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PROBLEMS IN FLAT ROOFS -
A Review of Research
by

G. O. Handegord*

Interest in the performance of flat roof systems has grown during
recent years, both within the industry and among research organizations
concerned with building. This has been due both to an increase in the number
of reported roofing failures and to a renewed concern with roofing specifi-
cations and design. The popularity of dead flat roofs and the resultant |
increase in number and size of such roofs constructed during the last
twenty years has no doubt had some bearing on the number of roofing failures
gaining attention, not only because of multiplication, but also because roof
failures are more promptly detected and results more disastrous with dead
level roofs. Changes in recent years in the methods of specifying roofs
and the advent of new regulations and guarantees, as well as new materials,
have concentrated the attention of designers, contractors, as well as

material suppliers, on these problems. Thus even though the number of

reported roofing failures represents a small percentage of the total area of
flat roofs installed, these failures constitute a challenging and frequently

controversial topic among those concerned.

Many roofing problems are due to faults in construction,
particularly at flashing details, and such failures have obvious causes
and logical remedies. Still others are due to improper application
techniques and substandard materials which can be countered by adequate
inspection. The problems of most concern to some members of the
industry, and of most interest to research workers, are those resulting
from more obscure causes and which result in blisters, wrinkles, and

cracks in the roofing membrane.

* Officer ~in-charge, Prairie Regional Station, Division of Building

Research, National Research Council, Saskatoon, Saskatchewan:




One of the most notable early studies on these types of problems
was that carried out some twelve years ago at the University of Minnesota,
under the direction of Professor C.E. Lund (1). At that time, two types
of blistering problems were mentioned, weather blisters and structural
blisters. Weather blisters were identified as small surface blisters that
were confined to the roof surface coating and were attributed to the
expansion of volatiles in the bitumen, or to small air bubbles in the top
coat. They were thought to be the result of the natural process of

weathering and not the cause of failure during the normal life of the roof.

Structural blisters were distinguished from weather blisters as
being much larger in size and occurring within the roofing plies rather
than in the top surface coating. Their formation was considered to be due
to the expansion of air and water vapour. trapped between plies during
construction, under the action of heat from the sun. It was suggested
that, on a decrease in temperature, these blisters did not return to
their original size because of permanent stretching of the felt. Emphasis
was placed on the fact that water vapour in these air pockets could
markedly increase the pressures that would develop and the possible
ways in which water vapour could be trapped or enter these pockets
were discussed. Moisture in the materials due to poor storage conditions
at the site, water entering the unfinished roof by rain or by dew formation
during the night, or moisture entering the roof components from within
the building or from wet deck materials under winter conditions were

considered,

The experiments that were conducted demonstrated that, under
simulated winter conditions, moisture could accumulate in the insulation
under a roof membrane when no vapour barrier, or only a partial vapour
barrier, was employed, Tests under simulated summer conditions y
showed that there was a positive tendency to blistering in roof systems -
where moisture was trapped in the insulation between the roofing and

vapour barrier, and that this tendency was more pronounced after the

specimen had first been exposed to winter conditions.




The results of the Minnesota study were used in large measure
as a basis for the analysis of roofing problems in subsequent years, and
as a guide to good roofing practices. Later publications suggested the
use of edge venting or small pipe vents through the roofing membrane as
a means for relieving pressure and for drying out wet or damp insulation,
In 1959, a very detailed and comprehensive report on studies of flat
roofs in Norway was published by the Norwegian Building Research
Institute (2). This report dealt mainly with ventilation methods in use and
proposed for the roofing systems common in Norway, and the majority of
these were not typical of designs used in North America. Little emphasis
was placed on the use of vents to relieve pressure, but rather as a
moisture removal technique. The migration of residual moisture from
cast-in-place concrete decks or from lean concrete screeding was also
consgidered a significant factor in the wetting of insulation. In one of the
roofs investigated, where corkboard insulation was used in a manner
similar to Canadian practice, grooved cork slabs were recommended with

a damp-proof barrier over the concrete slab.

Based on the general conclusions of this study, ventilation of
insulations applied over concrete slabs or other impermeable membranes

was strongly advocated for the purpose of drying out the roofing assembly.

