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Masse, D. I. and Salinas, J. J. 1990. Strength and stiffness of metal-
clad, wood-framed diaphragms. Can. Agric. Eng. 32: 117-122. The
behavior of light-gauge, metal cladding profiles frequently used in farm
buildings was examined to study the effect of geometric and construc
tion parameters. An experimental evaluation of in-plane shear strength,
stiffness and load design values for cladding profiles included the effect
of profile geometry, sheet thickness, rib depth and fastener spacing
at the panel end. Panel strength and stiffness were increased by 56%
and 200%, respectively, when sheet thickness was increased by 10%.
The addition of an extra fastener between the ribs at the panel end
increased the panel stiffness up to 26%.

INTRODUCTION

Single-story, wood-stud and some pole-frame farm buildings
relyon the diaphragmactionof the metal claddingto resist lat
eral forces due to wind. The diaphragm provides an effective
andinexpensive bracing system for buildings witha length-to-
width ratio less than four and end openings less than half the
building width. Beyond these ratios, construction of the
diaphragm becomes impractical.

In order to take advantage of the structural potential of the
diaphragm action of the roofand ceiling skins, it is important
to quantify their respective contribution in transferring lateral
forces, such as wind loads, to the shear walls at the ends of
thebuilding. These wind forces induce in-plane shearstresses
which must be resisted by metal cladding. The shear stresses
are transferred to the frame through mechanical fasteners such
asnails or screws. The mechanical properties of the system are
dictated by the properties ofthe components and the geometry
of the system.

Strength, stiffness and failure mode can be determined by
theoretical analysis or experimentally. An analytical approach
may require very refined mathematical models to represent
the complex interactions between the individual components.
These models still require experimental verification. An
experimentalapproach is recommended since theoretical models
are notaccurate enough at present. Anexperimental approach
is accurate when test specimens are representative of field
conditions and established construction practices. By testing
diaphragms with different basic fastening patterns, profile
shapes and thicknesses, one can study the effect of these
parameters.

BACKGROUND

The literature reflects the considerable interests of the research
community in the study of diaphragm action in buildings sub
jecttolateral loads. Bryan etal. (1968), Davies (1976), Davies
and Bryan (1982) and Boone and Manbeck (1987) have deve
loped analytical procedures to predict the flexibility of
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diaphragms and the forces resisted by the sheathing fasteners
for steel-framed buildings. They assumed that the flexibility of
the system can be calculated as the sum of the flexibilities of
the diaphragm material and connectors. The flexibility due to
distortion and strain within the panel was added to that due to
fastener deformation in the lapped joint at panel ends and at
purlin locations. Important limitations arise with the use of these
analytical models because the basic formulation must be altered
to reflect changes in construction procedures.

Hausmannand Esmay (1977) found that aluminumcorrugated
cladding, when properly fastened to a wood frame, can transfer
adequately the in-plane forces to the end walls. Easley (1977)
developed an analytical model based on experimentally deter
mined panel and fastener load-deformation characteristics. It
took into account both the shear strains within the panel and
the fastener slip at the lapped joints. However, this method is
only capable of predicting diaphragm stiffness and fastener
forces up to 40% of the ultimate shear load.

Other researchers have undertaken experimental work to
study diaphragms builtwithlight-gauge metal cladding on wood
frames. Masse et al. (1981), Hoagland and Bundy
(1983), Turnbull et al. (1985), and Gebremedhin and Irish
(1984) carried out experiments to determine the in-plane
shear strength andstiffness of various cladding materials. These
investigations, however, failed to consider separately the
effect of cladding profile and fastener spacing on diaphragm
stiffness.

Luttrell (1967) developed ananalytical expression toextrapo
late the stiffness ofa given test panel topanels ofother lengths.
All analytical methods used to characterize the behavior of dia
phragms are approximate and require basic information
regarding geometric andmechanical properties of thematerials,
construction details of the diaphragm and load-deformation
characteristics of the fasteners.

In order to provide a better estimate of the shear stiffness and
strength of diaphragms used in farm buildings more work is
needed todocument theshear stiffness and strength of the most
popular cladding materials and fastening patterns used in ceilings
and roofs.

SCOPE AND OBJECTIVES
The main objectives of this investigation were:

(1) To experimentally determine the in-plane strength and
stiffness of the corrugated metal sheet cladding profiles most
commonly used in Canadian farm building construction.

(2) To study the effect of metal sheet thickness and fastener
spacing at the panel end on diaphragm strength and stiffness.

(3) To determine design load values for several diaphragm
configurations.
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EXPERIMENTAL PROGRAM

Test frame

Atest frame was designed and fabricated to simulate the effect
ofin-plane shearing forces in roof orceiling diaphragms. The
design permitted the testing of two diaphragm panels atthe same
time in a cantilever mode. Figure 1 shows the location of the
applied loads and the restraints provided by the test frame to
the wood framed panels. This figure also gives construction
details of the No. 2, S-P-F lumber frame used to support the
cladding material. Purlins were 38 x 89-mm lumber fitted
between 38 x 140-mm rafters. To eliminate the effect of defor
mation resistance of the frame itself at the joints during the
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deformation of the panel, the ends of the purlins were cut on
an angle. The bearing areas at support locations were large
enough to avoid local crushing.

