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1986. Steel roof diaphragms for wind bracing in agricultural

The CanadaPlan Servicedesigncenter has previously published designs for diaphragmceiling wind bracingsystems
using either plywood or steel ceiling cladding as the principaldiaphragm. This paper describes a new series of tests to
evaluate screw-fastened steel roofing as the principal diaphragm. "Standard" steel roof construction is compared with
"improved diaphragm" roof construction, using eitherroofpurlins on edge (trusses at 2.4 m spacing), or purlinson flat
(trusses at 1.2-m spacing). The stiffness of a standard galvanized steel roof model was increased 1.9 times by retrofit
improvements to control shear and moment deformations. The diaphragm roof with purlins on flat was the stiffest and
strongest of the four tests, followed closely by the diaphragm roofwithpurlins on edge. High-rib roofing steel screwed
down to purlinsat the 305-mmmajor rib spacing buckled at lowershear stress than previous roofings fastened at closer
spacings.

INTRODUCTION

The Canada Plan Service has published
research results and design drawings for
wind bracing systems using ceilings with
either plywood or steel cladding as the
principal diaphragm (Turnbull et al. 1982;
Masse et al. 1983). However, the ply
wood diaphragm ceiling has not been
widely accepted because of the practical
difficulties in driving upwards the extra
nails required for adequate shear transfer
around the perimeter of each plywood
sheet. Builders have often enquired about
using power-driven staples for attaching
plywood diaphragm ceilings, but the
small diameter of typical staples limits
their shear capacity. Another limitation
for staples is their dubious resistance to
the corrosive effects of typical atmo
spheric environments in buildings for
livestock housing and food storage. The
sheet steel ceiling diaphragm has been
more readily accepted, with self-drilling
screws used both for connecting sheet-to-
frame (securing the ceiling) and sheet-to-
sheet (stitch-screws along the unframed
side laps).

There are many farm buildings built
without ceilings. For these, Turnbull
(1983) introduced some design concepts
involved in making an effective roof dia
phragm with profiled sheet steel. With a
roof diaphragm the steel ribs run down
the roof slope (perpendicular to the roof
ridge), whereas the ceiling is more con
veniently ribbed perpendicular to the
trusses (parallel to the roof ridge). Thus
roofing steel, although capable of re
sisting shear towards the ends of the roof
diaphragm, contributes no resistance to

diaphragm bending effects that are critical
near mid-length.

While the use of a steel ceiling dia
phragm fastened upwards to the trusses is
possible, it may be easier to obtain the
required diaphragm action by additional
screws driven downwards through the
roofing. The purpose of this study was to
evaluate screw-fastened steel roofing as
the principal diaphragm for wind bracing
in agricultural buildings. Four current
Canadian variations of steel-roof-on-truss
construction were simulated.

DESIGN DETAILS OF

TEST SPECIMENS
Initially, the test specimens were pro

posed to consist of paired roof planes,
ridge-connected to simulate the shear
transfer that takes place across the roof
ridge by way of the roof trusses. How
ever, it was decided that this simulation
would be of little value unless it accu
rately duplicated the actual ridge condi
tion (roof slope, inter-plane shear stiff
ness, etc.) in typical farm building gable
roofs. The final decision was for a single
roof plane, built and tested horizontally,
from which final performance predictions
could be made by traditional structural
theory.

Four roofs (Figs. 1-4) were designed,
constructed and evaluated. These roofs
are best described as follows:

I. Standard steel roof on flat purlins
spaced at 600 mm, over trusses spaced at
1200 mm.

II. Improved standard steel roof, same
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roof as (I) but re-tested with edge purlins
reinforced to resist bending moment,
roofing side laps stitch-screwed to resist
shear and nailed blocking added at the
roof-to-end-truss connection.

