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INTRODUCTION

A series of tests was conducted in the Fears Structural
Engineering Laboratory, School of Civil Engineering and Envir-
onmental Science, University of Oklahoma, using standard rigid
frames produced and erected by Star Manufacturing Company,
Oklahoma City, Oklahoma. The purpose of these tests was to
determine the structural strength and stiffness of rigid frames
designated by Star Manufacturing Company as STR 60 12/15 10/25.
The frames, referred to herein as STR 60, are normally used in

pre-engineered buildings with the following design parameters:

Clear Span 60 ft.
Design Live Load 12 psf
Design Wind Load 15 psf
Eave Height 10 ft.
Frame Spacing 25 ft.
Roof Slope L:12

The STR series consists of clear span rigid frames with prismatic
columns and rafters of shop-welded steel plate. A roof slope
of %:12 is used for frames of this series.

The tests specimens were fabricated as part of standard
production runs. The test set-up and testing procedures were
developed using details and descriptions found in the litera-
ture. The test set-up consisted of two frames spaced 24 ft. 0 in.
apart, with connecting simple span purlins, standard flange
brace angles, and rod braces as shown in Figure 1. Simulated

live load was applied using gravity load simulators similar to
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those described in Reference 1. Full live load tests of complete
frames with both standard and nonstandard flange brace spacings
were conducted. In addition, a test was conducted on a rafter-
column portion of one frame to determine the strength and stiff-
ness of the knee area of the frame. The method used for the latter
test was similar to that reported in Reference 2.

The purpose of the testing was twofold: 1) to verify
existing design procedures used by Star Manufacturing Company
to predict deflections and strength, and 2) to verify a pro-
posed method for determining the lateral torsional buckling load
of an unbraced span. This report provides a detailed description
of the testing procedures, instrumentation, and results. Com-
parisons are made with the standard Star Manufacturing Company
design procedures and preliminary comparisons are made to the

proposed method.



FRAME TEST DETAILS

Description of Specimens

Details and dimensions of the test specimens are shown in
Figure 2 and points of load application are shown in Figure 3.
The specimens were fabricated from A572 Gr 50 Steel. The only
modification made to the specimens compared to standard pro-
duction frames was the addition of holes in the top flanges of
the rafters to permit installation of loading devices.

Test Set-up

The frames were erected inside the Fears Structural
Engineering Laboratory on the laboratory reaction floor. The
floor is a concrete slab 30 ft. by 60 ft. by 3 ft. 6 in. deep
with four W 36 x 150 steel beams embedded in concrete. The slab
weighs one million pounds and is capable of reacting 320,000 1b.
in any one location. The frames were erected directly over two
of the embedded W36 beams, spaced 24 ft. 0 in. apart. Purlins
at standard bracing spacing were connected between the frames
along with standard rod bracing in both the roof and side walls.
The standard end wall girt was not used. Compression flange
braces at the standard locations were connected between the
purlins and the bottom flanges of the rafters. These braces
were later moved to nonstandard locations for additional tests
to evaluate a proposed analytical method for predicting lateral

buckling strength of rafters. The entire roof area was sheeted
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using standard roof deck and fasteners.

The‘column base plates were bolted to beam sections which
were bolted to channel sections which in turn were bolted to the
reaction floor beams as shown in Figure 4. 8Six, 1 in. diameter,
A325 bolts were used at the rafter to column connection, six,
3/4 in. diameter, A325 bolts were used at the peak splice con-
nection, and 1/2 in. diameter by 1 1/4 in. hex screws were used
to connect all cold-formed parts to the frames. The erection
procedure was thought to be representative of standard practice
and was performed by erection crews supplied by Star Manufac-
turing Company. However, after initial testing of the east
frame, it was determined that the bolts at both the knee and
peak splices had not been sufficiently tightened. In addition,
the west frame rafter was erected with the centerline of the
lower flange approximately 1 in. outside the theoretical plane
of the web. Effects of this erection are discussed subsequently.

