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FRAME FR1 TESTS

CHAPTER I

INTRODUCTION

A series of full scale tests was conducted in Fears
Structural Engineering Laboratory, School of Civil Engineering
and Environmental Science, University of Oklahoma, using
standard rigid frames produced by MESCO Metal Buildings
Corporation, hereafter referred to as MESCO. The objectives
of these tests were to determine the structural strength and
stiffness of the rigid frames as well as the adequacy of the

analysis and design procedures currently employed by MESCO.

MESCO fabricates the frame components using plate
material having a nominal yield strength of 50 ksi. Welding
of the rafter and column flange-to-web connection is done only
on one side of the web plate using the submerged arc process.
A325 bolts are used in the rafter-to-column connections. The
frames are designed using a computer program developed by
MESCO. Applicable provisions of the AISC Specification are
satisfied.

The frames, designated FR1l, were constructed using two
different types of columns commonly used in pre-engineered
buildings. This variation was employed in order to obtain
information relating to frames composed of either type of

column. The columns differed in that one, designated FC4, had
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an extended top plate supporting the eave strut so that the
steel line was formed beyond the exterior column flange. The
column at the opposite end, designated FC3, had no top plate
extension resulting in the steel 1line being formed at the
exterior column flange, The rafter, designated type UBM,
tapered from a maximum depth at midspan to a minimum depth at
the column connection and was symmetrical with respect to the
centerline of the span.

The test specimens were fabricated as part of standard
production runs. The test set-up consisted of two frames
spaced 24'-0" center-to-center connected by simple span
purlins and girts and braced by tension rods as shown in
FigureS 1.1 and 1.2. Gravity loads were simulated using
combinations of gravity load simulators. Lateral loads were
applied using hydraulic cylinders attached to the reaction
columns. The tests conducted were designed to simulate the
action of unbalanced live load, lateral load only, combined
unbalanced live and lateral loads as well as full dead plus
live load.

Simulated live loads were applied as concentrated loads
at eight locations, four on each rafter slope of one frame for
the full live load tests. For the tests involving unbalanced
live loads, four concentrated loads were applied to the same
slope of each frame. Simulated wind loading was applied as
single concentrated loads to the outside leeward column flange

of each frame at the elevation of the knee reentrant corner.

MESCO provided the working live and wind load levels
used in the tests -- 2.05 kips per simulated 1live 1load
application point and 3.54 kips at each simulated wind load
application point. These loads, when combined with the dead

load due to weight of the frames and roof system, produce a
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combined stress ratio (AISC interaction equation value) near
1.0. Appendix H contains analyses based on nominal dimensions
and 50 ksi yield stress. After all testing was completed,
coupon tensile tests were conducted using material removed
from the frame. New analyses were then performed using the
measured yield stresses. Appendix I contains analyses based
on measured dimensions and actual yield strength., The basis
of the failure load calculations found in Appendix A 1is the
results found in Appendix I.



CHAPTER II

TEST DETAILS

2.1 Test Structure

The test structure consisted of two rigid frames
connected by a roofing system and partial side walls. The
roofing system consisted of simple span cold formed C-purlins
decked with steel ribbed panels as shown in Figure 1.1l. 1In
addition, channel section eave struts and girts formed the
steel line on the sides of the building. Steel ribbed panels
were attached to these channels to construct partial side
walls extending down 8 ft. from the roof to within 3 ft. of
the laboratory floor. Bracing, made of steel rods, was placed
in the side walls to provide lateral resistance in the

direction transverse to the frames,

The frames themselves consisted of a Mesco type UBM
rafter spanning 39'-11" between two columns. The rafter was
symmetrical with respect to the centerline of the span and
tapered from a maximum depth of 26.6 in. at the centerline to
10.45 in. at the column connection. These and other relevant
dimensions are shown in Figure 2.1. The bottom flange of each
rafter was horizontal and the top flange had a slope of 1l:12.
The bottom flange of each rafter was braced laterally at four
points by braces extending diagonally from the flange to the

"purlins as shown in Figure 2.1.

-6-



SNOILYI0T A0vHd Tvd3aLyT ANV STIVLIIA IWvdd T°¢ FdN9I4

suoLsuswLqg awedq (e

“a :Qv\\m.m v“
4 ? “ “ .
—Ch'bXLoz0 Y bbbxLoZ 0 &l//p
\\l " _m_,Q ”3&1 Z j‘l . :_&_.O “3#'//&%
= \ X - x
i I I b P LevaLszod~] |
o L - - tplro="3 ] 2
- \’ " V®.\V X&QN‘Q ,Mu_ :_T_.QHQJM.I//&
Bl / N —N L, avor
_¥ \ VA3V
[ g ~iviad

Y ivLad

"

SEEl 0= 5810 ="

g Lie3sQ ¥ [re3aq
(v "ivlad v
FWVS 39V SNOISNAWI])

|<—||

:h:n.._.QHMunTlﬂ

:QQ@.Q.HEU.I/ /
— 3

f=—=x

oA

AR+
gbol
" i LU

goL

"



(Q3INNTLNOJ) SNOILYIOT 3IY

dd vd3ILYT ANV STIVLII0 3Wvdd

SUOL3RI07 ddkug [B433RT (g

aoeJg obuel{ @—

uLlund [duueyy 7]

1

¢ 3dNI14

(apLS @1Lsoddp se sweS suoLsusuwL(q)

-8~



The columns on opposite ends of the rafter differed in
that one had an extended top plate while the other did not.
The extended top plate resulted in the steel line being one
channel section depth (7 1in.) beyond the column exterior
flange. This required that the side wall girt be attached to
the outside of the columns at 7 ft. 2 in. above the column
base plate. Using the flush top plated columns at the
opposite end of the rafter created a steel line at the column
exterior flange and required that the girt be placed between
the column flanges, again at 7 ft. 2 in. above the column base

plate. Otherwise, the columns were identical.

2.2 Test Set-up

The frames were erected inside the Fears Structural
Engineering Laboratory on the laboratory reaction floor. The
floor is a reinforced concrete slab 30 ft. by 60 ft. by 3 ft.
6 in. deep with four W36x150 steel beams embedded in concrete.
The slab weighs one million pounds and is capable of reacting
320,000 1lb. in any one location. The frames were erected
directly over two of the embedded W36 beams, spaced 24 ft. 0
in. apart. Purlins and girts at standard spacings were
connected between the frames along with standard rod bracing
in both side walls as previously indicated. Compression
flange braces at the standard locations were connected between
the purlins and the bottom flanges of the rafters, Ribbed
steel decking covered the roof and upper 7 ft. 6 in. of the

side walls.

