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ABSTRACf
In the manufacture of open web.steel joists, hot rolled

hat shaped sections are eommonly used as chord-membeés in conjunctiog
with tubs web members. The re1etive1y sma]] depth of the het shapes
cwr nad with tube shapes as web members may result in joints which
have eccen*tricities that are sufficiently large that they‘must be
taken 1ht5~;e unt.when designing by the present CSA standards. In
this study joists with such eccentric jointsrwere investigated to
establish the effects of the eccentricitieé on the behavior of the
joist: |

| Six test specimens were ]oaded to failure. Member axial
forces and bend1ng moments and joint def]ect1ons were measured and‘

compared to those obta1ned from an elastic frame analysis in which

the eccentric joints were modelled as 1nd1V1dua1 frame members.

From this stu it was conc]uded that the elastic frame

analysis was a reasopable mode] for the eccentricities, end that the
major‘effect‘of the eccentricities was to 1ntroduce bending moments

' into the members of the joisf. It was also conc]uded that a striet ‘
'app11cat1on of existing beam column interaction formula would not give
re11ab1e pred1ct1ons of member load capacities without further studies

into the effeeéjve lengths of the individua1‘members.
i . L ’
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CHAPTER !

INTRODUCTINN

1.1 Oben-Web Steel Joists

An open-web steel joist is a simply supported steel truss of
relatively light weight, with parallel or slightly pitched chords and a
triangulated web éystem. Such members are commonly used in roof and
floor constructicn as secondary framing members carrying loads to prim-
ary framing members or masonry walls. The top chord is considered to
provide continuous support for floor or roof decking.

| The great majority of open-web steel joists are produced by

fabricators using an assembly line process geared specifically to their
production. The assembly procedure may vary-g}eatly from manufacturer
to manufacturer, dependent upop the economics of the operation. Thus
the joint and member details of joists from different manufacturers may
differ considerably. |

Also, within each plant, the joist details and even the assem-
bly process will differ as the loading and span of the joist changes.
Three ranges of joists are commonly designated; namely short, intermed-
jate and long span. The code design requiremeﬁts are identical for all
three ranges, however, economics of manufacture leads to diffe;ent
- section types and overall geometry for the different rénges.

In general, when mass produced, short span joists are light
Warren trusses with continuous bent bar webs which’are welded to the
- chords using -either resistance or arc we]ding.' Intermediate joisté tend

to be of a modified Warren geometry, with verticals supporting the tbp
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chord midway between joints formed by the inte;section of web diagonals.
(See Figs. 4.1 & 4.2) Normally both short and intermediate span joists
have panel lengths of 24 inches or less, which permits the compressiq?
chords to be proportioned for axial forces only when designed using CSA
Standards. Long span joists are usually of the Pratt configuration with
no limitations on panel length.

In this study, all joists tested were of tﬁe modified Warren
geometry belonging to the intermediate.span range.

The design of open-web steel joists is treafed sebarate]y from
other steel members in most'bui]dfng codes. In this study reference to
a code refer: to CSA Standard S16.1, 1974, (12) unless noted otherwise.

In this standard, tension chords are designed for axial forces
only, provided the joint eccentricities are not in excess of those
specified in the next section énd.the cho;d is nd't subjected to abp1{ed
‘1oads between panel'points. Compression chords, ifﬁthey>meet'the required
e&eentficity restriction, and the panel lenéths do not exceed 24 inches
may also proportioned for axial forces only. Hhen panel lengths exceed
24 %nches the compressioﬁ chord: is required to bé designed as a contin-

"~ uous beam‘column.‘ Web members are designed to resist the shears due to
the f;ctored loads in which unbalanced loading is considered. For thg
purposes of determining the axial forces in all members the loads may be
replaced by sta%ical]y equivalent loads applied at the panel points.

Wwhen the specified limits of joint eccentricity are exceeded"

the Standard requires consideration of the total joint eccentricity in
) \ . .

‘the design. " /



1.2 Definition of Joint Eccentricity
CSA Standard S16.1-1974 contains the following clause:

"16.5.11.4 Eccentricity Limits. Members connected at a joint
preferably shall have their gravity axes meet at a point. Where this is
impractical and eccentricities are introduced such eccentricities may be
neglected if they do not exceed:

(a) For continuous web members: _

The greater of the two distances measured from the neutral

axis of the chord member to the extreme fibres of the chord

member;
(b) For non-continuous web members:

The distance measured from the neutral axis to the back (out-

side face) of the chord member.

When the eccentricity exceeds these limits, provision shall be

made for the effects of total eccentricity. )
Eccentricities assumed in design shall be those at maximum

fabrication tolerances which shall be stated on|the shop drawings."
Thus eccentricity is the distance-meatured perpendicular to
the span of the joist - between the neutral axis of the chord and the

intersection of.the axes of the wéb members. This is the distance e],

sﬁown on Fig. 1.1 & 1.2 in a positive sense.

In this investigation joint eccentricity is redefined as

a

follows:

-

"The eccentricity of a joint is the distance
between the separate intersections of chord
neutral axis with the extensions of the axis
of the web members, measured along the axis
of the chord."

This is .ne dJistance e, shown on Figs. 1.1 & 1. lnless

otherwise'Stated,oit is the dimension e, which is referred to as eccen-
tricity in this study.

There were two reasons for redefining joint eccentricity. In
the laboratory it is possible to mark the 1ntersectibns‘o% the member

centroidal axes and to measure the distance e, directly. In addition,

when modelling joint eccentricity for the analytical studies, the length



s

e, corresponds to the length of the member inserted into the equivalent
elastic frame.

It is to be noFed that e, and e, are related geometrically,
and if the geometry of the. joist is known, one can be ca]cu]éted from
the other. The eccentricities shown on Figs. 1.1 & 1.2 are of a posi-
tive sense. That is, a positive distance e falls outside of the chord:
neutral axis. For a negative eccentricity, the axis of the web members
intersect each other before intersecting the neutral axis of the chord.
The eccentricity e, is of the same sign or_sense as the correponding
eccentricity e

In the design of intermediate span joists, the useiof round
hollow structural sect?hns for web members is common. These sections
are very economical because they.have a large moment of inertia to area
ratio, allowing utilizations of higher strength steels. However; when
combined with hat sections as chords a problem of joint detail arises.
anée-hat sections are relatively sha]]ow when compared with the width
of the tubes, it becomes increasingly difficult to meet the requiremen£s
of Clause 16.5.11.4. Positive joint eccentricity as shown in Figs. 1.1
& 1.2 may exist. Depending upon the joint detail, magnitude of the

eccenfricity and overall joist geometry, these eccentricities may

influence joist behavior.

1.3 Objéct and Scope of Study |

CSA Standard $16.1 limi<s joint eccentricity in.joists to
- smé]]'va]ues, dependent upon cho 'd depth. and web continuity. Since
little research had been conducted ‘o verify these limits a researchA

 program was initiated to study this problem, with the objecf”of confirm-



ing or revising the code requirements, and also to give design guidance
when allowable limits of eccentricity are exceeded.

Since many factors influence joist.béhavior, ity was decided to.
undertake a pilot study to iso]a;e‘the important parameters, and to |
determine procgdures for a more detailed study of the problem: This

report contains the results of this pilot study.

1.3.1 Scope of pilot study

Six joists of similar geometry and capacity were instrumented
and tested to failure. Deflections were measured at all panel points
and sufficient strain readings were taken to establish experimental
axial force and bendiné moment distributions for all members on one half
df all test‘joists. Materials tests were cérried out for the diffefent
sections involved to establish actual yield points and axial st{ffness
géjues. |

An e]astic‘ana1ysis was made for each Joist utf]izing a computer
program based on the direct stiffness hatrix procedure. ‘ésth published
and measured values of section properties wereﬁused»in the analysis..
The results for the stiffness analysis were comparéd to test results.
Further ana]ytﬁcé] studies were carried out to establish theoretical
elastic joist response when the joint eccentricity was increased.

The fesu]ts of both testing and analysis werevevaluated by
present code criteria to eStéb]ish(their app]icaﬁ%]ity to stresses

resulting from eccentricities.

1.4 Previous investigations

A literature search was conducted to determine the extent of



pfevious‘inveétigationsf This search included use of an automated
retrival system, CANOLE, ahd contact of people known to have doné
previous work in the field of open-web steel joists. Although no work
on joint eccentricity in joists was found, several studies of compres-
sion chord behavior have been carr{ed out, and are summarized beiow.

An investigation sponsored by the Céhadian Institute of Steel
Construction wa; conducted by W.H.D. ﬁowan and D.J.L. Kennedy at the
University of Tordnto‘in 1963. The purpose of this research wés to
- resolve conflicts existing in design requirements for the continuoﬁs-
compression chords of open-web steel jof;ts, th- ~ ~nt béing to establish
proper effective 1ength"fagtors for design. T, ors cbnducted an
1nvestigétioﬁ éf existing literature But fdund no prevfous studies on
the‘compression chords of joists. |

They then tested a total of eight joists, all with spans of 24
feet. Joist depths were 12 and 20 inches. . Al test joists were typical
industry products with the excgption £hat bottom chords and.web members
were overdesigned tolassﬁfe a failure of the tbp chord. Six joists were ’
loaded at panel points, twq’vere loaded at mid-pahe]s. Deflections,
joint rotations and member curvatures were recordéd. From fhesg‘tests‘

il

the fo]]éwing éonc]usibns were drawn. o
1. The deflection of a joist (regardless of the 1oadin§ method )
can be ta]cu]ated'inip]e truss theory. These iieﬂectﬁ'bns |
can be approximated by applying 5 10% increase to the simple
beam deflections computed uéing a moment of inertia based-on
~ chord areas alone. . |
2. The effective'1ength of a top chord membér_dependé on the

initial profile aTong the top chord. When all initial



to:

deformations between panel points (due to welding stresses)

are in the same direction, buck]ing will c:-cur in double
curvature and k may approach 0.65. However, if initial deforma-
tions are random, k may be as high as 0,90.

Ultimate strength when bending jslpresent, can Pe conserva-
tively predicted by the interaction

- P/Po + M/Mp = 1.0

'“where the terms are defined in the nomenclature.

When the top chord is loaded by a uniform load, the drop-in

capacity from the panel point ioad case should be no more than
10% if the ‘panel length is 24 inches or less.

The authors also noted that further investigation was needed
Verify théir results experimentally.

EStab]ish the interaction between various deck and tép chord
stiffness.

To verify the assumption that compression chords can be designed
for axial loads alone for certaih limited panel lengths.

At the University of Kansas sevefa].seriés of tests of open-

web steel joist have been carried out under the direction of K.H. Lenzen.

The first of these by Omhart (1) investigated the effects of uniform

loading on the bending moments in the compression chord, with the intent

of establishing a method by which a true uniform load could be applied

to the top chord. Test joists were loaded. by means of an air bag device.

Moments in the top chord were measured and compared to analytical results.

lAgreement was considered good.

From these tests, the author concluded that a uniform load is



more severe than panel point TOdds of corresponding magnitude, and
established a viable method for testing joists under a uniform fop chord
1oading. |

fhe buck]ing of top chords under uniform loading conditions.
was investigated by W. Scott McDonald Jr. (3). This report treaté‘pﬁ the
top chord of the joists as a beam column. Actual stress-strain relation-
ships of the top chqrd sections were used to evaluate the buckling load
of 51 test joists, includjng fhose tested by Omhart as discussed pre-
viously. The analytical study agreed well with the test results, and
both indicated that the design formulas of ALSC, AISI, and SJI will give
adequate factors of safety. Howevef an ana]ytica]_paramete} study
indicated that the factor of safety could be reduced if the ratio of
uniform load to axial design force in tHe top chord was increased.
| The results obtained from the University of Kansas studies
are summarized by K.H. Lenzen. He concluded that design techniques
which use only £/r ratios and axial forces to proportion compression

members are not rational.. An interaction formula of the form

Axial stress Bending stress _ 0.92
Tangent Modulus Stress Yield stress ’ :

was proposed. In the aone'investigations eccgntricities:were present in
some of the test joists, and it was noted that under Concentratedvloading
these eccentricities could affect joist behavior.

