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ABSTRACT

This study investigates the effects of joint eccentricity on
the deformations and internal forces in open web steel joists.

The results of an investigation of the effects of joint
eccentricity on the deformation, internal stresses and mode of failure
.of open web steel joists is reported. The study consisted of testing to
failure ten joists having variable joint eccentricity, web to chord
fabrication detail and chord cross-section. Results of these tests were
compared to values obtained from elastic frame analysis. The elastic
frame analysis gave a good prediction of deflections and internal
stresses up to working load.

.~ The  failure mode is dependent on a number of factors of which

joint eccentricity is one.
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CHAPTER 1
INTRODUCTION

1.1 Open Web Steel Joists

An open web steel joist is a simply supported truss, with
parallel or slightly pitched chords and a triangulated web system.
Joists are commonly used in roof and floor construction as secondary
Toad carrying members spanning between primary framing members. The top
chord is considered to provide continuous support for the floor or roof
decking.

Joists are commonly designated as short, intermediate or long
span although this designation is somewhat ambiguous. Short span joists
are generally produced with continuous bent bar webs which are welded to
the chords using either resistance or arc welding. Intermediate span
joists generally have web members in a subdivided Warren configuration
which are welded to the top chord so as to provide support in the plane
of the joist at 1ntervals.of two feet. For the long span joist, the
process of manufacture ié similar to intermediate joists except that the
web configuration generally corresponds to a Pratt Truss and the panel
spacing may vary. This study is restricted to joists generally desig-

nated as intermediate.

1.2 Statement of the Problem

The CSA Standard S16.1 (1) Section 16.5.11.4 states that,
wherever practical, members of joists meeting at a joint should have
their gravity axes intersect at a point, but, the eccentricity can be

neglected if the eccentricity does not exceed the greater distance

-1 -
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from the chord neutral axis to the extreme fibres of the chord for
continuous web members; or it does not exceed the distance from the
neutral axis fo the outside face of the chord for non-continuous web
members.

If the above requirement is noﬁ satisfied, provision should be
made for the effects of total eccentricity. This eccentricity is
denoted in. this report as eys Figure 1.1. The diameter of structural
tubing that is commonly used for web members in steel joists is such
that the above requirement is often exceedingly difficult to satisfy.

Unless noted otherwise, the eccentricity, referred to in this
study, is the distance along the neutral axis of the chord, between the
intersections of the neutral axes of adjacent webs and the neutral axis
of the chord. This distance was used because of the ease in measurement
and because this length is the equivalent length of the chord used to
model joint eccentricity for the elastic frame analysis. This eccen-
tricity is denoted as e, and the difference between the code eccentricity,

eys and e, is shown in Figure 1.1.

1.3 Scope of the Project

The project was divided into two phases. The first phase
consisted of the 'pilot study' by Matiisen (3) in which he investigated
the stresses generated in open web steel joists resulting from joint
eccentricity. To exaggerate the effects of joint eccentricity the
joists tested by Matiisen had low span to depth ratios and unusually
high end shears. The second phase, which is the scope of this work is
to verify the conclusions for joists with geometry and loading conditions

representative of those used in practice and to examine the require-
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ments of CSA Standard S16.1 (1).
More specifically this involves determining the effects of
joint eccentricity on
(a) the joist deflections at working load;
(b) the degree of secondary moments induced in the chord and web
members ;
(c) the location of first yielding and the extent of inelastic
| action;
(d) the mechanism of failure;
(e) means of predicting the above;
(f) means of designing for the above.
The investigation was accomplished by testing joists, and by
obtaining stresses in the members by an elastic frame analysis and by

measurement of strains.

1.4 Literature Review

Although open web steel joists are widely used there is very
little published material relating to their behaviour.

Joint eccentricity is referred to in references of Kennedy &
Rowan (4) and McDonald (5), but the joists had webs of pre-bent solid
rod type, where eccentricities are small. Both references ignored the
effect of joint eccentricities while reporting results. Morris, Frovich
& Thiensiripipat (6) consider joint eccentricity for truss joints made
from HSS sections and reported a considerable decrease in capacity due
to joint eccentricity, especially where square tubing was used.

Ohmart & Lenzen (7), and Kennedy & Rowan (4) considered the

effects of uniform or mid-point loading on the top chord compared to



panel point loading. Both references reported reduced factors of safety
with mid-span loading and the need for more research to determine
whether bending stresses could be neglected for certain lengths of
pané]s and joists. Several studies (4,5) were concerned with com-
pression failures of the top chord and, in tests, failure of the top
chord was assured by overdesigning the bottom chord.

Yu (8) is the only reference which considers failure of the
web members but his investigation was restricted to single and double angle
web configurations. The web angles were welded to one side of the
chords and the out-of-plane eccentricity was considered rather than
the in-plane éccentricity, which is considered in this thesis.

There does not appear to be any work reporting the effect of
joint eccentricities on the behaviour of open web steel joists, other
than the work done by Matiisen (3). Matiisen found that the effect of
joint eccentricity is to increase moments in the members adjacent to
the joints. This could be computed closely by an elastic frame analysis
of the joist taking into consideration the eccentricity at the joints
by including them as members.

Srivastava (9) modified the program PLAST generated by Epstein
& Murray (10), whereby he could predict the theoretical buckling load
of a joist members. The program used an unsymmetrical I section with a
tri-linear stress-strain curve including the strain hardening portion.

The program could be applied for different models and boundary conditions.



Figure 1.1 Eccentricity at a Joint.



CHAPTER 2
TEST SPECIMENS

2.1 Joist Designation

The study consisted of testing to failure ten open web steel
joists. Joists were classified by construction details and identified
by character designation. The first letter 'C' denotes the joist is
part of the second testing phase. The second letter denotes the joint
detail. Joists 'X' and 'Y' denote joists with hat sections for chords
and structural tubes for web diagonals. The letter 'X' indicates the
joists in which the ends of the web tubing are pinched to form an
ellipse so that the major axes of the ends are parallel to the chords as
shown in Figure 2.1. The letter 'Y' indicates that the major axes of
the pinched ends are pérpendicu]ar to the chords as shown in Figure 2.2.
The letter 'Z' indicates joists with angle chords and web diagonals.

The testing was broken into four series. The CX(1) series
consisted of three joists CXO1, CX02 and CX03. The chords of these
joists were hot rolled hat sections. The CX(2) series had cold rolled
hat sections as chords and were denoted as CX04, CX05 and CX06. The CY
series had two joists, CYOl and CY02, which had hot rolled hat sections
as chords. The CZ series, CZ01 and CZ02, had hot rolled angle sections
as chords.

Joists with similar construction details but different
eccentricity combined to form a series. The last two digits give the
sequence number of the joist in the series. The eccentricity (ez) at

the joint increased as the joist number increased.



2.2 Joist Selection

The selection of the test joists was based on observations
during the 'pilot study'. To avoid the effects of the end diagonals on
the buckling of the top chord it was necessary to have a larger number
of panels. Using a panel length on the top chord of two feet the length
of joist selected was 38 feet. A depth of two feet was chosen to pro-
duce a reasonable span to depth ratio.

A nominal load of 300 pound per linear foot was arbitrarily
chosen. When the chords were chosen for the above requirements, the
load increased to 315 pounds per linear foot for the CX(1) and CY series.

| For the above geometry and two 2 1/2" x 1 1/2" x 1/4" standard
angje chord the CZ series was found to have a design load of 446 pounds

per linear foot with variable panel lengths.

2.3 Joist Configuration

The geometry of each joist was measured prior to a test. The
variables considered in a joist were panel lengths, types of chords and
webs, and joint eccentricities.

The panel lengths of all joists, except those in the CX(2) and
CZ series were two feet. For the CZ series the panel lengths varied
from approximately four feet at the ends to two feet at the midspan of
the joist. For the CX(2) series the centre panels were oné foot. (This
was the fabricators standard for a 38 foot length of joist).

