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The material presented in this booklet has 
been prepared for the general information 
of the reader. It should not be used without 
first securing competent advice with re
spect to its suitability for any given applica
tion. While the material is believed to be 
technically correct, neither the American 
Iron and Steel Institute, the Committee of 
Stainless Steel Producers nor the com
panies represented on the Committee war
rant its suitability for any general or particu
lar use. 
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Stainless Steel 
Membrane Roof 
Long Span- Low Cost- Fast Erection 

Introduction 
What are the characteristics of an ideal 
long-span roof? 

Most architects would agree that several 
features are necessary for an optimum de
sign. For example, a clear span without 
internal columns is a prerequisite, espe
cially for sports arenas, airport terminals 
and hangars, and exhibition halls. In many 
parts of the country attendance figures at 
professional sporting events have im
proved as a result of having a totally en
closed stadium with controlled environ
ment. 

The capability to cover large areas ties 
in closely with the totally enclosed sports 
arena concept. To hold 60,000 or more 
spectators, stadiums would require a roof 
structure spanning several hundred feet. 
For large spans of conventional design, 
the structural depth of the roof support 
system, as well as the resulting cost, in
creases dramatically with increasing 
area. An optimum roof design minimizes 
structural depth. 

Cost, which includes material cost, labor 
and construction, the cost of borrowing 
money, and the cost of roof maintenance is 
always a factor. 

A roof has to be aesthetically pleasing, 
especially for large structures. Because of 
its imposing size, a large, clear-span roof 
becomes a highly visible landmark, so it 
must be acceptable to the surrounding 
community. 

Structural integrity is a major factor as
suming greater importance today because 
of increased liability and the recent rash of 
failures in large-span roof structures. 

And, far from least, maintenance is a 
continuing concern in that most roofs need 
periodic repair and occasional replace
ment. 

Interestingly, over 2000 years ago 
Homan architects attempted to construct 
an optimum wide-span roof. They were 
fairly successful, with the first tension 
structure using rope and canvas to cover 
the Colosseum. This concept was followed 
by the stone arches and domes of the Ho
man, Gothic and Renaissance periods, 
which were primarily compression struc
tures. 

With the development of steel and rein
forced concrete, large clear-span areas 
were covered with truss and space frame 
supported roofs, which unfortunately have 
the disadvantage of requiring consider
able structural depth. 

About 60 years ago, someone realized 
that an extremely efficient way to cover 
large column-free areas was to support the 
roof structure by air pressure, such as the 
fabric balloon structure over enclosed ten
nis courts. While this is an efficient way to 
cover a large area, fabrics have limited life, 
are susceptible to damage and unsuitable 
where efficient climate control is desired. 

In 1980, long-span roofs enter a new era 
with all-stainless steel membranes as a 
new type of permanent roof structure, 
which embraces all the ideals of the op
timum roof concept. This booklet dis
cusses the concept and describes the de
sign, fabrication and construction of the 
first stainless steel tension membrane roof. 
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Figure 1- The first installation of 
the all-welded, air-supported 
stainless steel membrane roof at 
Oalhousie University, Halifax , 
Nova Scotia. The low-profile roof 
structure is 300 feet long by 240 
feet wide, and only 1/ 16 inch thick! 
The membrane roof covers the 
university's sports complex. 

Figure 2-lnside view of the sports 
complex showing the large, 
clear-span area of the field house. 
The dome roof is 35 feet above the 
floor; waifs are 25 feet high. Insula
tion, lights , and sound system 
equipment are suspended from 
studs welded directly to the roof 
membrane. 

The First 
Air-Supported 
Stainless Steel 
Membrane Roof 
The gleaming dome of the new $11-million 
sports center at Dalhousie University, 
Halifax, Nova Scotia, Canada, is the 
world's first stainless steel air-supported 
membrane roof (Figure 1). Constructed of 
Type 304 stainless steel sheet 1/16 inch 
thick, the low-profile roof structure is 300 
feet long by 240 feet wide in the shape of a 
super ellipse. The 1 ¼ acre roof is sup
ported by 0.05 pounds per square inch 
(psi) air pressure, which is roughly the dif
ference between the first and tenth floor of 
a high-rise building. If air pressure should 
drop, the roof will deflate into a concave 
shape, but still securely anchored at its 

Figure 2 

perimeter and still capable of supporting 
its full design load . 

At its center, the roof dome is 35 feet 
above the floor; walls are 25 feet high. The 
unique design obviates upright support 
columns as well as the customary network 
of structural steel normally required to 
span such a large area (Figure 2). In fact, 
the total depth of the roof structure is the 
thickness of the membrane- 1/16 inch! 

Thermal and acoustical insulation, as 
well as lights and sound system, are sus
pended from studs welded directly to the 
membrane. 

The dome roof covers a three-level 
sports complex consisting of field house 
and running track, class and locker rooms, 
squash, handball and raquetball courts, 
and a SO-meter olympic-size swimming 
pool. 

The creation of this all-around athletic 
facility presented a real challenge to the 
university. Zoning regulations restrict the 
height of buildings in the area to 35 feet, 
and they restrict the extent to which the site 
can be covered. Consequently, the three 
levels were accommodated below ground, 
Figure 3. 

Accordingly, the site was excavated to a 
depth of 45 feet-in solid rock . If the roof 
had been of a more conventional structure, 
an additional 10-20 feet of excavation 
would have been required, adding sub
stantially to construction costs. 

The Membrane Concept 

A membrane structure is essentially a thin 
skin designed to carry a load, as for exam
ple a child's balloon or an inflated cushion. 
Inflated, the cushion can support a modest 



Figure 3 

Ground Level 

Figure 3-Cross-sectional draw
ing of the Oalhousie sports com
plex showing the three activity 
levels. At ground level is the field 
house, which is the only 
pressurized area supporting the 
membrane roof. On the next level 
down are locker rooms, class 
rooms, and squash and raquetball 
courts. On the lowest level is the 
50-meter swimming pool. 

