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SHEAR STRENGTH OF DEEP CORRUGATED STEEL PANELS

by

2
Chingmiin Chern! and James L. Jorgenson

1. INTRODUCTION

It has been common practice for light gage corrugated

I

|

{5“ﬂ1 Panels to serve as both the skin covering the structure
Ea“dtO Serve as its primary bending structural frame. A
{nechHSidEPation has been added and that is to use the

iSte91 panel to also carry in-plane shear forces. These
forces can develop from wind load or grain load, or anything
that will place a shear force in the plane of the steel

Panel. fThe purpose of this report is to evaluate the in-

f
Plane sheap strength of the WEDG-COR panels. [
There are two types of shear fallures. A fallure can ’

Tesult from elastic buckling in which buckled waves will

fmmear in a diagonal pattern over the entire diaphragm. The

Other failupe iz a fastener failure which is the result of

*fearing or crippling of diaphragm material at the fastener
[1°°ations.

|

[ A series of shear strength tests were performed on

hheﬁr diaphragms of the same shape but different thicknesses.

This Study was to gain information on the ultimate shear

P
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382 SECOND SPECIALTY CONFERENCE

strength of the panel, variation of in-plane shear deflection
with load, residual deflection, strength of bolts and fasteners

and the slip between the panels.

A.H. NilsonB* 1aid the foundation of work on shear

diaphragms in the United States. In 1955 the first Cornell
University test of full scale diaphragm installations was
initiated at Thurston Testing Laboratory. It was observed
from test results that, (a) effect of deepening the panel
section is that distortion of the panel webs near panel

ends is increased, (b) depth increases eccentricity and
permits relative movement between the top and bottom surface
of the panel but can be overcome by the use of some shear
transfer device such as closure angle, (c) rafter-spanning

or purlin spanning does not affect the shear strength. Nilson
recommended that shear diaphragms constructed of light-gageé
steel panels, with proper welding and design can resist large
horizontal loads. The need for horizontal bracing system if

bulldings can be eliminated.

L.D. Luttre11®*® extended Nilson's work and investigated
the effects of panel configuration, material properties,

span length and, particularly, the method of fastening of

diaphragms. The work was summarized as follows: (a) Framé

flexibllity has moderate influence on the ultimate strength

of dlaphragm. (b) Strength increases when number of side

*Reference numbers, see page 414
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lap fasteners are increased. (ec) Pulsating load results in
Strength reduction. (d) Reversal loading has little effect
on the strength of diaphragms if fastening arrangement is
80d. (e) Panel length has little effect on the shear
Strength but can have a strong effect on shear stiffness.
Luttrels developed a semi-emirical formula for estimating

the shear stiffness of standard corrugated panels.

John T. Eastley and D.E. McFarlandu attempted to gain
information concerning post~buckling behavior of shear
dlaphragns They tried to explain it, with the help of
large deflection theory and the Ritz Method, based on the
assumption that g corrugated diaphragm could be analyzed as
& thin orthotropic plate of uniform thickness with material
tonstant of one repeated cross section of the corrugated
Panel. fhe comparison between theoretical and experimental

Tesults showegq close agreement.

411 the above information has been useful in selecting
the methog Of test, however, the panel under consideration is
“auely different from all others tested which necessitates

this testing program.
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2. TESTING PROGRAM

2.1 Introduction

The testing program consisted of six tests on light
gage corrugated diaphragms loaded by in-plane shear forces.
There are three panels in a diaphragm and each panel is
2 feet and 3 inches wide in the horizontal projection. The
panels were fastened with each other by using nuts and bolts
of 5/16 inch in diameter with 0.79 inch washers at a pitch of
$-5/16 inches. An impact wrench was used to tighten the
bolts. A strip of caulking compound was placed between the
panels at the lap joint to duplicate that which occurs in
actual practice. The caulking strip is used to prevent mois=

ture from moving through the seams.

