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ABSTRACT

A research project is presented to assess the capabilities of
Square Hol low Structural Sections for seismic design. This assessment is
based mainly on the energy dissipation and ductility measures. An attempt
is made to establish a preliminary guideline of the maximum slenderness
ratio that qualify the aforementioned sections for conservative seismic
design.,

An experimental programme on seven different sections was
performed to evaluate the loss in flexural capacity due to inelastic
cyclic loads, and to construct the load-deflection and moment-curvature
hysteresis loops.

A comparison is made between the flange slenderness requirements
of both HSS and wide flange rolled sections capable of resisting the same

level of inelastic strain reversals for the same number of cycles.
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- CHAPTER |

INTRODUCT{ON

{.1 The Earthquake Problem

The Alaska Earthquake of March 27, 1964(|)

, was the strongest
eqrthquake ever recorded on the North American Continent. Loss of tifte,
although large, was not nearly asAgreaT as that resulting from a number
of other earthquakes, for example, nearly 16,000 persons lost their lives
in the earthquake in northeastern lIran on August 31, 1968. Property
damage from the Alaska Earthquake, however, was exfensivé -- of the order
of $300 million., The extent of physical suffering and mental anguish of
the survivors cannot be estimated, but the enormity of it is an encourage-
ﬁenf to man to improve his ability to locate developments and to design
and build structures more resistant to earthquakes and other natural
disasters.

The Alaska earthquake created a wide interest in earthquake
engineering among many practicing engineers, with an increasing number
expressing a desire to learn more about the cause of earthquakes and measures
to be taken to lessen the loss of life and decrease property damage in
the future.

Thus, the earthquake-resisiance design requirements of the

National Building Code of Canada '970 provide minimum standards to



safeguard the public against major structural failure and consequent loss
of life. Structures designed in conformity with its provisions should

be able to resist minor earthquakes without damage and resist major

~ catastrophic earthquakes without collapse. (Collapse is defined as that
state when egress of the occupants from the building has been rendered
imposgible because of failure of the primary structure.)

Ideally the designer of an earthquake-resistant frame structure
should be aware of the response of that structure to ground motion to
which it would be subjected to during its lifetime. This response is not
possible to determine. The nature of the ground motion encountered fn
earthquakes and the type of structures the engineer has to design make the
problem a difficult one. In spite of these difficulfies; much can be
learned about structural behaviour in earthquakes by analyzing the
response-spectrum from data obtained from previous strong earthquakes,
tThus providfng The designer with a valuable tool to assist him in the
design process. The genera! shape of the velocity response spectrum of
an earthquake motion can also provide significant information about the
expected inelastic respcnse of a multistory structure.
| A previous study of this branch of structural engineering brings
us to the conclusion that we should design members and connecfions that
can resist repeated and reversed loads.

Similar type provisions are necessary in the design of off-shore
structures subjected to pounding by The seas and 1o some extent in the
design of siructures required to resist blast loadings., 1t is also an

accepted design philosophy to aliow inelastic deformations in steel



frames. This approach has developed mainly because of economic considera-
tions, as a structure capable of resisting a severe earthquake in an elasti
manner would be extremely uneconomical. The extent of the allowable
inelastic deformations is a very difficult problem for nondeterministic
type loadings. For a strong mofion earthquake, some reasonable drift
limitations are often imposed, and the design is conducted on this basis.
Also, pending further research, there is great reluctance on the par+

of designers to allow inelastic cyclic action in the columns of building
frames, | M |

As a result, dissipation of energy from earthquake motions occurs

through predetermined inelastic deformations restricted to the girders;
hence it is important to investigate their behaviour where plastic hinges
might occur. These hinges tend fto form at the ends of girders and at or
near the connections.

The hysteretic characteristics and fatigue properties of steel
sections have been studied extensively. These studies were mainly directed
to serve the designers of machine elements in which a huge number of cycles
under fairly uniform conditions are commonly encountered.