The chords of joists in the CX(1), CX(2) and CY series were
hat sections. The chords for joists in the CZ:series were double angle
sections with spacers at approximately sixteen'inch centres.

The end diagonals of all joists, except in the CZ series; were



rectangular bars. Those in the CZ series were single angles. The
vertical members of joists CX02, CX03, CX04, CX05 and CX06 were hollow
tubing; those of CXO1 were double rods; and those for the CYOl and CY02
joists were single angles. The verticals for joists in the CZ series
were HSS sections.

A11 other web members of joists in the CX(1), CX(2) and CY
series were hollow tubes, while those 1h the CZ series were double

angles.

2.4 Geometry

~ The joint eccentricities for each joist were obtained by
measurements made in the laboratory.

Shown in Figure 2.3 is a typical joint of a joist ahd the
quantities to be measured. A vertical line a-a is drawn approximately
half way between the web members. A vertical line is dropped a distance
w;to another line running parallel to the inner edge of the chord.

While w is an arbitrary distance, it should be constant for all joints
of the joist. This Tine paraliel to the chord should intersect the web
members within their unbent portion. The distances D(I,1) and D(I,2)
were recorded. The angles between each web member and the chord were
measured and recorded.

Figure 2.4 shows the quantities which can be computed by
trigonometry. The derivation of the expressions for the computation of
the eccentricity is given in Appendix A. In Figure 2.4, the values of y
and z are obtained from published information. The line b-b is the true
centre of the joint.

The geometry of all joists are given in Tables 2.1 to 2.10.



2.5 Material Properties

For the calculation of stresses in any structural member
Young's modulus E, the moment of inertia I and the cross sectional area
A are required.

The areas for top and bottom chord members were obtained by
taking samples of accurately measured lengths (the ends being milled)
and weighing them in air and in water. From the loss of weight in water
the volume of the specimen can be obtained. Knowing the length of the
sample, the area can be calculated. For web members the area was
obtained from a plot of load versus strain. The slope of this plot
gives a value of EA from which, assuming a value of E, the area could be
computed. |

Samples of member sections wére tested in tension to obtain
the value of the axial stiffness EA. These undeformed samples were fif-
teen to twentyvinches long and were cut from the joist after failure in
regions in which the stresses were a minimum. To provide a means of
gripping the hat and angle sections in the testing machine so that no
moments were induced during loading a steel plate was welded to the ends
at the centre of gravity of the section as shown in Figure 2.5. For the
hollow web tuBe sections the ends were filled with "Plastic Steel” to a
depth of three inches to prevent crushing of the ends during loading.

The strains were measured by electric resistance strain gauges
attached to the sample, their number depending on the type of sample
(four for double angle sections, three for hat sections, and two for
tubes, rods and single angles).

For hat sections strains beyond the elastic region were

measured to failure by measuring the extension between two points on the



10.

specimen five to six inches apart. The stress-strain plots are shown in
Figures 2.6 to 2.8.

The material and section properties E, I and A are given in
Table 2.11 to 2.14. The properties of the chords vary from point to
point since they are made from metal scrap and some impurities were
encountered at points when the chords were being cut for the estimation

of the above properties.
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Table 2.11 Material Property of Joists CX01, CX02 & CX03

MEMBER E I A SKETCH
TOP. CHORD 29450 0.215 .10 |
BOTTOM CHORD 29800 0.184 0.922 e
END DIAGONALS 29600 0.005 0.333 ]

* VERTICALS (CX01) 29600 1.393 © 0.400 00
M, oW, 6W 29600 0.075 0.385 O
ALL OTHER WEBS 29600 0.038 0.340 O
VERTICALS (CX02,3) | 29600 0.008 0.310 O
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Table 2.12 Material Property of Joists CX04, CX05 & CX06

MEMBER E I A SKETCH
TOP CHORD 29500 0.125 0.922 N\
BOTTOM CHORD 29600 0.160 0.803 — N\
END DIAGONALS 29600 0.008 0.600 [—
VERTICALS 29600 0.017 0.130 O
3W, aM, 6W 29600 0.049 0.288 O
ALL OTHER WEBS 29600 0.017 0.130 O
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Table 2.13 Material Property of Joists CYOl & CY02

MEMBER E I A SKETCH
TOP CHORD 29700 0.202 1.104 Y2
BOTTOM CHORD 29800 0.141 0.820 I
END DIAGONALS 29600 0.031 0.483 ]
VERTICALS 29600 0.022 0.230 1
W, 4W, 6W 29600 0.104 0.420 O
ALL OTHER WEBS 29600 0.048 0.280 O
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Table 2.14 Material Property of Joists CZ01 & CZ02

MEMBER E I A SKETCH
TOP CHORD 29600 1.180 1.880 Ir
BOTTOM CHORD 29600 1.020 1.620 dL
END DIAGONALS 29600 0.180 1.360 7
VERTICALS 29600 0.084 0.531 =
W 29600 0.088 0.600 ar

29600 0.044 0.460 1

ALL OTHER WEBS




Figure 2.1

Figure 2.2

Type 'X' joint

Type 'Y' joint
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Figure 2.3 Quantities measured at a Joint.
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Figure 2.4 Quantities computed at a joint .
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Figure 2.5 Plate grips on tension specimen
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Figure 2.6 Stress-Strain Curve of Top Chord, joist CXo01,
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CHAPTER 3
TEST FACILITY

3.1 01d Test Facility

The first series of joist tested by Matiisen (3) had a large
depth to span ratio to accentuate the effecf of joint eccentricity. The
result was a much heavier design load for the type of chord used than
.would normally occur in practice. The joists were loaded with hydraulic
Jacks of ten ton capacity which were located under the floor of the test
bed and transmitted the load through tension rods which passed through
the test bed on either side of the joist. With this procedure the
weight of the loading cradle, consisting of the top cross arm, rods,
bottom cross arm and jack, was 156 pounds. Thus before any load was
applied from the hydraulic jack to the joist this load was already
acting at each panel point. While this surcharge was known and taken
into account while reducing the data it amounted to approximately 10% of
the total load applied to the joist.

An additional problem with this loading arrangement was that
if the joists were completely unloaded during the test it was possible
for the load cells to be misaligned and the yokes to become twisted.
Thus a minimum of one-tenth of design load applied by the jacks was
maintained on the unloading part of the curve. Also it was possible to
load the joists at two feet intervals only, because of the spacing of
the sleeves in the load bed, which restricts the geometry of the joists
that would be tested.

For joists with smaller depth to span ratios the surcharge for

the loading yokes would be a substantial amount of the capacity of the

- 32 -
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joist. For the CX(1) series the working load is 3&5 pounds per linear
foot, this surcharge would be approximately 25% of the working load.
Assuming the capacity of the joist to be 1.7 times working load or 1071
pounds per panel point, the load applied by the jacks at failure would
be 915 pounds, or less than 5% of their capacity. The problems assoc-
iated with operating accurately the Toading pattern with hydraulic jacks
within 5% of their capacity are insurmountable especially when the
differences in jack friction can vary by 1% to 2% of their capacity.

The strain and deflection data were recorded on a Digitec
strain recorder which punched the readings on a paper tape. This process
took approximately two minutes for a set of readings. This data could
not be interpreted until after the test. It was also found that when
the paper tape was taken to the computer centre for processing there
would be characters which were misread due to slight misalignment of
punching. Therefore the tape had to be further proof read and errors
edited manually.

Thus the problems encountered with the old test facility
required a new loading system for the joist tests of the second phase.
The strain recording system was modified to take advantage of the acqui-
sition of a Nova 2/10 minicomputer and associated data recording devices.
This improved the accuracy and ease in monitoring the strains and

deflections.