The dimensions of the shear diaphragms are listed in

Table 1. The testing procedure and testing techniques

will be described in detail in the following sections.
2,2 Test Set-up

To perform the tests, a specimen frame was assembled

as shown in Fig. 1. The specimen frame members were

channel sections C5x9 and were fastened together at four

corners with washers and lubricated bolts to obtain shear

load in the diaphragms. The length of the specimen frame

was adjustable to accomodate for different diaphragms. The
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TaBLE 1 DIMENSIONS AND Mobe oF FAILURE OF SHEAR DIAPHRAGMS
- T
TEST GAGE THICKNESS | DIMENSIONS IMonE OF
DESIGNATION | No. (inches) FAILURE |
SF-1-1 20 .036 12'-4"x6'-9" | Pivot Bolt
Fallure
SF-1-2 20 .036 12'-4"x6'-9" | Frame Fixed-
end Welding
SF-1-3 20 .036 12'-4"x6'-9" | Frame Fixed-
end Welding
SF-2 o4 .0239 13'-3"x6"'-9" | Over-all
Buckling
+P-~3 18 .048 11'-8%"x6'-9"| Frame Fixed-
end Welding
SF-} 22 0299 13'-3"x6'-9" | Over-all
Buckling
-\—-_‘-'—-——.__
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individual panels were fastened to each other and to the
specimen frame with 5/16 inch bolts and washers at a pitch
of 9-5/16 inches. One end of the specimen frame was fixed,
while the other end on the applied loading side was placed
on rollers to allow the frame to move freely. The loading
"as applied from a set of hydraulic jacks to the specimen

frame at its roller end.

In order to transfer shear load from the specimen frame
to the diaphragm, a special type of diaphragm end connections
consisting of base plates and end pans¥* was used, as shown in
Fig, 5.

2.3 ;nstrumentation
—=trumentation

2.3.1 In-Plane Deflection

To measure in-plane shear deflections of the diaphragm
Under loads, 3 set of five Ames dial gages with graduations
RE °he-thousandth of an inch was used, shown in Fig. 1.

Pial £age No. 1 was used to measure the in-plane deflection

of Gage Nos.

the diaphragm in the line of applied load.
2 and 3 Were to check the distortion of the specimen frame,
introquceqg by the stresses produced and by the frame arm
Movement Gage Nos. 4 and 5 were used to detect possible
°rrors causeq by the distortion of the main test frame on

Which the specimen frame was attached to.

F .
gase Plates and pans were supplied by WEDG-COR, Inc.,
amestown, North Dakota
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2.3.2 Slip Measurement

The slip between the adjacent panels of shear diaphrag=

was measured by a set of six dial gages mounted on the 0P

side of the diaphragm on the joints of two panels. The

measuring set-up is shown in Fig. 2. The dial gages ¥er¢
mounted on the edge of one panel, while wooden block were

glued on the edge of the adjacent panel.
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3. TESTING PROCEDURE AND RESULTS

3.1 Introduction

F : ed in
This chapter deals with different techniques us
. iaphragns
loading procedures to study the behavior of shear diap
5 ion of tESt
during the course of testing and the interpretatio

. i f the
results. Two factors concerning the deformations ©

Just
ed to adjus
specimen frame and the main test frame were applie

the test results. They are as follows:

: he testing
(a) Frame arms correction: It was noted during t

: as the
that the frame arms of the specimen frame as well .
1
: fect of t
main test frame were moved under loading. The ef .
. - . age y_-eadlnz
movement was considered in correcting the dial gag

for the in-plane deflections.

- F
. 1;2-
- -1 oad 15 89?
(b) TFrame stresses correction: When an axial 1

4 sses are
to the frame members of the specimen frame, stre

< ctich
2 This correé
produced in it which cause a change 1n length.

