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PREFACE

The Major Unitas Laboratory at West Virginia has been involved in
full-ecale diaphragm studies for the past twenty years. The work has covered
tests on a wide range of deck panel types, metal building wall systems,
panels with insulating concrete fill, and plywood assemblies, all used as
diaphragms, and under static, cyclic, and dynamic loading. Connection
performance, critical to diaphragm behavior, has been evaluated through an
extensive test program covering arc-spot (puddle) welds, different types of
screws, and power driven pins. These have established fastener strength
limits and have been especially important for defining fastener flexibility
factors.

The work has led to logical formulas for both diaphragm strength and
stiffness predictions with panels of any common configuration once fastener
types are specified. Shear response can be determined for any diaphragm
with a8 new type connector system through simple tests involving only the
connectors. This is apparent in all general formulas where panel geometry,
diaphragm layout and fastener response are identified as independent
variables.

LARRY D. LUTTRELL
PROFESSOR OF CIVIL ENGINEERING
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_ STEEL SHEAR DIAPHRAGMS
- USING
HILTI ENP2-21L15 FASTRNERS
Int t
Steel deck panels mai be used as roof or floor diaphragms when properly
interconnected using arc-spot weldé, screws, or various driven fasteners. The
Steel Deck Institute Diaphragm Design Manual (SDI/DDM) contains a series of
design formulas which are dependent on several variables inciuding‘ panel
configuration, the panel span, methods of attachment to support frames, and
fasteners interconnecting the panel unita.
The SDI/DDM formulas have been developed from several hundred full
scale tests having the range of expected variables including, particularly, the

quality and response of fasteners loaded in shear. Those formulas, as will be

presented later, generally take the form,

su = (A + B)Qf/L | (1)
where: Su = shear strength (plf)
L = average deck panel length (feet)

A,B = geometry factors describing layout

Q, = fastener strength in shear (lbs)

It is clear from this type of formula that the diaphragm strength is directly
dependent on those fasteners connecting the deck to the support frame.

The purpose of this study and test program, made in the Major Units
Laboratory of West Virginia University, was to evaluate the Hilti fastener and
test it in a series of full-scale diaphragms systems. The results from such
studies were then to be the bases for establishing design load table for ateel

deck diaphragms using the fastener and standard SDI/DDM formulas.
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a, Fastener test specimen.

Figure 1. Hilti ENP2-21L15 fastener.
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Figure 2. Fastener shear test.
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b. Load-slip curve with shear
load Q per fastener.
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The Kﬂ{i ENP2-21L15 fastener is a powder sactuated device designed for
the purposes of attaching thin steel sheet metal to structural steel. It is a
nail-like device the details of which are shown in Figure 1. It is manufactured
from hardened steel, has a knurled shank, and is fitted with two slightly
cupped washers.

The reeponse of an individual fastener in shear can be established
following the test arrangement in Figure 2. Direct loads can be applied and
continued until an ultimate strength value Q¢ is reached. During the loading,
slip across the connected parts can be measured indicating the fastener
flexibility Se.

These fasteners presentr a shank diameter such that, in the common range
of deck thicknesses of 22 and 18 gage, the shear strength is controlled by the
sheet thickness bearing against the shank. Further, the cupped washers and
tapered shank serve to control the driving depth and the washers then act as
a clamp on the attached sheet maten‘a) to keep it flat ?round the fastener.

The "shear-bearing” strength will increase slightly as the fastener is
driven to a greater depth due to the shank taper presenting a progressively
larger diameter to the connected sheet, but the total depth is controlled by

gselecting a booster level such that H in Figure 1 is limited.



Fastener Tests

A urio; of forty specimens were tested im direct shear as indicated in
Figure 2. The purpose was to study the influence of attached sheet thickness,
back-up plate thickness, and power of booater on fastener performance. All
gage material was ASTM A446-C except for thicknesses less than 0.0271" which
were from harder Grade D steels. The back-up plates were ASTM A36. Table 1
shows the strength Q¢ and flexibility factors S¢ for all cases tested.