Simulated live load was applied using the loading apparatus
shown in Figure 3 which consists of a gravity loéd simulator
(Figure 5), a 35 kip tension compression hydraulic cylinder, a
spreader beam, two calibrated dynamometers, and spreader beams
and tension rods attached to the frame. The simulator is a
device which permits horizontal movement of the point of load
application while maintaining a vertical line of action of the
applied load. For the simulator used in these tests, the point
of application of the load can move left or right a maximum of

10 in. and the hydraulic ram will remain vertical.
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Instrumentation

Instrumentation of the frames consisted of calibrated
dynamometers, strain gages, dial gages, and horizontal deflec-
tion gages. Gravity load was measured using the dynamometers
positioned as shown in Figure 3. Vertical deflection of the
centerline of the frames was measured using either a taut wire
and a dial gage (Figure 6a), or a weighted scale and fixed
level (Figure 6b). The former was used for the east frame and
the latter for the west frame. Lateral movement of the column
and rafter flanges was measured by means of a transit set in a
fixed position with the telescope free to move only in a verti-
cal plane. Graduated scales (0.1 in.) were attached perpendicular
to the plane of the web at the flange locations shown in Figure
7. The locatiohs shown on the rafters are midway between purlin
attachment points. The locations shown on the columns were
arbitrarily selected.

Wire strain gages were positioned on both frames at critical
locations, as shown in Figure 8. Gages on the same side of the
web but on opposite sides of a flange were wired so that the
average strain at a particular location was reéorded. An elec-
tronic data acquisition system was used to record all strain gage
data.

Testing Procedure

Prior to any actual testing, an overall check of the testing
apparatus and instrumentation was made and zero readings were

recorded. In general, load was applied in increments of 0.5 or

-11-
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APPENDIX B

Full Live Load - East Frame

Test Date, July 3, 1980



1.0 kip until near the failure load when the increment was
decreased. After each load increment, deflection and strain
gage readings were recorded and the specimens were checked for
signs of yielding. Yielding was detected by flaking of mill
scale under the whitewash coat on the frame. When the specimens
were no longer able to resist any additional loading, the maxi-
mum load was recorded and the load was then removed.

Three series of tests were conducted: initial tests to
verify the performance of the frames relative to analytical
predictions; tests to determine the lateral buckling strength of
the rafters under nonstandard flange brace spacings; and a final
test to determine the strength and stiffness of the knee portion
of the frame. The latter tests is discussed in detail in the

following section.

-15-



KNEE TEST DETAILS

Description of Specimen

The specimen selected for this test was the north rafter-
column combination of the east test frame. Details and dimensions
of the test specimen was selected are shown in Figure 9 and the
test set-up and instrumentation are shown in Figure 10. The con-
figuration of the test specimen was selected such that the
moment, shear, and thrust at the column-rafter connection were as
close as possible to the actual frame design values with those
obtained in the test set-up. The design values were obtained

from a computer analysis provided by Star Manufacturing Company.

TABLE 1

Knee Test - Design and Test Forces and Moments

Design Test
Force Live Load = Jack Force =
1 kip 6 kips
Shear 3.81 kips 3.81 kips
Thrust 4.63 kips 4.64 kips
Moment 36.4 ft-kips 36.45 ft-kips

-16~-
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Test Set-up

To facilitate loading and support, the specimen was tested
in a rotated position relative to use in a building as shown in
Figure 10. The actual rafter is the horizontal leg and the
actual column is the vertically inclined leg. Load was applied
along a diagonal line joining the base of the column and the
inflection point of the rafter. A dynamometer and two steel
bars were placed in series with a hydraulic cylinder for load
application and monitoring. A standard strain’indicator was used
to control the load.

Star Manufacturing Company standard zee sections were
attached to the rafter and to the test framework as shown in
Figure 10. The sections and locations were identical with the
sections and locations of purlins in the standard building.

All purlin connections were made with 1/2 in. x 1 1/4 in. hex
screws and nuts. The test frame ends of the purlins were con-
nected to the support beams by means of moveable bolted clamps.