Figure 4-The membrane roof can 
be seen as a small segment of a 
large theoretical sphere, and it 
consists of two basic structural 
elements; (1) the steel membrane 
and (2) the peripheral compres
sion ring. These two units form an 
integral unit in which horizontal 
forces are in balance, and vertical 
forces. are transferred to the 
ground by supporting walls. 

Figures 5 and 6-Structurally, the 
stainless steel membrane roof is 
analagous to air-supported fabric 
roofs and steel cable suspended 
roofs, both of which are in common 
use today. Each of the two struc
tures are essentially in tension, 
and each requires a compression 
ring to balance the horizontal 
forces. 

Membrane 
Roof 

Field 
House 

load because the air inside puts the skin in 
tension. Substitute steel and the cushion 
can support substantially greater loads. 

By taking a small round segment of the 
cushion or balloon and surrounding it with 
a compression ring that counterbalances 
the skin tension-as visualized by the 
drawing in Figure 4-a practical mono
lithic structure is created. Using this mono
lithic structure in a roof design, the two 
elements-the steel membrane and the 
peripheral compression ring as illustrated 
in Figure 4-form an integral unit in which 
the horizontal forces are in balance and 
vertical forces are transferred to the 
ground by walls supporting the ring. Struc
turally, the stainless steel membrane roof is 
analagous to air-supported fabric roofs 
(Figure 5) and steel cable-suspended 
roofs (Figure 6), both of which are in com
mon use today. 

Theory Studied 
During the late 1960's, The International 
Nickel Company (INCO) conducted a pro
gram to study the feasibility of metallic 
membrane systems. The study concluded 
that the essential properties a metal must 
have to serve efficiently in a permanent 
tension membrane structure are: 
1.High strength to permit the use of thin 
material. 

a 

- b f C .,..,.___r 
td td 

a) Surface Load 
b) Compression Ring Load 
c) Rise 
d) Support Load 

Figure 5 

Figure 4 

a 

al Surface Load 
b Compression Ring Load 
c) Sag 
d) Support Load 

Figure 6 
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Figure 7 

700' Diameter 
I( I 
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Figure 7---ln the late 1960's a de
sign study was conducted on a 
double-membrane structure 
covering a 700-foot diameter 
arena. The upper and lower mem
branes were stretched inside a 
compression ring and made air
tight to confine air pressure -thus 
generating only tensile stresses 
similar to an inflated cushion. 

Figure 8-This is a model of a 
membrane structure, constructed 
in the early 1960's to demonstrate 
the theory. The skin is 0.001-inch 
thick stainless steel. The model 
was used to provide an under
standing of behavior under vari
ous loads (using sand) and load
ing conditions (point loads such as 
illustrated). 

i I 

Section 

700-Foot Stadium 

2.Good corrosion resistance to provide 
long-term durability. 
3.Good toughness to resist puncturing and 
tearing. 
4.Excellent weldability for ease of fabrica
tion. 

A chromium-nickel stainless steel was 
chosen as the optimum structural material 
because it meets all the above criteria. 

Following conceptual studies, INCO ini
tiated a design project to demonstrate the 
practicability of a stainless steel mem
brane structure. The example selected for 
this project was an air-inflated double
membrane roof (Figure 7) to provide a 
clear-span coverage of a 700-foot diam
eter area. 

The roof design comprised an upper 
and lower membrane, stretched inside a 
circumferential compression ring. The two 
membranes would confine pressurized air 
and thus, only tension stresses would be 
generated. The structure became, in ef
fect, a stainless steel air-inflated cushion. 

In addition, INCO built and tested a 16-
foot scale model using 0.001-inch thick 
stainless steel foil to verify theoretical con
siderations and to provide an understand
ing of behavior under various loads and 
loading conditions (Figure 8). It showed 
stability under all conditions. The results of 
the design project and model were re
ported by Siev and Kuentz in 1971. 

In these early studies, stainless steel 
sheet demonstrated itself to be an ideal 
material for a tension membrane roof, but 
there were two problems to overcome be
fore it could be practically applied to a 
building structure. First if the roof mem
brane were constructed flat, it could not 
assume the significant double curvature of 
a spherical, dome shape, because the 
stainless steel is not intrinsically "stretchy" 
enough. If it could remain flat, no problem. 

.. 
.,,,,.--Upper Membrane 

Compression Ring 

However, without sufficient curvature, the 
forces required to support the roof would 
be just too great for both the membrane 
and compression ring. 

On the other hand, permanently ouilding 
the membrane with the required double 
curvature, by cutting the sheet into pie
shaped segments and assembling the 
segments over a dome-shaped form, 
solves one problem but leads to other diffi
culties. Constructing a dome-shape form 
is difficult and impractical. Also, once the 
membrane was supported by air, it could 
not be allowed to deflate or the membrane 
would lose tension and fail through buck
ling. 

Therefore, the key to a successful stain
less steel membrane roof structure is the 
technique of making an initially flat steel 
membrane assume a significant spherical 
shape without creating unduly large 
stresses, at the same time assuring that 
tension would be maintained. Even if there 
is a loss of air pressure and the roof de
flates from a convex to a concave shape, 
tension must be maintained. This feature 
was proven by a recent deflating of the roof 
at Dalhousie. The roof went from convex to 
concave and back to convex without any 
difficulty. 

Figure 8 



Figures 9 and 10-These figures 
help to illustrate the problem of 
how a metal membrane must be 
made to assume a double cur
vature. Cut into pie-shaped seg
ments and placed on a flat sur
face, all pieces fit closely together, 
but on a spherical plane, there are 
spaces between segments be
cause the spherical surface has 
greater area than the flat circle. 

