrane pore structure stretches and oeriee osmotic flow rate may be affected. Also
note that the data above if for all the salt ionaamntrations which make up the blister water, sofrtbe
lower salt concentrations maybe closer to equiliarthan others, thus the changes in slope.

Further experiments are ongoing to determine tlfecebf the osmotic pressure and osmotic flow.
Figure 16 shows initial results for 0.1 and 1.0 ddNaCl salt solutions are compared to distilledewa
(blank sample) and the blister water.
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Figure 16: Comparison of Osmotic Flow through Membene #1 with different Osmotic Suction Pressures

Comparing the osmotic flow rates of the three saltitions to the distilled water confirms that tadt
concentration has a direct effect on the rate ofasss through the polyurethane membrane. The dontro
distilled water sample also re-confirms that ithe process of osmosis which is pulling water tigtothe
membrane, and not capillary suction or another rmaism.
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Based on continued research underway with new ed-aglyurethane membranes with and without
various primer coatings, preliminary osmotic floatas of 0.5 g/fiday to 7 g/rfiday have been
measured in the laboratory. The intent of thisHertresearch is to reduce the osmotic flow rateuiin
new membranes to as close to zero as possiblevemrblisters from forming.

Discussion

The measured osmotic flow rate through the agegupethane membranes (with the salt water removed
from the blisters) is, on average, between 8 and/@®day. For a membrane in an IRMA application
continually exposed to water, in one year this flate equates to between 3 and 531.aihwater (3 to 5
mm deep) transported by osmosis. In ten yearsighisthe order of 30 to 50 L/or water (30 to 50 mm
deep), which corresponds to the volume containeedtd the membrane in blisters we have observed at
several buildings. Blisters are often observedd@bmm to 25 mm tall and in extreme cases where the
pavers are floated, greater than 50 mm.

Continuous exposure to liquid water will affectstdir formation, and it is likely that some blisteray
grow and shrink seasonally when liquid water isspré on top of the membrane. In addition, both and
membrane adhesion and tensile strength of the nasrebwill affect how large the blisters grow in the
field. Blisters will also stop growing if the prese becomes equal to the osmotic suction pressuife o
the blister does not continue to grow by adhesailure or stretching (which may occur at low salt
concentrations and osmotic pressures).

In the IRMA application, the wetting of the conaeurface by osmosis is shown to be up to an order
of magnitude higher than the drying capability loé tassembly. Above the membrane the RH remains
high, between 90% and 100% year round. As a rednyiitng outwards is slow through the insulation and
drainage mat and at rate of less than 0.F/gay. On the bottom side, drying through the coeci®also
a very slow process, and vapour flow inward throtlg concrete is estimated to be in the order of 1
g/mf/day (dependant on concrete properties). These anesths for drying are slower than the wetting
process, and moisture accumulates beneath the mpeibFhe osmotic cell develops immense suction
pressures which cause blisters to form and expasiohg to delaminate the stretch the membraneh@as t
process progresses, the blisters expand into ¢éaehuntil very large water filled blisters develop

CONCLUSIONS

Severe water filled blistering of cold-applied aaltmodified elastomeric polyurethane waterproofing
membranes is a frequent problem for inverted roemfirane assemblies in the Pacific Northwest. Our
testing and research demonstrates that the wdied blisters can be explained by the fluid transfe
mechanism of osmosis. Our work confirms that osonfiéiw does occur through these membranes, the
conditions for osmosis to occur exist in the fiebthd our test results replicate the same order of
magnitude of moisture transfer observed in thelfiel

The rate of osmotic flow is a function of the vappermeance of the membrane. Therefore, lowering
the vapour permeability of the polyurethane membnaill likely reduce the potential for osmosis tars
by reducing the potential for the top surface ef tbncrete to become saturated, and will likelyltas a
lower rate of flow under osmotic pressures.

The aged polyurethane membranes which were remfyeed blistered roofs and tested here were
found to be semi-permeable, and have a vapour pereeanging from 60 to 420 ng/Pa‘sdepending
on application thickness and chemical composit&zme new polyurethane membranes which also been
tested have similar order of magnitude vapour panoe values (of up to 120 ng/Pa®-sven when
tested with certain concrete primers.

Osmotic flow rates measured through aged polyunetirmaembranes which removed from blistered
locations are in the order of 8 to 13 glday. Preliminary testing has also been perfornredew primed
and un-primed polyurethane membranes which arewtyravailable on the market, with measured flow
rates of between 0.5 gifday to 7 g/rfiday depending on membrane chemistry, thickness,paimer
application. Even these lower flow rates are Btikxcess of most other impermeable waterproofimd) a
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roofing membrane systems, and at this time, itosskmown if this flow rate is low enough to prevent
blisters from occurring within the expected senite of the membrane. Further research is needed t
develop an acceptable solution.

The two most relevant standards that cover the faature and installation of asphalt modified
polyurethane membranes are ASTM C836-00 Standasetif@g@tion for High Solids Content, Cold
Liquid Applied Elastomeric Waterproofing Membraner fUse with Separate Wearing Course, and
CAN/CGSB - 37.58-M86 Membrane, Elastomeric, Colgskgd Liquid for Non-Exposed use in
Roofing and Waterproofing. These standards docoatain maximum values for vapour permeance,
requirements for reporting inverted wet cup pernceamumbers, or osmosis testing requirements. Based
on the field observations and the testing performedis study, the existing standards are not adtgto
prevent premature blistering and failure of polybame membranes.

RECOMMENDATIONS

Awareness and understanding of the physical prooésssmosis, and potential impact on building
materials will help the industry come up with s@as and avoid the problem in the future.

We recommend including maximum allowable valuesmfi@mbrane vapour permeance, tested under
inverted wet cup conditions, and osmosis testimglirements be included in current industry stanslard
referenced by polyurethane membrane manufactuseessifically ASTM C836-00 and CAN/CGSB-
37.58-M86.

We also recommend that an industry accepted tesst@amdard be developed to test new roofing and
waterproofing membranes for susceptibility to ogméiow. Additional research is needed to determine
allowable osmotic and vapour flow rates which canshfely accommodated by moisture flow through
concrete slabs. The effect of aging and exposuveet and alkaline conditions on the material prope
of polyurethane membranes in the field should &lsther researched in this context. Research shoul
also be performed to examine the effect of conguateers and sealers to prevent the passage eftealt
the membrane interface.

Based on these findings, new polyurethane membrahesild be modified to be sufficiently
impermeable to vapour and osmotic flow to prevdistdring within their expected service life, while
still maintaining their other desirable physicabperties for waterproofing.
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