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SYNOPSIS

The results of tests carried out on two full size
portal frames are presented. These frames were of welded con-
struction and had spans of'3O feet and Qolumn heights of 10
feet. The column bases were pin ended in one case and fixed
in the other. The frames which were fabricated from 12WF36
shapes were subjected to simultaneous applicatibn of verfical

and horizontal loads.

The behavior of the component parts of the frame
(beams, columns, welded connections) as indicated by various
measuring techniques are compared with cémputed values based
on simple plastic theory. Attention was given to the problem

of plastic instability.

The lateral forces required to restrain the frames
to their original plane were measured and analyzed. These
forces are of significance in both elastic and plastic design

of such structures.

Information with regard to the action of fixed base

frames under very high horizontal loads i1s presented.
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I. INTRODUCTTION

1. OBJECT AND SCOPE OF INVESTIGATION

The tests reported herein are the third and fourth
frame tests to be carried out at Lehigh University as part of
the broad investigation titled '"Welded Continuous Frames and
Their Components'. The frames were simple rectangular portals,
one with pinned column bases and the other with fixed column .
bases. Both'wefe fabricated from a 12WF36 steel section with
a beam span cf 30 ft. and 10 £t. coclumn heights. The pfevi@uﬁ
two frames tested in this provrsm(l)* were also rectangular
portals with beam spans of 14 ft. and had calumns'T £t. high
with pinned bases. The variable in the earlier frames was the
size of section ussd; one was made from 8B1l3 shapes w kil tha

second was from SWFAO shapes.

In contrast to the first and second test frames, which
were subjected to vertical loads only, Test Frames 3 and 4 wers

subjected to a combinaticn of horizontal and vertical loads.

In recent years-an extensive study into the plastic
behavior of steel stgﬁééures has also been carried out at Cambridge
University in England and tests of frames loaded under both vertical
and horizontal loads have been repovted.(g) The tests reported

in these studies have been made on samswhaﬁ smaller frames fabricated

from steel shapes rolled in England.

The main objective of the tests was to determine if
the ultimate load-carrying capacity of such framss under combinsd

o - - = - - o an a = - o . e o an ew e - oo - - e 2 -= cas = - w2 own = = e un’ o G s —

& Numbeps in pdrenthnses indieatu the reference number in tme
. References. L
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loading could be predicted by simple plastie theory. In addi-

tion, valuable information regarding the lateral support regquired

The frame with fixed column bases (Frame 4) demonstrated

7

the large reserve strength suech column fixity gives the frame to

- horizontal loads.
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I7. DESCRIPTION OF PFRAMES
AND TEST APPARATUS

2. TEST SPECIMENS

The test specimens used are detalled in Fig. 1. Both
ﬁefe single bay rectangular rigid frames with beam spans of 30
£t . and column heights of 10 fﬁe The knees were of all welded
construction and were Type 8B described in Ref. 3. Both frames
were fabricated in the laboratory by welders and fitters whese
regulsr jobs involve similar operations at the plant of a large .

steel fabricator.

If these frames were assumed to be from an imaginary
building with an assumed vertical working load of 60 psf and
design wind load of 20 psf, the resulting total vertical load
would be nine times the total horizontal load. Such reasoning
as this leads to the loading ratio which was maintained constant
throughout Test 3 and during the first phase of Test 4. Loads
were applied at the third points of both the beam and windward
column. (The windward column herein‘refeps to the column to

which the horizontal loads were appiied.)

The two frames differed only in the condition at the
column bases. Frame 3 was pin-ended; that is, both column bages
waere mounted on knife edges. Duringvth@ test the distance between
knife edges was kept constant by means of tie rods. To simulate
a fixed-ended condition, the column bases of Frame 4 were welded
directly to a stiff base beam. Since the base beam was not in-

finitely stiff the columns' bases were not completely fixad.



This partial fixity had no effect on the theoreatical ultimate
lozd of the frame, although the frame's behavicr in the elastic

range was affected.

i
%

Both frames were fabricatkd from 12WE3S Yaz-rolled .

ateel secticnzs. The dimensions were ac¢quired with the aid of a

micrometer and the actual properties of the section differed

o

considerably from those given in the A.1.S.0. Steel Construction

@D

Manualo(4) A comparison of the actual and handbook propertiss
is given in Table I. Both the acbwa] ectlon modulusg, S, and
plastic modulus, Z.5 were approximately 5% lower than the handbook

values due largely to the discrepancy in flange thickness.

TABLE I: Section Dimensions and Properties

Wet.per| Area [Depth Flange ' Web I, S, Z,
. Width |Thickness |Thickness 4 5
(1bs) | (1n®) |(in) {(n) | (in) (in)  |(in®) | (in®) | (1n%)
Handbook (4) 36 . [10.59|12,24/6.565| 0,540 0.305 |280,8 | 45,9 |51.4
Actual | 34.8 [10,21{12,17|6.59 | 0.510 0.307 |266.2| 43.7 |49.1
Variation® | -3.3% |-3:6%|-0.6540.4%| -5.66 |+0.7% |-5.26|-4.8% |-4.5%

* 9 baged -on handbook value.
Values in table computed for T4 assumed applicable to both I3 and T4.

The mechanical properties of the steel used were deter-
minedvﬁy standard coupon tests {both tension and compression)
conducted 2t a slow laboratory rate on coupons taken from four
leétions in the cross-secticn. 4 set of coupons waé taken from
the beam section used in fabri@aﬁiAg egeh frame. The steel was
ordered to meet the requirements of ASTM Desigrnation AT-50T.

o e i wm s e e e m cw we e w6 e am @ em o ca oam o0 e

(plastic modulus) for ymmetriQal auC%%GQ% 1s 2 times th@
f%rst monient of cne half of the secticn about the neubtral axis.
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IT.

(My = 1713 kip in.) and the plas
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and compression) located in the flanges
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in
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a coupon
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the yield

the mill rey
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uging these results tc determ

section the yield stress

+.

ne

ic moment (M

tegts are summarized in Tabhle

the yield moment
~ = 1925 kip in.)

>

level of those coupons (tension

were averaged and used
stress. This average yileld stregs level was 39.2ksi,
which is lower than the upper yield strength of 42.53 ksi given
ort (Table IX ¢), this value being determined fronm
selected from the web.,
the plastic moment were computed on the basis of

a welghted yileld stress (both flange and web coupons
ite value Dbescomes 1943 kip in. This weighted value
per cent larger than the plastic moment used in this
TABLE II: Physical Properties
X-Section {Coupon For |[Yield Stress [Ultimate [Modalus of | Strain-
Location (Frame No. Level Strength [Elasticity|Hardening
Ty {ksi) (ksi) [B(x106ksi)|€ ¢(in/in)
1 3 39.23 62.00 0.015
4 39.08 62.23 30.6 0.017
3 ~-38.06% 0.014
4 -40,47 29.7 0.011
2 3 45.10 67.80 0.024
4 44,86 66,56 29.8 0.018
3 -45.15 0.014
4 -47,20 29.7 0.013
3 3 339.70 62,20 0.018
4 39.45 62.74 29.8 0.023
3 -38.09 0.015
4 -39.81 30.3 0.018
4 3 41.20 66.20 0.014
4 38.66 62.85 30.8 0.019
3 -38.49 0.013
4 ~38.35 30.9 0.009

* o indicates

ccmpression test.

being used)

be
N

ng G.9

Section Properties

oy

=
oo

Uged

29.2 ksi
1713 Kt
1925 Kt
30.2x10% ksi

80.39x10° k-in®

Coupon Location
on Cross Section
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TABIE III: Mill Report on 12WE36

Chemical Composition Mechanical Properties
in Per Cent C
C = 0.18 Yield Strength = U2,530 psi
A{upper yield) '
Mn = 0.65 Ultimate Strength = 67,420 psi
P = 0.014 EWOng@tion ﬁn 8 in. = 25.2 per cent
S = 0.038 Reduction in Aresa = 5G,0 pew.eent

3. LATERAL SUPPORT SYSTEM

Past experience in testing of rigid frames into the
plastic range had shown that adequate lateral support was essen-

o

tial if the theoretical uvltimate load were to be attalned.