Figure 11-For a 500-foot diam
eter roof, with a 16.5-foot rise, the 
spaces between segments (as 
illustrated in Figure 10) are really 
qwte small. Dimension a is 8.5 
inches, while dimension b is 2.25 
inches. By bridging the spaces 
with a spring contraction joint, the 
membrane can assume both a flat 
as well as a spherical shape. Ten
sion is maintained by the contrac
tion joints between segments. 

Figure 12-When the preformed 
contraction joint is put into tension 
it flattens out. If the tension is re~ 
lieved, it springs back to its origi
nal shape. Because of the inherent 
stretchiness that the contraction 
joints impart to the membrane, the 
membrane can go from flat to 
spherical and back, and yet re
main in tension at all times. 

Figure 10 

Double Curvature Solved 

A Toronto consulting engineer, D.A. 
Sinoski, also was working on the mem
brane roof concept, during the late 1960's. 
~oth the Sinoski and INCO designs had 
independently arrived at similar conclu
sions. They both came up with a mem
brane structure that would consist of a 
number of trapezoidal segments, a regular 
~olygon for the center segment, and ape
ripheral compression ring. However, Mr. 
Sinoski solved the difficult problem of 
achieving double curvature in the stainless 
steel membrane. 

Basically, the stainless steel membrane 
achieves the stretch necessary to assume 
a spherical shape by mechanical means. 

To see how a metal membrane can be 
made to assume a significant double cur
vature from a flat sheet, consider a flat 
c~rcular sheet of stainless steel cut up into 
pie-shaped segments (Figure 9). Now 
imagine these pieces applied to a hypo
th_etical spherical ( dome-shaped) surface 
with the base diameter the same as the 
diameter of the original sheet of steel (Fig
ure 10). 

There are spaces between the seg
ments because the spherical surface has a 
greater area than the flat circle. If there are 
a sufficient number of segments, they 
need only go into very slight double cur
vature to be part of a spherical surface. In 
reality, the spaces are not large at all. For a 

Contraction Joints 

--t-4_J 
Segments 

Figure 11 

500-foot diameter roof with a 16.5-foot rise 
dimension a in Figure 11 is 8.5 inches and 
dimension b is 2.25 inches. 

By e~larging the spaces and bridging 
them with preformed spring sheet stain
less steel, it is possible to make a mem
brane that will lie flat on the ground for 
construction and then stretch out to a 
sph~rical curvature when it is pushed up 
b_y air pressure or when it hangs in suspen
sion. 

When the preformed contraction joint is 
put into tension, it flattens out. If the tension 
is relieved, it springs back to its original 
shape. Because of the inherent stretchi
ness that the contraction joints impart to 
the membrane, the membrane can go from 
tlat to ~pherical and back, and yet remain 
1n tension at all times (Figure 12). 

By prestretching the radial contraction 
joints in graduation from the rim inward the 
increased opening required to achiev~ 
spherical curvature can be obtained. The 
circumferential joints around the center 
segment are all extended the same 
amount. 

Figure 12 
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Figure 13 

Figure 13-This shows arrange
ment of the compression ring (a), 
the pie-shaped membrane seg
ments (b), center segments (c), 
radial contraction joints (d), clo
sure joints (e), and circumferential 
contraction joints (f) of the air
supported stainless steel mem
brane concept. All major compo
nents are shop fabricated; mini
mum field assembly is required to 
join components. 

Figure 14-This illustrates how 
48-inch wide stainless steel sheet 
is cut into trapezoidal segments 
and joined to form a large pie
shaped segment for a membrane 
roof. For the Dalhousie roof, Type 
304, 1/16 inch thick, was used. If the 
roof is round, all pie-shaped seg
ments can be identical. 

The contraction joints are the basis of the 
Sinoski design, for which patents are held 
in the United States, Canada, and several 
other countries. Sinoski refers to his design 
as a Meniscus steel membrane roof struc
ture because of its basic shape. The es
sential elements of the Meniscus roof, as 
shown in Figure 13, consist of the mem
brane segments, the contraction joints, 
and the compression ring. 

The Dalhousie Design 
For the Dalhousie Sports Complex, the 
membrane segments are 1/16-inch thick 
Type 304 stainless steel with a yield 
strength of 37,000 psi. The steel was deliv
ered to the fabricator in 48-inch wide coils. 
The coils were unrolled and cut into 
trapezoidal segments, which were welded 
together to form 24 pie-shaped segments 
and a center segment, as suggested by 
the drawing in Figure 14. 

To suit the sports complex plan shape, 
the roof is a super ellipse. Consequently, 
the membrane segments are of several dif
ferent shapes. If the roof were perfectly 
circular, then all segments would have 
been identical. 

The contraction joints are also 1/16-inch 
thick Type 304, but temper rolled to a 
¾-hard condition which resulted in a mini
mum yield strength of 135,000 psi, thus 
providing the necessary spring charac
teristics. 

The compression ring was made from 
cast-in-place reinforced concrete, to 
which are attached %-inch thick Type 

Contraction Joints 

Membrane Segments 

Compression Ring 

304L anchor plates. During construction, 
the perimeter of the membrane was 
welded to this plate, thus connecting it se
curely to the compression ring. A second 
covering plate was bolted to the top thus 
completing the closure. The compression 
ring itself is actually an inverted U-shape 
structure, which forms the walls and roof of 
the running track (Figure 15). 