Therefore, within the last ten years or so the need was apparent
to study "low cycle fafigue endurance" of structural members, and to extend
the applications fo structural design. {+ is also necessary to study the
feasibility of predicting the low cycle fatigue behaviour of rolled or
fabricated members at large strains on the basis of results obtained

from cyclic twisting, bendina, or tension-compression experiments wiih coupons,



The anticipated behaviour so determined is not simple because of numerous
factors involved in the actual beam-to-column connections. One of these
factors is the type of connection, whether it is bolted or welded, and
the technique ﬁsed. The associated problems arising due to stress con-
centration in certain regions can also be serious.

Another major problem is that caused by the slenderness of struc-
tural components involved in design. The application of large compressive
forces results in significant inelastic strains. Consequently, local buck-
ling is often a problem and is first noticed in the compression flanges
at a certain stage of loading. The greater the sienderness ratio of the
flanges, and the larger the levels of strain imposed, the fewer the number
of cycles needed to form local buckling. High values of inelastic strain
continue to accumulate in regions of local buckling once initiated. The
endurance of the member afterwards becomes completely dependent on the
strength of a deteriorating buckling region.

Despite the great importance of the foregoing discussion, only
a Iimifed amount of experimental evidence exists for structural steel

members and connections subjected fo cyclically repeated loads.



1.2 Literature Review

(2) conducted an experimental

In February, 1965 Bertero and Popov
study on small rolled structural steel cantilever beams subjected to cyclic
reversed loading. The maximum strain at the clamped end was careful ly
controlled and varied between + 1.0 and + 2.50 per cent. Al of the
beams tested were 4 by 4 M 13.0, cut from a long beam that was rolled
from ASTM A7 steel and the average yield stress was 41 ksi. The cantilever
had an effective length of 35 inches.

The actual loads were applied by means of a doubie acting hydraulic
cylinder. In the set of eleven experiments examined the strains at the
clamped edge were used to control the machine cycles.

When the maximum controlling cyclic strain was set at 1.0%,
fracture of the beam occurred after 650 cycles. The fatigue life of the
Beams rapidly decreased as the controlling strain was increased. For the
specimen tested under.a controlling strain of 2.5%, fracture occurred
during the 16th cycle. This drastic drop of fatigue endurance is
.caused by the early development of local buckling in the beam flanges.

The initiation of local buckling was determined from.visual
inspection, analysis of deflection records, and principally, from the
record of strains obtained from electrical resistance wire gauges placed
along the flanges.

Local buckling was detected after 70 cycles, at 1.0% controlling

strain. As the controlling strain was increased, local buckling was



observed after far less number of cycles. For the controlling strain
values greater than 2%, local buckling was observed during or just
after the first cycle.

For such a section, compressive stresses caused severe flange
distortion, which was unsymmetrical with respect to the vertical plane
through the fongitudinal axis of the beam. Torsional displacements of
The section were induced and local reductions in the flexural stiffness
of the member occurred which was aggravated with increasing number of
cycles. These severe distortions of the flanges caused inelastic sTraips
of a much greater value than those of the controlling strains at the
beam's clamped edge.

Furthermore, wrinkles were observed to form in the flanges,
at the position of local buckling. These enlarged with an increasing
number of cycles, resulting in cracks that caused complete failure. It
was imporfahf to notice that no cracks were detected at the ctiamped
section, suggesting that if local buckling had been prevented, beams could
have resisted many more cycles for the same controlled strain values.

The experiments done on the steel material itself, by Benham
and Ford(s), at a level of cycling strain of + 2.43%, proved that the number
of cycles needed to cause complete failure was about 400. This fact
demonstrates the important role of local buckiing.

