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PROBI,EMS IN FLAT ROOFS .

A Review of  Research

by

G. O.  Handegord*

In te ree t  ln  the  per fo rmance o f  f la t  roo f  sye teme has  grown dur ing

recent  year8 ,  bo th  w l th ln  the  indus t ry  and among research  organ iza t ione

concerned w i th  bu i ld tng .  Th ie  has  been due bo th  to  an  inc rease in  the  number

o f  repor ted  roo f ing  fa i lu res  and to  a  renewed concern  w l th  roo f ing  epec l f i -

cat ions and design. The populart ty of dead f lat  roofs and the reeultant

lnc reaee in  number  and s ize  o f  such roo fs  cons t ruc ted  dur ing  the  lae t

twenty years hae no doubt had eome bearing on the number of roof ing fai luree

gaining attent lon, not only because of mult lp l icat ion, but aleo because roof

fa i lu rbs  are  rnore  prompt ly  de tec ted  and resu l ts  more  d iaaet rous  w i th  dead

leve l  roo fs .  Ghangee in  recent  years  ln  the  methods  o f  epec l fy lng  roo fs

and the  advent  o f  new regu la t ions  and guarantees ,  ae  we l l  as  new mater ia le ,

have concent ra ted  the  a t ten t ion  o f  des ignere ,  con t rac tora ,  ae  we l l  as

mater ia l  supp l ie rs ,  on  these prob leme.  Thus  even though the  number  o f

repor ted  roo f lng  fa i lu re6  represents  a  smal l  percentage o f  the  to ta l  a rea  o f

f la t  roo fs  ins ta l led ,  theee fa i lu res  cons t i tu te  a  cha l leng ing  and f requent ly

cont rovers ia l  top ic  among thoee concerned.

Many roof ing problems are due to faul ts in construct ion,

par t i cu la r ly  a t  f lash ing  de ta i l s ,  and such fa i lu res  have obv ious  causea

and log ica l  remed ies .  s t i l l  o thers  a re  due to  improper  app l i ca t ion

techn iques  and subs tandard  mater ia ls  wh ich  can be  countered  by  adequate

inspec t ion .  The prob lems o f  most  concern  to  some members  o f  the

lndus t ry ,  and o f  mogt  ln te res t  to  researeh workers ,  a re  those resu l t ing

f rom more  obscure  causes  and wh ich  resu l t  in  b l i s te rs ,  wr ink les ,  and

cracks  in  the  roo f ing  membrane.

t r  Of f i cer  - in -charge,

Research ,  Nat iona l

Prair ie Regional Stat ion, Divis ion of Bui lding

Research  Counc i l ,  Saskatbon,  Saskatchewan:



One o f  the  rnos t  no tab le  ear ly  s tud ies  on  these t )T)e5  o f  p rob lems

was th ; r t  car r ied  ou t  some twe lve  years  ago a t  the  Un ivers i ty  o f  M innesota ,

under  the  d i rec t ion  o f  Pro fessor  C.E.  Lund (1 ) .  A t  tha t  t ime,  two types

of  b l i s te r ing  prob lems were  ment ioned,  weather  b l i s te rs  and s t ruc tu ra l

b l i s te rs .  Weather :  b l i s te rs  were  ident i f ied  as  smal l  sur face  b l i s te r .s  tha t

were  conf ined to  the  roo f  sur face  coat ing  and were  a t t r ibu ted  to  the

expansion of volat i les in the bi tumen, or to smal l  air  bpbbles in the top

coat .  They  were  thought  to  be  the  resu l t  o f  the  na tura l  p rocess  o f

weathering and not the cause of fai lure during the normal l i fe of the roof.

S t ruc tura l  b l i s te rs  were  d is t ingu ished f rom weather  b l i s te rs  as

be ing  much la rger  in  s ize  and occur r ing  w i th in  the  roo f ing  p l ies  ra ther

than in  the  top  sur face  coat ing .  The i r  fo rmat ion  was cons idered to  be  due

to  the  expans ion  o f  a i r  and water  vapour .  t rapped be tween p l ies  dur ing

cons t ruc t ion ,  under  the  ac t ion  o f  heat  f rom the  sun.  I t  was  suggested

tha t ,  on  a  decrease in  tempera ture ,  these b l i s te rs  d id  no t  re tu rn  to

the i r  o r ig ina l  s ize  because o f  permanent  s t re tch ing  o f  the  fe l t .  Emphas is

was placed on the fact that water vapour in these air  pockets could

marked ly  inc rease the  pressures  tha t  wou ld  deve lop  and the  poss ib le

ways  in  wh ich  water  vapour  cou ld  be  t rapped or  en ter  these pockets

\ t r le re  d iscussed.  Mo is tu re  in  the  rna ter ia ls  due to  poor  s to rage cond i t i lons

at  the  s i te ,  water  en ter ing  the  un f in ished roo f  by  ra in  o r  by  dew fo rmat ion

during the night,  or t rroisture enter ing the roof components from within

the  bu i ld ing  or  f rom wet  deck  mater ia ls  under  w in te r  cond i t ions  were

c o n s i d e r e d .