In the main, both the Minnesota work and the approach in Norway
placed heavy emphasis on the role of moisture as the cause of roofing
failures, recognizing both the possibility of moisture accumulating in the
insulation by condensation or because of unsuitable weather during
construction. In 1960, Warden, in the United States, suggested that the
role of moisture may have been over -emphasized and that blister
formation was more likely due to the pumping action of the roof
"sandwich' under cyclical temperature changes (3). Taking into account
the gaseous expansion and contraction forces involved, it was contended
that the amount of air within the roof would increase with time. It was

reasoned that air could enter the system through the roofing membrane

itself because bituminous materials were semi-permeable to air.




Professor Frank Joy has further expanded this theory in a
recent publication of the Pennsylvania State College Experiment Station (4).
He suggests that, under the influence of daily temperature changes in a
roof, air and water vapour may be drawn into the roofing insulation through
unintentional openings in the vapour barrier or at the roof perimeter. This
inflow of air is presumed to take place at a slow rate, since long and
relatively resistant paths are involved. Under a subsequent rapid increase
in roof temperature on a bright sunny morning, this moist air tends to
expand, creating pressures that must be relieved through the same paths,
unless the roofing membrane gives way. At this time of rapid temperature
rise, the roofing membrane is hot and pliable, and, if a point of bond
weakness exists, there may be little more than the weight of the roofing
membrane and gravel to hold it down. The calculated pressure exerted
within the roof could approach 700 pounds per square foot at 140°F, which
is considerably greater than the weight of one square foot of roofing. As a

result, roof blisters begin to form.

As a blister grows in size, the pressure required to continue its
growth may actually diminish, since the total lift is proportional to the
area and the anchorage at the rim is proportional to the diameter. Thus,
for a small blister, the lift per inch at its rim doubles as the diameter is

doubled.

Eventually, reduction in temperature rise, or lateral or down-
ward air leakage from the blister, will stop its growth. The roofing
membrane will have cooled by this time and the bitumen regained some of
its rigidity., As the temperature continues to drop, the blister becomes
more rigid and more air is drawn into the enlarged space. Rapid heating
the next day results in a repetition of the same phenomenon and the
blister continues to grow until some more direct passage for pressure

relief occurs,.

In keeping with this theory, Professor Joy suggests that the

tendency for large blisters to form in a non-tight roofing system is




increased by the presence of liquid water directly under the roofing. This
" water can result in a much larger increase in pressure, and is also

detrimental to the bond between roofing felts and insulation.

This effect of moisture on the bond between layers of the roofing
system was also suggested by Lund in the early Minnesota work. More
recently, Brotherson has shown that moisture itself is the primary cause of
another type of failure, commonly referred to as wrinkling or ridging (5).
His examination of roofs and experiments in the laboratory clearly indicate
that the expansion of some roofing felts on an increase in moisture content
could produce ridges in the roofing membrane. He points out that the
joints in insulation boards provide a drain for the hot bitumen which may
leave the bottom face of the felt uncoated at this point. Since these points
also constitute a location for the concentration of moisture under winter
conditions, the peculiar location of these wrinkles can be readily explained.
He suggested as a possible remedy the use of a coated felt base sheet used
as the first ply. It is of interest to note that one of the incidental
findings of the Norwegian study previously mentioned was that a base sheet
consisting of aluminum foil appeared to be a possible factor in the satis-

factory performance of certain roofs.

The problem of cracking of roof membranes has not received
the same degree of attention in research as has been devoted to blistering
or ridging. Brotherson has suggested that cracking may eventually result
from the degradation of the bitumen and felts at a wrinkle and the materials
may easily lose the protection of the gravel surface and suffer accelerated
weathering. He suggested that additional information is needed on the
physical properties of roofing membranes and on the stresses induced by
expansion and contraction under changes in temperature and moisture
content. It has also been suggested that the freezing -of ponded water could

stress the roofing membrane to a serious degree, but there has been no

evidence presented to support this suggestion.




One can easily appreciate that in practice the roofing membrane
is subjected to an extreme range of temperature and humidity conditions,
not only on a yearly, but on a daily basis. On a bright summer day, surface
temperatures of black roofs may rise to values 40 to 95 degrees or more
above air temperature. Indeed, it has been estimated that the surface
temperature of a black flat roof on a low building adjacent to higher
buildings may reach 230°F .on a sunny day in summer. At night, under a
clear sky, the surface temperature of the same roof may drop below the

minimum air temperature by 5 or 6 degrees.

