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ON THE COVER:

OBEC does not make or imply any warranties as

Did you feel bamboozled when you saw this issue’s cover? It’s still your favourite
building science publication! This issue’s cover features Da Mao, an adult male
giant panda, chowing down on some primo bamboo
in his favourite spot in the afternoon sun, which
Pushing the
was made possible thanks to the two new ethylene
tetrafluoroethylene skylights installed at the Panda
Passage exhibit at the Calgary Zoo. Turn to page 15 to
Canada
read the informative article written by Jelena Bojanic,
B.Sc., EIT, project engineer at Read Jones Christoffersen
Ltd., on the process of designing and installing these
spectacular skylights before Da Mao and his cuddly
counterparts moved in.

to the suitability of any of these products or services
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for any specific situation. Furthermore, the opinions

www.calgaryzoo.com.

expressed in this magazine’s editorial content may

PHOTO CREDIT (ETFE skylight): Jelena Bojanic, Read Jones

products or services contained within this magazine.
These products and services are presented here
as an indication of the various possibilities in the
Marketplace. OBEC wishes to advise the reader
that sound Building Science Practices should be
applied to any and all product or service selections.
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Message from the President

OBEC President
Ian Miller, P.Eng., LEED AP, CCCA
Project Principal,
Regional Manager (S.W. Ontario)
Pretium Engineering Inc.

L

ooking back at 2019, I can see we’ve accomplished a lot. We had many great
seminars this year: Net Zero Building, Mass and Tall Timber, and the update on
Pro-Demnity’s Warranty Claims, to name just a
few. We toured the UL Curtain Wall Testing Facility and had a rousing group discussion with the
always entertaining Joe Lstiburek following his
presentation, Don’t do Stupid Things. I learned a
lot, and I think our members did, too. We held
our seminars both in and outside of downtown
Toronto, and we held another in Barrie to reach
members north of the city. Our webinars also
help us reach building scientists across Canada.
I feel we’ve also done a better job connecting with students preparing to enter the
field of building science—young contractors,
consultants, material suppliers, and researchers. I’ve met and interacted with more students
at events this year than in any year past and, as
I write this, we’re preparing to award scholarships to a few deserving young students for the
third time.
As 2019 winds down, so does my term as
president of the Ontario Building Envelope
Council (OBEC). I want to thank the board
members with whom we’ve been able to accomplish so much. These are volunteer positions, and
these people have all given a great deal of their
time to keep OBEC running smoothly. I also
OBEC 2019 BOARD OF DIRECTORS
President
Ian Miller, P.Eng., LEED AP, CCCA
Pretium Engineering Inc.
Vice-President
Ehab Naim Ibrahim, OAA Int., MRAIC,
LEED AP
Gamma North America
Past-President & Chair, Membership
Committee
Marco Guzzo, Dipl. Tech.
Engineering Link Inc.

want to welcome Ehab Naim Ibrahim as our new
president.
Though I’ll be staying on as past-president,
I—and the rest of the board—have full confidence in Ehab to keep the ship on course. I also
want to thank those serving on our various committees: education, events, membership, technical discussion groups, codes and standards,
communications, and awards and scholarships.
Without their help, the board would be gridlocked trying to get anything done. If you would
like to volunteer to join our team, please reach
out to us at info@obec.on.ca.
We look forward to 2020, with a vision of continuing to expand our reach and providing even
more learning opportunities for our members.
Keep an eye out for our e-mail invitations to next
year’s exciting line-up of dinner seminars.
In this issue of Pushing the Envelope Canada,
we have a great line-up of informative articles for
readers to peruse. On page 15, Jelena Bojanic
takes an in-depth look at installing two new ethylene tetrafluoroethylene (ETFE) skylights above
the Panda Passage exhibit at the Calgary Zoo.
A highly transparent material over a wide spectrum of natural light, the ETFE skylights provide
better conditions for the pandas.
Daniel Martis discusses how to analyze
confused spaces (e.g., crawl spaces, attics, and
parking garages) and determine where they belong in relation to the air, thermal, and vapour
barriers. In his article on page 20, he also takes a
look at retrofitting approaches when ventilation
becomes part of the equation, in order to ensure
condensation and mould problems are avoided.
On page 23, Anna Farbis and Dr. Kim
Pressnail update readers on the architectural,
building envelope, and mechanical design of the
Gemini New-Build; a low-rise residential home
designed from the results and successes of the
Nested Thermal Envelope Design concept.
Matt Carlsson explores a proposed retrofit strategy for high-rise residential buildings

involving compartmentalization of apartment
units and decentralized in-suite ventilation with
heat recovery to determine the impact on overall space heating energy for the building and the
associated greenhouse gas emissions (page 26).
Flip to page 31, where Kevin Zhang and
Dr. Russell Richman discuss the importance
of understanding and embracing hygrothermal
modelling to study the variability of sorption
isotherms in oriented strand board and plywood
sheathing.
In his article on page 34, Rick Buist walks
readers through the typical causes of green
roof failures, discusses where and why things go
wrong, and offers remedies to improve quality of
vegetated roofing system designs.
Kent Schultz and Jesse Moore tackle the
topic of whole building airtightness tests not accommodating phased occupancy and skewing
results for high-rise buildings. On page 37, they
highlight a guarded airtightness test recently conducted on a high-rise building to ensure results
focused on only the area desired, assessing the
guarded method and discussing logistical considerations, high-level results, and future applications of the test.
This issue’s Architect’s Approach article
tells a tale of two iconic bridges, the Victoria and
the Champlain, in Montreal, Quebec. On page
40, Paul Sheehy compares the cost of quality
engineering versus value engineering. He also
delves into the different processes, practices,
philosophies, and outcomes with each project.
I want to thank our board members and
committee members, the authors of all articles
in this publication, and the speakers at our dinner meetings. I also want to thank all of OBEC’s
membership. Without your participation, OBEC
wouldn’t exist. Let’s continue to reach out and
expand this organization. Together, through
sharing our collective knowledge, we can make
a better, safer, and more durably built environment for everyone!
n
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Performance Pandemonium:
Designing & Modifying the ETFE
Skylight System for the Calgary Zoo’s
Panda Passage Exhibit
By Jelena Bojanic, B.Sc., EIT, Project Engineer, Read Jones Christoffersen Ltd.

T

he former Eurasian Gateway &
Elephant Crossing at the Calgary
Zoo has been re-used and re-adapted multiple times since 1963 to house animals, including elephants, giraffes, and the
more recent rhinos and Komodo dragons.
In 2015, the Calgary Zoo announced the
Giant Pandas would be transferred from
Toronto in 2018 and would be housed in
the former Eurasian Gateway building at
the Calgary Zoo.
The well-being of the pandas was predicated on creating a habitat in which the
animals would thrive. The Calgary Zoo,
along with the support of the project design team, decided to install two new ethylene tetrafluoroethylene (ETFE) skylights
above the panda exhibit. ETFE is a highly
transparent material over a wide spectrum
of natural light, which would provide better
conditions for the pandas.
Read Jones Christoffersen (RJC)
provided technical support for design
considerations, including snow and wind
design loads, hail impact, temperature
fluctuations, and recommendations to
address inherent air barrier deficiencies and thermal bridging. Support was
also provided during the installation to
ensure the intended design parameters
were achieved and that performance
aligned with current industry standards.

The ETFE skylights were designed and
manufactured in Germany and installed
by a local contractor. These are some of
the first ETFE installations in western
Canada.
BACKGROUND
The ETFE skylights were proposed for
this project because the material is one of
the few tensile fabrics used for roofs that
allow UV light to pass through and complies with the living building challenge
“Red List” material restrictions. Other
important considerations for choosing this
product included cost, future recyclability,
embodied energy, durability, chemical resistance, etc. RJC’s Calgary office, along
with a few other offices (Edmonton, Toronto, and Vancouver) worked together
to research a product that incorporated
key design objectives and was within the
client’s budget.
Originally invented for the aeronautics industry, ETFE was introduced to the
construction industry in the 1980s and
has since been used on projects around
the world. It is a lightweight material,
weighing approximately one per cent of
the weight of glass, and allows up to 95
per cent of light transmission. The latter
can be adjusted by varying the number
of cushions and applying films. Thermal

Figure 1. A manufacturer’s drawing showing the thickness of the layers in the ETFE skylight.1

Da Mao, an adult male giant panda, in Panda Passage.
Photo credit: Calgary Zoo, www.calgaryzoo.com.

Two new ethylene tetrafluoroethylene (ETFE) skylights
above the panda exhibit. ETFE is a highly transparent
material over a wide spectrum of natural light, which
provides better conditions for the pandas.
performance is higher in a three-layer
ETFE system versus a single-layer system.
To incorporate the new dome-shaped
ETFE skylights above the panda exhibit,
the existing glulam beam-supported metal
roof deck underwent structural and building envelope modifications.
DESIGN CONSIDERATIONS
There were several design considerations the team had to take into account
while working on this project, from cushion
design and the supporting structure to the
air barrier and drainage, and to thermal
performance.
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CUSHION DESIGN AND
SUPPORTING
STRUCTURE
For the ETFE skylight to resist specified
snow and wind loads and hail impact, the
design was focused on the individual foil
thickness, number of layers, and internal
cushion pressure. The cushions are inflated
with a built-in blower / compressor that maintains air between the individual layers and
pre-stresses each layer, resulting in a domeshaped skylight that is stable against wind
and snow loads.1 The skylight manufacturer
used RJC’s recommendations for snow and

wind loads and Calgary’s temperature fluctuations to ensure conformity with the local
standards.
RJC posed the question regarding hail
impact damage testing for the ETFE. The
manufacturer provided a paper outlining
test results from experiments conducted in
Zurich and Switzerland. It also highlighted
case studies with hail damage. The results
showed that ETFE can, indeed, be damaged
by hail, depending on the size of individual
hail pieces and the temperature of the film
itself.2 The extent of damage varies from
dimpling of the surface to full puncturing.2

Given that Calgary, Alberta experiences severe hailstorms during spring and summer
months, with hail pieces ranging from 25 to
50 millimetres in size, this was an imperative design load to consider. The solution
was incorporating a three-layer system with
a slightly under-inflated outer cushion. The
inner and outer layers (IL and OL) are each
250 micrometres thick, while the middle layer (ML) is 100 micrometres thick, as shown
in Figure 1 (on page 15).
The two cushions are inflated to different
internal pressures, with the inner cushion at
300Pa, and the outer at 250Pa.1 The translucency of the ETFE foil was reduced slightly,
with a three-layered system; however, the resultant light transmittance was approximately 76 per cent,3 which was within an acceptable range for the panda exhibit. The inner
ETFE layer is supported by steel pipe arches
fastened to steel perimeter beams made of
square tube sections. The beams are further
supported by steel columns, which are also
made of square sections. Tension rods are
incorporated throughout the frames to mitigate deflection of the structure.

AIR BARRIER AND
DRAINAGE
The air barrier plane for the ETFE system relies on multiple components, including
the ETFE foil, the ethylene propylene diene
monomer (EPDM) edge gasket, the EPDM
cover gasket, and the air barrier membrane
tied from the aluminum profile to the existing roof deck. The manufacturer’s shop
drawings had inherent air barrier and drainage flaws. The design showed a condensation gutter that drained externally through
the air barrier membrane (see Figure 2, part
23, on page 17) via four drainpipes, two on
each of the east and west elevations and
none on the south and north elevations. The
drainpipes were positioned at quarter-points
with a large spacing. A metal sheet section
was shown to extend from the underside of

Da Mao is right at home in Panda Passage.
Photo credit: Calgary Zoo, www.calgaryzoo.com.
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the aluminum profile to the exterior sill (see
Figure 2, part 41), creating thermal bridging
within the assembly. Calgary experiences
significant temperature fluctuations and extreme cold weather conditions, with a winter
design temperature of -32˚C.4 Openings to
the exterior would introduce cold air into the
system, resulting in higher levels of condensation and freezing of any moisture in the
system. Ice build-up inside the system could
block the intended drainage path and damage connections along the gutter.
Typical metal skylights glazed with sealed
units incorporate pressure equalization and
internal drainage without impacting the air
barrier or resulting in thermal bridging. RJC
suggested these items be revised, as they
were not acceptable per industry standards.
The proposed spacing between drainpipes
was likely inadequate for water to access
and expel out of the system and should be
revised. The sill should be water- and airtight, with no unsealed openings through the
air barrier. RJC suggested providing internal
drainage if draining to the exterior was not
a possibility without affecting the air barrier.
The metal sheet (see Figure 2, part 41) was to
be modified to eliminate the thermal bridge
through the skylight sill.
The manufacturer revised its design following most of RJC’s recommendations.
Internal drainage was provided through the
condensation gutter and directed to the interior panda space. The layout of the drainpipes was not changed during design revisions. Thermal bridging was mitigated by
removing the metal sheet section intended
to provide support for the roof membrane
tie-in. The final design included tying the air
barrier into the aluminum profile, creating
a continuous air barrier plane. Figure 3 (on
this page) shows the revised section of the
system.