Materials

Corrugated galvanized steel sheets, conforming to ASTM-
A-466M, were supplied in two thicknesses, (0.31 mm and
0.34 mm), by the manufacturer. The material was Grade A steel
with a minimum yield strength of 230 MPa anda tensile strength
of 310 MPa.

The steel sheets were fastened to the wood frame by means
of wood grip, self-tapping steel screws. The screw spacing at
the outermost and innermost rafters was 75 mm. They were
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Figure 1. Test frame showing location of the applied load and restraints, and fastening of purlins to the rafters.
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driven beside the panel rib. The screw spacing at the panel ends
was a function of the rib spacing for each particular type of
panel. Figure 2 shows the fastener schedule of the specimens
andFigure 3 showsprofilesand end fastenerlocations.The clad
ding sheets were joined together with screws spaced at 75 mm
o.c. at the panel lap joints; at the interior purlins, the cladding
sheets were fastened to the purlins with 4-mm x 38-mm screws
on the ribs. When the ribs were deeper than 25 mm, 50-mm
screws were used.

A high density of fasteners at the lap joints and perimeter
rafters was used to lower the average load per fastener and con
sequently reduce the deformations at the fasteners, and thus to
minimize the contribution of the fastener deformation to the over

all shear deformation of the panel due to shear elastic buckling.

FASTENERS
^

Test procedures
A concentrated, static load was applied to the interior rafters
of the panelby a variable speedhydraulicload cylinder, in direc
tion parallel to the corrugations on the sheet. The magnitude
of the load was measured by a force transducer load cell located
between the cylinder and the panel.

Beforezeroing the transducers, a preload of 0.5 kN was applied
to the test specimens. The hydraulic pump was adjusted
to maintain the load cylinder speed at 0.25 mm/min, up to a load
of 15 kN. From this point on, the speed was changed to 0.5
mm/min up to the point of failure. The test was stopped when
the specimen was unable to resist any further load increments.

Panel deformations were measured using linear variable
differential transducers (LVDT). Rotary potentiometers were
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Figure 2. Fastener schedule of testing specimen and location of deflection measuring transducers. The dots indicate fastener locations.
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used to measure the relative slip between the panels at the lap
joints. Figure2 shows the location of the transducers. The load
and deformation were recorded by a Digistrip IV data logger
at a time interval of 10 s.

Experimental design
Sixteen different steel cladding profiles were tested (Fig. 3).
They represented commonly used cladding profiles with
different rib spacing, rib depth and configuration, thickness and
fastening patternat the end of the panel. Four panels were tested
for each treatment. To reduce the effect of drying of the wood
frames, the lumber was kept at a constant moisture content of
18% in an environmental conditioning room. The frames were
tested within 5 d after fabrication.

RESULTS

All panels tested showed a linear load-deformation behavior up
to loads ranging from 40 to 60% of the failure load. Beyond
this range the load-deformation behavior was nonlinear. Factors
contributing to the overall panel deformation included elastic
shear strains within the metal sheet and profile distortion as evi
denced by rib-rolling, panel warping and buckling. Deforma
tion due to fastener slip was negligible due to the large number
of screws at the lap joints.

The shear strength per unit length of each panel was calcu
lated based on the smallest failure load of the replications. The
length considered corresponded to the panel dimension parallel
to the direction of the applied load.

The shear modulus of elasticity was determined by considering
the panel shear deformation at a load corresponding to 40% of
the failure load of the most flexible panel tested for each treat
ment. The deformation due to bending was negligible. There
fore the following relationship was used:

G =
PL

tD A

where:

G = shear modulus of the panel (MPa),
P = 0.40 times the failure load Pu (kN),
D = panel length (mm),
L = panel width (mm),
A = panel deformation at 0.4 Pu (mm), and
t = panel thickness (mm).

The linear stiffness of each panel, as measured by the slope
of the load-deformation relationship, is used here to compare
the different cladding profiles. The linear stiffness G' can be
estimated as follows:

G' = Gi =
PL

D A

Table I summarizes the structural properties of the profiles
tested. Test results show that the shear strength and linear stiff
ness of the panels were affected by profile geometry (corruga
tion depth, and spacing) and fastener spacing at the panel ends.
Linear stiffness was not found to be proportional to sheet thick
ness, thus implying that the apparent shear modulus of the panel
was dependent upon thickness. The linear stiffness, G' ranged
from 478 kN/m to 1629 kN/m, whereas the shear strength
ranged from 4.71 kN/m to 11.44 kN/m.

Table I also gives the load corresponding to the onset of rip
pling of the panel material. The value of this load ranged from
40 to 82% of the failure load.

Table I indicates that the shear strength increased by 56%
and the linear stiffness by 200% for a small increase in panel
thickness from 0.31 mm (treatment 9) to 0.34 mm (treatment
11). The differences in strength and stiffness were statistically
significant.