The e>cper iments  tha t  were  conducted  demonst ra ted  tha t ,  under

sirnulated winter condit ions, moisture could accumulate in the insulat ion

under a roof membrane when no vapour barr ier,  or only apart ial  vapour

bar r ie r ,  was  ernp loyed,  'Tes ts  under  s imu la ted  sur r rmer  cond i t ions  ;

s h o w e d  t h a t  t h e r e  w a s  a  p o s i t i v e  t e n d e n c y  t o  b l i s t e r i n g  i n  r o o f  s y s t e m s .

where  .mo is tu re  was t rapped in  the  insu la t ion  be tween the  roo f rng  and

vapour  bar r ie r ,  4nd tha t  th is  tendency  was more  pronounced a f te r  th 'e

spec imen had f i rs t  been exposed to  w in te r  cond i t ions .
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The resu , l t s  o f  the  Minnesota  s tudy  were  used in  la rge  measure ,

as  a  bas is  fo r  the  ana lys is  o f  roo f ing  prob lems in  subsequent  years ,  and

as  a  gu ide  to  good roo f ing  prac t ices .  La ter  pub l i ca t ions  suggested  the

use of edge vent ing or ssnal l  pipe vents through the roof ing membrane as

a means for rel ieving pressure and for drying out wet or damp insulat ion.

In  1959,  a  very  de ta i led  and comprehens ive  repor t  on  s tud ies  o f  f la t

roofs in Norway was publ is lred by the Norwegian Bui lding Research

Inst i tute (2).  This report  dealt  mainly with vent i lat ion methods in use and

proposed for the roof ing systems common in Norway, and the major i ty of

these were not t l ry ical  of  designs used in North America. Li t t le ernphasis

was p laced on  the  use  o f  ven ts  to  re l ieve  pressure ,  bu t  ra ther  as  a

moisture removal technique. Th.e migrat ion of residual moisture from

cast - in -p lace  concre te  decks  or  f rom lean concre te  screed ing  was a lso

considered a signi f icant factor in the wett ing of insulat ion. In one of the

roofs invest igated, where corkboard insulat ion was used in a manner

s imi la r ' to  Canad ian  prac t ice ,  g roov .ed  cork  s labs  were  recommended w i th

a  damp-proof  bar r ie r  over  the  concre te  s lab .

Based on the general  conclusions of this study, vent i lat ion of

insulat ions appl ied over concrete slabs or other impermeable membranes

was strongly advocated for the purpose of drying out the roof ing assembly.

In the main, both the Minnesota work and the approach in Norway

placed heavy ernphasis on the role of moisture as the cause of roof ing

fai lures, recognizing both the possibi l i ty of  moisture acculr lulat ing in the

insulat ion by condensat ion or because of unsuitable weather during

cons t ruc t ion .  In  1960,  Warden,  in  the  Un i ted  Sta tes ,  suggested  tha t  the

role of rnoieture may have been over -emphasized and that bl ister

formation wa6 more l i l te ly due to the pumping act ion of the roof

I tsandwichr r  under  cyc l i ca l  tempera ture  chg.nges  (3 ) .  fak ing  in to  account

the  gaseous expans ion  and cont rac t ion  fo rces  invo lved,  i t  was  contended

that the amount of air  within the roof would increase with t ime. I t  was

reasoned tha t  a i r  cou ld  en ter  the  sys tem th rough the  roo f ing  membrane

i tse l f  becaqse b i tuminous  mater ia ls  were  semi -permeab le  to  a i r .



- 4 - .

Pro fessor  Frank  Joy  has  fu r ther  expanded th is  theory  in  a

recent publ icat ion of the Pennsylvania State Col lege Experiment Stat ion (4).