The initietion of local buckling can be explained on the
basis of the effect of both residual stresses and inifié! imperfections.
Bertero and Popov, however, tended Yo explain the rapid flexural loss in

beam capacity on the basis of the induced inelastic curvature of the



flanges. In fact, most of this curvature remains during unloading, and
a kink was observed even under zero load., During successive loading
cycles, fhé compressive and tensile forces acting on the slightly kinked
flanges of the beam, tended fo establish a force component that acts
perpendicularly to the flange and increase the distortion. |f

the induced stresses are sufficiently large, this distortion becomes
plastic. As the process continues, the wrinkle of the flange becomes
larger with increased cycling.

None of the eleven test specimens experienced local buckling
during the first half of the first loading cycle, even in experiments
with 2.5% contro! strain. The ratio of the flange width b, to the
average flange thickness, t, of the ftested members was 10.5. I|f pre-
mature local buckling of the flange is to be avoided for the static loading

(4) 4hat the ratio b/t must

case, it is recommended by ASCE manual of 197|
not exceed 17. This ratio should be reduced for purposes of cyclic and
dynamic loading.

Popov and Pinkney(S), in November 1968, carried out a detailed
experimental program on twenty-four structural sTee{ connections, The beam
size selected for this series of experiments was 8 WF 20. These sections
were about one-third the size of sections commonly used in acfualkconsfruc-
tion. They did not require special fabrication provisions. The ratio of
flange width to thickness is about 20, which is close to the ratio used

in actual fioor beams in high-rise construction. The beam was attached

as a cantilever to a short column stub.



All columns were made of 8WF48 sections. Those sections behaved
satisfactorily in that they insured relative rigidity. Thus the rotation
at the support was minimum, and the stresses in the column remained elastic
in agreement with common practice.

The length of the cantilever was 66.0 inches which is the scaled-
down ﬁalf—span length of a representative prototype. The application of
a con;enfrafed load at the end of Tﬁe cantilever was intended to simulate
the distribution of bending moment produced in a typical beam by a
lateral load on a structure. In order not to complicate the study,
gravity loads were neglected, and cyclic loads were equal in magnitude,
and opposite in sense.

Five different connection types were investigated. In three
of them the beam was connected to the flange of the column. In the other
two, the beam was connected indirectly to the flange of the column. The
connection details were all commonly used in practice.

Some of the connections were welded and the others were bolted.
All of them behaved satisfactorily throughout the cyclic test. However,
some of the bolted connections experienced some siippage in spite of
using high tensile bolts ASTM A-325, in addition to the thorough sonic
inspection used to check the various parts of connections, That slippage
resulted in a considerahle distortion in the load-deflection hysteresis
loops.

A wide variety of lcading programs were used. They ranged
between large loads causing fracture after a few cycles, and moderate

loads through which specimens survived for a large number of cycies.



Most of the tests had cycling programs of an increasing strain or
deflection amplitudes. Each amplitude was applied for a certain arbitrary
number of cycles. Some specimens were subjected to constant load levels
for the whole test.

The smal lest number of cycles recorded was 18, at an incremental
strain control which reached 2% at fracture. Cracks in the top and
bottom plates of the connection were reported. The largest number of
cycles was 120 due to 100 cycles at 0.5% strain followed by 20 cycles at

1.5% strain control. Failure was mainly due to flange buckling.

Comments on the Results

I. Tested connections proved to be highly dependable, as hysteresis
loops were greatly reproducible-during tests. The areas enclosed
by these loops represented the energy dissipated through the
loading programme.

2. Beam sections, size 8WF20, were capable of resisting the severe
effects of cyclic testing without premature failure. On the other
hand, local buckling of the compression flange was.a ma jor reason of
complete failure of connections as expected.

3. Statistical prediction of the fatigue characteristics and expecied
life is impossible by means of rational analysis. This is mainly
because of the numerous factors involved in design and lack of
uniformity. The various failure patterns of connections emphasized

the previous conglusion.



The most recent series of tests by Popov and Bertero were pub!ished
in June, l973(6). In that investigation full size members I8WF50 and 24WF76
were utilized. Seven specimens were tested representing two types of
connections. The first ftype is all welded, and the second one had bolted
web and welded flanges. In all cases, the flanges of the beams were
welded to the flanges of the column. The fotal length of the cantilever
was chosen to be 8.00 feet. This length could be interpreted as one-half
a short span of the prototype, or one-fifth a long span.

