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PROPOSAL FOR INVESTIGATION OF

INSTABILITY OF MULTI-STORY FRAMES .
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" 1. INTRODUCTION |
In plastic design’qf"muiti-stOr& frames, the ﬁéme
bers are prroportioned by a criterion based on thé load'le§d=
ing to the formgtigp of a failure mechanism. Howgver, it is
rossible that the frame_ﬁay buckle af a 10ad<f§§§2;;;llgr
than the ultimate load corresponding to'thedféilqre meghanism.
Therefore ipsfabiliﬁy problems may govern the design of

multi-story frames. According to the résults of some sipgle

story racﬁangular frame tests, the load-carrying capacity of

a frame 1s only 80 to 90% of the plastic 1oad. 1) 1t 1s béi%;‘
eved that the s;ﬁuation wpuid bécome-more serlous whén fhe
number of stories is increaﬁed.

The problem of frame instability in tgll building
frames 1is bepomigg increasinély 1mb6rtant becaus;.of recehtf
developments in the fields of materials, architecfure, and
structﬁres. Lighter bullding materials, modern curtaiﬁ
walls, the plastic-ﬁétﬁod of design, and compolite design of -
the floor systemi§P;1i contribute very much to the reduction
of dead load on frames. On the other hand high-strength “
steels and improved methods of design as adopted 'in the new
AISC Specification fﬁfther contribute to thé redﬁction of
the memﬁer size. Consequently the slender'columh design
gives rise to the more dangerous rroblem of frame instabi-

lity.
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From the point of view of structgrél design, the
reduction 1n-dead loaﬂgjgagnifies the importance of wind
lload which.is'considefed as an important factor in the pro-
blem of frame instability. Therefore a simple frame sub-
Jected to working vertical load and varying horizontal load
should be investigated as a preliminary étﬁdy into the be-
havior of multi-story frames subjécted to wind loads as well
as véréical loads. )
It is well known that.bracing in bullding framesé?”—
and partition walls provide considerable sway resistance to
th¢g structures. Braced frames under:vértical loads tend to
buckle in a symmetrical configuration.which corresponds to
a highgr buckling load then that of an antl-gymmetrical ¢on-
figuration. Moreover, the bracing provides the most effqggzi)
ive means for resisting horizontal load aprplied to frames.
Therefqre the'investigation ghould include the solution of
E?gced frames for determination of the minimum bracing re-

«

- quirement.

(2

‘According to a literature survey, '~ there 1s no
exact theory to ﬁnalyée the instability problgmq'of hﬁiti-
story frames in the inelastic range. Furthermofe, large
gcale instabllity tests are also needed. Therefoqe this pro-
posal iﬁéludes thq development of theory, its expefimental

veriflcation, and preparationhof a recommendation for an-

approximate method of checking the stability of frames.
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2..STATEMENT OF THE PROBLEM -
There are many factors which affect the buckling
load of a frame. It is essential_to understand clearly each
of these variables before the type of frame instability
problem can be classified. Once the individual type of préf:>
blem 1s formulated, the suitable variables can be chosen for
investigation accOrding to practical necessity_and thelr
importance. |
The factors affecting frame ingtability loads are
the following: :
| (1) Slenderness ratio of columns'%LC)This is the [
most important factor governing the buckling load of a framq. §
(2) Stiffness of beams o w
" The stiffness of beams 1s the second important | : 'ﬁmfp
facﬁor. For example,'frames with beam stiffness apprdaching
zero can backle‘regardless of the stiffness of ﬁhe columns.
This suggests that fhe stiffness of the floor slab be in- _
cluded for ecqndmical analysis, particularly in the case of MM¢nﬁ$7
“ecomposite design. -
- (3) Degree of restraint at supports.

“partial-fixed or fix-ended conditions have

substantial nfluence on the critical load of a frame.

(h) ‘Types of steel.

