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STRENGTH AND STIFFNESS OF STEEL
DECK SHEAR DIAPHRAGMS
By
Duane S. Elliftittl
and
Larry D. Lu:trellz

In conventional steel construction, floor and roof jolsts are often Narrow Rib

overlald with a light gage steel sheet which has been roll-formed into a J ‘I7 U \r
{ 18
o

trapezoidally corrugated shape and commonly referred to as "steel deck.” f

‘_ 8 o ﬂl 5
It is usually formed into 18, 24, 30, or 36 inch panels and serves the l
primary function of transmitting live, dead, and construction loads into JV U }b [2 _&
L 24 f
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—
-
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the structure. To do this efficiently, a great variety of deck config- .

urations have been developed.
Intermediate Rib
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24

When steel deck 1s welded to a structural steel framework, it forms

a shear-resistant panel known as a 'shear diaphragm,” which may be used

to resist in-plane forces arising from wind or earthquake, in addition 6 _411/ 41
to the usual gravity loading. The ability to transmit in-plane loads to

1
1/2
the framework is dependent on two parameters, viz., stiffness and ultimate L‘ 24 _l

strength. A general solution for these is complicated by the wide range

Wide Rib
of deck configurations, methods of fastening, and condition of installa- 4 I

tion. This paper reports the results of research on three general types TJ-_\_I_-\-’_\_,—Ll__TI 1/2
24
—

of steel deck under various conditions of fastener arrangement, purlin WB Typ{

spacing, gage, and material yileld strength.
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In the investigation reported herein, the three types of deck tested

".i,

36

r C

were: narrow rib, known in the trade as "A" deck, wide rib, or "B" deck,

and intermediate rib deck. Typical cross sections of the three types

are shown in Figure 1. Among the wide rib decks tested, there were two [
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C
C
C
C

. W Type
variations in the side lap arrangement. The standing seam side lap was

given the designation "WB" to distinguish it from the more conventional

[

flat side lap, designated "W." Both types are shown in Figure 2. v
Tested diaphragms were evaluated with respect to the two major Fig. 1. Types of Deck Tested
behavioral parameters, ultimate strength and shear stiffness. The former
is given the symbol Su and designates the total jacking force required
to produce failure in a diaphragm divided by the length of the diaphragm
in the direction of the applied load. Shear stiffness, G', 1s a measure
of the relationship between in-plane load and the deflection in the \A’
direction of that leoad. Units are kips per inch of deflection and cal-
culation follows the secant modulus recommendation in the American Iron
and Steel Institute Bulletin, "Design of Light Gage Steel Diaphragms (1),

as shown in Figure 3. »

FLAT
EXPERIMENTAL PROGRAM

Tests were made on 16, 18, 20, and 22 gage decks with lengths of

12, 16, and 20 feet. Panel widths tested were 18, 24, 30, and 36 inches.
The test program was designed to account for the effects of panel con~-
figuration, purlin spacing, sheet thickness, material yield strength, w '
and the arrangement of fasteners. All testa were made on a horizontal
cantilever test frame according to the procedure outlined in the American
Iron and Steel Inetitute Bulletin (1). The connections between the perim—
eter members of the frame were made with light clip angles and considered ~
STANDING SEAM
as pinned. The entire frame was supported on rollers to eliminate the

possibility of developing frictional resistance during deformation. Pur-

B TYPE DECK ~ 8IDE LAPS

1Auj.stnn: Profeasor, Oklahoma State University, Stillwater, Oklahoma.

zAssociate Professor, West Virginia University, Morgantown, West Virginia. 4 Fig. 2. Types of 8ide laps















like manner, local buckling may cause s redistribution of load on the
welds and may lead to sudden weld failures., It must bea emphasized that
the failure of a weld or the buckling of a flute did not necessarily mssn
that the ultimate diaphregm load had been reachad. However, it was ob-
servad in tests that the additional incresse in load after an initial

failure of this type usually did not exceed ten parcent,
ANALYSIS OF TEST RESULTS

Load~deflection curves wers plotted from data tsken during each
diaphragm test., Those having similar characteristics were compared to
determine the effect of changing one variable. Since most of tha vari-
ables affecting diaphragm bshavior are interrelated, it is not always
possible to isolate tha effect of a eingle variable. For axample, the
degres to which a change of gage influences atiffness may depend on the
purlin spacing of the decks bsing compared. Similarly, the influence of
an extra wald may not be the same for all panel widths. Thus, in the
following section, comparisons of loud-deflection curves are shown for
those disphragms which come closest to being identical, with respect to
all variables except the one being investigated. Specific effects are
studied in these cases and conservatively extrapolated to cover a broad
range of decks not tested. Recommendations presented are repreaentative
average values for all diaphragms of a particular type.