The column base plates were bolted to the reaction floor
beams as shown in Figure 2.2. Four 3/4 in. diameter, A325
bolts were wused at the rafter-to-column connection. The

erection procedure was as near as possible to standard
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practice. One or more of the bolts on the tension side of
column-to-rafter end-plate connection were instrumented so
that correct pre-tensioning of bolts could be accomplished and

changes in bolt force could be monitored during the tests.

2.3 Load Applications

Simulated 1live 1load was applied wusing the loading
apparatus shown in Figure 2.3. The loading apparatus consists
of a gravity 1load simulator (Figure 2.,4), a 35 kip
tension-compression hydraulic cylinder, spreader beam, two
calibrated dynamometers and spreader beams and tension rods
attached to the frame. The simulator 1is a device which
permits horizontal movement of the point of load application
while maintaining a vertical 1line 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,

Lateral 1load was applied wusing a reaction column
constructed adjacent to the frame with hydraulic cylinders and
calibrated load cells positioned as shown in Figure 2.5. For
all lateral load applications, load was applied to both frames
simultaneously wusing two identical hydraulic cylinders

connected in series to an electric hydraulic pump.

Four loading schemes were used as shown in Figure 2.6.
Figure 2.6 (a) shows full gravity loading applied to one frame.
For this loading condition, four hydraulic cylinders were
connected in series to the electric pump. Figure 2.6 (b) shows
gravity load being applied to one half of the span to simulate
unbalanced 1live load. For this 1loading, both frames were
loaded simultaneously with the four hydraulic rams connected

in series. Figure 2.6(c) 1is lateral 1load only, applied as

-11-
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described above. Figure 2.6(d) shows combined lateral load

with unbalanced live load applied on the windward side.

2.4 Instrumentation

Instrumentation consisted of calibrated dynamometers,
load cells, calipers, displacement transducers and linear
strain gages, Gravity loads wre measured wusing the
dynamometers as positioned in Figure 2.3, Lateral loads were
measured by placing the 1load <cells in series with the
hydraulic cylinders as in Figure 2.5. Vertical deflections at
the centerline and quarterpoints of the frames were measured
by the wire transducers as shown in Figures 2.7 and 2.8. 1In
addition, the calibrated calipers were positioned to measure

connection plate separations at various locations.

Linear strain gages were placed at several locations on
the frame. Specifically, gages were placed on the tension and
compression flanges of the east frame at both the midspan and
near the north connection with the column. At the connection,
strain gages were also placed on the rafter web opposite the
tension and compression bolts, Figures 2.7 and 2.8. On the

west frame strain gages were located at the connection only.

To determine bolt forces, a small hole was first drilled
thru the head of the bolt into the unthreaded shank. A
special strain gage was then inserted into the hole and the
hole filled with epoxy. After curing of the epoxy, the bolt

was calibrated using a universal testing machine.

Lateral (out-of-plane) movements of the frame were
measured by using weighted strings suspended from angles
attached to the flanges of the frame rafter and columns. A
taunt wire running the length of the frame provided a fixed

-16-
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reference for measurements. Scales were used to measure the
relative movements between the strings and wire or,

equivalently, the lateral movements of the frames flanges.

2.5 Test Procedures

bPrior to actual testing an overall check of the testing
apparatus and instrumentation was performed. The instrumented
bolts were first pretensioned to 28 kips. Zero readings for
the instrumentation were then recorded. Following this, an
initial test was performed by applying a load equivalent to
approximately 30% of the design load. The data gathered from
this test was then compared to the corresponding values
predicted by the stiffness analysis. Large deviations of the
data from the theoretical analysis were regarded as signs of
potential malfunctioning of the data acquisition system and
corrective action was taken. Once the instrumentation was

yielding acceptable data actual testing commenced.

In general, loading was applied in increments ranging
from 0.2 to 0.5 kips. After each load increment, deflection
and strain gage readings were taken and the specimen was
checked for signs of yielding. Yielding was detected by the
flaking of the mill scale under the whitewash. When testing
to failure, the load was increased until the specimen could
sustain no further increases. This was recorded as the
maximum load and the load was then removed in an incremental

manner.

2.6 Loading Cases

The following six loading cases were applied:

a) Full 1live 1load on east frame, Figure 2.5(a); maximum

-19-



load was 2.05 kips each application point (working
level live load).

b) Simultaneous lateral 1load on both frames, Figure 2.5(b);
maximum load was 4.43 kips on each frame (l1.25 x working
level wind load).

c) Unbalanced 1live 1load on north slopes of both frames
simultaneously, Figure 2.5(c); maximum load was 3.46 kips
at application point (1.67 x working level full live
load) .

4d) Unbalanced 1live load on windward slopes followed by
lateral load on both frames, Figure 2.5(d); maximum live
load 2.05 was kips at each load point and maximum lateral
load was 3.54 kips per frame.

e) Full live load to failure on west frame, Figure 2.5(a).

f) Full live load to failure on east frame, Figure 2.5(a).

For the case of unbalanced live load with lateral load, the
similated live load was applied until the maximum test 1load
was reached. The gravity load was then maintained at that

level while the lateral load was applied in 1 kip increments.

2.9 Supplementary Tests

Upon completion of all testing, sections of undamaged
flange and web plate were cut from the specimens. Standard
ASTM EB8 rectangular tension test specimens were machined from
the plate and tensile tests conducted in a universal testing

machine. Results are found in Section 3.8.

-20-



CHAPTER III
TEST RESULTS
3.1 General

Test results consists of load versus deflection curves,
load versus plate separation curves, load versus bolt force
and load versus stresses at critical points. In addition,
photographic record and description of behavior of test
specimens during the tests are included. Each of the loading
cases explained earlier in Section 2.6 is designated as one
test.

Experimental results are compared to theoretical or
predicted results obtained from the results of analyses
provided by MESCO, as found in Appendix H of Volume II. The
effects of distributed dead 1load were removed from these
results for comparison to results obtained from the laboratory
applied loads.

