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ABSTRACT ~
X »
THEQORETICAL AND EXPERIMENTAL

INVESTIGATION OF STAPLEQ CONNECTIONS

Matthew-Andrew Xalosinakis

An exper%menta] and theoretical investigation was carried
out on Qtapled connections to detepmine their performance and
potential uses for load-carrying applications in the building
industry.

; The firét part of the experimental investig;tion was
carried' out bn a set pf stapled connections using aluminum
extrusions to connect aluminum sandwich paﬁels in a half-scale
panelized model. The results showed"that:

i) these connections behaved much Tike nailed wood connections

| but having greater stiffness and capacity.

ji}  the stiffness and capacity are substantially reduced by
gapﬁ“ﬁetween the flange of the connection and the facing
of the panel. .

iii) the 10ad-defor§ation relatibnship is non Yinear but it
can be considered ilastié except for residual deformations
resulting after initial load cycles.

(27)

Based-upon the above results, the theory by Kugnzi
for nailed connections was adopted anddmodified to satisfy the
conditfions pf the stapled connections. In this theory, the principal
parameters affecting the behaviour of'stapied connections were
identified, |

rd
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In the second part of the experimental investigation,
these parameters were varied to verify the theory and tc deve1dp

design formulae. S
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-width of a member

constant

diameter of sEiP1e leg

. modulus of e}agticity

force on aluminium sheet

bearing strength of aluminum
ultimate strength of aluminum

yield strength of aluminum or steel
ultimate shear strength of aludinium
yield shear stréngih of aluminum
capacity of a single fastenér at 0.015 in deformation
stiffness

Kob (1bs/in?) particular foundation modulus comprising

N,

the width of the beam -
(1bs/in?) elastic bearigm moduius of foundation
stiffness of élumindm sheet on bearing
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moment at “any point
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moﬁent at x =0
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force . load

K.y {(1bs/in) fogndation‘reaction

allowable load
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shear force
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external distributed load
constant

fastener spacing
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CHAPTER I
INTRODUCTICN

r

. Low cost housing is the issue to which many re;earchers
have lately devoted a large part of théir research effort. Pre-
fabrication of building components appears to be a véry appealing
construction method for reducing cost and overcoming édverse
weather conditions dﬁring construction. One of the projects on

low cost housing undertaken at the Centre for Building Studies,

of Concordia Univérsity in Montreal, is the modular construction
of buildings from panels with aluminum face and lightweight core.
Part of the studies is the investigation of the structural per-
formance of the proposed building. To this end, a half-scale
building model was constructed to be tested. The panels were
connected with a]uminmm extrusions, the flanges of which were
stapled to the facings. This type of connection can be effected
quickly and cheaply. Moreover, it helps to prevent delamination
around the periphery of the panels, The model was subjected to
vertical and lateral loads. The results from the lateral lecading
showed deflection values to beuhigher than predicted by theory,
which assumed fixed connections. The investigation.reported herein
was carried out to determine the beﬁaviour of the stapled connections.
Such investigation must consider all types of forces to which

the coénections on the model were subjected. These forces include
shear, tension and combination of shear and iPmpression. It is

customary to determine the performance and the capacity of a -



connection by examining the resulting deformations in relation
to the i;;osed loading conditions. Here, the deformation of a
copnection is defined as the relative movement of the connected
members. This deformation could be due to the connected membéré
or the fasteriers, or the combination‘of both. .

The work in this thesis extends beyond the experimental
investigation of this particular connection. It also includes
a theoretical and experimental study of a connecticn using the
same parts but with applications outside building. In the
theoretical study, the apprcach outlined by Kuenzi (27) was
adopted. In this theoretical development, the staple is regarded
as a beam on elastic foundation. Other theory used in this thesis

O

4

is the theory of beams on elastic foundations by M. Hetenyi
The above theories and a few others used are explained in the
thesis. Due to the fast, inexpensive, and versatile application

of staples and their advantageous structural characteristics as
compared to other nailed fasteners, the stapled connection becomes
very attractive and structurally efficient for many applications

in the building ingustry such as buildings, warehouses, workshops,
factories, mobile homes, vehicles, containers and many others.
These applications are documented in literature of companies
listed in the last page of reference. {7}. This work was undertaken
by the author with the purpose to investigate the performance of
the stapled connection, to evaluate and implement it as a low
cost, efficient and versati]e'structuﬁh1 connection having.

numerous applications.
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CHAPTER 2

¢ STATE OF THE ART

|'- 3

2.1 Staples and their Applicatigns

A fairly complete Iisting of all the staples ayéi]ab]e on
the North American market is’presehged.in ref (7). In this
publication, the staples are specified (Fig. 2.1) accordi;g
the the.shape: size, point, material and purpose. The industry Of.
fasteners composed of. an appreciable number of 1arge companies
which exhibit a large variety of'spaples, staple machines‘and
stapling procedur;s. A better idea of what is available onrtg;”
the market may be gbtained by referring to the ordering system
published by SENﬁejand shown in Table (2.1). The present applications
of staples are 1iﬁited'and'they are 'mostly used-tc replace nails
wherever the staples prove to be more practical and better funct{oning.
The princiba1 uses of staples are, howevgr, in furniture fastening

and material handling where they are used for assembling panels,

boxes and containers,

Table 2.7
7-D1GIT STAPLE CROERING SYSTEM
W RIaiT -2nd &4 3rd
CRN WID THK oair 4th DIGIT Sth DQIT ath DI1GIT T DIQIT
{*") {.000}{.000) LEQ LOTH POINT - METAL FINISH FEATURES
A X 03 0215]0v K 17 1% A Blunt A 8td. Carb. Galv. | A Plain
B )4 030 021502 MW, 18 1% [B Chiset € Sta. Carh. Ua. B Sencots
€ 3 .03 .0215 [ 03 ¥, 19 135 [C Ins. Ch. Oruitra H Carb. Lig.| C Painted
De X, X .0215}04 ' 20 1% |D Out Ch. ¥ Med. Cart. D Pid. & Senc.| P Buik Pack
€ X .000 010 [0 K 12 ¥ Divergent Q Stein. St.-Sta.
F ) .050.010 |08 ¥ 22 2'4 [G Out Ch, Oiv, 4 Monel
Q % .045 023 (07 ¥, 23 2%, |M Crosa Cul Ch. | K St Core Alum. T e —
H ¥, 050 .019 [08 4 28 2C |J Cr. CutGh. Ofv. | M A
T * stapl
d X, .075 .073 "[08 %, 28 2% | K Spear M _Bronzs 'cmk‘ teples.
K % .045°.030 {10 % 27 3 '[L ch. DIv, R Brite Basic wire width 043",
L ' 050 .044 |11 ¥ 28 3% | M Seif Clinch wire thickness .02)"":
M 050 . Q = %' crown, 045x 023"
. ;ﬂ = : :I LA .l SharpCh. 08 = %" lag length
4 - L) B = Chissi point
P_1 082 085 [14 1Yy A = Slandatd carbon
a Kc;u'“ 087 1Yy alvanized wire
A = Plain tihish
8%, 082 0TS [18 13 vq..m" ¢ G 08 BAA
W X, .032 028 ’ :

=Use this digit only when oroering special %4 | steple lor use in Model JNZ3XO tooi.
TAvailable In Fine Wire only. one ‘

ORDERING SYSTEM FOR SENCO STAPLES



\\\\‘ In construction, staples are mainly used as secandary
fasteneys, that is, for fastening shingles and wood, whereby
using staples, wood sﬁ]itting is largely eliﬁinated. Théy a;e ‘
also used for fastening sheathing, tnsulation, partitions, ply- §
wood boards, etc. There are many advantages in using staples *
to replace nails or other fasteners, improved production efficiéncy,
ease of handling, speed and avai]aQi]ity,-aI] of which make staples
more economical than other fasteners, .- R -
The most commonly used sizes of staples in construéion
today are gages sixteen, fifteen, and fourteen with varying length,
crown width and point (Fig. 2.1). The materials commonly émployed
in manufacturing these staples are steel and aluminium. !
The stapiers available on the market for construction are
either pheumatic or hammer operated. They can be portable of
light weight, or stationary. The operation of such tools is fairly
easy and does not require particular skills. The names of the,

major companies that manufacture staples and staplers in North

America can be found on the Jast page of references (7).

2.2 Review of Research Work on- Staples

The stapie is a f&stener, mainly used to replace nails
or to extend the application of nailed fasteners. It works in
a similar fashion to a nﬁi1 for withdréwa] resistance and resis-
tance to lateral loads. However, nails and‘staples differ in
the resistance to pull through the fastened material since the

nail's capacity to resist pull through is based on its head, while for

!
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;he staple it 4s Eased on whole crown. This feature makes tﬁe

staple highly attractive %or fastening weak materia1;, thin

sheets or plates. The research work done so far on staples includes

principally tests on certain products of some companies. Most

of the publications avai1a5]e for research done on staples have ‘

been made available by the Virginia Polytechnic Institute Wood

Research Division, in U.S.A. Thematerial presented in these

publications deals mostly with the withdrawal resistance of the

staple legs, and the resistance of the crown to pull through

the fastened material. A few of the subjects of thjs material

deal with the capacity of the staples to transmit lateral Ibad.

The results published are afI experimental and no theoretical

investigation of the stéple behaviour is included. It should be

mentioned that a11_the tests on staples have been done by Prof.

George Stern of the Virginia Polytechnic Institute. Prof. Stern

performed a large number of experimental measurements on staples,.

fastening wood té wood. Regarding the lateral load transmission

of staples, some test results are quoted from Ref. (8, 9, 11)

and are presented here: -

1) . The aliowable lateral load transmitted by a staple is governed
by the 3/2 power of the staple-leg diameter, provided the
depth of penetration in the fastening member is sufficient;
that is, amounts to ; minimum of 10 to 14 staple-leg diameters

depending on the wood sbécies-under consideration.
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The general formula advanced by the U.S. Forests‘Products
Laboratory for nails also applicable for stapleé for Tlateral
Toad was derived by applying a reduction factor of 1.6 to

the proportional limit loads and the reductions factors of 6
and 11 respectively to the ultimate Toad in seasoned soft woods
and hard woads.

The testing procedure described in Ref. (8) is presented.

The joints were loaded in the direction perpendicular to the
grain of the fastened-member as shown in Fig. (2.2). The
joints weré-tested for their immediate and six week delayed
static lateral load transmission at a constant rate of load
application of 0.100 inches per minute. Automatically re-
corded lcad-deformation curves for the compléte joints were
qbtéined. Typical Toad deformation‘cupves are presenéed in
Fig. (2;3) which gi&es'the load deformaticn--curves for southern
pine jo%nts assembled wifh a single 2 172" 1ongi8/16" crown,

15 gage SENCO staple laterally loaded immediately and six

weeks after assembly in the direction perpendicular to the
grain of the fastened member and parallel to the grain of the
fastening member. . y

Fig. (2.4), from Ref. (9) preséﬁts the load deformation ¢urves
for nailed and stapled joints consisting of 5/8“'ye11ow poplar
deckboard and 1 1/4" x 3 5/8" hard maple stringer Qifh thé
fastener loaded laterally immediate]yiéfter assemb]agéi‘ The
fasteners used were 3" x 0.111" nails aﬁd 2" x 15-gage éfaples.

The curves indicate that the stapled joint was 28% more rigid
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than the nailed joint, if consideration is given to the rigidity
of the joints, up to a total deformation of 0.400 inches. )
5). Table 2.2 below, shows the average performance under lateral

Toad of 2 1/2" x 15-gage duo-fast versus sencote staples.