Generally, for lighter back-up plates lighter boosters were used. For each
group in Table 1, the plate sizes and booster levels are in Column 1, sheet
thicknesses in Column 2, and other columns show strength and flexibility.

TABLE 1. Shear Strength Test Summary

Plate Sheet

Thickness Thickness Qf Avg. Qf Avg. Sf x 10-3
(in) (in) {1bs) (1bs) (in/k) .

3/16 Plate 0.0279 1408 - -

No. 4 Booster 0.0269 1380 - -

(yellow) 0.0270 1200 1330 11.5
0.0280 1600 - -
0.0280 1700 - - -
0.0280 ° 1600 1635 4.7
0.0340 2800 - -
0.0340 2200 2500 5.7
0.0496 2252 - -
0.0510 2250 2250 5.9
0.0611 2950 - -
0.0602 3060 3005 7.0
0.1063 3500 - -
0.1063 3200 3350 6.3

(continued on next page)
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TABLE 1.
Plate Sheet
Thickoess Thickness Qr
(im) {in) {1bs)
1/4 Plate 0.0271 1390
No. 4 Booster 0.0265 1396
(yellow)
0.0290 1600
0.0290 1400
0.0390 2300
0.0390 2400
0.0520 2260
0.0505 2298
0.0608 2696
0.0607 2700
- 0.1068 3500
0.1068 2800
5/16 Plate 0.0270 1500
No. 6 Booster 0.0270 1380
(purple) ,
0.0280 1600
0.0280 1760
0.0340 " 2900
0.0340 2900
0.0510 2640
0.0508 2580
0.0611 3120
; 0.0608 2950
- 0.1068 4060
0.1068 4292
0.1068 4300

Shear Strength Test Summary (continued)

)
Avg. Qf
(ibs)

1395
1500
2350

2280

Avg. S¢ x 10-3
(in/k)

6.3

6.1

4.1

5.5

4.6

3.6

- s e em e em mm e e wa am e e m am e wm ew e e dm e emh e am m we e ee e e Am em e e S

Notes: 1. All gage material ASTM A446-C galvanized except t = 0.0271 and less
which was painted and Grade D.
2. S¢ flexibility factors are low and compare to those in arc-puddle

welding (See SDIM p. 58).

- 3. Average Q¢ values rounded to 5's.
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Figure 3 and 4 show general trends in strength and stiffness. Note
particuhrly: in Figure 4, the scale difference in .stitch screw stiffness

The S¢ values shown in Figure 4 are quite low being similar to those for
welds. The scatter is so narrow (note the screw curve) and the values so low
that the same values as for welds are recommended. Note that a constant value
of S¢g =5 x 103 in/k could have been used with no significant effect.

The values are comparable to the flexibility factors for other similar
fasteners (See SDI/DDM p. 58). Sy simply defines the slip rate. For example
in the above case with a one kip load, the connected parts would show.a
relative slip of 0.005 inches. This gquantity is important in establishing the
overall stiffness for a diaphragm.

Fastener Summaries

When assembling a diaphragm, it often is necessary to interconnec,_t
adjacent steel panels by using stitch screws. In these studies, a No. 12 and 14
TEKS screws were used and strength values Qg as well as flexibility factors Sg
for them are contained in SDI/DDM, pages 55 and 58.

-

TABLE 2. Fastener Summary

Metal Thickness HILTI ENP2-21L15 No. 12 TEKS No. 14 TEKS
t (ioches) Gage U (Ibs) S.{in/k) 5_311555 _SS (3n/k) Q_(1bs) S.(in/k)
[ Lo poe ffan)
0.0295 ¢ 22 1594 179 0.0070 2.9% 560 0.033 565 0.025
0.0358 77 20 1859 /% 0.0058 721} 747 0.027 860 0.023