Detailed results for each test are found in Appendices B
to G. Each appendix contains a test summary sheet and above

mentioned plots. The following sections describe each test.

3.2 Test 1 - Working Level Live Load on East Frame.

During this test working level live load was applied to
both slopes of the east frame. Gravity load simulators were

used to apply vertical forces at eight points along the east

-21-



frame (Figure 2.6(a)) to simulate full 1live 1loading. This
loading was applied in increments of approximately 0.2 kips
until the desired working load of 2.05 kips was attained.
Strain gage and displacement transducer data were recorded
after each loading increment. Graphical representations of
recorded data are included in Appendix B along with the

theoretical predictions provided by Mesco.

As shown in Figure B.1l, the experimentally determined
load centerline deflection relationship is almost identical to
the theoretical prediction at 1loads 1less than 1.3 kips.
Figures B.2 and B.3 indicate that both of the quarter point
deflections conform closely to the prediction in this range as
well, However, very small amount of softness is observed
beyond the 1.3 kips 1load level, At test loads exceeding
approximately 1.3 kips, the centerline defections began to
slightly exceed those of the theoretical analysis. At the
maximum test load of 2.06 kips the centerline deflection of
1.469" exceeds the theoretical value of 1.410" by 4%. Similar
behavior was observed at the north quarter point; deflections
conformed very closely to the theoretical expectation prior to
a load of approximately 1.2 kips and then began to deviate
slightly. Deviation from the theoretical began at a
considerably lower test load for the south quarter point. At
this 1location deflections began to exceed the theoretical
prediction at 0.6 kips.

In addition, the two tension bolt forces monitored at
the north end-plate change gradually up to 1.3 kips 1load
(Figure B.5). Beyond this load the change is more pronounced.
The bolt on the outside underwent a slight decrease from the
pretension force of 28 kips to a force of 26.88 kips at a test
load of 1.41 kips. Conversely, the force in the inside bolt

increased to 29.76 kips for the same load.

-22-



At higher test 1loads, the bolt force in the inside
tension bolt increased at a slightly greater rate. A maximum
force of 31.0 kips was measured in this bolt at the maximum
test load, Conversely, the force in the outside bolt
continued its slight but steady decrease to a final value of
26.88 kips. The plate separation prior to 1.4 kips of test
load increases somewhat irregularly (Figure B.4) to 0,010 in,
at 1.41 kips of test load. In addition, the monitored plate
separation continued to increase to a final value of 0.016 in.

at the maximum test load of 2.05 kips.

During this loading interval and through to the final
load application, all strain gage data indicated a linear
relationship between the stress increase at the monitored
locations and the increase in test load. Stresses discussed
here are calculated from actual measurement of strain by
multiplying strain by an assumed elastic modulus of 29,000
ksi. Data from the strain gages adjacent to the end-plate
show the stresses on the compression flange to be slightly
exceeding those on the tension flange (Figure B.6 and Figure
B.7). This phenomenon is consistent with the theoretical
analysis and is due to axial compressive stresses, as well as,

flexural stresses.

The magnitudes of the experimentally determined flange
stresses are less consistent with the theoretical analysis.
The stresses observed in the flanges were consistently less
than those predicted, while those in the web areas adjacent to
the connection bolts were considerably larger than predicted.
For example, at the maximum test load of 2,06 kips, the 7.77
ksi stress monitored in the compression flange is 41% less
than the 13.23 ksi stress predicted. Similarly, the

experimentally determined stress of 6.9 ksi in the tension
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flange is 38% less than the 11.92 ksi stress predicted.

In contrast to the flange stresses, the web stresses at
the ‘gaged locations exceeded those predicted 1in the
theoretical analysis by a substantial margin (Figures B.8 and
B.9). The 23 ksi stress observed in the compression region at
the maximum test load of 2.06 kips exceeds the theoretical
prediction of 9.14 ksi by 151%. Likewise, the 21.9 ksi stress
monitored in the tensile region exceeds the prediction of 7.83
ksi by 180%. In contrast to the stresses observed at the
rafter end, the stresses indicated by the strain gage data at
the midspan conform closely to the theoretical prediction
(Figures B.10 and B.ll). The 15.0 ksi stress occurring on the
tension flange at the maximum load of 2.05 kips exceeds the
theoretical value of 14.6 ksi by 2.7%. The experimentally
determined stress of 14.8 ksi on the compression flange is
1.9% less than the 15.5 ksi predicted value,

Once the working load of 2.05 kips was attained the load

was removed in increments and testing was terminated.

3.3 Test 2 - Factored Wind Load on Both Frames

In Test 2, wind 1loading was simulated by applying
horizontal forces simultaneously to both frames at the height
of the reentrant corner. The maximum horizontal load applied
to each frame was equal to 1.25 times the working wind load
level, As shown in Figure 2.5, the force appplied to each
column was monitored independently by two load cells. The
horizontal 1load was increased in 0.5 kips increments with
strain gage and deflection readings being taken at each
increment. Instrumentation failure resulted in erroneous data
from the gaged bolts and clip gages measuring plate separation

“and is not reported. Plots of the remaining data is included
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in Appendix C along with the theoretical predictions.

As shown in Figure C.1l, lateral displacement of the top
of the frames differed significantly from each other but both
exhibited greater lateral stiffness than predicted by the
theoretical analysis. Except for two loading increments, the
load deflection relationship was esstentially linear for both
frames throughout the 1loading sequence. The west frame's
maximum lateral deflection fo 2.21 in. at a lateral load of
4,75 kips is 20% less than the 2.80 in. predicted. For the
east frame the maximum of 4.26 kips resulted in a lateral
deflection of 2.19 in. This deflection is 12.6% less than the
theoretical value of 2.51 in. From examining Figure C.1l, it
can be seen that the load vs. lateral deflection relationship
of the east frame is nearly linear in the interval from 0.5 to
3.5 kips. The stiffness in this interval is 0.49 in. per kip.
Similarly, the relationship is linear for the west frame from
a test load of 0.5 to 3.0 kips with corresponding stiffness of
0.47 in. per kip. Both of these stiffnesses are substantially
greater than the 0.59 in. per kip stiffness predicted by the

analysis.