; to the
was applied to the readings of dial gage$ attached

7 . : specimen
diaphragm to measure the slip. Elongation 1R the SP

duce?
am ; i jal load pro
frame arms was calculated, considering the axial

at that point due to shear load. )

= e readio—né
After the above two adjustments on the dial gag

; jationshir”®
the results were plotted, respectively, for the T€

: deflect:o™
of the applied shear load with respect to in-plane

. N of the
seam slip, shearing strain and residual deflection

diaphragms.
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3.2 Procedure and Results

™o types of loading procedures were used during the
tourse of testing: (a) Procedure No. 1--All the dial gage
readings were recorded at zero load. Then, the loading was
ffadually inereased to the next loading value and a set of
3l readings was noteq. Loading was increased at a certain
“icrement until fallupe occurred. The main objective of
48 type of loading system was to find out the ultimate
€ar strength of the diaphragm. (b) Procedure No. 2--
- procedure of this type of loading was that the load was

#hlied from zepo to a certain value and then unloaded to

870, The readings on all the dial gages were noted at

RN loading cyele, The same procedure was repeated for
% 7ext loading value until the diaphragm failed. This
~-33ing technique was used to measure the residual deflection

““2er 1oags,

Seigy]

* Tests sp-1-1, g -1-2, SF-1-3 (20 Gage)

“f¢ loading procedure used in this test was of type No.

o Ar A a
¥d the

10ading DProcess was shown in Fig. 3.

A ripple formation was noticed on the panel webs

"% dtaphragnm at a load of 39.2 1lbs/in. The ripples
Namg

° Ze

ting deeper ang deeper with the increase of loads

PPeared whijle unloading at a load of 32.4 1bs/in.
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One of the pivot bolts on the fixed end side of the specimen
frame was sheared off at 78.4 1lbs/in. The experiment was
terminated. The performance curve of this test is denoted

by SF-1-1 in Fig. 3.

After replacing the pivot bolts, the experiment again
Started. The loading increments used is shown in Fig. 3
for test SF-1-2. The experiment was terminated due to
Welding failure at the connection of the specimen frame to
the main test frame at the fixed-end side. The highest
%plied shear load was 103.7 1lbs/in. There was no signifi-

‘8Nt difference in behavior of the diaphragm than it was before.

The loading diagram for test SF-1-3 is also shown in Fig.
3. Loading again had to be terminated at 129.6 1bs/in due
to welding fallure at the fixed-end connection. In this
exper‘iment, the permanent in-plane deflection was noted after
“nloading to zero. The following items should be noted in
Interpreting these test results: (a) Due to weldings
fallure at the fixed-end connection, 1t was impossible in
*hese three tests to attain the faillure load of the diaphragm.
(b) Variation of in-plane deflection due to applied loads
1s shown 1p Fig. 3 for tests SF-1-1, SF-1-2 and SF-1-3.
Load-derlection curves are almost linear for all tests up to

£
s0.0 1bs/1in of applied load. The curves for tests SF-1-2

and sp. The ripples on the

1-3 show similarity in behavior.
"€bs started forming at the load of 40.0 1bs/in for this
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type of diaphragms. (c) A permanent in-plane deflection
of about 2.2 inches was observed after it was loaded to

129.6 1lbs/in and then unloaded to zero.

3.2.2 Test SF-2 (24 Gage)

The loading procedure used in this test was a combina-
tion of the type Nos. 1 and 2. The loading pattern is
shown in Fig. 4. The panel which is adjacent to the
specimen frame at the hydraulic jack side, buckled at the
load of 51.8 1bs/in. When the load was reduced, the panel
returned to its original shape. The diaphragm was reloaded
and it buckled again at the same load. The diaphragm after
failure lcad is shown in Fig. 5. Longitudinal profiles
of the buckled shape is shown in Fig. 6. The following
items were noted during the course of testings: (a) The
failure load of the diaphragm is 51.8 1bs/in. (5.7 kips
jack load). (b) In-plane load-deflection behavior is shown
in Fig. 4. The ripples started forming at 25.9 1lbs/in.
(c) The loading system was such that residual deflections
resulting from each loading cycle could be recorded. For
every 14.0 1bs/in of shear load, an average residual deflec~
tion of about 0.35 inch was observed. After buckling, the
diaphragm was unloaded to zero and again reloaded to fallure
the buckling loads of the diaphragm are about the same. It
was interesting to note that after unloading to zero, the