0.0474 .20 18 2345 -4, 0.00410.0.1 1110 0.020 1400 0.020

As indicated earlier, the shear strength is somewhat dependent on the
fastener dimension H as it controls the steel sheet to fastener contact
diameter. The above values represent a series of average conditions expected
in a typical application and are used in comparisons in the present test

program.
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DRIVING RECOMMENDATION. Select the booster level such that H lies
between 1/4 and §/16 inches. (See Figure 1.}

SCREW INSTALLATION. Install all stitch screws such that sidelaps are
in intimate contact but without overdriving and stripping threads.
Full Scale Diaphragm Tests.
Three full scale diaphragms were assembled using Standard Intermediate
Rib deck. These deck shapes were in conformance with the Steel Deck

Institute Design Manual for Floor and Roof Decks and were rolled by an SDI

member company.

Using the SDI data developed for screws and the present data for Hilti
fasteners, the three tests were designed to cover the widest range of
variables in common decks and to evaluate the applicability of the SDI
formulas to the use of Hilti fasteners in diaphragms.

The SDI/DDM separates several factors that influence both strength and
stiffness, one set of those being the fastener shear strength Q¢ and the
flexibility factor Sg¢. Three general formulas then ‘are developed and the
design value is taken as thé lower of the three.

The typical test layout is shown in Figure 5 where the entire assembly
may represent a one bay area in a building. Shear loads P induce average
shears of S = P/L. Note thaf., fof equilibrium, R = Pa/L and then shear across
the aystem is S = R/a = P/L.

"The system is in shear; the whole system involves deck, joists, and

frames. The average S is the same in both directions.”

1. Diaphragm Edge Parallel to Panel Spanning Direction
This limiting condition usually will occur at one end wall or other load

transfer zone and usually at joists ends. (Certain of the symbols and use

of the formulas will be clearer after a review of the test data.)
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su = (:!:vi1 + °p°2 + ne)Qf/L (2)
)
where
su = diaphragm shear strength (lbs/ft or kips/ft).
@ = (T xe)/w
Xe = end of pasnel fastener position from panel centerline (in.).
= panel width (inches).
n_ = number of interior purlins in a panel length (excludes the two
P at ends).
n, = number of edge fasteners per panel length L excluding those at
Joists.
Q_, = sheet-to—frame fastener atrength (lbs).

L = Panel length (feet).
2, Limitations at Interior Panels.
This formula addresses equilibrium of interior deck panel units and

particularly the force transfer capacity along panel sidelaps.

s, = [2a(x; - 1) + Blay/L _ (3)
where
A = 1 for cases with a single fastener on edge laps at purlins and 2
for doubled fasteners at purlin edge laps.
SRRV g (Ls/135)2]
Ls = purlin spacing (in.)
- 2 2
B = D, + [anzxp + 42x3 /v
n = pumber of stitch screws per sheet length L — does not include
3  fasteners at purlins.
a, = Q,/Qf where Qs = stitch screﬁ strength.
xp = fastener position from panel centerline.

11
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3. Limitations at Panel Ends

Direct shears and interior panel couples ceam result in critical loads
on fasteners at panel cormers. Thus, strength may be limited by

s, = o/ (8% + ¥212)0-5 (4)
where

N = average number of fasteners per foot across the ends of individual
panels.

In any of the three equations above, Q¢ is the fastener strength as
presented in the previous section and Qg is the stitch connector strength
from Figure 3.4 of the SDI Manual as summarized in Table 2.

4. Diaphragm Stiffness G’.

Formulas for stiffness are complex but may be reduced to fairly simple

forms for typical deck profiles and nominal thickness. From those formula..

below, linear interpolation between gages produces satisfactory results.