Likewise, data from the quarter point vertical
displacement transducers indicate that the stiffnesses at
these locations varied from the theoretical predictidn.
Figures C.2 and C.3 show that the vertical deflections at the
north quarter points (windward side) were considerably less
than anticipated. At the maximum load of 4.75 kips, the north
quarter point deflection of the west frame was 0.119 in.,
which is 25% less than predicted. Likewise, the deflection of
0.067 1in. recorded on the east frame 1is 58% 1less than
anticipated. However, the deflections at the south quarter
points, Figure C.4 and C.5, conformed more closely to the

prediction.
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The stresses monitored at the rafters ends also differed
significantly from the theoretical analysis. For both frames
the stresses on the flanges were less than those predicted
while those in the web were greater. As shown in Figure C.6,
the stress on the compression flange of the east frame
increased linearly with the increasing test load to a maximum
value of 13.05 ksi at 4.26 kips of lateral load. This stress
is 7% less than the predicted value of 14,11 ksi. For the
tension flange, the deviation from the theoretical prediction
was even dgreater (Figure C.7). The experimentally obtained
stress of 10.4 ksi is 30% less than the predicted stress of
15.27 ksi.

Similarly, the stress in the web of the east rafter
increased 1linearly with 1load, Figures C.8 and C.9. The
magnitude of these stresses were consistently higher than
predicted, however. For example, the 28.8 ksi maximum stress
recorded in the compression area of the web is substantially
greater (189%) than the predicted value of 9.96 ksi.
Likewise, the maximum stress of 36.8 ksi monitored in the

tension area is 260% greater than predicted.

Similar 1load-stress behavior was observed in the west
frame. As shown in Figure C.10, the maximum predicted stress
on the compression flange of 18.37 ksi exceeds the
experimentally determined value of 12.68 ksi. Similarly, on
the tension flange the maximum theoretical stress of 19,39 ksi
exceeds the experimental value of 10.93 ksi, Figure C.1l1l.

As in the east frame, the web stresses in the west frame
were greater than predicted. The maximum web compressive
stress at the monitored location was 29.6 ksi which exceeds
the predicted value of 12.97 ksi by 228%, Figure C.1l2. The

-26-



maximum tensile stress of 31.3 ksi exceeds the theoretical
value of 13.8 ksi by 126%, Figure C.13.

As expected, the stresses monitored at the centerline of
the east frame were negligable. As shown in Figure C.1l4, no
stresses were detected on the compression flange. And as
indicated by Figure C.15, the stresses on the tension flange
were very low (0.5 ksi).

Figures C.16 and C.l1l7 show variation of normal stresses
over the depth of the cross section. In Figure C.16, which
corresponds to rafter end, the variation differs significantly
from classical elastic beam theory prediction (f = Mc/I).
Stresses at the extreme fibers tend to be smaller than
stresses along the bolt lines. Figure C.l1l7 corresponds to the
centerline section. As anticipated, bending moment in this
section was almost =zero so the stresses are (dgenerally

negligible.

3.4 Test 3 - Unbalanced Live Load on Both Frames

To simulate unbalanced 1live 1loading gravity load
simulators were used to apply vertical loads simultaneously at
four points on the north slopes of both frames. These loads
were increased from zero to the maximum desired test load of
3.46 kips 1in approximately 0.3 kip increments. Strain and
displacement data were collected at each 1load increment.
Graphical representation of this data is included in Appendix

D along with the corresponding theoretical predictions.

Centerline deflection data, Figure D.l, agrees well with
the theoretical prediction prior to a test load of 2.4 kips.
At the 2.4 kip level, the deflections began to slightly exceed

those predicted. This deviation from the theoretical
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prediction was accompanied by signs of yielding in the
columns. Flaking of the whitewash was observed on both
columns at the loaded ends of the rafters. This yielding was
localized on the column's compression flanges in the vicinity
of the column web splice. At the maximum test load of 3.51
kips a centerline deflection of 1.30 in. was recorded for the
east frame and 1.29 in. for the west frame. These values

exceed the theoretical prediction of 1.13 in by 14.6%.

Likewise, the deflections recorded at the quarter points
of the frames exceeded predicted values at loads greater than
0.75 kips. Figures D.2 and D.3 show close agreement between
the experimentally determined quarter point deflections and
those from the theoretical analysis for the east frame at
loads 1less than .75 kips. At greater test loads, the
deflections increased substantially beyond those predicted. At
the maximum load of 3.51 kips, the 1.18 in. observed
deflection at the north quarter point exceeded the theoretical
value of 0.95 in. by 28% while the 0.80 in. deflection at
the south quarter point exceeded the theoretical value of 0.62
in. by 29%. Similarly, the deflections of the west frame
exceeded the theoretical values as depicted in Figures D.4 and
D.5. However, unlike the east frame, these deflections were
greater than predicted from the onset of loading. At the
maximum test load, a deflection of 1.28 in. was measured at
the north quarter point exceeding the prediction by 26% while
the measured 0.83 in. deflection at the south quarter point is

35% in excess of the predicted value.

The changes in bolt forces in the four strain gaged
bolts was consistent and gradual throughout the 1loading
sequence with the exception of one bolt. The bolt force data
plotted in Figure D.6 shows that the force in the bolt on the
outside at the north end of the east frame incresed gradually
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from the pretension force of 28 kips to a final value of 30.0
kips. The force in the bolt on the inside of the frame at
this location decreased sharply to 27.3 kips during the first
0.3 kip load increment and then decreased more gradually
through the rest of the loading sequence to 26.8 kips at the
maximum test load. The bolt in the outside of the west frame
south end plate experienced a very nearly constant force
throughout the loading sequence. A final force of 28.1 kips
was recorded for this bolt. In contrast to this constant
behavior the force in the bolt on the inside of this end plate
was considerably more erratic; first decreasing and then
increasing. The final force recorded for this bolt was 25.6

kips.

Data from the strain gages located at the ends of the
rafters and the midspan of the east rafter indicate that the
stresses at these monitored locations increased in a linear
manner with respect to load, although they deviated
considerably from the theoretical predictions. For the west
frame the strains were monitored in the flanges and web of the
rafter at the end of the non-loaded slope. As in previous
tests the experimentally obtained flange stresses were
substantially less than predicted adjacent to the connection.
The tension flange stress on the west frame increased in a
linear manner to a maximum value of 7.75 ksi which is 25% less
than the theoretical value of 10.17 ksi (Figure D.7). The
load stress relationship of the compression flange was
slightly less linear, with the stress increasing at a greater
rate with respect to test load at the higher loading levels
(Figure D.8). Nevertheless the maximum stress of 6.98 ksi
recorded at this location is 39% less than the predicted value
of 11,27 ksi.