Since the stress-strailn ocurves and'moment-curva-
 4mre relations vary with different types of materials, the,
buckling loads of frames differ acdordingly.
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(5) Cross-sectional shapes
)
Only wide -flange shapes with typical residual
stress patterns will be investigated. 'i@“1

(6) Loading condYtions

Whether the loads are symmetrically applied or
whether they produce rrimary bénding moment 'in the frames
are ‘all important factors. Though the structure might be in
the most critical state when possible dynamic loads are aEEE)
lied, the investigation of the effect of dynamic loads 1is
not included in this proposal.

(7) Loading sequence

_In the inelastic range, the behavior-of a struc-
~ ture 1s nonlconservative in its nature. Thereioreethe‘final
status of the structure depends on the loading history For
proportfff}ally increasing vertical and horizontal loads on
a frame, no strain reversal "would occur in its members. ~How-
lever, a-structure may undergo unloading in.some part of the
members if :the vertical loads are applied first and then
the horizontal loads follow. '

‘ (8) Existence of shear wall ér bracing. -

In actual huilding-framesé;the;nalls or_even:p:
itions help resist sway congiderably. The efféét‘of bracing
can 8 the frames to buckle in symmetrical modes which

result in much higher critical loads thanA:nti symmetrical

modes.
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Types -0f frame inétability sre classified aécord-
ing to their loading conditions in Figure 1. N _

Type A 1is characterized by the bifurcation of €§55:>
1librium position at the critical vertical load. Since it
is an initial motion problem, strain reversal will not be an
important factor for evaluation of the buckling load. If
the loads are not symmetrical, horizontal deflection develops
immediately after the vertical loads are'applied as shoﬁn in |
ije B. Type C 1is characterized by the application of pro-
portional horizontal and vertical loads. This is a typical
problem to be found in most of the literature. However, type
D 1s a more‘practical-situation. "The frames under vertical
loads are subjected to gradually increasing horizontal loads.
The windward corners will undergo considerable strain rever-
sal. To neglect this effec£ would result in a conservative
analysis. However 1its quanﬁitative picture is totally un-
know. Therefore it is necessary to investigate this rheno-
‘menon.,

When the frame 1s prevented from sidesway by brac-
ing, the instability mode 1s always symmetrical (shown as
type E). Methods for‘determining-the ultimate stfength
corresponding to this type of failure are being developed in
connection with the multi-story frame project. (273)
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' OPOSED THEOBETICAL STUDIES ‘
The theoretical solution .of frame 1nstability ‘pro-

‘blems becomes vqry complicated due to the high degree of
1ndeterm1ﬁacy, n;n¥linearity of thrust-moment-curvature re-
lationships, and the non-conservative nature of str@
ures in the inelastic range. Hoﬁevbr the problem can be. %f@f
ved by systematlc investigation of the 1ndividual column and'
beam elements of which the frames are composed. Therefore
column and beam deflection cu;v;iéygnd end-moment vs. end-
rotation curves for varlous axial load and end-translations
shquld be developed. In order to solve problem type D
described in the previous section, the effect of gnloading-
_due to sway displacément should be included in analyzing'fhe
Eolumns. For the sake of accuracy and efficiency, computer
programming will be developed as‘much as practicgl. With 5
these daﬁa'available, it 1s possible to develop a method QQ J_ o

which 1s feasible for an-accurate solution of frame stability VV@gét
probleﬁs. | Wﬁ
sHOWever,-it 1s necessary but not sufficient to
develop aﬁjéccurate theoretical method. A fairly simple
gpproximate method should be recommended for practical design
purposes. Uh}ess the true behavior of frames is explored
theoretically and confirmed by experiments, it is not '
quate to estimate and recommend any aprroximate method of
analysis. Moreover a purely equrimental approach to inves-
tigate all variables would result in a tremendous number of

testg. Therefore, it 1s essential to develop a general
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theory to analyze the structure undbr‘various loading condi-

tions. Thé proposgd'theoreticgl‘studies canrbe.summarized

as follows:

(1) Completion of individual column and beam data

curves.