3.2 New Test Facility

The new loading arrangement permits up to twenty taskmaster
pneumatic rams to be fed from a single manifold connected to a single

pressure point. These jacks are suspended and react against a W10x21
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beam which is Tocated directly above the test joist and is supported by
four columns (Figure 3.1). Hence there is no surcharge load from the
loading arrangements. The jacks can be positioned at any spacing along
the reaction beam. This arrangement removes the difficulties inherent
in the old test facility.

To determine the load applied by the jacks during the test, an
identical jack was pressured from the same manifold as those acting on
the specimen and placed in a fixed frame as shown in Figure 3.2. The
Toad exerted by this jack was measured by a load cell and the assumption
that this Toad corresponded to the load exerted by each jack on the
Joist was made. This was Tater modified as discussed in Section 3.3.

Strain gauges were located on certain members and transducers
were used to monitor deflections at alternate bottom panel points. The
voltage impulse in the gauges, transducers and the load cell were
measured by a digital voltmeter and the raw data fed to the Nova 2/10
minicomputer. This raw data was stored on disk files and simultaneously
reduced to strains or deflections which could be simultaneously displayed
on the control terminal. A dial gauge was also used to check the deflec-
tions at the centre line of the joist.

Lateral bracing of the top chord was provided so that the
(KL/r) in-plane was greater than the (KL/r) out-of-plane to ensure in-
plane buckling. This bracing was kept horizontal during the test by
means of a screw thread arrangement. In some joists additional rods
were used at the ends of the joist without the above freedom of vertical
movement. Similar lateral bracing was provided at five points on the

bottom chords.
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3.3 Calibration of Jacks

Initially the jack and the Toad cell were calibrated against a
proving ring in an arrangement which consisted of the jack, load cell
and the proving ring in a fixed frame. The loading and unloading
followed the same straight line on a plot of load cell load versus
proving ring load.

It was concluded from the above that the friction in the jacks
was negligible. When the data of the first joists was being processed
it was suspected that friction may have played a role in the loading and
unloading of the joists. This suspicion was confirmed when a load cell
was placed to monitor the reaction at one end of the joist. There was a
discrepancy between the load computed by monitoring the jack in the
fixed frame and the end reaction, the variation being from 0% to 10%,
the Tower percentage being that for lower loads. This was further
confirmed when both reactions were monitored by load cells.

A load cell was placed under a jack on the joist as shown in
Figure 3.3 and a plot of load by the jaék which moved and one where it
did not move is shown in Figures 3.4 to 3.6. The friction is in one
direction when the jacks are being loaded and in the opposite direction
on the unloading part as seen by the horizontal part of the curve at
maximum applied load. The curve for the loading zone follows nearly the
same path no matter how many times it is loaded and is independent of
the maximum Toad and rate of loading. This Toading part can be approxi-
mated by a straight line from which the loads on the joist can be calcu-
lated by monitoring the load given by the load cell on the fixed frame.
For the unloading portion of the curve this could not be generalized

since for a different rate of loading and the maximum load attained a
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new unloading path was generated.

3.4 Instrumentation

Most of the data generated by the joist tests was col]ecfed,
recorded and partially processed automatically. The measuring devices
(strain gauges, Toad cells, and linear displacement voltage transducers)
were excited by a common six volt power supply and produced outputs in
the rangevof 1'6 volts. These analog signals were converted to digital
form by a digital voltmeter controlled by a program in the Nova.

| An interactive Fortran program written for the Nova provided
the capability to monitor load and midspan deflection during load
application, and to request an output of a set of readings, which were.
further recorded on a 1.2 million word disk. The processing and record-
ing of data at a particular level of load application was completed in
five seconds.

The method of processing the voltages to give deflections,
strains and loads is given in Appendix B.

After completion of the test the data was printed on a hard
copy terminal, saved on a digital casette tape, and transmitted to the
Amdahl 470 computer for further processing. This included the calcula-
tion of member forces and moments, and a linear regression analysis of
the strain data.in the elastic range to check the reliability of the

gauges.



Figure 3.1

Joist specimen in loading frame

Figure 3.2

Pneumatic Jjack in fixed frame
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CHAPTER 4
TEST PROCEDURE

4.1 Specimen Instrumentation

Gauges were located on selected members which were found to be
critical in the pilot study. In general these members were adjacent to
the joint at the end of the bottom chord in case a joint mechanism was
formed at the end of a joist and in the top chord near mid-span of the
joist where buckling was expected.

Due to the variation in joist configuration different members
were gauged in different joist series and the actual members instru-
mented are given in Table 4.1.

Transducers were used to measure deflections at alternate
panel points on the bottom chord. A dial gauge was used to check the
deflection through the test at the centre line of the joist.

The joist was supported on a roller at one end and a hinge at
the other. The joist was plumbed and laterally braced to ensure in-
plane buckling.

The load from the jacks was transmitted onto the specimen
through bearing plates 5" x 1-1/2" x 1/4" which were Tevelled by plaster
of Paris.

A test run was made prior to the actual test. The specimen
was loaded to approximately 0.7 times working load. The test run was
used to check the gauges, seat the jacks and compare the test run results

with those from the elastic frame analysis.

- 42 -
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4.2 Initial Adjustements

The strain gauge outputs were initially balanced before each
test at approximately zero volts and initial readings were taken.

The joist was loaded to ten pounds to seat the jacks on the
specimen. This load was taken off prior to the acquisition of the first

set of readings at zero load.

4.3 Loading
The joist was loaded at the panel points on the top chord by

jacks fed from the central manifold. The joist was loaded to approxi-
mately 1.60 times working load in steps of approximately 60 pounds. The
readings of strains, vertical deflection and applied load were taken at
every increment.

The value 1.60 times working load was selected as the proof
Toad as given by the CSA Standard S136 (2) Section 8.2.6(b). After.
final calibration of the jacks it was'found that 1.60 times working load
was never achieved but that only a value of 1.40 working load wa§
achieved. The joist was then unloaded completely in steps of 100 pounds
to obtain a residual midspan vertical deflection. Readings were taken
at every decrement.

For joists with hot rolled top chords, Toading was carried to
failure. Initially this loading was in approximately 100 pound incre-
ments until significant inelastic behaviour was observed, after which
the loads were regulated by increments of 0.5 inch midspan deflection.
Readings of strains, loads and deflections were taken at every increment.
While readings were being obtained the load was kept constant by means

of a pressure regulator.



a4,

For joists with cold rolled top chords the joists were re-
loaded to failure except for joist CX05 which was loaded again to 1.60
times working load, unloaded and then reloaded to failure, for reasons

given in Chapter 5.

4.4 Analysis of Test Data

The raw voltage readings recorded on the Nova 2/10 minicom-
puter were further processed to give stresses in the members on which
strain gauges were located.

A program took the raw voltage readings subtracted them from
the original voltages and converted them to strains and deflections.
These were stored in different files containing applied loads and strains,
and applied loads and deflections.

For each gauge a file relating applied load and strain was
created. A linear regression analysis was run on the data and a cor-
relation coefficient obtained. If the correlation coefficient was
between 0.8 to 1.0, the gauge was accepted otherwise it was ignored.

Another two files were generated, one contains the geometry of
a joist including material properties and the other contains the loca-
tion of the strain gauges on the joist.

A second program, which derives input from the files of strain
values, location of the gauges and the geometry of the joist, was used
to compute bar forces, moments, and stresses at gauge locations and
member joints.

For each increment of applied load the axial force and moments
were obtained from the strain readings. Two consecutive loadings were

extrapolated to give member moments and axial forces at working load.
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The mean, standard deviation and the coefficient of variation were

obtained at this load.
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Table 4.1 Instrumented Members

JOIST MEMBERS INSTRUMENTED

CXxo1l 8T(N), 9T(N), 1B(N), TW(N), 3W(N)

cXx02 8T(N), 9T(N), 1B(N), 1W(N), 3W(N)

CX03 8T(N), 9T(N), 1B(N), TW(N), 3W(N)

CX04 9T(N), 10T(N), 10T(S), 2T(N), 3T(N), 1B(N), 5B(N),
TW(N), 3W(N), 4W(N)

CX05 9T(N), 10T(N), 10T(S), 2T(N), 3T(N), 1B(N), 5B(N),
TW(N), 3W(N), 4W(N)

CX06 9T(N), TOT(N), 10T(S), 3T(N), 1B(N), TW(N), 3W(N),
4W(N) .