In contrast to the flange stresses, the web stress
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adjacent to the tension and compression connection bolts
exceeded the theoretical prediction by a substantial margin.
As shown in Figure D.9, the experimentally determined 21.8 ksi
compressive stress exceeds the 8.88 ksi predicted value by
145%. Likewise, the maximum tensile stress of 21.2 ksi is
191% in excess of the 7.27 ksi predicted value (Figure D.10).
The variation of the stresses across the end span section are

shown in Figure D.19.

Similar trends were observed in the end of the loaded
slope of the east rafter. The maximum observed flange tensile
stress of 5.15 ksi (Figure D.1l1l) is 54% less than the 10.31
ksi stress predicted. Similarly, the maximum compressive
stress of 5.75 ksi is 46% less than the 11.27 ksi predicted
value (Figure D.12), Again, the stresses in the web were
larger than predicted, as shown in Figures D.1l3 and D.l4. The
18.5 ksi tensile stress in the web adjacent to the connection
bolt 1is 148% in excess of the 7.45 ksi theoretical value.
Also,the 19.3 ksi compressive stress exceed the theoretical
value of 7.98 ksi by 141%. The variation of these stresses

across the section is depicted in Figure D.1l7.

Unlike the flange stresses at the rafter end, the flange
stresses at the midspan of the east rafter were dgreater than
predicted (Figures D.1l5 and D.1l6). Although both the tension
and compression flange stresses increased linearly with load
application, the 15.37 ksi stress in the compression flange
exceeds the theoretical value of 10.33 ksi by 49%. However, it
should be noted that omne of the four strain gages contributing
to this average indicated a stress of 20.7 ksi. If this larger
stress were discounted, the average would be 12.7 ksi. Like
the compression flange stress, the tension flange stress
increased linearly with load application and was consistently

" larger than predicted. The maximum tensile stress of 12.75 ksi
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exceeds the predicted value of 9.30 ksi by 37%. Figure D.18

shows the variation of these stresses across the section.

3.5 Test 4 - Unbalanced Live Load Plus Wind Load on Both

Frames

The simultaneous action of unbalanced 1live and wind
loads was simulated by first applying the vertical 1loads
followed by the horizontal 1loads. The gravity loads were
applied to the north slopes of both frames in increments until
the desired test load of 2.0 kips was reached. Data from the
displacement transducers on both frames and the strain gages
on the east frame were collected at each increment. The 2.0
kip gravity load was then held constant as increments of
lateral load were applied to both frames. Again, data were
collected at each interval until the final lateral 1load of
3.63 kips was applied. The resulting plate separation and
bolt force data were so erratic that they are not presented
herein. The remaining data are depicted graphically in

Appendix E and discussed in the following.

Displacement transducers at the centerline of both
frames indicate that the vertical deflections at these
locations corresponded closely to the theoretical predictions
throughout the gravity 1loading interval (Figure E.1l). The
vertical deflections at the quarter points, however, exceeded
the predicted values for both the north and south quarter
points of the two frames (Figures E.2 through E.5). The
deflection of the north quarter point on the east frame
exceeded its predicted value by 14% at the maximum vertical
load of 2.0 kips. Likewise, the south quarter point
deflection was 27% greater than predicted. Similar behavior
was observed in the west frame; the north quarter point

deflection exceeded the theoretical value by 14% and the south
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quarter point by 24%.

As 1in the previous unbalanced live load test, strain
gage data indicated that the stresses on both flanges at the
midspan of the rafter, as well as, on the web at the rafter's
end were dgreater than predicted by the theoretical analysis
when subjected to unbalanced gravity loads. And, again, the
stresses in the flanges at the ends of the rafter were less
than predicted.

Similarly, the effect on stresses by the lateral loads
was much the same as for the previous wind load test. As
predicted, the stresses at the rafter's centerline were not
effected by the application of wind load (Figures E.6 and E.7)
while those at the connection were substantially altered. The
stresses in the area of the web adjacent to the knee which
were in tension due to the action of gravity loads were
reversed to compressive stresses by the application of lateral
loads (Figure E.8). As in the previous lateral load test, the
effect of the 1loading was dgreater on stresses in this area
than predicted. The final observed stress of 13.6 ksi exceeds
the 7.22 ksi theoretical stress by 88%. A similar pattern of
stress accumulation was observed in the adjacent area of the
web which experienced compressive stresses due to gravity
loads (Figure E.9). The stress reversal from compression to
tension also occurred at a greater rate than predicted by the
theoretical analysis. At the maximum test load the stress of

17.4 ksi is 269% greater than the stress predicted.

In contrast, the stresses on the flanges at the end of
the rafter were less than predicted due to the action of both
the gravity and lateral loads (Figures E.1l0 and E.1ll). At the
maximum test load, the 6.48 ksi compressive stress monitored

on the flange 1is 35% less than predicted. The 5.83 ksi
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tensile stress on the opposite flange is 50% less than the
theoretical value. The variation of stresses across the end
and midspan sections of the east frame are shown in Figures
E.12 and E.l1l3 and the end span of the west frame in Figure
E.1l4.

Vertical deflections of the frames remained close to the
predicted deflections under the action of the lateral loads.
Slight upward deflections of 0.003 in. in the east frame and
0.032 in. 1in the west frame at the centerlines were measured
when none were predicted by the theoretical analysis.
Finally, the deflections at the quarter points of both frames
corresponded closely to the predicted behavior in this

interval.

Lateral deflections measured at the south ends of the
frames during the gravity loading sequence were substantially
less than predicted. Figure E.2 shows that the lateral
deflections of the east frame were 58% less than anticipated
at the maximum gravity load. Similarly, the lateral deflection
of the west frame was 51% less than the predicted value. The
lateral stiffnesses of the frames with respect to the applied
lateral loads were consistent with the theoretical analysis,
however,

3.6 Test 5 - Live Load on East Frame To Failure

In the final test of the east frame, vertical loads were
applied at eight points along the rafter of the frame to
simulate full 1live 1loading. These loads were increased
incrementally until the frame was unable to resist any further
increases. The data collected at each loading increment is
displayed graphically in Appendix F. Data from the analysis

found in Appendix I 1is used for comparison. The results
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generally indicate a linear elastic behavior of the specimen
through the first half of the loading sequence. Considerable
nonlinear behavior was observed upon further 1loading and
failure occurred at 3.97 kips at each application point. (This
load does not include the dead weight of the test assembly or

loading apparatus).