The structural engineering of the 
Dalhousie Complex roof structure was 
handled by Carruthers & Wallace Limited, 
Rexdale, Ontario. The engineers con
ducted an incremental finite element anal
ysis to determine stresses throughout the 
membrane and compression ring, they 
analyzed wind and snow-load conditions, 

Trapezoidal Segment 

j 
!',~ 

\., ~LI 

Center Segment 

Figure 14 



Figure 15 

Anchor Plate Roof ~===3 ~=~====~S~tainle~ssSteel 

Air Supported Roof Membrane 
1/16-inch Thick Welded Stainless Steel Sheet 

Gutter 

35' 

Figure 15-The compression ring 
is actually a cast-in-place con
crete structure, which forms the 
walls and roof of the running track. 
Attached to a curb on top are 
%-inch thick Type 304L stainless 
steel plates to which are attached 
membrane segments and con
traction joints. The segments are 
welded to the plate, and another 
plate is bolted to the top. 

Figure 16-Dynamic tests were 
conducted in a boundary layer 
wind tunnel on a plastic film model 
of the membrane roof. The model, 
complete with building and terrain 
features, showed that the mag
nitude of roof movements due to 
wind conditions would not be ob
jectionable. 

Open Gymnasium Area 
300' x 240' Without Support Columns 

and they conducted wind tunnel tests on a 
model constructed of thin plastic sheet. 

In considering the snow-load condi
tions, an analysis of Halifax meterological 
statistical data suggested that the maxi
mum snow load would be 27 pounds per 
square foot. In the inflated condition, air 
pressure could be increased in the build
ing to support the load; however, it was 
feared that the increased pressure could 
possibly make the conventional 
emergency exit doors difficult to operate 
properly. Therefore, it was decided that 
provision should be made to melt snow 
before it accumulates. This is easily ac
complished by directing air, heated to 
140F, to flow between the roof membrane 
and the insulation suspended beneath it. 
Since warm, dry air was going to be slowly 
circulated in this manner to prevent con
densation on the membrane, this seemed 
to be a more practical solution to snow 
accumulation. Should the roof deflate
that is subside to a concave position-

ltil \tli!I! 111:l'i 

1t1 III!: II ■ II~ 
.;.._, 

Figure 16 

25' 

connections are provided at the center to 
allow water to drain. Therefore, the design 
stress on the inflated roof is 2,000 psi; de
flated, the stress under design snow load 
is 27,000 psi. 

Dynamic tests were conducted at the 
University of Western Ontario, which has a 
boundary layer wind tunnel. A scale model 
of the sports complex was constructed, 
with an inflated roof of plastic film, com
plete with models duplicating surrounding 
buildings and landscape (Figure 16). The 
reason for this test was to insure the roof 
did not exhibit any instability or undesira
ble response to wind. Therefore, meas
urements were made of movement in the 
membrane, not stress. 

The results showed that winds would 
cause some limited distortion of the mem
brane roof, but no resonance. The test 
suggested that during strong winds, slight 
movement of the roof would be discerna
ble to people inside through slight move
ment of the lights. 

• 
II 
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Figure 17-Trapezodial sheets of 
stainless steel were welded to
gether to form pie-shaped mem
brane segments . Two sheets were 
first tack welded and then 
clamped in a long welding fixture 
where a lap seam weld was com
pleted by automatic GMAW. The 
welds were then cleaned of weld
heat disco/oration and then vac
uum tested for air tightness. 

Figure 18-As sheets were joined 
to form membrane segments, they 
were coiled onto eight-foot diam
eter rolls consisting of several 
plywood discs mounted on an 
axle. The large diameter was 
selected to prevent permanent 
coil set in the stainless steel. These 
coils were easily transported by 
truck to the construction site. 

Shop Fabrication 
Blenkhorn and Sawle Limited, St. 
Catharines, Ontario, handled shop fabrica
tion and field erection of the membrane 
roof, for which the company developed 
several innovative fabrication techniques . 

The coiled, 48-inch wide stainless steel 
sheet was unrolled, flattened, and cut to 
trapezoidal shapes ranging in length from 
3½ feet to 45 feet, which was necessary to 
make up the pie-shaped segments, as 
illustrated previously in Figure 14. 

First, the longest two sheets were over
lapped ½ inch and "tack" welded on 2-foot 
centers using a spot welding technique. 

Figure 18 

This section was then moved to a special 
welding fixture where it was clamped and a 
continuous seam weld made automatically 
(Figure 17). The weld was cleaned to re
move heat tint discoloration and then in
spected by vacuum to insure weld sound
ness. This procedure was followed for 
each successively smaller segment until 
the entire pie shape segment was com
plete. 

As the sheets accumulated in the form
ing of each membrane segment, they were 
coiled onto an 8-foot diameter roll (Figure 
18), consisting of several plywood discs 
mounted on an axle. The diameter was 
selected to prevent permanent coil set in 
the stainless steel, and each roll accom
modated two to five membrane segments. 
Now, instead of having an impossibly large 
and unmanageable sheet of stainless steel 
to ship, each roll was a single manageable 
unit that fits any standard size trailer truck . 

Contraction Joints 
There are two basic contraction joint re
quirements: radial and circumferential. 
The radial joints fit between pie-shaped 
segments; circumferential joints are used 
between the center segment and the pie
shaped segments where they meet toward 
the center. All contraction joints-except 
those located at the perimeter-were 
formed into a similar shape (not unlike the 
Greek letter omega). 

The material, as discussed earlier, was 
1/16 inch Type 304 temper rolled to¾ hard
ness, which resulted in a minimum yield 
strength of 135,000 psi. This was neces
sary to provide the necessary spring 
characteristics. 



Figure 19-Sequence for forming 
flat stainless steel sheets into a 
U-shaped contraction joint. Be
cause of springback in %-hard 
stainless steel, considerable 
overbending on the brake press 
was required. All joint sections, 
except those attached to the com
pression ring, were made identi
cal. Those attached to the ring 
were in a graduated shape from 
flat to U. 