Table 2.2 ¢
Lateral (shear) in Pounds
Wood Staple Type Sencote Duo-fast Sencote’ Duo-fast

Species -.Time of Testing 1839 1845 E 1839 1845 E
) ) Immediate Immediate Delayed  Delayed

Green red oak 466 545 409 424

“Dry red oak 581 " 656 508 623
Dry southern
Pine 457 548 . 394 422
Dry Douglas , ) '
Fir n - 375 475 343 444

-Green Aspen - . 340 303 22 . 289

PERFORMANCE OF DUC-FAST VERSUS SENCOTE STAPLE - !
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CHAPTER 3 A

EXPERIMENTAL INVESTIGATION oF A STA?LED CONNECTION

3.1 Description of the Connection

The type of connection examined here (Fig. 3.1) is a
stapled assembly of sandwich panels with aluminum extrusions.
The staples are placed in uniform spacing in a row along the edge
of the panel. There are two types of ektrusions used. The first
has an I type cross section (Fig. 3:2) while the second (Fig. 3.3)
is made of a hollow square cross- section and eight flanges, two

at each corner ‘perpendicular ‘to each other.

3.2 The Extrusions

The aluminum used for the extrusions is .of the 6063-T5
produced by Alcan. It has the following mechanical properties:

U]timaté tensile strength . Fu = 22.0 ksi

Yield tensile strength - Fy 16.0 ksi

il

'Bea?ing Strength . F 46.0 ksi

B
There are two factors faken into consideration in deciding the
dimensions.and the shape of the extrusions. The first was_ the size
of" the panels and the geoﬁétry of the structure, and the other_‘
égtruaiﬁg processes and the -head of the stapler. There are limita-
tions and eﬁonomic considerations in the extrudfng processes.

For example, the thickness of 0.10 inches of tﬁe flanges was
dictated by the overall dimensions:of the section. There are also
Timitations of availability of staples, stapling machines and their

capacity to penetrate the aluminum extrusion and the face of the

sandwich panels, The two extrusions are discussed below.

"



Both designs were adopted for the experimental programme but coutd
be refined for industrial applications. .

The I-shaped extrusion is shown in Fig. 3.2 and the
#-shaped extrusion in Fig. 3.3. The grooves along the edges of
the flanges are made for two reasons. First, ‘to reduce thé
thickness of the aluminum and thus permit the staple to penetrate
it, second, the groove contour accommodgtes the stapier during
stapling. The weight of the I-shaped/fztrusion {; 0.990 1bs. per
foot and it can connect two ﬁane1s in the same plaqF.

The four-way extrusion (Fig. 3.3) is made of a hollow
square cross.section and eight f1anges; tw& on each cornér
perpen@icu]ar.to eacﬁ other. The overall dimensions of the extrusion
are 6.0" x 6.0" and the length of each flange is. 1.86" and was
diftated by the commercial stapler available. Its weight is 3.44
1bs. per foot and can conpect two to four pané]s. The two panels

can be either in fhe same plane or in two perpendicular planes.

3.3 The Staples

P -

The staples used for the conhectiﬁn are U-shaped,‘made
from High strength ca}bon steel, and they are galvanized. Their
dimensions are: Tength = 5/8"; diameter = 0.057"; érown = 7/16".
'They weré tested for ultimate cépacity in Shear according to
ASTM 8565 Standard. This was found to be 75,000 psi. The staples
are usually furnishéd in collated sticks suitable for the stapler.

Fig. (3.4) shows a typical pneumatic Senco stapler and some staples.
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3.4 The Panels

The panels are made up of a rectangular frame of clear
white pine, as shown in Fig. (3.5). The frame is connected with
corrugated fasteners. Inside the'fraQe there is a 2 inch thick
styrofoam core having a density of 2 psf. The core‘has good in-
sulation properties and provides high strength to weight ratio
for the panel. The faces of the panel are made from 0.025" thick

utility aluminum and they are glued with epoxy on the core and

the frame,
Both the wood and the aluminum ere tested for

their mechanical properties according t?f'STM D143, E8, £238

Standards and the results are presentgd below:

1) Yood {White Pine)

Compression parallel Compression perpendicular
to the grain to the grain ;
Modulus of .
Elasticity {psi) E]] = 1,000,000 E] = 90,000
Proportional
Limit (psi} Fiq = 4,500 F, = 800
Ultimate . .
Strength (psi) FUH = 6,500 -
Elastic Bearing
Modulus 1bs/in Kop = 330,000 K“p = 150,000

Details of the etastic bearing modulus are given in section 3.6.1.

[

-
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I1) _Aluminum Faces (Utility aluminum)

Tension Shear ‘ Bearing
Yield Strength F =22,000 F_=12,000 F, = 40,000
: y s B
(psi) _
- Ultimate Strength: F; = 25,000 F = 15,000
(psi)
Modulus of E =10.7 x108

Elasticity (psi)
- . I

3.5 Description of the Connecting
Method and its Effects

L ]

The connection of the members 1is- done by using a 5neuﬁatic
staple gun like the one shown in Fig. {3.4) connected to a 100
psi air pressure line. The'panel is inserted in the extrusion which
is approximately O.QB Eo_O.] inches wider than the thickness of
the panel. To F111 the tolerance gap between the extrusion and

the. pane], a pTywood filler is inserted on one side of the connection.

.The staples are 1nserted through the aluminum extrus1on from one

end to the other. They penetrate first the aluminum exi%gsion then
the face of the pane],.and(eventua]1y are driven into thé woodi‘
frame. The finished conneﬁtion is shown in,?ig. (3.1},

The spacing of the staples is 7/8 inches center to ceﬁter;
Since the crown width of the staple is 7/16 inches, it means that ‘
there is a staple leq at every 7/16 inches, -

The spacing of the staples is within the specificétions
of CSA Standard 036, but the length to diameter ratio 1s much

Tess than requ1red by the specifications. It is required thgt

the length of the staple or nail embedded in the wood to_jh} diameter
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ratio be not less than fourtéen. In the presént case, the ratios
aye: 0.54/.057 about nine and a half, and on the side with fhe
plywood ?i]Ter, 0.43/0.057 about seven and a haTf. It is interesting
to observe the effect that the staple penetration has on each of
the connection components. This is done by analysing the penetratiocn
in six steps. (referring to F}g. (3.6)) In st;ge one the staple
js applied on the surface of the aluminum without force: In stage
two, the stapie starfs to penetrate the aluminum extrusion
deforming‘it permanently, the deformation of the extrusion results
inthe deformation of the aluminum sheet, as shown in stage 3.
In stage 4, the staple penetrates the aluminum sheet. The
protrusion formed around the hole 6f the extrusion pénetratgs
the aluminum sheet which in turn penetrates the wood. In stage
5, the'staple is éomplete]y inserted and the crown presses against.
the assembly which is further distorted. In stage 6, the pressure
from the gun is released, The aluminum extrusion boﬁnces back ¢
slightly creating a very small gap between the extrusion and the
face sheet. It was noted that the.bent aluminum sheet around
the hole depresses into’the wood by twice its thickness.

On the side where the plywood filler is usea the aluminum.
extrusign i; not in contact with the face of the panel but the
final efféct is almost the same. The disadvantage of using the
plywood filler (see Fig. 3.7) is apparent prior to testing betause
this filler is not attached to any of the connected memberé and

is thus free to move. Consequently the staple has a large part
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of its length acting as a cantilever beam. Thus it will be under

bending rather than pure shear. ' : .

3.6  Tests and Results _ , : .' )

The test§ performed within the framework of estaS]ishinE
the performance of the conneﬁtion Jére dividea into three groups.
'Theyaim of the first group is the idgntific;ti;n of the mechanical
praperties of the materials used. The second éroup deals with the
determ{nation’of the behaviour of the gtéplés used for the connection.
_ The third group examine; the behaviour of the connection as used
in the model building and under all anficipated TOading'conditions.

3.6.1 Identification of Mechanical ] . . -
Properties- Test Group one

A1l the components used in the connection were tested
to identify their mechanical properties. These components are
aluminum extrusions, stapies, aluminum faces of panels $nd
wood used‘for the frame of the'pané]s. A1l the tests were performed
according to ASTM standards mentioned in Sections‘3.3 and 3.4.
Besides the-tests performed for detérmination of the commonly
used properties, some tests were performed which were judged
necessary for this particular case. These tests are mentioned
here: one is the QEterminatidn of the elastic bearing modulus
of the wood, and the other is the bearing capacity of aluminum

using staples.
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Bearing capac%ty of aluminium using staplesy
This test was requirgd to define the force needed to
yield the a]uminum.in bearing and the force required to tear
the aluminum sheet when the staple leg was used. The cal-
culated bearing yield capacity, using the results from the
standard ASTM Test E238, was 57 1bs. for the staple leg
diameter and the experimental 60 1bs. The ultimate capacity
of the 'alyminmn sheét in bearing using the staple leg was
180 1bs. The results from the ASTM Standard E 238 test using
a pin of 0,25 inches diameter were 190 Tbs. for yielding and
220 1bs. for the ultimate. It is seen that the uitimate
capacity is almost the same. The reason for that is that
the ultimate capacity is governed by the tearing of the alum-
inium sheet which is rather independent from the pin diameter.
The P-& relation for the bearing test when the staple was
used is shown in Fig. (3.8).
Dgtermination of the elastic bearing modulus of the wood {K,):
The determination of (K,) was done using steel plates
two inches tong with thickness varying from 0.035" to 0.180".
The results were very inconsistent and largely scattered. .
Hence, it was decided to average those which had less deviation.

At least seventy-five percent of the measured values were included.

-The values of elastic bearing.moduli are given in Section 2.4

with the other properties of the wood.
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3.6.2 Investigation of the Staple
Behaviour - Test group two

The purpose of this group of tests was to finé the
behaviour and capacity of individual stapies as well as their
behaviour'when many staples were put in a row.

The extrusion was stapled on the panel with the number
of staples varying from two to twenty-six. The staples were put
in one row. Two types of loadings were tested (see Fig. 3.9 A & B).
For arrangement A, the direction of the load was in the same line
with the staples and in the other, Fhe 1oad was perpendicular to
the lineof staples. In order to investigate the effect of the ply-
wood filler in the performaﬁce of the connection, two connection
arrangements were examined; i.e. with and without plywood filler.
This was done where the load is in line with the staple row {see
Fig, 3.9). .

a} Load applied in 1ine with the stapies vwithout ptywoad
filler:

. The number of st&ples used for this test were two, eight,
twelve §nd twenty-six at a tiﬁe. The load was applied gradually
at a constant rate and the following obéervations were made:

The deformation, which is defined as the siippage of the

extrusion relative to the panel, was recorded as the load was
increasing. At the initial stage of loading there was a small

s1ippage which made the connection appear to be very flexible.
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It then became stiffer and eventually the load appeared to

be in linear relation with the deformation. If the loading
were séopﬁed within the linear range of the P-§ relation and
then removed, the curve shows élways a residual pfrmanent
deformation., This permanent deformation increases with higher
loads-but decreases as the number of cycles of the same load
increases. It is worth noting that most of the deformation
recovery took place at the end of unloading. Every time that
the connection was reloaded, it would follow the same path

as in the previous loading cases. The load-deformation relation
is linearup to a certain load when the slope of the curve
starts to decrease. When the connection was unlcaded from

a level higher than the proportional limit, the results

showed a large permanent deformation and the connection had,
become very flexible, If reloaded, it would not follow the
same P-§ line, but it would show very large deformations at
the beginning of loading, stiffen with the increased load

for small Fange. and then become very flexible again. The
load was increaséd until fhe connection fai1§d completely.