All of the data collected prior to the test 1load of
approximately 2.4 kips varies linearly with load application.
As indicated by Figure F.l, the load centerline deflection
relationship is linear in this interval but has a slope which
is slightly less than that predicted. For instance, at 2.0
kips of test load the deflection was 1.49 in. which exceeds
the predicted value of 1.31 by 14%. Likewise, the deflections
at the north and south quarter points at this load exceeded
the theoretical value by 11% and 14%, respectively (Figures
F.2 and F.3).

Stress increases are also linear with respect to load in
this interval, although they deviated from their predicted
values. As in previous tests, the flange stresses at the
connection end of the rafters are substantially 1less than
predicted, while those on the web are greater (Figures F.6
through F.9). For example, the 6.95 ksi stress recorded on
the tension flange at 2.0 kips is 40% less than the 11.65 ksi
stress predicted and the 22.8 ksi stress on the web adjacent
to the tension bolts exceeds the theoretical value of 9.9 ksi
by 130%. Conversely, Figures F.1l0 and F.ll show the stresses
on the flanges at midspan to be virtually identical with those
predicted. The variation of stresses across the end and

midspan sections are depicted in Figures F.l1l2 and F.13.

The separation of the north connection plates occurs in

a generally linear manner with respect to load (Figure F.4) in
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this range. Figure F.5 shows that the forces in the tension
bolts increased gradually with load application in this
interval. The force in the west bolt had increased to 30.5
kips from the pretension force of 28.0 kips at 2.0 kips of
test load while the east bolt increased to 29.4 kips.

As the test load was increased to 2.4 kips, the first
signs of material distress were observed; the web of the
rafter began to buckle. This buckling was most severe at the
midspan of the rafter although it extended as far as the first

flange braces.

This buckling was accompanied by other changes.in the
frames behavior. The deflections at the centerline began a
greater rate of increase with respect to load as did those at
the quarter point. The load deflection relationships changed

from linear to curvilinear at this load.

Likewise, flange stresses at the centerline began to
increase at a greater rate. Despite this fact, the stresses
at the end of the rafter continued their 1linear increase.
Like the stresses at midspan, the plate separations at the
north connection began to increase at a greater rate with
respect to load than previously. In addition, flaking of the
whitewash was observed around the tension bolts of the north

connection indicating some localized yielding in this area.

Further increases in 1load resulted in additional
inelastic behavior. At a load of 3.0 kips flaking of the
whitewash indicated yielding on the compression flanges of the
columns near the web splice as well as adjacent to the
connection plates. An increased rate of deflection at the
centerline and quarter points shows additional softening of
the frame at this load. At 3.6 kips the deflection at the
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centerline was 3.31 in. which exceeds the 2.35 in. predicted
deflection by 40%. 1In addition, the plate separation at the
north connection had increased to 0.045 in. The stresses at

this location continued to increase linearly with load.

As the 1loads were increased further, additional
degradation of the frames stiffness was observed. Large
increases in the vertical deflections at the midspan and
quarter points were occurring with load application in this
range. Yielding was extensive on the compression flanges of
the columns. In addition, considerable flaking of the
whitewash occurred on the rafter web. Buckling of this web
was very prounced at this point. Finally, the buckling became
so severe that the frame could resist no load higher than 3.97
kips° This was then considered to be the failure load and
unloading was commenced. Figure 3.1 shows the condition of

the south column under maximum loading.
All of the aforementioned parameters decreased in a
linear manner with load removal. At 0 kips a permanent

deflection of 0.85 in., remained at the centerline.

3.7 Test 6 - Live Load on West Frame To Failure

In the final test of the west frame, full 1live loading
was applied to the frame until failure occurred. The load was
simulated by applying vertical loads at eight locations along
the top flange of the rafter of the frame. These loads were
increased incrementally wuntil the frame could resist no
further 1loading. The data «collected after each 1loading
increment is displayed graphically in Appendix G.

Both the centerline and quarter point deflections

increased linearly with 1load applications throughout the
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FIGURE 3.1

MESCO FRI |
CASE €
EAST FRAME

PHOTOGRAPH OF SOUTH COLUMN UNDER MAXIMUM
LOADING, TEST 5
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working load range (Figures G.l through G.3). As the load was
increased above the working load to 2.8 kips yield lines were
observed around the tension bolts of rafter to column
connections at both the north and south connections. Flaking
of the whitewash was observed on the compression flange of the
south column near the connection and on the north column near
the web splice. At this load an increase in the rate of
vertical deflections with respect to applied load was also
observed.

As the load was increased to 3.2 kips, buckling of the
rafter web was observed near the centerline. This was
accompanied by the appearance of additional yield lines on the
aforementioned locations of the compression flanges. The shape
of the load deflection curves become nonlinear at this 1load.
With the further increase of the load to 3.5 kips diagonal
yield lines appeared on the web and the buckling became more
pronounced. This buckling became so severe that the frame
could resist no further 1load increases beyond 3.8 kips.

Figure 3.2 is a photograph of the buckled rafter web.

The strain gage data collected on the tension flange
immediately adjacent to the north rafter connection indicates
that the stresses increased in a linear manner with 1load
application throughout most of the loading sequence (Figure
G.4). The magnitude of these stresses, however, was larger
than predicted by the theoretical analysis. In addition, as
the test 1load reached approximately 2.8 kips the rate of
stress increase declined substantially with respect to the
rate of load application. Likewise, the stress on the web
adjacent to the connection tension bolts increased linearly
with load application wuntil yielding occured and was
substantially larger in magnitude than predicted. The yield

stress of 50 ksi was achieved at the same 2.8 kip test load at
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FIGURE 3.2 PHOTOGRAPH OF BUCKLED RAFTER, TEST 6
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which the rate of flange stress increases began to decline
(Figure G.5). The relative magnitude of these stresses
indicates that the stress variation over the cross section is
nonlinear with high stress concentrations occuring in the
vicinity of the tension bolts and considerably lesser stresses

present on the flanges.