CcYOl 2T(N), 3T(N), 8T(N), 9T(N), 9T(S), 1B(N), TW(N),
3W(N), 4W(N)

CY02 2T(N), 3T(N), 8T(N), 9T(N), 9T(S), 1B(N), TW(N),
3W(N), 4W(N)

CZ01 2T(N), 3T(N), 7T(S), 6T(S), 5T(S), I1B(N), TW(N),
3W(N), 4W(N)

cz02 2T(N), 3T(N), 7T(S), 6T(S), 5T(S), 1B(N), TW(N),
3W(N), 4W(N)

Note: (North) is abbreviated as (N)

(South) is abbreviated as (S)




CHAPTER 5
DISCUSSION OF RESULTS

5.1 Introduction

Each test joist was analysed using a frame analysis computer
program. This program utilizes the elastic stiffness matrix procedure
and is described by Matiisen (3). The joist geometry and material
properties required as input were obtained by measurement in the lab-
oratory. Output consists of the joint displacements and the axial
forces, bending moments and shear forces at each end of the members.
Joint eccentricity is modelled as the insertion of short chord members -
having a length of e, and properties of the chord.

Certain joint displacements and member forces were obtained
empiricé]]y. A discussion of these values and a comparison with predicted

values are contained in the following sections.
5.2 Deflections

5.2.1 Measured Deflections

The load-deflection plots for all test joists are given in
Figure 5.1 to 5.10. In general each joist was loaded in increments to
a load corresponding to 1.60 WL (1.60 times working load) and then
unloaded in decrements to zero load. The joists were then reloaded
in increments to failure. Due to problems associated with calibration
of the jacks as described in Chapter 3, the actual load applied before

unloading was less than proposed and some scatter in the unloading branch

occurred. For clarity, only the loading portions of the load-deflection

- 47 -
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curves are piotted.

Prior to final testing an initial test run to approximately
0.7 WL was made to check the gauges. The load-deflection response in
all cases was linear and is not presented with the final test values.
Since the 1oad-def1ection‘response was linear for all joists to loads
greater than those app]ied during this initial loading it is concluded
that these initial loadings to check the gauges did not influence the
joist behaviour in the subsequent testing.

Joist CX01, CX02 and CX03 were initially loaded to 1.46 WL.
For each joist the initial portion of the load-deflection plot is linear.
This linear response applied to loads of 1.2 WL for joists CX01 and
CX02 and to 1.0 WL for CX03, above which the deflection increased at
a greater rate than the load. On reloading, the load-deflection response
was linear in 511 three joists up to the point of previous unloading
and this slope was parallel to the initial slope. For greater loads
the curve is an extension of the curve obtained prior to unloading.

Joists CX04, CX05 and CX06 were loaded to a value of 1.42 WL,
1.39 WL and 1.41 WL, respectively, before unloading. The behaviour of
these joists was similar to the previous set of joists and the initial
response was linear to loads corresponding to 1.2 WL for all joists.

The chords for joists CX04, CX05 and CX06 consisted of hat
sections formed by cold rolling of steel plate. In CSA Standard 5136(2),.
for light gauge steel structural members, there is a provision in
Section 8.2.5 which stipulates that as a measure of quality control the
second application of the proof load of 1.60 WL shall not increase the

residual deflection caused by the first application of this load by

more than 3%, and the deflection recovery, upon removal of the second
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application of the proof load, shall be at least 90% of the total
deflection. Joist CX05 was tested according to these provisions. The
joist was found to be satisfactory, in fact, the residual deflection
between successive loadings was negligible and after the second appli-
- cation of the proof load the recovery was 92%.

For joist CX05, when loading was resumed to failure it was
observed that the joist was failing by lateral buckling at a Tload
corresponding to 1.66 WL. The joist was then unloaded and the lateral
bracing reinforced. Load was then applied until the top chord buckled
in the plane of the joist at 1.72 WL. A discussion of chord buckling is
given in Section 5.5. The load-deflection response for this last loading
to failure is given in Figure 5.5 as plus signs. It should be noted that
the deflection gauges were reset to zero and are so plotted. It should
also be noted that the slope of the curve is linear to the previous
maximum load.

Joists CZ01 and CZ02 were loaded initially to the same load
as the previous joists. Due to an initial misunderstanding that the
design load for these joists was 446 pounds per linear foot rather than
the nominal 300 pounds per linear foot for the other joists, this
amounted to 1.710 WL. The behaviour was similar to the other joists and
the initial response was linear to 0.73 WL.

For joists CZO1 the air pressure in the compressor was not
sufficient to fail the joist. The maximum load that could be applied
corresponded to 1.30 WL. An air pressure bottle which permitted the
use of higher air pressures was fitted to the jack manifold and the
joist reloaded to failure at a load of 1.55 WL. The path of this loading

was linear up to 1.30 WL which corresponds to the previous load value.
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5.2.2 Comparison of Measured and Calculated Deflections

A method of computing deflections for open web steel joists
is contained in Section 16.5.14.2 of CSA Standard $16.1(1). This method
combutes the deflection of the joist as a simply supported beam having
a moment of inertia obtained by considering only the effects of the
two chords. This deflection is increased By 10% to account for axial
deformations in the web members. No allowance is made for effects of
joint eccentricity. This method was used in addition to the elastic
frame analysis to predict the mid-span deflection of each test joist.

The elastic frame analysis gives an excellent prediction of
Jjoist deflection in the initial Tinear range. Also for all subsequent
loadings the joist behaved elastically in the initial range.

For joist CXO1 the deflection given by the CSA method and the
actual deflection coincide exactly. For CX02 and CX03 the deflection
calculated by the frame analysis are 4.0% and 5% greater than the CSA
method, which reflects the effects of joint eccentricity.

For CX04, CX05 and CX06, the deflection calculated by the
frame analysis are 3.5%, 4.0% and 6.0%, respectively, greater than that
given by the CSA method. For joists CYOl and CY02 the frame analysis
gives deflection 4% and 7% greater than by the CSA method. For joists
CZ01 and CZ02 the frame analysis predicts the behaviour to be 2% and 4%
greater, respectively.

From the above plots it can be generalized that the slope of
the initial load-deflection response decreases as the eccentricity of
the joist increases in otherwise similar joists. This decrease in
slopes is very small and, in the range of eccentricities used in practice,

can be neglected. In the case of the CY series the decrease in slope
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is negligible because each had, approximately, the same value of eccen-
tricity, the CYO1l had a negative eccentricity (ez) of 0.30 while CYO02

had a positive eccentricity of 0.50.

5.3 Axial Force

The axial force is computed from strain measurements obtained
at specific locations on the joist as described in Chapter 4. The
increment of axial force is computed for each increment of loading and
then extrapolated to give the axial force at design load. The mean and
coefficient of variation of these extrapolated values is given in Tables
5.1 to 5.9.

The axial force is also obtained for an elastic frame analysis
design load. A comparison of the measured and calculated axial force is
also tabulated in Tables 5.1 to 5.9. For the top and bottom chords the
end i is the Horth end of the member, while for the webs, end i is the
end framing into the top chord.

The difference in measured axial forces at the two ends of a
given member is within 2%. The difference in measured and calculated
axial force, for axial force above 20,000 pounds, is generally around 4%
but not greater than 7%, the measured axial force being higher in most
cases.