Lateral support mechanisms, similar to those described in
Reference 1, were attached to the column as shown in Figure 10.
These mechanisms were used to stabilize the specimen and are
designed so as not to restrain the specimen in the direction of
hydraulic cylinder movement. The attachment is not considered
to affect the test results.

Instrumentation

In addition to the previously mentioned dynamometer, defor-

mation measurements were used to determine flexural deflections

-19-



and lateral movement.

The flexural deflections were determined by measuring the
movement between the end of the specimen along the line of
action of the applied load. This displacement was measured
using a dial gage with a 4 in. stroke and a taut wire as shown
in Figure 10.

Lateral movement was measured by means of a tranist set in
a fixed position with the telescope free to move only in a ver-
tical plane. Graduated scales (0.1 in.) were attached, perpen-
dicular to the plane of the web, to the compression flanges at
locations Hl to H6 in Figure 10. Lateral movement was determined
from transit readings on the scales.

Strain gages were attached to the compression flange of the
rafter at the knee splice (Figure 10). Strains were measured
with a standard strain indicator.

Testing Procedure

Prior to actual testing an overall check of testing apparatus
and instrumentation was made and zero readings recorded. Load
increments of 3 kips were applied until approximately 60% of the
design load was reached; the load increments were then reduced
to 1 kip and the specimen loaded to failure. After each 1load
increment, deflection readings were recorded and the specimen
checked for signs of yielding. Yielding was detected by flaking
of mill scale under the whitewash coat on the specimen. When
the specimen was no longer able to resist addition loading,

the maximum load was recorded and the load was then removed.

-20-



ANALYTICAL PROCEDURES

In the section following, test results are compared to two
analytical procedures. Star Manufacturing Company's standard
computer design program was used to obtain theoretical frame
stiffness and failure predictions. This program uses a standard
stiffness analysis to determine internal axial forces, shears and
moments and external deflections. For analysis purposes, non-
prismatic members are divided into a number of segments each with
uniform properties. The stiffness matrix is then developed and
solutions obtained. Stresses at the end of all segments are
calculated and standard AISC interaction equations (Formulas
l.6-la, 1.6-1b or 1.6-2) are used to determine allowable or ser-
vice loads. The interaction equations are checked at each
analysis point and the location with a maximum value of less than
1.0 (unity check) is used as a criterion for determining maximum
service load. In addition, local buckling and shear failure is
checked using AISC provisions.

The basic factor of safety in the AISC specification is
1.67. To determine the ultimate load of the frames from the
Star Manufacturing Company design procedure, the service>loading
was increased until a unity check value of approximately 1.67
was attained for at least one analysis point in the frame. Com-
puter output showing geometry and section property data and the

analysis for ultimate load is found in Appendix A.

-21-



The design check procedures used in the Star Manufacturing
Company computer program are based on standard AISC design pro-
cedures which were developed specifically for prismatic, doubly
symmetrical sections. The column and rafter sections used to
construct the STR 60 frames are doubly symmetric. An analytical
procedure, currently under development, for singly symmetrical,
non-prismatic members was also used to predict the failure loads.
This procedure is described in Reference 3 and is summarized as
follows.

For the case of non-prismatic member subjected to end moments
which cause a varying flange stress along the member and without
transverse load, the elastic critical moment at the small end

is given by

(M) = C Ca M (1)

and at the large end by

(Me)L = Cb R Ca Me (2)

where Ca = a modifying factor to account for taper, C, = a modi-

b
fying factor to account for stress variations due to unequal
compressive flange stresses at the beam ends, R = ratio of the
section moduli to the extreme fiber of the compression flange

at the large end to that at the small end, and Me = the critical

elastic moment for a prismatic beam with small end section pro-

perties subjected to equal but opposite end moments, single

-22-



curvature bending. (See Reference 3 for complete details and
formulas for all terms.) Since the members in these frames are
prismatic, Ca and R are taken as 1.0 in equations (1) and (2).

To account for inelastic effects the CRC formula is used

MZ

Mc E= M - ——-—-——L— (3)
r y 4 (M)

where MCr inelastic critical moment, MY = first yield moment
referenced to the compression flange and (Me) = elastic critical
moment.