The effects of single variables on diaphragm performance are summa-
rized as follows:

Material Yield Strength. Normal fluctuations in yield strength
associated with a particular grade of steel have immignificant
effect on diaphragm behavior. An increase in yield strength
tends to increase both strength and stiffness, but not linearly.
in one case, shown in Figure 16, a 100X increase in yield
strength boosted ultimate strength by 102 and stiffness by 35%.
Reduced ductility in higher strength steels may be the cause
of this non-linear behavior,

Panel Thicknesa. An increase in thickness causes strength

t,ya
and stiffness to be increased by an amount [?-] , where a varies
1

is nearly proportional to panel thickness when weld failure
controls, but is related more closely to the square of the
thickness when buckling controls. The low end of the range
(3 = 1.0) represents local buckling failure and the upper end
weld failure.
Panel Width. The influence of panel width is difficult to
evaluate because it is so closely linked with weld spacing.
Welds can only be made in the valleys between flutes. Since
it is not common field practice to weld in every valley,
this was not done in the tests. Thus, the number of welds
per foot is different for each panel width. There 1s evi-
dence, however, that wider panels make stronger and stiffer
diaphragms because there are fewer side laps across which
shear must be transferred, but the quantitative effect of
panel width could not be determined from these tests.

Extra End Weld. Test results indicate that calculated

atrength and stiffness should be modified by coefficients

Q and M, respectively, which are dependent on gags and deck

Total Jacking Force, kips
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| i 1 ! !
[} .2 .4 .6 .8 1.0
Net Deflection, inches
Fig. 16. Diaphragm Loed-Deflection Curves Showing Influence
of Material Yield Strength
type. Values of Q and M are shown below.

A 1w WB
18 gage o /o n
20 gage /n /n /n
22 gage 1 1 1

Where n = the number of welds per foot in the transverse di-
rection.

Calculated values of stiffness can be increased by a coeffi-
cient M, depending on gage and panel type, as follows:

s A 1w WB
18 gage /n /o /n

3

20 gage n n

22 gage /n n n

An extra weld has a greater effect on ultimate strenath
for the heavier gage diaphragms. In lighter gages, buckling
failure predominates and an extra end weld has little effect
on strength. It does, however, affect stiffness to a greater
degree in the lighter gage diaphragme tham in t}'\e heavier
gages.

Purlin Spacing. Reduction of purlin spacing reduces the pos-
sibility of out-of-plane buckling and also increases the num-
ber of welds at any side lap, since panel to panel conmnections
are made only at the purlins. In all cases, ultimate strength
and stiffness ere increased by a reduction in purlin spacing.

The effect is more pronounced in the lighter gages, or those

diaphragms which fail by strut-like buckling of a flute along







be developed which approximately matched the test results. The difficulty
of trying to relate the actual buckling load on the model “"column” to the
shear load on the entire diaphragm is dramatized in Figure 18. At low
load, the force on the welds along the edge may be asaumed to be uniform.
With increasing load, a tenaion field develops from A toward C with atten-
dant warping and the force distribution on the welds may look more like
that of Figure 1B8(b). The metal around the most heavily loaded welds
w11l undergo deformation in the direction of the temsion field. At weld
number 4, there ig no diagonal component to transmit the load to the
support. With weld number 3 displaced toward number 4, the flute between
is put into eccentric compression, causing it to bend upward. Increasing
load causes increasing upward deflection until the flute buckles, either
locally or wholly, as in Figures 14 and 15. This point is usually the
ultimate load, even though winor increases in load were observed in some
diaphragms beyond this point. The mathematical solution, then, only
defines the buckling load on a flute between purlins; it has no means of
relating this to the overall ultimate load on the diaphragm.

