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ABSTRACT

This study involves the development of two methodologies for
the design and analysis of light trusses and open web steel joists sup-
porting standing seam roof systems. The primary mode of failure con-
sidered in the study is out-of-plane lateral buckling of the compression
chords of these structural members. The first method considers the behav-
jor of joists and trusses in conjunction with standing seam roof system
components. The second method studies the behavior of trusses and joists
without standing seam roof system components but includes web restraint
effects.

A series of experimental tests conducted prior to this stud%
serves as a basis of comparison for results from both analytical methods.

A design equation is developed based on the method that was found to give

better results. The design equation results are compared to theoretical
and experimental results.

Based on the experimental research and on the findings from
this study, recommendations are made for best use of a simple design

equation and safer construction of standing seam roofs supported by
light trusses and open web steel joists.
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NOMENCLATURE

top chord cross-sectional area

maximum lateral deflection of the buckled top chord
constant relating to joist chord configuration)
constant relating to number of rows of bridging
/??2f7§?;~, proportional limit slenderness ratio
clip coefficient of friction ‘

moment reduction factor

modulus of elasticity

allowable axial unit compressive stress

allowable bending unit compressive stress

elastic allowable axial unit compressive stress

friction force provided by one clip

moment of inertia of the top chord about the vertical axis

moment of inertia of one web member about a horizontal axis

in the plane of the joist

total stiffness of web members at each panel point
joist span

length of one web member

bending moment

bending moment at midspan



NF

= W

normal force applied on a single clip

top chord axial force

top chord buckling load

elastic top chord buckling load

inelastic top chord buckling Toad

proportional 1imit load

chord yield load

a form factor equal to unity unless the width/thickness ratio of
one or more elements of the profile exceeds the limits spec-
ified in the AISC specifications section 1.9 for hot rolled

sections and in the AISI specifications section 3 for cold
formed sections

bridging spacing

internal bending strain energy due to bending

shear force

external work done by frictional forces due to buckling
factor that depends on top chord axial load variation

factor that depends on the number of panel points between
bridging lines

factor that depends on web component type, rod or angle
effective joist depth

computed axial unit compressive stress

computed bending unit compressive stress

region width in modified Newmark's method

s]gnderness ratio of top chord with respect to the vertical
axis

lateral stiffness of one web member

number of clips acting on top chord between bridging lines
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distance between panel points
least radius of gyration of top or bottom chords
standing seam roof clip spacing

uniform l1oad applied on one joist, equal to roof load per unit area
times joist spacing

predicted joist failure load using the design equation
experimental failure load

predicted joist failure load using modified Newmark 's method
distance from left support to studied point

first derivative of top chord lateral deflection function with
respect to x

second derivative of top chord lateral deflection function with
respect to X
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LATERAL STABILITY OF LIGHT TRUSSES AND OPEN
WEB STEEL JOISTS

CHAPTER I
INTRODUCTION

1.1 Background

Unlike conventional roof systems, standing seam roof systems
do not provide lateral support to the top chords of trusses and steel
joists by direct mechanical connection. Consequently, the Toad carry-
ing capacity of these structural members may be lessened. With con-
ventional roof systems, qefined here as roof cladding composed of steel
cold-formed sheets attached to supporting members with steel fasteners
which do not permit longitudinal movement of the sheets, lateral support
is provided at each fastener location, Figure 1.1(a). The fasteners
are usually spaced 12 in. to 36 in. apart, and the Steel Joist Institute
(SJ1) specifications for open web steel joists supporting conventional
deck(l) allows the designer to assume full lateral support if the fas-
tener spacing is less than or equal to 36 in. Thus, the failure modes
associated with joist top chords for this type of construction is lim-
ited to yielding, in-plane column buckling and local buckling. With

standing seam roof systems, sliding clips are used to connect the steei
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Figure 1.1 Conventional and Standing Seam Roof Systems



sheets to supporting members, Figures 1.1(b) and 1.2. The purpose of
this type of connection is to permit thermal induced movement of the pan-
el relative to the supporting member. Thus, the only lateral restraint
provided to the top chords of supporting trusses or joists is through
friction in the clips and/or "drape" or "hugging" of the panels.

A comprehensive series of tests on standing seam roof systems
supported by steel joists have been conducted at the Fears Structural
Engineering Laboratory, University of Ok]ahoma(z). The results of these
tésts indicate that (a) in certain cases, significant lateral restraint
is proyided by standing seam roof systems and (b) current specification
rules: are inadequate for design of top chords supporting standing seam
panels. In the cited research, results from 46 full-scale tests using
40 ft., 50 ft. and 60 ft. span joists show that failure loads predicted
using SJI design rules for joists supporting conventional roof decks,
SJI design rules for unsupported top chords during construction and
American Institute of Steel Construction specification(3) provisions
for out-of-plane column buckling are inconsistent with the test results.
For certain spans and joist types each of the methods were independently
found to be either very conservative or unconservative. Thus, the cur-
rent investigation was initiated with the objective of developing design
procedures for the compression chords of light trusses or steel joists
supporting standing seam roof decks. The study is limited to truss and
joist configurations and member sizes similar to the SJI J- and H- series
Joists. However, both standard web types, "angle" and "rod" are consid-

ered. An "angle" web joist is constructed using equal leg angles crim-

ped at top and bottom chord panel points and welded between the chord

-3-
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angles as shown in Figure 1.3(a). A "rod" web joist is constructed
using a continuous round rod bend and welded to the top chord members
as shown in Figure 1.3(b). The major difference between the two typgs
is that angle web members are discontinuous, whereas the rod web

members are made of one continuous rod.

1.2 Current Steel Joist Design Practices

The current SJI specification(l) has three provisions for the
design of compression chords of J- and H- series joists. The first pro-
vision considers only column buckling in the plane of the web of the
joist. Use of this provision is limited to situations where (a) each
attachment of the supported slab or deck to the top chord is capable
of resisting at least 300 1bs., (b) the spacing of the attachment
is not greater than 36 in., and (c) the panel Tength (distance between
attached web members) is less than 24 in. If these conditions are

met, the allowable compression stress is determined from

2C y
Fa = c for (p/r)sC.  (1.1a)

Where F4= allowable chord stress, CC=JZHZE/QFy2 Q is a form factor equal
to unity unless the width-thickness ratio of one or more elements of the
profile exceeds the 1imits specified in the AISC Specification Section
1.9 for hot rolled sections(3) and in the AISI Specification Section 3
4)

for cold formed sections( » P = distance between panel points for the

chord members, r = least radius of gyration of the chord, E = elasticity
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modulus (usually taken equal to 29,000 ksi), or

F o 127°E

a= 5 for (p/r) > C (1.1b)
23 (p/r) ¢

The factor of safety in Equation l.la is the denominator of that equation

- and ranges from 1.67 to 1.92 depending on the slenderness ratio; the

factor of safety in Equation 1.1b is 23/12 (=1.92). Since the joist

chord is considered to be laterally braced with respect to the vertical

axis, the critical p/r ratio is about the horizontal axis (p/r)x.

The above provision is identical to those found in the AISC spec-
ification for column buck]ing(3). They were apparenf1y adopted by SJI
based on work conducted by Lenzen(s) as reported in Reference 6.

The second prbvision considered in-plane beam column effects.

The aboye attachment provisions apply, but there is no 1imit on panel

spacing. An adequate chord is one which satisfies (a) at the panel points

fa+ fy < 0.6F (1.2a)
and (b) at mid-panel

f ¢ f
2oy =12 10 (1.2b)
T e

Fe

Where Cm =1-0.3 fa/Fe for end panels, or Cm =1-0.4 fa/Fe for inte-
rior panels, fa = computed axial unit compressive stress, fb = computed
bending unit compressive stress at the point under consideration, Fqa =
allowable axial unit compressive stress based on p/r as defined previ-

ously, Fb= allowable bending unit stress, F;= 12 n2 E/23(p/r)2, Q is a



form factor defined previously. The factor of safety for equation 1.2a
is at least 1.67. The factor of safety for Equation 1.2b cam not be
determined in general but is assumed to exceed 1.67. Again this provi-
sion is identical to those contained in the AISC specification for beam-
columns except for the expressions for Cm.

The third provision is to be used to assess lateral stabiiity of
joists during erection. The SJI specification requires that the chord

properties be such that Fa > 10,000 psi where

14.15x10°CC, > —
Fy = > (1+15) (I1+35)S7+25.6 1. Tg h (1.3)
hS AT
In which S = bridging spacing (in.), h = effective joist depth (in.),

AT= area of top chord (in?), IT= moment of inertia of top chord about
the vertical axis (in%), IB= moment of inertia of bottom chord about the
vertical axis (in%), JT= torsional constant of top chord, Jz= torsional
constant of bottom chord, JT and Jp are calculated from the formula
J=1I At2/3, C1= 0.85 for\two-piece chord joist, or Cl= 1.00 for one-
piece chord joist, C2 is a constant with values listed in Table 1.1.

Table 1.1 Constant C2 values for Equation (1.3)
Number of Rows of Bridging C

2

.4.00
3.00
4.00
3.33
4.00

P wNno =

Equation 1.3 is an empirical relationship based on the work of
J. A. Hribar(s) and it takes into account possible lateral restraint

supplied to the top chord from the web and bottom chord members due to
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bending in these members during lateral movement of.the top chord. The
theoretical analysis used to develop Equation 1.3 is based on the conser-
vation of energy principle. By assuming a buckled shape, a sinusoidal
curve in this case, the strain energy due to deformation of the various
joist components was calculated. The following were considered: (a)
bending and twisting of the top and bottom chords, (b) bending and twi-
sting of the web members, and (c) the work done by the external forces.
On setting the strain energy equal to the work done, a value for the
critical load was obtained. Due to the complicated geometry of joists,
the resulting equations for strain energy and work done are extremely com-
plex ( the strain energy equation had 53 terms all involving trigonome-
tric functions of 2nd and 3rd orders ). Using the theoretical results,
Hribar apparently developed Equation 1.3, however, literature concerning
this development was not found. Tests confining the theoretical results
are described in Reference 6.

The above provisions have been successfully used for the design of
many thousands of steel joist supported roof systems that meet the spec-
jfied limitations. However, unless the clip friction and/or restraint
provided by panel drape or hugging provide sufficient lateral restraint,
use of these provisions for standing seam roof systems may be unconserv-
ative, From the fest results and comparisons to design predictions
reported in Reference 2, it is apparent that sufficient restraint to
allow the safe use of Equation 1.1 is not provided in a number of the
configurations tested. Further, it was shown that Equation 1.3 did not
accurately predict the failure loads when no lateral restraint was assu-

med; both conservative and unconservative results were obtained. Thus,
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it is apparent that further research is required to develop design meth-

odology for light trusses and steel joists supporting standing seam roofs.