III. Diaphragm steel roof on flat purlins
spaced at 600 mm, over trusses spaced at
1200 mm.

IV. Diaphragm steel roof, purlins on edge
spaced at 600 mm, over trusses spaced at
2400 mm.

The Test I roof was built to simulate as

closely as possible the most popular steel-
roof-on-wood-frame construction system
currently used in Canada. There is spec
ulation that such a roof, although never
intended to provide wind bracing, may in
many cases by the stiffest part of the
building in terms of resisting wind side-
sway effects. In such cases, overstressed
fastenings can elongate the holes through
the roofing, thus contributing to roof leaks
and other related problems.

Test II was done to demonstrate retrofit

diaphragm improvements that might be
made to a standard steel roof already in
place. For example, extra stitch-screws
((11), Fig. 2) were added to improve
shear resistance at the roofing side-laps.
To resist diaphragm bending, tension
splice plates (7) were added to make the
downwind fascia boards continuous, and
blocking (8) was nailed and screwed in
place for better shear transfer from the
roofing to the end "trusses".

Test III was made to evaluate the spe
cial diaphragm roof details as shown in
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Figure 1. TestI, standard roof,purlins onflat, trusses spaced at 1200 m. (1)pneumatic cylinders (tosimulate windoverturning force); (2)reaction
pads anchored to floor(to simulate endwalls); (3) simulated trusses, 38 x 140-mm spaced at 1200 mm; (4) roof purlins 38 x 89 mm
nailed on flat, spacedat 600 mm, ends staggered 2400mm, two89-mm spiral nailsat each truss; (5) roofing0.3 mm (30 gauge)steel,
Westeel-Rosco Ultra-Clad 88 profile, majorribsspaced at 305mm; (6) roofing screwsNo. 10x2 inch(BuildexDiv. of ITWCanada),
spaced at 350 mm, each purlin.

Figure 2. TestII, standard rooffrom TestI with retrofit diaphragm connections. (7) tension splices at fascia buttjoints,0.91 x 203 x 457-mm
prepunched galvanized steel plate, thirty-two 3.4 x 38-mm spiral nails each half ofsplice; (8) 38 x 140-mm blocking between purlins
(4), three 70-mm spiral nails each block toendwall trusses; (9)No. 10x 1 inch roofing screws, twobetween eachpurlin pair, on flats
of steel into (8); (10) No. 10 x 2 inch roofing screws, end of major ribs to fascia; (11) extra No. 10 x 1 inch roofing stitch-screws,
two between each purlin pair at all edge-lap ribs.

Canada Plan Service plan no. M-9310
"Steel Roof Diaphragm Wind Bracing
with Stud Walls" (Anonymous 1985).
The test differed from Test II in that the
special diaphragm connections were
added during first construction. This al
lowed better designs to be used for the
roof-to-endwall shear connections ((8),
Fig. 3) and for the edge-purlin tension
splices ((11), (12) and (13)). Edge purlins
were increased to 38 x 140 mm, end-
spliced continuous with two 0.91-mm
(20-gauge) galvanized steel straps and
76-mm concrete nails. These nails were
chosen to give double shear, a larger
shank diameter and enough hardness to
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penetrate the two steel plates with min
imum risk of blunting or bending. The
steel straps were made narrower than the
edge purlins; this allowed some extra
wood purlin width beyond the steel to
receive roofing screws where the roofing
sheets overlap the splices.

Even with the help of C-clamps to hold
the layers of the splice together for
nailing, the carpenters had some diffi
culties driving the nails through the top
gusset plates; they resorted to predrilling
undersized (3 mm) pilot holes through the
top plates before clamping up the joints
for nailing.