The numerical difference in the measured and calculated axial
force, for axial forces less than 20,000 is very small numerically, but
~as a percentage is generally around 7% but not greater than 11% depend-
rling upon the magnitude of the force.

The elastic frame analysis is found to predict the axial force

*in a member accurately. The numerical difference between the predicted
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and measured values is attributed to the difficulty in determining the

applied load precisely.

5.4 Bending Moment

The bending moments are computed from strains obtained at the
instrumented locations. The increment of bending moments was computed
for each increment of loading and then extrapolated to give the bending
moment at working load. The mean of these extrapolated values was then
obtained. Since the strain gauges were located at a distance of six
inches from the ends of a member the value of the moment at the gauge
location was linearly extrapolated to the end of the member to facil-
itate comparisons with predicted values.

The bending moment was also obtained for an elastic frame
analysis at design load. A comparison of the measured and calculated
bending moment as a ratio of the yield moment for the particular member
is given in Tables 5.1 to 5.9.

The moments, both measured and calculated are small. Although
the comparison between these moments appears at first glance to be poor
there is a definite correlation between them in that the moments have
the same direction and when the calculated moment is larger the measured
moment followed the same tendency.

The measured moments are sensitive to the value of the strain
in that a small error in strains will result in a larger error in the
computed moments. These errors will be exaggerated when the moments are
extrapolated to give the moments at the ends of the member.

The elastic frame analysis is found to predict the tendency

and the value of the bending moments at the measured ends. The agree-
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ment is better as the magnitude of the moments is increased. Due to the

sensitivity of the measured moments to small errors in measured values

of strains it is concluded that the computed moments from the frame

-~ analysis are more reliable than the measured moments.

5.5 Inelastic Behaviour and Failure Mode

An examination of those joists in the pilot study that had
failed by buckling of the top chord hat sections indicated that, in the
region of the buckle, there was a significant flattening of the cross
section. Since no measurements of distortion of the cross section were
made during the testing it was not possible to determine whether any of
this distortion had taken place prior to the buckling of the chord and
so had influenced the location where buckling occurred. To investigate
this possibility sets of Demic points were glued to the outer flanges
of the top chord in the panels near midspan. Each set was located on
a line perpendicular to the axis of the joist with one point on each side
flange of the hat section at an initial spacing of two inches, such that
a change in this spacing as measured by a Demic gauge would give a
qualitative measure of the amount of distortion of the hat section as
the joist is loaded.

To facilitate visual observation of inelastic behaviour due
to Tocalized yielding of the material, each joist was given a coat of
white wash immediately prior to loading.

There was a considerable difference in the behaviour of the
Joists when loaded beyond the elastic range and in the mode of failure.
For this reason these two items are discussed separately for each joist.

For convenience a summary of the failure load and mode of failure for
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each joist is given in Table 5.10.

A phenomena was observed with the CX(1) series of joists that
was not duplicated with the other series. Shortly after the application
of the load equal to 1.2 WL, a localized flaking of the white wash
along the sides of the top and bottom chords about midheight and in the
region of the joints was observed. This flaking is shown in Figure
5.14 and although the flaking increased in intensity it did not appear
to increase in extent as further load was applied. This flaking was
attributed to local yielding of the chord in the web of the hat section
in this region.

The hat secfion used in the chords of the CX(1) series is a
hot rolled section such that the web portion is approximately 60% of
the thitkness of the flanges. It would appear that the joint detail is
such. that whén the forces are applied through welding to the centre
portion of the inner flange there is a tendency to deform the cross
section. Since the web portions are thinner and unreinforced local
yielding takes place in the web. This local yielding was observed for
all three joists in the CX(1) series although there was variation
from small to large joint eccentricities. Since there did not appear
to be a visibly distinguishable difference in this local yielding with
an increase in jdint eccentricity, it is concluded that this phenomena
is due primarily to the type of joint connection and chord section
rather than due to joint eccentricity.

This is further demonstrated by the fact that this local
yielding was not observed in the CX(2) series even though these joists
had significant joint eccentricities. In this case, although the joint

details are the same as for series CX(1), the chord hat section is
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formed by cold rolling of steel plate, hence, the web and flange thick-
nesses are equal. Thus the distortion is not emphasized in the web.

On the other hand with the CY series the chord hat section was similar
to the section for the CX(1) series, but because the web is bent such
that it spans across the inner flanges of the chord and the welding
further stiffens the section, no flaking of the white wash on the side
of the hat section as described for the CX(1) series was observed.

That the cross section of the CX(1) series deformed more that
with the other joist series was confirmed by the Demic gauge readings.
If there were no deformation of the cross section the measured lateral
increase in the distance between the outer flanges of the compressive
chord could be compufed due to the Poisson's Ratio effect. The measured
lateral movement at midspan for several panels near midspan for joists
CX01 and CX02 are given in Figures 5.23 to 5.31. It can be seen that
the lateral movement is generally in excess of 100 times that attri-
butable to Poisson's Ratio and in member 9T(South) for joist CX02 is
320 times larger. This is contrasted with measured lateral displace-
ments for the CX(2) series which were generally less than 12 times
larger and for the CY series which were only two times larger than
those computed from the Poisson's Ratio effect.

From an examination of Figure 5.23 to 5.25 there seems little
doubt that the location of the top chord fai]&re for joist CX01 was
influenced by the distortion of the cross section. This joist failed
by in-plane buckling of the top chord in panel 8T(North), Figure 5.11.
This panel is not the panel with the maximum axial force but, being
adjacent to the midspan panel, has an axial force that is approximately

95% of the maximum value. Unfortunately there were no Demic points at
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the middle of this panel but there were on the three panels located
immediately south. From the distortions of these panels a failure
pattern is postulated.

The lateral brécing was welded to the top chord to one side
only so as not to act as a stiffner across the tWo sides of the outer
flange of the chord. The load: from the jacks were applied to the top
chord at the panel points through one inch flats that spanned across
the top flange and which were set‘in plaster of Paris to provide an even
bearing. As load was applied there is a tendency for the section to
open, that is a spreading of the two halves of the outer flange. The
load plates provide some restraint so that this spreading is more
pronounced in alternate panels. Immediately prior to failure by buck-
ling there was a distinct tendency for members 8T(South) and 9T(North)
to suddenly reverse and for the section to close whereas the panel
between had a rapid increase in the amount of opening. This tendency
was so pronounced that member 9T(north) actually closed by approximately
0.08 inch from the unloaded position. From this wave motion it is
certain that the adjacent panel, member 8T(North) must have opened at
least as much as member 9T(South) and may have flattened even more
resulting in a reduction of the moment of inertia such that buckling
occurred in this panel. Again it is emphasized that this involved a
certain amount of extrapolation of observation since member 8T(North)
was not instrumented.

To Verify this conclusion, Demic points were placed at the
middle of all six top chord members near midspan of joist CX02. The
results of these readings are presented in Figure 5.26 to 5.31. Again

the tendency for the top chord to open is clearly observable
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with the opening much more pronounced in alternate panels. It is noted
that for none of these members was there observed the rapid reversal

or increase in the transverse measurement across the chord although

the spread in member 9T(South), Figure 5.29 is very large. This joist
did not fail by top chord buckling which could likely be inferred

from the absence of sudden rapid distortion of the chord. It could

be specu]ﬁted that from the Demic readings, had failure not occurred in
the compression diagonal but due to in-plane buckling of the top chord,
that this buckling would have occurred in member 9T(South).

Joist CX04 failed by lateral buckling of the top chord.

The lateral bracing system used for this joist corresponded to that used
for the CX(1) series. Using K = 0.9 for in-plane calculations at

k = 1.0 for out-of-plane calculations this gave an effective slender-
ness ratio, (KL/r), for in-plane buckling of 50 and for out-of-plane
buckling of 43. However for the cold-formed chords of the CX(2) series
this bracing spacing resulted in values of 48 and 52, respectively.
This might have been sufficient to prevent out-of-plane buckling except
that one of the braces at midspan was not properly welded to the top
chord. Hence the effective length for out-of-plane buckling was much
greater than for in-plane buckling, which resulted in the observed
failure mode.