1.3 Scope of Current Research

A need to develop design procedure to accurately predict the
load carrying capacity of steel joists and light trusses supporting stan-
ding seam roof systems has been shown. The research reported here is
an attempt to satisfy this need. Chapter II summarizes the previous ex-
(2)

perimental program which serves as the basis for ccmparison of the theo-

rética] results developed in Chapter III. Two analysis procedures are
developed. The first procedure is based on statics only. The second
analysis procedure is based on existing iterative procedure to predict
column (chord) buckling loads. Using results from the second analysis
technique, a simplified design equation is developed in Chapter IV.
These approximate results are then compared with the exact analysis

results and with the experimental data available.
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CHAPTER II

EXPERIMENTAL RESEARCH

2.1 Scope of Research

| A research program to study the behavior of steel joists supp-
orting standing seam roof system using simulated gravity loading was
conducted at Fears Structural Engineering Laboratory, University of Okla-
homa(z)and forms the basis for comparisons made in this study. This
chapter is a detailed summary of the cited testing program and results.
Analytical results developed in Chapter III are compared to the test
results in Chapter IV. The primary purpose of this research was to deter-
mine lateral bracing spacing requirements for the joists, in addition to
checking the adequacy of design procedures sugaested by the Steel Joist
Institute and the Americal Institute of Steel Construction for pre-
venting out-of-plane lateral torsional instability of the top chord of
steel joists when used with standing seam roof panels. The tests were
designed and conducted to cover all parameters that were believed to
affect the roof system. These parameters included joist span Tength,
design 11v¢ load level, bridging spacing, web type, insulation, clip
size and roof insulation systems.

Three span lengths were used, 40, 50 and 60 ft. spans; two design

load Tevels 20 and 40 psf; numerous bridging spacings; two web types, rod
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and angle; two clip heights, 3 in. and 4 in.; and tests were conducted
with and without insulation in place. In addition, a proprietory
Roof Insulation System (RIS) was also installed in a few tests. Standard
1 in. bolted angle bridging was used in all tests. Bridging ranged
from 1 to 11 rows of top chord bridging and from 3 to 12 rows of bottom
chord bridging.

The following joist designation scheme was used throughout the
project:
» xx/y/zz-nn A
where xx = nominal span in ft., y = clip height in in., zz = nominal Tive
load in psf, nn = test number in chronological order conducted, A = E for
test joist on the east side of the test setup, = W for test ioist on the
west side of the test setup. For example, joist 40/3/20-14E refers to the
east test joist in a 40 ft. span test with a 3 in. high clip and with 20
psf design live load and the test was the 14th test conducted in the

series.

2.2 Overview of the Testing Procedure

For each test, the roof assembly was first constructed inside
a 15 ft. 3 in. wide by 60 ft. 6 in. long vacuum chamber. Each test
involved two test joists and two outside joists, all spaced at 4 ft. 9
in. on center. The four joists were suppoted by beams and short columns
at each end of the vacuum chamber. Figure 2.1 depicts a completed test
setup.
The outside joists were designed to have approximately 60% of the

test joists flexural stiffness (moment of inertia) in order to prevent
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any flexural "bridging" of the standing seam panels. To simulate lateral
restraint provided by an eave strut in a building installation, channel
sections were welded to the top chord of the outside joists. Top chord
bridging was attached to one channel in all tests (east side channel)
and to both channels in some tests. Bottom chord bridging was installed
near the outside bottom chord joist panel points in all tests with addi-
tional intermediate rows in some tests.

Simulated live load was applied using suction provided by three
vécuum pumps installed and connected to the chamber wallis. The air pres-
sure was monitored using a standard U-tube monometer and an electronic
pressure transducer. Vertical and lateral displacements were measured
at predefined discrete points along the test and outside joists using
linear displacement transducers. A1l data was read and recorded using
a micro-computer based data acquisifion system in "real time". Selected
data was plotted as the test was being conducted.

Two series of supplementary tests were conducted as part of the
research program. A test setup was constructed to measure lateral re-
straint provided by various clip/insulation combinations under simulated
live load, see Figure 2.2. In addition, tension tests of chord angles
were conducted to determine yield stress and elongation of the top chord
material, The minimum specified yield stress of the joists, bridging

angles and panels was 50,000 psi.

2.3 Construction Procedure Used for the Test Setups

2.3.1 Simulated Gravity Load Test Setup

The construction of all simulated gravity load test setups

-14~



-15-

Test

ure 2.2 Connection Restraint



followed the procedure summarized in the following steps:

1) Test and outside joists were chosen and placed inside the
chamber and spaced at 4 ft. 9 in. on center.

2) A1l joists were connected to rafter sections using 1% to 2 in.
long tack welds (see Figure 2.1).

3) The designated bridging configuration was installed. The
bridging was bolted together and to the joist using 3/8 in. diameter,

3 in. long bolts and were tightened with an impact wyench.

4) The floating panel clips and the standing seam panels were
installed at 2 ft. 0 in. spacing. If required, the insulation was in-
stalled along with the panels. In the case of RIS construction, the
segmented'beams were first installed on all four joists followed by the
clips and panels.

5) The east end of the roof panels were fastened either directly
to the channel on the east joist or to the eave closure plates previ-
ously instalied on the channel or to RIS segmented beams, as previously
explained.

6) The entire assembly was covered with 6 mil polythelene and
sealed with vinyl tape.

7) Displacement transducers were installed in the designated
locations using the access door in the chamber wall.

Once the assembly was completed and sealed, suction was applied
using a vacuum pump and two auxiliary 55 gallon drum type industrial
vacuum cleaners.

At the beginning of each test, a suction load of approximately

25% of the estimated failure load was first applied to the roof system.
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Readings were taken and plotted to check the roof behavior and the data
acquisition system operation. If any unreasonable results were obse-
rved at this time, the test was stopped and the problem was located and
corrected properly. If no unreasonable results were detected, the
system was unloaded and initial "zero" readings were taken. The suction
load was then started and increased in preassigned increments depending
on the joist design Tive load (25 p1f for a 20 psf roof system and 50 p1f
for a 40 psf roof system ). This process was continued until approxi-
mately 1.5 times the service load was reached then the load increments
were decreased to 5 pl1f until failure. Readings of all displacement
transducers and the electronic monometer were taken at each load incre-

ments to monitor roof and joist behavior and failure modes.

2.3.2 Supplementary Tests

Connection Restraint Tests. Floating panel clips were first

boTted to two short sections of 8 in. deep joists and the insulation, if
used, and panels installed using the usual procedure. The assembly was
then turned over and placed on the air bag in the containment box (see
Figure 2.2). A hydraulic ram was then connected to the support framing
using a linkage containing a calibrated load cell.

To perform a test, concrete blocks were first placed on the sup-
port frame. Air was then pumped into the air bag until the support frame
was free of the containment box and the weight of the blocks was balanced
by the pressure in the air bag. Using the hydraulic ram, force was then
applied transverse to the panel. The displacement transducers were used
to measure the motion of the support frame relative to the panel. The

lToad cell was used to measure the applied force. The force and dis-
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placement were measured and plotted in real time using the data acqui-
sition systep.

Coupon Tests. A 24 in. long section of the top chord in each

tested joist was cut upon test completion and tested using a specially
designed deyice mounted in a untyersal testing machine. The reported
yield stress and tensile strength from these tests are found in sec-

tion 2.4.3,

2.4 Test Results

2.4.1 Simulated Gravity Loading Test Results

Fortyesix simulated gravity loading tests were performed.
These tests included eighteen 40 ft. span, seven 50 ft. span and twenty-
one 60 ft. span tests. Top chord lateral buckling was the failure mode
for all tests with four exceptions. The failure modes for these four
tests were reported to be due to the test setup, inadequacy of the out-
side joists or support failures. Data from these tests will not be
included in the comparisons made in Chapter IV.

Comparison of experimental failure loads with allowable working
loads obtained from each of the current analysis procedures "AISC", "SJI"
and "CONV" were made and the results are reported here. The terms "SJI",
"CONV" and "AISC" were used to identify the results. "CONV" refers to
the SJI analysis procedure for chords braced by conventional decks as
was described in Section 1,2. The associated failure mode is in-plane
buckling of the compression chord. The factor of safety in this case
is either the denominator in Equation 1.la or 23/12 as in Equation 1.1b,

whichever applies. "SJI" refers to the SJI analysis procedure for
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erection stability as described in Section 1.2. The associated failure
mode is lateral-torsional buckling of the joist top chord and web. The

(7).

factor of safety is 2.0 "AISC" refers to the analysis procedure for
unbraced compression chords without considering the effect of the web

as described in Section 1.2. The associated failure mode is lateral
buckling of the top chord. The factor of safety is the same as given

in the "CONV" design procedure. The allowable working loads for each
joist were calculated using the megsured yield stress of the compression
éhord material. The comparisons were based on a load factor (LF) de-

fined as:

Experimental Failure Load
LF = : (2.1)
(Predicted Failure Load/Factor of Safety)

40 ft. Span Tests. Eighteen tests using 40 ft. span angle and

rod web joists were reported. Design load levels of 20 psf and 40 psf
and 5 ft. joist spacing were used to develop the test matrix. Three
bridging spacing configurations were used for top and bottom chords.
Bottom chord bridging was installed near the outside bottom chord panel
point and at midspan for all tests. A flow chart of the test matrix is
shown in Figure 2.3. Experimental failure loads, allowable loads from
"AISC", "SJI", and "CONV" analyses and associated load factors are giv-
en in Table 2.1 (from Reference 2).

50 ft. Span Tests. Seven tests using 50 ft. span angle joists

were reported. Design load level of 40 psf and 5 ft. joist spacing were
used to develop the test matrix. Four bridging spacing configurations
were used for top and bottom chords. Bottom chord bridging was instal-

led near the outside bottom chord panel points for all tests. Four

-19-



(2 9duauajay wouy)

34BY) MO[4 SISIL URdS "34 OF €' Za4noiyg

£v-0/€/00 S1-02/€/0%
6€-00/€/0 y1-02/£/0%

8¢-0p/€/00 1v-04/€/0¢ 5€-02/€/0b £1-02/8/0%

Sy-0b/€/0v  vv-0v/€/0v  [£-0v/€/0v  9y-0b/€/0  2b-Op/€/0b  Ov-Ov/€/0v  9£-02/€£/0b vE-02/£/0% 21-02/¢/0
Sy /M ‘{nsuL /m diyd ¢ SIY /M Lnsut /m i ¢ Tinsut /M digd ¢ de1) g

diyd € dLyd ¢ 4D W€ i) . diy) ¢
g3y 3buy qapM poy q3M 3 buy Q3 poy
_ 1 ¥ | & — 3
3sd 0y 4sd 02
| |

ueds "33 0p




Table 2.1

40 ft. Span Test Results(from Reference 2)

Rows y-Axis Br;dging x-Axis 5
of (AISC) (S91) ( COny.) pe
Bridg. Etp- =
Test E W W W 2
No. T{ 8| (pIf) | pif LF plf LF pif LF =
40/3/20-12 | 1| 3| 208.7 | 10.5 |19.97 { 18.2 |11.48 |130.5| 1.60 |N
40/3/20-13 | 3| 3| 278.1 | 42.8 .5 65.2 | 4.27 |131.9| 2.11 |N
o gg 40/3720-14 | 3| 3| 238.2 | 45.4 5.25 | 65.1 3.66 1126.2 | 1.89 |N
2] 140/3/20-15| 3| 3| 268.0 | 39.7 | 6.76 | 65.9 | 4.07 |117.7| 2.28 M
o

~ 40/3/20-34'] 3| 3| 284.9 N
{; 40/3/20-35 | 3| 3| 235.9 | 58.0 | 4.07 | 84.9 | 2.78 |130.0 | 1.81 |N
&|40/3/20-36 | 3| 3| 254.5 | 61.0 | 4.17] 95.9 | 2.65 [136.1 | 1.87 |1
40/3/40-40 | 3 | 3| 421.2 | 86.2 | 4.89 |150.0 | 2.81 |[232.1] 1.81 [N
40/3/40-41 | 3| 3| 418.1 | 85.5 | 4.89 {145.8 | 2.87 |221.3| 1.89 |N
2|40/3/40-42 | 3| 3| 433.5 | 86.2 5.03 | 144.5 3.00 |228.2 | 1.90 |1
40/3/40-45 | 3| 3| 340.9 | 84.8 | 4.02 |149.9 | 2.27 [222.2]| 1.53 |R
- 40/3/40-37'] 3| 3| 302.2 N
:: 40/3/40-38') 3| 3| 417.2 N
“| @[{40/3/40-39 | 3 | 3| 385.9 |124.4 3.10 {193.2 | 2.00 |222.4} 1.74 |N
5; 40/3/40-43 | 3| 3| 382.4 1119.C | 3.211190.8 | 2.00 |227.5| 1.68 |N
40/3/40-44 | 3 | 3| 376.3 |128.9 2.92 1197.6 1.90 {226.8| 1.66 |1
40/3/40-46 | 3 | 3| 347.3 |115.6 | 3.00 |188.9 1.84 [230.5| 1.51 |R

* 40/3/20-11 | 1| 3| 314.2 | 12.8 |24.48| 22.1 |14.21 |169.8| 1.85

*Retest of Test B-2B of Reference 5.