Using the computer program described in Reference 3, a
failure analysis was conducted for critical rafter sections of

the west frame with modified compression flange brace locations

and subjected to full live 1load.

-23-



TEST RESULTS

Results of Frame Tests

East Frame. Tests results for the east frame loaded with

full live load are shown in Appendix B. The frame was loaded to
2.95 kips at which time yielding was observed in the compressive
flange of the rafter near the peak. Upon inspection of the frame,
it was noticed that the bolts at both the knee and peak splices
had not been sufficiently tightened. The bolts were tightened
and the frame reloaded to an ultimate failure load of approxi-
mately 3.4 kips. Failure was manifested by local buckling of
the compressive flange of the rafter near the peak. The failure
load attained and the location of failure are not in good agree-
ment with Star Manufacturing Company's design program. Output
is shown in Figure A.2 and the expected ultimate load was 4.17
kips with the critical location being in the south rafter at

the knee.

The low failure load and unexpected critical location can
best be explained by the following logic. When the frame was
loaded the first time, the bolts were not tightened sufficiently
and thus the ends were free to rotate (i.e., act as pinned-ends).
If a simple beam analysis of the rafter is done assuming simple
supports, it is found that the location of maximum bending stress
is between the two centermost loading points. Through this

analysis, the stress in the aforementioned region would be

-24-



approximately 65 ksi at a load of 2.95 kips. This could explain
the yielding that occurred in the first loading sequence. Since
65 ksi is greater than the yield stress of the material, residual
stresses must have remained after the unloading of the frame.
Thus, after the bolts were tightened and the frame loaded for

the second time, the residual stresses combined with the loading
stresses, resulting in premature failure of the frame.

Test results given in Appendix B are for the second loading
sequence. As shown in Figure B.1l, measured centerline vertical
deflections were higher than those predicted. Lateral deflec-
tions of the outside and inside flanges are shown in Figures B.2
and B.3 respectively. The maximum lateral deflection was 0.15 in.
near the southeast knee. This deflection is not considered to
be of significance.

Load versus stress with stress calculated from measured
strain data is shown in Figure B.4 for the south column near the
knee, Figure B.5 for the south rafter near the knee, and Figure
B.6 for the south rafter near the peak. Experimentally obtained
stresses were generally lower than predicted stresses. However,
the stress measured on one side of the peak was in close agreement
with the predicted stress at that point.

Results of this test indicate that premature failure of the
east frame was predicated by shortcomings in the erection pro-
cedure rather than inaccuracies in the design procedure.

West Frame, Standard Bracing. Tests results for the west

frame with standard flange bracing loaded with full live load

-25-



are shown in Appendix C. The frame was loaded to 3.0 kips at
which time areas of yielding were observed on the compressive
flange of the rafter near the peak. Upon further inspection it
was noticed that local buckling of the inside (compressive) flange
of the southwest rafter had occurred near the knee. The failure
load of 3.0 kips did nét compare well with Star Manufacturing
Company's design program. Output is shown in Figure A.2 and the
critical location was shown in the southwest column at the knee.

As shown in Figure C.l, reasonable agreement was attained
between measured and predicted centerline vertical defelction.
However, the measured deflections tended to be slightly greater
than predicted after a load of 1.5 kips was attained. Lateral
deflections of the outside and inside flanges are shown in
Figures C.2 and C.3, respectively. The maximum lateral deflec-
tion was 0.19 in. at the peak. This deflection is not considered
to be of significance.

Load versus predicted stress and stress calculated from
strain data is shown in Figure C.4 for the north column near the
knee, Figure C.5 for the north rafter near the knee, and Figure
C.6 for the north rafter near the peak. All experimentally
obtained stresses were lower than those predicted by Star Manu-
facturing Company's design program.

As was pointed out previously, the west frame rafter was
erected with the centerline of the lower flange approximately 1
in. outside the theoretical plane of the web. The resulting

eccentricity of vertical load with respect to the centroid
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created torsional istresses in the rafter which are not considered
in Star's design program. This could account for the discrepancies
between the experimental and predicted results.