Table I also shows that an additional fastener between ribs

at the panel ends resulted in a significant increase in the panel
stiffness with only a slight increase in strength. Results of treat
ments 7 and 14 show that when a screw was added between

the ribs the strength increased by 2 and 8% and the stiffness
by 12 and 26%, respectively. The differences in stiffness were
statistically significant.

Table I. Structural properties of steel cladding profiles used in farm buildings

Load at Minimum

Minimum Mean Coefficient which Mean shear Shear Linear ultimate

ultimate ultimate of rippling deformation Deformation modulus of stiffness at shear

load (Pu) load variation occurs at 0.4 Pu coefficient of elasticity at 0.4 Pu strength
Treatment (kN) (kN) of />„ (% P„) (mm) variation 0.4 Pu (MPa) (kN/m) (kN/m)

1 14.13 14.67 0.030 -t 3.50 0.08 2635 817 4.17
2 16.10 16.33 0.010 67 5.75 0.06 1780 552 5.36
3 14.42 15.12 0.029 70 4.50 0.05 2096 650 4.80
4 16.15 17.08 0.040 72 4.39 0.09 2570 797 5.38
5 17.60 18.15 0.030 82 5.75 0.07 2006 622 5.86
6 14.27 15.00 0.032 77 4.00 0.11 2493 773 4.75
7 17.30 18.60 0.050 60 5.00 0.14 2479 843 5.76
8 17.01 17.75 0.030 40 5.50 0.08 2214 753 5.67
9 22.00 22.63 0.022 74 11.20 0.18 1542 478 7.33

10 15.06 17.42 0.100 65 2.90 0.06 3174 984 5.02
11 34.32 35.10 0.024 72 5.00 0.014 4241 1442 11.44
12 29.42 31.80 0.090 62 4.40 0.090 4791 1629 9.80
13 27.50 29.00 0.050 50 4.75 0.040 3691 1255 9.16
14 15.28 - - 78 3.00 0.000 3329 1032 5.09
15 15.00 15.75 0.032 74 3.25 0.150 3225 1000 5.00
16 28.84 29.40 0.016 79 4.90 1.100 3819 1184 9.61

fData not recorded for this test.
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Table II. Maximum load at which panel deformation can be deter-
mined by using the linear stiffness value and proposed design values

Maximum Design
Treatment load shear strength

(% Pu) (kN/m)
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

42

57

45

53

57

52

75

50

40

53

52

68

50

60

80

64

2.00

2.70t
2.16

2.70t
2.93t
2.37t
2.88t
2.83

2.93

2.51t
5.72t
4.90t
4.58

2.54f
2.50t
4.80t

tThis value has been established not to exceed Pu/2.0 (0.50 Pu) to
provide an adequate level of safety.

Table II indicates the maximum load (40-80% of failure load)
up to which the panel load-deformation relationship was linear.
Therefore, the panel deformations can be predicted using linear-
elastic behavior assumptions up to these loads.

The failure modes for all the profiles tested were similar. Rip
pling first started to occur between the ribs at the panel ends.
As the load increased, the ripples became larger and the ribs
started to rotate sideways. As the failure load was approached,
diagonal waves developed on the panel followed rapidly by
buckling failure of the panel.

For panels with an additional screw between the ribs at the
panel ends, a higher load was reached before ripples first
developed.

For panels with deeper ribs, there were more ripples between
the ribs.

DISCUSSION

For an application where a cladding profile with high stiffness
is required it would be more economical to reduce the spacing
between fasteners at the panel ends. However, if high strength
is required, it would be more efficient to increase the panel
thickness.

To establish a design load for a diaphragm, one should be
able to predict deformation. In this case, this requires remaining
in the region where the panel stiffness is linear. In addition,
the design load should not exceed some established strength
based on the ultimate load and a factor of safety.

If a factor of safety of 2.0 is assumed, the design load should
not exceed PJ2.0. The final design value becomes the lesser
of the two values just described. The recommended design shear
strength values for panels tested are given in Table II. The
recommended values for Vic West "Diamond Rib" (treatment
5) is in good agreement with the value previously proposed by
Masse et al. (1981).

CONCLUSION

This study determined structural properties (shear strength, stiff
ness, etc.) of the most popular steel cladding profiles and
fastening patterns used in farm buildings across Canada. These
findings are summarized as follows:

(1) The minimum ultimate shear strength ranged from 4.71
to 11.44 kN/m.
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(2) The linear stiffness ranged from 478 to 1629 kN/m.
(3) The ultimate shear strength and linear stiffness were

dependenton steel profile geometry (rib depth and spacing, and
sheet thickness) and screw spacing at the panel ends.

(4) A 10% increase in sheet thickness increased the ultimate
shear strength by 56% and linear stiffness by 200%.

(5) The additionof a screw between the ribs at the panel ends
increased the shear stiffness by 12-26% and the ultimate shear
strength by 2-8%.

(6) All the profiles experienced the same type of failure.
Ripples occurred first between the ribs, then ribs started to roll
and finally bucklingwaves occurred diagonally across the panel.

(7) Working shear design values for the tested profiles ranged
from 2.00 to 5.72 kN/m of length.

(8) The maximum load at which it was possible to predict
the panel deformations ranged from 0.40 to 0.80 of the failure
load.
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