1Test not considered to be valid.

N
1
R

]

w/0 insulation

w/ insulation
RIS Beams
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50 ft. Span

[

40 psf

3" Clip

50/3/40-27
50/3/40-28
50/3/40-29
50/3/40-30
50/3/40-31
50/3/40-32
50/3/40-33

Figure 2.4 50 ft. Span Tests Flow Chart
(from. Reference 2)
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Table 2.2

50 ft. Span Test Results (from Reference 2)

y-Axis Bridging x-Axis
Rows of | Exp. (AISC) (sdl) (CONV..)
Test Bridg. w W w W
No. T8 ] (p1f) | pief LF plf LF pif LF
50/3/40-31 7 | 264.1 | 123.2] 2.14 | 202.8| 1.30 | 224.6 | 1.18
50/3/40-33) 3| 7 | 367.7 | 123.0) 2.9 | 197.3| 1.86 | 222.2 | 1.65
S | 80/3/40-29| 5|7 | 422.2 | 191.7) 2.20 | 282.1| 1.50 | 223.6 | 1.89
=
@ | 50/3/40-30| 5| 7 | 347.6*| 189.5 281.4 224.6
o
< | 50/3/40-32) 5| 7 | 349.3 | 187.8| 1.86 | 274.2| 1.27 | 220.2 | 1.5
50/3/40-28| 6 | 7 | 334.3%| 207.4 282.1 223.6
50/3/40-27] 7| 7 | 334.2%| 215.4 282.1 223.6
L

*Not conducted to failure.

All tests conducted without insulation.

-23-
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Table 2.3

N =
1=
R =

w/o Insulation.
w/ 4 in. clip, insulation and thermal blocks.

RIS Beams

~25-

60 ft. Span Test Results (from Reference 2)

Rows y-Axis Bridging x-Axis <

giidg. Exp. (AISC) (sa1) (CONV.) e

Test We w W W S

No. T |8 |[(plf) |plf |LF |plf |LF pIf |LF | £

60/3/20-4 1|3 |110.0 |5.1 21.43|11.5 19.55 | 130.6 | 0.84 | N
60/3/20-1 2 (4 {111.7 |12.5 |8.95 |18.6 |5.90 | 120.3 |0.93 | I*
60/3/20-2 2 |4 |111.7 |11.6 |9.65 |18.3 |6.11 | 127.0 |0.88 | =
60/3/20-5 3 |5 }162.9 |22.7 |7.16 [40.2 [4.05 | 123.6 |1.32 | N
60/3/20-6 3 |5 |170.5 |30.2 |5.64 [56.6 |3.01 | 123.9 [1.38 | N
60/3/20-3 4 |6 [123.0 |25.5 |4.86 [49.0 |2.52 | 120 1.03 | N
60/3/20-7 | 5 |7 |197.8 |54.6 |3.62 |81.7 [2.42 | 126.0 |1.57 | N
«|60/3/20-8 | 5 |7 |138.4 |52.9 |2.62 |82.3 |1.68 | 128.6 |1.08 | N

;? 60/3/20-9 5 |7 |128.9 |55.1 |2.3¢ |91.5 |1.41 | 129.8 |0.99 | N

o | Tj60s3/20-16 | 5 |7 |133.5 |52.4 |2.55 [81.1 |1.65 | 121.4 |1.10 | N
= 60/3/20-17 | 5 |7 |210.4 |82.7 |2.43 {128.6 |1.57 | 121.7 |1.66 | N
= 60/3/20-18 | 5 |7 |148.3 [83.3 |1.78 |128.6 |1.15 | 123.8 |1.20 | N
< 60/3/20-26 | 5 |7 |153.2 |81.5 |1.88 |129.7 |1.18 | 123.4 |1.24 | N
60/3/20-19 | 6 |8 [163.1 |102.0 |1.60 |156.7 |1.04 | 124.7 |1.31 | N
60/3/20-20 |10 |12} 180.4 |122.9 |1.47 |151.3 |1.19 | 119.4 |1.50 | N
60/3/20-21 |10 |12)|187.8 |122.5 |1.53 |150.9 |1.24 | 120.0 |1.57 | N
60/3/40-10 7 |316.5 |[121.3 {2.61 |174.1 |1.82 | 214.0 |1.48 | N
60/3/40-24 7 |306.6 |162.4 |1.89 |241.8 |1.27 | 209.9 |1.46 | R

«| 60/3/40-25 7 1309.1 |163.5 |1.89 |244.3 [1.27 | 211.9 | 1.46 | R

:: 60/3/40-23 |10 |7 |399.3 |209.4 |1.91 |241.2 |1.66 | 209.5 |1.91 | N
“160/3/40-22 |11 |7 |411.8 |{209.4 |1.97 |241.2 |1.71 | 209.5 | 1.97 | N

*4 in. clips w/ insulation and thermal blocks.




of the seven tests were conducted to failure. Tests 27, 28 and 29

were concucted using the same joists but with different bridging spac-
ing. First Test 27 was conducted to a predetermined load level and then
unloaded. The number of rows of bridging was then changed from seven to
six and Test 28 was conducted to a higher predetermined Toad and then
unloaded. The number of rows of bridging was then changed from six to
five and Test 29 was conducted to failure. The same procedure was used
for Tests 30 and 31 with five and three rows of bridging, respectively.
Tésts 32 and 33 were conducted directly to failure. A flow chart of the
test matrix is shown in Figure 2.4, Experimental failure loads, allow-
able loads from "AISC", "SJI" and "CONV" analyses and associated load
factors are given in Table 2.2 (from Reference 2).

60 ft. Span Tests. Twenty-one tests using 60 ft. span angle web

joists were reported. Design load levels of 20 and 40 psf and 5 ft.
joist spacing were used to develop the test matrix. Seven bridging sp-
acing configurations were used for top and bottom chords. Bottom chord
bridging was installed near the outside bottom chord panel points for

all tests. A flow chart of the test matrix is shown in Figure 2.5.
Experimental failure loads, allowable loads from "AISC", "SJI" and "CONV"

analyses and associated load factors are given in Table 2.3 (from Refer-

ence 2).

2.4.2 Connection Restraint Test Results

Using the test setup described in Section 2.3.2, one hundred
and six connection restraint tests were conducted by Holland and Murray(z)
using the standing seam roof system. Thirty-eight tests were performed

using a 4 in. clip with insulation and thermal blocks, forty-two tests



with a 3 in. clip and insulation and twenty-six tests with a 3 in. clip
and no insulation. The tests were conducted at five load levels, repre-
senting 12, 20, 40, 55 and 70 psf. The effective coefficient of fric-
tion is defined as

Lateral Force Required to Produce Slip Per Clip

CF = (2-2)
Normal Force Per Clip

Table 2.4 summarizes the test results showing the average friction force
(FF) and the average effective coefficient of friction (CF) for each
cdnnection configuration at each load level along with the correspond-
ing standard deviation. Data from Table 2.4 is shown plotted in Figures
2.6 and 2.7 as friction force versus normal force and effective coeffi-
cient of friction versus normal force, respectively. It is seen from
those figures that the friction force increases relatively linearly
with increasing normal force and that the effective coefficient of fric-
tion generally decreases with increasing normal force, but tends to
level off above 40 psf.

Best fit polynomial function curves for each of the connection
configurations are as follows:
4-in. clip with insulation and thermal block

FF = 58.04 + 0.04436 (NF) + 3.038 x 107*(NF)? (2.3)
3-in. clip with insulation

FF = 44.92 + 0.1985 (NF) + 5.058 x 107>(NF)? (2.4)
3-in. clip without insulation

FF = 38.91 + 0.2454 (NF) - 4.39 x 107°(NF)2 (2.5)
These equations are limited to a normal force range of 120 1bs. to 700

1bs. per clip.
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Table 2.4
Results of Connection Test for VULCRAFT
Standing Seam Roof Clips
(from Reference 2)

4" Clip w/insul. | 3" w/ insul. 3" w/o insul,
X S X S X S

120 |8 67.3 | 5.32 | 69.2 | 3.87 | 8.4 | 9.02
Pt 1.l 0.5599 | 0.0435 |0.5371| 0.0909 | 0.5681 | 0.076
200 | & 798 | 5.6789 | 86.7 | 14.2 | 86.8 | 6.11
PST ul 0.399 | 0.0287 |0.4333| 0.0703| 0.4333 | 0.031
s00 | 124 | 6.5574 |133.7 | 19.4 | 139.7 | 16.3
PST Il 0.3099 | 0.0166 |0.3343 | 0.0483 | 0.3493 | 0.0408
s50 | 174.4 | 22.48 |167.7 | 12.8 | 168.8 | 3.70
PST 1wl 0.3171| 0.0406 |0.3048 | 0.023 | 0.3063 | 0.0068
700 | & 238 21.86 |209.3 | 6.9 209.8 | 9.23
P 1wl 0.3398 | 0.0313 |0.2989 | 0.0105| 0.2995| 0.0132
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2.4.3. Coupon Test Results

A 24 in. long section of the top chord in each failed joist
was cut after test completion and tested. A total of one hundred and
five samples were made and tested. The average yield stress for all
tests was 53.0 ksi. The yield stress values ranged from 46.7 to 61.0
ksi., whereas the tensile strength values ranged from 52.9 to 88.9 ksi.
Percent elongation ranged from 2.2% to 29.1%. The standard deviation of

the yield stress values was 2.92.

2.5 Conclusion From Experimental Data

The results shown in Tables 2.1, 2.2 and 2.3 include the load
factors associated with the current three design procedures, as was
explained in Section 1.2, for 40, 50 and 60 ft. span joists. These
results were either conservative or unconservative depending on midspan
bridging spacing and the procedure used. A conservative load factor is
defined here as one that exceeds 1.67, 2.0 and 1.67 for "AISC", "SJI"
and "CONV" procedures respectively; whereas an unconservative load fac-
tor is one that falls short of these numbers.

"AISC" Procedure. The load factors associated with this pro-

cedure were very conservative for large midspan bridging spacing but
reasonable for small midspan bridging spacing. The load factors ranged
from 21.43 for 30 ft. bridging spacing to 1.48 for 4 ft. bridging spac-
ing.