Figures 20 and 21-To accomplish 
pre-extension of the contraction 
joints, Z-shaped bars were welded 
along the longitudinal edges. The 
hydraulic expander gripped the 
Z-bars, and expander jigs were at
tached after the joint was pulled to 
the correct width. Pre-extension to
lerances were ± 1/32inch. When the 
roof was inflated, the jigs were re
moved. 

Forming of the contraction joints was 
a?complished on a press brake equipped 
with a bull-nose open die, consisting of a 
four-inch diameter, Schedule 120 pipe for 
the top die and and open V of hardened 
steel for the bottom die. Lubricant was pro
vided to minimize die marks. 

The forming sequence is shown in Fig
ure 19. Because of the spring back charac
teristic of ¾-hard stainless steel, consid
erable over-bending was required. All joint 
segments were made identical except 
those attached to the anchor plate on the 
compression ring. These were made in a 
"graduated" shape, U-shaped at one end 
and flat at the other. 

The next step in the fabrication of the 
contraction joints was to accurately pre
extend each one by the amount necessary 
to allow it to stretch into an almost flat con
dition as the roof assumed spherical cur
vature during inflation. Naturally, the joints 
nearest the apex would assume the great
est stretch (see Figure 10), so these were 
pre-extended the least. Conversely, those 
nearest the compression ring would 
stretch the least during inflation, so they 
were pre-extended the most. Those con
traction joints attached to the compression 
ring itself were made differently, as ex
plained in the previous paragraph. 

Calculations of the measurements be
tween membrane segments were made by 
computer, and pre-extention of the con-

Z-Bar Attached to Contraction Joints 

Figure 20a 

Figure 20b 

Figure 19 

Flat Sheet 

( __ ) 
First Form 

Second Form 

Third Form 

Forming Sequence for Contraction Joints 

traction joints was accomplished by hyd
raulic means. As each contraction joint 
was extended in the hydraulic unit, tempo
rary jigs were installed to maintain the cor
rect pre-extension until field installation 
was complete. 

To accomplish pre-extension, Z-shaped 
bars were spot welded along each side of 
each contraction joint, as shown in Figure 
20. The hydraulic extender gripped the Z 
bars, and expander jigs were attached 
after the correct distance was achieved 
(Figure 21 ). Extension tolerances were 
held to ± 1/32 inch. After the roof was in
flated, the expander jigs were removed; 
the Z bars remained. 

Finally, three 12-foot joint sections were 
manually welded together in the shop, 
creating a shipping length of 36 feet. This 
reduced field welding by two-thirds. The 
se~tions were then crated (Figure 22) for 
shipment by truck to the site. 

Figure 21 
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Figure 22-Three 12-foot long 
contraction joint sections were 
welded together by manual 
GMAW, forming 36-foot sections 
which were crated for shipment to 
the job site. Welding three sec
tions together in the shop reduced 
field welding of the joints by two
thirds. The sections have different 
bend profiles because they were 
pre-extended to specific widths. 

Figure 23-A concrete curb on top 
of the compression ring is where 
stainless steel anchor plates are 
attached. These plates have, in 
addition to anchor studs, leveling 
legs, which permitted accurate 
height adjustment . When the con
crete was placed in the curb sec
tion, the plates and studs became 
an integral part of the compression 
ring. 

Figure 24--Contraction joints for 
the entire roof were laid out in posi
tion on a wooden, scaffold
supported deck. Wood filler strips 
on the deck permitted accurate 
positioning of contraction joints 
and membrane segments, which 
overlapped. Joints were assem
bled completely by manual 
GMAW before membrane seg
ments were installed. 

Field Erection 
The first stage in the field assembly was the 
casting of the concrete compression ring, 
which caps the perimeter wall structure. It 
is, in fact , the roof of the running track that 
follows the complete building perimeter . A 
curb (Figure 23) forming part of the com
pression ring was left for completion at a 
later date to allow for accurate positioning 
of the stainless steel anchor plates . 

The anchor plates have, in addition to 
anchor studs, leveling legs (bolts) , which 

allowed for accurate height adjustment. 
Each plate was welded to the next, forming 
a continuous stainless steel strip to which 
were attached the membrane and contrac
tion joints. When the concrete work was 
completed, the plate and stud combina
tion became an integral part of the com
pression ring. 

While the compression ring was being 
constructed, a temporary plywood deck 
was installed at anchor plate level. This 
was the platform on which the membrane 
roof was assembled and, later, from which 



Figure 25-Coiled membrane 
segments were unrolled and 
positioned between contraction 
joint sections ~uch in the same 
manner as unrolling a paper towel. 
A cable winch was anchored at the 
cent er, and the pull was applied to 
a spreader bar, which in turn was 
attached to the segment. This dis
tributed the force evenly. 

Figure 26-After segments were 
properly positioned, GMAW tack 
welds were made . Following this, 
the seam lap weld was completed 
by automatic GMAW. To protect 
the welding operation from wind 
and weather, a moveable plastic 
tent was positioned over the weld 
area, and the flaps weighted with 
sand bags . Welds were cleaned 
and vacuum inspected . 

Figure 27- After the segments 
were welded to the anchor plate, 
another plate was bolted to the 
top. Plates and any part of the 
concrete curb or compression ring 
that might contact the membrane 
either inflated or deflated were 
given a rounded "bull nose" 
shape. Plastic sealant was in
serted between membrane and 
top plate to prevent accumulation 
of dirt. 

the ceiling system (lights, sound, insula
tion) was installed. Reusable concrete 
formwork was used on the deck, and this, 
in turn, was supported by standard steel 
scaffolding. This deck was required only 
because the decision was made to build 
the roof at roof level rather than at ground 
level. If the latter method had been chosen, 

Figure 26a 

scaffolding might not have been required. 
(See page 18 for discussion of this alter
nate method .) However, the compression 
ring would have had to be of a different 
design to allow its being constructed and 
raised with the roof membrane. 