THERMAL
PERFORMANCE
The thermal transmittance (U-Value) for
the ETFE aluminum profile was calculated
to be 5.90 W/m2K, 1.9 W/m2K for the three
layered ETFE cushion and 2.1 W/m2K for
the combined system.3 These values were calculated by the manufacturer using set temperature parameters of 20˚C for the interior
and -10˚C for the exterior.3 Condensation is
expected along the EPDM edge gasket and
along the aluminum base. Realistically, a

n
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higher volume of condensation is expected,
as Calgary temperatures can reach -32˚C4
during winter. This moisture is intended to
drain via a condensation gutter underneath
the aluminum profile, and to expel from the
system via drainpipes.
To address air- and water-tightness concerns ahead of time, RJC asked for a small
corner sample of the aluminum profile that
would show the corner joinery and frame
sealing. Unfortunately, the corner sample
was not provided; rather a small, typical section of the frame arrived and did not show
either items. RJC was told that the EPDM
cover gasket would be glued at the corners
with an EPDM adhesive and that the aluminum frame would not be sealed at the corners. Water that gets through the frame
would be captured within the condensation
gutter and drained to the interior.

Figure 2. A manufacturer’s drawing showing the external
drainage (red lines) through the air barrier (blue line).1

CONSTRUCTION
In the construction industry, it is often expected that as-built details won’t always align
with the initial design. This is tolerated to a
degree, because one cannot predict the exact
site conditions during construction. Identifying and correcting these deficiencies during
early construction stages is crucial for a project to be on schedule and to avoid additional
costs. During installation, deficiencies with
the skylight frame and ETFE cushions were
noted.
One of the first obvious issues was the
inadequate gap at the mitered corners. The
aluminum profiles were misaligned so the
coupling surfaces at the corners were offset from one another. The misalignment
was partially due to the aluminum profile
not being set true and level. The structural
steel below the aluminum profile was not

Figure 3. A manufacturer’s drawing showing the revised
ETFE system with internal drainage (green lines) and the
air barrier detail (blue line).1

PART NO.

PART NAME

1

Aluminum cover profile

2

EPDM edge gasket

4

Aluminum frame profile

5

Condensation gutter

7

EPDM cover gasket

9, 10, 11, 12

Stainless steel hex head bolt, washer, nut

22

Metal sill flashing

23

Condensation drainpipe

24, 25, 26

Outer, middle, and inner layer of ETFE foil

29

Air barrier

41

Metal sheet

Table 1. Parts reference Figures 2 and 3 on this page.
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The ETFE skylight above Panda Passage being inflated with a blower.
perfectly level, and the aluminum profile did
not incorporate adjustability (e.g., levelling
nuts or incremental shims). The suggested
improvement was for the contractor to adjust the positioning of the aluminum frame
by using adjustable leveling bolts / nuts (see
parts 9, 10, and 12 in Figures 2 and 3).
During a subsequent review, standing
water was visible in the skylight gutter after a
rainfall. This was prior to the ETFE foil being
installed. As suspected, water was not draining properly; the system did not incorporate
a transitional slope from the north and south
elevations (without drain openings), nor
to the east and west elevations (with drain
openings). The drain layout was not practical
for the perimeter of the skylights. Water was
actively dripping through the condensation
gutter corners and at the bolted connections,
indicating that the membrane liner was not
continuously sealed in these locations. The
repair strategy included installing additional
drain openings on the north and south elevations and additional sealing of the corners
and the bolted connections.
Once the ETFE cushions were attached
to the aluminum profile, they were inflated
with the blower. Each skylight was inflated in
approximately one hour, with minor adjustments required for the EPDM edge gaskets,
which were displaced during the ETFE installation. The contractor used ETFE tape
for additional reinforcement at the corners.
The air barrier membrane was tied in from
the roof deck onto the new built-up curb and
tied into the aluminum profile.
In addition to the air barrier membrane,
the contractor tied the thermoplastic polyolefin (TPO) single-ply roofing membrane into
to the aluminum profile, increasing the overall material thickness. This created problems

The steel frame structure for the ETFE skylight.

for installing the EPDM cover gasket and
cover plate. The solution was to terminate
the TPO membrane at the top of the curb,
instead of extending it onto the aluminum
profile to allow for sufficient and continuous pressure between the gasket and the air
barrier.
The metal sill flashing was installed without a slope, resulting in standing water along
the sill and EPDM gasket. The flashing was
modified to ensure it slopes away from the
cushions and the main gasket. The EPDM
cover gasket was glued at the corners and
reinforced with an additional EPDM strip,
using an EPDM adhesive to reduce the risk
of moisture ingress.
Field diagnostic testing such as air leakage characterization and water penetration
resistance could not be completed due to
project schedule restraints that impeded
safe access for testing. Once the building was
commissioned to normal interior operating
parameters, RJC recommended thermographic scanning from the exterior.
CONCLUSION
Most of the flaws identified during the initial design and construction were corrected
during each phase by being proactive with
input and discussing concerns with the manufacturer and contractor. As the building envelope consultants, the goal was to ensure the
design and installation of the ETFE skylights
conformed to industry standards, with the
aim of improving the long-term durability of
the ETFE skylights and its supporting structure and eliminating air and moisture barrier
deficiencies.
By providing recommendations for
design loads, air barrier, and drainage
components and consistent input during
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construction, this goal was achieved. The
key benefit of the building envelope consulting services provided by RJC was the team’s
local knowledge of practical issues that affect building envelopes in Calgary and the
ability to bring these to the forefront, assisting the sophisticated ETFE manufacturer from Germany.
Considering this is not a typical product
installed by the construction industry in western Canada, several issues were anticipated
during design and construction. As this system installation becomes more mainstream
in the future, these issues will likely diminish
as designers and installers become more familiar with the product.
Jelena Bojanic, B.Sc., EIT, is a building envelope and restoration project engineer at Read
Jones Christoffersen Ltd. (RJC). Since joining
RJC in 2014, Jelena has gained a variety of
project experience in the assessment and restoration of structures and building envelopes.
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Investigating
Confused Spaces:
A Case Study
By Daniel Martis, P.Eng., LEED® AP, Principal, Project Manager, Morrison Hershfield Ltd.

I

replaced, and this happened again. Nobody
understood why this was happening.
The issue was the space was confused; it
wasn’t really outside nor was it inside.

A CONFUSED SPACE
The subject property had a confused service space in the P1 level ceiling of a parking
garage in a high-rise condominium. The service space contains a multitude of plumbing
and HVAC equipment for the swimming
pool directly above, and the hot tub tank was
visible from within this space.
Fin tube radiators provided supplemental
heating for this space. Insulation was installed
on top of the ceiling tiles, which formed the
bottom surface of the space. The ceiling tiles
were vinyl-faced to provide a smooth white
surface to the parking garage below.
The service space contained ductwork for
the pool dehumidifier that maintained the
relative humidity of the room. The ductwork
took air from the pool down to the dehumidifier equipment located on the P1 level and
sent it back, still warm, but much drier. Waste
heat from dehumidification was recovered
and used to heat water in the pool tank. Figure 1 on page 21 shows a section through the
pool, service space, and parking garage.
The client had a persistent and ongoing
problem where, every winter, icicles would
form on parts of the ceiling tiles and, with
the arrival of spring, soaked ceiling tiles
would fall to the garage floor. The tiles were

MISSING AND CONFUSED
BARRIERS
It has been written that good building envelope design requires continuous lines on a
section through the exterior wall, with those
lines representing each key layer of the envelope. As shown in Figure 1, these lines are: a
thermal barrier preventing heat from moving
from one side to another; an air barrier separating inside and outside air; and a vapour
barrier preventing water vapour (found in
air) from moving from one side to another.
In cold climates, the vapour barrier is typically on the warm side of the wall.
In this confused space, the lines were
missing, discontinuous, or in the wrong spot.
Although the concrete structure formed a
good air and vapour barrier, it did not enclose
the service space. The surface of the ceiling
tiles in the garage were really the building
envelope. They had fiberglass batt insulation
that acted as a thermal barrier, they weren’t
really an air barrier (owing to their numerous
unsealed joints), and they acted as a vapour
barrier—but on the wrong side of the wall.
Ductwork ran through the service space,
drawing warm, humid air from the pool
room and sending it to the dehumidifier in
the parking garage. The humid air from the
pool leaked out of joints in the ductwork into
the service space. At about 28oC, this humid
air had a dewpoint of about 16oC. Any surface below 16oC that came into contact with
this air would form condensation.
The ceiling tiles in this space were exposed to the cold parking garage, which was
often below freezing with the garage overhead door nearby. Condensation, frost, and
then icicles formed on the tiles. The vinyl

n most buildings, the separation between
indoor and outdoor space is easy to identify. A wall, floor, or ceiling makes a clear
distinction between the warm, toasty indoors
and the cold, blustery outdoors. If parts of
the building envelope are missing or do not
function, the distinction between indoors and
outdoors can get fuzzy. This becomes a “confused space,” requiring some investigative
analysis to understand whether it should be
inside or outside. Confused spaces are often
found in parking garages, crawl spaces, and
attics—areas that can blur the line between
indoors and outdoors.
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facing of the tiles trapped moisture and frost
within the tiles themselves.
The service space was confused because
there was no way to keep this humid air separate from the cold, dry parking garage. The
air barrier and vapour barrier were both in
the wrong location.
DUCTWORK OUTSIDE THE
CONDITIONED SPACE
Much has been written about ductwork
placement inside buildings. In the humid climates of the southern U.S. states, it is common to place ductwork out of the way, in hot
attics that have a very high temperature and
a very high dewpoint. In turn, this causes condensation when the air conditioner operates.
This was the same problem, but in reverse. Running ductwork carrying warm air
with a high dewpoint through a cold, dry
space causes the same problem as running
cold, dry air through a warm and humid
space. Who would’ve thought?
AIR BARRIER POSITIONING AND
CONTINUITY
Even those unversed in building science
principles understand the importance of
keeping the warm air inside—or sometimes,
the hot air outside. A continuous air barrier,
that line in the sections, is critical for a building envelope to function correctly.
More subtle is the location of the air barrier, particularly in confused spaces that are
neither inside nor outside. In the case study,
the air barrier didn’t enclose that warm ductwork within the building envelope.
SELECTING MATERIAL FOR THE
VAPOUR BARRIER ON THE WARM
SIDE OF WALL
Those same people who are unversed
in building science have learned through
home improvement shows the importance of
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Figure 1. A section showing the pool, dehumidifier, and suspending
ceiling in a parking garage.
putting up that clear, plastic sheet, or vapour
barrier, inside a wall before finishing. Not
everybody understands why—just that you
have to do it.
In cold climates, warm, indoor air often
has more water vapour in it than outdoor air
does. The clear, plastic vapour barrier keeps
that warm air inside, where it belongs. The
rule follows that vapour barriers should be on
the warm side of the assembly.
More subtle is the fact that other materials can unintentionally act as a vapour barrier. Many materials beyond polyethylene
are great vapour barriers. Most famous is
vinyl wallpaper used on the interior side of
walls in warm climates.
In the case study, the vinyl facing of the
ceiling tiles was a very good vapour barrier—
but it was on the cold side of the wall. This
captured water vapour migrating outward
into the dry parking garage, forming icicles.
USING XPS AS A VAPOUR
RETARDER
In the theme of using alternate materials, extruded polystyrene insulation (XPS) is
a great vapour retarder once it’s more than
about one inch thick. It also serves double
duty as an insulating material.
Being aware of all of the physical characteristics of a material was useful in developing this repair strategy.
MANAGING RELATIVE HUMIDITY
FOR A VENTILATION SYSTEM AND
ENTHALPY CONTROL
Some building scientists might be familiar with the adage, “build tight and ventilate
right.” It is easy to over- or under-ventilate
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Figure 2. The location of the new wall and ventilation equipment.