"SJI" Procedure. The load factors associated with this pro-

cedure were conservative for large midspan bridging spacing and uncon-

servative for small spacing. The load factors ranged from 11.48 for

-30-



"20 ft. midspan bridging spacing to 1.04 for 4 ft. spacing. This pro-
cedure uses an empirical equation that was developed based on experi-
mental research and for equal bridging spacing. It was used here for
both equal and unequal bridging spacings.

"CONV" Procedure. The load factors associated with this pro-

cedure were unconservative for large midspan bridging spacings and
reasonable for small spacings. The load factors ranged from 0.84 for
30 ft. spacing to 1.97 for 4 ft. spacing.

| Based on the data discussed here, it is shown that none of the
current design procedures reviewed is sufficiently accurate for buckl-
ing load prediction for joists supporting standing seam roof systems.
The current theoretical research will study the disadvantages of the
current design formulas and try to develop a new method that better
studies 1ight trusses and open web steel joists in conjunction with

the standing seam roof systems.
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CHAPTER III

THEORETICAL STUDY

3.1 Discussion

Test results reviewed in the previous chapter indicate that the
three available design procedures are inadequate to evaluate the load car-
rying capacity of steel joists and light trusses supporting standing seam
roof systems. Two possible explanations are: (1) The restraint provided
by clip friction or panel "hugging" is neglected or (2) restraining ef-
fect of the web members is either neglected or inaccurately evaluated. Two
analyses procedures are developed in this chapter which account for the
above phenomena.

The standing seam roof system consists of panels and clips. The
main purpose of the clip is to transfer normal load on the panels to the
joists. The clips are restrained from moving in the joist longitudinal di-
rection and free in the transverse direction, see Figure 1.2. Impending
longitudinal motion of the lower section of the clip is resisted by fric-
tion forces in the sliding mechanism. In addition, because of the flex-
ibility of the "pan" portion of the roof panel, the panel tends to "drape"
on the top chord of the supporting truss or joist. Both effects tend to

resist transverse motion of the top chord of the supporting member. Deter-

-32-



mination of these restraining effects on the load carrying capacity of the
supporting member is the objective of the first analytical method, Section
3.2.

Lateral movement of the top chord causes bending of the web members
and associated top chord restraint. This restraint is accounted for in
the "SJI" design rules for construction, Equation 1.3. However, its appli-
cation is limited to equal bridging spacing and assumes that the maximum
chord force between bridging lines exists along the entire chord length.
This assumption is conservative and may be satisfactory for closely spaced
bridging lines, however, sharp reduction in chord force occurs over relativ-
1y short distances along the chord, see Figures 3,1 and 3.2. Due to this
axial load reduction, the buckling load is higher than it is for the same
chord with constant axial force. Web restraint effects and the variation
in axial force in chord members between points of lateral restraint are

included in the analytical method developed in Section 3.3.

3.2 Clip-Frictional Force Effect Method

3.2.1 Discussion

It is desired that the effect on load carrying capacity of re-
straining forces nrovided by a standing seam roof system be determined.
f

A simplified model will be develored herein to represent the top chord

and roof clins. The following assumptions are made in the analysis:

1) The top chord of an open web steel joist is represented by a

column with one axial load acting at its end.

2) The column length is taken equal to the top chord bridging

spacing S.

-33-



1sLOp gopM a|buy ueds ‘34 Qp 404 paoy) doj ayz Buo|y 92404 [BLXY JO UOLIBLABA T°E a4nbiLq

0or
'or
2°0
mM.o r
S ol
=
g ...k
.,d:m 0
= ..
Z90t
]
r.m ’or
8°0
6°0
0°'T*
¥ + . ¢ : + b . - : ¢
_v .Q .¢ .Q .Q .V .Q .Q .Q .v
L ]
: AN
L ]

T T 1T 7T 7T T 7T ¢t 1T 17 T 1T T 1T 1T T T T 1T 1
M peOT UMOjLuf

-34-



A403e40qe] S4ed4 3R PI}SIL SISLOL UO04 UOLINGLALISLQ ©I404 PAOY) Z°¢ aunby

= 93M poy
d =
d10°0 d€0°0 95070 d4Z0°0 J60°0 4IT°0 JET°0 G510 d9E70
_ r "
.vﬁ =, 0 L S
/ ‘ A gqaM 9| buy
d—= e ueds *34 Oy
i d80°0 491 0 avz o a1z 0 dit o
02 =706 B
S gam a|6uy
. ) ueds "34 ,06
> S e
4200 480°0 PTIR) 4810 422°0 dze 0
.O._” = _Q @ @ + .N —+
qaM 9|buy
, ueds "33 ,09
> . g
070 420°0 40170 R 410 d4sS1°0 q€0
2= b 99 )

-35-



3) The effective column length factor k is taken, conservatively,

equal to 1.0.

4) The web effect is neglected.

5) The governing buckling mode is a sinusoidal curve.

6) Buckling occurs in the horizontal plane, out-of-plane.

Making use of these assumptions, the top chord is represented by
a pin-pin column as shown in Figure 3.3a. The forces, (FF), represent the
combined clip friction and panel "hugging" forces and are assumed to be
céncentrated at the clip location. The clip forces are absent if the top
chord force is below the buckling load. When the load P reaches the col-
umn buckling load, Pcr’ the column tries to move laterally but is restrain-
ed by the forces FF. When the load P reaches a value where the clins can
no longer restrain the column failure occurs, see Figure 3.3b. The value
of maximum friction forces (FF) provided by the clips is determined from
Equations 2.3 through 2.5 for different clip configurations.
3.2.2 Method Development

It is assumed the normal force transferred from the roof panel

to the joist top chord through each clip is equal to the total uniform

force applied on one panel. Making use of that assumption gives:
NF =ws' (3.1)

where NF = normal force, w = normal uniform load on the joist, and s' =

spacing of clips or panel width. The maximum joist bending moment is

- 2
Mmax_ wlL™/8 (3.2)

where Mmax= bending moment at midspan, and L = joist span. Substituting

Equation 3.1 into Equation 3.2 gives
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2 |
Moo (NF)L® / 8 s (3.3)

The maximum chord force can be estimated from

P = Mmax/d (3.4)

where P = axial force acting on top or bottom chord, d = joist depth.

Substituting Equation 3.3 into Equation 3.4 gives
P= (N)L®/8ds (3.5)
thus, - )
. 2
NF= 8Pds' /L (3.6)
Assuming that stress in the top chord is uniform over the chord,
f.=P/A=(NF) L / 85" Ad (3.7)

where fa = top chord axial stress, A = top chord cross-sectional area.
Finally, using Equations 3.1 and 3.5, the joist normal uniform load is

found to be a function of chord axial load
2
w=8Pd/L (3.8)

The lateral restraining force per clip spacing is obtained by substituting
(NF) from Equation 3.6 into the experimentally determined friction force

equations (Equations 2.3, 2.4 and 2.5). For instance, for 3 in. clips

without insulation
2 -6 L 238
FF = 38.91 + 0.2454 (8Pds'/L )‘— 4.396 x 10 (8Pds'/L") (3.9)

Assuming that the buckled shape of the top chord is a sinusoidal

curve, the deflected shape between bridging lines is given by

y =B sin ( mx/S) (3.10)
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where y = lateral deflection of the top chord due to buckling for a point
located a distance x from the left hand side support (see Figure 3.4),

B = deflection at mid-distance between bridging points. The lateral de-
flected shape of the top chord due to a series of concentrated forces

can also be calculated. Setting the midspan deflection from this loading
equal to B in Equation 3.10 results in the maximum deflection that the
frictional forces can resist. The deflection due to a series of concen-
trated forces could be approximated by a sinusoidal curve as the one giv-
en in Equation 3.10. The value of B is determined using the energy meth-
od as explained herein. The potential energy of the chord with a series
of concentrated forces (FF) is given by

S ( 2

n .
W+U-= EIy 6 dx - £ B (FF) sin (= Xi/ S) (3.11)

i=1
where W = external work done by frictional forces (FF), U = internal

N
bending strain energy, n = number of clips between bridging lines, I

y")

i

it

moment of inertia of top chord about its vertical centroidal axis, X;
distance between left support and load number i, see Figure 3.4, y" = 2nd
derivative of displacement y, with respect to x, y" = -B nZ/S2 sin(mx/S).
Taking first derivative of (W+U) with respect to B in Equation 3.11 and

setting it equal to zero gives

3(W+U) /3B = o E1,/ 253 B - (rF) D sin (nx./S) =0 (3.12)

it =35

i=1

solving for B gives

- 3, 4 n .

B = 2(FF)S°/»'El_ £ sin(mx,/S) (3.13)
Y =1 !

It is worth mentioning that the deflections due to the concentrated forces

could have been "exactly" calculated using statics. However, it was desir-

‘ed that the deflection be represented by a sine curve in order to equate
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it to the deflected shape due to buckling.

The free body diagram of the deflected chord can now be studied
and equilibrium conditions formulated, see Figure 3.5. Summing moments

about point 0 gives
M=PB + {Z (FF) X } - S/2 n/2 (FF) (3.14)

where B is defined by Equation 3.13, X5 = distance from point 0 to point

of clip force i application (see Figures 3.4 and 3.5),

X; = s' {0.5 + (i-1)} for n=even (3.15a)

X; = s'(1) for n=odd (3.15b)

assuming elastic conditions at mid-distance between bridging 1lines

M=-EI y" 3.16
y Y (3.16)

Substituting Equation 3.10 into Equation 3.16 gives
- 2,02 .
M= EIyB 7n°/S" sin(wx/S) (3.17a)

and at x = S§/2
M= EI BnZ/SZ (3.17b)
Yy
Substituting Equations 3.17 and 3.15 into Equation 3.14 results in equi-

librium equation at mid-distance between bridging lines

EIyB “2/52_ néZ(FF)s'{O.5+(1’—1)} = PB - nS(FF)/4 for n=even (3,18a)
i=1

2 2 n-1/ .
EIyB A iEI%FF)S"I = PB - nS(FF)/4 for n=odd (3,18b)

From Equations 3.18, the elastic buckling laod PE can be calculated

2
PE = “2 EIy/S2 - (FF)/B né $'{0.5+(i-1)}+nS(FF)/4B for n=even(3.19a)

n-1/2
Pe nl EIy/SZ - (FF)/B" Z.5"4 + nS(FF) /48 for n=odd (3.19b)

1

&
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‘The elastic buckling load calculated above is equal to the actual buckling
load Pcr for slender chords (i.e., large bridging spacing and small radius
of gyration). However, for short stocky columns inelastic buckling is the
governing mode. To incorporate the inelastic effects, the Column Research

Council (CRC) recommendations are used(d):

Pcr= P for Pp < Pp (3.20a)

Pcr= PI for PE > Pp (3.20b)
. _ L . o . - p _pl
where Pcr— chord critical load, PI inelastic buckling load Py Py/4PE,
Py= chord yield 1oad, Pp= proportional 1imit load. The CRC suggests that
Pp be taken as

P = 0. 3.2

D 0.5 Py (3.21)

With the critical load, Pcr’ the associated uniform load can be calculat-
ed using Equation 3.8. Example calculations are given in the next section
and predicted failure loads for the forty-six tests reported in Reference
2 are given in Chapter IV.
3.2.3 Example Calculations

The configuration for Test 40/3/20-14W of Reference 2 is used
to demonstrate the recuired calculations. The required data is as follows:
Material Data: E=29000 ksi, Fy=57.9 ksi

Joist Data: 1 =118.05 in?, d=18.9 in.