Therefore, the present test frames were provided with a lateral
support Dy@tem which might be equivals t to that used in actusl

building construction. In Test 3 thils support was provided by
16 struts which held the frame in & plane about 10 £t. from the

wall of the laboratory bullding. (See Fig. 2a) Four of thes

struts, which were located in elastic “kgiQQS, @awriea very small
forces in Prame R and, therefors, were not used in Test 4 which
had a sgimilsr moment condition in the beam. The loecations of

lateral support struts are indic L@d by the small circles dfawn

on the flanges of the beam in Fig. 1.

In order to insure free vertical movement of the frams
beam in 1ts. plane, the lateral support struts were fitted with
flex bars at both endsc The lateral Supp@rt a% a typical be am
section i@ shown in Fig. 3. Froviziong were made to adjust the

struts pon large vertical deflections and the tests werse planned
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so that no horizontal adjustment was necezsary, Electrical
gtrain gages were attached to ore of the flex bars of each
lateral support strut so that +he forge in the individual struts

could be ascertained at any time.

The 1ateral support system can be szen in ths photo-

fde

graph of the general test arrangemsnt shown in Fig. 2a.

L, LOADING SYSTEM

In both frames the loads were gpplied by a salff-
contained system made up from the frame, a base beam and
hydraulic jacks. Each jack was attached in sgeries to an aluminum
tube dynamemeter for measuring the lcad applied. All loads wers
‘applied to the frame through horizontal plns losated at the
céntroid ¢f the beam and provided with transvers se stiffener
plates to help distribute the load to the section. The loading

systems are shown in schematic form in Fig. 4.

In Frame 3 (see Fig. 4a) one jack was used for each
cf the twe vertical locads, one for the horizontal lOadu, ana one
for the horizontal reaction at the column bases. This-s stem of
opposing'Horizontal Jacks was used to adjust the longitudinal
position of the frame so that the beam cf the frame had ho hori-
zontal movement thereby simplifying the lateral support system.

Each jack was connected directly to a hand-operated pump.
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A slightiy differeht loading system as shown schema-

tically in Fig. 4b was used in Test 4. One Jack was used for
each load but the two vertical jacks were connected to a common
pump. Similarly, the two horizontal Jjacks were connected to a
second pump. This system expedited the test in the plastic range
by automatically maintaining the loads applied by the two jacks.
approximately equal. The maximum difference in these loads was
2.1 per cent which occurred after ultimate load in Phase II.
Reactions for the horizontal Jacks were transferred to the base
beam at points under the column bases. Reactions for the vertical
Jjacks were also taken by the base beam so that the loading system
was completely self-contained within the rectangular ring formed
by.the frame and the base beam. As in Test 3 the tops of the
columns were fixed in space and the sidesway that occurred caused

the base beam to move on rollers provided under it.

It should be polnted out that the loading systems
used in these tests give the worst possible effect from the side
loads since they require the beam to carry a maximum axial com-
pression load. .If, for instance, thé horizontal load were applied
In parts to both columns the beam would be subject to less axial

compression load.

5. DETERMINATION OF EXPERIMENTAL MOMENTS

Both frames were statically indeterminate, Frame 3
to the first degree, and Frame 4 to the third degree. It was,
therefore, necessary to measure redundants in order to determine

the experimental moments throughout the frames.
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In Frame 3 it was sufficient te measure the horizontal

force which existed in the column base tie rods. This was azeom-

in

plished by means of SR-4 elsctrical strain gages mounted on

aluminum links in the tie rods.

Six paire of SR-4 electpical strain gageé were attached
to webs of the cclumns of Frame 4 in QPdéP to mezsure unit rota-
tion at three polints in each column. From the unit rotations,
the moments wers @omputad since the gages were mounted in reglons
expected to remain elastic. .In the latter part of the test, the
columns yilelded at two of these poinbs (ons in sach column) so
that the moment could no longer be ascertained with certainty
at those points. The four palrs of gages remaining, however,
were more than encugh to determine the moments throughout thé

frame, During the early part of the test when all gages could

jond

ey

P

be used, the moments at the tops and bottoms of both co 5 were
determined by using various combinaticns of gages. The maximum
variation in the moments thus obtained was about 10%. This
method of determinihg moments 1is diséussed at some length in

Ref. 1.

Ongce the redundants were determined the experimental
moments throughout the frames were cobtained by statics. These
moments were corrected for frame distortions by using the measured

frame deflections.
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6. ROTATION MEASUREMENT

Measurements to determine the rotation occurring along
a unit 1ength of beam and across the knees of the frames were
made by use of the rotation Indicators described in Ref. 1. Such
rotation indicators, four on Frame 3 and eleven on Frame 4, were
located at poinﬁs where plastic hinges formed. In order to get
some indication of the extent of the plastic zone near the lee
knee of Frame 4, a total of five indicators were logated adjacent

to the knee in the column and beam.

7. DEFLECTION MEASUREMENT

Ordinary surveying instruments were used to determine
the deflected shape of both frames to within 1/50 of an inch.
This precision was adequate in view of the fact that deflections

in the order of 3 inches were experienced at ultimate load.

A transit (one for each column) was used to establish
a fixed vertical plane from which the horizontal deflections of
the column were measured. Similarly, an engineer's level was
used to establish a fixed horizontal plane jJust above the frame
from which the vertical deflections of the beam were measured. A
single mechanical dial gage was used to measure the deflection
at beam center as a check on the surveying instruments and for

control during the test.

8. BUCKLING INSTRUMENTATION

Several types of instruments were used to detect
lateral and local buckling. Mechanical dial gages were used to

measure local movement of both the web and compression flange at
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eritical locations. In Frame 3 further indication of local
flange buckling was given by pairs of SR-U elestrical strain
gages mounted on opposite sides of the comprezsion flange at

eritical pointa,

An indiecation of lateral buckling was obtained by
measuring the lateral twist, or P@tatigng of the beam. In
Frame 3 this was &ccomplished by transverss lavel bars (des-
cribed in Ref. 1) mounted at three critical sections on the beam.
is method we 28 mush more precsise than necessary so a movable
twist indicator was devised to measure the lateral twist at

critical sections on the beam in Test 4.,

9. TEST PROCEDURE

Both teshts consisted of two partas (l} check test of
the frame in‘the elastic range and (2) main test carrisd out
continuously through the elastic and blaatib ranges to failurs,
The check tests were used to ascertain the behavior of both the

testing apparatus and the frames.

-

Frame 3 was check-tested as a determinate structure
by removing the tie rods connecting the column bases. In this
condition the frame was loadsd in three different ways: by |
vertical beam loads only, by heorizenbal column loads only, and
by tie rod forces on the column bases. The resulting deflections
at the beam center and column baseg were msasured. The maximum
deviation of these deflections from the theoretical values was

6.5 per cent indicating that the testiﬁg apparatus and frame were
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functioning satisfactorily. Frame 3 was also check-tested as
an indeterminate strueture. The forece in the tie rods was
measured and found to agree within 2 per cent with the theoreti-

eal value,

For Frame 4 such an elaborate check test was not pos-
sible since the spescimen could riot be reduced to a determinate
structure. The beam center defle@tlung huwevevg was measured
and found %o agree within 7 per cent of the theoretical value
when the load was 12 kips in the vertical Jdrkso A further
indication of thes action of the frame is given by a Gompariéon
of the aétual and theoretical moment diagrams in the elastic
range shown in Fig. 5. Except at the column bases,vthese moments

differed by approx imately 5 per cent,

The main tests were carried out continuously untill
the lateral plastic buckling near the les knee became excessively
large causing rapid reductions in leoad-carrying capaclity. The

time required for the continuocus tests was about 60 hours.