The failure of the connection was reached with the
withdrawal of the staples, and thus the.u1timate capacity of
the connection was dictated by its mechanical behaviour and
not by the strength of any of its components.

The curves plotted in Fig. (3.10) show the load per staple
leq versus the deformation Tor different number of staples in

a row., The deformation being the siippage of the extrusion
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relative to the panel. From Fig. (3.10} it can be seen that
with increasing number o% staples in a row, the slope of the
Toad per staple leg versus the deformation curve becomes smaller,
while the ultimate capacity of the staple leg remains fairly
constant Qith increasing number of staples in a row. It
can also be seen that the shapes—of the curves are similar
which means that rega%d]ess of the number of staples in a row,
the load-deformation pattern will have the same shape. For
better understanding of the effect of the connection iength,
the value of the slope in the linear range and the value of
the proportional limit (see curves in Fig. 3.10) of the two-
staple connection are taken as being one hundred percent. Then
the valués of the other curves are plotted as a percentage of
the values of the’two-staple connection curve in Fig. (3.11).
This compar#son shows the drop of efficiency per staple leg
with increasing number of staples in a row. It is seen that
for a large number of staples the curve becomes flat tending
to a cénstant value of percentage.

The drop in stiffness is attributed to the unequal
initial slippage of the staples which resu]ts in different
load for each staple.
Load applied in line with the staples with plywood filler:

Tests were carried out according to the same procedures
described previously. The number of staples tested were five
and eight at a time. The results of.the investigation are
plotted in Fig. (3.12).. This connection was much more flexible

than tWe previous one and_exhibited'much larger deformation at

" the linear stage of loading. The linear partion of the curve
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was much shorter and the tfansition of the‘sTopg much smoother.
The other response characteristics were about the same as the
previous case except for larger permanent deformations observed.
The capacity of this connection dropped with increasing number
of staples and it was much lower than that of the connection
without fi]%er.' - -

A detailed examination of the two connections after
the staples had pulled out chowed that in the case of connection
without filler, there was visible distortion in bearing on
the aluminum face of the panel at the staple hole, while
in the octher, there was no noticable distortion.
Joint without filler subjected to load perpendicular to the
1ine of staples;: .

Four groups of stapled connections were tested under
this type of load. These groups had two, eight, eleven and thirteen
staples respectively.” The load per staple leg versus the
derformation curves for the various groups are shown in Fig.
(3.13). The behaviour of the connection under this load.type
was similar to that obtained when the load was applied in the
line of the staples. ~The main difference being a smaller decrease
in the slope of the curves with increasing number of staples.
It can thus be stated that there is no significant drop in
the capacity and the stiffness of“the connection when the load
is perpendicular to the 1ine of the staples.

Figures {3.14 A, B, C) show the stapies after they pulled
out. Picture (A) compares a deforméd staple with an unused

one. The size of the staple 3§ shown by the millimeter division
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of the graph in the backdround. ‘The angle at which the staples
pulled out varied from 25°’to 45°, It should be noted that in
all tests the part of the'stapie in the extrusion remained
fixed. | -

3.6.3 Investigation of the Connection
Behaviour - Test group three

The purpose of these tests was to examine the connection
used in the building model and describe its behaviour. The-description
of the connection hés been presented at the beginning of this
chapter. The conditioﬁs reproduced in the test were exébtfy theIJ
same as those encountered in the building model. | .

There were three kinds of tests performeg in order to
fully investigate the.cpnnection behaviour under all the aﬁticipated
Toads. Thé;e are: shear, combined shear and coﬁpression and tension.
The testing procedures and the results are'presented in the_foi]owing :
sections. '
a) Shear Test K ) ' o

The assembly for this test is shown in Fig. {3.15).
Two panels (24" x 12" x 2") were connected with an aluminum
extrusion along the 24 inches side, both panels were in the same
plane, the tolerance gap between the.pane1s and the extrusion was
filled with plywood fillers. There were twenty-seven staples on
each face of the panels, a total of 108 staples. In this shear

test, the Toad was applied to the aluminum extrusion as compression

and it was transferred as shear through the staples to the panels.
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Hence, the extrusions we}e under <compression, the gtaples unqer .
shear and bending, gnd tﬁe panels u;der compression, Due to the
length of the connection the distribution of the forces on the
staples was not Lniform. When the §tap1es were loaded withim

the elastic range, maximum forces were at the staples:close to

the ends of the connection and minimum at those c]ﬁse to the center.
As the load increased, the staples close to fﬁe ends reached their
ultimate capacity first and began to deform under constant load.

The additiona{ load then transferred to‘the.adjacent staples

ﬁp to the point where all st§p195ﬂﬁad reached their ultimate

capacity and failure of the connection occurred. The load was
appiied at a constant rate of one thousand p0uﬁds per minute anh

the deformation was measured with a dial gage in 0.001" divisionk
ag'ghown in Fig. (3.15). The deformation measured this way included
the siippage of the extrusion and the deformation of the panels.

' éince the bbjective was -to determine the slippage of the extrusion
the éontraétion of the panel was subStracted from the total deformation
.to find the s11pﬁage. Edgewise compressive tests were performed
on.the ﬁéne]s to determine their load-deformation reHatibn. The

load transferred to tﬁe panel by the connecting member varied from
‘zero at.the top of the panel to the total applied load at the bottom
of the pane1'(see Fig. (3.15)). Hence, the contraction of the panel
Was faken as ha1f.of that measured in the edgewise compression ‘
test for the séme Toad. fhds, to find the slippage of 'the connection,
‘an amount half of the deformation measured in the edgwise compressive

test corresponding to each applied load was substracted from the total

1
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deformation measured in the shear test. - The same correction -was
+applied to a1l shear tests on the connection descrfbed in this
thesis. '

Load'deformatfon curves for.the connection are shown

in Fjgs.l (3.16) and (3.17) whete;the load per panel is plotted
against the deformationl(g1ippage). At the initial loading stages,
the connection appears to be very f]exih]e and'retative1y large
deformat1on occur (See F1g (3. 17) This initial flexibility

wWas also not1ced when the staples themseTves were tested (Section
3.6.2). As the Toad increases, the connection becames stiffer and
the load-deformation curve becomes 5 stnaight line. During testing
the load on the connection was cycled. \it canjhe eeen that the load-
deformation re]ationlat unloading differs from the corresponding
curve at loading. -when the Toad‘is eomp]ete]}_neng!eq,lq.perm?nent .
deformation remains. This aspect would mean an undesirable ¢ |
characteristic of the'connecthn. Howeger, with repeated load
cycles, the increment of the permanent deformation was foung to
decrease. The load was then continually increased unt11 ultimate ’
fa11ure at which point the staples first bent and then pu]Ted out '
and the members came apart, The compiete Toad deformation curve

O

was plotted in Fig. (3.17).

For purposes of calculations, the curve is approximated

with three‘straight lines. The second straight line, which is

accepted as the load-deformation curve, is extrapo]ated, and the
1

deformation correspond1ng to zero load is interpreted as initial

slippage. Hence, the equat1on of the deformation in terms of
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the load becomes:

A = + 0.008"
150,000 -
P = load in 1bs.
" A = deformation in inches.

b) Combined Shear and Compression

This series of tests was carried out to determine the
effect of normal forces acting on the connections (Fig. {3.18)).
These forces create friction between the components of the connection
whicp should result in an increase in the stiffness of the connection.
This‘increaée in stiffness was initially observed in the building
model. The test arrangement was the same as for the shear test
(Fig. (3.15)) with the addition of the normai force, which was
épp]ied to the panels using a hydraulic jack (Fig. (3.18)).

The normal force was distributed along the edges of the
panels using steel blocks which were attached to stiff stee]
channels, Thé.test ﬁroceded by first app]ying a constant normal
force and then épp]ying incremental shear loads as done in the shear
test (Section 3.6.3 a). The normal load changes the behaviour
of the connection, as seenby comparing Fig..(3.17) with (3.19).
Because of the normal 1oad} the connection now shows a higher
stiffness at the initiaj étage of 1oading‘then decreases up to a
certain .Joad and the increases again. The stiffness of the connection
increased with increasing normal force, as shown in the family of

curves in Fig. (3.19).
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In order fo study the stiffening effect of the normal
force on the behaviour of the connection, each of the curves
shown in Fig. (3.19) is approximated with three straight Tines
AB, BC, CD. Line AB starts at zero load. The slopes of these
three lines are design&ted as Bl’ 82 and 83 respectively. It
can be seen from Fig. (3.20) that the slopes of the P-8 curves

increase with increasing normal load. The variation of the slopes

"with the normal load is shown in Fig. (3.20). As seen in this

figure, the value of B1 incfeases rapidly with- increasing normal

load. The values of 82 and 83 increase at a decaying rate following

almost parallel paths. From this it can be concluded that the
effect of the normal force is the introduction of friction which

makes the connection very stiff at the beginning of loading

and as soon as the frictional force is overcome, the lpad-deform-

ation curve follows a stiffened path in the same way as it does

when the normal force is not present. Due to this characteristic
of the connection, the bui]ﬁing model showed greater stiffness
when the vertical load was applied before the lateral load,

Ref (30). Other featu?es of the connection, such as permanent
deformation, loading and unloading curves remained the same as for

the case of N=0.

‘c) Tension

P The tension test deménstrated’c1ear1y the effect of the
piywood filler. The testing arrangement is shown in Fig. (3.21)

where a tested sample is photographed. To measure the deformation
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dial gages were located at.four pqtnts, two on each side of the
connection, so that the re1ative‘disn1acement between‘the aluminum
extrusions and the nanels was measured at both,sides of the panels.
The application o% the Toad was at a constant rate of
1000 1bs/min and each connect1on was loaded repeatedly with |
increased load each time unti) failure was reached. " Two a;range-
ments with plywood fillers were tested.. In the first arrangement
both of the p]ywood fillers were placed on the same s1de of the

connection and in the second, the f}11ers were pTaced'on diagonaily

opposite sides. The results at failure are shown in Fig. (3.22 (A)

and (B)). -Greater deformation occurred whefe the fillers were used,

hence, the total deformation consisted of elongation and rotation.
The‘rotation was much larger for case (B). The behaviour of the
connection is shown in Figs. (3.23) and k3.24). It can be seen
that the load carrytng capacity of connection (B) né.considenably
lower than that in (A). It should be noted that in Fig. (3.23)
the load is plotted vs the average displacement of each panel
relative to the ext;us{on and in Fig. (3.24) the load is plotted
vs the total rotetion (29) ot the connections.  -Fhe ca]cuﬁations
| of the deformation from the measurements is shown in th. (3.25)..
Unlike the case of the shear test where relatively large disp]ace—
ments occurred at small loads in the tension test the 1n1t1a1
flexibility was much Tess the connection then stiffened qu1ck1y

and then became flexible again, The permanent deformation was

present here too, and the loading and un]oading paths were again
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different, As in previocus cases, the staples pulled out at

],ju1t1mate failure,

p
3.6.4 Interpretation of the Results

The tests clearly show that the plywood filler Osed to
fill the tolerance gap weakens considerably the connection, since
the filler serves to increase the moment arm 1& the canfilevered
staple and less of the ;tdpfe leqg penetrates the pane1:':It is,
therefore, necessary to eliminate qpe gap between the panel and the
extrusion if the capacity and the stiffness of the connection are
to be improved. To investigate thf performance of such a connection,
the above connection was mod!fied as shown in Fig. (3.26) to-eliminate
the gap. The modified connection uses two extruded aluminum components
as compared to one originaily used. The Fwo extrﬁsi;ns are adjusted
with bolts to fit exactly on the parrels and tﬁen are stapled.
This way, the gap and the problem of tolerances are completé]y
eliminated within neasonab1efvariation of pane{ thickness or mis-

alignement,

a) Parameters affecting Performance of Connectlons

Thelfo1lowing parameters determine the behaviour and
capacity of the connections: the staple stiffness (EI), its
length (L), its diameter (D), the thickness of the'aiuminum >
on the panel face, the wood used in thé frame, and the extrusion"

thickness.‘\During the tests, it was found that the aluminum

extrusion thickness was sufficient to ensure fiiity of the'staple
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crown to loads exceéding the ultimate capacity of the connection.
'S1ight yielding due to~“bearing was observed when the stép1e§

bent to pull out from the panel. It may be concluded that

the thickness of the aluminum which was slightly larger than

the diameter of the stapie, is suffic{gnt to hold thé staple crtﬁ:"a'L
fixed.. The effect of the other parameters will be examined theoret-

ically and experimentally in subsequent chapters.