an indoor space. The tricky part comes with
using the correct amount of ventilation.
We were concerned for ventilation of the
confused space, particularly with air leakage
from the ductwork. In the absence of ventilation, the relative humidity in the confused
space might still end up being too high at
times. However, during the summer in a cold
climate, ventilation becomes less important,
as the outdoor air and the air in the pool
space have almost the same temperature and
dewpoint.
The question then became, “How do
we ventilate this properly?” The solution
was using enthalpy control to ventilate only
when the indoor and outdoor conditions
required it. Mechanical engineers are, no
doubt, familiar with enthalpy of air, while
civil engineers may have tried to put it out
of their mind.
Enthalpy controllers are used to monitor
and command a “free cooling” mode in rooftop HVAC units. When outdoor air has the
right enthalpy (being the right combination
of temperature and humidity), it can provide
the cooling needed for an indoor space.
In the cold climate of the case study, the
enthalpy controller demanded ventilation
for the service space only during the winter,
when exhausting humid air. Making it up
with cool, dry air from the parking garage
helps to keep the relative humidity at a reasonable level.
THE SOLUTION
The solution for this confused space
involved several things. First, joints in the
ductwork were air-sealed to keep most of the
humid air where it belonged, though some

would still leak. We also constructed a wall
inside the service space to better enclose the
ductwork. The new wall used XPS insulation
as an air barrier, vapour retarder, and thermal barrier to keep the ductwork separate
from the cold ceiling tiles of the parking garage. Figure 2 (above) shows the new wall.
THE TAKEAWAY
Confused spaces present themselves
when the separation between indoors and
outdoors gets blurred. Often, this happens
when there is a big difference between the
indoor and outdoor temperature and the
dewpoint for most of the year.
Attics, crawl spaces, and service spaces
are great locations to run building services,
but in most climates, these services should
remain inside of the building envelope.
These spaces need a complete building
envelope to make a clear distinction between
indoors and outdoors. The greater the difference in temperature and humidity, the greater the risk of something going wrong. This
is why swimming pools in cold climates can
present the same challenge as hockey rinks in
humid climates.
Working with your building envelope
consultant is key to ensuring these spaces
work as intended. 
n
Daniel Martis, P.Eng., LEED® AP, is a
principal and project manager at Morrison
Hershfield Ltd. He has 15 years of broad experience in building envelope and concrete restoration. His focus is on facilities assessment,
management and capital planning, and building repair and restoration, including repairs to
structural concrete.
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Analyzing the Energy Performance
of a Nested Thermal Envelope
Design New-Build Home
By Anna Farbis, B.A.Sc., Project Coordinator, Pretium Engineering Inc. &
Dr. Kim Pressnail, Associate Professor of Civil & Mineral Engineering, University of Toronto

T

he serious consequences of climate
change have led to a global need for a
decrease in energy use and CO2 emissions. In Canada, buildings account for approximately 30 per cent of secondary energy
use and 25 per cent of CO2 emissions, making the building sector an important target
for decreasing the impact of climate change.1
Canada has been a leader in low-energy
building design since the 1970s; however,
the exploration and implementation of these
designs has lagged significantly. With the increasing need for buildings to perform better,
research and application of innovative, lowenergy building designs is a requirement of
the modern day.
The nested thermal envelope design
(NTED) is a modern building design approach developed by Dr. Kim Pressnail of
the University of Toronto and Dr. Russell
Richman of Ryerson University. The approach builds upon early passive design
principles and develops multiple double-envelope building designs first pioneered in
the 1970s.2,3 The NTED system consists
of two thermal zones–the perimeter and
core–acting independently in controlling
heat, moisture, and air movement within a
building.
The core serves as the main living space,
which is operated at desired living conditions

Figure 1. Floor plans of the NTED new-build.

year-round, and the perimeter is a secondary living space that may be used and conditioned only when needed. Both zones can
be operated at a common set-point temperature, called the standard mode. However,
when a homeowner wants to maximize
energy savings, the house can be operated
in low-energy mode, in which only the core
areas are occupied and conditioned. This
mode reduces energy use by decreasing the
thermal gradients across each envelope and
the conditioned area of the house.
One problem often faced by designers
of low-energy buildings is controlling and
using solar gains. To do this, the NTED system uses an inter-zonal heat pump, which
transfers solar heat gains from the perimeter
to the core during the winter and transfers
heat from the core to the perimeter in the
summer. This allows perimeter thermal conditions to be varied and energy recovered as
needed.
The NTED new-build is a low-energy
residential home design developed by the
lead author to model the energy performance of a fully implemented NTED system
in Toronto.4 It includes standard architectural features for a low-rise residential home,
divided into core and perimeter spaces. The
perimeter spaces consist of two areas: an
air space and living space. The 150 mm ‘air

space’ surrounding the north, east, and west
walls of the main and second floor of the
house (shown in Figure1, below) are used for
service routing and to allow airflow by natural convection throughout the home.
The basement level is entirely a perimeter zone, where the mechanical equipment and storage space is located. The perimeter living space on the main and second
floors has a heavily glazed, south-facing
area that collects solar heat. Where glazing
is located along the air space area, there
are two layers of windows provided: one
set for the perimeter envelope and one for
the core envelope. To limit carbon emissions due to energy use, the NTED design
uses only electricity as the energy source
for heating since, in Ontario, heating with
electricity has a lower emission factor than
heating with natural gas.
Dividing a home into core and perimeter
areas leads to the question, “What perimeter
air temperature will result in the minimum
heating energy use?” Minimum heating
energy use occurs when heating energy is
only supplied to the core and no additional
heating energy is supplied to the perimeter.
So, this minimum energy use will correspond to a perimeter operating temperature
that will vary as the outdoor air temperature
varies.
The most efficient perimeter operating
temperature is a function of the outdoor
temperature and it is a function of the relative overall thermal resistance and air tightness of the core and perimeter envelope.
Therefore, each NTED house has a unique
optimum perimeter operating temperature
for a given outdoor air temperature based
on its envelope. To remove weather as a variable, it is useful to define a quantity, which we
will call the “operating ratio” (OR). The OR

Pushing the Envelope Canada 23

FEATURE n n n
Zone

Perimeter

Core

Component

UA (W/K)

Perimeter Wall

53.32

Basement Wall

17.65

Basement Floor

10.54

Perimeter Roof

10.06

Core Wall

41.96

Core Floor

9.88

UA (W/K)

91.57

67.26

Core Ceiling
15.43
Table 1. Calculation of the overall thermal conductance for perimeter and core zones.
normalizes for the effects of weather and can
be defined as follows in Equation 1:
Operating Ratio (OR) =TP – TO
TC – TO
Where:
• TC is the air temperature of the core;
• TP is the air temperature of the perimeter; and
• TO is the outside air temperature.
It’s worth noting the formula for the OR
bears a striking resemblance to the temperature index often used to describe window
performance. That’s because the same concept that normalizes temperature differences
for windows has been applied to a nested
thermal envelope home. The perimeter air

temperature is analogous to the surface temperature of the glass.
The OR is a useful tool for deciding when
there is excess heat in the perimeter. If there
are excess solar gains, the perimeter can
be cooled by means of an inter-zonal heat
pump that can be used to pump excess solar
heat into the core. This can be an efficient
means of solar control, particularly since
heat pumps operate most efficiently when air
temperature differences are small.
We can determine the OR for the NTED
new-build. Recall that minimum heating
energy use occurs when heat energy is only
supplied to the core. If we neglect air leakage,
then, at steady state, the heat flowing through
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the core envelope to the perimeter is equal
to the heat flowing through the perimeter
envelope to the outside. This is described by
Equation 2:

UCAC (TC – TP) = UPAP (TP – TO)
Where:
• TC, TP are the air temperature of the
core and the perimeter, respectively;
• TO is the outside air temperature;
• UC, Up is the overall heat transmission
coefficient for the core envelope and perimeter envelope, respectively; and
• AC, AP are the overall areas of the core
envelope and perimeter envelope, respectively.
Equation 2 can be rearranged to isolate
the dependent variable, TP, substituted in
Equation 1, and simplified to create Equation 3, which defines the OR as a function of
the overall heat transmission coefficients of
the core and the perimeter:
OR =   UCAC
UCAC + UPAP
We can now find the sum of the products of thermal conductance values and respective areas for each component in both
the core and perimeter. These values are

n

Figure 2. Heating energy use intensity (kWh/m2) for Passive House
home versus NTED home.
shown in Table 1 (on the previous page) for
the NTED home. The OR for the new-build
can now be found by substituting the values
shown in Table 1 into Equation 3.
Using Equation 3 and the values provided in Table 1, the NTED home was found to
have an OR of 0.42. “Mathemagic” aside,
this means that to minimize heating energy
use, the perimeter should be operated so that
approximately 40 per cent of the air temperature drop between the core and the outside
occurs across the perimeter envelope. However, there is a limit to how low the perimeter
temperature should go. To reduce the risk of
damage due to freezing materials, including
plumbing pipes in the perimeter, a lower limit of 5oC was applied. In cases where the OR
could lead to perimeter temperatures of lower than 5oC, the set point temperature would
be governed by this lower limit.
HOT2000 Energy Modelling software
was used to model the energy performance
of the NTED new-build to determine the
effectiveness of its design. This model focused on heating energy usage, since this is
the greatest energy demand for a house in
Toronto. The Low-Energy Mode could not
be modelled directly using HOT2000, since
the software only allows one conditioned
zone. There was also no way of simulating
an inter-zonal heat pump. So, to model the
NTED new-build using HOT2000, a few
work-arounds had to be developed.
The first step was determining the energy
needed to heat the core zone only, without any
benefit of solar heat gains. To do this, the baseline model was developed, which closely resembled the properties of the NTED new-build,
excluding windows. This low-energy model
assumed that, during the heating season, the
perimeter was consistently kept at a setpoint
temperature determined by the OR. As a result, only the perimeter building envelope was
modelled, and the core / perimeter interface
was assumed to be entirely adiabatic.
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Figure 3. Insulation levels required for average Passive House home vs.
NTED home.

The second step was determining the
energy needed to heat the core zone only,
with the benefit of solar heat gains in the perimeter. This was done by including the glazing area, at the specifications of the original
design, within the baseline model to form the
solar gain model.
Using an assumed core air temperature of
21oC in the winter and 24oC in the summer,
along with monthly average outdoor temperatures in Toronto, the average perimeter
set-point air temperature was calculated for
each month. Both models were run 12 times
with each monthly perimeter temperature,
and the results were added for each model to
determine an annual heating energy use with
and without solar gains.
These values were subtracted to determine the amount of heat energy generated
through solar gains in the perimeter that
could be transferred to the core. As a result,
the perimeter is expected to stay at the temperatures defined by the OR, while the core
benefits from the additional heating energy
provided by the perimeter glazing area.
Figure 3 (above) summarizes the energy
modelling results for the NTED new-build,
compared to the general requirements of the
Passive House Standard.
The results of the standard and lowenergy modes provide the upper and lower bounds of heating energy performance
for the NTED house. It’s worth noting that
under low-energy mode, the perimeter may
often become a thermally uncomfortable
space during winter and summer months, so
the usable floor area should only encompass
the core floor area for direct comparison to
the Passive House standard. Under these
circumstances, the space heating demand of
the NTED new-build is 6.42 kWh/m2 annually. This is less than half of the requirement
to meet the Passive House Standard space
heating demand (15 kWh/m2), achieved with
comparable amounts of insulation.

The objective of the NTED new build design and energy model was to continue exploration into innovative design and construction
methods for low-energy, single-family homes
in cold climates. Through the concept of the
operating ratio and an innovative modelling
methodology, the energy performance of
the NTED new-build, and consequently all
NTED homes, could be determined. The
hope is that the exceptional energy performance of this design will lead to further exploration into the NTED concept and the reduction in the construction of energy inefficient
homes that are less durable and place a greater burden on the environment.
n
Anna Farbis works as a project coordinator
at Pretium Engineering Inc. She received her
bachelor of applied science in engineering science in 2019 at the University of Toronto. She
specialized in infrastructure engineering and
completed an undergraduate thesis in low-energy building design.
Kim Pressnail is an associate professor of
civil and mineral engineering at the University
of Toronto. He teaches and researches building
science at the University of Toronto.
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Stack
Effect,

GHGs, &

Cannabis
Smoke:

A Retrospective Retrofit Perspective for
Aging Multi-Unit Residential Buildings
By Matt Carlsson, M.A.Sc., P.Eng., C.P.H.D, Building Science Consultant, Morrison Hershfield Ltd.