Test IV (Figure 4) simulated a roof

framing innovation that requires fewer
but stronger trusses designed for wider
spacings, typically 2400 mm on center.
The concept is not widely accepted in
Canada. To handle typical Canadian snow
loads this wider truss spacing requires
38 x 89-mm roof purlins (4) placed on
edge, instead of on the flats as in Tests I,
II and III. Also the purlins were lapped
double over each "truss", where the crit
ical bending moments would be more
likely to occur. To better accommodate
the purlins on edge, the edge-purlin ten
sion splices were incorporated into the
fascia ((7), Fig. 4). This is a less efficient
connection than double-shear nailing with
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Figure 3. Test HI, diaphragm roof, purlins on flat spaced at 600 mm over trusses spaced at 1200 mm. (1) pneumatic cylinders (to simulate wind
overturning force); (2) reaction pads anchored to floor (to simulate endwalls); (3) simulated trusses, 38 x 140 mm spaced at 1200 mm;
(4) roof purlins 38 x 89-mm nailed on flat spaced at 600 mm, ends staggered 2400 mm, two 89-mm spiral nails at each truss; (5) roofing
30 gauge galvanized steel, Westeel-Rosco Ultra-Clad 88 profile, major ribs spaced at 305 mm; (6) roofing screws No. 10x2 inch,
16 threads/inch (Buildex Division of ITW Canada), spaced at 305 mm, each purlin; (7) 38 x 140-mm edge purlins butt-spliced
continuous; (8) 38 x 140-mm blocking between purlins (4), two 89-mm spiral nails each block to endwall trusses; (9) diaphragm roofing
stitch-screws, No. 10 x 1 inch, two between each purlin pair at all edge-lap ribs; (10) No. 10 x 2-inch roofing screws, end of roofing
sheets to blocking (8), spaced at 200 mm; (11) two 0.91 x 100 x 800-mm galvanized steel gussets; (12) 38 x 140-mm blocking
C-clamped in place while driving nails (13); (13) 4.5 x 76-mm special concrete nails, 18 each half of splice, nails staggered and
alternating three and two per row to prevent splitting.

Figure 4. Test IV, diaphragm roof, purlins onedge spaced at600 mm over trusses spaced at 2400 mm. (1)pneumatic cylinders (tosimulate wind
overturning force); (2) reaction pads anchored to floor (tosimulate endwalls); (3) simulated trusses, 38 x 140-mm spaced at 1200 mm;
(4) roof purlins 38 x 89 x 3000-mm nailed on edge, spaced at 600 mm, ends stagger-lapped 600 mm, three 102-mm spiral nails
(clinched) each endof lap, 1-TECO all-purpose framing anchor each purlin lap to truss; (5) roofing 0.31 mm (30 gauge) galvanized
steel, Westeel-Rosco Ultra-Clad 88 profile,majorribsspaced at 305mm; (6) roofing screws No. 10 x 2 inch, 16threads/inch (Buildex
Division of ITW Canada), one screw each major rib to each purlin; (7) 38 x 89-mm edgepurlins, butt joints staggered 2400mm with
38 x 184-mm fascia, 89-mm spiral nails at 200-mm spacing; (8) 38 x 140-mm blocking between purlins (4), three-mm spiral nails
each block to endwall trusses (3); (9) diaphragm roofing stitch-screws, No. 10 x 1 inch, two between each purlin pairat all edge-lap
ribs; (10) No. 10 x 2 inch roofing screws, ends of roof to blocking (8), spaced at 200 mm.
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Figure 5. Test IV, purlins on edge, showing 15 pneumatic jacks along the "windward" roof edge.
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Figure 6. Loading diagram (1), sheardiagram (2) and bending moment diagram (3) for the diaphragm roof test.
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Figure 7. Rotary potentiometer linked with a sprocket, ball-chain and fine steel wire to indicate roofing side-lap slip.

Figure 8. Leeward face board splice, Test II, showing the LVDT wired to indicate roof mid-
length deformation and the rotary potentimeter wired to indicate splice elongation.

steel gussets (Test III), but it avoids the
need for special gussets and different
nails. Endwall shear blocking (8) was also
installed on edge.

TEST SETUP AND PROCEDURES
Figures 5 and 6 show the arrangement

of each test specimen and its associated
loading and measuring equipment. Figure
6 identifies each point where forces and
deformations were measured, including
the units of measurement.

Each test required loading the test dia
phragm by manually increasing the air
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pressure supplied to a row of 15 parallel-
connected pneumatic cylinders bearing
along the "windward" (south) edge of the
diaphragm.