The contraction joints were then in
stalled and welded together, forming a 
single continuous component running 
from the anchor plate to the contraction 
joint sections around the center segment. 
All joints, radial as well as circumferential 
were positioned (Figure 24) . Wood filler 
strips on the scaffolding deck allow for ac
curate positioning of the membrane seg
ments in relation to the contraction joints, to 
which are attached Z bars and expander 
jigs. 

The coiled membrane segments were 
then lifted in a sling and placed on sup-

ports, which were set up on the compres
sion ring. A segment was then uncoiled 
-much in the same way one pulls a paper 
towel from a roll-and pulled onto the 
deck (Figure 25). The section was 
positioned so it overlapped the contraction 
joints on both sides, and then was spot 
welded. At this point, the overlap tolerance 
was rather liberal-± 2 inches . 

Then the seams were automatically lap 
welded, using a technique very similar to 
that used to join the segments in the shop. 
To protect the welding operation, a move
able shelter was placed over the joint 
being welded (Figure 26). This was neces
sary to prevent wind from disturbing the 
shielding gas, thus assuring a proper 
weld. Weld discoloration was then re
moved, and the entire seam checked by 
vacuum . 

Finally the perimeter anchorage was 
completed by welding the membrane to 
the lower anchor plate and installing the 
upper anchor plate (Figure 27) . All that was 
required at that point to turn the one-and
a-quarter acres of welded stainless steel 
sheet into a dome roof was to switch on the 
ventilating fans . 

Figure 26b 

Figure 27 
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Figure28 

Figure 28-Dne part of the mem
brane roof not completely welded 
is the junction between radial and 
circumferential contraction joints. 
At these points, expansion and 
contraction is bi-directional, so an 
airtight sea/ was provided with a 
polyurethane sheet bonded to a 
stainless steel frame, which al
lowed necessary flexibility. 

The Compression Ring 

A circular compression ring resists the in
ward pull of the membrane in pure com
pression. Horizontal bending moment is 
introduced, in addition to compression, 
when the shape is elliptical. Discernable 
horizontal deflections are to be expected 
in such compression rings when the mem
brane is heavily loaded, such as by snow 
when deflated. Although the fitting of the 
compression ring to the running track at 
Dalhousie resulted in a ring of greater hori
zontal flexural stiffness than necessary, 
provision was made in the exterior support
ing walls and the inner columns to accom
modate this movement. 

Fabrication Details 
The tack or spot welds made during shop 
fabrication of the membrane sections and 
used to joint the membrane to contraction 
joints at the site, were actually one-side 
plug welds made with a slightly modified, 
crutch mounted GMAW torch. The torch 
nozzle was straightened, and to complete 
the plug welds, the operator merely carried 
the torch down the joint making welds at 
specified intervals. 

Seam welds, both in the shop and at the 
site, were made with an automatic GMAW 
torch and feeder mounted on a Koike 
crawler. Shop travel speed was 60-65 
inches per minute (250 amperes at 24-26 
volts), while travel speed in the field was 
slowed slightly to 50 inches per minute 
(185 amperes at 22-23 volts). Filler metal 

~; 
~'• 

was 0.035 inch diameter Type 308 high
silicon weld wire, which is the normal mate
rial for welding Type 304 stainless steel. All 
manual welding was GMAW at 100 am
peres, 21-23 volts. 

Shielding gas for the entire project was 
A-1025, a mixture of helium, oxygen, car
bon dioxide, and argon. Gas flow was 35 
cubic feet per hour. The gas combination 
was selected because it provides excel
lent puddle control, deep penetration, and 
high deposition rates. The welding was 
done using direct current produced by a 
constant voltage power source, with the 
electrode positive. 

Welders and weld procedures were 
properly qualified with appropriate Cana
dian agencies, which included stress test
ing of specimen welds. Test results showed 
that welds on annealed sheets exceeded 
83,000 psi tensile strength, and welds be
tween annealed and hardened sheets ex
ceeded 112,000 psi tensile. 

Also, the fabricator exercised care in as
suring that all joints, prior to welding, were 
properly cleaned and free of grease, oil or 
any other foreign matter that could upset 
weld chemistry. 

There is one place on the roof where 
welding was not possible; that is the junc
tion between the radial and circumferential 
contraction joints. At this point, movement 
of the joint during inflation was in two direc
tions. This area, therefore, was sealed with 
a polyurethane sheet bonded to a stainless 
steel frame, which allowed bi-directional 
movement (Figure 28). 



Figure 29-A standard insulation 
grid is suspended 12 inches 
below the membrane. The radius 
of the dome is shallow enough for 
the long grid members to bend, 
following the same curvature as 
the dome itself. The insulation per
forms both thermal and accousti
cal functions. Dry air between 
membrane and insulation pre
vents condensation. 

Mechanical Requirements 
The 0.05 psi air pressure required to main
tain the dome shape of the roof is provided 
by a fairly standard system of ventilating 
fans and ducts. One fan with a 75 horse
power motor capable of delivering air at 
35,000 cubic feet per minute, but operat
ing only at approximately 60 percent of 
capacity, is required to maintain pressure. 
However, three fans were installed-two 
as backup units-along with an 
emergency diesel engine power source. 
Air delivered to the building can be heated 
to 140F (if needed for snow melting) by 
steam from the university's central power 
plant. 

In the event that all systems fail for an 
extended period, the roof merely deflates 
to a suspended (concave) position without 
damage. This situation would not present 
any hazard to occupants. 