T

he idea that high-rise multi-unit residential buildings (MURBs) should
be compartmentalized to minimize
the impacts of stack effect and be equipped
with balanced in-suite ventilation systems is
not a new concept. Local building science
literati have been talking about this for decades, from the Canada Mortgage & Housing
Corporation (CMHC) to the late venerable
Gus Handegord and his disciples. That’s all
well and good, but why would you do that if
it costs more? As it turns out, you wouldn’t.
At least not until recently and, even then,
only in rare cases when there are ambitious
indoor environmental quality goals. Or, if
you happen to be designing a garden variety
apartment building in Scandinavia for some
reason.
The existing stock of high-rise MURBs in
Canada’s urban centres is substantial, with its
own building boom generation entering retirement age, and you won’t find many—or
any—that were built this way. Now, there’s
a growing need to renew this building stock
and a mounting interest in retrofitting the
envelopes to improve overall performance
and refresh the appearance. Because the envelopes of these buildings are typically poorly
insulated and leaky, this makes sense; you
need an efficient envelope to reduce heat loss
and infiltration.
Unfortunately, what usually gets overlooked in major MURB retrofits is the ventilation system, which is often highly ineffective and can be made worse by an envelope

retrofit. It might seem counterintuitive, but
perhaps we should be compartmentalizing
these buildings and decentralizing the ventilation system before we retrofit the envelope,
or at least do them simultaneously. There are
reasons behind this silly talk.
Most high-rise MURBs use a pressurized
corridor ventilation strategy. These systems
use a rooftop make-up air unit (MAU) to
blow air down a central trunk duct and into
the corridors of each floor in the hopes it will
pass through the door undercuts, ventilating
the suites before continuing outside through
the bathroom exhaust ducts and other cracks
and openings in the envelope. This works
quite well on paper, and it can work in reality, as long as:
• The system is still balanced and operating
as when it was originally commissioned;
• The occupants haven’t sealed around
their front doors for some reason and
don’t open their windows or balcony
doors;
• The heating system isn’t on and causing a
stack effect; and
• It’s not windy outside.
It’s a little finicky, sometimes. Convincing air to evenly distribute itself among
the suites is like herding ghosts. If someone
opens a window, the air tends to go through
that suite, bypassing the others on the floor.
Or, it might travel up the elevator shaft,
skipping the suites altogether if that’s easier.
This ventilation strategy relies on a positive
pressure differential from the corridor to
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adjacent suites and from the suites to outside to maintain the desired airflows. The air
pressure distribution in the building is continually disturbed by factors such as the stack
effect, elevator operation, window operation,
and wind pressures on the building’s exterior.
The result is a highly variable and unpredictable fresh air delivery rate to individual suites
under constantly changing conditions, even
during normal building operation, which
negatively impacts indoor air quality. The
dynamic pressure fields from wind and the
stack effect can overpower the mechanical
ventilation system, altering or even reversing
airflow to suites. MAUs are commonly oversized to overcome these confounding factors.
Air will always take the path of least resistance, there may just be more of it going
where it’s not designed to. In the heating
season, the stack effect can draw polluted
air up from the parking garage into suites on
the lower floors. If someone decides to take
up the newly legal practice of cannabis horticulture (except for those in Manitoba and
Quebec, where it’s not legal), the entire
building above them is going to smell it. Not
to mention, if they’re combusting it.
If each suite is individually sub-metered
for heating energy, tenants on the lower
floors inevitably also pay to heat the upper
floors. As warm air rises and pushes out
the top half of the building, it’s replaced by
cold air drawn into the lower suites, causing
them to crank their heat while upper floors
shut theirs off, or even open windows in an

n

attempt to combat overheating—a phenomenon building scientists refer to as “tragic
irony.”
Tenants on upper floors have little incentive to close their windows in the winter, as
air is constantly flowing from the inside out,
while lower floors are drafty. Since there is
typically no central return duct, there is no
opportunity for heat recovery; a pretty inefficient system. It’s a very inexpensive solution,
and elegant in its simplicity. Like a lemon battery. Despite decades of evidence and plenty
of research showing them to be ineffective,
they continue to prevail as the dominant
ventilation strategy for high-rise MURBs.
VENTILATION DISTRIBUTION
EFFECTIVENESS AND ENVELOPE
RETROFITS
An envelope retrofit that improves overall
airtightness can have the unintended consequence of amplifying the deficiencies of pressurized corridor ventilation systems. Because
bathroom exhaust fans are operated intermittently—whereas the central ventilation
system is usually a constant flow rate—the
air will find other ways to exit the building.
A 2013 CMHC study examining the effect
of envelope retrofits on six MURBs showed
that average air leakage rates through the exterior envelope were reduced by 31 per cent.
This is good, of course, but if the envelope is
made more airtight without a change in the
ventilation strategy, the desired decrease in
airflow through the envelope can also mean
a corresponding and undesirable decrease in
ventilation air reaching suites. Although air
leakage can be a significant source of energy
loss, envelope airtightness improvements
without a change in ventilation strategy can

degrade indoor air quality and encourage
occupants to leave their windows open more,
undermining the airtightness effort.
CASE IN POINT
Comprehensive airflow measurements
and tracer gas testing following an extensive envelope retrofit of a 13-storey, 37unit, 5,176-metre-squared (gross floor area)
MURB in Vancouver found as little as eight
per cent of ventilation air was actually reaching suites, with the remaining lost mostly to
elevator shafts, stairwells, and duct leakage.
The energy used to heat the ventilation air
accounted for over half the overall heating
energy for the building; clearly, not an efficient use of resources. This building was
used as a case study to build two calibrated
EnergyPlus baseline models using the measured performance characteristics of the original 1986 construction and the 2012 envelope retrofit (ENCL). The models were used
to simulate a compartmentalization and insuite ventilation system (C+ISV) retrofit and
investigate the potential impact on energy
use and greenhouse gas (GHG) emissions.
Isolating the floors from one another
through air sealing helps reduce the stack
effect and issues associated with it. Summoning a conceptualization made famous
by the aforementioned building science
scholar, it’s like turning the building into
13 single-storey buildings stacked on top of
each other. Now, suite ambient pressures
can equalize with outside atmospheric pressure, reducing uncontrolled airflow through
the envelope. With a leaky envelope in
windy conditions, air pressure in the suites
should still equalize quickly with the exterior
ambient pressure, even though it might vary

Figure 1. A schematic illustrating the impact on pressure distribution
and stack-induced airflows of the air-sealing retrofit.
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between the windward and leeward sides of
the building. Of course, you can’t compartmentalize the elevator shaft, so sealing the
suite-to-corridor boundaries helps isolate
the stack effect to the building’s core. Figure
1 (below) illustrates this concept.
The central ventilation system flow rate
could then be reduced significantly to the
level required to serve only common corridors, resulting in a corresponding decrease
in natural gas used to condition the outside
air. Fresh air would be provided to each suite
through a dedicated heat recovery ventilator (HRV). The HRV’s balanced intake and
exhaust flows help prevent pressurization
or depressurization of the suite and reduce
uncontrolled air leakage. A decentralized
ventilation system also enables demand-control, so individual suites are not ventilated
unnecessarily while unoccupied.
DISCUSSION
Both retrofit measures examined offer
energy and GHG reductions through the decrease in space heating energy demand compared to the original building construction.
Increasing the thermal performance and
airtightness of the building envelope through
a complete envelope retrofit reduces air infiltration and conductive losses through outside
walls, reducing overall space heating energy.
Since mechanical ventilation rates aren’t adjusted in this scenario, heating energy savings
are realized solely by the electric baseboard
heaters in each suite. Since the electrical grid
in this case is largely supplied by low-carbon
resources, the reduction in electricity use for
heating through an envelope retrofit alone
has very little impact on the building’s overall
GHG emissions.

Figure 2. Heating energy and greenhouse gas emissions reductions by
retrofit strategy.
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In the proposed compartmentalization
and in-suite HRV retrofit scenario, energy
savings predominantly result from the addition of heat recovery for mechanical ventilation and reduced infiltration from the stack
effect. Since ventilation air is supplied directly
to the suites, the central ventilation rate from
the MAU can be significantly reduced to what
is required for just corridors. Although overall space heating energy savings are less with
the proposed retrofit than with the envelope
retrofit, GHG emissions reductions are greater since the central MAU supply air is heated
by burning natural gas. Figure 2, on the previous page, summarizes the simulated heating
energy and associated GHG emissions reductions of each retrofit strategy.
The ENCL retrofit, which mitigated
conductive heat loss through the building
envelope, resulted in the greatest reduction
in space heating energy, decreasing by 55
per cent (617 MWh or 119 ekWh/m2). The
C+ISV retrofit, which eliminated most of
the natural gas combustion associated with
conditioning ventilation air, resulted in
the greatest GHG emissions savings, with
a reduction of 70 per cent (43.9 t CO2e, or
8.5 kg CO2e/m2). The greatest savings are

found with both retrofit measures applied
together, resulting in a space heating energy
reduction of 78 per cent (869 MWh or 168
ekWh/m2), and lower associated GHG
emissions by 83 per cent (52.1 t CO2e, or
10.1 kg CO2e/m2).
COLLATERAL BENEFITS
Unrelated to energy or carbon savings,
but of equal or greater importance, is the
potential for improved indoor air quality as
a result of the proposed retrofit. Compartmentalization of the suites mitigates the
transfer of airborne contaminants among
suites, and the addition of dedicated HRVs
allows for fresh air to be provided effectively
to the suites at the full recommended design
rate, which is difficult to achieve in reality
through corridor pressurization. In addition
to improved indoor air quality, the proposed
C+ISV retrofit allows for demand control of
ventilation rates at the individual suite level.
Ventilation can be reduced or turned off during unoccupied hours of the day and / or days
of the year, reducing unnecessary heat loss
and fan energy.
Reducing the stack effect also results
in improved thermal resilience of high-rise
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MURBs in the event of power loss in heating
and cooling seasons. During a power outage,
a typical high-rise can become quickly uninhabitable from heat loss, cooling capacity,
and the rapid loss of conditioned air from the
building due to the stack effect. Mitigating
this effect through suite compartmentalization can reduce uncontrolled air flow from
the building, allowing occupants to remain
in place longer before interior temperatures
force evacuation. Other benefits include reduced sound transmission, improved odour
control, and better smoke and fire control.
CONCLUSION
The impact of the proposed compartmentalization and in-suite ventilation
retrofit, if applied on its own to a high-rise
MURB with a leaky and thermally inefficient envelope, can reduce energy consumption by reducing infiltration caused
by wind and the stack effect and positively
impact mechanical ventilation distribution
effectiveness, improving indoor air quality
for residents. Because building envelope
airtightness improvements can negatively
impact ventilation air distribution to suites
in buildings with pressurized corridor

n

ventilation systems, the proposed retrofit
should be applied in combination with, or
before, any major envelope retrofit.
Nationally, residential buildings accounted for 15 per cent of Canada’s overall
GHG emissions in 2013, with space heating
energy making up 64 per cent of the total
residential sector output. The GHG emissions factor for electricity in British Columbia
is relatively low, at 25 g CO2e/kWh compared
to the 2013 Canadian national average of 150
g CO2e/kWh, so the benefits of the proposed
retrofit should be more significant in most
other provinces.