To prevent such failures in joists CX05 and CX06 the lateral
bracing spacing was altered to give effective sienderness ratios for
in-plane and out-of-plane buckling of 48 and 38, respectively. Joist
CX05 failed by in-plane buckling of the top chord in panel 9T(North)
and CX06 by buckling of the end compression diagonal, member 3W(South)

Figure 5.15.
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Both joists in the CY series behaved in a similar manner.

A certain amount of localized yielding around the joint between the top
chord and vertical was observed at loads of 1.3 WL. Since the overall
stresses were substantially below the yield point and there seemed to
be a large amount of weld material in this region, this inelastic
behaviour may be due to residual stresses from the welding.

Both CYOT and CY02 failed by a general yielding of the bottom
chord in the panels adjacent to midspan. Yie]ding began near the
joints as shown in Figure 5.17 and 5.18 and proceeded across the panel
until yielding was general as shown in Figure 5.19. This yielding of the
bottom chord resulted in large midspan deflections and the test was
stopped when the midspan deflection approached eleven inches, the
limit of travel for the jacks.

The chords of the CZ series of joists consisted of two angles
separated by a clear space of two inches. These two angles were
connected by the vertical members which were a 2 x 1 inch tube. In
addition flat spacers were welded across the square at approximately
twelve inch centres as shown in Figure 5.20.

Beginning with loads as Tow as 0.5 WL Tocalized yielding of
the chords in the region of spacers was observed. The extent of yield-
ing at working load is shown in Figure 5.20. It was also observed, but
not measured, that there was a tendency of the two chords to move
relative to one another in the direction along the axis of the joist.

Joist CZ02 having the larger joint eccentricities was tested
first. Since the chords were different a different lateral bracing
pattern was used. Using the same number of braces as used for the

CX(1) and CY series resulted in effective slenderness ratios of the
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top chord using K=0.9 for in-plane bending and K=1.0 for out—of-glane
bending of 24 and 29 respectively. Joist CZOZ failed by lateral buck-
ling of the top chord at a load of only 1.26 WL.

For loads just above the working load there was a slight
bowing or sweep observed in the joist. This seemed to correspond with
the different longitudinal shortening of the two angles of the chord.

To prevent a similar failure for joist CZO1 which had essen-
tia]]y zero joist eccentricity the lateral bracing was doubled such that
the effective slenderness ratio out-of-plane was only 60% of in-plane
effective slenderness ratio. Again for loads just above the design
working load there was a noticeable difference in the shortening of
the two angles of the top chord and the force in the lateral bracing
as judged by hand vibrating them was significantly larger than for com-
parable loads for joists in the other series. As the load increased
a noticeable sweep, inspite of the bracing, developed and the yielding
in the vicinity of the spacers increased. At a load of 1.55 WL yielding
of the middle panel of the bottom chord began which resulted in the
sharp increase in the load-deflection plot, Figure 5.9. Simultaneous
to this yielding there was a definite out-of-plane bowing of the top
chord at midspan between the braces which increased as the joist
deflected, the load remaining essentially constant. Failure occurred
by this bowing increasing to form a sharp lateral buckle between the
braces.

The phenomena of differential shortening or differential
Tongitudinal movement between the two angles of the top chord was
observed for both joists CZ01 and CZ02. No explanation of this observa-

tion is given. Since it appeared in joist CZO1 which has as close to
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zero eccentricity as could be fabiracted it would not appear to be the
result of joint eccentricity.

Since the joists of the CZ series differed in many respects
from the joists in the other series and since the behaviour and failure
mode appeared to be influenced to a great extent by the differential
Tongitudinal movement of the angles of the top chord resulting in a
out-of-plane sweep of the chord for which no explanation could be

found, these joists are not discussed further.

5.6 Prediction of Ultimate Capacity

The behaviour of an open web steel joist up to working load
can be predicted from an elastic frame analysis. An attempt to predict
the failure load was made by examining the different modes of failure.

A joist can fail by excessive deflection caused by yielding of
the bottom chord. This type of failure occurred for the joists in the
CY series. The failure load for this type of failure can be predicted
by computing the load corresponding to the axial force in the bottom
chord from a simple truss analysis that is equal to the chord area
times the yield stress. For the joists in the CY series this procedure
predicted the failure load to within 2% which is within the accuracy of
being able to determine the applied load. With the exception of joist
CX04 which failed by lateral buckling all joists in the CX series failed
by either in-plane buckling of the top chord or out-of-plane buckling
of the end compression member. To predict which type would occur first
resulted in attempts to predict the buckling loads.

Joists CX05 and CX06 were identical except that joist CX06 had
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larger joint eccentricities which induced much larger end moments in the
end compression diagonal. Joist CX06 failed by buckling of this diagonal
whereas joist CX05 failed by buckling of the top chord at midspan. On
the other hand joists CX02 and CX03 were identical éxcept for joint
eccentricity but it was joist CX02 with the smaller joinf eccentricity
and end moments that buckled in the web diagonal. An examination of axial
forces and plastic moment capacities at the ends of the members did not
appear to explain why the different buckling locations occurred.

To predict the buckling Toad of the top chord the computer
program described by Srivastava (9) was used. This program assumes that
normal sections remain plane and that the material response can be rep-
resented by a tri-linear relationship. By integrating the curvatures
corresponding to the moments required for equilibrium from a given initial
displacement the axial load at which the lateral displacement becomes
unbounded is obtained. The results of these analyses are shown in
Figures 5.32 to 5.34.

The plotted points are the predicted load-deflection curves
from the top chord panels adjacent to midspan. The horizontal lines
are the axial forces measured in these members at the time of failure.
For those joists which failed by in-plane buckling of the top chord these
lines are shown as solid lines whereas for those joists that failed by
other modes are shown as dotted lines.

The program overestimates the buckling load of the top chord
in all cases. It must be remembered that this is expected for those
Joists shown as dashed lines since presumably the buckling load of the
top load had not been reached prior to failure by some other means. For

those joists that did fail by buckling of the top chord the best agree-
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ment is with joist CX05 which did not buckle in the panel predicted but
in the panel adjacent.

Since the program did not take into account local distortions
of the cross-section, initial out-of-straightness of the chord, residual
stresses and variations from true panel point Toading, all items which
would tend to reduce the buckling load it is not too surprising that the
program overestimates the buckling load but unfortunately not by a
consistent amount. From the}attempts made in this study no procedure
was found that would reliably predict the buckling load of compression

members in a joist.
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Figure 5.5 Load-Deflection Curve, joist CX05
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Failure of joist CXOl
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Figure 5.13 Failure of joist CX03

Figure 5.14 Yielding at joint
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Figure 5.17

Figure 5.18

Yielding of bottom chord of joist CYOl
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Yielding of chord at spacers, joist CZ02
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CHAPTER 6
EFFECTS OF JOINT ECCENTRICITY

6.1 Introduction

From the comparisons in Chapter 5, it can be concluded that
the elastic frame analysis gives a good prediction of the deflections and
stresses in the joists for loads up to working load. Thus this method
can be used to evaluate the effects of joint eccentricity. It is
possible to model the geometry and material properties for a particular
series of joists and then to vary the joist eccentricity as the only
variable. This was done for the CX(1) series and the results are
presented in the following sections.

Due to the similarity of geometry the conclusions are directly
applicable to the CX{2) and CY series of joists and in general to the
CZ series. Although the numerical values presented were obtained for
a specific span to depth ratio and member geometry it is felt that the
conclusions drawn are applicable to a wider range of open web steel
joists that are similar in construction.