Solving the homogeneoua solution, the buckling load is found to be
the smallest load that will make the determinant vanish. Cross multiply~

ing the determinant produces an equation of the form,
AP2+BP+C=0 9

Douty (4) makes the observation that A is insignificant for all but

very short columns. Neglecting A and solving for P,

p--€ (10)
or
2 L2 L2 FLY ~, LY%
I R vk Ky s e an ) -k 2Ry
Pcr - a nZ FL% an

€+ k) 4 Ty Ky, + G v EEY 4 2a kK L2
o xe y 4 3 1f3s T AT T Y Xy me

Every variable in the right side of Equation (11) can be expressed as
a function of L, the purlin spacing, and t, the sheet thickness. Substi~
tuting typical section properties for narrow, intermediate, and wide rib
deck in terms of t and L into Equation (11), neglecting C, the torsional
constant which i{s seen to be insignificant, collecting terms and perform—
ing the indicated division produces an infinite series. By substituting
some typical values of t and L into the series, it can be determined that
all terms beyond the third can be neglected. The resulting equations are
the critical buckling loads for the three types of deck tested in this

l'epOTlZ
Wide Rib:
Pop ™ 68,700t/L% + 6.6¢3L% ~ 2.84 x 1075¢5L6 (12)
Narrow Rib:
P, = 87,000e/L2 + 4.0t3L2 - 1.60 x 1075¢5L6 (13)
Intermediate Rib:
P 90,600t/L2 + 5.275t3L2 - 1.837 x 107 5¢5L6 (14)

The mathematical solution is based on an over-simplified half-sine
wave buckled shape, whereas test observations indicate that the deflected
configuration more closely approximates that of a fixed-pinned column.
This is clearly illustrated in Figure 15. If an effective length of 0.7L
ia substituted for L in Equations (12) through (14), the third term of the
series becomes small in relation to the others and can be eliminated. The

formulas then reduce to:

Wide Rib:

Uniform load
on fasteners

Low load

fasteners

Higher
Load

Slippage at
fasteners

Critical
(c) Load

Fig. 18. Load Transfer on Edge Welds Prior to Buckling

140,000 32

Pcr =- —LQ/T +3.3¢t 15)

Narrow Rib:

P = L’]}% + 2.0 t2L2 (16)

cr
Intermediate Rib:

P = %{‘/’OTO +2.7 312 an

cr

The first terms in Equations (15) through (17) represent the elastic
buckling case, while the second terms show the restrainipg effect of the
springs. They are identical in form to the solution for a centrally loaded
column on an elastic foundation:

El_n?2 L2

- +
Per T ky =z (18)

DESIGN CURVES

Substituting any given thickness t into Equations (15) through (17)
and plotting Pcr against L/t produces a family of curves as shown in
Figure 19. A fallure envelope is obtained by constructing a curve
tangent to the family of curves for specific thickpeases. Test results
plotted on the same chart indicate that the shape of the theoretical
curve is suitable even though the location is not. The latter is true
because the load required to produce failure in the model column,
represented by the left-hand ordinate of Figure 19, is some fraction
of the total diaphragm load, represented by the right~hand ordinate,

If the magnitude of the failure envelope is adjusted to agree with
total disphragm failure load, and the equation is re-written in terms
of L/t, 1t is seen in Figure 20 that all tasts of the same thickneas

define straight lines which are approximately tangent to the theoretical

failure envelope. If welds were adequate, all diaphragms would fail by
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Fig, 19. Theoretiecal Solution to Diaphragm Buckling
buckling. Ideally though, when L/t is small, failure will usually

occur in the welds. The curve in Figure 20 represents the pure buckling
case and the straight lines show how strength is limited by weld failure
belore the buckling load can be reached. From this figure, a design
chart can be constructed by dividing strength values by the AISI recom-
mended safety factor of 2.4 and converting the diaphragm failure load,
Pu, to the shear strength per foot, Su, by dividing by the diaphragm
length, b. The result is illustrated in Figure 21.

The shear strength of a steel deck-and-beam assembly may not be as
important as stiffness in conventional construction. Consider a one-
story rigid frame building with a flat roof of bar joists and steel
deck as shown Figure 22. The deck 1s welded to the joists, rigid frames
and eave members to form a shear-rigid diaphragm. When a wind load is
applied to the side wall, the component of load at the center frame is
resisted by both the rigid frame and the shear diaphragm. Each con-
tributing resistance in proportion to its stiffness. Thus, in conven-
tional steel deck installations, shear stiffness of the diaphragm is a
more useful property for designers than ultimate strength, because of its
interaction with other structural elements.

An attempt to relate diaphragm stiffness to the "stiffness' of the
model column was unsuccessful because many of the factors that affect
stiffness, such as end warping, were neglected in the mathematical
solution. For this reason, the stiffness design charts have been de-
veloped empirically.