The stiffness G' in kips/in. for

~ ) 870 .
t = 0.0295%, Gpy, = 35 DX+C

) . 1056
t = 0.0358", Gpy = 3773 4 Dr+C

) ___ 13g8 (5)
t = 0.0474%, Gg=37g, DX +C

where X ranges from 1.00 to 0.58 as shown below

]l e 1 2 3 4 5 6
x | 1.00 1.00 0.90 0.80 0.71 0.64 0.58

and np = pumber of interior purlins supporting a single panel length.
Then Dn term measures panel warping depending on the fastener spacing at
panel ends. It is found from the following table with

Dn = D/12L

12
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Pane

e Gage

Wide Rib (WR) 22

Int. Rib

Narrow R

20

18

(IR) 22
20

18

ib (NR) 22
20

18

TABLE 3.

‘e D Values for

End Valley Spacing

)]
One

1549
1159

761
2712
2028
1331
4271
3195

2097

D2
Two

12864
9263
6316

14589

10913
7163

15388

11511
7555

D3
I Q.gee

26504
19825
13013
29131
21790
14303
29303
21918
14387

The final parameter C is easy to generate in any computer listing for a

specified pattern of connections, and is defined as

C = 121K
where

_ 2Et
K1 T ow

where
S¢/Sy

E

1

t

1

1

( Zal + npaz

ratio of structural to stitch fastener flexibilities

29500 ksi

-

59000 t Sf/w

sheet base metal thickness (in.)

) S, =
+ ZnSSf/Ss f 2a1 + npaz + ZnSSf/S

(6)

The use of these formulas is illustrated in the following data evaluations

for both strength and stiffness.

13
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Diaphragm Test Program.

The three tests were assembled from 20’ long IR deck panels in three
different gages. The test frame, shown in Figure 5, has flexible corner clips
and virtually no resistance to lateral displacement prior to attaching the
diaphragm panels, |

Two different purlin spacings were used with various connector patterna
at cross supports and different stitch fastener layouts along sidelaps. The 16’
x 20', frame, supported on rollers, was squared up and leveled and the deck
panel layout then proceeded as in any normal installation. Refer to the
evaluations for Hﬂu No. 1 in the appendix for a typical layout.

In Hilti No. 1, panels were attached in every valley at panel ends. The
filled circles represent structural fasteners and the small x marks indicate
positions of the stitch screws. Note particularly the edge fasteners, oppositte
the x-marks, which always are equal in number to the number of x-marked
stitch screws, Should the purlins have been setting atop the structural
frame, it would have been necessary to have added blocking to allow the edge
connectors neg (See SDI/DDM™p. 37).

In all tests where a partial panel was required to finish out the assembly
width, that panel always was attached at cross supports by structural
fasteners in every valley but otherwise stitched, as any other panel, along the
edges.

The data reductions show the expected stirength and stiffness values

following the previously presented Equations 3 through 7. In these sections,

P theoretical strength (1lbs)

ut »
Puo = tested strength (1lbs)
G' = theoretical shear stiffness (kips/inch)

14
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Each third page in the set shows the resultant load-deflection curve for

each test with the stiffness curve plotted and labeled as G,.

t
TABLE 4. Test Summaries
Test No. Gage Pys (1bs) P, (1bs) Puo/Put G K/in)
1 22 16320 16800 1.03 46.1
2 20 18140 20280 1.12 27.9
3 18 25960 23242 0.90 89.3

Average = 1,02

Noting that the average values for Pyo/Pyt are in excellent agreement with
tested vaiues, the use of such formulas is recommended.

Recommendations
As indicated in earlier sections, the Equations 3 through 7 have been

tested against hundreds of test data seta and found to be suitable. The only

principal difference here and in other similar diaphragm systems is the
attaching method. The Hilti fastener strength values of Table 2 are

recommended for use in the SDI formulas. *

1. Booster Level. It is recommended that booster level be selected such that
the dimension H in Figure 1 be maintained between 1/4 and 5/16 inches or
about 7mm. Whether the fastener then penetrates the structural steel, or
not, is of no consequence since strength Q¢ is controlled by sheet bearing
on the fastener shank for the 18 to 22 gage thickness range.

2. Edge Distance. The best practice for driving fasteners at side laps is to
keep them away from the leading edge of the sheet. These tests were

conducted with fasteners cent.eréd at an average 5/16 inches from the

leading edge and one inch from sheet ends along the spanning direction.