residual deflection was about the same as it was before.
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F16. 5 SHEAR D1APHRAGM SF-2 AFTER FAILURE LOAD
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(d) Load-slip results are shown in Fig. T A consider-
able amount of slip occurred at the location of dial gagt
Nos. 4,5 and & as these were compared to the slip at 2agt
Nos. 1,2 and 3 (dial gage locations are shown in Fig. 2)
Significant readings of slip at gage Nos. 4,5 and 6 were
noted at the load of 25.9 1bs/in while the slip at gaef
Nos. 1,2 and 3 started at the load of L5.4 1bs/in. (e)
Shearing strains obtained from slip and from in-plane
deflection are shown in Fig. 8. Both cupves sho¥ sinil-

: : : : . it
arity in behavior. The average shearing strain per un

shear load (1b/in) is 0.000126.

3.2.3 Test SF-3 (18 Gage)

Type No. 2 loading procedure was used UP to the 1oad

A d
of 90.7 1bs/in and type No. 1 loading procedure afterwal

until the welding failure at the fixed-end connection

occurred at 111.2 1bs/in. The loading curve i8 ghown 1

. e
Fig. 9. The pesults were obtained as follows: (a) P

to welding failure at the frame fixed-end connections no

failure load of the diaphragm was obtained. (b) Lead
deflection relationship is plotted in Fig. 9- It 38

observed that the deflection is inecreasing at & steacy

. ~let
rate and that the performance curve is linear. The TiPF

~F
on the webs of the panels started appearing at the load ©

78.4 1bs/in. (ec) Shear load-slip behaviors are shown 7

Fig. 10. 1 dial

Slip started occurring at al
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SHEAR STRENGTH OF CORRUGATED PANELS

25

Deflection (in

Fig, 9 SHEAR LoaD Vs, DEFLECTION CURVE FOR TEST SF-3
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gage locations at the load of 19.6 1lbs/in and increased

at a very fast rate up to 58.8 1lbs/in of loading. Slip
increase rate is less between loads of 58.8 and 78.4 1lbs/in,
but the slip increment is about constant. (d) Residual
deflection was increased at a constant rate for every load-
ing increment. A maximum deflection of 0.98 inch (Fig. 9)
Was observed in the diaphragm after unloading from the

load of 111.2 1bs/in. (e) Relationships of shearing strain
calculated from in-plane deflection and élip are shown in
Fig. 11. Both curves are identical. The average shearing

Strain per unit load (1b/in) is 0.000424.
3.2.4 Test sSF-4 (22 Gage)

Loading procedure for test SF-4 was simllar to that for
test SF-3. The load-deflection behaviors of these two tests
Were about the same. The diaphragm buckled at a load of
97.2 1bs/in. The test results are as follows: (a) Ultimate
Strength of the diaphragm is 97.2 1lbs/in (10.6 kips Jjack
load). (b) Load-deflection curve for test SF-4 is almost
linear with respect to shear load as shown in Fig. 12. The
Tipples started forming on the panel webs of the diaphragm
after a load of 51.8 1lbs/in. (c¢) It is seen from Fig. 12
that the residual deflection of the diaphragm increases with
the increases in shear load. (d) Figure 14 shows the shear
load-s1ip relationship at one of the lap joints of the

diaphragm. (e) Shearing strains obtained from in-plane

403
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deflection and from seam slip indicate the similarity in
‘ehavior as shown in Fig. 14. The average shear strain

rér unit load (1b/in) 1is 0.00047.
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4. DISCUSSION OF TEST RESULTS

“1 Ultimate Shear Strength of Diaphragms

Buckling strength of 24 gage (0.0239 inch) and 22 gage
(0.0293 inch) shear diaphragms are 51.8 1lbs/in (2160 psi)

"d 97.2 1bs/in (3260 psi), respectively.