Precalibration of the pneumatic cylin
ders showed up to 1% variation between
force outputs. Therefore, the cylinders
were arranged as symmetrically as pos
sible along the windward edge of the test
diaphragm, with those of lowest output
located closer to the ends of the dia

phragm. The manually controlled loading
was not a smooth ramp loading increasing
with time, but rather a linear increase of
deformation with time. The midspan
deformation rates ranged from about
4.5 mm/min for Test I to 1.3 mm/min
for Test IV. Loads were applied at a low
enough rate to allow events to be
monitored.

Forces were indicated electronically by
compression load cells at the two reaction
anchors and at one of the pneumatic jacks
(Fig. 6). Deformations were indicated
by rotary potentiometers linked by a
sprocket, ball-chain and fine steel wire to
the diaphragm and its fasteners (Fig. 7),
except at diaphragm mid-length where a
linear variable displacement transducer
(LVDT) (Fig. 8) was used because of its
potential for better precision and longer
travel. Figure 7 shows the LVDT wired to
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indicate mid-length deflection and the
rotary potentiometer wired to record the
edge splice slip. Figure 8 shows one of
the two reaction fixtures and its load cell,
as well as the fine wire leading to a poten
tiometer to record any deflection due to
crushing or movement at the reaction
fixture.

The Test I roof was loaded to the point
where some temporary elastic buckling
appeared in the steel roofing near the roof
ends (where shear would be maximum),
then the load was relaxed to zero. Then

the retrofit improvements detailed in
Fig. 2 were added and the same roof was
reloaded, in two more cycles, to failure
(Test II). Tests III and IV were each con
ducted in three cycles, with the first
loading interrupted at the first obvious rip
pling of the roof steel.

RESULTS AND DISCUSSION

For purposes of comparison, "stiff
ness" of the diaphragms is defined here as
the load/deformation characteristic of
each diaphragm at the stop point of the
first loading cycle of each test. "Load" is
the UDL (kN/m of diaphragm length) and
"deformation" (mm) is that recorded from
the center LVDT (Fig. 8).
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Overall Performance

For an overall performance compari
son, Fig. 10 shows the load-deformation
plots for the four roofs tested, with the
relaxation and reload parts of the plots
omitted for clarity. Test I (the standard
steel roof) was loaded in one cycle up to

a UDL of 0.51 kN/m at which point
the midlength deformation was 16 mm.
Most of this deformation was due to

inadequate continuity of the edge purlins
(discussed later).

For Test II the same roof (but rein
forced for shear, moment and roof-to-

Figure 9. Leeward corner reaction pad and load cell. The wire leads to a potentimeter to indicate
any wood crushing at the reaction surface.
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Figure 10. Upper envelopes of applied load versus midspan deflection.
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Figure 12. Load/slip performance of the stitch-screwed side laps and diaphragm-to-gable shear connections, reinforced standard roof Test II.
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Figure 15. Load/slip performance of the four leeward edge purlin connections, Tests I, II, III, and IV.

endwall connections) resisted a UDL of
1.1 kN/m at 16 mm deformation. This
was 2.16 times the stiffness of Test I, the
unreinforced standard roof (Fig. 11).
Maximum strength for Test II, the rein
forced standard roof, was 2.4 kN/m.

The diaphragm roof on flat purlins
(Test III) was the stiffest and strongest
design. It showed a first-cycle stiffness
5.5 times that of Test I. The Test III dia
phragm reached a maximum UDL of
2.62 kN/m at 86 mm midspan deflection
with steel buckling being the principal
failure mode.

Figure 10 shows that the diaphragm
roof with purlins on edge (Test IV) was
slightly softer and weaker than the dia
phragm roof on flat purlins (Test HI). The
Test IV diaphragm was 4.6 times as stiff
as Test I, and reached a maximum UDL of
2.33 kN/m at 55 mm midspandeflection.

Residual Deformations

Figure 11 shows the complete loading
history for Tests I and II. Standard roof I
was loaded up to 0.51 kN/m, deforming
16 mm. When unloaded, it retained a de
formation of 6 mm. This was probably
due to general inadequacy of framing and
cladding connections, but especially the
"East Gable" and "West Lap" connections
(see Fig. 12). See Fig. 6 for the locations

of these connections.