During the early stages of the téstss readings were
taken on all measuring devices at frequent load intervals. No
data were taken at a given load increment until the beam center
deflection had stabilized; that is, with the loads on the frame
held constant the increase in deflection with time became

negligible.

As the applied loads appraa@hed the theonetiual plastic
ultimate load the time required for the deflection to stablilize

increased rapidly. To reduce this stabilizing time a "deformation-
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inerement" criterion was adopted for the later part of th@ tests,
Under this ceriterion a predetermined deformation increment was
applied by means of the Jjacks. This deforma ticn was then held

consbant while the loads decreased with time. Eventually, these

%]

loads remained practlcally constant and & set of data was taken.

!,\

&

For Prame 3 the horizontal loads wers 1/9 of the verti-

¢al loads throughout the test. Test 4, however, @ansistﬁd of

two distinet phsses. In the first phass, the frame was
with vertical and horizoatal lcads in & ninz-to-one proportlion

until 97 per cent of the theoretlical plsstls vitimate load for

this load condition was reached. In the sscond phase, the vertli-

. 8

cal loads were nsld constant at g valus ightly less than the

Q

theoretical ultimate load and the horizontszl loads wers incresased

from zZeroc to thelr uitim“%e value.

gF

test 1T was found impossible to ksep the veprtical loads consbant

without greatly inaressing the verticeal bssm deflsctions. At

4 U . o % dor 8 I TN PR TN Bl R R S . 2 ke e
this stage the wvertical loads were allowed to deereass slightly.

In effect, Test 4 was two tests -~ one in which the
vertical leads had a dominant effect, the other in which the
horizontal loads were mure significant. The Tirst casze wherein
the vertical lcads were maintained ab values 9 times the hori-
zontal load 1s rafery ed to as Test 4 - Phase I or Test 4(I); in
that part of the test in which the vertisal load was held éonstant
a3 the horizontal load was incressed iz referred to as Test 4 -

Phase IT or Test L4(II).
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ITIZ. THEORETICAL ANALYSIS

10. THEORETICAL LOADS AND MOMENTS

The results of the theoretical anslysis of the frames
are summarized in Pigs. 6 and 7. In the elasgtic range the struc-

tures were analyzed by ordlnary

=

elastic methods for indeterminate
in

i

structures. Since the base baam Frame 4 was not infinitely
rigid, 1ts actual rigidity was taken into account in the elastic

as analyzed as a closed ring composed of

in

analysis. The structure

the frame itself and the base beam. It must be emphasized,
however, that this base beam flexibility had no effect on the
theoretical ultimate load found by simple plastic analysis so long
as the base beam remained elastic. Methods of simple plastic
analysis by which the ultimate loads of frames such as these may

be predicted have been described.(5 to T7)

loads Py anc Qy would be 1

$P &P

ower,

TABLE 1TIV: Critical Loads From Theorvetical Analiysis
| Frame Frame 4
Load 3 Phase I | Phase II
Kips Kips Kips

P (Yield)* 23.7 26.2 18.7

Q (Yield)* 2.63 2.901 18.7

P (Ultimate) | 29.9 32,1 32.1

Q (Ultimate) | 3.32 3.57 32.1

*Load at which bending stresses alone are equal tc yield

stress of material (39.2 ksi). If axlal stress were added
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Table IV gives the applled loads at the theoretieal

first yield (Py and Qy) and at the theoretical ultimate leoad
condition (Pp and Qp)o They are based on the sctual physical
properties of the section, My = 1713 kip in. and Mp = 1925 kip
in. A study of this table reveals that the theoretical ultimate
strength given by plastic analysisz is 1.26 times as great as
the conventionally accepted maximum strength {leoad at first yizld)
for Frame 3 and 1.22 times as great for Frame 4 (I). Anether
point of interest is the capacity of Frame 4 to withstand very
high horizontal losds. In Phase II of the test the horizontal
ultimate loads are as large as the vertleal ultimate loads. The
plastic analysis ultimate load for the condition of equal hopd-
zontal and vertical load (Frame U4, (II)) is 1.72 times as great
as for the first yield ultimate conéepﬁl It shiould be pointed
out that the first yield loads listed in Table IV are based on
stresses caused by'bénding moments alone. If axlal forces were
also considered (as they generally are in elastic analysis) the

Piregt yleld loads would be somewhat lower.

| _ The ultimate loads were obtalned by usihg simple plastic
theory. The seguence. of the formaticon of plastlc hinges is given
by the cirecled numbers in Figs. 6 and 7. The first four hinges '
shown for Frame 4 in Fig. 7 were required in order that the
theoretical ultimate load in Phase I could be reached. Hinges 1

- and 3 remained hinges in Phase II. In additi@n to these hinges,
two others (5 and €) were necessary in order that an ultimate
load could be reached in Phase II. In Phase II, hinges 2 and 4
behaved elastically because the mameﬁb at these hinges produced
by the horizental locads was'opposite to the plastic moments

produced by the vertical loads in Phase I.
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The bage beam used in hc% ras not infinitely stiff
The baze beam used in Test 4 was not infinitely stiff,

therefore 1tg trus wvalus of E and I were used in the theoretical

computations whoze results are summnw“ZHQ abeve. It ls of Interest

to note that while this lack of complste Lixity at the base of
the columns in Frame 4 does affect the m@&@nt distribution in the
frame in Phase I it does not affect the total load-carvying
capacity of the frame. The ultimete load (P = 32.1 kips) moment
diagram shown in Fig. 7 (and repzated in Fig. 8) for Frame 4 (I)
takes into account the base beam Llexibility. I the base beam
were ihfinit@ly stiff or rigid the theoretical ultimate load

(P = 32.1 kips) moment diagram would be altered. A comparison of

the two conditions is given in Fig. B.

11. THEORETICAL DEFORMATIONS

In order to chask the acbual behavior of the fromes

against the theoretical behavior, some messurable gquantibty other
than applied forceg ghould he predicted by theoretical msans.

One such quantity chosen for the pregent tests ds the deflecition

£ the center of the beam.

While the frame is in the el“,t;@ range the beam
centerline deflection may be determined by ordinary elastic
analysis. However, such analysis asssumes the frame to be formed
from members having lengths given by the ce nberlin@ dimensions
of “the frame. This assumpiion leads to an answér which is
approximately correct but it can be improved upon by taking into
aceount the fact that the particular kneess of the frame rotate
more than the egquivalent length of plain beam. A rational method

of predicting such difference in rotation is given in Ref. 2.

-16
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Tn the case of Frame 3, this procedure led to a beam center
deflection of 1.7S iho at yield load instead of 1.74 in. This
increase is o small that the effect was ignhored in the . com-
putations for Frame 4,

Approximate values for deflecticns of the frames may
\be determined just és the ultimate 19ad is reached by a very
simple method described by Symonds and Neal(5) and Yang et.al(B),
This méthod agsumes that ylelding is concentrated at the plastic
hingés and that these hinges are free t¢ rotate under the constant
moment , Mp, other parts of the frame remaining éla@ti@, Just as
the last plastic hinges is formed the slope at either side of the
hinge must be equal. Using these assumptions and the slope-
deflection equations, one may £ind the deflected shape of the
structure. For Frame 3 this gives an estiméted beam center
deflection of 2.82 in. at ultimate l1load. It seems reasonable
that the actual deflection should be larger than 2.82 in. since
yielding 1is spread out over lengths of the beam and not con-
centrated at the hinges as assumed in the analysis. This would
be particularly true in the present case since the entire center
third of the beam is withstanding a moment greater than My when

the ultimate load 1s reached.