It was concluded, however, that uniform loading is a more severe
testing criteria than ;oncentrated loading, and that undef uniform 1oadfng

eccentricities would not affect the critical chord members.



A series of joist tests were conducted by J.A. Hribar and
. W.P. Laughfin (7), to determiné lateral bracing requirements. Joists
~tested had a Warren truss configuration, and were loaded at third
| pofnts.‘ Based on the test results and analytical procedures, the
authors made réc&mmendations fof bridging requirements fgr l1ight trusses
" and open weblsteel joists. |

Eccentric web to chord joints a1§o occur in tfusses of hollow
strucfura] steel shapes. Research on the effects of these ecCentric%ties
is well documented. In particular, work conducted by W. Eastwood and
A.A. Wood (10) forms the-basis of a design procedire of trussés in a
Stelco publication, (9), "Hollow. Structural Sections - Design Manual for
Connections". The épplicability of the desigh rules given in this
publication to the open-weﬁ steel joists inveStigated in this study is
discussed in Chapter 5. H

In general, there is a lack of published material "%n open-web
steel joists. This may be atributed to the proprietory nature of the
joist industry. Different joist design aﬁd manufacturing systems'have
evo]vedvthrough the experience and research of private iqdustry'rather

than publicly funded institutions. -

Pl
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Fig. 1.1 Positive Joint
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Fig. 1.2 Positive Joint Eccentricity - Bottom Chord
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CHAPTER 11

THE TEST PROGRAM
2.1. Description of Test Specimens

2.1.1 Joist designation

The major variable in the design of the test specimens was the
value of joint eccentricity. Differing assembly procedures of the twé
manufacturers involved produced another important variable; namely the web
to chord joint detail. This difference was used to group joists as one
‘of two types, which were coded as either X or Y.

The X-type joists had discontinuous hollow tube diagonal web
members. The ends of these mgmbers'were flattened during the cutting to
length process and arc-welded to the inside face of the chords such that
the major axis of the end of the flattened web member was parallel to
the chord direction. This results © a stiff web to chord joint, with
the moment of 1nertia.6f the web member in the plane of the joist
increasing at the joint as shown in Fig. 2.1.

The Y-type joists had continuous web tubes flattened at connec-
tions sﬁch that the major axis of the ends of web members were perpen-
dicular to the'chord directiqn. The bottom of the flattened part was
,We]ded to tHe chord, resulting in a much more flexible joint, with the’
moment of inertia of the web members approaching‘zerq at the joint as
shown in Fig. 2.2.

ance the web configuration for the Y-type joiéts was formed

using a press with a héad(Qf fixed dimension, it was not possible to
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vary the eccentricity in these joists. Also, for the combinations of
chord and web tube sizes used in the test specimens, theAresultiﬁg
eccentricities were very small. !

The designation of a test specimen consists of two letters
followed by a sequence number. The first- letter distinguishes the test
series; all joists discussed herein belong to the "A" pilot series. The
second letter designates the ménufacturer or joint degiil, which is
followed by the sequential number assigned to each test specimen. These
designations are used to refer to the test itself as well as the test
specimen.

For example the designation AX03 indicates the joist was part
of the pilot study, had X-type web to chord fabrication details and was
the third joist of this type.

UQZ.I.Z Design of test specimens

| In keeping with the objectives of the test series, the joists
were designed'td accentuate the effects of shear forces and joint eccen-
tricities. This was achiéved by utilizing a much lower span to depth
ratio than is nofma]]y u;ed in industry. With the exception of the
1imits on joint eccentricity, calculations for the allowable uniform
load for the test joists were based on the design'procedukes of CSA
Standard S16-1969, Section 20,7(14) which was the latest available
standard at the time the joists were désigned. However, it must be
noted that the low span to depth ratio resulted in a tdp chord that was
~of much smaller section than would normally be used for the calculated

uniform load. Thus the allowable uniform load, w, is a reference to

a strict application of code design procedure on]y._
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The specific geometry for the test joists was chosen as follows:

1. The total span was set at 22 feet, to provide eight 2 foot
interior panels and two 3 foot end panels. The web configura-
tion was set to correspond to that for intermediate span
joists. N

2. In order to assure load capacities large enough to accentuate
probliems associated with eccentricity, a depth of 36 inches
was chosen, giving a span to depth ratio of 7.3.

3. The lightest available hat sections were chosen as chords.

4. The prov{sions of CSA Standard S16-1969 were used to calculate
allowable axial loads for the chord members. "Thus an allow-
able uniform load for the joist was established.

5. The web members were designed in accordance with the code to
carry the uniform load calculated in 4.

6. Normal shop details were altered in X-type joists to achijeve
differing values of eccentricity. |

The detailed calculations are given for both X and Y-type joists in

Appendix A.

2.1.3 Measured joist geometry !

A1l test joists were measured in the laboratory to determine
their actual a@-bailt centerline geometries.

A1l Xatype jo{sts were placed on a “lat porfion of floor and
held down by steel weights. A spirit level was attached to a short
section -cut from a pipe whose inner radius conforhed'rough1y to the

~-outer radius of the web membeyxs. This pipe section had a notch at the

top center such that when levelled, the top of the web members could be



marked out by the position of the notch. The centerlines of all web
members were\mgrked out in this manner. The centroids of the chords
were marked from the bottom flange using a ﬁi]]ed steel marker of the
right thickness. The centerlines of the members were then drawn unti}
they intersected, and small punch marks made at the poir* nf‘inter-
section. The distances between the points of intersecﬁiggjaere then
measured to obtain the actual geometry of the joist. The punch marks

_were later used to determine accurately the position of tbé strain

I

gauges.

This procedure was carried out on both sides of AX0l, and thé
results were found to agree with sufficient closeness that thereafter
only one side of the joists were measured. For AXOl the two sets of
values were averaged.

The geometry for joist AXO3 was also obtaineg by a second
method. The joist was laid on a piece of smootH papered wall board 4
feet high and 24 feet long. The entire out]iﬁe of the joist was then
traced onto the board. After the joist was removed, the member center-
‘lines were drawn, and the member lengths measured from intersection
point to intersection point. The results of these meqsuremenfs checked
well with those of the previous method. -

The dimensions of‘the Y joists were found.Io agree with the
specified‘dimensibns given on the shop drawings. 'Thus‘for these joists
- these dimensions were used. The results of the measured geometry along

with other joist details are given in Tables 4.1 to 4.6. See also Figs.

4.1 & 4.2.
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\

2.2 Description of Testing Arrangemenfs
The joists were tested in the vertical position, with the‘top
chords uppermost, corresponding to actual joist pbsition in mOSt‘Struc-
tures. - Allblatéral bracing, instrumentation, and data acquisition
equipment was kept to one side of the test bed. This facilitated
observation of the test specimens, qualitative assessment of fai]ufe

mechanisms and total joist behavior.

2.2.1 Description of loading facility

With the joist in the vertical position, loads were applied to
the top chord by 9 hydraulic \s located beﬁeath the test floor.
Lateral support was provided by adjustable arms éxtending from beams
running parallel with the test joist. The ends of the joist. rested on
rocker supports, one of which was attached to a ball-bearinc roller
assembly. Figs. 2.3 and 2.4 show cross-sections of the test setup.

The 9 jacks were aTl identical 0.7.C. Model B 10 Ton rams as;
manufactured . the Owatona Tool Company. These jacks have a piston
area o _.072¢ 1. and a maximum operating pressure of 9,700 psi.

. System pressure was supplied and requlated by an Amsler /. =+ lum
Dynometer which was located c¢n the test floor. A pipe o' ‘cated
in the test vault distributed the hydraulic fluid to the individual
jacks.

The ends of the jack piston fods were threaded into the center
of the lower load arms, which were 4 x 4 x 0.25 H.S.S. Two 3/4" diameter
rods passing througH the load bed transferred the jgck force to an
identical upper load arm. The upper load arm eithér bore directly on

the top chord either through a 1" x 1" steel bar, or a load cell, or
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was supported by a load distributing beam. dependent upon the chord
loading conditions desired. (See Figs. 2.5 & 2.6).

Two point load distributing beams were used to simulate a
uniform loading condition for joists AXO0l, AX02 and AYOl. Joists AXO03,
AX04, and AY02 were tested with panel point loading. .Comparisons of the\&g
bending moments resulting from the two point loading éﬁd uniform loading Z
on a continuous beam on simple supports are shown on Fig. 2.7. ‘Since
the top chord is supported at panel points by the web members, the
comparative effects of these two loading cases varies with the eccentri-
city at the panel point. Thus as joint eccentricities increase the two
point loading system with a constant distaﬁce between points'of Toad
application becomes less severe than a uniform load system.

The eccentricity at thé end support for the X-type joists was
approximately 2 inches, this being ohe-ha]f of the 'bearing surface
length provided on the joists. The actual eccentficity was ca]cu]aU%%
by measurfng from the centreline of the support pivot to the inter-
section of the end diagonal with the centroid of the chord in the end
panel. |

For AYO! itvwas apparent early in the'ldading sequence that
member 17 was not designed to téke sugh'; large eccentricity, and sug-
sequently was remounted with as small an end eccentricity-as possib]e.r
Sincg-AYOZ.was similar, it was also tested with a very smail value of
eccentricity at the supports. The resulting reduction in span was
considered when comparing test results with analytical studies. The
actual values of these eccentricities a;fthe supports are shown in

Tables 4.1 to 4.6, foliowing the notation of Fig. 4.1.
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Lateral support was provided to the top chord at panel points
3T through 97 by adjustable érms which extended from a frame work running
paraliel to the test bed. See Figs. 2.3 & 2.4. These arms could swing
freely in both the horizontal and vertical directjon, and were adjustable
in the vertical direction. A spirit level was mounted on each arm,
allowing them to be kept level at each load point during the test. The
ends of the arms had short extensiohs bolted to them, which were tack
welded to the top chord. These extensioné were to accommodate.apy out-

.6f—p1ane sweep in the tes' specimens without forcing the spékimena}nto a
straight configuration in the test assembly. Some sweep was visua}]y
apparent in the joists, but all were well within the specified limits,

7 which(ypu}ﬁ allow a variation of 0.55 inches for a 22 foot span.. Thus
this quantity was not recorded.

Fof the first test, AXOl, only the top chord was 1ater$1]y
supported. During the test the bottom chord showed a tendency to‘deflect
out—of-p]ané, which made recording of deflections difficu]t. <For all
subsequent_tests, the bottom chords were suppo?ted at points 2B and 4B

by arms identical to those used for the top chord. No further dif-

ficulties were then encountered.

2.2.2 ALoad_méasurement and jack ca115fation
Two methods of load neasufement werelused during the tésting;
First the Jacks were calibrated separate]y in a static test aga;nst 2
_1oad cel], and jack load versus system pressure curves were obtained.
During this ca11brat1on the hydraulic system was s1m11ar to that used

during tests, w1th the except1on that only one jack was attached to the

pressure distribution manifold. A1l jécks had similar curves, and 7in



the load range in which the load tests -were conducted, these curves were
linear. Thus the system pressure to applied load relationship was
reduced to a single valued linear response, and this used as a measure
of applied load.