The GHG reduction potential would
also be amplified in the other provinces,
as their climates are generally much colder
than British Columbia’s, resulting in higher
heating energy demand and greater stack
effect pressures. Not to mention, a 13-storey building barely qualifies as a high-rise
these days and, the taller the building,
the greater the stack effect. The proposed
retrofit is an opportunity to contribute to
municipal, provincial, and national GHG
emissions reduction objectives across Canada, particularly in regions like the Greater Toronto Area, with its cold winters, hot
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summers, abundance of tall MURBs, and
relatively low-carbon grid electricity.
n
Matt Carlsson, M.A.Sc., P.Eng., C.P.H.D,
is a building science consultant with Morrison
Hershfield Ltd. and is a professional mechanical engineer in Ontario. He is a certified Passive
House consultant and holds a master’s degree
in building science. Carlsson’s professional
experience includes mechanical commissioning for data centres, residential HVAC system
design, energy modelling, hygrothermal simulation, and carbon-neutral and deep energy retrofit feasibility studies.		
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Variability in Sorption
Isotherms in Plywood & OSB:

How I Learned to Stop Worrying &
Love the Model
By Kevin Zhang, Ph.D. Candidate, Ryerson University &
Dr. Russell Richman, B.A.Sc., M.A.Sc., Ph.D., P.Eng., Associate Professor, Associate Chair, Graduate
Program Director, Faculty of Engineering and Architectural Science, Ryerson University

A

nyone who has ever baked a cake
can tell you it is a very exact science–the volumes (or better yet,
the mass) of each ingredient, how they’re
combined, amount of heat applied, and
the length of time in the oven are all crucial factors. If you miss even one factor, the
entire cake could be ruined, and the next
thing you know, you’ve been kicked off of
MasterChef Canada. This is, perhaps, a
far reach, but I like to view hygrothermal
modelling as a sort of delicious information-cake. A model needs strong material
inputs, good thermodynamic equations,
and realistic weather inputs (and other
boundary conditions) to produce dependable results.
Just as you can’t just toss in handfuls of
flour, sugar, and eggs and throw it into an
oven for five minutes at 3,000 degrees and
expect a cake, you can’t input poorly measured or poorly understood material properties into a hygrothermal model and expect a
thesis.
Now, understanding that modelling will
almost always be imperfect due to the limitations of computation and the complexity
of combined heat and mass transfer through
heterogenous materials, it is still a very
powerful (and cheap) tool for predicting durability. A field test of a wall assembly sitting
outside for one year would provide wonderful results, but you’d have to wait a year for
that data. A model can be completed in a
few hours (or less) and could provide a good
representation of the field test. This study is
working on reducing the gaps in model accuracy through the material property portion
of the model.
You may know Wärme Und Feuchte
Instationär—which, translated, means heat

and moisture transiency—better as WUFI,
the hygrothermal modelling program being used for the study. For those unfamiliar, WUFI is a commercially available 1-D
and 2-D hygrothermal modelling program.
It has been calibrated against field tests
through various studies in the past and was
developed by the Fraunhofer Institute for
Building Physics.
The material property being studied is
the sorption isotherm (or moisture storage)
of OSB and plywood sheathing, which has
been found to have manufacturing variability of up to 25 per cent.1 This article describes the first of three parts of a thesis project on the variability in sorption isotherms.
This first part is a parametric modelling
study only.

BACKGROUND
Material properties can be a low-hanging
fruit, in terms of improving simulation accuracy, since we can isolate and measure these
properties in varying conditions to better
capture a broad set of values.
Regardless of how we measure things,
there is always a risk of intrinsic material
variability with organic components. Wood
is a big offender here. The heterogeneity of
wood’s material properties comprises the cell
structure and seasonal effects.
In softwoods, the growth of the tree in the
earlier part of the season differs from growth
in the later portions of the year (early, intermediate, and late). The thickness of cell walls
differs between early-, intermediate-, and
late-season wood, which results in variable

Figure 1. Summary of parametric study round one inputs.

Figure 2. Summary of parametric study round two inputs.
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Figure 3.
density and porosity—up to 40 per cent.2
This mixed bag of early-, intermediate-, and
late-season wood then gets chopped up and
smashed with hot resin to make OSB or
shaved thinly and pressed to make plywood.
Throw in the manufacturing variability of 25
per cent1 and, suddenly, it’s not as straightforward as clicking that “add material” button in WUFI, selecting “plywood sheathing,”
sitting back, and calling it a day.
Mould growth is a good indicator of
wood sheathing durability over time, since
organic materials under sufficiently wet and
warm conditions often degrade from organic
growth. It is also pervasive; estimates suggest
about 50 per cent of homes in North America experience dampness or mould-related
issues.3 Mould growth is dependent on temperature, moisture, and substrate. The substrate, in this case, is the wood sheathing. Since
we can’t remove that, we will be examining the
temperature and moisture conditions.
Moisture sorption isotherms, for those
unfamiliar, are curves that describe how
much water vapour a material adsorbs at
various relative humidity levels. We suspect
this curve can change with temperature and
age of material, but not many studies have
been done for building materials. The effect
on simulation results from varying these
values is also unclear, and this study aims to
capture that.
METHODOLOGY
Since WUFI outputs temperature and
relative humidity, the mould index (MI) was

used as a metric to evaluate durability changes between models. MI is a calculated value
that represents the risk of mould growth.4 In
the case of wood sheathing, mould growth is
a strong indicator of moisture-related issues.
MI is calculated as a change in mould risk
each time step. Starting with MI = 0, the
change is calculated for each time step and
then added or subtracted from the previous
time step value.
The M value is calculated at each hour
and added to the previous summation: Mt =
Mt – 1 + M.
If Mt is greater than three, there is risk
of mould growth. So, in essence, the model
spits out a temperature and relative humidity
each hour, which is then fed into MATLAB
code, which performs a range of calculations,
resulting in an MI value.
The parametric study was divided into
two rounds of modelling. The first round
used a larger number of parameters to act as
a broad filter and the second round focused
on the critical parameters determined from
the first round. Remember, we are focused
on the moisture sorption isotherm as the material property of interest.
The parameters used in the first round of
models are shown in Figure 1 (on page 31).
The combination of each city, isotherm,
wall type, rain calculation, and air leakage
rate results in 840 models. Cities were chosen
to capture the variety of climates in Canada.
Isotherms were linearly modified from the
default values up to 25 per cent, based on literature regarding the variability in OSB and
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plywood sheathing.1 Wall types were all residential style walls that commonly use OSB
and plywood sheathing, with variations on
cladding (e.g., EIFS, brick, and wood siding)
and presence of rigid insulation outboard of
the frame. A five-year simulation was used.
Examining the results of the first round
demonstrated the worst mould risk cases for
air cavity flow, climate, and wall type. The
driving rain calculation method did not result
in any significant difference in mould risk.
With some major parameters such as climate
out of the way, the next round of modelling
was able to examine things like insulation,
orientation, and sheathing type.
The parameters used in the second round
of modelling are shown in Figure 2 (on the
previous page).
The second round removed the driving
rain method as a parameter. The 30 ACH air
cavity flow rate was chosen, as literature demonstrated this is a more realistic value. Only
a Vancouver climate file was used, as this was
the highest-risk city climate from round one.
A standard, low-rise wood frame, cavity-insulated wall was used, with the thicker walls
including additional outboard insulation.
The insulation was mineral wool, with
OSB and plywood sheathing types being focused on. Each wall was also modelled with
and without a six-millimetre polyethylene
vapour barrier. Building orientation was also
included in the parametric study. Finally, insulation thickness was modelled and linearly interpolated. A five-year simulation was
performed.

n

The raw results from WUFI (temperature and relative humidity at the sheathing location) was output hourly. MATLAB
code was written to perform the calculations
for MI, as handling such large amounts of
data was otherwise difficult. Once the MI
values were calculated for each case, they
were input into a matrix to create a durability map.
RESULTS
The results are presented in a durability
map. This durability map is a “heat map,” in
which MI data is represented in a matrix as
varying colours that show the risk level. On
one side of the scale, yellow represents a low
risk of mould (MI ≈ 0). Red represents the
threshold of MI = 3. Remember, when MI
is greater than three, there is a definite risk
of mould growth. Purple and beyond (MI >
3) represents a high risk of mould growth.
The first durability map is for the plywood
sheathing.
From Figure 3 (on page 32), it’s clear that
a façade along the east elevation in Vancouver’s climate has the greatest mould risk. This
doesn’t apply to all climates, since varying
geography may influence the climate data
differently at each elevation.
Generally, as insulation increases beyond
25 millimetres (one inch), mould growth risk
increases for walls with a vapour barrier. This
is expected, as the drying potential of the
wood sheathing is reduced as insulation increases. The improved thermal performance
of the wall is keeping the wood sheathing at
a warmer temperature over the winter. This
assists in maintaining more ideal conditions
for mould growth as the sheathing temperature is warmer.
The opposite is true for the vapour-open
wall. Without a dedicated vapour barrier,
the insulation is the primary moisture control layer outboard of the sheathing, so,
thicker insulation improves the moisture
performance. Although only mineral wool
was modelled, it is expected that a closedcell foam insulation such as XPS outboard
of the cavity would result in better performance (provided the insulation joints are
taped).
We can also see that MI is greater than
three only at the extreme high end for insulation thickness, which is only used in super-insulated, passive house style construction. We
can, however, compare across the changes
to moisture sorption isotherms. From -10

to -25 per cent, we see that the MI increases
to greater than three at 400 millimetres (16
inches) of insulation. This applies to both plywood and OSB sheathing.
Overall, the OSB sheathing performed
worse than the plywood sheathing. This is
likely due to the higher area of exposed wood
material. Due to the OSB’s construction
from smaller chips, any poorly bonded pieces
where resin did not fully cover the material
(particularly at the surfaces), there is more
surface area for sorption of water vapour.
The more symmetric and consistent bonding
used in plywood construction results in lower
MI values.
In general, the vapour open-wall performed poorly compared to the vapour
closed-wall. This is generally true for
heating dominant climates (i.e., basically,
all of Canada). Although the results do
demonstrate that some orientations may
not necessarily result in mould growth, a
vapour barrier results in superior moisture
performance.
The changes to the MI with varying
moisture sorption isotherms are not directly
correlated. For example, comparing -10 per
cent to -25 per cent, the MI increases. Comparing +10 per cent to +25 per cent, the MI
decreases. The wetting / drying cycle lag is
affected by the moisture storage, which then
affects the cumulative MI calculation. Comparing the relative humidity values for the
+10 per cent and the +25 per cent cases over
the five-year simulation period, the +10 per
cent case has higher relative humidity values
during the wetting periods. Since relative humidity correlates to the MI, the higher relative humidity values would result in higher
MI values.
CONCLUSIONS AND FUTURE
WORK
The parametric study demonstrates that
variation in moisture sorption isotherms in
wood sheathing can change a highly insulated
wall assembly from low to high mould growth
risk. Specifically, with respect to WUFI and
its own limitations, we were able to use the
MI as a metric for estimating mould risk by
calculating the mould index using temperature and relative humidity outputs from a
five-year simulation. Other interesting compounding factors used in the parametric
study include city climate, insulation thickness, building orientation, and the presence
of a vapour barrier.
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The variation in wood sheathing, both
from natural reasons and from the manufacturing of the sheathing, could result in uncertainty in mould risk from simulation. Or,
in other words, our simulation-cake could
taste quite mouldy if we measured just one
of our ingredients incorrectly by as little as 10
per cent.
The next phase of this project is to measure sorption isotherms with aged and new
sheathing, and at varying temperatures. We
will also be exploring different measuring
methods. Finally, the measured data will
be input back into WUFI for further
modelling.
n
Kevin Zhang is currently pursuing his Ph.D.
in civil engineering at Ryerson University, jointly
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Green roofs where drains and
so-called vegetation-free zones
are choked with vegetation from
lack of maintenance will result
in green roof failure.

Green Roof Failures:
Getting to the Root of the Problem
By Rick Buist, Green Roof Program Manager, Tremco Roofing

M

y introduction to the world of
green roofing came in the spring
of 2000. A client asked me to create a custom growth media for a landscaped
garden on a penthouse rooftop in Toronto.
That first experience was the germ of interest that directed my attention for years to
come. Although I’d seen what I now know
are termed “green roofs” in various forms,
I’d never considered the impact this industry
would have on my career.
Almost 20 years later, I am what may
be called a veteran of the industry, having
been involved with millions of square feet
of green roof projects scattered throughout North America. It has been a dynamic, thought-provoking ride, and there have
been countless challenges. I have had the
opportunity to contribute to and watch
the evolution of an industry association,
North America’s first green roof by-law,
green roof professional training courses
and designations, cutting-edge research
leading to standard development, and
more.
I have both supported and pushed
against some of the forces that have shaped
the industry. However, one thing I have in
common with most of my colleagues is that
green roofs that fail, in whatever way, are
not good for the industry. That premise has
shaped much of my work in patenting products, advising design, and evaluating market
trends.