The deflection computations discussed above for Frame 3
allow one to draw the theoretical load-deflection curve shown on
Fig. 9. Similar computations result in the theoretical load
deflection curve shown in Fig. 10 for Frame 4 where the beam center ‘
deflection at ultimate load was computed to be 3.64 in. Again it |

should be pointed out that for Frame 4 as well as for Frame 3 thé

actual moment diagram violates the assumption,
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"plastic hinges are concentrated at points" made in the defles-
ticn computation. Figure 7 shows that the entire middle third
of the beam in Frame 4 is under the theorstical plastic hingse
moment at the ultimate load sondition. This condition assures
one that the actusl deflection will be considerablﬁ larger than
the computed value. In the case of structures having moments
that continuocusly vary, there should be much closer agreement

between theoretical and experimental deflection values.

In any case, the fact that the actual deflections at
maximum load are somewhat larger than the theoretical values 1z
not critical since at plastic design working lecads the agreement

between theory and experiment is excellent.

{
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Iv. RESULTS OF TESTS

12. GENERAL BEHAVIOR

The present test frames and test apparatus behéved
as well as was expected in all respectso' It is believed that
the results indicite the performance that might be expected
‘from an actual building frame where the proper consideration
is gilven the lateral support system. AL the same time, a lateral
support system capabie of providing the support given the ftest
frames might not’bé-impractical; in fact, even better support is
often given the frames of elastlcally-designed structures {such

as concrete floor silabs, etc.).

The frames carried the prediéted yield loads and
approached the.theoretical ultimate loéd very closely. In
addition, both frames showed an ability to carry lbads very
near the predicted ultimate load even when the deflections were
double those at the time the ultimate load was first éeached,
This characteristic which is clearly seen in Figures 9 and 10

demonstrates the large energy absorbing capacity of structural

steel rigid frames when loaded into the plastic state.

Final failufe for Frame 3 was eventually brought
about when the lee column buckled laterally just below the beam-
column connection. .This buckling .occurred in a region that was
fully plastic and'Wasca clear case of plastic inéta'bility° Other
"minor" cases of plastic instability took place but were pre-
vented from progressing to such an extent as to be the cause of

the frame faillure. The ability of the frame to survive these
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earlier cases of plastic instability was undoubtedly due to the

ef'fective lateral support system.

Plastic instability also brought about the final
failure of Frame 4. For this frame the lateral buckle occurred
in the beam in a region immediately adjacent to the connection

of the legé column.

13. EXPERIMENTAL LOADS AND MOMENTS

{a) Test Frame 3:

The results of Test 3 with regahds to 1oad¥carrying
capacity are shown in one form in Figure 9 where the beam center
deflection and the sidesway are plotted against the vertical
load. The experimental load for this.frame was 29.7 kips which
is 99.3 percent of the theoratically'camputed load of 29.9 kips.
Table V shows the ratios of certain test loads to the thecreti-
cally computed squivalents. For Frame 3 the first observed
yield (aside from very minute local yield) was observed at 15.9
kips of veftieal load as .compared to computed yield load of
23.7 kips. (This computation for yield load neglected the effect
of axial load). The tendency of a real frame to yield at low
loads is discernible in Figure 9, in which inelastic action com-

menced at a vertical load of about 10 kips.
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TABLE V: Strength Comparison

Yield Strength Maximum Strength

: First General| Elastic Plastic

rrame No. ‘Yield Line; Yield Analysis Analysis

kips kips Comparison|Comparison

kips kips
1 Observed 22.0 4o, 4 52,4 52 .4
Computed - 39.4 39.4 39.4 Lr.7

(8WFLO)} Ratio- 0.56 1.05 1.33 - 1.10
2 Observed 5.5 - 18.0 18.0
Computed 13.1 13.1 18.1

(8B13)  Ratio . 0.42 1.37 0.99
3 Observed 15.9 25.3 29.7 29.7
: Computed 23.7 23.7 23.7 29.9

(12WF36) Ratio 0.68 0.68 1.2 0.99
4L - Observed 19.0 26.0 31.0 31.0
Phase I Computed 26.2 26.2 26.2 32.1

(12WF36) Ratio 0.34 0.99 1.18 0.97
5 Observed - - 26.7 30.5 30.5
Phase II Computed 18.7 18.7 18.7 32.1
(12wF36) Ratio - 1.43 1.63 0.95

Pp 7 ~ — - -
//,/////
/- Theoretical Curve
/ \\\\_
p Fy / General Yield 5
- Q y/ max
o~ .

Experimental Cﬁrve

First Yield Line

DEFLECTION
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Tt iz of interest to note what the allowable lozd for

Frame 3 would be under present A.I.S.C. spéeifications@Q when
section 12 (Combined Stresses) is appliedo If only the verticsl
loads were placed on the frame, the A.I.5.C. allowable load would
be 12.2 kiﬁs. The case of vertical and horizontal (wind) leads
would not control since when this case 1s considered the allowable
stress is increased 33 percent and the allowable load becomes
14 .8 kips for Frame 3. Thus the real elastic design safety
factor against the actual ultimate load for Frame 3 was 2.44
(29.7 & 12.2). This value compares with a_value‘of 1.96 which
would be obtained by dividing the actual yield stress by the
allowable stress (39.2 1 20).

During the loading sequence of Frame 3 é complete
set of data was taken when the vertical lcads reached 12.0 kips
each. The resulting moment dizgram for this load condition is
shown in Figure 1l. The maximum stress due to bending at this
load was 19.44 ksl at the lee knse of the frame. The moments
shown in this diagram (the solid line in Figuré 11) are close
to those which would occur in this frame if 1t were designed

elastically}by A.I.S.C. specifications. (%),

When the elastic design moment-diagram discussed above.
is compared with the two ultimaﬁe load moment ddagrams in Figure
11 the reserve strength of the frame is further illustrated.

The ultimate load moment diagram (Figure 11) computed by use of
simple plastic theory(5) gshows extremely close agreement with
the one derived from measured“reactions and statics In the actual

frame.
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(b} Test Frame 4 - Phase I:

As has beén described before (Articles 9 and 10)
Frame 4 was subjected to two separate loading conditions.
Under each loading condition the frame was loaded to its ultimate
capacity. During Phase I of Test 4 the loading condition was
identical with Frame 3, (the vertical loads being nine times
larger than the hérizontal loadé)u The plastic mechanism which
formed, however, was confined to‘the beam and sideSway was held
%o a minimum as can be seen from Flgure 10. Tue sidesway at
the ultimate load (Load 22) was only about 0.4 in. compared to

a value of 1.6 in. for Frame 3 at its ultimate load.

Téble V and Figure 10 give comparisbnS'of‘the experi-
mental and thecretical behavior of Frame 4{(I). The ultimate load
reached in the test was 31.0 kips which is 97 percent of the
ultimate load of 32.1 kips computed by plastic theory. It should
be pointed ocut, however, that this phase of the test was dis-
continued arbitrarily at this point in order that Phase II could’
be undértaken before the frame became too seriously deformed.

The subsequent behavior of certain critical parts of the frame

in Phase II indigztes that the ultimate load had not been reached
at Load 22 (Vertical load = 31.0 kips.) and had the test been
continued under the Phase I loading ratio, it would . have carried -
vertical loads as high as about 33.4 kips which would have been

104 percent of the theoretical ultimate load.

The first significant yielding occurred in Frame 4
during Phase I at a load of 9.0 kips or at only 34 percent of

the computed yield load (yield load being computed neglecting
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the effect of axial loads). The elastic design load for Frame
4{I) when the AISC interaction formula is used would be 12.6 kips
for vertical loads only and 16.3 kips for vertical loads and
‘horizontal wind loads. Thus the vertical loads would control

an elastic design. Therefore, the demonstrated safety factor
for the frame dﬁring Phase I was 2.46 (31.0 2 12.6) and might
‘have been higher if the test had been continued. The difference
between the safety factors of 2.46 and 1.96 (yield stress, 39.2,
divided by allowable stress, 20.0) is dué to the equalization of
the moment diagram'as plastic hinges are formed and to the shape
factor (full plasticymoment d;vided by.yield moment ). For the

particular WF section (12WF36) used in these tests the shape

factor is 1.12 {1925 3 1713).