He suggests that,  under the inf luence of dai ly temp€rature changes in a

roof,  air  and water vapour may be drawn into the roof ing insulat ion through

unintent ional openings in the vapour barr ier or at  the roof per imeter.  This

inf low of air  is presumed to take place at a slow rate, s ince long and

relat ivel .y resistant paths are involved. Under a subsequent rapid increase

in roof temperature on a br ight sunny morning, this rnoist  air  tends to

expand,,  creat ing pressures that must be rel ieved through the same paths,

unless the roof ing membrane gives way. At this t i rne of rapid temperature

r ise, the roof ing membrane is hot and pl iable, and, i f  a point of  bond

weakaess exists,  there may be l i t t le rnore than the weight of the roof ing

membrane and gravel to hold i t  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  roof ing. As a

resu l t ,  roo f  b l i s te rs  beg in  to  fo rm.

As a bl ister gf ,ows in size, the pressure required to cont inue i ts

growth rnay 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 smal l  bl ister,  the l i f t  per inch at i ts r im doubles as the diameter is

doubled.

Eventual ly,  reduct ion in temperature r ise, or lateral  or down-

ward air leakage from the blister, will stop its growth. The roofing

membrane will have cooled by this tirne and the bitumen regaiaed sorne of

its rigidity, As the ternperature continues to drop, the blister becornes

rnore rigid and rnore air is drawn into the enlarged space. Rapid heatirrg

the ne><t day results in a repetition of the sarne phenomenon and the

bl ister cont inues to grow unt i l  some more di .rect passage for pressure

rel ief  occurs.

In keeping with this theory, Prof,essor "Ioy suggests that the

tendency for large bl isters to form in a non-t ight roof ing systern is
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increased by the presence of l iquid water direct ly under the roof ing. This

'  water can reeult  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 layere of the roof ing

system wae algo suggested by Lund in the early Minnesota work. More

recent ly,  Brotherson has shown that moisture i tsel f  is the pr imary cauee of

another type of fai lure, cor i :monl.y referred to as wrinkl ing or r idging (5).

Hie examl.nat ion of roofs and experiments in the laboratory clear ly indicate

that the expansion of some roof ing fel ts on an increase in moisture content

could produce r idges in the roof ing 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 er<plained.

He suggested as a possible remedy the use of a coated fel t  base sheet used

as the first ply. It is of interest to note that one of the incidental

flndings of the Norwegian study previouely mentioned was that a base sheet

consist ing of alrrminum foi l  appeared to be a possible factor in the sat is-

factory performance of certain roofs.

The problem of cracking of roof membranes has not recelved

the sarne degree of at tent ion in research as has been devoted to bl ister ing

or ridging, Bdotherson has suggested that cracking may eventually result

from the degradation of the bitumen and felts at a wrinkle and the materials

may easi ly lose the protect ion of the gravel surface and suffer accelerated

weathering. He suggested that additional information is needed on the

physical  propert ies of roof ing membranes and on the stresses induced by

e4pansion and contract ion under changes in temperature and moisture

content.  I t  has also been suggested that the freezing of ponded water could

s t ress  the  roo f ing  membrane to  a  ser ious  degree,  bu t  there  has  been no

evidence presented to support  this suggest ion.
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One can easi ly appreciate that in pract ice the roof ing membrane

is subjected to an extreme range of ternperature and humidity condit ions,

not only on a yearly,  but on a dai ly basis.  On a br ight summer day, surface

tempera tures  o f  b lack  roo fs  may r i se  to  va lues  40  to  t5  degrees  or  more

above air  temperature. Indeed, i t  has been est i rnated that the surface

temperature of a black f lat  roof on a low bui ldtng adjacent to higher

bui ldings 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  temperatsre by 5 or 6 degrees.

In winter,  the minimum surface temperature of the roof membrane

may fal l  wel l  below miaimum air  temperature (as much as 14 degrees in

$aekatoon),  with the maximum surface temperature r is ing to values Z0 to

30 degrees above air  temperature under br ight sunshine. At the same

!ime, the moisture condit ions to which the membrane is e:rposed may

vary widely,  depending on previous weather condit ions and on the moisture

conditions within the roofing system'.

To compound the cornplexity of the situation, not only the

extrerne exposure l imits must be considered, but the rate of change and

the frequency of wett ing and drying, heat ing and cool ing cycles may have

an important bearing on the behaviour of the materials involved Joy has

shown this to be important to the forrnat ion of bl isters.  He also refers

to the dramatic effect of  repeated wett ing arrd drying of unsaturated rag

fel ts,  presented by Mart in in Austral ia,  where a sample, exposed to

weathering for f ive years, suffered a 60 per cent reduct ion in area.