W.H.D. Rowan (2) reported a problem with friction losses due
to piston seals fn the jacks, causing a force drop as the jacks'worked
against a deflecting joist rather than a Static calibration unit. These
friction . losses were reported to have been reduced to negligible values
when ch: seals were replaced by mechan{ca1'0-Rings.

The 0.T.C. jacks used in this test set-up were equipped with
rubber 0-ring seals. However, it was decided to check for changes in
Jjacking forces during actual téSting. To this end, three load cells
were placed between the bottom of the test bed and the jacks fof AXO].'
The Toad cell used in jack calibration"was placed under the centerTine
jack, J6. . The load was regu]ated'by using this load cell reading réther
than the system pressure. The preséure was also recofded, so that a
check against previous calibration could be made.

While ]oadiné AXO01 the three jacks with the load cells proved
to be unstable. The load arms tended td twist and misalign and thus.
this method of load measurement was discontinued. From the load cell
readings of AX01 no loss in jack force due to deflections could be
detected. There were, however, small random departures from the préésure-
load relationship previously est:blished. Since the twisting of_thel1oad
arms could have a]te}ed the load cell readings é further test was con-
ducted. |

The three jacks were dismouﬁted and reéa]ibrated, this time

wofking against an H.S.S. beam. The span of the beam was chosen to
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give deflections equal to the calculated centreline deflection of AXOl
at working 10ad.. This calibration showed that changes in jack force
with piston exteﬁsion»were in the order of 0.2%, and were neg]eéted.
AX02, AYO] and AY02 were then tested with no load ce]]s; and loads wére
established frém the original static calibration curve.

Before the actual testing of AXOB and AX04 commenced, data
reduction had begun.for the other joists. Some inconsistencies in
results suggested that:

1. In the actual tests, the applied jack 1oads‘differed frgm each
other‘by amounts larger than the static or deflecting calibra-
tions indfcated.

2. The jack force applied by é jack at a given pnessure could
vary, depending whether thatAprési:re was bbtained’by loading
or unloading. In geﬁera], the force at a given pressure which
was oEtainéd by loading was consistent, while the force at a
given pressure which was obtained by unloading varied randomfy.
For this reason AX03 and AX04 were again tested with tﬁe three

load cells. This time the load cells were mounted on the top chord of
the jéist, replacing the 1" x 1" steel bar. A ball and socket joint was
thréaded into the load arm to avoid placing a mdméht on the 1oad‘celT§f‘l
- The bottom of the load cells were bolted to a flat base plate which'waé
carefully shimméd to be 1eve]“wfth the upper load arm. This arrangement
proved to be.stable throughout the test.

Onevﬁoéd cell rémained at the center]iﬁe'pane] point T6 for
both AX03 and AX04. The other two were changed to differéhtipositions
in the two'fests.' Thus calibrations Qere obtained under actual condi-

tions for five jacks. The conclusions from these readings were:



21.

1.  Any force drop due to friction as the rams extended was
‘negligible.
2. Jacking forces varied between jaeks. This variation'was a

.function of the system pressure; the percentage difference
becoming smaller as tHe load increased, but the absolute
difference becoming larger. The actual relationship between
jack loads was random.'

” 3.v At ultimate specimen loads, the percentage difference between
the average assumed load per jack and the actual Toad from any
given jack was approximate1y 2%.  Thus while the actue! jack
load for any given jack could not be accurately known (* 50
poundS'at 0.5 kips t¢ a maximum of * }80 pounds at 3 kips) the
bending moment and- shear ferce applied to the total span was.
not likely to vary much from that assumed.

It was concluded that the prebTem_of 1oad.rariations was
1arge1y due to the use qf equipment at a very small percehtage of its
rated capacity. The jack capactties-eere 20 kipe each. At joist design
~Toads- they exerted approx1mate1y 1 1/2 kips each. To'meesure e1astie
- response, readings were taken well be]ow'des1gn load. Thus.the jacks
7were operating at 2 to 5 percent capatity. The same is true for the
Ams]er pressure systeh and the load cells. At these small loads, the
var1at1ons, though small in abso]ute value, could be a significant w
portion of the load. While. the var1at1on 1ncreased as app11ed load
increased, the percentage dev1at1on from the assumed 1oads became smaller,

and would have a small effect on calculations of y]timatea1oad.

[S
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2.3 Instrumentation
Quantitative measurements were taken.of joist def1eetions and
member strains at selected points. Full sets of readings were taken at
a]T load points.. Loading sequences varied from test to test.
) A11 Jo1nts and critical members were wh1tewashed to obta1n a
qualitative measure of behavior. Any visual member distress was re-

corded and photographed.

2.3.1 Deflection measurements
Joint deflections were measured to the nearest one thousandth

of an inch by Mercer Dial Gauges. Readings were manually recorded at
every Toad point; Placement of the geuges was similar in every test,
with a gauge at each bottom chord panel point, and one monitoring lateral
movement at the ro1]ef éupport. A plot of the load centreline deflec-
“tion curve @es drawn’ to a large scale as the test pfogressed. This plot
served to indieate eey abnormalities in the teSt, and was useful in

selecting unloading sequences for each joist.

2.3.2 Strain measurements
The sfrain gauges used in the tesﬁs were type EA-OG—ZSBG
120 ohm gauges as supplied by M1cro Measurements L1m1ted,'and installed
as per manufacturer's lnstruct1ons. These gauges have a res1stance of
120 ohms + ]5%, and ‘a gauge factor of 2.095 £ .5%. The strain limit
of the gauges is 3 to 5%, a110w1ng measurements well into the yield
range for the steel. ’

Each gauge used on the joists was wired to a dummy gauge with -
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a similar gauge factor to compensate for'any temperature effects.

Seventy-nine of these gauges were placed on that half of the
specimen which had the largest web—fo-chofd joint eccentricities. ‘This
al]owed.the establishment of in-plane bending moments and axial forces‘
at~tWo points oh each member for-the gauged half of the joist. Géuge
p]écement and numbering is shown on Fig. 2.8. |

The points on éach member at which the strain gauges were
placed were six inches from the ends of the member. This was done on
the web members. to ensure that-the sections.at which strains were measured
were sufficiently removed from the effects 6f~end flattening so that the
" strains would be linear across the section. For the top chord loading
simu]at%ng unifprm load the jack wasilocated four’inches from the-joint.
The six 1n§h length in this case was to avoid local stresses caused by |
the preséhcé of the jack. For un{formity\the éix inch length was used
for~a11 members.

At each load point the strain gauge readings.were sequentially
scanned and recorded automatically. Thé unit used was a Digitec system
from United Systems Corporation.” A scanning unit sequentia]]y reads
vo]tgge values from a digital voltmeter (the unit used was a Hewlett
Packard 3400 B Digjta] Voltmeer) and'punched the information in ANSII
gqge on a paper tape. Along with the 79 s;rajn gauges,.the input voltage -
was also recorded at each load set, as a control on both input vo%tage

and the recording unit. A rough schematic of the gauge wiring and data

écquisition equipment is shown on Fig. 2.9.

2.4 Materials Testing

Materials tests were made on the various component sections of
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“the test joists aftor the tests were completed. Specimens for these
tests were cut from tne joists. The strain‘gauge readings from the
joist tests were used to assure that the sections being tested had not
been stressed to their proportional limit during the joist test.

The true area of each section was established experimentally.
This was done by weighingra specimen of known length, after brushing off '
all paint, white wash and millscale. For the purpose of calculating the
areas, the density of steel was taken as 495 pounds per cubic foot. If
the area thus established agreed with the published value to within 5%,
then the published value of area and moment of inertia was used and tﬁe
value of Young's modulus was computed.. If a difference of more théﬁ 5%
was observed, then the meésured area was gaken as correct, and the value
of the moment of inertia was adjusted éccording]y. »

A1l circular and flat bar shapes were tested in tension in a
Ba]dwin Uﬁiversa]-Testing Machine. Tension specimens were a minimum of
24 inches between the jaws of the maéhine, with the gauged section
centered. The hat shaped chord sections were tested in compression in
an Amsler testing unit. Compression specimens were 6 inches}Tong, with
the resultant i/r ratio being approximately 14. This was found to be’
the maximﬁmvlength which could be used to minimize platten restraint
“while still assuring full yield before buckling. '

‘The criteria for acceptance of a specimen‘test was that no one-
gauge could differ by more than 3% from the average strain measured. ‘To
achieve this level of uniformity in the compression tests the specimens
were milled flat to a tolerance of one one-thousandfh of an inch, and
then hand polished against very finé emgry c]oth.which was Q]ued to a

milled surface. Plattens of the testing machine were similarly prepared.

‘
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The strain gauges used in the materials tests were identical
to those used in the joist testé. The section properties and stress-
strain relationships thus measured were used to reduce joist test déta
to axial forces and bending moments. It is to be noted that this pro-
cedure gives a direct measure of the axial stiffness of a cross-section
(AE), but only an approximation of the value of the bending stiffness

(E1). The results of these materials tests are given in Chapter 4.



26.



Fig. 2.2 Typical Y-type Joint
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M= -0.0808 wl’ M=-0.0843 wl’

point loads = lv,_[

| .
M=-0.069 wl

Fig. 2.7 Comparison of Two Point and Uniform Loading
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CHAPTER III
THE ANALYTICAL STUDY

3.1 Elastic Frame Analysis

Each joist in the p110t test series was analysed as an e1ast1c
frame‘us1ng the direct stiffness matrix procedure. The computed def]ec—
tions and member stress resu]tants were compared with those obtained

experimentally to determine whether such an.analysis could be used to

predict-joist behavior under design load conditions. In addition, using .

the geometry of the X-type jaists. the joist eccentricity was varied to
demonstrate quantit&tive]y the effects of increasing the joint eccentri-
city. o

‘ The analyses were performed on the IBM 360/67 digiﬁa] computer

4n the Computer Services Department, The University of Alberta, using a

modified "Planar Frame -and Truss Program" obtained from "Computer Methods

of Structural Analysis" (11). The quifications included changing alt
length units to inches for convenience énd per%orming all numerical
calculations in double precision.qiyith these modifications if was
possible to obtain an excellent stafics éheék at each joint.

3.2 Analysis of Test Joists
The length of each member of the joist used in the analysis
was ObtaiﬁedAfrom the measured centerline geometriés. Both published

and measured values of member sectional properties were used. —

35.
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. 3.2.1 Modelling of Joints
In X-type joists all joints were manually arc welded. The

joint was made by a fillet weld all around the web member. This resul ted
in a very stiff web to chord joint. thus these joints were considered
fixed in the analysis. In the manufacturing process- the ends of the web
tubes were flattened, resu]ting in an increase in the moment of inertia |
in the plane of the joist ét the ends of the web members. . Although this.
increase in moment of inertia waquuite large, approxfmaté]y 63% at the
‘face of the chord, it occurs over a very short distance. Ina trial
éna]yéis this variation in the moment of inertia was modelled by repre-
senting the web member,as,three separatéﬂﬁembers Qith appropriate mdnentg
of~1nértia.» Since iny an insignificant change in the resu]ts was
obserVed.fhis'variatjon in the moment of inertia near the joint was
ignored in. later analyses. | |

" In the Y-type joists“the web tubes were flattened in the
perpendicular p]ang; such that the moment of inertia of the web‘tube at
,the joint was greatly reduced. This in effect provideq'a hinge with
little resistance to bending. However for analysis these joints were
modelled as being both pinned and fixed. As in'thé X-typg joists, the
short tabering section betwéen the surfacé of the.chordAand'the fully
round web member was ignored in the analysis. See Appendix B fér calcu-

lations in changes of moments of inertia.