Figure 12 shows moment diagrams for Frame 4(1). The
experimental moments observed at a load (P = 12.0 kips) near
the elastic design load is shown. The othéf two diagrams give
a comparison of ths experimental and computed moments at the
ultimate load condition. There appears to‘be a large discrepancy
between these two diagrams. (In spite of this, the ggperimental
and theoretical ultimate loads are in clese agreement;) The
explanation for tﬁé discrepancy in moment diagvams is that in
attaching the frame column bases to the basge beam, the column
bages were forced apart in order to meet the required dimensions,
thereby introducing a state of "1pcked-up" moments approximately
equal to those shown in Figure 13{a). The exact horizontal force
éxerted at the bases of the columns when the frame was'attached

is not known, but by taking the average of the errors in
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experimental moments at the knees at ultimate load 1in Figure 12
the force of 1.72 kips shown in Figure 13(a) was obtained. Such

a value 1s well within the realm of reason.

The electrical strain gages used for mbment deter-
mination in Frame U4 were mounted after these "locked-up" moments
had been induced. Therefore the moments indicated by these
gages were always in érror by an amount equal to the "locked-up"
moments. When the "locked-up" moments shown in Figure 13(a)
are added to the experimental ultimate load moments shown in
Figure 12 the more nearly correct exper;mental moment dlagram

shown in Figure 13(b) is obtained.

It should be emphasized that the "locked-up" moments
discussed above have no effect on the ultimate load carrying
capacity when plastic action is relied on. In a like manner
the true ultimate load carrying éapacities of rigid steel frames
are not affected by such things as foundation settlement and
rotation,.small fabrication errors in dimensions of parts, or
temperature changes. According to conventional (elastic) con-
cepts, such factors are of significant influence. However, more
often than coping with them, they are ignored in present design
procedures; knowingly or not, plastie action is depended upon

to-assure the successful operation of the structure.

(¢c) Test :Frame 4 - PHase II

During Phase II of Test 4 the vertical 1bads were
held as nearly constant at 31.0 kips as possible while the -

horizontal loads were increased. This increase in horizontal.
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load was possible since the plastic mechanism developed in .
Phase I was local -~ that is, confined to the beam. _The columns
were still stable structural elements since no plastic hinges
had formed at their bases. 1In reviewing the behavior of the
frame during Phase II, 1t should be Pememberedlthat the beam had
already become a mechaniém at the end of Phase I with a defles-
tion at the centervof the beam of 5.8 ih. The frame undoubtedly
would have withstood a ldréer ultimate load had the vertical

and horizontal loads been equal from the outset-in the test of

an undeformed frame.

Despite the severe deformation of the frame at the
start of Phase II, Frame 4 was able to withstand horizontal
loads of 30.5 kips‘which is 95 percent of the theoretical plastic
analysis load of 32.1 kips. {(See Table V and Figure 10). This
load was reached at about the same time the available stroke on
the tension loading Jjacks was used up. As is Indicated on Figure
10 the frame had to be unloaded at this point (Load No. 42) in
order to shorten the loading rods. " Once this was done the frame

was never able to carry again its previous high load.

The advantage of fixed-based columns for certain
loading conditions is clearly i1llustrated by the fact that
Frame 4 in Phase II withstood horizontal loads 9.24 times larger
than supported by Frame 3 with a resulting sidesway of 2.4 in.

compared to a value of 1.6 in. in Frame 3.

If one were to assume the horizontal loads applied
to Frame 4 in Phase II were not wind loads (such a high ratio

of wind load to vertical load is unlikely) the elastic design
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load would be 9.65 kips. Thus the present frame despite its
adverse strain histdry“was able to demonstrate a safety factor
of 3.16. The factor would have been somewhat higher, perhaps
as much as 3.4, if the frame had been loaded in its virgin con-

dition with equal vertical and horizontal loads.

A comparison is made in Figure 14 between the experi-
mentally and theoretically determined moments at ultimate load
in Frame 4(II). The experimental moments here plotted are sub-
ject to the same errors brought on by the "locked-up" moments
described for Phase I. The experimental moments at ultimate,
Phase II, corrected for the "locked-up" moments given in Figure
13{a) are shown in Figure 15. Discrepancies between the
expefimental moment§ and the theoretical values in Figure 15 .
are partly due to the adverse strain history of the frame in
~Phase II and the factvthat both corner connections are capable
of carrying moments hilgher than the plastic hinge moment of a
plain beam section. Ahother factor to be discussed later was
the fact that part of the middle third of the beam had buckled
laterally during Pﬁase II, thereby reducing the moméht carrying
capacity of that beam section and forcing the corner connections

to carrying increased moments.

(d) Plastic Design Working Loads

- The preceding sections discussing the load-carrying
capacities of Frames 3 and 4 have pointed out the large reserve
in strength these frames have demonstrated over and above the

commonly accepted elastic design loads. This charactéristic
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is due to the continuity existing in the frame brought about

by welding such that thélfull plastic strength was deVelopedf

A new concept of désign in structural steel, called "plastic
design", makes use of this reserve strength which has herein
been demonstrated. Much progress has been made in Great Britain
in this area where actual structures have been built which

were designed by use of plastic analysis(9). One advantage of
plastic design is the fact that all structures so designed will
have a uniform and rational factor of safety regardless of the
degree to which the structure 1is indeterminate in the elastic

state.

Figure 16 illustrates how the five tests carried out
at Lehigh University under the present program would have a
uniform factpr of safety under the plastic design concept. For
purposes of discussion a load factor of safety of 1.75 against
the theoretical ultimate load has been chosen. Thus the plastic
design working load would be 57'percent of the theoretical
ultimate load for all frames and for the typical simple beam
as well. The bar chart (Figure 16) shows that the conventional
elastic design procedures would use varying amocunts of the ultimate
load capacities (from 30 percent to 57 percent). "It will be
noted that elastic design and plastic design would permit the
same wofking load for the case of a simple beam. Therefore,
the rigid frame proportioned by plastic design would enjoy the
same real safety factor as do present elastically-designed

simple beams.
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Further, Figure 16 shows that no part of the frames
tested would have reached a condition of gesneral yilelding at
the plastic design working load. TIndeed, only the most unusual
frame would be called upcn to withstand general yielding at
working ioads as determined by plastis design using a reasonable

load factor of safety.

The bar indicating the behavior of Frame 4(I) in
Figure 16 is topped by an arrow showing the ratio of test load
Lo theoretical that would be expected had the loading Phase I
been continued. This expected load was based con subsequent
behavior of parts of the frame in Phase 1i. It should also be
remembered that Phase II of Test 4 was started after the frame
had undergone large deformations which undoubtedly adversely

affected its ultimate load-carrying capacity.

14. EXPERIMENTAL DEFLECTIONS

The deflection charachteristics of PFrames 3 and 4 are
shown in Figures 9 and 10, where the deflections at the center
of the beam span and the sidesway of the tops of the columns are
plotted versus the loads applied. In general, the deflections
measured were as predicted by theory. Both frames showed beam
deflections which deviated from the theoretical curves well
before the theoretical yield load was reached. However, this
deviation did not start to increasge at a large rate untll after
the thecretical yileld load, Py, had been exceeded. Thereafter,

it was "controlled" until the observed maximum load was reached.
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Another presentation of the manner in which the struc-
tures deformed is given in Flgure 17, where the defiected shapes
of the frames at several load conditions are shown. The first
deflection curve drawn in Figurs 17{a) shows the shape of Frame 3
when the vertical load in each Jack was 12 kips. This load pro-
duced a moment of 852»in° kips at the lee knee and a unit stress
of 19,440 psi due to bending stress. It is approximately equal,
then, to a normal design load by conventional elastic methods

if direct stress is neglected.