As with most new technologies, there
is an initial rush to market, and everyone
comes in with dollar signs in their eyes to try
to take advantage. Much of the market experimentation in the early days allowed for
poorly contrived practices that needed time
to prove their inefficacy. Some best practices
were adopted out of Germany; however, not
all were directly relative to the varied climatic
challenges of North America. It took time to
develop standards that were relevant and acceptable to the design industry.
The end result of all of this early market
hysteria is what we are now seeing, years
later, especially in the Greater Toronto Area.
The by-law enacted by Toronto City Council
was launched with the dual goals of combined sewer overflow (CSO) mitigation and
cooling benefits (biodiversity and other secondary benefits were also considered). Unfortunately, the good that green roofs can do
for a city can be quickly forgotten when the
cost of failure is calculated.
Green roofs initially installed with much
fanfare are now the responsibility of building
managers, who often lack the experience or
knowledge required to deal with the fallout
of a green roof failure. I’ve been asked to assess many of these failed green roofs. Some
are only three or four years old; some are
much older. Without exception, I have come
away disappointed because so much was preventable, because these failures leave a bitter
taste in the mouths of managers and owners,
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and because our industry has allowed this to
happen.
Most of these failures have come from
neglect. To sell their products, some green
roof companies would tell potential clients
their systems required low to no maintenance. As everyone in sales knows, any
qualifications like “low maintenance” are
quickly forgotten once they hear “no maintenance.” It’s similar to when you give a
price range; the only price remembered is
the lowest.
I have visited green roofs where no one
knew they existed. One that stands out was a
school where no one had looked at the green
roof for two years. When I arrived, there was
a forest of poplar trees, some as tall as eight
feet, all over the roof area. The potential
damage this could have created to the building structure and membrane would be significant if left unaddressed.
I have visited green roofs where they
forgot to irrigate, forgot to turn on / off the
irrigation, or programmed the irrigation to
water well past the point of over-saturation.
I have visited green roofs where the drains
and so-called vegetation-free zones were
choked with vegetation. The cause is always
the same: lack of maintenance. Here are reasons cited by owners / managers for lack of
maintenance that resulted in the green roof
failure:
• “I was told it didn’t need maintenance.”
Somehow, magically, when you put a

n

garden on a building, it takes care of
itself?
• “I don’t know anything about plants.”
Hire someone?
• “We were told it didn’t need irrigation.”
You were misinformed.
• “LEED status wouldn’t let us install irrigation.” The benefits of a healthy green
roof outweigh the amount of water to
keep them healthy. I suggest installing irrigation after certification.
• “I thought the installer had to take care of
it under their warranty obligations.” Yes,
but many hope no one notices.
• “We get the janitor to keep an eye on it.”
Are they qualified?
• “We thought it was under our landscape
maintenance contract.” Most ground
level landscapers don’t have training to
work at heights or know the special issues
for green roofs.
Some failures are the result of poor product choices or system design interactions.
Drainage issues are the most common
cause of most green roof failures, beyond
a lack of maintenance. Some might say, “I
thought you were trying to hold as much
water on the roof as you can to mitigate
CSOs.” That is true; however, the issue becomes a matter of excess flow—the amount
of water that exceeds the capacity the green
roof can manage and absorb. We don’t want
to create a super-saturated condition that
can affect plant life, membrane longevity,
structural load, and other building issues, so
any excess water must be shed quickly and
efficiently.
The drainage category involves many
typical green roof components, like drainage
panels or sheets, filter fabrics, drains or scuppers, edge restraints, and growth media.
To start, I say this simple slogan, “Where
air can go, water can flow.” This means the
green roof components must allow for uninterrupted flow from parapet to parapet.
Any detail interfering with that flow can
create a vacuum or barrier; therefore, understanding the interface between one component and another is vital. For instance, it has
long been known in the green roof world that
clay-based growth media can clog filter fabric
because of its fine particle size. That would
be a “no-brainer.”
Other interaction problems aren’t so
obvious. Looking at the vertical interactions (the top of the growth media down
to the drainage layer), we must ensure the

percolation rate of the growth media and
any supplemental moisture retention layers can handle a significant storm event in
whatever climatic zone the green roof is
situated. The next layer, filter fabric, would
ideally exceed that capacity. Lastly, the
ability of the drainage layer (e.g., panels,
sheets, and aggregates) to manage and distribute the water is vital to prevent system
back-up. These are mathematical calculations with room for dynamic changes over
time.
The importance of a sealed system is
critical. If there are gaps in the filter fabric
layer allowing the growth media to infiltrate
the drainage plane, the ability of the drainage
plane to shed water becomes compromised
and the system backs up.
The best practice is to ensure the growth
media is held in place by “bathtub-like” detailing of the filter layer. This means sealing
or taping all filter fabric seams that interact
with the growth media. Systems not containing a filtering layer, including pre-vegetated modules, will be subject to growth
media erosion into the drainage layer,
causing issues over time. The same goes
for any gaps between components such as
edge restraints, curbs, module-to-module
interactions, drain boxes, etc.; any opportunity for growth media to erode into the
drainage layer must be addressed.
I have visited many roofs that have failed
because their filter fabric was laid loosely
along a curb / edge restraint and, over time,
growth media eroded below and clogged
the drainage plane. When water backs up,
the growth media can become so anaerobic
it cannot be restored to a healthy condition,
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and an expensive removal is the only solution—a high price for something as simple
as gluing or taping the filter fabric to a curb
or edge.
Looking at horizontal interactions between components, the same, “Where air
goes, water flows,” principle applies. Air
space should be maintained below the entire
green roof assembly. This is done by using
plastic panels / sheet drains or clear aggregates. Assuming they are all under a properly
detailed filter fabric layer, they should shed
excess water from the roof.
However, this flow path can be interrupted by the use of edging restraints without holes or slots through their base or drain
inspection boxes. Both must allow water
to pass through at the drainage plane. Best
practice is ensuring the top of these items are
solid and detailed, with filter fabric to prevent
drain holes or slots from clogging.

Vegetation spreads in several ways (e.g., seeds,
stolons, foliage, roots, etc.), so placing a frame
with aggregate around the drain won’t prevent
successful species or airborne seeds from
growing. Using inspection boxes isolates and
protects the drain from vegetation.

Some failures result from poor product choices or system design. Drainage issues can lead to
excess flow, creating a super-saturated condition that can affect plant life, membrane longevity,
structural load, and other issues.
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Many roofs fail because their filter fabric is laid
loosely along a curb / edge restraint, causing
growth media to erode and clog the drainage
plane. When water backs up, an expensive
removal may be the only solution—a high
price for something as simple as gluing or
taping the filter fabric to a curb or edge.
The treatment of roof drains on many
green roofs amazes me. In the spirit of “cost
savings,” roof drains are often unprotected
from surrounding vegetation. Plants don’t
respect simplistic boundaries, and drains are
where water is most available. Therefore,
vegetation will seek the drain area. I have
countless photographs of drains choked with
vegetation. Water backing up, overloading
the roof, super-saturating the growth media,
and killing the plants, can be prevented by
proper drain treatment.
Since vegetation spreads in several ways
(e.g., seeds, stolons, foliage, roots, etc.), it’s
not enough to place a frame with some aggregate around the perimeter of the drain.
This won’t prevent successful species or airborne seeds from growing in the aggregate
and, eventually, over the roof drain.
Using inspection boxes should be mandatory on all green roofs. They isolate and protect the drain from vegetation. Ideally, the
portion exposed to the growth media, vegetation, and elements should be solid, sealing
the roof drain from any interference. The
base, however, should align with the drainage
plane and have perforations to allow water to
reach the drain unimpeded.
Green roofs can be beautiful, functional,
and sustainable solutions for the building environment—when handled properly. Attention to details will ensure green roofs remain
desirable and part of the ongoing commitment to our environment.
n
Rick Buist is the program manager for Tremco’s vegetated roofing business throughout North
America. He is an award-winning designer and
horticulturist consulted regularly by design professionals to troubleshoot green roof failures
and help design systems. For two decades, he
has been involved in the design and / or installation of hundreds of green roof projects representing millions of square feet throughout North
America. A proponent of functional design
and maximum performance in green roofing,
Buist has worked tirelessly to ensure green roofs
meet stringent quality protocols and deliver the
benefits they are often cited to provide.
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How it
Works:

Guarded Airtightness Testing
on High-Rise Buildings
By Jesse Moore, Building Science Engineer, RDH Building Science Inc. &
Kent Schultz, Building Science Engineer & Project Manager, RDH Building Science, Inc.

A

s the industry strives to design and
build higher performance buildings, we are seeing an increase in
the level of attention paid to the airtightness of the building enclosure. As evidence of this shift, RDH Building Science
recently completed a guarded airtightness
test in the Toronto area on a new high-rise
residential building for Minto Communities. Having completed similar tests on
the west coast of Canada and the United
States, this was the first RDH completed
in the Greater Toronto Area (GTA).
The building, still under construction,
is located in the growing neighbourhood
of Yorkville and consists of a concrete
structure, unitized window wall enclosure,
exposed concrete balconies, and commercial spaces on the first floor. At 25 storeys
tall, this building uses enclosure systems
and sequencing that are typical of highrise construction in the GTA.
Before getting into the project and its
experiences, it should be noted that the
entire project and opportunity to push
the envelope (pun intended) with this
test would not have been possible if not
for Minto Communities and its continued
commitment to building high-quality, efficient buildings. Incorporating field testing
and continual feedback into the construction process provides the information
necessary to correct problems at an early
stage.

For this project, RDH considered both
whole-building airtightness testing and
guarded airtightness testing. While both
tests are intended to measure the air leakage through the building enclosure, the
method of obtaining the results varies significantly. The table on page 38 summarizes
some of the key differences between the two
methods.
The project team chose to perform
guarded airtightness testing because phased
occupancy, construction schedule, and unfinished components of the building enclosure all complicated performing one
whole-building airtightness test. With even
taller buildings, an impractical number of
fans are required, and it would be difficult
or impossible to arrange around construction sequencing and occupancy schedules.
In addition, variations in wind pressure or
interior stack pressures over the building
height often skew airtightness results.
For a guarded airtightness test, individual floors must be isolated, so the test only
captures air leakage through the building
enclosure rather than leakage to other interior spaces. To do this, the test floor and
the floors immediately above and below
are synchronized to be identically pressurized and depressurized throughout the
test. This is where the name comes from:
the floors above and below the test floor
act as the “guards.” Simultaneously matching the pressure of the individual test floor

A schematic of the guarded airtightness test, with guard
floors (blue) above and below the test floor (green).
at guard floors eliminates any pressure
differential across the floors. In this way,
leakage through the building enclosure can
be isolated.
THE PROCESS
Before the testing could begin, preparations to the building enclosure needed to be
made. RDH prepared a test plan to identify
all aspects of the building that needed to be
addressed prior to testing. These preparations included:
• Sealing all penetrations in the building
enclosure at the test floor such as
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A screenshot taken from the test showing the plotted results at different test pressures, which are
used to create a line of best fit.
bathroom exhaust fans and in-suite
laundry.
• Sealing openings in the floor slabs
between the test and guard floors such
as the crane opening and elevator shafts.
• Installing all components of the building
enclosure at the test floor such as all
operable vents in the window wall
system. These preparations would have
been required eventually, as they were
part of the original design; however, for
the purpose of the test, they had to be
completed out of sequence.
In general, the preparations were made
by site personnel over the course of roughly
120 combined work hours. RDH reviewed
the preparations to ensure all requirements
of the test plan were complete, and the
building was ready for testing.
With the enclosure and building ready
for testing, it was time to make the magic
happen. In an effort to reduce impacts on

Very
Airtight

the construction schedule, the actual testing
was completed after hours. RDH spent the
afternoon setting up test equipment and the
evening performing the test. The equipment
included calibrated Minneapolis door fans,
fan shrouds, a laptop with TECLOG, and
what seemed like miles of extension cords
and CAT5 cables. As a general rule, the required number of fans can be approximated
through the following equation:
A test enclosure (q estimated)
Qfan