3.2.2 .Modelling of Eccentricities
The length of chord shown as e, in Fig. 1.2 was input as a
separate-chord member, with the two distinct intersections of web and

chord axis input as two joints with independent rotations. Thus a top
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y | |
chord eccentric joint in the test joist was analyzed as two separate
joints and- a connect%ng member. | The bottom chord joints were modelled
in a similar manher except that ﬂhe vertical web member necessitates the
use of 3 joints and two connecting members tobmode1 the actual joint.
By this procedure all eccentricities which were parallel to the axis of
the chords were accounted for in the analysis.

The eccentricity 1n the plane of the JO]St due to the change
in size of the top chord in the end panel in the X-type joists was
ignored in the analysis, see Fig. 3.T.".A discussion on the effect of
ignoring this eccentr{city in the analysis is given in Chapter 5.

The effect of extra stiffness in the eccentric chord member
'due to the finite width of the web members of the X-type joists or due
to the added material of the flattened portion of ‘the continuous web
tubes of thé Y-type joists was a]go ignored. The area and moment of
inertia of the eccentric chord member was taken as that of .ne adjoining
chords. Thus the stiffness of the joint was under estimated.

Another method of que]ling the effect of eccentric joﬁnts fn
trusses is described in “Ho]low Structural Sectfons - Design Manual for
Connections" (9). By this method eccentricities are modelled as moments, .
applied to a joint that is assumed cpnéentric. This technique was not

~used in this study but the difference between the two is described in

’Chapter 5.

3.2.3 Modelling of Loa&g
A1l test specimens were analysed for the actua] 1oad1ng method
by which they were tested. As the program accepts point loads on contin-

uous members, the mode111ng of the two point loading system was stra1ght



forward. For panel point loading, the input load at eccentric top chord
panel points was equally applied to thextwo joints used to model the
actual joint. In the éctua]rtesting the load was applied through a 1
inch wide bar to theACentre poinf of the eccentric member €,. In thié
manner the load input was simplified, and any errors caused would be

insignificant in relatijon to assumptions made in mode11ing the geometry

of the joint.

3.3 Parameter Studies

A parameter study was carried out to determine the analytical

effects of varying joint eccentricities. The joist analysed was modelled

after X- type joists with the same span to depth ratio. The chord'sections

used were-a “B" hat sect1on for the bottom chord and a "C" section for

the top chord which corresponded to the chord section for joists AX03

and AX04. With these joists the joint eccentricity near the ends of the

joist.are approx1mate1y 1.1 times the eccentr1city of joints near the

- midspan ref]ect1ng the differences in s1zes of web tubes. This ratio of

-

eccentr1c1t1es was a1so used in the analytical study when the size of

the joist eccentricities were varied.

38.
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Fig. 3.1 Chord Discontinuity in AX Joists
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o " ‘ CHAPTER 1V
PRESENTATION OF RESULTS

| 4,1 Joist Geometry

The measured lTength and material properties for each member of

- the X-type joisfs are tabulated in Tables 4.1 to 4.6. To facilitate
tabufation use was made of the fact'that the test joi§f< weré essen-
tially symmetrical about the midspan. This permitted usingvthe same
member designation for each half and 11st1ng measured lengths under
"north" and "south" halves. The member designation consisted of a
sequence number plus a letter indicating member type for primary members
and a lower case letter for members representing effects of joint eccen-

tricity as shown in Fig. 4.1.

The measured propertles of Y-type joists are given in F1g 4.2 

and Tab}es 4.5 ‘and 4.6. However, s1nce the joint eccentr1c1t1es for
these joists were very small and the panel points along the chords
occurred at regular spacing, the individual member lengths are not
tabulated.

C-
4.2 Lload- Def]ectwon Plots

The measured 1oad-def1ectfoﬁ response as indicated by the
applied paQel point 1oad1ng-m1dspan deflection of the bottom chord
~relation for the test joists are shown in Figs. 4 3 to 4 8 Also 3P wn
are the corresponding predicted load-deflection curves obtained by

considéfing'the joist to act as a pin-jointed truss, an elastic frame,

and as a prismatic beam with modified stiffness. This i.tter method of

40.
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prediction corresponds to the method recommended in‘the CSA Standard
which considers the joist as a simply supported beam having a moment of

inertia based on the chord areas and then increasing the calculated

midspan deflection by 10% to aéc0unt for axial deformations in the'ﬂeb
|

members. -

For the Y-type joists, the computed deflections considering
the joist as a pin-jointed truss and as an elastic frame gave virtually
the same results; hence only the .results from the frame analysis are
plotted. . . \ : : ",

It must be noted that the indicated applied load in Fig. 4.3
to 4.8 corresponds to the actual applied jack loads and does not include
the weight of the loading yoke and jack which was 152 pounds per panel
point. | |

| During testing several loading and unloading sequences were
included. In many instances these portions of the load-deflection curve
were either very close to the initial cufve or to eaéh.other and so have
been omitted from the plotting for sake of clarity. |
4.3 Axial Forces and Bending Moments -

Franbthe recorded<s£ra1n readings and the measured matéria]
properties at given sections the axjal force and bendiné momerit at those
sections were detérmined., The values‘of'these qﬁantities at design load
are tabulated in Tables 4.5 to 4.9.

For points on the chord hat sections the computat ¢ are »
based on Ehe readings from three gauges and for points on flats and
tubes on two gauges. In certain caSeS one gauge at a section would

become defective during the test which prevented reducing the data for
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s
that point. In such cases the entry un&er the measured axial force or
bending moment in Tables 4.5 to 4.9 is left blank.

The bending moments tabulated are for the gauge locations
which are six inches from the ends of the memberé. The bending moments
obtained from tﬁe elastic frame analysis at the ends of the members have
been modified to correspond to the moment at the gaugé location. For
. this reason the moments tabulated are not the maxiyum moments in the
member. 1 h(

Under each tabulated value of axial force and bending moment
obtained from measured strains in Table 4.5 to 4.9 is a value corrés-
ponding to the coefficient of variation expressed as a percentage.b In a
‘single test a large number of load and strain readings were taken
during the different loading and un]dading sequences. It was felt that
rather than use one set of strain readings taken at the design load, a
more reliable value would be obtained by.considering all readings in the
elastic range obtained during the test. . Since the test of each Joist
took several hours there was a drift in the gauge readings with time.

To compensate for this drift and to minimize the effects of random errors
in the applied loads it was decided to divide each load increment by the |
corresponding strain increment and then to extrapolate this slope linearly
so as to obtain a strain difference corresponding to a load dffference
equal to the design load. In this mannér, for each load increment, in the
range in which the load-deflection plot indicated that the joist. was
Eehaving lTinearly, a strain reading corquponding to thé application of
the désign load was obtained. The arithmetic means and standard devia—.

tions of the stress resultants based on these strains were computed.

4The mean value of the axial force or bending moment is tabulated above
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the coefficient of variation which is the standard deviation divided by
the mean, then multiplied by 100..

Under each tabulated value of axial force and bending moment
obtained from elastic frame analysis is a decimal fraction which corres-
ponds to the ratio of\the mean of the measured quantity to the predicted
quantity.

It will be noted that measured valuek of the gxia] forces and
bending moments are not presentéd for joist AX04. Values for these
quantities computed from the recorded strains.have no consistent correla-
tion with calculated values. ‘Since the load-deflection plot for this
joist is in reasonable agreement with the calculated prediéted response
it would abpear that the recorded applied loads from the jacks are o
satisfactory. The problem seems to be with the recorded strains.

Strains were recorded using a digital volt meter that punched
the readings on a pape; tape. This piece of apparqtus was used fn other
laboratories for other purposes between tests. It is suspécted that the
settings on several of the channels were altered and not correctly reset
prior to the testing of tﬁis joist. ‘Since this apparatus was taken to
another‘1aboratory immediately following the test and before the discrep-
an€ies in the values on the paper tape were discovered, it was not

possible to determine the actual settings at the time of the test and so

make the corresponding corrections.

4.4 Failure Loads
Table 4.12 summarizeg the loading on the test joists at»failure
and the mode of failure. These failure loads are compared to the design

loads as given in Chapter 2 to obtain the load facfors provided by the



joists. This has been done by two methods. In line 6, the applied load
per panel po}nt at failure is divided by des?@n load per panel point.

In line 7, the maximum moment at failure computed from measufed loads

and geometry is divided by the ma*imum moment based on a upfform d - ~ign
load placed on the entire 22 foot span. Thus the. comparison in line 7

is based on '~ actual span of the j&ist as tested, and also the fact
that no increase in load was app]ie%’at the ends of the joists to account

IS

for the 3 foot end panels.

4.5 Material Properti%s

\ The section properties for each member are summarized in

\

‘

Tables 4.1 to 4.6.'§Y§fues for the cross-sectional area and moment of

v
inertia were obtained using the procedures described in Chapter 2. Values
of Young's modulus were obtained from the stress-strain plots for each

member type. These plots are presented in Fig. 4.10 to 4.23.



Geometrf- A XO01

Table 4.1 Geometry AXOl

Member Length in A in in' E ksi
nerth south
 a |l 200 ] 2.00 1.530 1.024 | 29,580
1T 35,03 | 34.0b " " " "
27 22.77 | 22.54 0.638 0.109 : M
b 2.17 2.13 . " X )
3T 23.17 23.31 " " " )
47 23.02 22.77 " b " "
c 1.96 1.98 " " " "
5T 22.88 23.23 " " " "
d 0.50 0.50 5 " " "
e 1.92 -~ - | 1.89 " " " )
1B Wh.75  f W73 " " .
f }Ah 136 5 L 5 3
1) (\]-’*7 | 1.49 " " " "
2B lml.e‘s 44.95 " 0 0 !
h 1.5 1.5k " L 2 )
1W 48.56 48.57 0.4531 0.009 29,500 m&sh/ﬁa"
s 2W 35.12 35..12 0.4418 0.016 _ 1 29.370° o3/&”rod
3IW 40.85 40.75 014448 Q.138 10,200 ony?
eAAl 41,30 41,42 0.3520 0,067 29 200 01.315"6
SW 35.12 35.12 0.4418 0.016 29,370 | as 2w
6W b1.21 41.07 0.3570 0.067 29,200 @) as bw
AL 41 10 41 28 ) " " 0. bw
8W 35,12 3512 0.4y 0.016 29,370 | @ as v
4

45.