The b/t ratios of the two types of sections W|18X50 and W24X76
were in the order of 20. Sections were made of A 36 steel. The yield
stresses for the WI8X50 and W24X76 beams were 45 ksi and 36 ksi, respec-
tively. On that basis the b/t ratios are higher than those recommended
by the ASCElmanua#(4) forv+he same yield stresses,

Most of the specimens exhibited superior ductile behaviour.
tn some of fhe specimens the webs participated considerably in resisting
the loads, while in some other specimens the beam web next to column
stubs were not severely strained. Kinks were also observed in some
of fhe compression flanges near the connection. There were unfortunately
no definite justifications for these wide differences in behaviour.

‘The cyclic.load was applied in an arbitrary but increasing quasi-
static manner. First, a beam was subjecied to three to five ccmp!éfe
cycles at a calculated maximum nominal stress of 24 ksi, at the column
face. That stress corresponded to the practical working conditions.

Then the stresses were raised to 45 ksi or 36 ksi according to each

specimen's yield stress. Two cycles of loading were applied for each



level of selected vatues of deflection afterwards. Four levels of peak

values were chosen, and if failure did not occur, additional upward and

downward excursions were used to cause failure., Strain values were not

used to control the previous series of tests, probably due to the diffi-

culties encountered in having a dependable response of strain gauge

reading throughout such severe cyclic tests.

The results of these tests were in close agreement with the

previous results obtained by the authors. The following conclusions

were drawn:

Both the all-welded, and the bolted web and welded flange connections,
developed strengths higher than those predicted by the simple plastic
theory due to strain-hardening of steel.

The flanges proved to be effective in fully developing the plastic
moment capacity while transferring shear. That was observéd for
connections without web attachment.

Although high fensile bolts were used, the bolted connections experienced
stippage under severe cyclic loads. Thus special attention should

be paid to These connections.

Hysteresis loops were remarkably stable and similar for loadings

of the same intensity.

{T was believed that a skew-symmetric biliinear moment-curvature curve

for cyclic loading is adequate in seismic analysis.
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1.3 Current Work

As stated earlier, the capability of structural members to absorb
energy through inelastic load excursions, is of a major importance in the
design of earthquake resistant structures. However, cold-formed hollw
structural sections have received very little attention in plastic
methods of analysis and design in general. The residual stresses caused by
forming are considerable when compared to those caused by cooling at stan-
dard hot-rol led shapes. However, hollow sections have the advantage of
higher shape factors than for the conventional shapes and the advantage
of high ductile properties which are essential for earthquake design.
Therefore, the behaviour of HSS subjected to high inelastic strain re-
versals is the main purpose of this investigation.

The present study involves a wide range of sections, having
various width-thickness ratios covering the following classifications

according to the requirements of rotation capacity and yielding:

(a) Plastic Design Sections -~ Sections which are capable of satisfying

the minimum rotation requirement and the development and maintenance of

the fully plastic moment.

(b) Allowable Stress Design Sections

(i) Compact Sections -~ Sections which are capable of attaining the com-




puted plastic moment without necessarily satisfying the minimum rotation

requirement.

(ii) Non-Compact Sections -- Sections which are capable of attaining the

computed yield moment, defined as that moment in which yielding of the

outermost fibre is attained.

(c) Reduced Stress Sections -- Sections which buckle local ly before they

reach the computed yield moment.

It is within the aspects of this study to establish some
guidelines concerning the appropriate width-thickness ratios for
sections that are capable of undergoing large strain reversals without
premature local buckliing or great deterioration in moment capacity.
Stress relieved sections are also studied in comparison with cold formed
sections in an attempt to assess the effects of residual stresses of the
latter on the secfionfs general behaviour,

The present study is confined fo the investigation of the
virgin properties of square hollow steel sections under the conditions
of cyclic loading. The adequacy of connections for such Ioadiﬁg
was not investigated. The reason is mainly because a welded jain? between
members of HSS has not yet been fully analysed. The connection forms a
complex three~dimensional intersecting sheli structure, in which The
walls are loaded by both mambrane and local bending stress resultants.