Only the field house is pressurized, the 
other two lower floors are not. Connecting 
doors are of a revolving type to minimize 
pressure loss. Emergency exit doors are 
provided, which are not normally opened. 
A fire sprinkler system was installed 
around the perimeter of the field house. 

Stainless steel bolts, stud welded to the 
stainless steel membrane, support lights, 
sound system, and insulation. A standard 
insulation grid is suspended 12 inches 
below the membrane (Figure 29). The 
radius of the dome is shallow enough for 
the long grid members to bend, following 
the same curvature as the dome itself. The 
grid retains insulation, which performs 
thermal as well as accoustical functions. A 
constant dry air stream is passed through 
the space between the insulation and 

Figure 29 

membrane to minimize condensation. 
A Nelson stored-arc stud welder was 

used to fasten studs to the membrane. By 
limiting the input energy with this equip
ment, no heat tint appeared on the upper 
surface, nor was there any indication on 
the surface to suggest the presence of 
studs. Two types of studs were used; 
3/1s-inch diameter studs with flattened and 
pierced ends hold the ceiling components, 
while ¼-inch diameter threaded studs 
were used to support utilities. 

Mechanical engineering design and 
supervision were provided by Chebucto 
Engineering Ltd., Halifax, Nova Scotia. 

Benefits 
Durability- The all-welded stainless steel 
membrane offers a permanence and 
durability not hitherto available in air
supported roofing systems. Stainless 
steel's longevity has been well established 
on roofs, such as the 50-year old Chrysler 
Building in New York City. No deterioration 
has been detected on this building. 

Structural Efficiency- The less material 
required to build a structure, the more effi
cient the structural principle. Only 1/1s inch 
stainless steel weighing approximately 
2.62 pounds per square foot is required for 
the membrane. 

Safe-The stainless steel membrane 
roof shows no loss of structural integrity in 
the highly unlikely event that disaster 
strikes by knocking out all electricity and 
standby systems. The roof simply reverts 
to a suspended-type roof that will continue 
to support its fllll design load indefinitely. 

The transition from convex to concave 
profile would occur in a smooth, gradual 
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Figure 30-Safety is one of the im
portant features of the air
supported stainless steel mem
brane roof. Since the roof is a/ways 
in tension, it can at no time go into 
compression and buckle -there 
would not be a progressive col
lapse from local failure of a mem
ber. The roof is a/so quite safe for 
people to walk on. 

process cushioned by air. With restoration 
of air pressure, the roof membrane would 
reinflate to its original dome profile. Since it 
is always in tension, it can at no time go into 
compression and buckle-there would 
not be a progressive collapse from local 
failure of a member. 

Stainless steel membrane roofs are in
herently safer in this regard than any other 
wide-span type of structure that could be 
built. This is because there are no discrete 
elements to a membrane. Local failure of 
the membrane to carry load would only 
cause redistribution of stresses. It could 
not cause progressive collapse. 

Another reason that a ductile membrane 
is so safe is that it will stretch if overloaded. 
Type 304 stainless steel work hardens 
when it stretches and becomes stronger. 
The radius of curvature of a membrane 
also decreases if the membrane stretches, 
thus increasing the resistance of the mem
brane to the imposed load . 

In addition to these safety factors, the 
stainless steel membrane has better fire 
resistance than conventional roof struc
tures . Because the membrane is a tension 

member, it cannot fail by buckling when it 
gets hot. Steels are nonflammable and 
stainless steel has sufficient tensile 
strength at temperatures up to 1200F to 
support itself without exceeding yield. It is 
also safe for people to walk on the roof as 
shown in Figure 30. 

Labor Efficient-For buildings this size 
and larger , the cost of the stainless steel 
membrane roof is substantially lower than 
that of any kind of conventional long-span 
roof structure. Efficient labor utilization is 
the reason . 

The main items involved in the fabrica
tion of the roof membrane are shearing, 
forming and welding. All of this work, ex
cept for about 30 percent of the welding, is 
performed in the shop. Even the on-site 
welding is automatic, conducted in near 
shop-like conditions. 

Low Capital Cost- The high degree of 
structural and labor efficiency previously 
described are the main contributors to cost 
savings . In addition, no special abuttments 
are required, and the extreme light weight 
of the membrane reduces foundation 
costs. Also, no separate water proofing 



Figure 31-
(a) Column and joist 
(b) Space frame 
(c) Suspended cable (bicycle 

wheel) 
(d) Structural dome 
(e) Concrete dome 
(f) Air-supported fabric 
(g) Double membrane, stainless 

steel 
(h) Single membrane, stainless 

steel 

Note: 

The average cost figures on which 
these curves were based include 
roof structure, decking, and roof
ing materials. 

membranes, such as tar and gravel, are 
required. 

Speed of fabrication and erection at the 
site are capital cost considerations in that 
the membrane roof will probably take less 
time and allow earlier building occupancy. 
Also, it is possible to construct the roof on 
the ground adjacent to the building and 
then be lifted into place. (See page 18 for 
further discussion of alternate construction 
methods.) This will permit the simulta
neous construction of walls and roof. 

The curves in Figure 31 give at a glance 
a generalized picture.of the cost of various 
types of roof structure. The curves com
pare relative average costs, which, of 
course, fluctuate according to location, 
labor rates, inflation, and field conditions. 
Also, the curves represent the roof struc
ture and decking and roofing. 

Minimum Maintenance Costs -Other 
favorable comparisons can be made with 
respect to ongoing maintenance require
ments. Rigid roofs require leak-prone ex
pansion joints. Builtup roofs are subject to 
mechanical damage, bubbling, cracking, 
and other leak-causing problems. They all 
require periodic repair and many will re
quire complete replacement. 

In contrast, the all-welded stainless steel 
membrane is leak-proof and maintenance
free. Thermal expansion and contraction 
result in only slight changes in the radius of 

curvature. No joints or builtup roofing are 
required, and stainless steel's durability is 
a well-proven fact. 