Geometry- AXO02

Tablq 42

Member Length in. A in' L1 int » E ksi [Section
ngrth south . .
a 2.00 2.00 1.530 1.024 | 29,580 }Cc Lt
17 3416 34.16 : " " )
2T 22.35 22.24 0.638 0.109 A A
b 2.97 2.60 " o " 2
3T 22.,] 22.93 . " " )
47 22.85 _22.64 " " " "
c 2.59 2.60 " " " N
5T 22.53 22.81 " " "
d 1.00 1.00. " " 2l "
e 2.45 2.41 no " " -
1B 43.51 43.50 " " " "
f 1.93 1.86. . " d !
g 2.08 2.00 . " " )
2B 43.96 4. 08 " " " C ]
h 1.93 1.97 " " v -
29,500 |=mm
AW 48,30 48.30 0.4531 0.009 ' 1/2 54/68
2W 35.12 35.12 0.4418 _} 0.016 A - YTy
3w 40.37 ho.34 0. 4448 0.138 30,200 pl-660 4
4w 40,74 40,96 0.1520 0.067 29.200° 1.315 8
5W 35.12 35.12 0.4418 0.016 | 29,370 . ‘_,;_8,5__2_”_*
6W 40.81 40.74 0.3570 0.067 29,200 as bw
W ‘ qd‘yz I g " I O as w
8w 35.12° 3 0.4418 0. 016 29,370 9 as 2w
Table 4.2 Geometry AXOZ‘




Table 4.3 Geometry AXO3

Geometry- AXO03 Table 43
Member Length in. A i T E ksi |Section
north south » .
a 1.92 1.63 1.530 1.024 29,590 n, vy
_J’I—“'T' L I VT LY A SN SR )
2T 2264 22.57 '0.638 0.109 oo "U'"_c_
b 2.36 2.25 " AN IR S
3T | 22.96 23.13 " "‘ " .ﬁ _.__1'4__4
4T 23.23 22.77 X . i -
c 1.81 2.17 " " .
5T 22.97 23.14 " " " 3
d 0.90 0.96 0.530 0.098 29,620 B
e 1.93 1.7k : " " 3
1B THY! LLPET: B LI AN SR M
f 148 | 1.48 X 3 " ]
g 1.74 1.41 " " " — _;L_.
2B 44 .79 45,13 " " " 3
h 1.65 1.65 . 5 " o —_ “'—,-ﬁ
1W_ 48. L4 48.40 | 0.4531 0.009_ 28,000 | 1/2x54/68 |
2W 35. 0l 35.0b 0.4418 | .0.016____ 29,690 ___ ,j{ﬂ'}r}?ﬁ_
3IW 40.70 40.76 0.4450 0.138 30,200 -660"6 |
4w 41.03 TR -3336 0.064 __ 1 29.130
5W 35.04 35. 04 0.4418 0.016 29,690
(Q-vs/ by Wi 0.3336 0.064 29,130
7w 41.03 41.08 " " Lo
8w 35.04 | 35.04 0.4418 0.016 29,690 |
R -

47.
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Table.4-4

Geometry- AX04
Member Length in. A in? in* E ksi []Section
north south
a 2.00 2.00 1.530 1.024 29,5090 | CeE
1T 3410 34,10 " " ‘.. ' ‘..
2T 22.34 22.23 0.638 0.109 " Y A
b- 2.92 2.87 " " Y "
| 3T 22.72 22.84 " " " "
a7 23.03 22.55 " " " "
o 2.64 2.6k " " " "
5T 2232 22.70 " " " "
d 112 11k 0.530 0.098 29,620 B
e 2.20 2.20 " " " "
1B b4 .00 43.96 X " " "
1.73 1.75 " " " "
g 1.79 2.01 " ) " " .
: I B
2B by .32 43.99 " " " "
h 1.93 1.92 " " "
IW - Y 18.12 48.10 0.4531 0.009 28,000 _?/éSb/eg
2W 35.04 | 35.04 0.4418 0.016 29,690- 1D " ¢
3IW 50. 41 40.36 0.4450 0.138 30,200 OI 66" ¢
4w 40.82 40.88 0.3336 0.064 29,130 Ol.315"¢
sw  l3s.04 35.04 0.4418 0.016 29, 690 D as 2
6\V [‘4 -00 40.63 0.3336 0.064 29, 130 Oas ]
VI l L sh .3 | o K ) 1O:s w
8W 35.04 35.04 0.4418 0.016 | 29,690 Pas

Table 4.4 Geometry AX04




Geometry - AY 0]

Table 45

Member

Length in.

north

south

A in?

E ksi

Section

36" nominal

24" panel

30,090

#4

_panel |

end

typical

0.3750

0.002

ey

0.022

1"<1% %" 2

0.4193

0..1039

(:)FG”'33&

(:)as 3w

0.23

0.022

b e

0.4193

0.1039

(:)553\u

(:)as 3w

0.022

N7/

\

Table 4.5 Geometry AYOl

P




Geometry- AYO0Z

Table 46

Member Length in. A in? I in* E ksi Section
north south
a - 0.6439 0.0864 30,090 #h
1 .36” nominaﬁllht;;am N |A| - _‘“—h—“n—__- " "
17 panel —

2T 24" panel typical " " " ! "

b " " " "

_3T B [N} " 11 [

4T " [} ||' 1

C i " " "

ST , ) "n " L"l "

d 0.5400 0.0702 29,700 43

e t 1" " "

1B 1t t " n

f " " " [}

Ag _‘—- (X} o ”——.—l‘i n "

BB (3 & n 1" n

h " "n L e

1IW -0.3750. 0.002 29,100 ' Vet
2W 0.23 0.022 * """z
IW 0.4193 0.1039 * O thx13a,
4W L " " 5 Q4 3w
5W 0.23 0.022 2 x5 £
6W 0.3043 0.0521 » O ual

IW " " * O s
8W 0.23 0.022 * "t /o 2

Table 4.6 Geometry AYOZ




Axial Force - kips  |Bending Moment - in.kips
'§<5 gauge |gauge | ave. [frame |gauge @nalysis|gauge |analysis
sz| locijloc | analysig loc. i [at "i |“loc. j| at ]
1T -6.88 | -6.88 | -7.66 o 12.26 | +7.95 +3.07
0.8% 0.90 . 2.6% 2.56
2T -7.23 | -7.62 | -7.46 -7.71 -0.37 -0.15 | -1.05 -0.438
i 0.7% 0.97 | 30.0% 2.47 | 34.1% | 2.19
-14 .43 -14.40 | -14.1 -1h.66 | +2.12 +2.27 +l.3'l +1.18 .
3T 2.6% 0.7% - 0.98 17.9% ° 0.93 9.0% 1.11
aT <14.30 | 14,73 | -14.55 | -14.68 | +0.06 +0.31 -0.2% +0.16
1.6% 1.2% 0.99 165.1% 0.19 | 29.8% -1.38
']6.85 ’ ‘]6.8] _]6 83 16
. -16.96 § +1.48 +1.4%0 +0.65 +0.75
5T | 2.1% 2.4y 0.99 3.5% 1.06 | 3.0% 0.87
+11.66 +11.66 +11.75 | +3.94 +4.14 -2.46 -2.49
1B 1.7% 4.8% +IT.66 0.99 13.8% 0.95 6.5% 0.99
+16.42 +16.32 | +16.38 +16.35 | +1.32 +1.68 -0.48 -0.26
2B| .9 h.2g , 1.00 6.4% 0.79 16.0% 1.85
+11.03 1 412,62 | 41124 w1.08 | -o52 | -0.28 | +0.5 +0.40
TW| 2.8 18.7% 1.01 3.9% 1.86 3.7% 1.28
-1.48 | 179 | <166 | _p.08 | c0.23 | -0.26 | v0.73 | s0.88
2W/| 15.9% 11.8% 0.80 | 31.7% | 0.88 | 20.5% .0.87
-7.00 -7.25 -7.20 -7.33 -3.99 -3.67 +6.19 +6.28
3W]| ey 1 5% 0.98 | b.bk3 | 71.09 2.2% 0.99
- +4.95 .09 + +5.37 —1.58 I -1.59 +1.45 +1.44
aw/! 7.5 513 5'95 0.9k | 11.23 | 099 | nlex 1.01
162 ces | e -1.77 | -0.06 -0.09 | +0.34 +0.32
5W 2.2% 2.3% > 0.93 15.9% 0.67. 8.3% 1.06
-3.17 " _3.09 | -0.63: | -0.66 o
6W | 1.u% 3-17 1.03 12.63 0:95
' +0.89 41,05 441 o +1.13 | -0.69 -0.54 | +0.29 +0.08
ZW]| 20,58 | 3.7% '_3 0.9 5.2% 1.28 8.52% 3.63
. -1.69 160 | <181 oo | 0.00 ’
1. . )
8W| us.1% A69 0.93 1.00

Table 4.7 Comparison of Analytical and Experimen'tal Stress -Resultants - AXO1~
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Axial Force - kips Bending Moment - in.kips
g<5 gauge |gauge | ave. (frame lgauge @nalysis|gauge [analysis
sz | loci| lac. | analysig loc. i [at i loc. j| at

-6.87 | -6.34 -6.71 -7.59 +12.21 | +12.16 | +6.98 | +4.88
1T 4 1y 9.4% 0.88 2.5% 1.00 4.0% 1.43 .

-6.58 | -6.40 -6.45 | -7.66 | -0.89 -1ish | o-1.6
2T | w3z | 1.8 0.8l 9.8% 16.5% | 0.96

S 13047 | =130 -13.27 | -14.67 +3.16 +2.97 +1.27 +1.33 .
3T 1.7% 1.4y 0.90 ° 7.5% 1.06 8.5% 0.95

-13.69 | -13.36 -13.81 | -14.69 -0.33 +0.11 -0.48 +0.01
4T 2.8% RE 0.94 33.8% -3.00 | 17.5% 48.0

-16.10 | -16.00 | -16.04 | -16.97 | +1.71 +1.66 +0.59 | +0.74
5T | 2.0% 1.3% 0.95 5.4% 1.03 3.0% 0.80

+12.06 | +11.97 | +12.03 | +11.76 | +5.90 +5.98 -4.10 | -3.49
1Bl 172 | 3.3 1.02 5.7% 0.99 | to.6x | 1.17

+16.51 | +16.34 | +16.43 | +16.35° | +1.94 +2.22 -0.91 -0.40
2B| 1.8 2.1% 1.00 8.6% 0.87 21.6% 2.28

+8.68 | +8.69 +3.68 | +11.02 | -0.51 -0.36 +1.02 | .*0.6h
TW| 0.9 15.5% | 0.79 7.7% 1.42 12.7 1.59

| -2.27 -2.27 | -2.08 -0.46 .| -p.u4 ' ,
2W/| 23.83 1.09 8.03 1.05

~6.50 | -7.00 -6.62 | -7.43° | -5.14 -5.24 +8.86 | 9.07

3w 9.7% 30.8% 0.89 3.9% . 0.98 11.0% 0.98
! +5.26 +5.26 +5.26 +5.50 -2.16 -2.16 1.68 +1.92
A4W| 258 | 3.7% ‘ 0.96 2.8% 100 | gng | olgg

-2.06 | -1t -1.84 | -1.83 -0.11 -0.11 0.51 | +0.u4

S5W| 0.9z | 672 1.00 19.3% 100 |95 1.16
| -3.04 “<3.04 | -3.09 -1.05 -0.93
6W | 2.3 0.98 4.6% 1.13

+1.05 | +1.07 +1.06 | +1.19 -0.78 | .-0.69 +0.1 +0.11
TW| 6.9% | 6.0% 0.89 10.52 | 1.13 9,5,24796 1.55

-1.52 | -1.70 -1.63 | -1.86 0.00 0.00 . +0.01
8W]| 6.6 4.6% 0.88 1.00 ,8122 4,00

[y

Table 4.8 Comparison of

Analytical and Experimental Stress Resultants - AX02
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ding Moment - in kips