3.8 Supplementary Test Results

Results of the tensile coupon tests are given in Table
3.1. The average yield stress from the first three tests,
54,6 ksi, was used in the failure load comparisons described

in Section 4.2.
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Table 3.1

Coupon Test Results

Yield Ultimate
Frame Location Stress Strength Elongation
(ksi) (1si) %)
East Rafter Web 59.3 69.3 41.0
West Rafter Web 54.1 69.5 36.3
East Rafter Flange 50.3 86.5 37.8
West Rafter Flange 45.2 87.4 35.8
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CHAPTER IV

FAILURE LOAD COMPARISONS AND RECOMMENDATIONS

4,1 Failure Load Comparisons

To determine the adequacy of the frames with respect to
strength, comparisons between the experimental and predicted
failure loads were made. The experimental failure load due to
simulated live load for each frame was calculated as the sum
of the maximum applied 1load, the weight of the 1loading
apparatus (0.3 kips per application point), and an equivalent
concentrated load at each application point due to the weight
of the frames, purlins and roof panel.

The predicted failure 1loads were determined wusing
MESCO's computer program. The magnitude of the concentrated
load at each application point which caused a combined stress
ratio of 1.0 was first found by manual iteration. The average
measured vyield stress (54.6 ksi) and measured frame
dimensions were used to make the calculations. Computer
output is found in Appendix I. The equivalent weight of the
frame, purlins and roof panel was then added to this value and
the result multiplied by 1.67 to obtain the predicted failure

load. Calculations are summarized in Appendix A.

The resulting predicted failure load for the east frame

is 5.04 kips per application point and the corresponding



experimental failure load is 4,48 kips. The ratio of the
predicted-to-experimental loads is then 1.125. The actual

failure mode was rafter web buckling.

For the west frame, the experimental failure load was
4.31 kips per application point and the resulting
predicted-to—experimental ratio is 1.169. The experimental

failure mode was buckling of the rafter web.,

The apparent undercapacity of the frames, as reflected
in the above predicted-to-experimental ratios being greater
than unity, 1is due to knee area flexibility which causes
redistribution of moments within the frame [1].

4.2 Summary of Observations and Recommendation

A total of six tests were conducted using a test setup
which consisted of two frames. The loadings were combinations
of gravity and wind 1load, as described in previous chapters.

The final test on each frame was gravity loading to failure. .

A linear rate of increase with respect to load was
observed for all deflections in the working range for all the
loading cases. The centerline deflections were closely
predicted by the stiffness analysis. In this range, the
observed quarter point deflections slightly exceeded the
predictions. Under wind and wind and gravity load
combinations, the frames displayed greater lateral stiffness

than predicted by the stiffness analysis.

A linear rate of strain increase with load application
was observed throughout the entire range for all loading
cases. At the centerline, the strains corresponded closely to

their predicted values except in the unbalanced 1live load
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case. With unbalanced 1loading, these strains slightly
exceeded the anticipated values. In contrast to the
centerline strains, the strains at the connections differed
substantially from those predicted from the stiffness analysis
and application of simple beam theory. The transfer of moment
across the connection through the action of the bolt groups
caused strains in the adjacent web to greatly exceed those
predicted. The strains in the flanges were correspondingly
reduced.,

The 1load was increased beyond the working range
during the final tests to failure, considerable inelastic .
behavior was evident. At a test load considerably less than
the predicted ultimate 1load, buckling of the rafter web was
observed. At about this same load level, localized yielding
of the column compressive flanges also occurred. The initial
degradation of the overall stiffness of the frame, as
reflected in the centerline deflection plots, corresponded to
the appearance of the rafter web buckling. This web buckling

constituted the failure mode.

The frames failed at loads 12-15% below predicted values
determined using measured cross-section data, tensile coupon
test results and MESCO computer based analyses. This apparent
undercapacity is due to knee area flexibility which causes
adverse redistribution of moments in the frames. It is
recommended that thicker panel zone plates be used as a means
of stiffening the knee area. All other aspects of the
performance of the frames were acceptably predicted by MESCO
computer based analyses.

-4 4=



APPENDIX A

FAILURE LOAD ANALYSES



A.l1 East Frame

Full Live Load, Test 5
Maximum Applied Load

Weight of Loading Apparatus
Weight of Frame Assembly
Pu =

Predicted Loads
Applied Load
Weight of Frame Assembly
P =

Predicted Failure Load = 1.67P

3.97
0.30
0.21

kips

4.48

2.81
0.21

kips

kips

3.02

5.04

This applied load results in a combined stress ratio of

location 1. The three largest combined stress ratios

frame are:

Location fa Fa fp Fp
1 3.15 27.72 28.00 30.93
2 3.16 27.72 28.05 35.35
3 0.44 22.46 24.86 30.75

Predicted-to-Failure Load Ratio

1.67p = 5.04 = 1.125
P, 4.48

CSR
1.002
0.890
0.822

kips

kips

1.0 at

in the



A.2 West Frame

Full Live Load, Test

6

Maximum Applied Load

Weight of Loading Apparatus

Weight of Frame Assembly

Predicted Loads
Applied Load

Pu =

Weight of Frame Assembly

P =

Predicted Failure Load = 1.67P

3.80
0.30
0.21

kips

4.31

2.81
0.21

kips

kipsr

3.02

5.04

This applied load results in a combined stress ratio of

location 1. The three largest combined stress ratios

frame are:

Location £

=a
1 3.15
2 3.16
3 0.44

Predicted-to-Failure

Eﬂ fk
27.72 28.00
27.72 28.05

22.46 24.86

Load Ratio

= 1.169

Fy
30.93
35.35
30.75

CSR
1.002
0.890
0.822

kips
kips

1.0 at
in the



APPENDIX B

WORKING LEVEL FULL LIVE LOAD

TEST 1



MESCO FRAME TEST SUMMARY

Project: Mesco Frame

Test no.: FR-1

Test Date: 10/31/84

Purpose: Test of Working Level Ful] Live Load
2.05 kips

Maximum Test Load:

Failure Mode:

Discussion:

- Gravity load was applied at eight points along the span of the east frame.
The Toad was increased from zero to 2.05 kips with strain and displacement
data being taken at .20 kip intervals.