In winter, the minimum surface temperature of the roof membrane
may fall well below minimum air temperature (as much as 14 degrees in
Saskatoon), with the maximum surface temperature rising to values 20 to
30 degrees above air temperature under bright sunshine. At the same
time, the moisture conditions to which the membrane is exposed may
vary widely, depending on previous weather conditions and on the moisture

conditions within the roofing system.

To compound the complexity of the situation, not only the
extreme exposure limits must be considered, but the rate of change and
the frequency of wetting and drying, heating and cooling cycles may have
an important bearing on the behaviour of the materials involved Joy has
shown this to be important to the formation of blisters. He also refers
to the dramatic effect of repeated wetting and drying of unsaturated rag
felts, presented by Martin in Australia, where a sample, exposed to
weathering for five years, suffered a 60 per cent reduction in area.
Recent work by the Division of Building Research in Ottawa, and by
other research workers, has indicated that bituminous membranes have
potentially large coefficients of expansion which are not constant with

temperature (6).

Much more information is needed on the properties of the

various components of the roofing system and the effect on these

properties of the environment to which they are exposed in practice.




This is complicated by the fact that each component influences the
conditions to which the others are subject. Low density, efficient
insulations force the roofing membrane to undergo a more extreme

cycle of exposure than if no insulation was used. At the same time, the
roof deck is kept at more constant conditions. An astute structural
designef may well recognize the situation as far as the deck is concerned

" and reduce the number of expansion joints accordingly. The situation
experienced by the roofing membrane is thus made even more acute - an
increase in dimensional change with fewer joints designed to take care of
this increased movement. When one attempts to consider how these induced
stresses are distributed throughout the roof, or speculate on the coincidental

influence of moisture, the problem becomes complicated to the extreme.

With all these factors considered, it is truly remarkable that
such a limited number of roofing failures has occurred. Whether this is a
tribute to the roofing industry or to the special properties of the roofing
materials is difficult to answer. Ohe can say, however, that the
complexity of the situation 1;nakes it extremely difficult to predict just
what conditions can be expected in roofs other than in a very general and
semi-quantitative way. This situation is common to many technical
problems in building. All that the designer can do is to use the available
information to help him in making design decisions. The research worker
can use the available information to examine principles and ideas for

further research and development.

One might conclude from the studies and assessments that have
been carried out that all possibility of blistering and wrinkling could be
avoided if a roofing system could be built that would have no air or
moisture in it. This is obviously impractical, and still does not
eliminate the possibility of cracking or other problems due to thermal
expansion and contraction of the roof system components. What we

must look for is a compromise solution based on consideration of the

relative importance of the various factors involved.




Perhaps the closest approach to the ideal of eliminating air and
moisture would be a construction consisting of impermeable insulation in
which all joints remained filled with impermeable material and over which
was placed an impermeable reoofing membrane, containing no air pockets.
Assurance would have to be given that the joints in the insulation remained
tight and that the roofing membrane could withstand the stresses introduced

by changing temperature conditions or ice build-up on the surface,

Using another approach, it could be reasoned that a ventilated
space be provided between the insulation and the roofing membrane in
order that pressure relief and moisture removal could be accomplished.
In such a design, the vapour barrier could be less than perfect but must
still exhibit relatively high resistance to the flow of air and vapour. The
requirements of the roofing membrane, as far as temperature stresses
are concerned, need not be as stringent since its supporting deck would be
subject to similar conditions. Some means of preventing the entry of
moisture into the felts from below might be necessary to avoid moisture
expansion, particularly at joints in the deck. The basic system could
represent a return to past practice where this arrangement was used for

the purpose of creating a sloped roof.

Cost, fire, and other considerations might make such a system
unsuitable for many applications. As an alternative, grooved channels
connected to perimeter vents might be used in a roofing "sandwich' with
semi-permeﬁble insulations to provide pressure relief. Similarly,
highly porous insulations might be used without channels to provide
pressure venting. It is unlikely, however, that such venting arrange-
ments could provide an effective means for moisture removal unless
forced circulation of air was provided. With only natural ventilation,

a tight vapour barrier would be essential if no moisture accumulation
could be tolerated in the insulation. Even with a perfect vapour barrier,
some initial moisture might be present in the insulation and this would

have to be prevented from entering the lower plies of felt to avoid

wrinkling problems.
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It is often not fully realized that the small amounts of moisture
in a normally dry material may migrate under a temperature gradient
and result in a concentration of moisture at the cold face. For instance,
a l-in. thickness of fibreboard insulation, having a moisture content of
10 per cent, contains about one-sixth pound of water per square foot, but
if all this water migrates into one square foot of 15-1b felt, the felt will
have a moisture content exceeding 100 per cent. It is entirely conceivable
that the insulation may be at an even higher moisture content than this if
weather conditions during construction are not ideal. It is therefore
important that some means be provided to prevent the entry of such
moisture into the bottom of the roof membrane in addition to the normal

vapour barrier,

The possibility of moisture being trapped in the insulation under
certain conditions points up the fact that the vapour barrier under the
insulation can be a bane as well as a blessing. One may even argue that,
in certain situations, elimination of the vapour barrier may provide the

best design compromise.