Figure 13 gives the complete loading
history for Test III, the diaphragm roof on
flat purlins. The load was cycled three
times, with the first loading interrupted at
1.38 kN/m when sheet steel rippling first
appeared near the ends of the roof. Re
sidual deformation after the first loading
cycle was only 2 mm and the rippling had
completely disappeared. On subsequent
cycles to higher loads the residual defor
mation increased. Figure 14 gives some
indication of the deformation components
for Test III; in this case the stitch-screwed
steel laps slipped much more than the
diaphragm-to-gable shear connections.

Edge Purlin Tension Splices
Figure 15 compares the load/slip per

formance of the mid-length leeward ten
sion splices for all four tests. In Test I,
where there was no special consideration
for the tension developed in the leeward
purlins due to deep beam bending, the
standard purlin-to-truss connection was
completely inadequate for tension devel
opment. The only feature of this roof that
permitted any moment resistance was
probably the 2.4-m staggered butt joints
of the alternating purlins; this feature
would provide some tension development
in the staggered purlins by way of the
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TABLE I. SHEAR RESISTANCE OF 0.3 mm
(30 gauge) STEEL ROOFINGS

Shear stress (kN/m)

Initial Working Ultimate
Test rippling load buckling

II 2.2 4.8
III 2.8 — 5.2
IV 2.1 — 4.6

Masse et al.
(1983) 3.3 6.7

Turnbull et al.
(1982) 3.7 7.4

Turnbull and
Guertin (1975) 4.3 8.8

roofing.
Tests II and III (Fig. 15) showed simi

lar high strengths for the leeward edge
purlin splices, demonstrating that both the
retrofit faceboard splices in Test II and the
special edge-purlin splices in Test III were
equally effective. In Test IV the long
lapped purlin splice yielded almost 3 mm
at maximum load; this joint obviously
could have been improved by adding
nailed steel gussets at the butt joints or by
increasing the number of nails along each
2.4-m lap.

Steel Buckling and Shear Stress
In all four tests the onset of obvious

rippling of the roofing steel was used to
indicate a stop point for the first load
cycle. Table I gives the calculated average
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shear stresses across the end roofing
panels of Tests II, III and IV, and com
pares them with previous experiments.
Table I shows that initial rippling was
observed in these tests at stress levels con

siderably below the design working loads
recommended previously. Also, the ulti
mate buckling stresses in these tests were
lower than those achieved previously
(mean buckling stress 4.9 kN/m, vs. 7.6
previously).

These results might imply that the
Westeel-Rosco "Ultra-Clad 88" roofing
profile was not as strong in buckling-shear
as the Westeel-Rosco "Diamond Rib" and

"Security Rib" profiles used previously
for ceilings. More probably the early
buckling and lower ultimate shear
strength observed with this roofing profile
were due to the fastenings being too
widely spaced, especially at the edge pur
lins near the ends of the roof where the

shear is transferred from roofing to frame
(see Figs. 16 and 17). In retrospect, a
better roof-to-edge-purlin shear connec
tion would have been made in Test II by
driving one short screw beside each major
and minor rib, as done in Test III. This
would be more effective in shear transfer
(no space at the screws between roofing
and purlin) and would provide perimeter
fastenings spaced at 152 mm (at every rib,
both major and minor).

These results imply that previous de
sign working shear stresses published for

steel diaphragm ceilings may not give
equal safety for design of diaphragm roofs
using other profiles. It is not clear whether
the reduced shear strengths observed in
this series of tests are due to the different

roofing profile or the wider spacing of the
screws, particularly those critical screws
along the roof-edge purlins. The fact that
the ribs run the opposite way in those
latest tests should not in theory make any
shear strength difference.