Recent work by the Divis ion of Bui lding Research in Ottawa, and by

other research workers, has indicated that bi turninous membranes have

potent ial ly large coeff ic ients of erpansion which are not constant with

tempera ture  (6 ) .

Much more information is needed on the prdpert ies of the

various components of the roof ing system and the effect on these

propert ies of the environment to which they are elq)osed in pract ice.
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This  i s  compl ica ted  by  the  fac t  tha t  each component  in f luences  the

cond i t ions  to  wh ich  the  o thers  a re  sub jec t .  Low dens i ty ,  e f f i c ien t

insulat ions force the roof ing rnembrane to undergo a rnore extreme

cycle of exposure than i f  no insulat ion was used. At the sarne t i rne, the

roo f  deck  is  kept  a t  more  cons tan t  cond i t ions .  An as tu te  s t ruc tu ra l

des igner  may we l l  recogn ize  the  s i tua t ion  as  fa r  ae  the  deck  ig  concerned

and reduce the number of expansion joints accordingly.  The si tuat ion

e>qper ienced by  the  roo f ing  membrane is  thus  made even more  acu te  -  an

increase in  d imens iona l  change w i th  fewer  jo in ts  des i .gned to  take  care  o f

th is  inc reased movement .  
'When 

one a t tempts  to  cons ider  how these induced

stresses are distr ibuted throughout the roof,  or epeculate on the coincidental

in f luence o f  mo is tu re ,  the  prob lem becomes compl ica ted  to  the  ex t reme,

With al l  these fa.ctors considered, i t  is t ruly remarkable that

such a l imited number of roof ing fai lures has occurred. Whether this is a

tr ibute to the roof ing industry or to the special  propert ies of the roof ing

mater ials is di f f icul t  to answer. One can say, however,  that the

complexity of the situation makes it extrernely difficult to predict just

what condit ions can be e:rpected in roofs other than in a very general  and

semi-quant i tat ive way. This si tuat ion is common to many technical

problems in bui lding. Al l  that the designer can do is to use the avai lable

in fo rmat ion  to  he lp  h im in  mak ing  des ign  dec is ions .  The research  worker

can use the avai lable inforrnat ion to examine pr inciples and ideas for

fu r ther  research  and deve lopment .

One rnight conclude from the studies and assessments that have

been.carr ied out that al l  possibi t i ty of  bl ister ing and wrinkl ing could be

avoided i f  a roof ing system could be bui l t  that would have no air  or

moisture in i t .  This is obviously impract ical ,  and st i l l  does not

el iminate the possibi l i . ty of  cracking or other problems due to therrnal

expansion and contract ion of the roof system components. What we

must look for is a compromise solu.t ion based on considerat ion of the

relat ive importance of the var ious factors involved.
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Perhaps the closest approach to the ideal of  el iminat ing air  and

moisture would be a conctruct ion consist ing of impermeable insulat ion in

which all joints remained fil led with impetmeable material and over which

w3.s placed an impermeable roof ing rnembrane, containing no air  pocketo.

Assurance would have to be given that the joints in the insulat ion remained

t ight ar id that the roof ing membrane could withstand the stresses introduced

by changing temperature condit ions or ice bui ld-up on the surface.

Using another approach, i t  could be reasoned that a vent i lated

space be provided between the insulat ion and the roof ing membrane in

order that pressure rel ief  and moisture removal could be accomplished.

In such a design, the vapour barr ier could be less than perfect but must

st i i l  exhibi t  relat ivelyhigh resistance to the f low of air  and vapour.  The

requirernents of the roof ing membrane, as far as temperature stresses

are concerned, need not be as str ingent since i ts support ing deck would be

subject to simi lar condit ions. Some means of prevent ing the entry of

moisture into the fel ts frorn below migtr t  be necessary to avoid moisture

expansion, part icular ly at jo ints in the deck. The basic system coreld

rePresent a return to past pract ice rrhere this arrangement was used for

the purpose of creat ing a sloped roof.

Cost,  f i re,  and other considerat ions might make such a system

unsuitable for many applications. As an alternative, grooved channels

connected to perimeter vents might be used in a roof ing r f  sandwichrt  with

semi-permeable insulat ions to provi f ,e pressure rel ief .  Simi lar ly,

highly Porous ir lsulat ions might be used without channels to provide

pressure vent ing. I t  is unl ikely,  however,  that such vent ing arrange-

ments could provide an effect ive means for moisture removal unless

forced circulat ion of air  was provided. With only natural  vent i lat ion,

a t ight vaPour barr ier would be essent ial  i f  no moisture accumulat ion

could be tolerated in the insulat ion. Even with a perfect vapour barr ier,

some ini t ia l  moisture might be present in the insulat ion and this would

have to be prevented from enter ing the lower pl ies of fel t  to avoid

wrinkl ing problerns.