4 A=0.68 in?

Top Chord Data: Iy=0.551 in
Clip Data: 3 in. clip without insulation, s'=24 1in.

Bridging Data: S=10 ft.

From the bridging and clip spacing, the restraining forces are located as

" shown in Figure 3.6 and n = 4. Using Equation 3.19a for the critical
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Figure 3.6 Restraining Forces, Example Confiquration
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elastic load determination gives

p = .2 _29000 x 0.551 (FF)

5 )
: 2k - UL § 2000.54(i-1) 144 220UE) (5 o)
(10 x 12) i=1 48

or

PL=10.95 + 72.0 LE%L (3.22b)
B is determined from Equation 3.13, which gives

3 4
g = —2(FF)(120) I sin(nx,/120) (3.23a)
7 'x29000x0.551 i=1

where x;= 24 in., x,= 48 in., x5= 72 in., x,= 96 in., thus

B = 6.83 (FF) (3.23b)
Substituting Equation 3.23b into Equation 3.22b gives (note that the
frictional force (FF) cancels in the resulting equation):

PE= 21.50 kips (3.24a)
but

Pp= 0.5 x 57.9 x 0.68 = 19.69 kips (3.24b)
since PE > Pp then

2
- D = (57.9x0.68) _ .
Pcr' Pi= (57.9x0.68) - o1 50 = 21.35 kips (3.24c¢)

Finally, the associated uniform load on the joist is calculated using equa-

tion 3.8

W = 8X21~35Xé8-90 = 0.014 k/in. = 168.1 1b/ft (3.24d)
(40x12)

3.3 Modified Newmark's Iterative Method

3.3.1 Discussion

A second analysis procedure is developed using the top chord
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'model shown in Figure 3.7. In this figure, p is the distance between two
adjacent panel points and the loads bP, cP, ..., aP are the horizontal
components of the web forces. It is noted that the sum a+b+:.-+o must
equal unity. Springs 1 through 4 are added to simulate the web restrain-
ing effect acting at each panel point. The stiffness K is the web later-
al stiffness at each panel point. The numerical iterative procedure de-
veloped by Newmark and suggested by Godden(g) is used to determine the
top chord buckling load. This procedure can be used to determine the
Buckling load for a column with any axial load variation and any number
of springs acting on the column. The development and application of this
procedure to open web steel joists is explained in the next section.
3.3.2 Method Development
It is possible to determine the deflections in a beam, or a

column, at discrete points due to a given loading using a procedure call-
ed "Forward Integration“(g). This procedure is a numerical one; however,
it possesses a theoretical basis. It is also possible tc auply this nro-
cedure to critical load determination for open web steel joists with few
modifications. The procedure applies to beams with transverse loading,
columns with constant axial compnressive load, columns with several axial
Joads and columns with several axial loads and several elastic springs.

For a beam with transverse loads acting as shown in Figure 3.8,

the shear in regions 1, 2, 3 and 4 is given by

i
Sheari— Va + iilvi (3.25)

where Va is the value of shear at A. The change of moment in each region

is equal to the magnitude of the shear in that region times the length of
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the region. For example, the moment increment to the left of point C

is equal to
AMC= (V1+v2)(2h) (3.26)

where 2h = width of region 2. After the change in moment in each re-
gion is calculated, the moments at points A, B, C, D and E are calcula-
ted by simply adding the moment at each point to all moments prior to
it, or
i
Mi= I AM
J=1
The values of curvature, y", are then calculated by dividing the moment

j (3.27)
at each point by the associated flexural stiffness, EI. The "nodal con-
centfatioh“, "Y", is then calculated using one of the equations shown in
Figure 3.9. The nodal concentration of a function is the concentrated
force that would produce the same shear and moment as a distributed force
having the same distribution as that function(lo). Values of nodal con-
centration for Tinear and parabolic functions acting on equally divided
members are given in Figure 3.9. Nodal concentration of more complicat-
ed functions are reported in References 9 and 10. These formulas are

1
based on Simpson s rule. The slope, y', can be found from Y" values

using the equation
y'(in a region) = Y"(in that region) x length of that reaion (3.28)

Deflection increments can be calculated from y' in a similar manner (e.g.,
deflection increment(region 2) = y'(region 2) x length(region 2)). The
deflection at a node then calculated using the deflection increments,

for example,
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AN 1él(Ayi)} - (ay +oyy) ' (3.29).
The calculated deflections are then adjusted to satisfy the boundary con-
ditions (e.g., deflection=0 at supports) by adding or subtracting correc-
tions to all nodes if necessary.

This method can be applied to columns in a similar manner but
with slight modification. The column is first divided into regions, pre-
ferably of equal length, then a buckled mode is assumed and deflections
at points between regions are estimated according to the assumed buckled
mode. The second order moments are then calculated at all points due to
the axial loads acting on the column. Once the moments are calculated,
the analysis becomes identical to the one described above. A numerical
example of this type of problem is given in Figure 3.10. 1In that figure,
the assumed deflection, Yy at midspan is "e", whereas the calculated
deflection, Yoo is equal to "5ePh2/12EI“. By equating A to Yoo the crit-

ical load is calculated as follows:

1.0 e = 5.0 e Ph%/12E] (3.30a)

but, since the column is divided into two regions,
h=1/2 (3.30Db)
thus
P _=9.60 EI/L° (3.30c)
cr :

The exact solution for this problem is Pcr: nZEI/L2 = 9.87 EI/LZ. The
value obtained from this method using only two regions is equivalent to
a 2.8% error. If higher level of accuracy is desired, the number of

regions is increased. It can be shown that when four regions are used,
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Mo 0.0 1.0 0.0 eP
y'=M/El 0.0 1.0 0.0 eP/El
Nodal Concentration Y" 0.0 10.0 0.0  ePh/12E1
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Calculated Deflection 0.0 5.0 0.0 ePh?/12E1

Figure 3.10 Buckling Load Determination for an Axially
Loaded Column Using Newmark's Method
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Pcr= 9.85 EI/L2 which is equivalent to only 0.16% error.

This method can be generalized for use with any type‘of column
and any axial force distribution. In the previous example, the exact
buckling mode was assumed initially, however, for more complicated pro-
blems that mode is usually unknown. In these instances, an iterative
procedure is required with an assumed buckling mode for the first cycle.
If the calculated deflected shape does not coincide with the assumed
one, the calculated shape is taken as the new shape, and the analysis is
fepeated. The process is repeated until the calculated buckled shape
is equal to the assumed buckled shape with an acceptable degree of tol-
erance. The critical load can then be calculated in the manner describ-
ed previously.

The method can also be generalized to determine the critical
load for a column with axial loads and elastic springs. In such cases,
the analysis is divided into two steps: (1) axial load effect (as ex-
plained previously), (2) spring forces effect. The spring force anal-
ysis is identical to the axial force analysis with the exception of the
way moments are calculated. In the former, the forces in the scrings
due to the assumed deflection are determined, and then moments due to
these forces are calculated, see Figure 3.11. Finally, by setting the
assumed deflection equal to the summation of the calculated deflections
due to axial and spring forces, the critical load is calculated as fol-

lTows:

1.0 e = 5.0 ePh%/12E1 - 1.0 ekh3/6E1 (3.31a)
but

h=1L1/2 (3.31b)
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Figure 3,11 Buckling Load Determination for a Column With
ETastic Spring Effect Included
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thus
P.,= 9.60 E1/L2 + 0.20 KL ' (3.31c)

To apply this method to open web joists and light trusses, the
lateral stiffness of the web members at panel points, K, must be deter-
mined. The stiffness of a web member is assumed to be equivalent to the
stiffness of a fixed-fixed column having the same moment of inertia,

length and modulus of elasticity as the web member, that is

K, 12 EL/L3 (3.32)
where kw= lateral stiffness of one web member, Iw= moment of inertia of
the web member about an axis in the plane of the joist and perpendicular
to the web member, and LW= length of the web member. Since two web mem-
bers meet at each panel point, the spring stiffness acting on the top
chord is equal to the summation of the stiffnesses of both web members,

or

- - 3 3
K= kwl+ KwZ' 12E(le/Lwl * Iw2/Lw2) (3.33)

An example of application of this method to open web steel joists is

given in Appendix A.

3.4 Conclusion From Theoretical Study

Two analytical methods were developed to study 1light trusses
and open web steel joists behavior. The first method is "approximate"
and it considers the standing seam roof panels and clips effect on the
joists; whereas the second method is "exact", but it only considers the
web restraining effect and the top chord force variation. The latter

method does not consider the standing seam roof components (e.g., clip
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and panel) because the restraining force provided by that roof system is
frictional in nature and is independent of the top chord digp]acement.
The predicted failure loads for all forty-six experimental tests report-
ed in Reference 2 using both methods are given and compared to the actual
failure loads in Chapter IV. In addition, a design equation is develop-
ed based on the method that is believed to be more accurate, and the

results from this equation are compared to the experimental failure loads.
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CHAPTER 1V

COMPARISON OF EXPERIMENTAL TO NEW
DESIGN PROCECURE RESULTS

4.1 General

Simulated gravity loading tests conducted at the Fears Struc-
tural Engineering Laboratory(z)serve as the basis of comparison for the
results obtained using the two analysis procedures developed in Chapter
ITT. A1l comparisons are made without including a factor of safety, there-
fore, an ideal case is one in which the ratio of experimental to predict-
ed failure load is equal to unity. A ratio greater than one indicates
a conservative case and a ratio less than one indicates an unconservative

case.

4.2 Clip-Frictional Force Method Results

A computer program was developed based on the method described
in Section 3.2. A listing of this program is given in Appendix B. Pre-
dicted failure loads for joists tested are compared with the experimental
failure loads. The results are given in Tables 4.1, 4.2 and 4.3 for 40
ft., 50 ft. and 60 ft. span joists, respectively. The results are sum-
marized below.