West Frame, Nonstandard Bracing Scheme 1. This test was

designed to investigate the adequacy of the proposed design

method and the brace forces introduced at the ends of the unbraced
span. Test results can be found in Appendix D. Figure D.la

shows the bracing pattern which was tested. This bracing scheme
was designed so that the expected failure mode would be lateral
buckling of the 20 ft. unbraced span.

According to the proposed design method of Reference 4, the
critical moment for the unbraced span is approximately 66.4
ft-kips. This corresponds to a live load of 2.21 kips.

The frame was loaded to a failure load of 3.1 kips. The
failure mode was torsional buckling of the unbraced span rather
than the lateral buckling which had been expected. Reference to
Figures D.2 and D.3, load versus the lateral deflection of the
top and bottom flanges, respectively, show that the flanges moved
laterally in an almost equal but opposite manner. This suggests
that the rafter failed by twisting about a Ver£ical axis. How-
ever, since the rafter web was initially out of its vertical
plane, the system probably would not have failed by torsional
buckling had this initial eccentricity been minimized. Therefore,
it could be assumed that the lateral buckling load of the system
would probably exceed the 3.1 kip load attained. The failure load

attained shows that the proposed design method is conservative.
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Reference to Figure D.4 shows that measured centerline
vertical deflections were higher than those predicted by Star
Manufacturing Company's design program. Figure D.5, load versus
lateral deflection of the center of the unbraced span, clearly
shows the rotation of the rafter and the torsional buckling that
occurred at failure.

Load versus brace force, measured at both ends of the unbraced
span, is shown in Figure D.6. The braces used at these positions
were dynamometers calibrated to measure brace force.

West Frame, Nonstandard Bracing Scheme 2. This test was

the second of two tests which were designed to investigate the
adequacy of the propbsed design method and the brace forces intro-
duced at the ends of the unbraced span. Tests results can be
found in Appendix E. Figure E.l shows the bracing pattern which
was tested. This bracing scheme was designed such that the
expected failure mode would be lateral buckling of the 25 ft.
unbraced span.

According to the proposed design method discussed in
Reference 4, the critical moment for the unbraced span is approx-
imately 28.1 ft-kips which corresponds to a load of 0.94 kips
at each load location.

The frame was loaded to a failure load of 3.0 kips. As in
the previous tests, the failure mode was torsional buckling of
the unbraced span rather than lateral buckling as was expected.

Reference to Figures E.2 and E.3, load versus lateral deflection
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of the top and bottom flanges respectively, show, as in the
previous test, that the rafter twisted about its vertical axis
thus failing by torsional buckling. As was mentioned for the
previous test, the rafter would not have failed in this manner

if the web had been initially vertical. It is probable that the
frame could have attained a higher failure load if the resulting
torsional moment had not been present. However, the failure load
reached was still much greater than that predicted by the proposed
method.

Reference to Figure E.4 shows that measured centerline
vertical deflections were higher than those predicted by Star
Manufacturing Company's design program. Figure E.5, load versus
lateral deflection at a point on the unbraced span, clearly shows
the rotation of the rafter and the torsional buckling that
occurred at failure.

Load versus brace force, measured at both ends of the
unbraced span, is shown in Figure E.6. The braces used at these

positions were dynamometers calibrated to measure brace forces.

Results of Knee Test

Test data for the knee test, performed on the northeast
rafter-column combination, is given in Appendix F. Load versus
flexural deflection is shown in Figure F.1l, together with the
theoretical deflections. Measured flexural deflections were
slightly higher than those predicted and are consistent with the

flexural deflections measured in the full-scale frame tests.
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Load versus lateral deflection is presented in Figure F.2.
Reference to Figure F.2 indicates that the lateral bracing system
was adequate and that insignificant lateral movement, less than
0.15 in., occurred during the loading.

The specimen failed at a dynamometer force of 22 kips which
corresponds to an equivalent live load of 3.67 kips at each
load location on the frame.