The second deflected shape of Figure 17{(a) is drawn
for a vertical load of 18 kips. This load is near the sllowable load
that might be used in a plastic design using a load factor of
gafety of 1.75. At this locad the frame is still well within the
elastic limit. The maximum deflection at this losd was 1.47
times the maximum deflection at the conventional elastic design

load.

The shape of the frame at ultimate load, 29.7 kips,
is giVen by the third curve on Figure 17{a). The curve showing
the largest deflection is for the last load put on the structure
and is thérefore the greatest deformation that occurred. The
load at this time was 26.5 kips. The lee column had already
buckled laterally at this stage of the test. Daspite the column
failure and the large distortions, the frame was still carrying
89 percent of the ultimate, 221 percent of the normal elastic
design load, and 151 percent of a "possible" plastic design load

which uses a safety factor of 1.75 against the ultimate load.
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The two curves showing the smaller deflections in
Figure 17(b) were drawn for vertical loads of 12 and'18 kips
on Prams 4{I). These loads correspond roughly to working lcads
that would be allowed on the frame by elastic design and plastic

design, respectively.

The third deflected shape shows the condition of
Frame 4 at its ultimate load (P = 31.0 kips) at the end of
Phagse T. The»fourth, and last, curve is drawn for the ultimate

load {3=30.5 kips) condition in Phase II.

The deflections shown in both parts of Figure 17 are
exaggerated for clarity. The scale for plotting deflections
ig 4.8 times larger than the scale to which the frame center

1line is drawn.

i5. MOMENT-ROTATION RELATIONSHIPS

{a) Beam to Column Connections

Since one of the basic requirements of a material
and a section to be used in a structure designed by plastic
analysis is the ability to form plastic hinges, it is of interest
to study meoment-rotation relatlmships of certain critical parts

of the present frames.

One such critical part is the beam to column connec-
tion or the knee of the portal frame. The knee should be able
to withstand the full plastic moment of the beam section through
large rotations. The connectichs used were chosen for the pre-
sent frames because previous tests(3> at Lehigh University assured

their goed performance. The connections used in the present frames

were designated as Type "8B" in Reference 3.
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At no time during the tests dld any knee

show signs that it had a smaller moment capacity than the beam
section. There was no local crippling of any parts even though

vielding of the material was wldespresd 1n some of the knees.

The photographs in Pigure 18 are cloSe—up views of
the lee knee of Frame 3. This knee was subject to large rotations
snd high moments. The photograph in Figure 18{a) was taken
just after the frame had resched its ultimate load. It will
be noted that at this load yielding (indicated by the dark bands
in the white wash cocating) had extended beyond the connection
proper into both the beam and column. The condition. of the
same éonnection at the end of the test is shown in Figure 18(b).
In this photograph the shift of the neutral axls in the column
due to the axial load 1s c¢learly illustrated by the yleld bands.
On ths other hand, the ylelded zones in the beam just outsgide

the comneseticd are nsarly symmetrical. The fact that the zone

(&7

T

fod
03

of yielide terial extends further into the column than the
veam can be attributzad to two conditions. Firsf, the high axial
load stresses in the column are additive to the bending stresses.
Secondly, the moment gradient is much steeper in the beam thén
in the zolumn (see Figure 6, ultimate load moment diagram). The
rotations of the connections at which the photographs in Figure

18 were taken are indicated on Figure 19.

The moment-rotation curves for both knees of Frame 3
are shown in Figure 19. At no time during the test did the
knees show signs that they had smaller moment capacity than the
beam section. There was no local crippling of any part even

though yielding of the material was widespread in the knee at
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the lee column. The knee showsd the capaclty to carry the full
plastic moment of the beam sectlon through large rotations. The
moments 2t the intersection of beam and column center lines based
on measured rsactions and measured frame deflections are used in
the plotting of one set of curves (drawn with solid lines) shown
in Figure 19. The second curve for the lee knee (dashed line)
was plotted with moments found when the deflection of the frame
was neglected. The difference in the curves becomes significant
only at very large rotations, well after the ultimate load had

besn reached.

The knee at the windward column was never called upon
to carry a moment equal to the theoretical yield moment; neverthe-
lesgs, the moment-rotation curvs for this knee is not a straight
line, and whan ths frame wags unloaded the knse had taken on a
small amount of permasnent set, indicating inelastic action.

As can be seen in Figure 19 the two knees of Frame 3 behaved in

i-i.

almogt identical fashion at equal moment levels.

The momsnt eration curves for Frame 4 shown in Figure

20 are plotted on the basis of experimental moments corrected
for the frame deformations. vThese moments, however, have not
been corrected for the suspected "locked-up" moments discussed
in connectlion with Figure 13. These curves are in very clocse
agreement with those of Figure 19, if the error in moment due

to the initial "locked-up" moments 1is taken into .account. One
point worthy of note is the fact that the windward knee had
virtually no increase in rotation during the interval between

ultimate ioad - Phase T (Load 22) and ultimate load - Phase II
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(Load 42) while the rotation in the lee knee more than doubled.
Thig behavior is in complete agreement with the plastic theory
for Phase II where the horizontal lcads were increased while the

vertical loads were held constant.

Another point of interest in Flgure 20 is the unlecad-
ing of the lee knee that occurred after the ultimate load had
been reached in Phase II. This unloading cccurred as the con-
nection and the adjacent beam began %o buckle laterally. Despilte
this unlecading of the buckled lee,kn%e the loads on the frame
did not reduce at the same rate, in fact the vertical loads held
about constant while the horizontal loads were incressed (see
Figure 10). This action was possible because of the ability of

the windward knee to withstand increased moment and rotation

a8 shown by the later part of its moment-rotation curve.

{b} Beam Sections

The moment-unit rotation relationships for two loca-
tions in Frame 3 are shown in Figure 21. The theoretical
curves shown in this figure are simpliflied by showing only the
two straight lilne portions of the true thecretical moment-unit
rotation curve. The values of the moments plotted here were
determined from measured reactions snd were corrected for frame
deformations. The curve for Location 1 in the lee column shows
that the full plastic moment wag never reached aﬁ this point in
the frame; nevertheless, what appears to be plastic hinge action
was started at the ultimate load condition when the moment at
the section was Ol percent of the theoretical plastic moment.

As the rotation increased rapidly after the ultimate load had
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been reached, the moment increased slightly to 97 percent of
the Mp value but only after the rotation wag about five times
greater than 1t was at the ultimate load. This reduced plastic

moment can be attributed in part to the axlial load in the column.

It should be pointed out that the mowment-carrylng
capacity at Location 1, Figure 21, was not appreciably decreased
until the column buckled laterally. The rotation when column

buckling occurred was about 5.3 times as large as the rotation

when the ultimate load was reached.

The second curve in Figure 21 shows the moment-unit
rotation relationship found by the rotation indicator mounted
on the frame near the theoretical location of thes second plastic
hinge (Location 2). This curve is very similar to the first
curve except for the drop in the moment which occurs just after
the ultimate load was reached. This reduction can be explained
by the fact that the beam tried to buckle laterally in this
region soon after the maximum load was attained. This buckle
could be observed bj eye shortly after the ultimate was reached,
but its effect was undoubtedly indicated much sooner by the drop
in moment at this section and by the drop in'applied load seen
on Filgure 9. The detrimental effect of this lateral buckling
action was finally overcome as the lateral supports in the region
were sufficient to prevent increased lateral movement. After
this sudden drop, the moment at the section increased again and
exceeded the peak value which occurred at the ultimate load

condition.
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Moment-unit rotation curves for two beam sgections in

[

Frame 4 are showﬁ in Figurs 22. As iﬁ Bigure 21, the thsoretical
curve is "idealized" by two stralght lines. In the first curve,
the moment 6 inches from the baze of the windward column is plotted
versus the average unit rotation of the lower 12 incheg of the
column. This area of the frame was still elastic at the ultimate
load condition for Phase I, but became plastic as the horlzontal
loads were increased in Phase II. The experimentally determined
moments at the basge of the windward column are approximately
correct since the "locked-up" mecments shown in Figure 13{a) are
zero there. Evidence of strain hardening is shown by the last

portion of the curve.