3.6.5 Testing the Modified Connection under Shear

The testing arrangement and the cross section of the
connection are.shown in Fig:_{B.ZT). The connection‘wég tested
under shear in the samé manher as before (Section {.6;3 af; The ‘
stiffnéss increased from 150,000r1bs/1n to 265,000 1bs/in iﬁ the
" linear range (Fig. (3.28)) and the ultimate gﬁpacity moré than
doubled. In fact, the uitimate capacity occurred in thefpanels f
at points shown by the ﬁrrows on Fig. (3.27). For comparison,
the.1oad-def0rmation curbeg for the modified and the original‘
conhections are shown in Fig.-(3.28). It can be seen from'this
figure that thé jnit%ai displacement is less for the modified-
connection. The ﬁermanént deformation due. to cycled 1dads'was T
also less for connection (A). |

-~

The bolts are used td:
P

(i) align the extrusions before stapled and keep them aligned
during stapling.
{ii) eliminate possible gap by keeping the extrusions tféht]y attached

to the panels so the staples can achieve maximum capacity.
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keep the staples in position under large loads and excessivé
deformations and thus increase the ultimate capacity of

the connection by a factor of roughly two, since the staples
to pull-out have to cut through the w&od and the a]uminu%

face of the panel. Tensioning the bolts does not have

‘much effect, and one cannot count on friction since the

wood frame will ¢reep and shrink and the friction will
dissipate. For industrial applications, better designs

can be achieved.
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CHAPTER 4

THEQRETICAL STUDY OF A STAPLED CONNECTION

The connettion being investigated consists of aluminum
sandwich panels (see Fig. {4.1)) having aluminium facings, styrofoam
core, and wood framing connected to extruded aluminum members by
staples. A theoretical examination of the behaviour and load
carrying capacity of the connection was undertaken to study the
effect of the various components and the overall behaviour of the
connection so that it could be better understocod, improved and
optimized.

A mechanical model of the connection is shown in Fig. (4.2)
in which .the wood has been replaced by an elastic foundation, the
aluminum face by a spring, and the staple by a beam with one
end fixed on the aluminium plate. The a55ump§ion of fixit§ bethegn
the aluminum plate and the staple was found, from previous
tests described in Chapter 3, to be appropriate if the thickness
of the aluminum plate was at least equal to the diameter of the
staple. Referring to the free body diagram of Fiq. (4.2), it

can be seen that:

H=F+P
F= K3 P o= f (6)
H is the applied force . 3&
. F is the force resisted by the aluminum
P is the shear at the crown section
K.-1s the equivalent bearing stiffness of the aluminium

facing,
|



- 29 -

5 is the resulting deformation at X = 0.0

It is now necessary to determine the factors that govern
the P-6 relationship and establish such relationship mathematically
+o include the basic parameters which govern the staplie behaviour.

The behaviour of the staple will be investigated by
applying the already accepted theory developed by Kuenzi (Ref. 27)

which regards it as a beam on elastic foundation.

4.1 Beam on an Elastic Foundation

Consider the beam AB ghown in Fig. (4.3) supported by
an elastic foundation along all its length (ref 1). When the
beam is 1oaded.:tpg rggption exerted by the foundation to the beam
at a poiﬁt, is proportional the def?ection of the beam at that
ﬁoint and it can either be tension or compression. This foundation
reaction is P = Ky, based on the assumption that the supporting

medium is elastic and follows Hooke's law.

1bs/in2. .

Ko = = ). foundation modulus

i b = (in) width of the beam
- K= K,b = (1Es/in2) particd]a} foundation modu]us

comprising the width of the beam ‘

y = (in) deflection at a point,

P = K-y (1b§/in) foundation reaction

q N = (]bS/in) ‘external d{sfributéd 1?qd

P = 1bs external concentrated load ;
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dy/dx = 8 slope
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Considering a segﬁent of the beam AB as shown jn Fig. (4.4) and

applying equilibrium, then:

Q- (Q+dQ) + Kydx - adx =0

hence
d
..a%=Ky_q
since
Q:E—Pi
dx -
aq . M
dx  dx?®
—_ d dZ
j:—:Ky_q
dx dx?
since
2 u _d?
Elgwx = -M therefore Elgai = pdhi}
dx* . dx” dx?
henke
EId——y- = - Ky +q
dx*

With reference to Fig. (4.4), considering the case of external

load q = 0, we obtain:
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&y
E1SS Ky

dx

Assuming a solution for y in the following form

mx
y =¢

4

L
Elm emx EI vy
dx*

Substituting in the equation (4.3) gives

Womxo o Koomx

m'e + T © ={
from which
-K
L
mTE
and its roots are
: t
m, = -mq={1+1) ¥ K
(<141} ¥
m, = -m, = (-1+41 K
2 4 IEX
let
L
K=
4E]
then
my=-my = ai+1)
My= =My = A(-1+1)

and the general solution of Eqn. (4.1) becomes

cosax + isinix

u

Cosix - isinix

(4.3)



and then introducing the new coH%tants CT’ CZ’ C3, C4, where

(]
]

L= (AL + A €y = iRy - A4)\\

(A C, = i(A, - A

(]
1]

2 * A3) Y

The general solution (4.4) can now be written in the following
form, where X is the characteristic of the equation and its units

are 1ength‘1.

y = eAx{C1cosAx + C2 sinix} + e'Ax{CacosAx + €, sinix} (4.4)A
subsequently:
1 dy _ .Ax . .
Tac " © {C][coskx - sinix] +_C2[coskx + sinix]}
-e—AX{C3[coslx + sinAx] - C4[coslx - sinix]} (4.4)8
1 diy _ Ax : - .
—_— = -@ (C]s1nkx - Czcoskx) + e (C351nAx - C4cosAx) (4.4)C

2\% dx*©

: A
LI A —e“x{Cl[cosAx + sinix] - Cz[coskx - sinix]}

227 dx?

+e M [coshx - simix] + Cyleoshx + sinix]) (4.4)D

.

The above equations, (4.4) A, B, C and D give the deflection, slope,
moment and shear respectively at any point along the beam. The
constants Cl' C2, C3, C4 are determined by applying the boundary

conditions for each particular case,
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Referring to Fig. (4.2), we have-to combine the reaction
from the beam, representing the staple length, at x=0.0, and the
reaction from the spring, representing the a]umiﬁum face, to find
the total reaction. This total force must balance the externally
applied force. Three particular cases will be examined: in the—
first, the beam is considered to have an infinite length; in the
second the beam is of finite length (L}; and in the last case,
the beam will have a finite length, but there will be a gap between

the panel and the aluminum plate, which will result, as explained
-

pregjagi}@, in an unsupported portion of the beam (staple).

4.2 Case ! - Beam with Infinite Length

This beam, according to thé mechanical model which was
previously constructed, has the following characteristics (Fig.
4.5). At x = 0 the beam can translate but cannot rotate. The
length of the beam is ;pproaching infinity and the load is applied

as a concentrated force at x = 0.

_Boundary conditions:

at x = 0 d_y/dx = 0 (a)

at x »my =0 (b)

at x =0Q=FP (c)

Referring to the equation (4.4)A, it is seen that the condition
(b) is satisfied if C] = C2 = 0 which gives:

y= e -AX(CBQOSKX + C,457nix)

(4.5)
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appTicatidn of the condition (a) gives

hence

y=¢C o~ AX {cosAx + sinix)

for equilibirum (condition c) the summations of forces on the beam

o0

must be equal to the applied force P i.e. P = [ Kydx

which, with reference to (4.6) can be written as:

P=js KCe'Ax(coslx + sinix) dx

so the deflection becomes;:

y = :%;-e'kx(coskx + sinix)
= P e'“lx(coskx + sinix)
AEIA? ’

the maximum def]éctiqn is at x =0, i.e.

max ¥,.qg < - P
4EIN3
\ 2 ' -
. 8 —\gf . 2R e'AX sinix = P e Ax sinix
- K 2EIA?
» C
c 42 -Xx
M=-gy ¥ Pe (cosix - sinix)
dxz ZA

A 3
Q = -EI q#% = Ee_Ax COSAX and
dx

_{4.6)
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p o= Ky = MY o paemM(coshx £ sinix)
dx"
Interest is focused on Equation.(4.7) which gives the relation

p-5. Substituting & for y at x = 0.in Equation (4.7), one obtains:

P = -4EIA% .

The total reaction of the staple is the sum of the wood reaction

(P) and the aluminum face reaction (F).

Therefore H=F+P

H =-K56 - 4EIA3S

"The. negative sign appeéars because H, F-and P were assumed positive

upwards while y was assumed positive downwards.

In order to apply the conditions’ for cases two and three,

it was found more convenient to express the deflection, slope
moment and shear in terms of their values at x =6, thqf is

Yo» B0 Mo, Qo respectively,

where

. Yo = deflection at x = O s
8, = rotation at x = O ‘ )
M, = moment at x =0 -
Q; = shear at x = 0.

Refering to Equations (4.4)A through (4.4)D, it can be found that

b

Yo = G * by

8o = AMCy ¥ 0y - Cy+ Cy)

Mo = 2AZEI(-C, + C) Ty
Qo = 2VEL(C - Cy - 5 = Cf) ~

{(4.7)A
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from which
C] = l'..YO + L 6o + '_]'_
2 4 8A’EI
C2 =l eu - ]_ Mo - ]_
4y T Ax%El 8X3El
' 1 ]
C3 == Yo = — By - —
2 4X 8X3El
C4 = —]_._ eo + 1_ MO - 1_ Qo
ax 4A2E] 8)\El
' 1
' ‘X 1, Ax -Ax
After su[’stit‘uting the C's and putting % (" + e ") = coshax
and‘%i(ekx - e'Ax) = sinhAx it gives:
. NP 1 1
.VX - _YOF-I(XX) + = ech (kX) - T M°F3(>\X) - Qo F4(AX)
A AZET A3El
8, = 8oF () == MoFy(ax) - == QoF,(ax) = Gaye Fy(h)
X AEI A2ET .
e = MaF 000 + 2 auF, () + £y E ) + K aur, )
x - A2 A3
0, = QoFy(Ax) + £y ) + X< 8 Fo00x) 5 4AMLF. (Ax)
x ~ ey v o2 w2 o 3t T ARy
where

= coshAx.cosAx
= %(coshlx.sinkx +'sinhAx.cosAx)

= %(sinhkx.sinkx)

(4.9)A
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%{coshxx.sinkx - sinhix.cosix)

r

- .Beam with Finite Lenqgth

The conditions for this case are as in case one, but

the 1éngth of the beam is now finite (L).