-9  -

I t  is often not ful ly 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 f -in. thickness of fibreboard insulation, having a moisture content of

l0 per cent, contains about one-sixth pound of water per square foot, but

if  al l  this water migrates into one square foot of l5-lb felt ,  the felt wil l

have a moisture content exceeding 100 per cent. I t  is entirely conceivable

that the ineulation may be at an even higher moisture content than this if

weather condit ions during construction are not ideal. I t  is therefore

lmportant 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 rnay provide the

beet  des ign 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

wil l  dif fuse into a porous roof insulation and condense bene4.th the rgof

membrane if  no vapour barrier is provided. It  may also be said, however,

that in sur-nmer the f low wil l  be reversed, the insulation tending to dry

out. If the moieture that can be removed in sunrmer is equal to or

greater than the moisture accumulation in winter, no progressive

increase in moisture content wil l  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 that must be taken

into consideration.

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

winter moisture without dripping or without permanent damage to the
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var ious components involved. Secondly,  the possible increase in heat loge

through the wetted insulat ion rnust be recognized and al lowed for in design.

Not enough information ie avai lable at present to assess ful ly the

effects of accumulated motsture or frost on the durability or stability of

the roof.  The actual physical  ef fects on the mater ials or the bonds between

materials are not clear ly def ined. There have, however,  been some

invest igat ions of the theimal effects of moisture in roof insulat ions which

are part icular ly intere st ing.

Studies carr ied out by Powel l  and Robinson at the United States

Bureau of Standards have involved the measurement of heat f low and

moisture content in a var iety of roof ing systems under simulated summer

and winter condit ions (7).  The teets showed that a vapour barr ier 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 barr ier or even a concrete deck opposed the escape of

moisture from the insulat ion to the room during surnmer exposure and kept r

the insulat ion moist.  Moisture present ini t ia l ly in a green concrete deck,

however,  tended to migrate into the ineulat ion under winter condit ions i f

no intermediate vapour barr ier was preeent.

I t  was found that highly permeable insulat ions, without a deck

or vapour barr ier,  tended to accumulate rnoisture rapidly in winter with

a marked increase in apparent heat f low. Their  drying rate in sumrner,

however,  was egual ly rapidr as was their  regain in insulat ing value.

Moderately perneeable insulat ions under the same iondit ions accumulated

moisture slowly in winter, with dnly a rnoderate reduction in insulating

value, and dr ied quickly in surnmer, to approach the insulat ing value of

the dry mater ial .  I t  is suggested by Powel l  and Robinson that,  i f  such a

roof should develop a leak, i t  would probably be quickly detected because

no vapour barr ier was used. Once the roof is repaired, the insulat ion

would tend to recover i ts or iginal  insulat ing value due to sel f  -drying, and

expensive replacement of large areas of insulat ion and roof ing would be

el iminated.



-  l l  -

None of this work was undertaken at below -freezLng

temperatures,  but  resul ts  of  some pre l iminary work carr ied out  a t  the

DBR Prair ie Regional laboratory in Saskatoon have suggested that, with

certain insulations, the increase in heat f low during winter may not be

excessive.  I t  seems possib le  t t ra t ,  under  more gever€ temperature

condit ions, 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, eince it  is

basica l ly  the same as that  used wi th  considerable success, in  the

ingulation of rnetal bui ldings with sprayed-on asbestos insulating

materials. I t  is also exemplif ied by roofing systems which incorporate

a thick wood deck exposed to the building interior. Both of these

systems aPPear to perform satisfactori ly with relh.t ively low interior

humidities, although little information is available on the change in

their thermal propert ies during the. year. I t  is possible, however,

that, with a more complete knowledge of a1l the factors involved,.the

same principles might be applied to the design of more sophist icated

constructions for use under more severe condit ions.

In summary, it can be eaid that, although a good deal of con-

structive and enlightening research into roofing problems has been

undertaken in the past, there is st i l l  a need for more information on the

physical propert ies of roofing componentg and on the nature of the con-

dit ions 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 m.ore efficient new

designs and more satisfactory applications for new and tradit ional

materials.
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