The second curve in Figure 22 shows the moment-unit
rotation relationship for a secticn of the beam 8 inches from
the windward vertical load in Frame 4. The rotation indicator
was mounted in an area where the last piastic hinge formed in
Phase I {see Figure 7} since the third and fourth hinges formed
simultaneously in Phase 1. This explains the small rotation
experienced by the beam at the ultimate load, Phase I. This
curve is characterized by a sudden drop in moment Jjust after
ultimate load, Phase I, much like that shown in the corresponding

curve in Figure 21. Again, lateral buckling of the beam in the

center third is the explanation.

The moments used in plotting the second curve in
Figure 22 were those computed from experimental data with cor-
rections made for frame deflection. However, they were not
corrected for the probable "locked-up" moments described in

igure 13. If this correction had been made, the maximum moment
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carried at this point of the frame would have been 96.5 percent
of 1ts theoretical plastic moment, Mp. This percentage compared
very favorably with a value of 97 percent shown by the corres-

ponding beam sectlon in Frame 3,

16. PLASTIC BUCKLING AND LATERAL SUPPORT

(a) General

The present frames i1llustrated clearly the fact that
the final failufe of continuous rigid frames 1s usually brought
about by instability of some part or parts of the frame. The
proportions of mest frames and rolled sections are such that
this instablllity does not develop in the elastic range. Once
the steel member has ylelded, however, the possibility of this
phenomenon occurring is increased many times. Current investil-
gatlons at Lehlgh University are making extensive studles into
the fileld of plagtlc instabllity of rolled steel sections with
the aim that adequate protection against premature buckling can

be assured,

One way to prevent jnstabillty failure 1is to support
the frame transversely. The locatlon and strength of the
lateral support Bystem for a frame is of primary  importance.

At the same time the wildth-to-thickness ratio of the elements
of the sectlons 1s also very jmportant, since such elements
may suffer from local buckllng or crippling and thus bring about

premature fallure of the frame.

The proportions of the 12WF36 section used in the

present tests are such that local buckling prilor to strain
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hardening would not occur. {See Ref. 10} 1Indeed, this charac-
teristic was one reason for choosing thé section for the tests.
Studies now under way at Lehigh University indicate that if a
section does not buckle locally befcore it reaches strain hardening -
it will have adequate rotation capacity for plastic design pur-

poses provided it does not suffer from lateral (torsional) buckling.

(b) Frame 3

'Frame 3 suffered from buckling in three regions. All
three zones affected were in a plastic state when the buckling
occurred. The first evidence of instability was observed by
eye after the ultimate load had been reached and took the form
of a lateral displacement of the compression flange of the beam
near the second plastic hinge. The effect of this lateral
buckle has already been dlscussed with.pegard to the drop in
moment capacity of the beam in the region whers the buckie
occurred (See Figure 21). This buckle took the form of a wave
avout 3 ft. long, but further displacement was controlled by

- the lateral supports which were attached to the beam at the
intergection of web and flange. (The 1ocatiohs of these supports

‘along the beam are indicated by the circles in Figure 1{a).)

At the same time that the lateral buckle was observed
in the beam, another type of instability was observed in the
bottom flange of the beam at the lee knee in the form of flange
crippling. The buckle occurred only in one-half of the flange
with a wave length of about 3 or 4 inches. The center of the
wave was about 4 in. from the ihtersection of beam and column.
The yielded zone in which this buckle occurred can be seen in

Figure 18(a). The buckle could be seen on the beam at the time
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the photograph was taken, but it is not easily discernible in
the photograph. Though this buckle was observed soon after
ultimate load had been reached, it did not appear to hinder the
performance of the frame in any wé.y° Certainly it did not have
the weakening effect of the lateral buckle which occurred in

the middle third of the beam.

In this second case of instability, as in the first,
good lateral support was near at hand and may have prevented

damage that might have developed had 1t not been there.

The third case of instability came when the unsupported
compression flange of the lee column buckled laterally and the
frame finally collapsed {See "LB" in Figure 9). This buckle
showed some early signs of developing in the form of an unequal
yleld pattern on the flange but apparently was held 1n check
for some time by the lateral support attached to the compression
flange at the intersection of beam and column. However, when
the deflection at the center of the beam had reached a value of
about 2.3 times its value at ultimate load, there was a distinct
and rapild increase in the size of the buckle wave and a corres-
ponding sudden drop in load. Desplte this buckling, the frame
supported 87.2 percent of 1ts ultimate load but further straining
produced rapidly decreasing load capacity. Just befdre the lee

column buckled the load was 95.3 percent of the ultimate load.

The buckle in the lee column.is'shown after completion
of the test in Figure 23. The photograph, which was taken from:
the inside 6f the frame looking out shows c¢learly the lateral-
torsional buckling type of faillure characterized by the lateral

displacement of the compression flange.
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the photograph was taken, but it is not easlly discernible in
the photograph. Though this buckle was observed soon after
ultimate load had been reached, it did not appear to hinder the
performance of the frame in any way. Certainly it did not have
the weakening effect of the lateral buckle which occurred in

the middle third of the beam.

In this second case of instability, as in the first,
good lateral support was near at hand and may have prevented

damage that might have developed had it not been there.

The third case of 1nstability came when the unsupported
- compression flange of the lee column buckled laterally and the
frame finally collapsed (See "LB" in Figure 9). This buckle
showed some early signs of developing in the form of an unequal
yield pattern on the flange but apparently was held in check
for some time by the lateral support attached.to the compression
flange at the intersection of beam and column. However, when
the deflection at the center of the beém had reached a value of
about 2.3 times its value at ultimate load, there was a distinct
and rapid increase 1n the size of the buckle wave and a corres-
ponding sudden drop in load. Despite this buckling, the frame
supported 87.2 percent of its ultimate load but further straining
produced rapidly decreasing load capacity. Just before the lee

column buckled the load was 95.3 percent of the ultiﬁate load.

The buckle in the lee column,is‘shown after completion
of the test in Figure 23. The photograph, which was taken from
the inside df the frame looking out shows clearly the lateral-
torsional buckling type of faillure characterized by the lateral

displacement of the compression flange.
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It has already been pointed out that earlier fallure

of the frame was undoubtedly prevented by the effective lateral
support furnished for the test frame. A study of the forces
that were measured in the lateral supports showed that the {rame
required negligible lateral support in the elastic range, but
as zones of yielding in the frame formed, the lafteral support
system was called upon to carry larger and larger loads. Those
lateral support struts located at the theoretical plastic hinges
were called upon to carry the larger part of the lateral loads.
When the frame was at the verge of collapse, there was a total
of 12,7QO lbs. tension and 12,700 1lbs. compression in the lateral
support struts; at the same time the single forqes required at
the first and second hinges were 3,600 1lbs. each. Thus the
lateral forces at the plastic hinges made up 57 percent of the

total lateral force.

To obtain a dimensionless plot of the relationship
between experimental frame moments and lateral: support forces,

. the experimental momeht at the section supported was divided by
the theoretical yield moment, and the lateral support force was
expressed as a percentage of the axial force that would be
required to cause ylelding of the section if used as a very

short column.

Such dimensionless plots for the lateral forces at
the two plastic hinges in Frame 3 are shown in Figure 24. The
curve for lateral: support strut #2, located at the inside corner
of the lee knee, shows lateral force of only 0.15 percent of
the axlal yield load at ultimate load, whereas the support force

at the windward vertical load point (plastic hinge #2) was about
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0.3 percent of the base value. The maximum value of any lateral

support force measured during Test 3 was less than 1.0 percent

of the axial yield load of the beam section.