Among the six tests on four diaphragm specimens the
failure due to buckling was in tests SF-2 and SF-4. The
TSt of the tests had to be terminated due to the limitation
of testing arrangement. No attempt in this report is made
' present the theoretical approach for the prediction of

the
Strength of the diaphragms in shear.*

4.2
-8-3-12'!.{_1:_03@ Versus Shearing Strain

Shear 1oag versus shearing strain obtained experiment-
3y ang theoretically for test SF-2 are shown in Fig. 154
“irve (b) in the figure shows the shearing strains calculated
%y assuming that sheet-purlin slip equal to one-half of
e Slip at the intermediate lap joint fasteners. Curve (d)
Tepresents the theoretical shearing strain which no slip at

Sheet- :
PUrlin connection is considered.
All
Curves, experimental and theoretical curves as well,

"'e“ﬂ\r‘e 1
dentically for test SF-2 up to about the buckling

€ theor
R eferenc Et?lcal approach on this subject is reported in
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load of 52.0 1bs/in, shown in Fig. 15. Curve (d) shows
better agreement with the experimental results of curve (c).
The conclusion seems to be justified as that no caulking
fompound was placed between the sheet~purlin connections.
The sheets were connected to the specimen frame through 3/4
inch steel blates and it would produce more frictional re-

Sistance,

43 Residyal Deflections

During each cyclic loading, a certain amount of perman-
Mt in-plane deflection of the diaphragm was observed. It
“Pereased almost linearly until the failure took place.
“~gure 16 displays the residual deflections obtained from

the .
load-deflection and load-slip relationships for test
S

“. It indicates that the residual deflection of the
2iapp : . . .
Phragm ig Mmainly due to the effect of the residual slip

* the 1ap joints.

** Slip Between Panels

‘he test results indicate that slip has significant
ef

&
“2ct 2
. On the shearing strain of the diaphragm. Curve (a)
SiFig,
“thout ey

slip. 1t, however, deviates considerably from the

“Ehtal cupve (o) and the theoretical curves (b) and

Shows the Shearing strain thained theoretically

411
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(d) as well. The main reason may be drawn here is that the
caulking compound placed between the lap joints of the

neighboring panels increases the slip.

4.5 Strength of Fasteners

During the tests, no failure due to shearing of lap
joint fasteners or crippling of diaphragm material at
fastener locations was observed. It may be concluded that
the size of bolts and washers, and pitch used for fastening
the panels together and to the specimen frame, would

provide sufficient strength for the type of diaphragms

used in this experiment.
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5. CONCLUSIONS

This report summarizes the experimental results of

S1X shear tests on four light gage corrugated diaphragms.

| ™e conclusiong drawn from this investigation are as
‘follaws:

@) The main ractors affecting the shear strength of the
‘Maphmsms of the type used in this experiment are: seam

‘alip, pPanel thickness and number of lap joint fasteners.
(b)

7 Caulking compound causes considerable amount of seam

*1P. The stirfness of the diaphragms to resist shear forces
ideﬂ‘éases as the seam slip increases.
e)  The dlaphragm shear strength at a particular deflection

faries witp the panel thickness, being greater for the
Blckep diaphragnms .
d)

e FO—

Thicker diaphragms have less residual deflections.
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SUMMARY

This report summarizes the experimental results of
{n-plane sheap tests on four deep section (seven inches)
lght gage cold-formed corrugated panels. Failure occurred
% in-plane buckling at shear loads of 51.8 and 97.2

Pounds per inch fop the 24 and 22 gage panels.
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