Where:
• A = area of the test enclosure (ft2 or m2)
• q = estimated air leakage through the
enclosure (cfm/ft2 or L/s/m2)
• Q = the max flow through the fan (cfm
or L/s)
The calibrated fan and shrouds are installed into exterior door openings to pressurize and depressurize the test and guard
floors. To coordinate the test, a control station

was set up on the test floor. The control station could be considered a building science
equivalent to an air traffic control room. All
five fans on the test and guard floors were
connected to the laptop. From the control
station, the speed of each fan could be individually controlled, and the pressure could
be observed. To reach the intended test
pressure, the fan speeds were adjusted, and
then the pressure was normalized after the
change; this is a bit of an art because with a
connected system, minor changes in one area
will affect the whole system.
The test was performed at several different test pressures, creating a line of best fit,
so a more accurate value could be extrapolated. Additionally, the process of testing at
multiple pressures helps to identify any disturbance to the test. Common disturbances
are caused by the temporary seals failing
or a door being opened. Once results have
been gathered, the line of best fit can be
plotted by the following equation:

QΔp = CΔPn
Where:
• Q = airflow at a specific pressure (L/sec
or cfm)
• C = flow coefficient (unitless)
• P = pressure difference (Pa)
• n = flow exponent (unitless)
THE RESULTS
As with most performance testing, the
results are used to measure success against
pre-determined targets or standards—but,
they are also used to inform future design.
The guarded testing performed on this
building helped the project team understand the airtightness of a typical window
wall system and the geometry / details that
are more prone to air leakage. Although
there are currently no code requirements
in Ontario for building airtightness, it is expected that a maximum whole-building enclosure leakage rate of 0.40 cfm/ft2 at 75PA

Passivehouse
Standard

US Army Corps
Standard

Washington State
Proposed Standard

Washington State
Current Standard

0.08 cfm/ft2
or
0.406 L/s/m2

0.25 cfm/ft2
or
1.27 L/s/m2

0.30 cfm/ft2
or
1.52 L/s/m2

0.40 cfm/ft2
or
2.00 L/s/m2

Current airtightness standards and their specified rate of air leakage.
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More Air
Leakage

n

will be adopted in future code revisions. For
this project, RDH used the US Army Corps
Standard and Washington State Standards
for comparison. Relative to both of these
standards, this building performed well and
achieved a leakage rate below 0.40 cfm/ft2.
The results can be further substantiated by completing guarded airtightness
testing at additional floors as construction
progresses. The team expects that less
preparation would be required for further
testing and some efficiencies would be
realized.
More stringent requirements for building airtightness are expected and will cause
a necessary and beneficial shift in the way
buildings are constructed and tested. Based
on the experience with this test (and many
similar tests completed out of RDH’s Seattle office), there is a definite use for guarded airtightness testing in the GTA. Minor
changes to the construction process could
significantly reduce the amount of preparation required, which would only help to
make airtightness testing quicker, easier,
and available at a lower cost. We look forward to continue working with clients and
partners to raise the bar on airtightness in
Ontario and make buildings better.
n

n

n FEATURE

WHOLE-BUILDING VS. GUARDED AIRTIGHTNESS TESTING
Whole-Building

Guarded

Construction of the enclosure must be
complete on the whole building.

Only requires construction of the enclosure to
be complete on the test floor and two guard
floors.

Results are not obtained until the building is
complete, making modifications difficult and
costly.

Results are obtained during construction,
allowing for modifications to be implemented
while work is ongoing.

The entire building cannot be occupied at the
time of testing.

Test and guard floors cannot be occupied at
the time of testing. Floors outside of the test
can be occupied.

Effective and accurate for smaller buildings
and buildings with fewer than 25 storeys.
Above 25 storeys, wind loading and stack
effect can skew results.

Effective on high-rise buildings, including
those with more than 25 storeys. Better suited
to buildings with consistent floor plate.

For large buildings, the amount of equipment
and level of effort required is significant.

Equipment and testing effort required are not
hugely impacted by building size.

More commonly conducted and
industry-recognized.

Not as common, although the frequency of
testing is increasing.

Jesse Moore is a building science engineer
with significant experience working with RDH
Building Science Inc.’s new construction service area. Working in the company’s Toronto office, his current focus is on institutional
and residential new construction projects with
unique façades.
Kent Schultz is a building science engineer
and project manager on the RDH Toronto
team. He has a strong background in, and
continues to focus on, building repair, renewal, and rehabilitation, reserve fund studies and
performance audit preparation.
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Architect’s
Approach
A Tale of Two Bridges:
Lessons to be Learned
By Paul Sheehy, Managing Partner, Connecting Innovation

H

aving spent 37 years in the roofing and construction business, I know how to build things to last. Over the years, I
have seen too many examples where the driving criteria was
not longevity and durability, but rather the lowest installed cost. I’ve
also had a lifelong interest in history, which gives me a distinct perspective when examining two of Montreal’s iconic structures.
The new Champlain Bridge over the St. Lawrence, which was
completed and opened to traffic late this summer, is an imposing
structure. Its completion knits Montreal to the south shore by car
and light rail, greatly expanding the commuting area serving Greater Montreal. But it is not this new bridge I want to focus on. Rather,
we will discuss the old Champlain bridge it replaces and the venerable Victoria Bridge, which was completed in 1860, just before the
American Civil War.
The Victoria bridge expanded Montreal’s reach, not just to the
south shore of the St. Lawrence, but all the way to New York City
and Portland, Maine. It knit together parts of eastern Canada and
linked Canada to the broader U.S. economy.
Both bridges cross the mighty St. Lawrence River, which empties the Great Lakes into the sea, carrying more fresh water to the

Floating derrick and pile driver, Victoria Bridge, Montreal, QC, 1859. ©
McCord Museum, N-0000.193.98 2
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Victoria Bridge, Montreal, QC, about 1875. © McCord Museum,
MP-0000.2917
ocean than any other river, aside from the Amazon. In contrast to
the Amazon, the St. Lawrence freezes, creating powerful ice floes
that exert tremendous stress on any structure traversing the river.
Only two kilometres apart, both bridges were game changers in
their day but were the result of very different building processes,
practices, philosophies, and outcomes. They provide a contrast between the two different building philosophies: quality engineering
versus value engineering.
VICTORIA BRIDGE
Construction of the Victoria Bridge commenced in 1854, and
it opened in 1859 as the longest bridge in the world, spanning almost three kilometres. A bridge this long across a powerful river
had never been done before. Considering the difficulties contractors faced while building the cutting-edge bridge across the frozen
St. Lawrence River, it was hailed the Eighth Wonder of the World.
Visitors came to Montreal from around the world to view this engineering marvel, and it was completed ahead of schedule to coincide
with the visit of Albert Edward, Prince of Wales, the heir apparent,
as part of a grand tour of Canada and the United States.
Historical records provide detailed insight into what was involved
with building a bridge that would set new engineering standards.
Many doubted the practicality of such an audacious undertaking.
The Grand Trunk Railway saw the bridge as an economic necessity
to connect the Island of Montreal (at the time, the economic centre
of Canada), to U.S. markets and seaports on the Atlantic.
The bridge was designed by Robert Stephenson as a tubular
structure. The contractors were Peto, Brassey, and Betts, and they

n
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Victoria Jubilee Bridge, Montreal, QC, 1897. © McCord Museum,
VIEW-8835
drew upon the expertise of retired engineer James Hodges, who insisted that only the best tradesmen in the world would be involved
in the construction of the Victoria Bridge (they paid salaries higher than those offered for comparable work in Europe). The design
team mandated only the best materials of the era be incorporated.
BACKGROUND
• The original design called for only the central span to be constructed of metal; the rest of wood. Estimated cost of construction: $1,600,000.
• Hodges and his engineering team insisted that to build the
longest bridge in the world across the St. Lawrence the installed
cost should not drive construction decisions.
• The second plan submitted in 1852 advocated building with no
wood at a cost of $3,000,000, a preferred solution that was safer
and offered far more attractive lifecycle costs.
The new design featured oversized stone piers with the upper
portions in the shape of ice-breaker hulls, a first in bridge construction. Today, these piers are as effective in breaking ice as they were
in 1859.
The construction team devised the first derricks to lift the heavy
rocks from 72 barges used to erect the bridge. They also championed just-in-time delivery scheduling for prefabricated parts
shipped from Liverpool, England.
During its construction, Hodges refused any significant alterations to the design. Fortunately, Grand Trunk supported Hodges’
uncompromising standards. Pressure to seek short-term savings at
the expense of long-term durability was resisted before and during
construction. The final cost of the bridge was $6,600,000, a staggering sum in 1859.
CONSTRUCTION FACTS
• The 24 piers contain more stone than the Great Pyramid of Giza.
• 144 horses and 3,040 men worked on the bridge every day.
• 1,540,000 rivets for 9,004 tons of iron plates were prefabricated
in England, delivered on time, and built into the structure.
• The ice-breaker stone pier design is still used today by engineers
around the world.
The genius of the Victoria Bridge is found in almost every aspect of its engineering, but the forward-thinking practicality of its
ongoing maintenance defines its brilliance. Designed for ease of
maintenance and upgrading, the bridge allows swapping of girders

The old Champlain Bridge (right) reaches over the construction site of the
new bridge in June 2018, showing the southern end of the bridge that spans
the St. Lawrence River at Montreal, Quebec. The new bridge, now open,
features a multi-lane expressway and commuter line. The old bridge will
eventually be dismantled. Photo credit: www.istockphoto.com | Ziggy3.
and beams with relative ease. The design assumed ongoing maintenance, along with the replacement of structural components during the bridge’s lifecycle.
The stability of trains crossing the St. Lawrence River in winter
winds was a concern in 1859, so the bridge was essentially a wrought
iron tube over water. As the gauge and width of tracks improved,
providing greater stability for train traffic, the tubular structure was
removed.
Grand Trunk Railroad expanded the bridge in the 1890s to include a pedestrian lane on one side and a horse and buggy lane
on the other. Both were toll lanes that were modified again for car
traffic.
In the mid-1950s, there was significant controversy surrounding
the expenditure of $7 million in public funds on changes and maintenance on what some considered a soon-to-be obsolete bridge.
Why? The completion of the Champlain Bridge.
CHAMPLAIN BRIDGE
Construction of the Champlain Bridge, which started in 1957
and was completed in 1962, is the antithesis of the enlightened process that resulted in the Victoria Bridge. It is a classic case of value

Framework of tube and staging, Victoria Bridge, Montreal, QC, 1859. ©
McCord Museum, N-0000.193.127
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The new (left) and old Champlain bridge as construction wraps up in
summer 2019. Photo credit: www.istockphoto.com | Jonas Han.
engineering gone horribly wrong, triggered by dysfunctional procurement processes.
The Champlain Bridge was designed by P.L. Pratley, a legend
in Canadian bridge design who was involved in the investigation of
the collapse of the Quebec Bridge, which killed 75 workers in 1907.
Pratley worked on an impressive list of world-class bridge designs
such as the Jacques Cartier Bridge (1930) in Montreal, Quebec
City’s Île d’Orléans Bridge (1935), Vancouver’s Lions Gate Bridge
(1938), Halifax’s Angus L. Macdonald Bridge (1955), and the Burlington Skyway Bridge (1958) crossing Hamilton Harbour.
While working on the Champlain Bridge, Pratley died in
1958. His son Hugh, also a noted engineer, assumed his father’s
responsibilities for the project. In Hugh Pratley’s memoirs, he
outlined his objections to numerous cost-cutting measures that
dramatically altered the original design. The major structural problems with the Champlain Bridge are found in the seven 50-metre
concrete bridge-spans that lie on either side of its steel cantilevered
centerpiece.
I was dumbfounded that the Government deemed it was in
the best interest of the Canadian taxpayer to bid the bridge under
multiple contracts. I’m sure those reading this article, who are
more familiar with the befuddled logic of public procurement are
not the least bit surprised. As a former Vice-President of a major
North American building materials manufacturer, the idea that
an infrastructure project of this magnitude would be tendered
in piecemeal fashion was a grotesque mismanagement of public
funds.
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So, what exactly happened? Pratley’s firm, Monsarrat & Pratley,
was awarded the design contract. Their design was bid and awarded for the imposing arched centre of the bridge and constructed as
designed. The second bid called for tenders on the spans connecting
the main superstructure to the Island of Montreal and the south
shore; 28 bids were submitted, and the lowest bid was accepted.
That design proposed pre-stressed concrete, opposing Pratley’s
steel design. Pre-stressed concrete was newer technology designed
by Eugène Freyssinet.
When the bid for the spans was awarded to Freyssinet’s low bid,
Pratley wrote in defence of the original design, calling the low bid
“concocted like a piece of knitting, so there’s no way you can repair
a beam. It is all too tightly tied together.” His cautionary plea that
repair may be unfeasible proved a disastrous prophecy for Canadian
taxpayers.
Freyssinet’s design met the new minimum standards; it was the
lowest bid and was deemed—within the strictest theoretical interpretation of value engineering—the proper decision.
In a 2014 Montreal Gazette article, Call it a $500-Million Bandage, the director of engineering for the Champlain Bridge states
that “the bridge’s unique structure possesses the greatest challenge
for its rehabilitation. Because the bridge was built with all the beams
interconnected, it is impossible to remove one and replace it with
another. So, engineers had to come up with systems to reinforce the
bridge that have never been tried before.” He is referencing the prestressed concrete design sections of the bridge.
The cost to complete the bridge as Pratley designed would have
been $10.3 million; the low bid using the alternative was $8.3 million. A savings of two million dollars!
The idea that two diverse bridge designs employing different
structural plans could flawlessly and seamlessly find harmonious
interconnectivity would require belief in Harry Potter-like magic.
The final and, ultimately, lethal part of this destructive puzzle was
the decision to remove the drainage system from the bridge.
Hugh Pratley emphasized that without a proper drainage system, salt used to melt ice on the bridge (and salt carried by cars)
would prematurely degrade the structural integrity of the bridge,
particularly on the Freyssinet-designed spans at each end of the
bridge. Gravity would drain the salt and melting snow to the lower
bridge sections. He was promised salt would never be used on the
bridge, nor would salt trucks be allowed to cross the bridge.
“The Champlain Bridge suffers from several important design
flaws. Yet, the historical figure who truly doomed the Champlain