It is difficult to dispute the fact that during winter, the usual
interior and exterior conditions of a building are such that water vapour
will diffuse into a porous roof insulation and condense beneath the r(_)of\
membrane if no vapour barrier is provided. It may also be said, however,
that in summer the flow will be reversed, the insulation tending to dry
out. If the moisture that can be removed in summer is equal to or
greater than the moisture accumulation in winter, no progressive
increase in moisture content will be experienced from year to year
That this is possible can be demonstrated for most normal internal
environments and for the weather conditions in most regions of Canada.
There are, of course, a good many other factors thaf must be taken

into consideration.

The roofing system must first of all be capable of holding the

winter moisture without dripping or without permanent damage to the
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various components involved. Secondly, the possible increase in heat loss

through the wetted insulation must be recognized and allowed for in design.

Not enough information is available at present to assess fully the
effects of accumulated moisture or frost on the durability or stability of
the roof. The actual physical effects on the materials or the bonds between
materials are not clearly defined. There have, however, been some
investigations of the thermal effects of moisture in roof insulations which

are particularly interesting.

Studies carried out by Powell and Robinson at the United States
Bureau of Standards have involved the measurement of heat flow and
moisture content in a variety of roofing systems under simulated summer
and winter conditions (7). The tests showed that a vapour barrier under
an insulation tended to keep it dry and maintain its insulation value if the
insulation was initially dry. If the insulation contained appreciable
moisture, a vapour barrier or even a concrete deck opposed the escape of
moisture from the insulation to the room during summer exposure and kept -
the insulation moist. Moisture present injtially in a green concrete deck,
however, tended to migrate into the insulation under winter conditions if

no intermediate vapour barrier was present.

It was found that highly permeable insulations, without a deck
or vapour barrier, tended to accumulate moisture rapidly in winter with
a marked increase in apparent heat flow. Their drying rate in summer,
however, was equally rapid, as was their regain in insulating value.
Moderately permeable insulations under the same conditions accumulated
moisture slowly in winter, with dnly a moderate reduction in insulating
value, and dried quickly in summer, to approach the insulating value of
the dry material. It is suggested by Powell and Robinson that, if such a
roof should develop a leak, it would probably be quickly detected because
no vapour barrier was used. Once the roof is repaired, the insulation
would tend to recover its original insulating value ldue to self-drying, and

expensive replacement of large areas of insulation and roofing would be

eliminated.
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None of this work was undertaken at below-freezing
temperatures, but results of some preliminary work carried out at the
DBR Prairie Regional laboratory in Saskatoon have suggested that, with
certain insulations, the increase in heat flow during winter may not be
excessive. It seems possible that, under more severe temperature
conditions, the accumulated frost may be confined to a smaller thick-

ness of insulation and have less effect on heat conduction.

This type of roof system is not entirely new, since it is
basically the same as that used wi'th considerable success:in the
insulation of metal buildings with sprayed-on asbestos insulating
materials. It is also exemplified by roofing systems which incorporate
a thick wood deck exposed to the building interior. Both of these
systems appear to perform satisfactorily with relatively low interior
humidities, although little information is available on the change in
their thermal properties during the year. It is possible, however,
that, with a more complete knowledge of all the factors involved,. the
same principlés might be applied to the design of more sophisticated

constructions for use under more severe conditions.

In summary, it can be said that, although a good deal of con-
structive and enlightening research into roofing problems has been
undertake.n in the past, there is still a need for more information on the
physical properties of roofing components and on the nature of the con-
ditions to which they are subject. Much can be accomplished to improve
our present roofing practice and design through an appreciation of the
basic principles involved. At the same time, application of these
principles can perhaps bring about alternative and more efficient new

designs and more satisfactory applications for new and traditional

materials.
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