40 ft. Span Tests. As mentioned previously, rod and angle web

Joists designed for nominal 20 and 40 psf live loads at 5 ft. joist spac-
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Table 4.1 .
Clip-Frictional Force Method Results for 40 ft. Span Joists

?E’E’ i :é - Theoretical
Test BT ke 2 | W [T
S8 2 e | (e |/
40/3/20-12| 20.0 |270.27 N | 208.7| 35.8 |5.83
9| 40/3/20-1310.0 | 137.5| N | 278.1| 159.3 |1.75
o | = | 40/3/20-14]10.0 | 131.7: N | 238.2| 166.2 | 1.43
1% | 40/3/20-15/10.0 | 138.5| N | 268.0| 147.3 | 1.82
S © | 40/3/20-34% 10.0 | 114.7| N | 284.9
@ | 40/3/20-35] 10.0 | 119.6| N | 235.9| 193.2|1.22
£ 40/3/20-36| 10.0 | 115.8| 1 | 254.5| 204.1]1.25
40/3/40-40| 10.0 | 125.61 N | 421.2| 298.4 | 1.41
© | 40/3/40-41]10.0 | 123.2| N | 418.1| 287.6 | 1.45
o | 40/3/40-42| 10.0 | 123.4| 1 | 433.5| 294.3 | 1.47
| 40/3/40-45] 10.0 | 120.7| R | 340.9| 294.1 | 1.16
2 40/3/40-374 10.0 | 100.7| N | 302.2
S | .| 40/3/40-381 10.0 | 101.4| N | 417.2
£ | 40/3/40-39| 10.0 | 102.2| N | 385.9| 340.1|1.13
~ | 40/3/40-43| 10.0 | 105.8| N | 382.4| 335.2| 1.14
< | 40/3/40-44| 10.0 | 102.0| 1 | 376.3] 352.5| 1.07
40/3/40-46| 10.0 | 106.9| R | 347.3| 338.4 | 1.03
* 40/3/20-11| 20.0 | 265.3| N | 314.2| 43.9| 7.15

*Retest of Test 40/3/20-11
lTest not considered to be valid

w/0 insulation

n

w/ insulation
RIS Beams

1}

N
I
R
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Table 4.2
Clip-Frictional Force Method Results for 50 ft. Span Joists

[ =g
= :8 Theoretical
Test 25— = E)\;p. W
No. ~ o+ [ (kS/r)| @ E T We/W
L&k S i) | (R | BT
50/3/40-31| 9,90 [100.7 | N | 264.1] 341.6 | 0.77
50/3/40-33| 9.90 |101.1 | N | 367.7| 335.8| 1.09
2 50/3/40-29| 6.30 | 62.2 | N | 422.2| 417.9 1.01
> |« | 50/3/40-30| 6.30 347.6
~— [«
= o | 50/3/40-32| 6.30 | 64.3 | N | 349.3| 404.7 | 0.86
=1 | s50/3/40-28| 5.20 334.8
50/3/40-27| 4.60 334.7%

* Not conducted to failure
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Table 4.3 .
Clip-Frictional Force Method Results for 60 ft. Span Joists

[
o .

. §§A g 5? T:eorehca]

No. ESHSME T | orey |
60/3/70-4 | 30.0 {373.8| N | 110.0| 18.9 | 5.81
60/4/20-1 | 20.0 |243.1 | 1 | 111.7| 42.1| 2.65
60/4/20-2 | 20.0 {242.0 | 1 | 111.7| 39.1] 2.86
60/3/20-5 | 15.0 {179.0 | N | 162.9| 84.0| 1.94
60/3/20-6 | 13.2 |155.1 | N | 170.5| 103.2 | 1.65
60/3/20-3 | 13.2 |169.6 | N | 123.0| 86.9| 1.42
60/3/20-7 | 10.0 |115.0 | N | 197.8| 175.9| 1.12

« | 60/3/20-8 | 10.0 |117.6 | N | 138.4] 174.3| 0.79

21 60/3/20-9 | 9.3 |114.9 | N | 128.9| 174.6| 0.74

S| 60/3/20-16] 9.3 [113.7 | N | 133.5| 167.6 | 0.80
60/3/20-17| 7.6 | 90.1 | N | 210.4| 206.4| 1.02

- 60/3/20-18| 7.6 | 94.3 | N | 148.3| 208.6| 0.71
z 60/3/20-26| 7.7 | 90.9 | N | 153.2| 206.9| 0.74
@ 60/3/20-19| 6.0 | 74.8 | N | 163.1| 224.6| 0.73
= - 60/3/20-20| 4.0 | 48.3 | N | 180.4| 238.4| 0.76
60/3/20-21| 4.0 | 48.3 | N | 187.8| 237.5| 0.79
60/3/40-10{ 10.4 1102.4 | N | 316.5| 312.3| 1.01
60/3/40-24| 7.7 | 75.0 | R | 306.6| 350.9| 0.87

| 60/3/40-25\ 7.7 | 74.4 | R | 309.1| 355.2| 0.87

Q| 60/3/40-23| 4.0 | 39.4 | N | 399.3| 387.6| 1.03
60/3/40-22| 4.0 | 39.4 | N | 411.8| 387.6| 1.06
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ing were tested. From Table 4.1, the ratio of wE/wT ranced from 1.41

to 1.82 for rod web joist tests with 10 ft. bridging spacing and without
insulation. The corresponding top chord slenderness ratios ranged from
120.7 to 138.5. The ratio of WE/WT randed from 1.13 to 1.26 for an-
gle web joists with 10 ft. bridging spacing and without insulation. The
corresponding top chord slenderness ratios ranged from 100.7 to 119.6.
The ratio of wg/wT was 5.83 for Test 12 where bridging spacing was

20 ft. and the top chord slenderness ratio was 270.2. It is noted, how-
ever, that the AISC and the SJI specifications do not permit slenderness
ratios above 200 for compression members(l’s).

It was reported in Reference 2 that the failure mode for all 40
ft. span joists, except for Tests 34, 37 and 38, was out-of-plane lateral
buckling of the top chord. However, the buckled shape for rod web joists
was always a smooth curve between bridging lines, whereas for angle web
Joists buckling occurred at the first panel point next to midspan bridg-

ing lines, see Figure 4.1.

50 ft. Span Tests. Four 40 psf angle web joists were tested.

From Table 4.2, the ratio of Wg/vip ranged from 0.77 to 1.09 with
bridging spacing between 4.6 and 9.9 ft. The corresponding top chord
slenderness ratios ranged from 62.2 to 100.7. The failure mode for all
tests was reported to be as shown in Figure 4.1b.

60 ft. Span Tests. Sixteen 20 psf and five 40 psf angle web

joists were tested. From Table 4.3, the ratio of WE/WT ranaed from
0.71 to 5.81 with bridging spacing varying between 4 ft. and 30 ft. for
the nominal 20 psf tests. The corresponding top chord slenderness ratios

‘ranged from 48.3 to 373.8. The ratio of WE/WT ranged from 0.87 to
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Buckled Top Chord

(a) Typical Rod Web Joist Failure Mode

Buckled Top Chord

(b) Typical Angle Web Joist Failure Mode

Figure 4.1 Rod and Angle Web Joists Typical Failure Modes



1.06 with bridging spacing between 4 ft. and 10.4 ft. for the nominal 40
psf tests. The corresponding top chord slenderness ratios ranged from
39.4 to 102.4. The failure mode for all valid tests was reported to be

as shown in Figure 4.1b.

4.3 Modified Newmark's Iterative Method Results

A computer program was developed based on the method described
in Section 3.3. A Tisting of this program is given in Appendix C. Anal-
ytical results are compared to experimental results found in Reference 2.
The top chord axial force variation between bridaing lines was determined
from the results shown in Figure 3.2. The lateral web stiffness at panel
points was determined using the web configurations shown in Figure 4.2
and data given in Reference 2. Calculated web stiffnesses for the 40 ft.
span rod and angle web, 50 ft. span angle web and 60 ft. span angle web
joists are given in Tables 4.4, 4.5 and 4.6, respectively. Predicted
failure loads are compared with experimental failure loads reported in
Reference 2 and the results are given in Tables 4.7, 4.8 and 4.9 for 40
ft., 50 ft. and 60 ft. span joists, respectively. The results are sum-

marized below.

40 ft. Span Tests. From Table 4.7, the ratio of WE/WT

ranged from 1.18 to 1.41 for rod web joist tests with 10 ft. bridging
spacing and without insulation. The corresponding top chord slenderness
ratios ranged from 120.7 to 138.5. The ratio of W /vy ranged from

1.05 to 1.13 for angle web joist tests with 10 ft. bridging spacing and
without insulation. The corresponding top chord slenderness ratios
ranged from 100.7 to 119.6. The ratio of wE/wTwas 0.77 for Test

12 where the bridging spacing was 20 ft. and the corresponding top chord
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Table 4.4

40 ft. Span Joists Web Stiffness

(T) indicates a tension"web member

(C) indicates a compression web member
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Member I, (in%) L, (in.)|K (k/in)
81| 9/16 ¢ in. 0.00491 23.32 | 0.2695
(79
S+ [ L 1xix.100 (1)| 0.0288
2l = 31.24 0.757
E | L 1ux1%x.111 (C)| 0.0375
S| 5/8 ¢ in. 0.00749 23.32 0.4111
Y -
8_ -
ol ¥ | L 1Ix1x.109 (T)| 0.0288
< | = 31.24 0.778
S| L 1x1%x.109 (C)| 0.0394
Table 4.5
50 ft. Span Joists Web Stiffness
. 4 . )
Member IW (in7) Lw (in.)|K (k/in)
1] *» | L 1x1x.109  (T)| 0.0288
o § 35.38 0.574
L 1%x1%x.130 (C)|{ 0.0443
Table 4.6
60 ft. Span Joists Web Stiffness
7 . .
Member I, (in.) L, (in.) |K (k/in)
o | * | L 1x1x.109 (T) 0.0288
a {-; 38.42 0.419
(en] [
o< | L 1%x1%x.109 (C) 0.0394
%1 Yo | L 1x1x.109 (T)| 0.0288
ol T 38.42 | 0.460
S| < | L 1%x1%x.138 (C) 0.0461
* See Figure 4,1 for I calculations




Modified Newma

Table 4.7

rk's Method Results for 40 ft. Span Joists

n - | . |
lbgvg‘ i 15 Exo i Theoretical Approximate ;
ESR: - (VIR IS s e
sHs L2 (pif) ( ']rf wE/wT A | w /wA Wy /vy
| ' (£ Y] E Ti(p1f); E |
40/3/20-12( 20.0 | 270.2{ N | 208.7!271.8| 0.77|271.7| 0.77 | 1.00
g | 40/3/20-13; 10.0 137.51 N | 278.1]|205.4| 1.35|197.9] 1.41| 1.04
« | 3| 40/3/20-14110.0 | 1317, N | 238.2201.8| 1.18|195.5| 1.22| 1.03
2| % | 40/3/20-15{ 10.0 | 138.5| N | 203.0]190.7| 1.41|184.8| 1.45| 1.03
& © | 40/3/20-34% 10.0 | 114.7| N | 284.9
| 40/3/20-35(10.0 | 119.6| N | 235.91225.5| 1.05|227.0| 1.04| 0.99
2| 40/3/20-36| 10.0 | 115.8| I | 254.5/236.4| 1.08 |237.9| 1.07| 0.99
40/3/40-40] 10.0 | 125.6| N 21.2|332.0] 1.27[323.9] 1.30| 1.03
© | 40/3/40-41| 10.0 | 123.2| N | 418.1/326.0| 1.28|309.4| 1.35| 1.0
g | 40/3/40-42| 10.0 | 123.4| 1 | 433.5/325.8| 1.33/316.9| 1.37| 1.03
* | 40/3/40-45| 10.0 | 120.7| R | 340.9|327.0| 1.04|318.9| 1.07| 1.03
2 40/3/40-374 10.0 | 100.7| N | 302.2
S| | 40/3/40-381 10.0 | 101.4| N | 417.2
£ | 40/3/40-39| 10.0 | 102.2| N | 385.9|341.6| 1.13[343.3| 1.12| 0.99
< | 40/3/40-43| 10.0 | 105.8| N | 382.4|338.1| 1.13|340.0| 1.12| 0.99
£ | 40/3/40-44| 10.0 | 102.0| 1 | 376.3|342.6| 1.10|344.2| 1.09| 1.00
40/3/40-46| 10.0 | 106.9| R | 347.3|342.6| 1.01|344.6| 1.01| 1.00
* 40/3/20-11{ 20.0 | 265.3| N | 314.2|320.4| 0.98|320.4| 0.98] 1.00

*Retest of Test 40/3/20-11
1Test not considered to be valid

N = w/o insulation
I = w/ insulation
R = RIS Beams

W= Experimental Failure Load
W= Predicted Failure Load Using Modified Newmark's Hethod
Wp= Predicted Failure Load Using the Design Equation
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, Table 4.8 _
Modified Newmark's Method Results for 50 ft. Span Joists

.gg ‘% Exp Theoretical Approximate \

Test é';’j 5 W i

No. %%E (kS/v').y § (NE) (:’If) wE/wT (Zﬁ\f) vie /vy WT/WA§

1

50/3/40-31} 9.90 |100.7 | N | 264.1|318.3| 0.83{317.7| 0.83| 1.00 .