- The observed centerline deflection for the first run was virtually identical
to that predicted prior to a test 1oad of .8 kips. At .8 kios, the load-
deflection relationship began to deviate from its previously linear form; -
deflections increased at a greater rate with respect to load than analyti-
cally predicted. At 1.4 kips, yielding was indicated in the interior (com-
pression) flanges of the columns near the web splices by flakina at the
whitewash. At the maximum load of 2.05 kips, the deflection at midspan was
1.584". This value is 12% greater than the 1.41" predicted deflection. A
permanent deflection of .189" remained after unloading.

- The observed deflections corresponded more closely to the theoretical pre-
diction for the second run. As before, at Tow loads the agreement was vir-
tually exact; prior to a test load of 1.0 kips the observed deflection was
the same as that predicted. At loads higher than 1.0 kip, areater deflec-
tions occurred than were predicted although they were not as large as those
observed in the first run. At the maximum load of 2.05 kips, the observed
deflection was 1.469" which exceeds the predicted value of 1.41" by 4%. In
addition, plate separation increased from 0" at 0 load to 0.016" at 2.5

kips in a Tinear manner. The separation decreased to 0 in a similar manner
with unloading.
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APPENDIX C
FACTORED WIND LOAD

TEST 2



MESCO FRAME TEST SUMMARY

Project: - Mesco Frame

Test No.: Fr1: Test 2

Test Date: November 7, 1984
Purpose: Test of factored wind load

Bolt Diameter:  3/4" Pretension Force per Bolt:  2gk
Maximum Test Load: 4. 75k
Discussion:

- The Toad vs lateral deflection relationship remained 1inear throughout

the Toading sequence. A1l stresses at the monitored locations remained
well within the elastic range. :

- The Tlateral stiffness of the frames were approximately 10 and 20% greater
than predicted for the east and west frames, respectively.
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APPENDIX D

FACTORED UNBALANCED LIVE LOAD

TEST 3



MESCO FRAME TEST SUMMARY

Project: - Mesco Frame

Test No.: _FRi: Test 3

Test Date: _ November 6, 1984

Purpose: Test of factored unbalanced 1ive load

Bolt Diameter: ___ 3/4" Pretension Force per Bolt: 28k
Maximum Test Load:  3.51X

Discussion:

- Centerline deflections agreed closely with the theoretical prediction prior,
to 3 kips at test load. At 3 kips they slightly exceeded the prediction.

- Quarter point deflections exceeded the theoretical prediction throughout
the loading sequence.

- No inelastic behavior was indicated by strain gage data or significant
degredation of the frames stiffness. .
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APPENDIX E

WORKING LEVEL COMBINED
WIND AND UNBALANCED LIVE LOAD

TEST 4



MESCO FRAME TEST SUMMARY

Project: -  Mesco Frame

Test No.: FR1: Test 4

Test Date: _November 7, 1984

Purpose: Test of combined wind and unbalanced 1ive load

Bolt Diameter: _ 3/4" Pretension Force per Bolt: 28k
Maximum Test Load: _Wind: 3.63 kips live: 2.01
Discussion:

- Strain gage and deflection data indicate that the frame's behavior remained
elastic throughout the loading sequence.

- The centerline deflections of the west frame corresponded closely to the
theoretical during the gravity loading sequence while the east frame
exhibited sTightly greater stiffness.

- During the lateral loading sequence the west frame deflected slightly at
the centerline contrary to the prediction. The centerline deflections
of the west frame were negligable as anticipated.

- In general, the theoretical prediction for the lateral load case predicted the
frames behavior well while the unbalanced gravity Toad prediction differed
sTlightly.
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APPENDIX F

FULL LIVE LOAD FAILURE OF EAST FRAME

TEST 5



MESCO FRAME TEST SUMMARY

Project: -Mesco Frame

Test No.: _Frl: Test5

Test Date: _November 15. 1984

Purpose: __Test of full live loading an east frame unti] failure
Bolt Diameter:  3/4" Pretension Force per Bolt: »2gk
Maximum Test Load: _ 3.97K

Discussion:

- A11 of the data prior to a test load of approximately two kips varies linearly
with Toad.

- Centerline and quarter point deflection slightly exceed the prediction
prior to two kips.

- At 2.4 kips a buckled shape was observed along the rafter web. The
vertical stiffness of the frame begdn to degrade at this load. 1In
addition, flange stresses at the centerline began to increase at a
greater rate.

- At 3.0 kips flaking of the whitewash indicating yielding was observed
on the compression flanges of the columns near the column web splice and
adjacent to the connection.

- At 3.6 kip flaking of the whitewash on the rafter web was observed.
Yielding of the column compression flange was extensive.

- At 3.97 kips the buckling of the rafter web became S0 severe that the
frame could sustain no further load increases.
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APPENDIX G

FULL LIVE LOAD FAILURE OF WEST FRAME

TEST 6



MESCO FRAME TEST SUMMARY

Project: __Mesco Frame

Test Mo.: __FR1: Test 6

Test Date: November 9, 1984

Purpose: __Test of full live loading on west frame to failure
Bolt Diameter: __ 3/4" Pretension Force per Bolt: 28K
Maximum Test Load: _ 3.8 kips:

Discussion:

Centerline and quarter point deflections increased linearly with load
application in the working load range and agreed fairly well with the
theoretical predictions.

At 2.8 kips yield lines were observed in the whitewash around the

tension bolts at both connections, on the compression flange of the south
column adjacent to the connection and on the north column's compression
flange near the column web splice. Vertical deflections were also ”
increasing at a greater rate at this 7oad. '

At 3.2 kips buckling in the rafter web was observed near the centerline.
Increased flaking of the whitewash was also observed on the column's
compression flanges at this load.

At 3.5 kips diagonal yield lines appeared in the whitewash on the rafters
web as the buckling became more severe.

At 3.8 kips the rafter web buckling became so pronounced that the frame
could resist no further load increases.
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APPENDIX H

MESCO WORKING LOAD COMPUTER ANALYSES

Nominal Dimensions
Fy = 50 ksi
l. Full Live Load--2.05 kips
2. Wind Load--4.43 kips (factored)
3. Unbalanced Live Load--3.46 kips

4. Unbalanced Live Load--2.05 kips
plus Wind Load--3.54 kips
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APPENDIX I

MESCO FAILURE LOAD COMPUTER ANALYSES

Measured Dimensions

F_ = 54,6 ksi
y S1

Full Live Load--2.81 kips
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