The specimen attained a failure load of approximately 88%
of the 4.17 kips ultimate load predicted by Star Manufacturing
Company's design program (see Figure A.2). Failure was by local
buckling of the rafter compressive flange at the knee, showing good
agreement with the failure location predicted by Star's design_
program (see Figure A.2). However, this is consistent with the
full live loading of the west frame in which local buckling of
the rafter compressive flange occurred near the knee.

Stress versus load for the rafter compressive flange at the
knee is shown in Figures F.3 and F.4. Reference to Figure F.4,
load versus stress calculated for the rafter compressive flange
(the location of failure), shows excellent agreement between
measured and theoretical stresses. The theoretical stresses were
calculated from Star Manufacturing Company's design program by
converting the jackforce (diagonal load) into the equivalent full
live load for the full-scale frame. The tests stresses were cal-
culated from measured strains assuming a modulus of elasticity

of 29,000 ksi.
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Reference to Figure F.4 shows higher stresses on the outside
of the compressive flange than those measured on the inside.
However, Figure F.3 shows that the reverse is true for the com-
parable point on the opposite side of the web. At this location,
the stress calculated for the outside of the compressive flange
is lower than that calculated for the inside. This stress

variation is typical for the mode of failure observed.

Coupon Tests

Upon completion of the testing of the east frame, two samples
of the plate material used to fabricate the frame were removed
from the following locations: 1) Coupon No. 1 was removed from
the upper flange of the southeast rafter approximately midway
between the peak and knee connections; 2) Coupon No. 2 was
removed from the lower flange of the notheast rafter approximately
midway between the peak and rafter connections. Tﬁese locations
were chosen to minimize the effects of possible yielding due to
test loading. Standard ASTM E-8-47T tensile coupons were then
machined and tested. Results are shown in Table 2. Measurement
of the yield stress of Coupon No. 1 was impossible due to pre-
mature failure of the attached strain gages. The measured yield
stress of Coupon No. 2 was 55.2 ksi. For the Star Manufacturing
Company computer analyses, a yield stress of 55 ksi was used
in all cases, Appendix A. A yield stress of 50 ksi was used for

the proposed analyses.
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TABLE 2

Results of Coupon Tests

Location Yield Stress | Ultimate Stress | Elongation
No. ksi ksi g

Upper Flange

Southeast Rafter N.A. 65.6 31

Lower Flange 552 196 .5

Northeast Rafter
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SUMMARY AND CONCLUSIONS

A series of tests was conducted on standard pre-engineered
metal building frames fabricated and erected by Star Manufac-
turing Company, Oklahoma City. The frames tested are designated
by the manufacturer as STR 60 12/15 10/25. The test set-up
consisted of two frames forming a single bay, 24 ft. by 60 ft.
Standard roof deck, purlins, eave struts, flange braces, and
rod braces were used to construct the test set-up. The frames
were independently subjected to full live load. Additional tests
were done on the west frame with nonstandard flange bracing.
Experimentally determined results were compared to predicted
values using Star Manufacturing Company's design program and,
in the latter tests, to a proposed design method. A final test
was conducted on a rafter-column portion of one frame to determine
the strength and stiffness of the knee area of the frame.

Failure loads predicted by the design program were not in
close agreement with the experimentally determined failure loads.
Premature failure of both frames was predicated by erection or
fabrication errors. Premature failure of the east frame was
caused by insufficient tightening of the bolts at both the knee
and peak connections. Early failure of the west frame was due
to the out-of-plane position in which the rafter was erected.

The results of these tests do not indicate shortcomings in Star

Manufacturing Company's design program but they do emphasize
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the importance of accurate erection procedures.

The experimental results of the nonstandard flange bracing
tests indicate that the proposed design method gives conserva-
tive estimates of the lateral-torsional buckling load of unbraced

spans.
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APPENDIX C

Full Live Load - West Frame

Test Date, July 21, 1980
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APPENDIX D

Full Live Load, West Frame, Bracing Scheme 1

Test Date, October 30, 1980
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APPENDIX E
Full Live Load, West Frame, Bracing Scheme 2

Test Date, November 11, 1980
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APPENDIX F

Knee Test, East Frame

Test Date, December 12, 1980
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