50/3/40-33| 9.90 |101.1 | N | 367.7|313.0] 1.17]312.4| 1.18 1.00 -

o 50/3/40-29| 6.30 | 62.2 | N | 422.2|381.5| 1.11|384.0] 1.10| 0.99

=1 | 50/3/40-30] 6.30 347.¢ :

'=| S | 50/3/40-32| 6.30 | 64.3 | N | 349.3|369.4| 0.95|372.0] 0.94| 0.99

= |~ | s0s3/40-28| 5.20 334.8 ;
50/3/40-27| 4.60 334.7

j

* Not conducted to failure

W= Experimental Failure Load
W= Predicted Failure Load Using Modified Newmark's Method
U Predicted Failure Load Using the Design Equation
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Table 4.9
Modified Newmark's ifethod Results for 60 ft. Span Joists

|y
‘g*c) :E Exp. Theoretical Approximate
Test é‘é’” % we W. W
No. e R T R e e R e
60/3/20-4 | 30.0 [373.8§ N | 110.0| 249.0] 0.44 | 246.0/ 0.45 | 1.01
60/4/20-1 | 20.0 |243.1 I 111.7| 201.0{ 0.56 | 194.3| 0.58 | 1.03
60/4/20-2 | 20.0 [242.0 | 1 111.7| 212.8 | 0.52 { 205.1| 0.55 | 1.04
60/3/20-5 | 15.0 [179.0 | N 162.9) 179.7 | 0.91 | 170.4| 0.96 | 1.05
60/3/20-6 | 13.2 |155.1 | N 170.5| 166.6 | 1.02 | 159.7] 1.07 | 1.04
60/3/20-3 | 13.2 |169.6 | N 123.0/ 158.1| 0.78 | 151.0| 0.82 | 1.05
60/3/20-7 | 10.0 [115.0 | N 197.8{ 166.4 | 1.19 | 163.5| 1.21 | 1.02
« | 60/3/20-8 | 10.0 |117.6 N 138.4] 165.5| 0.84 | 162.4! 0.85 | 1.02
2] 60/3/20-9 | 9.3 |114.9 | N 128.9] 165.5| 0.78 | 160.6| 0.80 | 1.03
& | 60/3/20-16| 9.3 |113.7 | N | 133.5/159.4| 0.84 | 154.9| 0.86 | 1.03
60/3/20-17 7.6 | 90.1 | N 210.4( 177.8| 1.18 | 178.2| 1.18 | 1.00
2 60/3/20-18| 7.6 | 94.3 | N 148.3|178.1| 0.83 | 178.6| 0.83 | 1.00
: 60/3/20-26| 7.7 | 90.9 | N 153.2{179.4 | 0.85 | 179.8| 0.85 | 1.00
@ 60/3/20-19| 6.0 | 74.8 | N 163.1{199.2 1 0.82 | 199.8| 0.82 | 1.00
= 60/3/20-20| 4.0 | 48.3 | N 180.4| 222.3| 0.81 | 223.4| 0.81 | 1.00
60/3/20-211 4.0 | 48.3 | N 187.8{ 221.5 | 0.85 | 222.6| 0.84 | 1.00
60/3/40-10| 10.4 [102.4 | N 316.5/277.0 | 1.14 | 276.3| 1.14 | 1.00
60/3/40-24| 7.7 | 75.0 | R 306.6) 315.2 | 0.97 | 315.8] 0.97 | 1.00
E; 60/3/40-25| 7.7 | 74.4 | R 309.1] 323.0| 0.96 | 323.6| 0.96 | 1.00
Q| 60/3/40-23| 4.0 | 39.4 | N 399.3§372.8 | 1.07 | 373.4| 1.07 | 1.00
60/3/40-22| 4.0 | 39.4 | N 411.8]/372.8, 1.10 | 373.4] 1.10 | 1.00

W= Experimental Failure Load

wr= Predicted Failure Load Using todified Newmark's Method

Wa

Predicted Failure Load Using the Design Equation
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slenderness ratio was 270.2.

50 ft. Span Tests. From Table 4.8, the ratio WE/WT fanged

from 0.83 to 1.17 for this series, bridging spacing was between 4.6 ft.
and 9.9 ft. The corresponding top chord slenderness ratios ranged from

62.2 to 100.7.

60 ft. Span Tests. From Table 4.9, the ratio of WE/WT
ranged from 0.44 to 1.19 with bridging spacing varying between 4 ft. and
30 ft. for the nominal 20 psf tests. The corresponding top chord slender-
néss ratios ranged from 48.3 to 373.8. The ratio of wE/wT ranged
from 0.96 to 1.14 with bridging spacing between 4 ft.’and 10.4 ft. for
the nominal 40 psf tests. The corresponding top chord slenderness ratios

ranged from 39.4 to 102.4.

4.4 Discussion

Comparisons of experimental to nredicted failure loads have
been made in the previous section using two different methods. The Clip-
Frictional Force method was approximate1y 25% unconservative for 50 ft.
and 60 ft. span angle web joists and (kS/r)y less than approximately 125.
As (kS/r)y increases, the method becomes conservative. On the other hand,
the method was conservative for all 40 ft. span angle and rod web joists.
The degree of conservatism was about 20% higher for rod web than it was
for angle web joists, this conservatism also increases with the top chord
slenderness ratio (kS/r)y

The Modified Newmark's Iterative method was at most 22% unconserva-
tive for the nominal 20 psf 60 ft. span angle web joists for (kS/r)y less

than approximately 200. As (kS/r)y increases above 200, the method be-
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comes increasingly unconservative, this unconservatism is due to assuming
that the lateral stiffness of the web members is equivalent to the lateral
stiffness of a fixed-fixed column. The unconservatism due to this assump-
tion isless than 20% for slenderness ratios less than approximately 200
because the web restraining strength provided to the top chord is small in
comparison to the strength of the chord itself in that case. It is con-
cluded that this assumption is acceptable for the slenderness ratio ranqge
allowed by the AISC and SJI codesgl’ll)less than 200. On the other hand,
the method was reasonably accurate for 40 ft. and 50 ft. span angle web
joists (within about 15%), where (kS/r)y ranged from 62.2 to 119.6, and
about 25% conservative for all 40 ft. span rod web joists.

By comparing the results from both methods, the Modified Newmark's
method was found to be consistent1y,c1oser to the experimental results
than the Clip-Frictional Force method. Advantages and disadvantages of
both methods are given below for comparison purposes.

ClipFrictional Force Method. Advantages: 1) very simple, based

mainly on statics 2) easy to automate 3) gives good results for top chord
slenderness ratio in the range 50-125. Disadvantages: 1) neglects an im-’
portant factor which is web restraining effect. It is noted here that
this factor can not be taken into account with the clip forces because
analysis of the web requires proportional loading whereas this is not the
case for clip-frictional forces analysis; 2) it is an approximate method
and does not have any theoretical basis; 3) axial load variation is ne-
glected for reasons mentioned in (1); 4) very conservative for top chord
slenderness ratios greater than approximately 125.

Modified Newmark's Iterative Method. Advantages: 1) gives good
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results for top chord slenderness ratios below 200; 2) easy to automate;
3) it has theoretical basis; 4) considers two important factors that are
believed to be essential to joist load carrying capacity, namely, web re-
straining effect and top chord axial load variation. Disadvantages: 1)
unconservative for large top chord slenderness ratios due to the assump-
tion that web members are completely fixed at top and bottom chord panel
points. This causes the assumed lateral stiffness of the web members at
panel points to be higher than their actual value. However, for small
Sridging spacing, the top and bottom chords become very stiff laterally
and torsionally, and actual web st{ffness at panel points becomes close

to completely fixed.

4.5 Development of Design Methodology

Two analysis procedures have been developed to predict load
carrying capacity of 1ight trusses and open web steel joists supporting
standing seam roof systems. The results from the second method, Modified
Newmark's, resulted in better agreement with experimental results. More-
over, this method possesses a theoretical basis. It is desired now that
this method be simplified for possible design applications. A desian
equation is developed based on the computer program given in Appenix C.
The development of this equation is illustrated below.

The critical Toad determined by the Modified Newmark's method is

typically given by Equation 4.1

P~ a (EIy/SZ) + b (KS) (4.1)

where "a" is a factor determined from analysis, it depends on the top

-chord axial Toad variation and has a minimum value of 9.87 = n2 (Euler
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buckling load for a pinned column with constant axial load), "b" is a
factor that depends on the number of panel points between bridging lines,
S = top chord bridging spacing at or closest to midspan, Iy= moment of
inertia of the top chord with respect to the vertical axis, and K = web
stiffness at panel points in the top chord buckling direction.

Since "a" varies with axial load distribution along the top chord
between bridging lines, and since axial load variation depends on span
length, L, and bridging spacing, S, it is concluded that "a" is a func-
fion of L and S. In order to illustrate this relationship, the coeffi-
cient "a" was plotted against (S/L)z; the result is shown in Figure
4.3a. Similarily, since "b" varies with the number of panel points
along the top chord between bridging Tines, and since the number of panel
points between bridging lines varies with bridging spacing, S, span
length, L, and panel point spacing, p, it is concluded that "b" is a
function of S, L and p. In order to illustrate this relationship, "b"

was plotted against (SZ/LXP); the result is shown in Figure 4.3b. Best

fit Tinear polynomials for the curves shown in Figure 4.3 are

17(S/L)% + 9.87 (4.2a)
0.21(S%/Lp) + ¢ | (4.2b)

a

b

where ¢ = 0.24 for rod web joists and ¢ = 0.16 for angle web joists.
Predicted failure loads using Equations 4.1 and 4.2 are now com-

pared to the predicted failure loads using the computer program based

on the Modified Newmark's method and to the experimental failure loads.

A11 comparisons are made without including a factor of safety. Results

of these comparisons are given in Tables 4.7, 4.8 and 4.9 for 40 ft.,
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Coefficient "a"

Coefficient "b"

e L

e L

14 L

2 ¢

8.8 .1 .16 8.2 8.25

8.78L
8.8 L
8.25)
B M M i i L A 4
8 8.8 1 1.5 2 2.5 k- 3.6 4 4.5 5
(s /Lxp)

Figure 4.3 Relationship of Coeffecients "a" and "b" in Equation

4.1 to Joist Variables
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50 ft. and 60 ft. span joists, respectively. In these tables, wT/wA is
the ratio of predicted failure load using the Modified Newmark's method
to the predicted failure load using the design equation. An ideal case
is one in which this ratio is equal to unity. A ratio greater than one
indicates a conservative design equation answer and a ratio less than
one indicates an unconservative answer. Also, wE/wA is the ratio of ex-
perimental failure load to the predicted failure load using the design
equation. A ratio greater than one indicates a conservative answer and
a ratio less than one indicates an unconservative answer.