Specifically the effects of joint eccentricity are discussed
in relation to the provisions of CSA Standard $16.1(1) with the purpose
of evaluating the validity of the Timitations on joint éccentricity
given in Clause 16.5.11.4. This value of eccentricity is denoted as
e - The value used in the elastic frame analysis is e,.

The maximum eccentricity that can be ignored in the design of
joists using CSA Standard S16.1(1) is dependent on the web to chord
connection. If the web is continuous, Clause 16.5.11.4(a) stipulates

that this eccentricity is the greater of the two distances measured

- 101 -
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from the neutral axis of the chord member to the extreme fibres of the
chord and if the web is discontinuous, Clause 16.5.11.4(b) stipulates
that this eccentricity is the distance measured from the neutral axis
to the back (outside face) of the chord member. The standard does not
define the distinction between 'continuous' and 'discontinuous' web
members. One definition of continuous could be that the web member is
physically continuous through the joint having the same geometric
properties as in the case of a bent solid rod. A second definition of
continuity could be that there is full geometric compatibility of
deformations of all members framing into the joint. This definition is
used in statically indeterminate structural analysis. A third defini-
tion of continuous could be that the web member is physically continuous
from panel to panel but that the moment of inertia may not be constant
in the vicinity of the joint. This would occur when structural tubing
is used for the web members.

When comparing eccentricities with permitted eccentricities in
CSA Standard S16.1, below which the effects of joint eccentricity may be
neglected the third definition of continuity was used.

The third definition is also the one which is used in practice
and based on that definition the web members for joists of the CY type
are continuous whereas the web members of the CX and CZ types would be
discontinuous since these web members are fabricated as separate members
even though complete continuity of deformation is assured because of the
fabrication detail.

It can be seen that from the above possible definitions that
the terms 'continuous’ and 'discontinuous' are not fully descriptive and

either a fuller definition as to what factors are required for the web
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to be continuous must be given or other more descriptive terms should be
devised.

The relation between e, and e, is shown in Figure 6.1 and it
should be noted that this relation between eccentricities is different
for the top and bottom chords. Given a value either of e? or e{ a
value of e, can be computed using the given relations and the unknown of
either e? or e{ can also be computed. For the geometry of the CX(1)
series and a value of e, equal to sixteen inches the web members would
become vertical and the joist would degenerate to a Vierendeel Truss.

For any value of e, the eccentricity e? is larger than the
value of e1. Thus choosing a value of e? equal to the permitted code
value for ignoring eccentricity in design would result in e¥ being less

T

than the permitted value. Similarly choosing e at the code value would

result in e? being greater than permitted, this is discussed later.

6.2 Deflections

A measure of the stiffness of a joist is the deflection at
midspan caused by the working load. The ratio of midspan deflection of
a joistvwith increasing joint eccentricity to the midspan deflection of
an identical joist with zero joint eccentricity is an indication of the
effects of joint eccentricity on the joist stiffness. A plot indicating
such a comparison for joists having the geometry corresponding to the
CX(1) series is given in Figure 6.2.

For the CX(1) joists the maximum eccentricity, e? given by
Clause 16.5.11.4(b) is 0.505 inches. This corresponds to a value of
e, of 0.489 inches and e{ of 0.253 inches. For an eccentricity e,
of 0.49 inches the deflection increases by 0.16% from a joist with zero
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eccentricity. The maximum permissible eccentricity given by the same
clause for e{ is 0.42 inches, which corresponds to a value of e, of
0.798 inches and e? of 0.84 inches, and results in an increase in deflec-
tion by 0.25% but the value of e? computed exceeds the value permitted
‘by the CSA Standard.

If the web is considered to be continuous for the CX(1)
series Clause 16.5.11.4(a) governs and the makimum eccentricity is e?
of 0.72 inches, which corresponds to a value of e, of 0.689 inches  and

e¥ of 0.36 inches, increases the deflection by 0.17%. For a maximum

T

eccentricity e of 0.79 inches, which corresponds to a value of e, of

1.438 inches and e? of 1.58 inches, the deflection increases by 2%.
Again the value of e? is greater than Clause 16.5.11.4(a) would permit.
Consider the eccentricity e is equal to the depth of the

chords. For a value of e? of 1.222 1inches, e, equals 1.135 inches and

e{ equals 0.611 inches, the deflection increases by 1.5%. For a value

of e¥ of 1.212 inches the value of e, is computed to be 2.105 inches and
a value of e? to be 2.424 inches. The increase in deflection due to

this eccentricity is 4.5%.

6.3 Axial Force

One of the factors which contributes to the critical buckling
of a section is the axial force. The ratio of axial force in the midspan
member with increasing eccentricity to the axial force in the same
member of an identical joist with zero joint eccentricity gives an
indication of the joint eccentricity on the critical member. A plot
indicating such a comparison is given in Figure 6.3.

For a maximum eccentricity e? given by Clause 16.5.11.4(b) of
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0.505 inches (e2 of 0.489 inches) the axial force increases by 0.01%
from a joist with zero joint eccentricity. For a value of e? equal to
the depth of the chord (1.222 inches), as suggested in Section 6.2, e,
equals 1.135 inches, the axial force increases by 0.02%.

For the end web member 1W, for the same eccentricities, the
axial force in the member decreased by 0.5% and 1.5%, respectively. For

the web member 3W, for the same eccentricities, the axial force increased

by 1.5% and 3.5%, respectively.

6.4 Bending Moments

Joint eccentricity has a significant effect on the member end
moments. A plot of the ratio of end moments of the midspan member 9T
with increasing eccentricity to the bending moment at zero eccentricity,
is given in Figures 6.4 and 6.5.

Since the moments are small, for the purpose of discussing
the effects of increasing joint eccentricity the magnifude of moments
are taken as a ratio of the yield moment, My.

For zero eccentricity the value of the end moment in member
9T (high compressive force member) at end i, that is the joint further
from midspan, is -0.033 My while for the other end j, joint closest to
midspan is 0.036 My. For an eccentricity e? given by Clause 16.5.11.4(b)

of 0.505 inches (e2 of 0.489 inches) the moment at end i decreases to

-0.029 My while at end j it increases to 0.045 My. For a value of e?

equal to the depth of chord (1.222 inches) as given in Section 6.2, e,
equal to 1.135 inches, for the end i the moment decreases to -0.023 My
while at end j it increases to 0.058 My.

For the web member 1W (high tensile force member) for zero
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eccentricity the moment at end i, that is the member end framing into
the top chord, is -0.4 My. For the end j the corresponding moment is
-0.182 My. For the eccentricity e? given by Clause 16.5.11.4(b) of
0.505 the moments at end i and end j increase to -0.431 My and -0.238 My,
respectively. If this eccentricity e? is increased to equal the depth
of the chord these moments increase to -0.479 My and -0.325 My, respec-
tively.

For zero eccentricity the value of end moment in web member
3W (high compressive force member) at end i, that is the end framing
into the top chord, is -0.128 My. At end j the moment is -0.080 My. For
the eccentricity e? given by Clause 16.5.11.4(b), the moments at ends
i and j increase to -0.456 My and -0.559 My, respectively. If the
eccentricity e? is increased to the depth of the chord the moments
increase to -0.928 My and -1.24 My respectively.

Thus we see that the end moments in member 3W are extremely
sensitive to the joint eccentricity. This sensitivity of the web member

to joint eccentricity is very much less for the next compressive web

member, 6W.

6.5 Discussion of Joint Eccentricity

The effect»of joint eccentricity on the stiffness of a joist
as measured by the midspan deflection can be ignored for the range of
eccentricities 1likely to be encountered in practice. The increase in
the midspan deflection resulting from eccentricities currently permitted
by CSA Standards is less than 0.2%. Should the provisions for contin-
uous web members (Clause 16.5.11.4(a)) apply to joists of the type

tested the increase would be 0.17%. Indeed permitting joint eccen-
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tricities for any web continuity equal to the depth of the chord the
deflection increases by only 1.5%. Thus it may be concluded that for
joists of this type any reasonable limitation on joint eccentricity will
not result in unsatisfactory reduction in joist stiffness.