Axial Force - kips Ben
g .| gauge |gauge | ave. [frame |9auge analysis|gauge analysis
Sl loc.i | loc. j analysig loc. i [at i~ | loc. j|at’j
=z Samps _
1T -6.65 -7.40 -7.09 | -7.66 +11.00 | +11.60 | +0.68 | +2.45
R 7 T LS P SRR 2.0% 0.95 | 2.7% | 0.28
| -7.37 -6.95 -7.33 -7.72 -0.98 -0.75 ~1.14 -0.75
2T | .2 16.0% 0.95 7.1 | 1.31 | 2363 | 1.52
-13.87 -14.19 -1h.12 | -14.73 +1.60 +1.36 +0.J75 +0.58
3T | 6.0% 1.5% 0.96 15.3% 1.18 5.8% 1.29
aT a4.ke | -14.30 | -14.38 | <1476 | -0.24 -0.29 | -0.¢8 | -0.19
vhopovex p sk o), 99T | 3003 | 0.83 | 1553 | 3.58 .
-16.75 | -16.77 | -16.76 | -17.02° | +1.09 +0.87 | +0.20 |+0.15
5T | 2.52 1.5% 0.98 6.1% 1.25 35.4% [ 1.33
e B I AR SR S it N AL S
B +12.17 +11.83 +11.97 [ +11.83 +4.03 +4.66 -2.99 -2.70
1 1.4% 1.0% 1.01 8.5%, 0.86 7.9% 1.1
+16.73 | +16.63 | +16.68 | +16.43 | +0.86 +1.72 | -0.85 |-0.29
2B| 1.3 1.0% 1.02 4.3% 0.50 10.23 | 2.93
+10.84 | +10.56 | +10.81 { +11.07 | -0.54 -0.33 | +0.39 |+0.58
TW| 1 9.6%. 0.98 1655 | 1.6b | 22.7% | 0.67
2W
-6.70 -6.57 -6.64 -7.36 -4.57 -4.36 +6.81 +7.78
3WI 23033 | 21.03 0.90 6.5% 1.05 15.2% | 0.88
+4.60 +h.71 +4.63 | +5.39 -1.39 -1.58 | +1.43 | +1.54
AW\ 1.13 2.7% 0.86 5.3% 0.88 b1y | 0.93
5W -1.69 -1.73 -1 -1.81 -0.10 ~0.10 +0.35 +0.36
4.0% 3.93 .| o.94 15.8% 1.00 b .43 0.97
| -2.99 1 +3.18 -3.19 | -3.07 -0.89 —0.76 | +#1.23 | +1.48
| O6W | 2763 | u1.62 1.0k 9.0% 1.17 12.4 | 0.83
+1.11 +1.15 +1.14 +1.13 ~0.52 A-o.h3 +0.24 +0.04
T7W| 6.95 | 4.8} 1.01 433 | 1.21 | 16.5% | 6.00
-1.70 | -1.77 -1.72 | -1.82 +0.02 0.00 | +0.01 0.00
8W| 2.2 4.5% | o0.95 |- 12.8% : 36.5%

Table 4.9 Comparison of Analytical

53.

and Experimental Stress Resultants - AX03
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Axial Force - kips  |Bending Moment - in.kips
€ lgauge |gauge | ave. frame lgauge pnalysis|gauge [analysis
§§ loc.i | loc. j analysiq loc. i [at i loc. j| at j

=6.69 | -6.58 | -6.63 | -6.61 | +1.78 |+1.50 |+0.33 +0.64
1T | 2.2 1.8% 1.00 11.2% | 1.19 [33.0% 0.52

| 6065 | -6.43 | 6.62 [-6.63 | +0.53 [+0.27 -0.45 +0.60
2T_ 4.9¢% 26.7% 1.00 26.8% 1.96  }57.3% -0.75

_.] R .

,336;6 -13.16| ~13.21) +1.17.|+0.65
3T : 1.00 5.68 | 1.80 ' ,

-13.21 ‘ +0.01 +0

2.8% | ~13-35| -13.29| -13.22] +0.47 |+0.66 i .64
4T : 2.3% l.01 10.8¢% 1.34 0.02
—iségs _%5623' -15.65| -15.41) +0.89 |+0.66 |+1.58 | i0.7s
5T . L. 1.02 | 17.5% | 1.34 | 5.1% 2.11
v +i0éz3 +i0§28 +10.96 | +10.48 ~0.58 [-0.19 -0.31 +0.10
1B} 1. ' 1.05 | 12.2¢ | 3,05 [13.4% | -3010 |
+i5é§4 +%5§§4 +15.81 ] +14.87) -0.18 |-0.10 |+0.20 +0.15
2B : ' 1.06 | 11.3% | 1.80 14.63 1.33
+8.19

: +8.19 | +9.73 | -0.00 |-0.03
TW| 1.3q J 0.84

~1.60

-1.60 | -1.66
2w/ 11.7¢ P
aw| 150 |1 [eoz [cers Jrous Loas Louas [ oo
' - 1.19 |15.1% | 1.69 7.8% 0.96
+5.67 - ' '
3 ~ |+5.67 |+4.81 [+0.29 Lo.33
AW[ 1.4 o 3 1.18 [20.2¢ [o0.88
-1.70 [ -1.32 :
~1.67 -1.57
5W/I| 7.2% 76.6% 1.06 ‘ ;
-3.11 |-3.06 T o
; -3.09 |-2.89 |+0.06 [+0.04 [-0.01 |-0.14
6W {49.13 84.3% 1.07 84.0% 1.50 0.07
% ‘

Ié.gg Ig.;g +1.13 |+0.96 [%0%06 [-0.19 |-0.05 +0.05
7W|19. : 1.18 }47.9% | 0.32 |61.9% |-1 00

-1.83 |-1.47

-1.76 |-1.57
8Wli4.15  |s6.0s% 1 1s

Table 4.10 Comparison of Analytical and Experimental Stress Resultants - AYO]
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Axial Force - kips Bending Moment - in. kips
E 5| gauge |gauge | ave. frame |gauge @nalysis/gauge [analysis|
Sz toc’i {loc. | analysig loc. i [at i loc. j| at j
6471 -0.32 | -6.39 | -6.62 [ +2.72 | +1.50 | +0.52 | +0.¢e4
17T 3.3 2.5% : 0.97 |~ 12.6% 1.81 | 35.8% 0.81
"6.26 1 -6.30 | -6.28 |-6.64 [-1.16 |+0.27 | -0.46 | 10.60
2T | 3.6s 2.9% 0.95 J11.9% |-4.30 | 10.2% | -0.77
-12.84 1 -12.771-12.82 [ -13.23] +0.68 | +0.65 | +0.52 | +0.79
3T | 1.5% 5.2% 0.97 4.0% | 1.05 | 59, 5% 0.66
=12.93 1 -12.86 | -12.88 | -13.24 | +0.06 | +0.66 | +0.25 | +0.64
4T | 2.9% 1.3% 0.97 | 85.5% 0.09 | 14.4% 0.39
~14.914-15.14 ] -15.00 | -15.43 | +0.08 | +0.66 ' | +0.83 | +0.75
5T | 2.0% 2.7% | 0.97 | 51.8% 0.12 | 10.4% 1.11
&* . .
. +10.47 £ +10.47 1 +10.49 | -0.29 [ -0.19 | -0.06 | 40.10
1B 2.0% 1.00 | 29.6% 1.53 [ 67.0% | -0.60
v +14.78 '+14.75 1 414.76 ['+14.88 | ~0.32 | -0.10 | -0.05 | +0.15
2B 2.8% 3.3% 0:99 | 26.4% 3.20 | 78.3% | -0.33
+7.90 [+7.95 | +7.92 |+9.79 | -0.38 : ] +0.16 | -0.01
TW]| 3.0% 4.2% 0.81 | 13.8% o 28.8% | -16.0
-1.88 | -1.19 [-1.26 |-1.68
2W| 55.5% 7.0% 0.75
=7.47 1-7.56 | -7.51 |-=6.74 §+0.29 {-0.26 | -0.41 | -0 50
3W] 2.5q 2.6% 1.11 f 16.0% | -1.12 | 13.7% 0.82
F +5.53 | +5.37 | 45.46 |[4.82 +0.19 | -0.33. | -0.09
AW/ 3.5% 4,2% 1.13 J17.2% |-0.58 | 27.0%
{1-1.66 | -1.75 |-1.71 | -1.58
5W] 8.6 7.2% |- 1.08
-4.01 | -3.77 |-3.90 |-2.89 }o.o00 +0.04 | -0.20 |-0.14
6W/| 4.8% 5.1% .| 1.35 - : 29.2% 1.43
t1.22 [ +1.24 |+41.23 | +0.95 [+0.07 |-0.19 | +0.02 | +0.05
W] 1119 9.8% 1.29 [ 22.8% |-0.36 | 150.0% | 0.40
o ]-1.55 | -1.43 [-1.49 | -1.s58
8W| 4.5% | 4.53% 0.94

Table 4.11 -Comparison of Analytical and Zxperimental Stress Resultants - AY02
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CHAPTER V -
DISCUSSION OF RESULTS

5.1 Comparison of Measured and Predicted Values® - Bt

'

The -elastic analyses of the tes‘Jj:' ts descr1bed in Chapter 3

";ljd moments. In the joist
”ﬁ?‘he forces in one half of
the joist were measured. The results of both’are presented in Chapter 4

and are discussed below. & e

o
5.1.1 Deflections : o o

The load deflection plots of the test joists are g1yen in
Figs. 4.3 to‘4,8. From these nlofs. the planar frame enalysis is seen
to give the besE agreement with measured_&a]ues,a]iﬁbugh. in a]l cases,
the frame analysis is st1ffer than the actual joist response, It 1s
lmESFEEh{\ie note, however, that  the pred1ct1ons of st1ffness by the
frame ana1y51s are as accurate for the Jo1sts with eccentr1c1t1es (XQ
. type jpists) as for Jofsts without significant eccentricities (Y-type
-,JOlStS) ‘ Thus the difference between observed and pred1cted ‘behavior is
due to factors igr~red by this ana1y51s such as res1dua1 $tresses due to
we1d1ng._sheer stres es Tn individual mefibers, L21t1a] eut -of-straightness  ~_
of members, and joist camber rather than the'inability.to model }he
e]ast1c behav1or of the JO1StS with eccentr1c1t1es. 1 |

From Figs. 4.3 to 4. 8 it seems reasonab]e to conc]ude ‘that 1;
_the‘ectual Jo1st‘geometry. member properties and. 1oad1ng arg known, {he_
stiffness of a joist w1th pos1t1ve joint eccentricities can be calculated
by an elastic ana]ysis by mode111ng the eccentricﬁt1es as dist1nct frame ¥

N

<



members For the joists tested in this study, shear deformations were

. "nl‘""g’
f’ndred without significant loss of accuracy. LRSS

v@é The pred1cted joist deflections usmg the mod1f1ed}beam stiff-

A

82.

ness procedure as outlined in the CSA Standards were in aT] -cases signifi-

c9nt1y Tower than.those observed. This difference can be attributed to

two majn causes.

" The first is the. allowance of ten percent to account for ax¥al
deformations in the web members. An e]ast1o frame analysis with pin-
ended web members was run on a Y-EXpe joist for which the axial stiffness
values for web members was.made‘very large, tHe‘chord#stf?%nesses remained
unchanged. The midspan deflection was found to decrease by twenty
percent compared to the déf]ection computed using actual member stiff-
nesses} This would indicate that the midspan deflection in the test
J .ists due to axial deformations in the web members‘is twice that aSsumeg

Q;@he ~recommendat1'ons in the CSA':Standard;. |

‘ : "J. B ':," . R .
"“The second cause is the reduction of the-moment ®f jnertia in

- —’4

thd end.panels due to the term1nat1ng of the bottom chorg at the first
vert1ca1 web member. Due to the geometry chosen for thesé p11ot joists

the end panels are 27 percent of the JO1St span resulting-in an over—}
- :

' est1mat10n of the flexural st1ffne5591f the equivalent beam is assumed
£,

pr1sma?ﬁc o ‘ ~ \

It 1s read11y sgen thasg, for Joists w1th greater span to depth
ratios, corresponding to #hose used in pract1ce. the e?fedis of increased
deflect1on due to the above two causes wou]d be reduced considerably and
a better agreement between obderved and pred1cted va?@bs u51ng the -
procedure outlined in the CSA Standards wou]d'be ach1eved ﬂhis was

found to be so in the ‘tests reported by dﬁmart and. Lenzen (1) and Kennedy

St "’.

- -
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’ v

v
°

4 and‘Rowan (2) in which the test joists -had span to depth ratios repre-

"_.
sentdtive of those used in practice. The agreement between observed and

bnedicted deflections using this method was good. .
Fig. 5.1 shows the variation of joist deflections with 1ncreasf
ing joint eccentricites as predicted by the elastic analysis. Although
the eccentricites do increase the deflections, this increase is not
significant until the eccentricities are we]t-above tgF levels that

would be expected in pract1ce Since the JO1StS in this study were

designed to accentuate great]y the effects of eccent§§c1tes, it could be

. expected that for JO1StS with normal span- ~-to- depthiﬁ‘t1os. eccentr1c1tes

would haVe Tittle effect upon deflections in the eggst1c range.