The ratio of WT/WA ranged from 0.99 to 1.05 for 40 ft. span joist
tests, from 0.99 to 1.00 for 50 ft. span joist tests and from 1.00 to
1.05 for 60 ft. span joist tests. This indicates an excellent agreement
between the Modified Newmark's method and the design equation results.
The closeness of the design equation and the Modified Newmark's answers
is shown by comparing the ratios of WE/WA and wE/wT for 40 ft., 50 ft.
and 60 ft. span joists.

From Table 4.7, the ratio WE/WA ranged from 0.77 to 1.45 whereas
wE/wT ranged from 0.77 to 1.41 for!40 ft. span rod web joist tests.
Also, the ratio WE/WA ranged from 1.01 to 1.13 whereas WE/WT ranged from
1.01 to 1.12 for 40 ft. span angle web joist tests. From Table 4.8, the
ratio wE/wA ranged from 0.83 to 1.18 whereas WE/WT ranged from 0.83 to
1.17 for 50 ft. span angle web joist tests. Finally, from Table 4.9,
the ratio WE/WA ranged from 0.45 to 1.21 whereas WE/WT ranged from 0.44
to 1.19 for 60 ft. span angle web joist tests. Thus, it is clear that

equally acceptable results are obtained if the simplified design equation

is used.
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4.6 Summary

This research has studied the behavior of light trusses and
open web steel joists supporting standing seam roof systems. Two methods
have been developed in addition to a simplified design equation. This
design equation is based on the method that was believed to be the more
accurate. Predicted failure loads for open web steel joists using both
methods and the design equation were compared with experimental results
from tests conducted and reported by Holland and Murray at Fears Struc-
fura] Engineering Laboratory at the University of 0k1ahoma(2). Recom-
mendations for the use of the proposed design procedure are given in

Chapter V.
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CHAPTER V

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary and Conclusions /

Predicted failure loads using the simplified design equation,
that was developed based on the Modified Newmark's method, have been
compared to experimental failure loads for various spans and for both
angle and rod web joists. These predicted loads were close to the ex-
perimental loads for angle web joists for top chord slenderness ratios
allowed by the different codes specifications (within 20% range). How-
ever, the predicted loads were substantially lower than the experimental
loads (20% to 40%) for rod web joists. This suggests that rod web joists
are stronger than angle web joists (approximately 20%).

There are two explanations to this phenomenon. First, the web
in angle web joists is constructed using equal leg angles crimped at top
and bottom chord panel points as is shown in Figure 1.3(a), whereas the
web in rod web joists is constructed using a continuous round rod bend
and welded to the top and bottom chord members as was shown in Figure
1.3(b). The continuity in rod web joists provides the top chord with
stronger web stiffness at panel points. This increase in the top chord

stiffness at panel points increases the top chord ultimate Toad carrying
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capacity. The second explanation is the fact that panel point spacing
is larger in angle web joists than it is in rod web joists (4 ft. in
angle web, 2 ft. in rod web). A larger panel point spacing increases
the difference in axial load values between any two adjacent panel
points. Consequently, the stress concentration in angle web panel
points is higher than it is in rod web panel points.

For both angle and rod web joists, the Modified Newmark's method
becomes unconservative as top chord slenderness ratio increases above
approximatily 200. The reason for this unconservatism was explained in
Chapter IV, however, such large slenderness ratios are not allowed by
the SJI and the AISC specifications.

The results of the design equation developed in Chapter IV bas-
ed on the Modified Newmark's method did not differ by more than 5% for
all tests studied from the "exact" results obtained using the computer

program in Appendix C.

5.2 Recommendations

The Modified Newmark's results have been shown to provide good
agreement with the experimental results. Moreover, the results of the
design equation developed based on this method were almost identical to
the "exact" method results. Therefore, it is concluded that the design
equation developed in Chapter IV can be used in place of the Modified
Newmark's method. The results of this design equation can be expected
to be good for angle web joists and about 20 to 30% conservative for rod
web joists.

Finally, in order to strengthen angle web joists, it is suggested
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that a 5 to 8 in. round rod be welded to the top chord angles at panel
points. This round rod will provide the continuity that was lacked in

angle web joists, see Figure 5.1.
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5"-8" Long Round Rod
™~

Figure 5.1 Angle Web Joist Reinforcement at Top Chord Panel Point
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APPENDIX A
MODIFIED NEWMARK'S METHOD EXAMPLE CALCULATIONS
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The configuration of Test 40/3/20-14W of PReference 2 is used to
demonstrate the required calculations, using Modified Newmark's Iterative

procedure method. The required data is as follows:

Material Oata: E=29,000 ksi, Fy=57.9 ksi

Joist Data: 1,=118.05 in?, d=18.9 in.

Top Chord Data : 1,=0.551 in%, A=0.68 in’

Bridging Data: S$=10 ft.

Web Data: 9/16 in. ¢, L =23.32 in., I =0.00491, K=0.2695

From the bridging spacing, the top chord and the top chord Toading is as

given below:

0.75 P 0.09 P 0.07 P 0.05 P 0.03 P 0.01 P EI,A
A gk LK e K K 1k F
1 482 =8' 1'

i
G o *

1) Axial Force Analysis:

The analysis is initiated by assuming a sinusoidal buckled shape

(with amplitude e), the chord is divided into 10 segments as shown below:

0.75 P 0.09 P 0.07 P 0.05 P 0.03 P 0.01_P
~First Cycle
y, 0 031 059 0.8l 0.95 1.00 0.5 08l 059 031 0 e
M 0 0.21 0.44 0.60 0.71 0.75 0.63 0.53 0.30 0.0 0 eP
y* 0 0.21 0.44 0.60 0.7i 0.75 0.68 0.53 0.30 0.0 0  eP/El -
Y' 0 254 5.21 7.5 8.45 8.89 8.08 6.28 3.53 0.30 0 ePWII
y'  25.22 22.68 17.47 10.32 1.87 -7.02 -15.1 -21.38 -24.91 -75.2 ePhZ/IZEIy
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Ye 0 25.22 47.9 65.37 75.69 77.56 70.54 55.44 34.06 9.15 -15.7 ePh2/12EIy

correction 0 1.57 3.14 4.71 6.28 7.85 9.42 10.99 12.56 14.13 .15.7

2
Ye 0 26.79 51.04 70.058 81.97 85.41 79.96 66.43 46.62 23.28 O ePh”/lZEIV

Normalized y 0 0.31 0.60 0.82 0.3 1.0 0.94 0.78 0.55 0.27 O
[

Second Cycle
Y, 0 0.31 0.60 0.82 0.96 1.0 0.94 0.78 0.55 0.27 0 e
M 0 0.25 0.51 0.71 0.85 0.91 0.87 0.72 0.52 0.25 0 eP

y" 0 0.25 0.51 0.7! 0.85 0.91 0.87 Q0.

~J
N
o
wm
ro

0.25 P/EI
0 e /Exy

y* 0 3.01 6.06 8.46 10.12 .10.82 10.33

[e3)

.59 6.17 3.02 0 ePh/l?EIy
y' 33.29 30.28 24.22 15.76 5.64 -5.18 -15.51 -24.1 -30.27 -33.29 eth/leIy
y. 0 33.28 63.57 87.79 103.6 109.2 104.0 988.50 64.4 34.13 0.84 ePh?'IZEIV

correction 0 -0.08 -0.17 -0.25 -0.34 -.42 -0.50 -0.59 -0.67 -0.76 -0.84

Ye 0 33.21 63.4 87.54 103.2 108.8 103.5 87.9 63.73 23.37 O ePh?’IZEIy

Normalized Y, 0 0.31 0.58 0.81 0.95 1.00 0.95 93.831 0.5 0.31 0

Third Cycle
Ya 0 0.31 0.58 0.81 0.95 1.00 0.95 0.81 0.59 0.31 O e
M 0 0.25 0.49 0.70 0.34 0.91 0.88 0.75 0.56 0.29 0 eP
y* 0 0.25 0.49 0.70 0.84 0.91 0.38 0.75 0.56 0.29 0 eP/EIy
Yy* 0 2.99 5.85 8.33 10.01 10.82 10.46 3.94 6.64 3.46 0 ePh/lZEIy
y' 33.75 30.76 24.91 16.58 6.57 -4.25 -14.71 -23.65 -30.29 -33.75 ePh2/12EIy
Y 0 33.75 64.51 89.42 106.0 112.6 108.3 93.61 69.26 39.67 5.92 ePh2/12EIy

correction 0 -0.59 -1.18 -1.78 -2.37 -2.96 -3.55 -4.14 -4.74 -5.33 -5.92

Ye 0 33.16 63.33 87.64 103.63 109.6 104.77 89.47 65.22 34.34 0 ePh2/12EIy

Normalized Y 0 0.30 0.58 0.80 0.95 1.00 0.96 0.82 0.60 0.31 ©
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This level of accuracy is acceptable. Therefore, the calculations are stopned

2) Spring Force Analysis:
The second part of the problem is the web effect, simulated by

a series of springs acting on the top chord as shown below:

10e1'=10"

+

First Cycle

T

Ya 0 0.31 0.59 0.81 0.95 1.00 0.95 0.81 0.59 0.31 0
M 0 -1.62 -2.93 -4.24 -4.74 -5.24 -4.74 -4.24 -2.93 -1.62 O ekh
y* 0 -1.62 -2.93 -4.24 -4.74 -5.24 -4.74 -4.24 -2.93 -1.62 O eKh/EIy
Y* 0 -9.41 ~-17.58 -24.63 -28.44 -30.44 -28.44 -24 .63 -17.58 -9.41 0 eKh2/6EIy
y' -95.28-85.87 -68.29 -43.66 -15.22 15.22 43.66 68.29 85.87 95.728 eKh3/6EIy
Y. 0 -95.28 -181.2 -249.4 -293.1 -308.3 -293.1 -249.4 -181.2 -95.28 0 eKh3/6EIy
Normalized Ye 0 -0.31 -0.59 -0.81 -0.95 -1.00 -0.95 =-0.81 =-0.59 -0.31 O

This level of accuracy is acceptable, therefore, the calculation is stopped.

The buckling Toad can now be determined using the results from the third cycle,

results from the axial force analysis, and the results of the frist cycle of

the spring force analysis. Equating the assumed deflection at midspan

to the summation of the calculated deflections at midspan for the axial and

spring forces gives:
1.0 e = 109.6 ePh2/12EIy - 308.3 eKh3/6EIy
but since the column is divided into 10 regions, h=5/10, thus,

2
Pp = 10.95 EIy/S + 0.56 KS
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where PE= elastic buckling load, S = bridging spacing, K = weblateral stiffness

at panel point. Substituting numerical values for E, I , S and K into.PE

Y
equation results in

PE = 30.26 kips

This load is compared with the proportaional limit load where the latter is
defined in Equation 3.21, Pp=0.5x0.68x57.9=19.69 kips. Since PE is greater

than Pp then Equation 3.20b applics:
P.,= (57.9x0.68) - (57.9x0.68)%/4x30.26 = 26.57 kios

Finally, the equivalent uniform load applied on the joist is calculated
using Equation 3.8 which gives,

W = Bx26.57x18.9/(10x12)2

= 0.0174 k/ft = 209.2 1b/ft
Note that this result differs slightly from the result rerorted in Table
4.7; this is due to the fact that the East side joist in Test 14 had a

lower predicted failure load than the West side joist.
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