Boundary conditions:

a)
c)

. After the épplication

the equation

Y

with y, and M,

Evaluating the

Applying the

FiM

1

Qc'=P
Q =0

o
~—
=
I
o

g

of the first two boundary conditions

is reduced to the form:

= y°F1(Ax) I Y F.{Ax) 1 p F4(Ax)
AOEl ZET

remaining unknown.

F's at X =L then ' -
= F1(AL) = coshAL . cosiL
= FZ(AL) = %{coshAL . sinAl + sinhAl . cosiL)
_ _ l . .
= F3(AL) = 3 sinhil . siniL R
= F,(0L) = Hecoshil . simL - sinhdL . cosiL)

boundary conditions {c) and d) gives:

- F
o +'k_F3y0="_2P
ol A

k
—4)‘F + = = -
a," 3 FpYe=-FpP
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which can be written in the following matrix form in order to

solve for M, at y,:

ro- 3 ( 3 - l
k - F
F - Fy M, £p
At ) A
-4AF, e, Ve -F, P
.o ) | J -
from whitch o
p ~ -
—{F.F,-F,2) . :
M, = 31 2 , (4.10)
FyF, + 4F5F, _
2
] P(-4F,Fs-F1 %)
Yo O 0 | . (4.11)
T(FyFy 4F3F4? o
and .
8, = 0
Q. = 0

The values of deflection, slope, shear and moment can be obtajned
from Equations (4.9)A to (4.9)D using the Ya]ues given above for
Yas €or Qos Moo

Of primary interest is the P-& relationship (where

6=yx=0) for finding the total resistance of the staple. Thus
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K
- SF F, + 4F4F,)

-

2
(-4F,Fy - F17)

The total resistance of the staple is
k
FFy + 4F5F

)
172 j 5
(~8F,Fq = Fy7)

H=F+P =-K3+
)

4‘% case 111 - Partially Supported. Beam

The third case can be described as follows: R
A beam of finite length is partial]y.supported by an elastic foun-- "
dation. The supported part starts at x =0 and extends to "
X = L2 at ‘the end of the beam while the unsupported part starts
ap‘x = 0 and extends to -L, at the left end of the beam {see
Fig. (4.6)). The left end of the beam }S«free to translate Sut*
cannot rotate, and, the load is applied at-the 1efi‘end\as a chncen-

trated forcg.

For the interval - L, £ x ¢ 0

.
—
I
.

=
il
]
x
—h
>
+
—
—
~—

2

EI4ZY _ m_ - H(x + Llj

\ de F .
Eldy . EIB = M.x - — (x + L)+ C -
F 1 1 '
dx 2 8 .
at x = - L g =20



.
hence :HFLI + 6 =0 4Gy M
8x=-Lng-ﬂu +H)2+MH1)' ) ; L
" El é / :
. . ) o,
M 2 - -
Ely =- Z: - E-(x + L1)2 +Melyx + G0

et
1]
I

Bl . .] HFXZ H ‘7 - R - .
- (s L) e ML+ ) (4.12) .
A 4 S 6 - )
MF and ?2 are=unkn?wn.

i H -

For the interval -0 < x <L,

p

: . ] 1. . :
y °= yoF (:\X) + - E'QF (.\X) - HcF (.\X)_
e X LA A- 8 LIET 3 :
N
. ‘I -
) - QoFa('\x) :
ZIET ,
(
Call
FOL)Y =
FZ(ALZ) = Fy X
Fa(0L,) = Fy
Falaly) = Fy .
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and evaluate for x = 0 ]
Fl(A,O) = 1.0
FZ(A,O) = F3(A,O) = F4(A,D) = 0.0

There are six unknowns for both intervals, so six boundary conditions
are needed for their evaluation. The boundary conditions are the

following:

I

a) at x =0 ~Q=0Q, =-H+ Ksyo

b) at x = L

=
[}

0.0
¢) at x = L2 Q =0.0
d} atx=0 . y o= Y, = ¥,

e} atx =0 M

n
—
—

(1]

Mo

f) atx =20 § =8, = 8,

The subscripts L, h signify left and right respectively. Applying
the boundary conditions in the order presented above, we obtain

the following equaticns:

a) ~K_C L,k
52 4Q, =K (1+ 12
El 6E]
F kF
b), FyMo + 120 o' 5, + k Fa¥e = 0
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0.0

0.0

0.0
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k k
—47\F4M0 + F1Q° +-T'3_ Fi€o + =
A X
-C HL,?
A T
El 5E1
Mo+ M, = -HL,
=M L -HL,?
F1 v, = 1
EI - 2EI

5 0.0 1.0 0.0

0n R
A A2

0.0 -4XF4 F'.I Efi
AZ

-1 0.¢ 0.0 0.0

0.0 1.0 0.0 0.0

0.0 0.0 0.0 1.0

Fo¥o

RN

0.0

0.0

0.0

- He

Qo

8o

Yo

e

3
H(1+KSLI }

6E!

0.0
0.0
-HL, 3
6EI

-HL

~HL, *

2E]
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The input variable in the preceding matrix for given geometric

conditions, is the applied force H, whereby the maximum displacement

is given by equation (4.12) at x =L,. Thus, the force displacement
relation is established.

In all the previous cases, the developed retations hold
fo; the elastic range of fhe staple oncé the staple has yielded,
the equations previously developed cannot be used further. It
has been assumed that the elastic range of the other components
of thé connection is not exceeded. 1f it is exceeded, the values

of K's in the matrix must be modified.
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CHAPTER §
EXPERIMENTAL INVESTIGATION OF A STAPLED CONNECTION

YARYING THE- PARAMETERS IDENTIFIED IN THE THEORY

In all thrée cases discussed previously in Chapter 4,
thg‘parameters which affect the behaviour and capacity of the staple
are: V
a)’ Length {L)

b) Diameter (D)

c) Modulus of elasticity of staple material (E)

d) Elastic bearipg modulus of wood (K,)

e) The yield beaé%ng strength of the aluminum facing (fs)
f) Yield strength oF.the staple material (fy)

9) The thickness of the aluminum facing )

The above parameters are discussed in the following sections.

a) Length of the Staple

For a2 staple of infinite length, under lateral load

supported by wood only, the P - & relation is given by equation-

. S S |
(4.7), where § = ¥r=0 , & = P.

4EIXN? X

-

[f one assumes P and & both positive in the same direction, then:

¢

5= Plygpys =2 P (5.1)
K
since
L

A o= /i

4E1
o (Mt
. ‘

K (451)1/4 K3/4

-



- 45 -

Substituting for K = KD and I = o
"i: ! = !
e
K (4EI%£F-I/4(K°D)3/4 17417180774, 3/

2

A .
Hence, by substituting ¥ to Eqn. {5.1), we obtain
p

g1/8.1187 18, 3/4
2

§ =

For a staple of finite length, under lateral lcad 5upported by wood

only, the P - & relation is given by equation (4.11) where & = y,.
-4F,F, - F.?)
52 hp 287
K FYFy + 4F5F )
since ,
2

-~

K E]/4n1/407/4K°3/4

2p -AFaFy - By

(o1
1

)
1/4 174 .7/4, 3/4
E h D Ko F]F2 + 4F3F4

if P and & are assumed both possitive in the same direction, then

=_E]/4n]/407/4K93/4 (F1F2 + 4F3

F4)
2 -4F

2 )
Farm F

o |

2

(5.3)
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It is showa in Appendix I thét the ratio of the F's in Equation
(5.3) is almost equal to -1.0 if L/D > 14.0.

Hence, if L/D is kept greater than 14.0 the length of the staple
'can be eliminated from being a variable affecting itszP-é relation

and Equation (5.3) can-be written

E1l4ﬂ]/407/4K03/4
>

o o

- »

which is the same with Equation (5.2) for a staple of infinite
length, Equation (5.4) has three variables, E, 0 and K., and
these are desc¢ribed here.

b) Dfameter of the Staple D

According to Equation (5.4) the P/& relatien is a function
of the diameter to the power (7/4) this should be verified
experimentally. | ‘

c) The Modulus of Elasticity of the Staple Material (E).

. Since the staples are made from steel £ = 29-30x10°psi
and is constant.

d) The Elastic Bearing Modulus of Wood .(K,)

The wdpd elastic bearing modthS is a controversial
parameter for which different references gi;e different values
which may differ by a factor of three, Ref. (3,4,5). It was decided
to adopt the values given by Wilkinson in Ref. {5), which for
Toading parallel ﬁo the grain gives
Ke = 2,144,000 G

where G = specific gravity of the wood.
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The wood used in th{s case is white pine (G = 0.38).

~
The value of X,, according to;wi1kinson (), changes depending on
the relative stiffness of the members connected. To account for
that variation, Wilkinson introduced a factor 8] which can be
obtained from a graph relating the ratio (r) of the elastic bearing
moduli of the two connected members to 8. In our case, the -
conditions for using this graph are not satisfied, so 8, must be

found experimentally. Hence, the P - & relationship of equation

(5.4) becomes:

E]/4n]/407/4K03/481

or |O

2

Substituting for E, 7 and K, Equation (5.5) ylelds:

714,

% = 1,334,500 8.0

1
To the above relation we must include the contribution of the

aluminium, facing

F=K.6 F
S Tk

Where the factor K5 depends on the thickness of the aluminium face,
for a given type of aluminum, and the diameter of the staple.
According to the work of Hrenikoff (31) on rivets, the value of

K depends on the diameter of the rivet only, if the thickness of

the plate, on which the rivet bears, is large. If the thickness

(5.5)

(5.6)



>

o

248 -

of the plate is small, then the valuye of KS dependﬁ of the diameter

and the hyperbolic tangent of thg ratio of the thickness of the

plate to the diameter of the rivet. The formu]ae given by Hrenikoff
"were derived thecretically as he mentions without experiﬁental
verification. >In the same reference, the work of ofhers is pre-

senteq who found the value of KS as a linear function of the bearing
area ?rom experimental data. Due to ‘distortion created on the atuminum
facing during the insertioﬁ of the staple, as explained in Chapter 3,
the value of KS cannot be determined theoretically. In this work

it is assumed that the value of KS is a functicn of the staple

diameter and the aluminum facing thickness (5.7) with unknown exponents .

and coefficient which have to be found experimentally.

_ Z, W - (5.7)
Ks =RD ts -
Thus, the combined effect of the wood {5.6) and aluminium (5.7)
yields;

D7/4

% = 1,338,500 8,0"/ + RDZEY
It can be seen from equatioﬁ (5.8) that the total stiffness (P/$)

of the staple leg varies according té diameter of the staple

and the thickness of the aluminum for a particular wood species

and:- a particular aluminum type. Equation (5.8) contains four
unknowns B], R, z and w which must be determined from the experimental

results.
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The last three parameters:

e) The Yield Bearing Strength of the Aluminum Faéing;

o

)} Yield Strength of th& Staple Material; ana
g) The Thickness of the Aluminum Facing

affect lateral load transmission capacity of the staple leg
and are discussed below.
?he lateral load transmission capacity of a staple leg

3/2

in wood is a function of the D and the wood density. This

relationship has been developed'by the U.S. Forest Product Labora-
tory. In general, the lateral load resistance of a nailed fastener
in a particular wood is given by:

372 | (5.9)

4 Pu =CWD .

L

The coefficient Cw depends on the wood species and also incorporates

‘the strength of the steel. The reasons that Cw does not change

with the strength of the steel are: -

(i) the strength of the standard fasteners does not vary con-
siderably, hence, it can be incorporated in Cw'as constant;
and |

(i1}  the wood species dnd the diameter of the fastener affected

Jdts lateral Qeéistance fanlmore than the strength

of the steel from which the fastener is made.