When experimental stiffness values are plotted againat L/t"a/b, all
tests of like thickness are seen to describe reasonably straight lines,
with the heaviest gages having the steepest slopes. (See Pigure 23).
It can also be observed that the straight line segments generally de-

scribe the same kind of curve as before, but the curve really has no

107

S
{Ib/ft)

32

28 P

_ 10600 135107
%

’ Per (L/t)

4 b
0 1 1 1 i
500 1000 1500 2000 2500 3000
L/t
Fig. 20. Ultimate Shear Strength Curve
800
22x105 28x108
=y 22
Lt L2
700 +
I8 oo0e:s=620-0.23 (L0
20 05400 - 0.1 (LUt}
600

22 ospe:S-280-0.06 {L/t)

1 i L 1

1000 1500

L/t

Fig. 21. Diaphragm Strength Curve
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Fig. 22. Interaction of Roof Diaphragm with Structural Fremework

significance, since it does not represent an upper limit. Therefore,

a stiffness design chart, such as Figure 24, is better left in straight
line form with reasonable limits defined on either end. To put the
abcissa of Figure 24 in proper perspective, the upper limit of 3000 on
20 gage deck corresponds to a square diaphragm with purlins spaced on
9'-0 centers. The lower limit corresponds to the same diaphragm with
3'-0 purlin spacing.

Charts such as those of Figures 21 and 24 have been developed for
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all three types of deck tested in this investigation, and formulas
have been derived from the curves. These recommended design formulas
are summarized in Tables 2 and 3. In addition, modification factors are
given in the tables for conditions which are not standard, such as a
different weld arrangement, and non-standard width panels. These
modifiers, whose product should not exceed 2.0, were suggested by the
comparison of load-deflection curves of nearly-similar tests as described

earlier in this report.

a0}

(k/in.)

i 1 1 1

20
10
0 1 1
500 1000
Fig. 23,
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Table 2. Summary of design formulas for steel deck diaphragm strength
(a) 24" wide panel *12*12% weld spacing, no intermediate side lap fasteners

g:g‘e Narrow Rib (A) | Intermediate Rib (I) Wide Rib (W) Wide Rib (WB)
2.2x10% . 2.8x108 2.88x105 | 2.62x108 2,5x10% | 3. 75x108
= SR = + +
(1) Al S=Tc o e ST wmz |5 7LR (Lit?
18 S=620 - 0,23(L/t) S =700 - 0.26(L/t} Use formula (1)
(2) | 20 S =400 - 0.11{L/t) S =400 - 0.10(L/t) S =480 - 0.13(L/t)
22 S =280 - 0.06(L/t) S =280 - 0.05(L/t) S =350 - 0.074(L/t)
Note: Compute S by both formulas (1) and {2} and use the smaller value.
{b) Modification factors for above formulas for non-standard conditions
g:g’e’ If an extra weld is added at the panel ends, multiply S by (n = no. welds/foot)
18 Vn Vn Vn n
20 \n Vn \n \n
22 1 1 i 1
If panel width is other than 24", multiply S byfw/24 for all cases, where w = panel width.
If intermediate side lap fasteners are present, multiply S by 1. 25,
Product of all modification factors should not exceed 2. 0.
Table 3. Summary of design formulas for steel deck diaphragm stiffness
{a) 24" wide panel, *12%12* weld spacing, no intermediate side lap fasteners
gzg; Narrow Rib (A) Intermediate Rib (I} | Wide Rib (W) Wide Rib {WB)
L. a L .a
700 < T- 5 < 2000 700 < t b < 1600
18
- - Lajna f = 15 - La 12
G' [50 0.02(5)]b G o= 75 - 0.04(3 E
1000 < ¥ < 3000 1000 < &2 < 3000
20 tb tb
Vs 27 - La Ja = [39. La, "a
G' = (27 - 0.0075 (=5 ]b G' = [30- 0.0085(32) 12
1200 < Z- 2 < 3600 1200 < ¥ - 2 < 3600
22 t b t b
. La,la v (ap . La,a
G = L‘6‘°~°°3(tb)]b G 122 - 0.0045(FY | &
{b) Modification factors for above formulas for non-standard conditions
gzrgne. If an extra weld is added at the panel ends, multiply S by: (n = no. welds/foot)
18 VYn Vn yn Vn
20 Vn n n n
22 Vn n n n
If panel width is other than 24", multiply G’ by YW/ 22 for all cases, where w = panel width,
If intermediate side lap fastencrs are present, multiply G' by 1.25.
Product of all modification factors should not exceed 2.0,
total shear load on the diaphragm. More difficulty was encountered in
CONCLUSIONS

attempting to derive a formula for stiffnees from the same model. Stiff-

The major variables affecting shear diaphragm behavior are the ness was found to be influenced by too many factors which were neglected

material thickness, t, and the purlin spacing, L. From tests, it was in the mathematical solution, such as overall diaphragm length. Stiff~

observed that diaphragms fail by tearing around the welds, by atrut- ness is also extremely sensitive to shear deflection which is a combina-

like buckling of an edge flute between purlina, or some combination of tion of in-plane shear strains, deformation of the material around weldsy,

the two. As a means of predicting in advance the performance of any panel end warping, and slip in the frame connections. None of these

given steel deck shear ddaphragm, a mathematical model was formulated were accounted for in the theoretical development of the stiffness for-

based on the stability of a single corrugation or flute. The flute mulas.