15
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3.

4.

Factor of Safety. These fasteners fall within the mechanical type
preunt;d by the SDI. Quality control is rglatively easy compared say to
welds. Thus

Design Shears S

Sy/SF

Where SF = 2.35
Design Tables. Allowable shear values are dependent on the fastener
layout and not on deck profile. Thus the attached load tables are for
narrow, intermediate, or wide rib decks providing that edge and end

distances can be met for fastener installation.

Respectful sub%.

Professor, Structural Enfineer :

16
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HILTI Di t No. 1

This diaphragm was fabricated using nominal 22 gage - 36" cover width
panels on a 16’ x 20' test frame as shown in Figure 5. The system was
assembled using Hilti fasteners at all structursl supports and No. 12 TEKS as
stitch screws. Typical layouts and data reductions are given on the following

three pages.

Data: Coated Panel Thickness: te = 0.031"
Gage Metal Thickness: t = 0.0295
ENP2-21L15 Strength: Qs = 1594 lbs.
TEKS No. 12 Stitch Screw: Qg = 560 lbs.
Test Shear Strength: So = B40 1lbs/ft.
Predicted Shear Strength: S, = 816 lbs/ft.

Comments: During the early part of the test, a support roller was found to be
misaligned. The system was unloaded, realignment made, and the test
continued. G’ is plotted relative to the "new origin" and near the "reload"”
curve. The diaphragm performance was quite close to that predicted by t.;xe
SDI Formulas with reference both to strength (S,) and stiffness (G'). Driven
fasteners at panel sidelaps were placed such that the washer edges were not
overhanging the upper panel edge at the sidelaps. Strength was limited by

sheet yielding around fasteners. No fastener failed in shear and none were

"torn out” due to being too close to panel edges or ends.

17
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HILTI Disphragm Test No. 2

This diaphragm was assembled using nominal 20 rag= - 36" cover width
Intermediate Rib Panels on a 16’ x 20’ test frame. Hiiti ENPZ-2IL15 fasteners
were used at all panel-to-frame connections and No. i2 TEKS were used as
stitch connectors. Test resuits and data evaluations are presented on the

following three pages.

Data: Coated Panel Thickness: te = 0.0367"
Gage Metal Thickness: = 0.0352"
ENP2-21L15 Strength: Gf = 1859 lbs.
No. 12 TEKS Strength: Qg = 747 lbs.
Test Shear Strength: So = 1014 lbs. ft.
Predicted Shear Strength: S, = 907 lbs/ft.

Comments: Hilti fasteners at panel sidelaps were driven at an angle of about
10° off the vertical letting the washer set slightly into the radius at the deck
web. Strength was limited by yielding around connectors along a sidelap. It
was found on the lap that one Hilti fastener had fuiled across its diameu;r

apparently having been damaged during installation. The strength S, was,

non-the-less, some 11% greater than expected.
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HILTI Di est No. 3

This diasphragm was fabricated using 18 gage [ntermediate Rib Panels
having a 36" cover width. The 20’ long panels were assembled over a set of
6'-8" spans as shown in the following three pages. To check the SDI formulas
against more general stitch connector data, TEKS No. 14 stitch screws were
used in instead of No. 12 TEKS. SDI fastener strengths are reported for No. 12

TEKS on page 6 of this report.

Data: Gage Metal Thickness: t = 0.0462"
INP2-21115 Strength: Qf = 2345 lbs.
TEKS No. 12 Strength: Qg = 1400 1bs.
Test Shear Strength: Sg = 1162 lbs/ft.

Predicted Shear Strength: S, = 1298 lbs/ft.

Comments: The ultimate strength was limited by stitch screw strength along
the sidelaps. No Hilti connector failures were observed. The observed

strength S, was slightly below that expected but well within test scatter

ranges expected.
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The following pages contain
load tables developed following
the Steel Deck Institute
Standards and the studies
developed in this report.
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