The total lateral resistance of the staple leg includes
the resistance of the wood (5.9) énd the resistance of the alum-
inum, . )

The resistance of ‘the aluminum is givéﬁ by the product
of the bearing area and the bearing strength of aluminum. Since

the aluminum on which the staple bears is distorted its resistance
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r

cannot be predicted. Hence, it was decided to express the resistance

of the aluminum (5.11) as a function of. the bearing area (Dt )

mu]t1p11ed by an unknown coefficient (C ) to account for the bearTng
*

strength of the aluminum,

'Pus = CsDts . . (5.10)

The combined effect of equations (5.9) and (5.10) yields

- 3/2 o '
CwD + CSDtS- | (5.11)

The capacity of the st5p1e leg to transmit lateral load given by
Equatiaon (5:1}), which like the stiffness of the staple leg given
by Equation (5.8), varies according to the diameter of the staple
and the thickness of the aluminum faeing for a particular wood
species and aluminum type. The values of.Cw and Cs of equation
(5.11) peed to be determined from the experimental results. Case
three, examined in Chapter 4, for the staple with the overhanging
part, cannot be analyzed here parametrica11y, This c;se,‘as we%]
as the two prev10us ortes were examined w1th the use of the computer
The equations of Chapter 4 were programmed to g1ve the deflection
of the staple, the shear, the ‘moment, the force on the wood, and
the force on aluminum f:; ideal cond1t1ons neglecting the distor-
tion of the aluminum facing. The P~ § relation was investigated
varying all the parameters identified at the beginning of Chapter
5. A1l the variables, when increased, increase the capacity and

stiffness of 'the staple leg, as can be seen by Equations (5.1)

ta (5.11). The only variable than can be excluded is the staple
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i'_
Tength. Case three had the same behaviour as the two others except
that the overhanging part resulted in large moments with small

loads and consequently early yielding of the'staple 1ég occured,
Therefore, it is advised that the overhangin§ part should be elimin-
ated in pract}cg.- It should be mentioned that according to the
output fro; the computer, the first part to yield is‘the a1um{num.-
and second the staple. in any case, the output from the computer

“was for an idealized connection, but it gives an idea of how the

variables effect the behaviour and capacity of the staple:

5.1 Tests and Results for Single Staples

~ult

The purpose of the tests is to verify tﬁe theory and to .
determine the values of the coefficients of Equations (5.8) and '
(5.11). As mentioned in the previous section, two parameters need
to be varied to ‘find the values of the unknowns ‘and verify that
the effect of these parameters %s as predicted by the theory. |
These parameters are the diameter of the staple leg and the thickness
of the aluminum facing. The selection of staple gages and aluminum
thickness was miggefrom available commercial products. The
selected values are shown in Table (5.1). Four samples were made
for each parameter yariation, a total of forty-eight samples:

The testing arrangement is shown in Fig. {5.1).

\'
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In preceding tests (Chapter 3}, the load was applied at
a constant rate and the deflection was obsefved and recordqﬁq The
loading continued until the connection had failed by separation

of the comnected members. The 10ad_required to separate the

members was recorded.

TABLE 5.1

STAPLE
gage {parameter) 16 , 15 14
length /80 1178 1174
crown 7/16" 7/16" /18"
. \ [ .
aluminium
plate _ - .064" .080" .080"
thickness
aluminium . .025" .25 |- .025"
face thickness .032" .g3z" ' .032"
(parameter) . 050" | .050" ~.050"

- .064" .064" .064"

B

SELECTED VALUES FOR THE PARAMETERS (GAGE, ALUMINIUM
FACE THICKNESS). THE STAPLES USED ARE SENCO AND
POWER LINE. THE ALUMINUM USED IS UTILITY ALUMINIUM,.
ALLOY 3003-H16.
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In these tests, during c}c]ing of;the load, it Qas observed that
continuous deformation of the connection accurred at loads 1oyer-
than previously recorded ultimate loads.: Hhenlthe load waS'in-.
creased, the rate of continuous deformat1an under constant load
also increased. It was thus decided for the present group of
tests to app]y the Toad incremental]y and “observe the behav1our
of the connection at each load 1ncrement . The connection was_con-:
. sidered as having failed as soon as creep began to occur. The
term creep refers to the point at which the qonnection-continues
to deform without any increase of the load. THe 1oaq on each
connection was first cycled at some levels to let the-connection
stabilize then the load was increased in ingcrements until greep.
occurred (F%g.'(S.Z)). The general behaviour of this stapled
assembly is similar to that of é nailed connection (Ref, 3).

In particular, the foflgwing 6bservations were made. Each connec-
tion showed a sTightly higher flexibility at the beginéing.of
loading. Tﬁe amount of this flexibility decreased with 1ncreasing;
thickness of a]umiqym face and staple diameter. Fach connection
was loaded several times to various loads and severgl times to

the creep Toad. Permanent déformation occurred after each
unloading (see Fig. (5.2)). This permanent deformation decreased
lw1th the number of loadings-and with increased thickness of the
aluminum facing. Fig. {5.3) shows the relation between the Toad
per staple leg énd its resulting deformation, for each staple

gage and aluminum thickness (ﬁs). In Fig. (5.4) the Lreep
1oad“per staple is plotted against the aluminum facel thickness
for various staple gageé. It can Bg seen thatlthe creep load

varies linearly with the thickness of the aluminum facing.
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The family of curves shown in Fig. (5.5} presents the creep load
versus the staple diameter for various aluminum face thicknesses.
It is seen that the creep load is not-a linear function of the

3/2 as a resuit of the

staple diameter but it varies with the D
-resistance of the wood. Fig. (5.6) shows the slope of P-4
relation versus the diameter of the staple for various aluminum

. '
thicknesses. The slope of the P-g relation is not a linear

function of the diameter.
Using the above.graphs the coefficients of Equations
{(5.8) and (%.11) weré’deteﬁmined in the following manner: ‘
Eirst,\for Equatien (%.11), in order to find Cw, the
values jrom the (£°J curve of Fig. (5.5) were plotted égainst‘

03/2,

A straight line resulted. The slope of this line yields
the value of C_ = 2700 (1bs/in>/?).

In order to find the value of Cs‘ the.1oad given'by
the ;urves.tl. ty, ty and t, minus the load given by the (t,)
curvg was plotted against (Dts). This difference (Pcr-puu) gives
the load resisted by the aluminum facind. The values of the
load resisted by the alumfnum versus the bearing a}ea (Dts)
were on a straight 1ine, the slope of which was”the value of
¢, = 15,750 (1bs/in?). o

Hence, Equation (5.11) becomes

p' = p- =15,750 Dt_ + 2700 D>/2
T U cr S

(5.12)
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The unknowns of thation (5.8) are determined using the stiffness
values (X) of Fig. (5.6). The value of-the coefficient 8, is
determined by plotting-the K values of curve {t,) versus D7/4.

The slope of the resulting straight line yields M = 325,000 which
is equal to 1,334,500 B1in Egn. 5.8. Herige, 51 = 325,000/1,334,500
- 0.244. For the second part of Eqn. (5.8), the three unknowns,

r, z and w must bé found. Preliminary values of 1.0 were assumed
for z and w. Then the K values of the curves t], tz. t3 and t4

from Fig. (5.6) minus the K values of curve (t,) were plotted

versus the bearing area of the aluminum face (Dts). The slope .
.of the resulting approximately straight line yields the value o
of R = 1,250,000. Hence, Equation (5.8) becomes:

p/§ = 325,00007/% + 1,250,000D2 (513

Then.ad'attempt was made to find the values of z and
w if they were different than one. For that a family of curves
was plotted, one for each aluminum thickness t1, t2. t3 and t4.
Thi; family of curves (Fig. (5.7)} yields the stiffness of the
aluminum alone which is that given by the K values of curves
ty> ty, 3 and t, of Fig. (5.6) minus the K values of curve {to).
The curves of-Fig. (5.7) give the stiffness of the aluminum
versus the staple diameter for(var‘ious aluminum facing thick-

neéses. The equations of these curves were found by trial and

error, and they are:
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_ 1.4 .
KS1 = §2000 D for t1
= _ 1.4
KsZ = 112000 D for t2
1.4
K = 182000 D for t
53 3
_ 1.4
KS4 = 235000 D for t4
where KS = Ktotal - Kto
Now KS
— - R1
01.4
. 1.4
Where R1 = coefficient of D

The values of K5/01.4 or R, were platted against the aluminum

thickness. The slope of the resulting straight 1ine is

K /ol 44 = R = 3,600,000
Hence
4 K, = 3,600,000 t p' -
which means that: z = 1.4
w=1,0 :
R = 3,600,000 (1bs/in>’%)

Hence, Equation (5.8) becomes

1.4 7/4

P/5 = 3,600,000t D + 325,000 D

(5.14)
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The values given by equation (5.13) and (5.14) differ by less
than 5% for the range of the parameters in the tests. Since
Equatien (5.13) is simpler, it will be used hereafter.

The large flexibility at the beginning of loading is
replaced by an-initial slippage (§,) (Fig. 5.8) which is given

by the equations

3-43tS
e = for gages 15, 14
1000
6-80t _ .
8o = = for gage 16 '
1000

Equations (5.15) and (5.16} were found by plotting the initial

slippage for each gage against the aluminum facing thickness.

Thus, the total deformation A = & + §, is given b§

p
A= + e

(1,280,000 Dt + 325,000 0'/%)

It should be noted that all the above formulae are empirical
although based on a theoretical development. Thus, they can
be abp1ied only for the range within which they have been ex-
perimentally verified. The lipits for the application of the
above formulae are as follows:

a) Maximum aluminum face thickness = 0.07"

b) Staple diameter 0.05"< D < 0.09"

£5.15)

(5.16)

(5.17)



The value of the initial slippage (8,) given by equations
(5.15) and (5.16) is zero for staple diameter greater than 0.08"
and aluminum face tﬂicknesses gFeater than 0.065".

It is suggested, basedon the discussions and conclusions
_of the world symposium on nafled connections (2), that the a11owab{e

design load (P,) be creep load divided by 2.5.
_P
Pa = "¢cr/2.5 (5.18)

The formulae given in Chapter 5 give the capacity and the stiffness
of a single staple. Another factor to be investigated is the
effect of the length of the connection (where many staples are
used in a row) on the capacity and stiffness per staple leg. This
is doné in Chapter 6. .

For the purpose of comparison, the theoretical results
of Eqns. (5.12) and (5.17) are plotted in Figures (5.9) and (5.10)
respectively (dashed lines), along with the experimental values
(solid lines}.

The ;heoretica] and experimental stiffness values in
Fig. (5.10) vary from 0.0 to 10%. The theoretical aﬁd experimental

capacity values vary from 0.0 to 15%.
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CHAPTER 6
THE EFFECT OF THE CONNECTION LENGTH

ON THE BEHAVIOUR OF THE INDIVIDUAL STAPLE

In order to be a51e to fully describe the behaviour
and the capacity of a stapled connection, it is necessary to know
the behaviour of the connection when many staples in a row are
used. There is already an established and applied theory for
many fasteners in a row, explained by Cramer (Ref. 18)}. This
reference considers the load on each fastener as a percentage
of the app]ied‘1oad. The distribution of the load to the fasteners
depends on the number of fasteners, the fastener spacing and the
dimensions of the connected parts.