. .o--a:.; :
7 While the effect of Jo1nt:ec€entr1c1t1es,on the total Joist
e _ ‘

:N,.. T
... s ’ : "“: ' .
defJeﬁi%on is small, it appears that there is some Jncrease due to the’
R T
inftAngng. of ylelﬂ.at lower load levels. This is 1nd1cated in the Joad

”ffbts%wﬁbere1n the d1fference in- agreemant of gredxcted J01st

,def]ect1on with actual def]ect1on is seen to depend/ﬁpon whether the

' comparison 1s made w1th-the‘1n1t1a1 tangent curve or one of the unload-

4% ne load deformation curve. In joists with negligible

ecceQIricitﬁes this difference 'was small.

§ 1.2 Axial Forces and Bendmg Moments N
A2
‘”_'* Tab]es 4.7 to 4.11 show the comparison: of measured and calcu~

3

~ “ Tated stress resu]tants. For all Jo1sts the agreenent between Calcd)ated.

rd

,.\and observed axia] forces is good. * As cou]d be expected those members

] e -

carry1ng 1arger axial forces tended to have sma%]er coeff1c1ents of

varlation in the read1ngs. and a]db show better agreement Mﬂth ca]cu]ated

. t-c N CL L. ps
values. - - s S T

Py

~
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//'
7 ‘
A measure of the réliabi1ity of the strain readings is the

agreement in the value of axial force obtained from the two sets of
gauges 1ocated'at opposite ends on any one member. If the two sets of

'gauges do not/indicate the same force, then one set, or both.‘have a

faulty gauge. For most members, the agreement of the two gauge loca-

tions. is good
.

. Q,'T.‘-‘:i'":, ) ) l
The agreement of observed bam moménts with those predicted . ,
¢ £ '

by aﬁa]ysis is not as good as the agreemeﬁt between axial forces.

Neverthe]ess, for Jo1sts with significant joint eccentricfties such as

'AX01. AX02 and AX03, the agreement can be cons1dered acceptab1e This o

S s
P

can be seen from Fig. 4.9 in which the measured bendtng moment va1ues
for go1st AX0Y are plotted on the bending moment d1agram obta1ned frq%%' ;

the elastic frame -analysis. %k“{

. - Y
.

ﬁﬁ? . One notab]e exception in Fig. 4.9 is the shape of the measured

._moment d1agram in the end panel (Member 17). This'deviatioanran the

Vpred1cted moment d1agram can be exp]alned by the d1scont1nu1ty as member-

. F \

1T changed in size as shown in Fig. 3.1. This had the effect of 1ntro— L
duc1ng angounter c]ockw1se moment at the p01nt of d1scont1nu1ty wh1ch
affected the stra1n gauge read1ngs, but was | not mode]]ed 1n the.aha1ys1s

THe percentage agreement between calcu]ated and N

‘{moments in the AY joists are- notcnearly $O(g d as in thefA TN
.s1nce these moments are of smal]er magn1tude these d1fferences are not
s1gn1f1cant o

%It may be conc]uded that g1ven the Jo1st geometry 1nc1ud1ng
Joint eccentr1c1t1es and 1oad1ng. the resu1t1ng axial forces and bend1ng

moments can be calculated by a frame ana1ysws



5.2 Fa11ure Modes and Ultimate Sirength

The failure loads and the load factors pr0v1ded by the test -
joists are summarized in Table 4.12. The load factors are based both
on panel point forces at failure and mid span moments at failure, with
‘the latter account1ng for the actual spans of the ﬂast specimens.

Table 4 12 also summarizes the faf%ure ;odes Fdi the goists
tested three distinct modes of failure were observed. These fat]ure
"'modes were 1nf1uenced by the Jo1nt eccentricity, the type of 10ad1ng and
the manufacturing details. e

Joists AY¥Q1 and AY0Z were essent1a11y 1dent1ca1 except for the
'method of 1oad1ng Joist AYOT- was Toaded on the top chord by a *two
po1nt 1oad1ng system to s1mu1ate a umforr% d1str1buted 1qading of .the
B top chorﬁé_ Jo1st AY02 was 1oaded”at the pand1 points on]y Both joists

. failed by buck11ng g of the top ehgyd in the pane] adjacent to midspan, -

; membeh 5T. » »
) i he 1oad at fa11ure forfjo1st AY02 was 2830 1bs/Jack and for
JO1St AXD] was 2620 1bs/3ack _ This d1fference of 7 4% can be due on]y
to the method of Toading s1nce al] otheh}fJEtors were as 1dent1ca1 as:’ T
¢~poss1b1e There was a]so a noticeable d1fference in the shape of the
top ehord during the later stages of 1oad1ng Th1s is aga1n attr1buted
to the methqd of load1ng o .
Before 1oad1ng, in both go1sts, the top jbord was deﬁ%eoted
downward between pane1 p01nts due to we1d1ngrstresses in fabr1cat1on,
vbut the magn1tud% of!these 1n1t1a1 d1sp1acements was very small (about
.02 to 03") w1th the top chord. appear1ng a]most stra1ght to the - naked
. eye "As JO]St AY02 was 1oaded, the top chord assumed a s1ng1e curvature,
ptdfjle. .Thus, desp1te.the fact that the we1d1ng stresses tended to put

——— Al .
. . a
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each panel into double curvature, under.axia! i 'ce the top chord changed
from its initial profile and buckled in singic .urvature. This is not

in accordance with observations made by.Rowan and Kennedy. They con-
cluded that if all welds were on the same side of the neutral axis of

the top chord, this being the case here with all we?ds being at the same
level on nt inderside of the chord, then the top.chOrﬂ would buckle

in double curvature. There are twg possible reasons for.this difference
in failure configuration of the top chord. First]y,rdue to the nature

of the\joint, the welding stresses in joist AY0Z were very sméll, and

the resulting deformations were too small to affect the buckling of the
chord. Se ¢ dly, the joists tested by Rowan and Kennedy had a much
larger span to depth ratio and so would have had much 1érger aéf1ectioné
for the same loading. Since compatabi]ity moments are proportional to
deflection, and since they also tend to deflect the top chord downward
between panel points thereby enhancing the effect of the we]dind stresses,
the combined effects would increase the chances of having the chord -
buckle in double curvature;

The top chord of AYOl wés forced by the 16ading arrangément to
take the shape shown in Fig. 5.4.. Thus, while the two point load system’
imposed bending -moments on the top chord which reduced the ultimate
capacity of the joist, this was partially offr"g by the change in buckling
shape of the critical member. |

- e . :
< Joists AXO1, AX02 failed by.buckling of the top chord member
3T. Th}s is nd& the critical top chord member in terms of axial 'load.
The effect of the joint eccentricities was to produce bending moments

in the top chord which are a function of the shear force carried by the

web members framing into the eccentric joint adjacent to tp€ chord member
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in question. For the geometry of both joists, the combination of moment
and axial load in memberT3T was more cr}ticél than that in 5T.

It is unlikely that moments-caused by eccentricities could in
Jfact éhift the critical top chord member toward the reaction jn joists
of more normal §pan to depth ratio. This can be demonstrated py consider-
ing specific .mits for actual jqjsts. The shortest span Tisted in thg
manufacturers catalogue for a joist having the same depth and chord size
as used in the fest joists ig 38 feet. The allowable load for such a
joist is 282 1b./ftl Treating the test joist as a simple beam the joint
which caused failure had a shear force of 5.06 kips and a moment of 515
in.-kips at the design-load of 843 1b./ft. For a span of 38 feet with a
design load is 282 1b./ft., the shear foFce at the location where the
momént is 515 in.-kips is 3.24 kips; or conversely the moment at the
1ocqtioﬁ where the shear is 5.06 kiéé is only 37 in.-kips. Thus the
combination of high shear force and ]argg éccentric moment which occprred
in member 3T is very much restricted'fg/the particular geometr of the
test joists.

' McDonald (3) and Lenzen (4) came to a similar conclusion by
loading a jbist with two point loads. The chord members inside the load
points carried the highesf axial forces, but the web members carried no
shear forces. '?ai]ure occurred just outside the load poin®, where both
moment and shear were high. Altho .h some joint eccentricizy existed in
this region, the authars concluded that their loading case was extreme,

nd that eccentricities would not affect buckling of the top chord under
iform loading.
Joists AXO1 and AXOZ‘Were'both loaded on the top’Eﬁord to

approximate uniform top chord loading. * The joist geometries were ident-
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ical except that the joint eccentricities for joist AX02 were approxi-
mately 30% greater than for,AXOI. The difference in ultimate load
capacity is ‘therefore attrithed only to the effects of the different
joint eccentricites. This in&rease in joint eccentricity resu]ped in
only a 5% reduction in ultimate load capacity. .

Joist§ AXO3 and AX04 were of similar géohefry to AXOl and
AX02, respeétively. ..ept tr. * the bottom chord in Jjoists AXO03 and
AX04, instead of b . I to the top chord as was the case for
AXO1 and AX02, was . =+ section. In addition, joists AX03 and AX04
were loaded at thé panel points. These diffgrences combined to give a
different failure mode. Both AX03 and AXO4'faj1ed'by the férmqtion of a
piastic hinge mechanism at the end joint of the bottom chord. .

The failure diagram tprfthis joﬁst is shown * fig. 5.5. At
this point‘the tdtaT shear force in the joist, except “c . he small
pertion carri€d by the top chord which can be neglected, isiggrried by
the eccentnic member at the end of the bottom chord. At fai]ureﬁ'the
sum of all g;poments of the forces about point A must be equal to the
sum of the resisting moments in the members framihg into the'joint.
Based on determining the plastic moment capacity of ééch member neglect-
ing the axié]gforce in the member, the agreement between calculated
failure homent and the sum of ultimate resistance moments is good.

\.At_faiiure the end compression diagonal member 3W, in joists‘
AX03 and AX04 had-yielded over most of its length under axial load and
bending and after failure was completely distorted in lateral buckling.
For this reason ne material préperpies could be obtained for this member, 1{

and these members were assumed to be identical with member 3W in AX01

and AX02. In computing effects all changes in geometry of the jgjnt as

-

S
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yielding and rotation took place whe e ignored. At?failure, changes in
geometry could have been significant in computing member fdrce§.

As stated earlier joi§ts AX01 and AXO# were identical except
for thé method bf loading and the smaller bottom.chord. for joist AXO3.
. The same .relationship also appliés to joists AX02 and AX04. 'Since the
mode of failure of joists AX03 and AX04 was completely different sfrom

7 o
that of AXOl and AX02 it was not possible to tell whether this difference

was due to the method of loading or due to the reduced plastic moment-
resistance %f the bﬂttom chord to prevent_ formation of.a plastic hinge.
To answer this question an additiqna] joist AX05 which was not originally
env?sioned as part of.tﬁé pilot study was fabricated and testedi
‘ Joist AX05 was as close to the geometry of AXO1 as pdssib]e but
was loaded at the panel po}nts.i Thu§ the differences_i;)behavior of ‘
Joist AXO1 and AXO5 would be aftributab]e to tt  method of loading. Joist
AX05 failed in the same mode as joist AXOl, that is buckling of the top
chord in member 3T. Comparing applied loads at failure the ultimate load
capaéity of joist AX05 was 7.5% greater than for joist AXOl. It is
interesting to note that this is essentially identical to the increase iﬁ
load carrying capacity observed for the Y-type joisfs when loads were
applied at panel points only rather tnan along the tdb chord to simulate
| top chord loading and confirms the findings of Kennedy and Rowan (2).
A joint mechanism type failure would have occurred in joist

AYO1 at, the end of the top chord due te the 2 inch éccentricity of the
support. To avoid this, the reaction blocks were moved over to reduce

the eccentficity to a negligible amount as described in Sec; 2.2.1.