The failure mode of open web steel joists is frequently by
in-plane buckling of one of the compression members. In such cases the
effects of joint eccentricity on the failure capacity of a joist can be
measured by the effects of the eccentricity in altering the buckling
load for a member. This effect can be evaluated by examining the effects
of eccentricity on the axial load and end moments. Thus only compression
members need be considered.

The axial forces in the chord members are essentially indepen-
dent of the joint eccentricity and the change in axial forces in web
members is due to their change in slope. Again for reasonable eccen-
tricities this effect is sufficiently small that the effects of joint
eccentricity can be ignored in joist design.

The most critical chord member is the top chord panel at
midspan, member 9T. As discussed in Section 6.4 the maximum end moment
due to eccentricities as great as the depth of the chord increased from
a value of 0.036 My to 0.058 My, Since this increase is small and both
moments are extremely small compared to the moment capacity of the chord
and since the axial force is essentially independent of the joiht
eccentricity it would appear that joint eccentricities as large as the
chord depth will have no significant effect on the buckling capacity of
the top chord member.

In web member 3W, although the change in axial load due to

eccentricities as large as the chord depth are minimal and could be
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ignored the end moments induced at the bottom end is greater than the
yield moment.

For the eccentricity permitted by the CSA Standard the moment
at the top end increases from -0.128 My to -0.456 My and at the bottom
end from -0.08 My to -0.559 My. Thus the moments for this member are
much more sensitive to eccentricities and increase rapidly.

From the above discussion it would appear that the effects of
joint eccentricity cannot be neglected when designing the end com-
pression diagonal and that the current provisions permit large moments
to be developed even at working load. This has been substantiated in
tests where failure either as a joint mechanism or as buckling of the
end compression diagonal has been observed.

It appears that the attempt by the CSA Standards to set a
limiting value of joint eccentricity that is applicable to all joints in
an open web steel joist is not realistic.

The sensitivity of the joist behaviour to eccentricities at
joints located at the ends of the chords is very much greater than for
joints located along the chords.

On the basis of this study it would appear that the provisions
of Section 16.5.11.4 can be revised so that when stipulating the maximum
joint eccentricity that can be ignored in design no distinction need
be made between joists having continuous web members and those having
discontinuous web members and that, except for those joints at the ends
of the chords, the permissible eccentricity can be increased to be equal
to the depth of the chord.

For those joints located at the ends of the chords the limit-

ations of Clause 16.5.11.4(b) should apply to both types of joists. For
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any joint eccentricity exceeding this amount the designer should do a
complete analysis including a computation on the total applied moment

at the joint to the resisting capacity of the members framing into that

joint.
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Figure 6.1 Calculation of eccentricities at bottom and top joints.
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CHAPTER 7
SUMMARY_ AND CONCLUSIONS

To determine the effect of joint eccentricity on the behaviour
of open web steel joists a testing program was undertaken. Ten joists
having loads, spans and depths representative of typical joists in a
light floor framing system were tested to failure. In addition to the
joint eccentricities the variables were chord sections and web to chord
fabrication details.

Measurements were made of axial forces, bending moments and
panel point deflections at selected locations. Each joint was analysed
by an elastic frame analysis and the results compared with the measured

values. Based on this study the following conclusions can be made:

1. The elastic frame analysis gives an excellent prediction of
deflections, axial forces and bending moments in the members

of the joist for loads up to the working load.

2. Joint eccentricities have a negligible effect on the deflec-

tions and axial forces in the members of the joist.

3. Bending moments in the members are more sensitive to joint
eccentricity. However, a distinction between eccentricity
at joists along the chords and eccentricity at the joints at
the ends of the chords must be made. The effects of eccen-
tricity at joints along the chords has only a small effect on
the bending moments and in many cases reduces the bending
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moment. Since these changes in moments are very small compared
to the bending capacity of the chord they can be neglected in

design.

Eccentricity at the joints at the end of the top and bottom
éhord have a significant effect on the moments induced in the
members framing into these joints and such eccentricity should
be avoided as much as possible. Eccentricities as large as
those existing in the test joists could cause moments in the
end compression diagonal that exceeded the yield moment for

this member at working load.

From the analyses made in this study it was not possible to
consistently predict the load at which instability would occur
in the critical compression members. However joint eccentricity
did not appear to have an appreciable effect on the buckling

strength of the top chord members.

There is no clear definition of the terms 'continuous' and
'discontinuous' web members in the CSA Standard 516.].‘ From
the interpretation of these terms used in this report there
did not appear to be any difference in behaviour attributed

to joint eccentricity that was affected by whether the web

was continuous or discontinuous. For this reason it is
recommended that the terms as used in reference to the maximum
eccentricity that is permitted such that the effects of joint

eccentricity can be neglected in design be deleted and that a
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single criteria for all joists be used.

For joints along the chords thé effects of joint eccentricity
of the magnitude expected in practice on the behaviour of the
joist are minimal. It is recommended that joint eccentri-
cities may be neglected in design provided that they do not
exceed the greater of the two distances measured from the
neutral axis of the chord member to the extreme fibres of the
chord membef for all joists. Further research may include
that this 1imit may be relaxed to include joint eccentricites
as large as the depth of the chord for joists with hat section

as chords.

The behaviour of all joists is sensitive to the amount of
joint eccentricity that occurs at the joints at the ends of
the top and bottom chords. Eccentricities at these Jjoints can
only be neglected in design if the eccentricity does not
exceed the distance from the neutral axis to the back (outside

face) of the chord member.
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APPENDIX A
CALCULATION OF GEOMETRY
=220 U GEOMETRY

Shown in Figure 2.3 is ; typical joint of a Jjoist and the
S quantities to pe measured. Figure 2.4 shows the quantities which can be
[ computed by trigonometny.

|

‘ ST = x/2 sin A(1,1), s2 = x/2 sin A(I,2)

,l where x js the common diameter of the web members.

'l NT + N2 = D(I/T) +S1 + D(1,2) + s2

\ L=G(I) + 2z - y+w

| Also N1 = L(Ctn AL1)) and N2 = (g A1,2))
,/ Hence L = (NT + N2)/(Ctn A(I,1) + Ctn A(1,2))
'l which gives

- D(I,1) + D(I,2) + 51 + S2 _
f 6(1) = T AMLTY ¥ CtnA(T,2) -~ 2*+Y - w
1 thereby giving the eccentricity (ez) as

H(I,1) G(I) Ctn A(I,1)

[ and H(1,2)

G(I) Ctn A(1,2).
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APPENDIX B
INSTRUMENTATION

The analog signals, which formed the output from the measuring
devices, were changed to digital form by a digital voltmeter controlled
by a program in the Nova. The format of the equivalent digital signals
was a thirteen bit two complement integer numerator (N), plus a gain
range index (GRI) of one to thirteen. The readable voltages with any

particular gain range was
R =2 (0.0025 * 2 ** (GRI - 1)),

but since the gain range selected by the computer resulted in a normalized
fraction (except for voltages below 0.00125), a full thirteen bits of
significance was usually obtained, or about three to four decimal digits.
The smallest voltage change detectable in any gain range (that is,

sensitivity) was:

w
1]

! R/4095, and the voltage was calculated as

<
i

N * R/4095.

L+

For example, if GRI = 13, R = - 10.24 volts, S = ! 0.0025 volts;

while if GRI = 1, R = ¥ 0.0025 volts, S ¥ 0.0000006 volts.

An interactive Fortran program was used to monitor load and
centre line deflection during load application. The raw data was
multiplied by the respective conversion factors (strain: 0.318 (in/in)/V,
load: 491 kips/V, deflection: 0.639 in/V)to get the loads, strains and

deflections at every load increment.
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