Equatiens of Ref. 18 are presented below. Figure 6.1
identifies the notations employed in these equations.
For the left end of the connection:

APy =Py =K F (6.1)

W
for the intermediate fasteners:

Pioy - (T+a)P # P +1 =0 ' (6.2)
for the right end of the connection:
o P, = load on fastener i
Py - P, = -KpF (6.3) i
where: F = applied force
= n = number of fasteners
S swr/b t E (6.4)
wowow! ’ r = fastener spacing
K =8r t = thickness of the
P P /b tEy (6.5) connnected members

- 8 = Schulz multiplying
* e KP'+ KW (6.6) factor
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y = &/P . This 1s the slope of the deformation versus
“load of the fastener. It indicates how

flexible the fastener is.

Values of 8 in Equations (6.4} and (6.5) are given in Fig. (6.2).
The factors'Kw and Kp can be considered as the combined flexibility
of each connected member with the fasteners. The product b.t.E
indicates the stiffness of the connected members.

For the size of the members and the material properties
used in the present experimental program the value of B8 for both
members approaches one due to thé very small value of u (see
Fig. (6.2)). The product b.t.E is of the order 107,

The value of y which is the inverse stiffness of the
staple leg is of the order of 10'“: The value of r, which is
the spacing of the staple legs is of the order 1071, y

Thus, the Kp and Kw are of ther order 10°“, approaching
zero. This means that the stiffness of the connected membérs is
very large compared to the sfiffness of the.fasteners and the value
of a approaches 1.0,

Referring to Equations {6.1), (5.2) and (6.3), it can
be seen that when a= 1.0 the’distribution of the load is the same
for all the fasteners in the r w'which means that for a given
deformation of the connection,/the load aétfng.on it should be
the load of the individual stener cor;esponding to this_de-
formation multiplied by the number of fasteners. In a case like
that, the efficiency of the long connection is said to be one

hundred pércent.
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6.1 TJests and Results for the Length Effects

In deciding the basic parameters whose effects are to
be teéted, the following reasoning was adopted. Since the. stiffnesses
of the connected members are very large compared to the staple
- stiffness, the effect of the properties and dimensions_of the member
is considered negligible. Thus, the only remaining parameters
to be investigatéd were the number of staples and their spacing.
The number of staples tested and their spaces are shown in Table 6.1.

Jf There were four samples for each variation of parameters;

a total of 32 samples.

TABLE 6.1
Stapie Gage' Aluminium Aluminium Staple Number
Length Crown plate sheet Spacing of Staples
Thickness Thickness )
16 : i 7/18" 2,5,8,12
7/8" 0.064" 0.032"
7/16 T 1/2" - 2,5,8,12

SELECTED NUMBERS AND SPACING OF STAPLES TESTED

The experimental procedure was the same as for_the case
of single staples presented eartier in Section 5.1. The results

are presented in the following figures. |
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Figure (6.3) shows the load per staple leg versus the
connection deformation (&) for various numbers of staplesl Fiéhre
(6.4) shows ghe stiffness (k) of the connection per_staa1e leg
versds the number of staple legs (N), it is seen that the large
drop of stiffness is betwéen one and sixteen staple 1égs; The
stiffness per staple leq is obtained from ‘the slope of the aQerage
force per staple leqg versus the deformafion. .Figure (6.5) shows
the percentage drop of the stiffness per staple leg and the per-
céntage drop of the staple leg capéctiy (p.015) at & = 0.015"
versus the number of staple legs in a connection.

The following conclusions were drawn from the results,
The ultimate capacity of the stapies was_not affected by the
length of the connection, as shawn in Fig. (6.3).

The stiffness per staple leg, however, was reduced with
increasing number of staples, but it was ﬁot affected by the
spacing of the staples.

According to the theory, there should not be any drop
in the stiffness per staple leg with increasing number of staples
due to the large stiffness of the connected members. The tests,
however, showed that a substantial reductioa of |stiffness resulted
as the number of staples increased.

This discrepancy is due to the fact that the theory
assumes all the fasteners to have the same load deformation curve
with the same initial flexibiltiy which, in practice, cannot be S~
satisfied, Hence, for a given deformétion of the connection,

different staples have different load which results in a reduction
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of the overall stiffness of the connection.

As a stamdard practice for design purposes, the deform-
ations are limited either at § = 0.15" or at § = 0.030" depending
on the purpose of the connection. It fs thus necessary to show
how the capacity at & = 0.015" igg 6§ = 0.030" varies with the number
of staples in a row, and this is shown in.fi?. (6.6) where the
staple leg capacity is p10tted.versus the number of staple legs.

In order to formulate the capacity of the staple at
¢ = 0.015" for changing number of staples, the Toad deformation
curve of Fig..(s.ﬁ) was approximated with two straight lines as
-shown in Fig. (6.7). The capacity at § = 0.030" does not need
to be formulated because it is always greater than Pcr/Z.S which
is the design lpad. ‘The equation (6.7) for the staple leg capacity
(P.015) at & = 0.015 is derived from Fig. (6.7) for changing N

and are given below:

P.OI5 = f

1" 0.034f,N for N < 16

P.O15

0.45f] ' for N > 16

.
1

where f1 is the capacity of a single staple at & = 0.015 and can

be found from Equation (5.17).

(6.7)
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CHAPTER 7

DESIGN LOADS .

If the deformation must be limited to ¢ = 0.015" 1in

a connection,’then the allowable load ﬁer staple leg shouid be

the lesser of Equations (5.1%).én& (6;7), given-below:

Pa = Persa.s
P.015 = f, - 0.034 f,N for N < 16
P.015 = 0.45f1 for N > 16

If the allowable deformation can be extended to ¢ = 0.030"

then the allowable load per staple leg is given by Equation (5.18).

The ratio (L/D) of the length of the staplie inserted in
the wood to its diameter must always be gn?ater than 14. The

application.of the formulae will be demonstrated with the following

numerical equation:

Given:
staple gage -15

N =12, number of.stap1e legs

0.050"

H

t
5

Find the allowable 1oad per staple leg for § = 0.015" and & = 0.30"

and the total allowable load for the conne;tion.

Solution:

From Eqn. (5.12):

. = 15,750 (.070)(.050) + 2700 (.070)3/2

= 105 1bs.

(5.18} .

(6.7)
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From £qn. {5.18):

p

a 105/2.5 = 42 1bs.

-

Using Equafion (5.17) and A = 0.015" one can find (f1).

F. =
‘ 100
: + 325,000(.07) 747
- fy = (L01415)(7470) = 106
f,'> P = 105 1bs

which indicates that creeping for a
§ = 0.015“, as shown in Fig, (5.3).
Hence,

f1 = 105 1bs
from Eqn. (6.7}

P_O]S = 105 - 0.034(105)(12)

Therefore

P, of Ean. (5.18) governs

o
1]

“for 0.015" and & = 0.030"

-
Il

42 1bs/per staple leg

]

Total Pa 42(12) = 504 1bs.

.-

f0.015 - (343(-05))3r (1 250 000)(.07)(. 05)
| 5 S _

Tbs.

single staple starts before

= 43 > 42 1bs
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CHAPTER 8
SUMMARY, ébNﬁLUSIONS AND RECOMMENDAT IONS

It was shown in Chapter 3 that the connection tested
had some weakness which could be eliminated by changing its
geométry. The new connection is‘a substantial improvement over the
original one and can be used for many structural purposes sush as °
space enclosures, 1ncfuding-10w rise buildings, warehouses, workshops,
factories and any other kind of structure in.which the behaviour
of the connection can be accepted. A complete variation o% the
'modified connection -that wi]]naccommodate all possible panel’
arrangemenfs_is presented in the following figures.

Figures (8.1) and {8.2) show connection of two pane]s
in the same plane and in perpendicular planes respect1ve?y
Figure 8.3 shows the connection of thrge panels and Figure (B.4)
the connection o% four pané]sa The boits of the connections
. shown in Figures (8.2), (8.3) and (8.4) are’used to take the
to]eranceg and also transfer loads, which, if not résisted
by the bolts, will be resisted by the staples as direct pull
out Toads:

.In Chapters 4, 5 and 6, the behaviour of stapled ;onnec—
tions between aluminum plates and aluminum faced panels was in-
vestigated theoretically and experimiPLgJTy. The theoretical
study included anﬁ examined all possﬁgl?\pgrameters, with respect
to dimensions, material properties and g\ometry, which‘need to .

~

be considered in defining the behaviour and capac1ty of the connect1on

It is, therefore, considered complete regarding the behaviour of
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of the connection under lateral Toad.
From the theoretical study it was found that for a par-
ticular type of aluminum and a particular type of wood, when
steel staples are used, the behaviour and capacity of the staple . “
depends on the diameter of the staple and the thickness of the 5
aluminim facing. On that basis, the experimental prog}am was
planned and carried out using steel staples, utility aluminum
and white pine for wgod. There was & number.of tests performed
varying the staple gage and the a1uﬁinum' facing thickness to ot
‘verify the theory and determine the coefficients needed for
the equations. These coefficiénts could not be found theoret-
jcally due to the distortion-that the staple causes to the aluminum
facing during fnsertion. The effect that the length of the conn-
éction hps on the behaviour ofbthe staple was investigated theoret-
* jcally and experimentally in Chapter 6 and it was formulated.

As’a result of this investigation formulae, verified experiﬁenta11y,

- ——
~

were derived giving the capacity and the behaviour of the previously’

-

described stap]éd connection. These formulae can be used for design

;nd suggested allowable Tdads are given in Chapte} 7. The desiéner-
should keep in mind that with thicker aluminum facing,and with larger
diameter of the| stapies, the connection_ performs better and much €
closer to the béhaviour given by the formulae in this thesis. It |

is vital that the extrusion or aluminum connecting plate is kept
tightly attached on the face of the pane1‘;iﬁce this gjﬁes the oppor-"

- tunity for the staple to develope a very high capacity and eliminates
S

the siippage of the connection %o the minimum. If the connection
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is properly designed for spacing diameter and length of staples
and if the connecting plate is kepf tightly attached on the panel

face, the capacity of the panels could be fully utilized.

8.1 Recommendations for further Research

23

The experimental fnvestigatfcq was based on available
commercial produt?s, but it does cha]]enge the industr} to
increase the sizes of staples and expand Pbejr use fn‘construction.
A comp1eté experimental investigation of the behaviour of a stapled
connection under 1a£e;a1 load must include varjing strengths of
aluminum face, varying hardness of stée] used for staples, ereate‘
larger staﬁ]es than those comﬁer;1a11y available, and use of different
species of wood. Another investigation required which should include
both theoretica] and experimetnal approaches is the'determination,
of.stap1e‘1eg 1ength,_crown width, diameter; point and.steel types
ihé? can be usedfto peﬁg:rate di fferent types of alﬁminqh sheets™
of varying thickéesses attached to various wood species., Thi§
- investigation ;ould determine the appropriate stap\e to efficient1§
penefré;e the members of the cohnepéion and thus complete the study
required ta provide suffic1ént 1nforma£10n for the design of the

stapled connections examined here.

-~

P

t‘ LI
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FIG. 2.1 - STAPLE SPECIFICATIONS
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NAILING MEMBER

FIG. 2.2 - TEST. SET-UP FOR DETERMINATION OF
LATERAL LOAD TRANSMISSICN
EMPLOYED BY PR. STERN.
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{odd in pounds

L LRE) T X0 T e® 038 3 e 3. 50 3

Total Joint Deformation, in inches . .

FIG. 2.3 - LOAD DEFORMATION CURVES FOR SQUTHERN PINE JOINTS
ASSEMBLED WITH SINGLE 2 1/2"-LONG, 7/16"-CROWN,
15 GAGE SENCO STAPLE LATERALLY LOADEO IMMEDIATELY
AND SIX WEEKS AFTER ASSEMBLY IN THE DIRECTION
PERPENDICULAR TO THE GRAIN OF THE FASTENED MEMBER
AND PARALLEL IO‘THE GRAIN OF THE FASTENING MEMBER

|

i
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coad in pound.

i o 124 MY ] = o LY
.