In order that the distributions of the forces in the
various lateral support struts might be seen for two critical
load conditions, the isometric views of Frame 3 are given in
Figure 25. The lateral forces are represented by the vectors
which show the sense and the magnitude of the force. In addition,
the magnitude of the force in kips 1s shown directly adjacent
to the vector. The forces induced in the lateral bracing system
by Frame 3 at ultimate load (P=29.7kips) is shown in part "a"
of Figure 25, while the condition at impending fallure by lateral

buckling of the lee column is shown in part "b".

Several facts illustrated by Figures 24 and 25 should
be pointed out. The maximum values of the lateral forces occurred
at the plastic hinges. The larger lateral forces occur at the
compression flange of the beam. The presence of the lateral
buckle in the top flange in the middle third of the beam is evi-
dent from the large values of lateral load in the two lateral
support‘struts to %he right of the windward vertical load point.
Virtually no force was required to constrain the windward knee
which was never subjected to a moment as large as the yield moment
for the beam section. The forces at the top and bottom of the
beam at any one section were always of opposite sense indicating
that a twisting tendency always existed when ﬁhe plastic condition
had been reached. " This tendency suggests that lateral bracing
should be provided to both the compression and tension flanges of

the beams.
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(c) Frame 4

The behavior of Frame 4 with respect to buckling was
very similar to that of Frame 3 discussed above. All instabiliﬁy

was confined to regions which had yielded.

The first observed case of instability in Frame -4
occurred in the middle third of the beam Just after the ultimate
load in Phase I had been reached. The buckle of the compression
flange here took 'the form of an "S" shape curve. The node points
of the waves exactly coincided with lateral support points 4, 7,
and 9. (See Figure 1(b)) These support points are 2 ft. apart.
The lateral buckling of the beam may be seen in Figure 26. This
photograph was taken looking down on the middle third of the
beam of Frame 4. Even though this buckle developed immediately
following the ultimate load in Phase I 1t did not prevent the

frame from carrying increased horizontal loads in Phase II.

The second case of buckling in Frame 4, which finally
brought about its collapse in Phase II, was a lateral buckle
in the beam adjacent to the lee knee. A side view of this knee
after the test is shown in Figure 27. The photograph in Figure
28 was ‘taken looking up from thé inside of the . frame toward. the
lee knee and shows the lateral displacement of the compression

flange of the beam.

The forces measured in the strut attached to the
inside corner of the lee knee are plotted in Figure 29 versus
the moment at the knee. 1In addition, the relationship between
the angle of twist developed in the beam at the connection of

beam to lee column and the knee moment is shown. The lateral
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forces and angleé of twist measured at ultimate loads, Phase I
and II, are.indicated_on the graphs. The maximum of the lateral
support forces in“Frame 4 occurred in the strut (#15) used for
plotting Figure 29. At ultimate load, Phase I, the maximum
lateral support force was about 0.4 percent of the axial yield
load. Despite the fact that Phase II was undertaken with a
severely deformed frame the maximum lateral force measured at
ultimate was only 1.3 percent of the axial yield load of the

beam section.

The distributlon of forces in the iateral support
system for Frame 4 are shown in Figure 30. The ultimate load - .
conditions for Phase I and Phase II are shown in Parts a and b,
respectively. In general ﬁhe lateral forces measured in Frame 4

were larger than those measured for Frame 3.
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V. STMMARY

The‘apparatus and procedures used in testing two full-
sized all-welded portal frames have been described very briefly
so that the test results could be interpreted. The detaills of
the frame and test apparatus are shown in Figures 1 and 2. The
test set-up as used was satisfactory in all respects. The loading
system was especially simple and allowed the testing of the
frames to contlnue at a slow rate wel; after ultimate load so

that much additional information was obtained.

The results of elastlec and simple plastic analysis
of the frames are given so that thelr behavior during test could

be evaluated.

In this report, the major emphasis has been on the
results of the tests. The following statements sum up the

results.

1. - The elastic behavior of the frames was for all
practical purposes identical to the theoretically pre-
dicted behavior when the increased flexibility of the
knees was taken into account. Methods are available by
which such elastic analysis of the knee may be made

(see Ref. 2).

2. The analysis of data showed that the component
parts of the frame behaved in a manner that was similar
to separate isolated tests of connections, beams, and

columns.
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3. The ultimate loads by test were 99, 97, and 95
percent, respectively, of the ultimate loads predicted
by simple plastic theory for Frame 3, Frame 4(I) and
Frame 4(II). (Figure 16)

4. The frames were able to carry loads very near the
predicted ultimate load through deflections twice as great
as those which existed when the maximum experimental load

was first reached. (Figures 9 and 10)

5. The frames showed the ability to absorb relatively
large amounts of energy. Frame 3 finally absorbed about
9 times as much energy as it had when the theoretical
eléstic limit had been reached and about 3 times as much

as when the ultimate load had been reached. (Figure 9)

6. The knees used in the frames were capable of carry-
ing more than the plastic moment for the beam section
without showing any signs of failure. These high moments
were carried even though the rotation of the knee finally
became in one case gbout 5 times as great as the rotation
at yleld moment and 2.7 times as great as the rotation when
the plastic moment of the beam section was first reached.

(Figure 19)

7. The 12WF36 section used in the frames showed an
ability to withstand large rotations at moments which were
close to the theoreticalqplastic moment. The beam under-
went unit rotations in the order of 16 times the theoretical
unit rotation at the predicted yleld moment (Figure 21)°

This rotation took place without flange or web cerippling.
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The magnitude of the lateral support forces re-
quired to insure the good plastic action of the frame
was relatively small. The largest force measured at
a single support point was about 2 percent of the
theoretical axial yield load of the beamnsection; The
maximum lateral support force measured:at.an ultimate
load condition was 1.3 percent of the axial yileld load
which was measured at the plastic hinge formed at the

lee knee of Frame 4(II). (Figures 24 and 29)

The largest lateral forces measured in either frame

were at the plastic hinge locations. (Figures 25 and 30)

The frames were subject to lateral buckling

when large regions of the beam sections became plastic.

‘The adverse effects of this buckling were minimized by

the lateral support system. All signs of plastic in-
stability occurred after the ultimate loads had been

reached. (Figures 24 and 29)

Final faillure of Frame 3 was brought about by

- lateral buckling of the lee column after the frame had

supported virtually its ultimate load through deflec-
tions 230 percent of those when ultimate load was first
reached (see Figure 9). The column had no lateral
support except at its ihtersection with the beam and

at its base. (Figure 23)

During Phase I of Test 4 no evidence of coilapse
by buckling was observed. This was to be expected since

the frame had not shown positive proof that it had
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reached 1ts true ultimate load when this phase of the

test was discontinued.

Frame 4 finally failed in Phase II of the test
when the beam adjacent to the lee knee buckled 1ater~all&°
This buckling occurred when the beam center deflection
was 2.6 times as large as it was at the ultimate load-

Phase I. (Figure 10)

The 12WF36 shape was intentionally chosen to
minimize the effect of local flange buckling. One
small wave of flange buckling was detected in each
frame soon after the ultimate load had been reached,

but neither developed to any degree.

In general, the results furnish encouraging evidence

of the applicabillity of plastic analysis in structural design.

At the same time they confirm the need for adequate lateral

support or other provisions for protection against lateral

buckling. The lateral bracing furnished in these two tests was

proved to be adequate.
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NOMENCLATURE

Young's modulus of elasticity

Horizontal reaction

Moment of inertia

(in figures) Point of which lateral buckling occurred
Moment

Full plastic moment

Moment at which yield point is reached in flexure
Concentrated vertical load

Theoretical ultimate concentrated vertical load
Theoretlcal first yleld concentrated vertical load
Concentrated horizontal load

Theoretical ultimate concentrated horizontal load
Theoretical first yield concentrated horizontal load
Section modulus, %

(in figufes) Ultimate load

(in figures) First observed yield line

M
Plastic modulus, Zy = 6P.
v

Iateral angle of twist
Deflection

Strain at strain-hardening
Yield stress level

Rotation per unit length, or average unit rotation;
curvature
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