column was eccentrically loaded and the effects of adjacent flutes The results of this investigation indicate that the method of

simulated by elastic springs. The solution to the model worked well relating diaphragm behavior to the stability of one flute between purlins

for predicting ultimate strength, even though there were some problems predicts ultimate strength reasonably well, but is not adequate for

in trying to relate the critical buckling load on a single flute to the predicting stiffness.

109



EXAMPLE

Determine the allowable design strength and shear stiffness of a
diaphragm which ia 21' square and is made of 18 gage, 24" wide rib deck,

W type, with purlins on 3'-6" centers and standard welds.

L _ 42
t - G.0478 - 880

From Table 2,

S 8
(1) 5 2:88x105 2,62 x10

880 (880
S = 327 + 338 = 665 1b/ft.
(2) s = 700 - 0.26(880)
S = 700 - 229 = 471 1lb/ft.

Formula (2) controls, .. S = 471 1b/ft.

Ly 8y L2
& @ - ee0 - &, - 880

From Table 3,

& - 524 win,

G' = {50 - 0.02(880)] 3
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LIST OF SYMBOLS

a Total width of diaphragm measured perpendicular to flutes (ft).

a Horizontal distance from shear center of deck flute to point of
load application (in).

a Vertical distance from shear center of deck flute to point of
application (in).

A Cross-sectional area of single deck flute (in?).
b Total length of diaphragm, measured parallel to flutes (ft).
3 Centroid of deck flute.

C Torsional rigidity of single deck flute = GK (kip-inz).
c Warping rigidity of single deck flute = ECH (kip-in%).

C Warping constant of single flute (in6).

1i0

- d Nominal depth of steel deck (in).
e, e Eccentricities of loading with respect to centroid of deck
oy flute (in).
E Modulus of elasticity of steel (29,500,000 psi).
¥2 4+ kx2 +k, (1b
F k¥ * Ky (1b)
G Shear modulus for steel (11,500,000 pai).
c Blope of tangent to load-deflection curve at 0.4 Pu (kipa/in).
G' Shear etiffness of diaphragm (kips/in) G - a/b.
h Nominal width of maximum flat portion of deck flute (in).
h., h _Coordinates of elastic support axis, N, relative to centroid of
0y deck flute (in).
1,1 Moments of inertia of single flute about its x and y axes,
oy respectively (in').
1 Polar moment of inertia of a single flute about its shear center
° (in*).
k., k,k Elastic spring constants applied to single deck flute in
L ¢ direction of x and y axes and around z axis.
K Torsional constant of deck flute (in%).
L Distance between purlins in diaphragms tests (in).
M Modification factors for stiffness design formulas.
n Number of welds per foot of diaphragm width.
P o P Elastic axial buckling loads of deck flute column about x and
xe' ye y axes, respectively (kips).
P Torsional buckling load of deck flute column about longitudinal
de axis (lips).
Pcr Critical load on deck flute column.
Pu Ultimate shear load on diaphragm,
Q Modification factors for strength design formulas.
t Uncoated thickness of steel deck (in).
u Deflection component of deck flute in direction of x axis.
v Deflection component of deck flute in direction of y axis.
Ugs Voo @o Maximum homogeneous displacements in x and y directions and
about 2z axis.
w Width of steel deck panel (in).
X, ¥, Z Principal axes of flute for mathematical solurion.
X X, = hx (in).
y Yo < hy (in).
x Horizontal distance between centrold and shear center of single
©
deck flute (in).
Yo Vertical distance between centroid and shear center of single

deck flute (in).

a Coefficlent relating change in thickness to changes in
and strength.

atiffnesa

¢ Angle of twist of deck flute about the z axis.

8 1/1 3dA + [ x%yda ) - 2
1 x[{y ‘{xy ] -,

3, 2, -
8, l/Iy[{di-"{ydi] 2

1y Shear deflection of diaphragm.
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