Total Joint Def6;55t1on. in Inches

FIG. 2.4 - LOAD DEEORMATION CURVES FOR NAILED AND STAPLED
. JOINTS, CONSISTING OF 5/8" YELLOW POPLAR DECK-
BOARD FASTENED TO 1 1/4" x 3 5/8" NARD MAPLE
STRINGER WITH THE FASTENER LQADED LATERALLY
IMMEDIATELY AFTER ASSEMBLY,
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F1G. 3.4 - PNEUMATIC STAPLER AND STAPLES
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FIG. 3.6 - STAGES OF STAPLE PENETRATION
THROUGH THE ALUMINIUM SHEETS
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FIG. 3.7 - THE EFFECT OF THE PLYWQOD

FILLER ON THE STAPLE LOADING
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FIG. 3.10 - LOAD PER STAPLE LEG VERSUS THE DEFORMATION FOR

DIFFERENT NUMBER OF STAPLES IN A ROW (AS SHOWN)
WITHOUT PLYWNOD FILLER SUBJECTED TO LOAD IN
THE DIRECTION OF THE STAPLE LINE.
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FIG. 3.11 - PERGENT EFFICIENCY PER STAPLE LFG RELATIVE 70

» TWO STAPLES VERSUS THE NUMBER OF STAPLES. FOR
STAPLES WITHOUT PLYWOOD FILLER SUBJECTED 70
LOAD IN THE DIRECTION OF THE STAPLE LINE.
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WITH PLYWOOD FILLER SUBJECTED TO LOAD IN THE
DIRECTION QF THE STAPLE LINE.
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F16. 3.14

A) Comparison of a.staple after it pulled out (f&ft) with an
unused staple (right).

B} Staples deformed after having pulled out subjected to load
perpendicular to line of stap1es

C) "Staples deformed after having pulled out subJected to load
in the d1rect10n of staple line.

L
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FIG. 3.15 - TESTING ARRANGEMENT FOR THE SHEAR TEST
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FIG. 3.16 = BEHAVIOUR OF THE CONNICTION IN
LOADING AND UNLOADING UNDER SHEAR

»

NOTE: Different paths are followed in loading and unloading,

with a permanent deformation left after the connection
has been unloaded. ¢
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FIG. 3.17 - LOAD (P)-DEFORMATION (4) CURVE
OF THE CONNECTION UNDER SHEAR

S OTE: The failure was reached with the staples pulling out,

The curve can be approximated with three straight lines,

the slopes of which are shown.
v,
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FIG. 3.18 - TESTING ARRANGEMENT FOR COMBINED
SHEAR "AND NORMAL LOAD

NOTE: The normal load was applied with the hydraulis jack and
kept constant while the shear load was varied.
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FIG. 3.20 - VARIATION OF THE STIFFNESS OF THE
CONNECTION WITH THE NORMAL LOAD

NOTE: The three curves shown for the variation of the slopes
of the Toad deformation curves, with the normal load
were derived after the Toad deformation curves of Fig,
3.19 were approximated with three straight lines.
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(8)

FIG. 3.22 - FAILURE PATTERNS OF CONNECTIONS UNDER

TENSION. {A) BOTH PLYWOOD FILLERS ON
THE SAME SIDE OF CONNECTION, (B) FILLERS
ON OPPOSITE SIDES OF CONNECTION.
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FIG. 3.23 - LOAD (P) - DEFQRMATION (&) CURVES FOR

THE CONNECTIONS UNDRR TENSION

NOTE: Curve (A) is for the connection with bath plowcod
fillers on the same side and curve (B) is for the
connection with the fillers on opposite sides.
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fillers on the same side and curve (B) is for the
connection with the fillers on opposide sides,

— @
b . (B)
B ﬁ l-‘- -1-
I T T T T
O OV 02 03 04 05 06 07 08 09 10
20, RADIANS
FIG. 3.26 - LOAD (P} - TOTAL ROTATION (28} CURVES
FOR THE CONMECTIONS UNDER TENSION.
NOTE: Curve (A) is for the connection with bath p]}wood

4
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FIG. 3.26 - COMPARISON OF THE ORIGINAL AND

THE MODIFIED CONNECTION
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FIG. 3.
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Testing arrangement of the modified
connecttpn under shear.

Cross section of the modified connection.
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£16. 4.1 - PICTORIAL GROSS SECTION OF THE
CONNECTION JOINING THE PANEL
TO THE ALUMINIUM EXTRUSION
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Fig. 4.2 - NODEL FOR THE STAPLE LEG
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FiG. 4.3 - LOADED ZEAM SUPPORTED 8Y Al
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FIG, 4.4 - FORCES ACTING ON A SEGMENT OF A BEAM
SUPPORTED BY AN CLASTIC FOUNDATION -
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F1G. 4.5 - BEAM WITH INFINITE LENGTH
SUPPORTED BY.AN ELASTIC FOUNDATIOH

‘0TE: The loaded end of the beam at x = 0.2 can

translate but not rotate.
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F1a0 5.1 - TESTING ARRANGEMENT FOR STAPLED CONNECTION .
' +0 DETERMIME THE £FFECT OF PARAMETERS VARTATION
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F1G. 5.2 - TYPICAL LCAD-DEFORMATION CURVES OF A
STAPLED CONNECTION SUBJECTED TO
CYCLES LOADING
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F1G. 513 - LOAD PER STAPLL Li5 VERSUS 70 DEFORNATION oF
: A STAPLED COMNECT!ION WITH VARYING STAPLE GAGE
AND THICKNESS OF ALUMINIUM FACILG
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FIG. 5.8 - CREEPING LOAD PER STAPLE LEG VERSUS THE THICKHESS
™ OF THE ALUMINIUM FOR VARIOUS STAPLE GAGES.
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FIG. 5.5 - CREEP LOAD PER STAPLE LEG VERSUS
THE STAPLE DIANMETER FOR VARIOUS
ALUMINUM FACE THICKNESSES
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F1G. 5.6 - STIFFHESS VERSUS THE STAPLE DIAMETER
FOR VARIOUS ALUMINIUM THICKHESSES -

40TE: Stiffness is the slope of the curve: load-per-
s 1

e-leqg vs deformation



- 113 -

0.035 0.060 0065 0070 0075 0.080 D_ N

FIG. 5.7 - BEARING STIFFNESS OF THE ALUMINIUM
FACING VERSUS THE STAPLE DIAMETER
FOR VARIOUS ALUMINIUM FACING THICKNESSES
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FI1G. 5.8 - REP!LACEI'1ENT OF THE CURVE WITH A STRAIGHT
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FIG. 5.9 - COMPARISON DF EXPERIMENTAL CURVES (SOLID
LINES) FOR THE CREEPING LOAD WITH THE
THEROETICAL RESULTS GIVEN BY EQUATION
{5.12) (DASHED LIMES). -
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FIG. 5.10 - COMPARISON OF THE EXPERIMENTAL CURVES

(SOLID LINES) FOR THE STAPLE LEG STIFFHESS
WITH THE THEQRETICAL RESULTS GIVEN BY
-EQUATION (5.17) (DASHED LINES).
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FIG. 6.1 - LONG JOINT WITH EQUALLY SPACED

FASTENERS IN LINE WITH THE LOAD
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FIG. 6.2 - SCHUWLZ MULTIPLYING FACTOR
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'r1G. 6.3 -

AVERAGE LOAD PEé STAPLE 4EG YERSUS DEFORMATICH
'l A LONG JOINT FOR VARIOUS MUMBERS OF STAPLES,
AS SHOWMN IN THE BRACKETS, AND FOR GAGE 16 STAPLES |

AND ALUMINIUM THICKMESS "0.032"
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FIG. 6.4 - STIFFIESS PER STAPLE LEG VERSUS THE
NUMBER OF STAPLE LEGS IN A-LONG JOINT

M0TE: Stiffness is the slope of the average load per. staple
leg versus the defromation of the joint.
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FIG. 6.5 - PERCENT STIFFNESS AND CAPACITY OF A STAPLE

LEG AT & = 0.015" VS THE NUMBER 0OF STAPLE
LEGS IN A LOMG JOINT. 100% IS FOR A JOINT
WITH ORE STAPLE OQHLY. ®
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F1G. 6.6 - CAPACITY,‘AT-& = 0.015" and 4 = 0.030" PER STAPLE

LEG VERSUS THE NUMBER QF STAPLE LEGS IN A LONG
JOINT FOR STAPLES OF GAGE 16 AND ALUMINIUM
THICKNESS 0.039"
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STAPLE LEG AT 2=0.015" VERSUS THE NUMBER
OF STAPLE LEGS FOR A LONG JOINT FOR STAPLES
QAG@sjB AND ALUMINIUM THICKNESS 0.028"
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FIG. .1 - PROPOSEU)CONNECTION FOR TWO
PANELS IN THE SAME PLANE
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FIG. 9.2 - PROPOSED CONMECTION FOR TVO
PANELS IN PERPENDICULAR PLANES
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F1G. 8.3 - PROPUSED CONNECTICH FOR THREE PANELS
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F1G. 8,4 -

PROPOSED COMNECTION FOR FOUR PANELS
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APPENDIX T

COMPARISON_OF THE BEHAVIOUR

OF A BEAM (STAPLE) OF INFINITE LENGTH

WITH A BEAM (STAPLE) OF FINITE LENGTH

The behaviour of a beam of infinite length is given
by Equation (5.2}:
P E]/4n1/4D7/4K°3/4
> (5.2)

O

The behaviour of a beam of finite length is given by.

- Equatiaon (5:3):

E1/4n]/407/4K§/4 (FlFZ + 4F3F4)

[ )

- F2

2 ‘ -_4F2F4 )

Fl

where
F, = coshil . cosil

-~

Fo = 1/2(coshiL . sinil + sinhil . cqs}L)

F, = 172 sinhAl . sinil

F, = 1/4(coshAL . siniL - sinhAL . cosil)

LS

)‘.=v/

4EI

K = K,D Tbs/in® "

Ko = 2,114,000 G 1bs/in®, G = specific gravity of wood
I = <0“/64 in*

E = 30 x 10° psi



- 133 -

For varying diameter D, L/D rations, and wood species

(varying G), find how the quotient of the F's in equation (5.3)

varies, using the above equations for K, and K,.

For G = (.38

D = 0.050"

L/D
8

12

16

20

For G = 0.45

0D = 0.50
L/D
8
12
16
20

F's quotient

-0.9445
-0.9957
-0.9990

-0.9999

F's quotient

-0.9513

- -0.9¢79

-0.9998

-1.000

D = 0.080"

L/D F's.quotient
7.5 -0.9530
12.5 ~0.9995
15.0 -0.9998
20.0 -1.000

D = 0.080"

L/D Ffs quotient

7.5 -0.9600
19.5 -0.9997
15.0 -0.9999
20.0 -1.000
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For G = 0.57
D = 0.050" 0 = 0.080"
L/D F's quotient L/D F's quotient
8 -0.9610 . 7.5 -0.9694
12 - =0.9389 - 12.5 . -0.9998
16 . =0.9999 15.0 -0.9998
éO -1.000 20.0 -1.000

From the above tables it can be seen that the value
of F's quotient is equal to -1.0 for L/D > 14.‘ This means that

it can be eliminated and thus the eqwations of a beam of infinite

- length can be used for a beam of finite Jength, provided L/D > 14.

L4
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