Energy Efficient- The energy require
ment to keep the roof inflated is very mini
mal. Only 0.05 psi air pressure is required, 
which is easily provided by a normal ven
tilation system. 

Materials requiring a large energy input 
in their production, such as tar and felt, 
large tonnages of structural steel or synth
etic fabrics are replaced by a single sheet 
of stainless steel, which uses recycled 
scrap as its basic ingredient. 

Also, its minimal enclosed volume, due 
to the low rise of the dome, reduces the 
heating and cooling load on the building. 
Thermal and accoustical insulation is hung 
directly from the roof membrane. The de
signer, however, has to consider the need 
to pressurize the building, which requires 
special attention to doors and windows. 

Additional Features 
One might reason that one of the features 
of an ideal roof is translucency to take ad
vantage of natural daylight. A plexiglass 
dome or a central translucent fabric can be 
mounted in a stainless steel roof but only at 
some sacrifice of permanence, durability 
and thermal insulation. No translucent 
materials have durability comparable to 
stainless steel. 
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Figures 32 and 33-Alternate 
methods for constructing and 
erecting roof. 

Figure 32 

Alternate Construction 
Methods and Applications 

An interesting application for the stainless 
steel membrane concept is floating covers 
for liquid storage tanks. For this application 
the design is essentially the same as the 
air-supported roof, consisting of a mem
brane and compression ring. For a floating 
cover, however, the membrane remains 
flat with buoyancy provided by the com
pression ring, which is a series of pipe 
pontoons. 

The advantages of the stainless steel 
floating covers are corrosion resistance, 
good buoyancy, fire resistance, and they 
can be constructed inside existing tanks. 

In addition, the membrane roof can be 
used for water reservoirs, gas holders, 
sewage plant digesters or clarifiers, 
warehouses, airport passenger terminals, 
airport hangars, cold-storage buildings, 

stadiums and sports arenas. If it is not 
practical to pressurize the building, a 
pressurized double membrane system 
can be used, following the early INCO 
concept, as illustrated in Figure 7, page 6. 

Alternate Erection Methods 

The Dalhousie installation described on 
previous pages required a scaffolding to 
be erected to the level of the compression 
ring, on which were assembled the mem
brane roof segments. There are other 
methods, however, which can eliminate 
the need for a scaffolding and attendant 
costs. Small membrane roofs or covers, 
such as for tanks, can be constructed ad
jacent to the job and then lifted into position 
with one or two cranes, Figure 32. For large 
roofs, such as for a sports arena, the mem
brane can be constructed at ground level 
and then jacked to final elevation. The 
supports for the compression ring can be 

Roof Assembled on 
A Level Area 

Lifted onto Tank 
By Cranes 

Tanks with Internal Equipment 
Wastewater Treatment, Mixers, Thickeners, Dlgesters 



Figure 33 

Support Columns and Compression Ring 
Constructed While Membrane is Assembled on Grade 

Roof Assembled on 
Tank Bottom 

Roof is Jacked to Final Elevation 
Followed by Excavation, Walls, and Enclosure 

Shell Erected and 
Roof Lift-Jacked to 

Final Elevation 
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Figure 34-Scheme I for erecting 
700-foot diameter roof over a 
stadium in Canada. In this method, 
perimeter service towers and roof 
are constructed first. Roof is 
jacked into position and weighted 
with ballast. Balance of construc
tion can then be completed under 
protection. 

Figure 35-Scheme II for Cana
dian stadium in which the entire 
perimeter construction, including 
seating, would be built prior to lift
ing the roof membrane and com
pression ring. Support would be 
provided by cantilever beams ex
tending from towers, inwards, over 
the seating. 

slip-formed in concrete (Figure 33) as the 
roof is being fabricated. 

For example, a proposal was made for a 
700-foot diameter air-supported mem
brane roof for a stadium in Canada, the 
details of which are shown in Figures 34 
and 35. The proposal presents two alter
nate schemes. Scheme I suggests that 
only the perimeter service towers and roof 
be constructed first, followed by construc
tion of seating and field facilities, which 
could be constructed under the roof (Fig
ure 34). In Scheme 11, the entire perimeter 

Scheme I 

construction, including seating, would be 
built prior to lifting the compression ring 
and membrane. This would require that the 
diameter of the roof be reduced to about 
500 feet, which allows the roof to clear the 
seating. Support would be provided by 
cantilever beams extending from the tow
ers, inwards over the seating (Figure 35). 

Scheme I appears to offer the most ad
vantages: least cost, greatest flexibility to 
the architect, protected environment for 
most of the construction, and short lead 
time. 
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Summary 
The stainless steel air-supported mem
brane roof offers an optimum design with a 
combination of advantages not available 
with other roof systems. These advantages 
are: 
• Clear span 
• Large area coverage 
• Maintenance-free 
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• Low cost 
• Fast erection 
• Ground level construction 
• Adaptable to existing structures 
• Safe 
• Efficient 
• Aesthetically pleasing 
• Low profile 
• Leak-proof 
• Adaptable to many different shapes 
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Alternate Methods for Pressurized Membrane Roof 

Stadiums, Arenas, Field Houses 
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Large Vertical Storage Tanks 
For Oil, Water, Chemicals 

[ 1 

Storage Tanks with Floating Membrane Cover Storage Buildings with Suspended Membrane Roof 



Grade 
Level 

\ 

Below Grade Building 

Sewage Plant Digesters 

Circular Square Oblong 

Various Roof Configurations 

/Entrance 
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The building is below grade. The meniscus stainless 
steel roof is featured architecturally. A moat or fence is 
used to keep people off the roof. 

Super-Elliptical 
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