Shear Strength of Stitch-screwed
Roofing Side Laps

Maximum screw shear resistance ob

tained at the "east" laps (see Fig. 6) were
0.76, 0.92 and 0.82 kN/screw in Tests II,
III and IV, respectively. Of these, Test III
was the only diaphragm strong enough
in all other respects to fully load the side
lap stitch-screws. At 0.92 kN/screw, the
Test III results are virtually identical to
those by Masse et al. (1983). It is noted

Figure 16. Windward-edge buckling of the roofing steel.
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Figure 17. Longitudinal shear displacement ofthe ridge-screwed roofing-to-purlin connections.
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that No. 10 screws were used here,
whereas No. 8 screws were used by Masse
et al. (1983). Nevertheless these latest
results give no reason to change the pre
vious recommended design working load
of 0.456 kN/screw.

Precautions with Purlins on Edge
Figure 16 shows where the test loads

were applied at the "windward" roof
edge. However, in a real farm building
with purlins on edge, wind pressure on
the walls is transmitted to the roofing dia
phragm by way of the roof trusses. The
effect of this is to apply a rotating couple
to the purlins. This may have two serious
consequences: (1) rolling of the purlins
would put additional buckling forces
into the roofing; and (2) purlin-to-truss
connections would be simultaneously
stressed by torsion plus uplift.

Therefore, the purlins-on-edge roof
system may be particularly vulnerable to
wind where the roof is also used as a dia

phragm. The metal nailing clips used
alone in Test IV would probably not give
an adequate connection when wind uplift
is added to the real roof. That is, more
rotational resistance should be provided,
such as by solid blocking fitted between
the purlins.

Technicians assembling the purlins-
on-edge diaphragm also found that great
care was required to ensure that the
roofing screws did not miss the narrow
edge of the purlins.

SUMMARY

A series of four horizontal diaphragm
bending tests was performed on standard
and reinforced steel-on-wood roofing sys
tems. The tests compared diaphragm stiff
ness and strength of the roof systems.
These tests confirmed that standard steel
roofing, screw-fastened according to the
manufacturer's roofing specification, is
completely inadequate as a farm building
wind bracing system. However, simple
retrofit or as-built reinforcements de

signed to resist shear and bending moment
effects can make steel roofs perform well
as diaphragms. For example, the retrofit
fastenings added to the standard steel roof
on flat purlins improved its stiffness by a
factor of 2.16 times.

Diaphragm roof performance was best
with a steel roof on flat purlins, reinforced
at the outset with special edge purlin
splices (for moment), extra stitch-screws
along the roofing side-laps (for shear) and
suitable roof perimeter shear connections.

A steel roof diaphragm with purlins on
edge performed almost as well as the dia
phragm roof with purlins on flat, but suf
fered some loss of stiffness and strength
due to bending moment effects on an
inadequate nailed connection in the dou
bled leeward edge purlins. Screwing the
roofing to purlins-on-edge required much
greater care to ensure that screws did not
miss the narrow edges of the purlins.

The special roofing profile used in
these tests buckled at lower ultimate shear

stresses than the profiles used in previous
tests. Previous roofing profiles had major
ribs at 150 and 200 mm; the profile used
here had alternating high and low ribs
with the high ribs spaced at 305 mm.
Hold-down roofing screws were driven
into the top of the high ribs only. The
lower ultimate buckling strength observed
in the present tests may be due to the dif
ferent profile the wider holding-screw
spacing. The latter is probably the main
weakness.

FURTHER WORK PROPOSED

Where the diaphragm roof provides all
of the building's lateral resistance to
wind, the relative stiffness of the dia
phragm is of little importance when de
signing for strength. This would be the
case in a stud wall building without knee-
bracing. However, a load-sharing system
occurs with any additional wind bracing
such as studs knee-braced to the roof

trusses, or wall poles extended into the
ground. With this load-sharing, the wind
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loads divide to the roof-wall diaphragms
and to the other resisting members ac
cording to relative stiffness. In these cases
it is essential to predict the stiffness of
the roof diaphragm in relation to the other
structural components (poles, etc.). A
subsequent report will compare the theo
retical and measured components of roof
diaphragm deformation and will develop
equations for diaphragm roof stiffness
factors.

This study revealed a need to investi
gate the diaphragm buckling resistance
of a wider range of roofing profiles and
fastener spacings.
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