This type of failure mechanism gives a determinable upper bound on the

capacity of an eccentric.joint; the moment generated by ;Léoint cannot



exceed the sum of thevplast{c moment’ capacities of tﬁe members framing
" “nto that joint.

"There was on commor characteristic in ;1] the joint tests. At
no time was any distress observéd in thé joints ‘themselves, despite
the righ shear stresses on them. It is un]iée]y that in joints witﬁ_
typical span to depth raﬁjos that shear stresses as high as those 1mbosed
~.by the: ' i ts would exi;t. Thig can be i]]ﬁstraged by again looking at
.thé X-type 3-1-*s. Fig. 5.6’shows the maximum spe%r force‘obtained by
‘trea%ing the joist as é simple beam. Allowable loads and shear forces
were calculated as follows:

N

Let Pa be the aT]owab1e axial force in the top chord

, ‘
depth of joist-ft

d =
w = allowable load - kips/ff
<
L = span of joist-ft .
. . 2 » ’

Moment of span = !%—
- wL? . 8Pad
a 8 L7

L 4p_d
Max,/shear = w X 7T

rom Fig. 5.6 it can be seen that for the test joists chose,
the short span chosen caused much higher shear-stressés than would be
encountered in normal spans.
5.3 Design Methods -for Eccentricity 7
As mentioned in the literature syrvey in Chapter 1, a publica-
tion by the Stee](Company of Canada Ltd., "Hollow Structural Sections"”
Design Man.al for Connections” (9) includes é design method for stresses

caused by joint ecceMtricities. This method includes a simplified
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'

ana]ysis as follows.

The eccentric moment generated at a joint is equal to
(PCR - PCL) e where PCR and PCL are as defined in the Nomenclature.

This moment is distributed equally to the chord members on either side
of the joint if the flexurel stiffness of the chords on either side are
Within 50% of egch other, The stresses Cadsed by the combined axial
forces and eccentric moments are then designed for on the basis of
existing 1nteract1on formu]as of the CSA S$S16-1969 Clause 17.1.1 It is
also pointed out ‘that equal eccentricities at joints under equa] forces
would cause the chord to buckle 1n the plane of the truss, with a point
of cont;aflexure half-way between Jo1nts Thus when check1ng for stab1]—
City effects, the a]lowab]e compressive stress should be based on an
effect1ve length of one-half the’ panel 1ength. In the forme]ation of this
des1gn procedure, it has been assumed that no transverse 1qads are applied
to the member in question.

There are a number of reasons why this design procedure cannmq..
be used to account for the effects of joint eccentr1c1ty in open web stee] -
Joists. The design procedure d1str1butes a]] eccentric moment at a joint
into the chord members only. In the joists with s1gn1f1cant eccentricites
in this study the web members were fu]]y fixed to the chords and contr1—
buted to res1st1ng the eccentr1c moments in proportion to their re]at1ve
st1ffness

The assumption in the design procedure'that there are no
transverse loads applied to the chords“genera]]y means that the point of
contraflexure will be near the midspan of the pane] S1nce by definition,

the compress1on chord of a steel joist carried transverse loads the’

buckling shape obtained by assuming a point of contraflexure on eccen-
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tricities alone will not apply to the top chord of a joint.

A procedurelis given for the design of compression chords in/
CSA S16-1969, Section 20.9.3 when the panel spacing éxceeds 24 inches.
This procedure includes a provision for acconting for the interaction
between axie] forte and bending moment in the chord although it is
implied that the ‘moments result from the transverse loading of the chord.
To investigate the app]icapftity of these interaction formp1ae for chords
of 24 inch length when theAmoments are caused by both eccentricity and
transveree‘loading, the‘procedure was applied to the top chord members 3T
and 5T for the X-type joists. The yield stress USed was obtained from
the material tests. The results of these ana]ysee are given in Table 5.1.

Also giyen in Table 5.1 are the results for web member 3W.
Since the provisions of Section 26.9.3 app1y only to compression chord
members, the interaction formulae from Section 17.1 were used. |

The effective lengths used on the above calculations were as
suggested in Sectiop 20, that is 0.9 times the panei.spacing for chord
members and the"eieapxﬁength of the member between chords for tpe web
diagonal. Iﬂ(you]d appear from the values in Tab]é 5.1 that these inter-
action formu]ae are conservat1ve particularly for the web diagonal. Th1s_
wou]d indicate that before an interaction formulae can‘be used a more
rational means of determining the effective_legnth gf members in open

web steel joists is required.

b
e

The test joists were des1gned to magn1fyrthe effects of joint
eccentr1c1ty, and the low span-to- depth rat1o a]so magn1f1ed the effecgz ,
-of transverse Toading between panel points. whether or not CSA S16- 1969‘3\
design procedures wou]d give better results for more typical joists is

not read1]y apparent A more comp?ehens1ve stady is required to establish
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the effects of eccéntricities on the effective length of the joist

I8

members.

It is noted that the bending moments caused by transverse load-
ing are 1gnored in current code‘procedures when the panel 1ength-45 24
inches or less. It would not be rational to attempt to account for moments
caused by eccentricity in such Zases when ignoring the moments due to

other causes.
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£

JoisT ax01 ax02 ax03 ax04 MEMBER
oA 1.04 1.07 1.08 1.22. /
oeFy Fy . 1

37
Y 1.16 1.31 N.A, N.A
F:’l Fb =
f £ '
Sty ' Ee 1.16 1.19 0.96 1.05
_ : Sy
A, 5
Fa Fo 1.11° |-1.18 N.A. N.A,
f F
eyt R | LT 2.3 2.07 2.38

: 3w
f : ‘ : '
2y Cmxlo 1.80 2.18 2.08 2.34

: R | |
: TABLE 5.1
YIELD LEVELS AND CROSS SECTIONAL PROPERTIES
USED AS MEASURED FROM MATERIALS TESTS
K = 0.9 CHORD MEMBERS
KL = CLEAR- LENGTH BETWEEN CHORDS FOR WEB MEMBERS
Table 5.1 Interaction Equation Applied to-AX Joists
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Calculatéd ! Momen't

plastic moment [caus ed by
Joist capacity of axial forces

joint - in-Kips at failure
AXO03 31.97 30.4
AXO04 32.73

31. 97

Fig: 5.5 End Panel Mechanism for AX03 and AXO4

Cas
o
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CHAPTER VI

CONCLUSIONS
‘ )

6.1 Conclusions From the Pilot Study

Six open web steel joists were designed to emphasize the

effects of eccentricities. The joists were analyzed by an elastic first

~order frame analysis, and tested to failure. Measurements of axial

forces, bending ﬁoments, and deflections were taken and compared to the

values obtained from analysis. Based on the above wofk, the following

conclusions can be made:

1)

tl
A satisfactory elastic analysis of a joist with eccentric

joints can be obtained by considéring the joint eccentricities
as short frame members.

Joint eccentricities have a negligible effect on the axial
forces in a joist.

For the magnitude of joint eccentricities expected in practice

the elastic deflections of a joist are increased only negligibly.

"The effect of joint eccentricities is to produce bending moments

in the joist members. These moments do not affect the joint

capacity, but can affect the axial force capacity of members

[

framing into the eccentric joint.

In the test joists, the effect o€ joint eccentricities in
decreasing the joist capacity Qas not as great as che effect of
similating the digtribution of the panel point 1oadihg uniformly
along thg top chord.

At the ends of the joist, where the che-ds are discontinuous,
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the corresponding drop in rotational stiffness coupled with the
high shear, makes the joist very susceptible to eccentricites
at-these joints. The top "bearing" joint is mentioned
specifically in the present CSA Standards. This clause sho(ld

be expanded tu include specifically the bottom end joint as.well.

6.2 Further Research

The pilot study has isolated the major effect df‘eccentricities
as a source of bending moments in joist members. Thus future studies
are reqdired to evaluate the axial force capacity of members framing into
eccentric joints. This study should a]so include the effects of top chord
Toading, initial out- of-stra1;h;hess of members, and Jo1nt details, as
these factors have an 1Tportant effec{\en effectivs\lengths and buckling
strength of joist members. From a qualitative evaluation of the AX Qest
Joists, which greatly exceeded the present limits of eccentricity set
in the CSA standards, it appears possible~that these limits may be re]axed.

{

} Due to the restrictive geometry of ‘the test joists, however, further

“studies and test1ng are required to confirm this.
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APPENDIX A

The Toading grfd in the test bed of the structural laboratory
is 2 feet by 2 feet, coinciding with manufacturers' normal panel lengths.
Available hydraulic and Jacking equipment 1limited Toading points to 10.
Ihese considerations, along with planned 1nstrumentat1on and the des1re
to test an 1ntermed1ate span joist resulted in the geometry of test
specimens shown in Fig. 3.3. . |
Tab]e 3.1 shows the section properties for the lighter hat

sections for the X joists.{ The top chord is usually ‘one size larger

than bottom chord. Thus theé top chord chosen was C.

KL _ .09 x 24 ‘ "
== —‘_7ﬁﬁ?_— 51.18 < 90 (Sec. 20.9.2) '
\‘ M
F = 55 ksj ’
y
KL
Co < Ff-< CD

-n
1]

Thus 0.60 (55) - 0.175 (51.18 - 19) = 27.37 ksi (Sec. 16.2.2)

o .
1]

Fa'x A = 27.37 x 0.638 = 17.46 kips
where P is the aTTowable compress1ve force in the top chord.

The Jo1st chosen was a 36C, actual depth (out-to-out) is
36.016 inches, with the distahce between centroids of chords being
35.035 inches. This geometry was ana]yzed as a s1mp1e truss by a

st1ffness program As the .model is stat1ca1]y determ1nate proper



105.

value of member stiffness\were not required. The value of the panel point

Toad required to producé a compressive force of 17.46 kips in member
5T was calculated, %rom which the allowable unifq/;ﬂload of 0.843 k/ft.
for X-type joists was obtained.

Due to differences im the shape of the hat sections used as
chords, the equivalent Y joist had a slightly lower uniform load.

Top Chord is #4

: \,

KL _ 0.9 x 24 _ ,
% o386 - 59.02 < 90 (Sec. 20.9.2)

F =55 ksi.

y —_

c <Xbcc F =0.60 (55) < 0.75 (59.02 - 19)

0 r p a |

26.00 ksi (Sec. 16.2.2)

P = F, xA=26.00 x .6439 = 16.74 kips

' where'Pa is the allowable compressive force in the top chord. } A
The same method of caicu]ation as above gavé a value of

w = .800 k/ft., which agreed closely to that given on mangfactureré shop

drawings, which was .794 kips/ft. The value of .794 will 9? used: to

establish load factors. 7
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- APPENDIX B

X-Type Joint - 1.660 Tqbe

For tube Ix = 0.1497 in.* t = 0.100 in: Circumference = 4.9009 in. -

Consider totally flattened configuration

- 3
Ix = 2 x +100 (1/2]; 4.9009)° _ ) e

Increase in moment of inertia = '24521;9}]697 x 100 = 63.8%

Y-Type Joint - 1 1/4" Tube 3

-

For tube Ix = 0.0521 in.* t = 0.083 in. Circumférence = 3.666 in.

Consider totally flattened configuration

) 3. ‘
Ix = (2 x .083) ¥2(]/2 x 3.666) _ 0.007 in."
¥

Final moment of inertia is 1.3% of initial.