Before the problem can be solved, morevinformétion

about the individual columns and beams are nedessary.'_Pre-‘
paratdry work includes the following items::
[ (a) Column deflection'curveé

(b) Column'endFmbment vs. end-rotation curves

(c) Beam deflesction curves

3Yd) Béam,end-moment V84 end-rotation curves

(e) Item (a) includes the sway effect
(£) Item (b) includes the sway effect

(2) Development of methods for analyzing partially '

 yielddd frames. _

Eﬂastic-pl#stic analysis of frames can be perfzij)
med by using data (a) to (d) inclusive. Moment, rotation
and deflection of members throughout the frames are to be
defermined by these datﬁ under any sjmmetrically applied

vertical loads. Therefore the method can be used as the

firgt ster to the solution of probiem tyre A. By repeating .

the process for different vertical load, problem type E

could also be solved.
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| (3) Analysis of frames with bifurcatlon type inst-
ability. _

| A method will be devéloped to solve the buckling
of frames under vertical loads. (shown as type A in Article
2). At first the frame is analyzéd by the prev%ously-menti-
.onéd methbd of elastic-plastic analysis under a# asgumed
vqrticalAload. Then the frame will be checked against side-
sway buckling based on the data (e) and (f) listed in item
(;). If the frame 1s found to be safe undér thp assumed
load, a higher load is assumed and the process is repeated
until a violation of the Stability criterion ocpurs in any
story of the frame. -

(4) Analysis of frames with beam-column type sway
instability.

The solution‘to problem types B and C will be
treated usihé‘the data (e) and (f) listed in itpm.(l).‘ Lit-
erally the method 1s an elastic-plastic amalysis of frames
including the Qidesway effect. Since there 1s no reversal
of strain anywhere during the loading pfocess, the "solution
is unique. The instability loads are characterized by the
maximum points on the load:deflgption curves. Actually the
solutiop of proplem (3) resembles that of the present prob-
lem. The difference between these two problems is that'the

sway deflection 1s real in one and ficticlous ip the other.

La
ne-od

N 1Al
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Before concluding the article, 1t should be point-
ed out that the proposed studies are orlented toward the
following’dlrections. First for‘the sake of efficlency,

accuracy ‘ahd versatility, a digital computer will be used as

much as practical. . Second, the possibility of non- dimeﬂsi-
Qnallzing,the data will be investigated so that the results
obtained.from the 8WF3l sectlon can be applied to any other
WF.sections. Third, the deformed shapes of fr:ame:sﬁfj’j_n‘:pa;t'_
icﬁlar; the position of the points of ccntraflé%ﬁggefin“the
columns, will be studied. ‘Last,-because of tﬁe possible

advantage of extending the stability check to include the

effect of dynamic load, an energy‘methodbwill be attempted.

L. EXPERIMENTAL'PROGBAM

Since. there are so many factors affecting the frame
instability load and some. of their ,individual effects caﬁ:not
be inyest;gated,precisely by a purely theoretical method,. .
exﬂerimental work'is necessary. The theory can be applied
for nractical analysis only when it is verified bymtests,
However a purely experimental approach to investigate all
variables would require a tremendous number of tests. It is
believed that valuable information can be obtained by first
~condueting a series of carefully planned tests when enough
progress has baen made in the theoretical studies.

Tt svgropOSed'that six model multi-story frames be

tested. The proposed test program and its objectives are as

\\.\
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follows:

(l) Unbraced frames under yertical loads (TbLK)'Q)

(Test frames U—l U-2, U-3, and U-l;) This series

of tests/as shown in Table 1, 1s intended to check the vali:>

dity of the theory of anti-symmetrical buckling of multi- “&jk

story frames subjected to symmetrical vertical loads. The

success of this serles of test would also partly confirm the

validity of the theory of symmetrical instability referred mﬂMMwu

to as Type-E‘in Article 2. ' ' 8 | | CX@RF
'.Hewever, it has long been a question how much

braging is required in ordgr to increase the vertical load

up to the symwetriqel instsbility load. Therefore the next

series of tests recommended 1s:

(2) Braced frames under vertical loads CTJEQ&-);>
(Test fremes B-i, and B-2) This series aims at
the finding of the'minimﬁm requirements for bracing. At the
same time it will check the vklidity of the theory of the
symmetrical instability of milti-story frames. In other
words, the test rqsults will'justify thé method of elastic-
plastic analysis proposed in the previous chepter. . The
series of tests is summarized in Table 2.
Depending On'results of these tests and theory,
. the work will be extended to include the followling investi-

gations:

(3) Single.frames under horizontal and vertical
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loads
(L4) Unbraced frames under horlzontal and vertical
loads |
(5) Braced frames under horizontal énd vertical
loads ‘

. Thg loading system and test arparatus for the pro-
posed tests are similar i1n principle to those reported in

Ref. 1. The load will be applied on the frames by lever

Eystems and dead weight. However some minor glternation and
'improvemeﬁg/ggg;ﬂggsSSary. It is expected that iculties |
\ .

“will be eng;hntered_in alignment of the loading system for
the'tests/of three-story ffames. To remedy this, speéial
deviceg will be attached to themleﬁer system for adjustment
of the load distribution on éhe frames.

5. RECOMMENDATION OF A SIMPLIFIED METHOD OF ANALYSIS _
“Accurate'analyﬁiéai. method and experimentalfferi:
fication are possiblevonly fof relatively siﬁple frames. For
highly in@eterminate structures, such asttall-building frames
with a lérge number of bays, the precise_analysis and test
- may not Be feasible. Therefore a simplified method of a
lysls against frame instability is needed. The approxiézi::>

method has to be based on some simplifying assumptions. The

proposed studies should be able to evaluate approximately the

-error involved in each assumptiop, the aprroximate method can

then

e

y



be used to analyze more complicated frames with reasonable
confidence. For example, the investigation of the effect of.
strain reversal, the meagurement of angular change at each
corner of tﬁe frames, measurement‘bf\deformed share of
frames, especially the position of inflection points, ----
all are orlented towards the Justification of the assugégg:>
iohs to be made in an approximate solution. Therefore the
ultimate purpose of the proposed studies lies not so much in
the theories and their verification but in the recommendation

'~ of a simplified method of analysis.

6. FINANCES
~ Erough funds have been included in the 1962-1963
proposal to cover planning and those tests that can be done
in the current year. Costs of individual tests and total
?est program can nqt be certain until the test setup has been

ﬁesignedz
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TABLE 1 PROPOSED TESTS _OF UNBRACED ‘FRAMES UNDER VERTICAL

TT°9.2

I "
w

;mFrame ;  Beam. _ Column
No. 1 gpan size |~ ‘I, |Height | size ‘h
| L (in) @n) T« | h (in) rx(in)| 5
U-1 60 %_’13,_7 1.095/54.8 | 33 |2g I3.7[1.095| 30
U-2 60 122137 1.095|54.8 | by |22 [37|1.095| 4o
U-3 | 60 | 315.7 |1.230/48.8 | 33 (28137 |1.095] 30
U-4 | 60 315.7 {1.230[48.8 | 4y ag 137(1.095| Lo

! i

£
9
~)
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pe——L——>|

Loads on beams will consgist of either two or three concentrated loads.:
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TABLE 2 PROPOSED TESTS OF BRACED FRAMES UNDER VERTICAL LOADS

) Beam elumn
Frame }: —
No. lspan | size |rx{inj| _L_ Height| size jr,(in)| _h
- L{in} 1 ry | h {n .4 Ty
B-1 60 |28737/1.095 | 5.8 33 |23157|1.095| 30
B-2 | 60 |22137]1.095 | 54.8 | L4 [22137]1.095| Lo
Note: The member size of bracing will be determined accqr=|

dingftq the instability load qbfained from the pre-

vious unbraced frame test results.
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FIG. 1 TYPES OF FRAME INSTABILITY
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