n

Bridge wasn’t the architect, the supervising engineer, nor the concrete provider. It’s the guy who drove the winter salt truck,” wrote
Jonathan Kay in a National Post article. “Year after year, tons of salt
mixed with rain and snow created a corrosive brew that spilled over
the parapets onto the outer girders and seeped through the expansion joints and deck.”
The Champlain Bridge is a federal government project and
property. But the snow removal and general maintenance was the
responsibility of the Quebec Government, which is another convoluted mess, but that’s a story for another article. The Quebec Government was instructed not to use salt on the bridge.
Does the blame for the bridge’s premature demise fall on the
Quebec Government, whose snow removal and road maintenance crews used salt? Perhaps, the answer is yes. But who builds
a bridge in Canada on which salt cannot be used for ice removal, especially given the harsh winters in Montreal on a bridge
crossing the St. Lawrence River? Conceivably, in 2019, salt alternatives could be considered, but in the 1950s, the concept was
preposterous.
The bridge has been under almost-constant repair for the past
25 years. According to a January 2014 National Post article, “Montreal’s Champlain Bridge is crumbling ahead of its time. The lifespan
of a modern bridge is supposed to be a century or more, yet the
51-year-old bridge needs to be replaced.”
While the bridge may have been destroyed by salt, it was also
doomed by value engineering. In the 1990s, a drainage system was
installed, but it was too late; the rebar buried in the concrete was
rusted beyond repair.
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LAW OF UNINTENDED CONSEQUENCES
The procurement of the first Champlain Bridge was economic
folly for Canadian taxpayers. The original cost of the Champlain
Bridge was $36 million. The price of maintaining it due to salt corrosion is in the hundreds of millions. Some speculate the cost to keep
the Champlain Bridge from falling down is approaching or surpassing one billion dollars. According to the Montreal Gazette in an
April 2018 article, “roughly $450 million has been spent since 2015.”
Next on the agenda, tearing down the old bridge at an estimated
cost of $400 million, plus dealing with 250,000 tonnes of concrete
and 25,000 tonnes of steel. The last estimate on the new Champlain
Bridge was $4.2 billion, but Michael Ferguson, Canada’s auditor
general, reported in 2018 that cost overruns and changes to initial
plans could cause the final price to balloon.
This Tale of Two Bridges is an unsettling glimpse into the shadowy labyrinth of public procurement. Ottawa says the new Champlain Bridge will last 125 years; let’s hope it does! For now, the Victoria Bridge arguably remains Montreal’s most reliable and easily
maintained bridge, 160 years after it opened.
Construction of the original Champlain Bridge started in 1957,
the same year I was born. It’s inconceivable that anyone born in
1957 could outlive the life of this bridge, but many of us will; not
because we were born with some magic gene, but because the bridge
was built with terminal design flaws in its DNA.
n
Paul Sheehy spent 35 years with a North American roofing and
waterproofing materials manufacturer, retiring as vice-president. He
can be reached at paul@connectinginnovation.ca.
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BEC
Roundup
BCBEC LEARNS ABOUT THE
CLEANBC BUILDING INNOVATION
FUND
The British Columbia Building Envelope Council and ZEBx hosted a webinar
on July 9 about the CleanBC Building Innovation Fund.
British Columbia launched the CleanBC Building Innovation Fund on May 9,
2019. The fund supports the development
of advanced technology and innovative
low-carbon solutions across the BC building sector, with the intent to accelerate the
availability and affordability of advanced
building designs, construction methods,
and technologies.
Andrew Pye, senior energy efficiency
coordinator of the commercial electricity and alternative energy division at the
Ministry of Energy, Mines and Petroleum
Resources, presented during this informative webinar.
ABEC LOOKS AT CODE-REQUIRED
WHOLE BUILDING AIR LEAKAGE
TESTING
At its monthly luncheon on May 22,
the Alberta Building Envelope Council
hosted a presentation about lessons from
code-required whole building air leakage
testing. Marty Deemter, a senior Building
Science Specialist who provides broadscope leadership and management of the
JRS Engineering Alberta office, spoke at
the event.
As Alberta moves toward adopting
requirements for code‑required whole
building air leakage testing (WBALT),
there are lessons to be learned from the
neighbours to the south in Washington
State, one of the first North American
jurisdictions to require such testing. Now
in their third code cycle, the Washington
State and Seattle energy codes require
WBALT on a considerable number of
large, commercial, institutional, and residential buildings. This presentation gave
guidance on WBALT and touched on design and construction issues.

MBEC EXPLORES THE EFFECTS OF
RADON
On May 16, the Manitoba Building
Envelope Council hosted a presentation
about radon. Heather Swail, a senior project manager in the occupational health
and safety group at Pinchin Ltd., led the
presentation.
Radon is the leading cause of lung cancer for non-smokers, and Health Canada
states that approximately 3,200 Canadians
die each year as a result of radon-induced
lung cancer.
Radon, a naturally occurring radioactive gas, is present in all the air we
breathe. Outdoors, radon is diluted and of
little concern, but indoors, radon can become concentrated and create an indoor
air quality issue and significant health
hazard. You cannot see, smell, nor taste
radon, and as a result, elevated levels
could be present inside a building and you
would never know without testing for it.
At this seminar, attendees learned
about radon, including the health effects,
the misconceptions, what is involved in
the measurement and mitigation of radon
and why all buildings must be tested.

QBEC PRESENTS ON CHANGES
TO WINDOW, DOOR, AND
SKYLIGHT INSTALLATION
In its final monthly conference of the season, the Quebec Building Envelope Council
welcomed Robert Jutras, a senior engineer
in building envelope performance at UL
CLEB, to speak on changes to CSA A440.4
Installation of Windows, Doors and Skylights
on April 24, 2019.
The third edition of CSA A440.4 Installation of Windows, Doors and Skylights was
published last fall. The standard has been
significantly revised to update references
to materials and installation techniques for
new construction and replacement of existing fenestration products in low-rise buildings in Canada.
As in previous editions, the new standard
combines prescriptive and performance requirements. Modifications include revised
tolerances for installed products, existing (and
some new) simplified docking and anchoring
schemes, new installation requirements in walls
with exterior and continuous insulation, a simplified method of selecting when the flashing
below the threshold is required, as well as new
recommendations for in situ testing.
n
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2800-14th Ave., Suite 210
Markham, ON L3R 0E4
Tel: 647-317-5754
Fax: 416-491-1670
Email: info@obec.on.ca
obec.on.ca

HALF YEAR MEMBERSHIP TO MAY 31ST
Since1987 the Ontario Building Envelope Council (OBEC) has been bridging the gaps amongst the architectural, engineering,
research, manufacturers, and construction communities. Their non-profit organization addresses today’s challenges facing
building performance and sustainability.
One of OBEC’s keys to success is their dedication to building science education at all levels.
Guided by the Board of Directors, OBEC is focused on delivering:
•
•
•
•
•

Information forums for the exchange of ideas and information on building science
Access to current technical information and best practices
Educational programs for the benefit of the building community
Guidance on current trends and issues to the research and development community
Recommendations regarding improvements to codes and standards

Educational opportunities exist through conferences, technical forums, field trips, and monthly dinner presentations. This information is made available to members of OBEC. Members can be individuals, corporations, students, or members marked as
Professional for holding a BSS designation.
Corporate Membership - A Corporate Member may be named as such if the member is a corporation, an individual to act as
its representative at any meeting of members of the Corporation must be named as the Corporation’s main representative.
A Corporate Member is entitled to five (5) named persons to be listed in the membership database to receive all society
notifications as well a copy of Pushing the Envelope Canada magazine. All company employees are eligible to receive the
member rate for events.
Individual Membership - An Individual Member may be designated as such if the member is an individual person.
Student Membership - A student is an individual attending a recognized building science program at a college or university
program full time.
Join OBEC and join hundreds of other like-minded people in your industry.
Submit your membership application today and open the door to so much more.
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HALF YEAR MEMBERSHIP APPLICATION TO MAY 31ST

Complete this application ONLY if you are paying via Cheque

u

Payment by Credit Card online at: https://obec.on.ca/member_applications
Select a Vocation:

Select a Membership Type: (Rates are for half year to May 31st)
n Individual Membership - $87.50 + 11.38 HST = $98.88
n Student Membership - $15.00 + 1.95 HST = $16.95
n Corporate Membership - $349.50 + 45.44 HST = $394.94

(select all that apply)

n Architecture

n Contracting

n Consulting

n Education

n Engineering

n Supplier

n Government

n Manufacturing

Other:

This section must be completed in order for the membership application to be processed. OBEC communicates with its membership via e-mail;
in accordance with the Canada anti-spam law that came into effect July 1, 2014 you must indicate whether you wish to receive electronic correspondence from us.

INDIVIDUAL AND STUDENT MEMBERSHIP DETAILS:
n Mr. n Ms. n Mrs. n Dr. n Prof. n Other

Name:

Title:

Company or School if Student:
Address:

City:

Telephone:

Fax:

n I agree to receive electronic correspondence

Postal Code:

Email:

n I DO NOT wish to receive any electronic correspondence.

CORPORATE MEMBERSHIP DETAILS:

Signature:

Date:

3. n Mr. n Ms. n Mrs. n Dr. n Prof. n Other
Name:

Company:

Title:

Address:
City:

Province:

Province:

Postal Code:

Telephone:

Fax:

Email:

1. n Mr. n Ms. n Mrs. n Dr. n Prof. n Other

n I agree to receive electronic correspondence

Name:

n I DO NOT wish to receive electronic correspondence Date

Title:

4. n Mr. n Ms. n Mrs. n Dr. n Prof. n Other

Telephone:

Fax:

Signature

Name:
Title:

Email:
n I agree to receive electronic correspondence

Signature

n I DO NOT wish to receive electronic correspondence Date

Telephone:
Email:
n I agree to receive electronic correspondence

2. n Mr. n Ms. n Mrs. n Dr. n Prof. n Other
Name:

Fax:
Signature

n I DO NOT wish to receive electronic correspondence Date

5. n Mr. n Ms. n Mrs. n Dr. n Prof. n Other
Name:

Title:
Telephone:

Fax:

Email:

Title:
Telephone:

Fax:

Email:

n I agree to receive electronic correspondence

Signature

n I DO NOT wish to receive electronic correspondence Date

Payment Information:

n I agree to receive electronic correspondence

Signature

n I DO NOT wish to receive electronic correspondence Date

Cheque payable to OBEC and mailed to:
OR
2800-14th Ave., Suite 210
ON L3R
0E4
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Payment by Credit Card online only at:
https://obec.on.ca/member_applications
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