In addition, the residual stresses mentioned earlier, further complicate



the problem. Therefore, the existing classical methods are not sufficient
to furnish a complete static stress analysis of the probiem. The ques-
‘tions of determining the joint modulus, the stresses, and the deformations
in these connections, are stiil being studied for a sound theoretical

analysis.



CHAPTER I

DESIGN MEASURES

2.1 Hysteresis Diagrams

The load deflection hysteresis diagrams for a specimen contain a
considerable amount of information about its performance. |t provides a
continuous record of the relationship between load and deflection (or
moment and curvature), and it also makes it possible to determine the
energy input to the specimen through integration of the work done by
the external load.

Experimental work has shown that these load-deflection (or
moment-curvature) relationships are not elasto-plastic curves. The
actual load displacement curve has an elastic branch followed by a tran-
sition curve that leads to a plastic branch(7). When the displacement
is reversed, the transition becomes more gradual due to Bauschinger's
effect. The non-linear load-deflection relationship is reasonably

described by Ramberg and Osgood(8)

Kaldjian('O) as follows:

» and adapted by Jennings(g) and

A LB s Bty 2.1

ap P P
P P
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where A is the deflection, Ap is the elastic deflection corresponding to
the pltastic load Pp’ P is 1he load, and a and r are the Ramberg-Osgood
parameters where r is a positive odd integer. This relation is represented
graphically for various values of r; in Figure 2.1, 1t also concludes as
timiting cases fthe elastic (r = 1) and the elastoplastic (r = =) relations.
Masing(l|) suggested that the hysteresis curve is identical in shape to

equation 2.1 but enlarged by a factor of two. Thus the hysteresis curve

is generated by équafion 2,2:

a-b; PP, P-P.
~—— =l +a (—) "] 2,2
28p 2P 2P

p P

The point (Ai, Pi) is chosen as the point of last load reversal. These re-
lationships are illustrated in Figure 2.2, The method of least squares

can be utilized to fit equation 2.2 to the experimental resﬁlfs. I Pp

and Ap are chosen to be fixed values for a cerfain case, the variables «
and r would be changed accprding to the fitting process. As the elastic
slope described by Pp and Ap is determined, a variable 8 is introduced

in order to allow for any deviation in the slope of the unloading curve.

Thus, a more general form of equation 2.2 is written as:

-8, PP, PP
~ L +a ( ——)""] ‘ 2.3
2Ap g 2P 2Pp

where B is such that S(Pp/Ap) is the slope of the unloading curve. An

example of least sguares fitting of equation 2.2 to an experimental {oad-



deflection hysteresis curve is shown in Figure 2.3,

The exponent r is a measure of the sharpness of curvature of
the load-deflection curve; it also appears to be independent of the number
of excursions and the plastic deflection as long as premature local
buckling, and subsequent fracture of the specimen, does not occur.

The parameter ¢ is also found to be sensitive to changes in the
peak load levels. However, the shape of the curve Is slightly affected
by small changes .in a. |

The slope factor B8 is a measure of the stiffness of a specimen.
The value of § remains close to unity as long as local buckling is not
existent. Once local buckling is initiated the value of B decreases
continuously with an increasing number of cycles.

The fact that the stress-strain relationship {(the skeleton
curve) and both the ascending and descending branches of the hysteresis
loop are described by the same general equation 2.3 has several compu-
Téfional advantages. Moreover, the previous equation ié capable of handling
cases of structures which do not have an ideal steady-state response under
the effect of sinusoidal excitation.

The principal disadvantage of equation 2.3 is that an explicit
expression for the force in fterms of the displacement is not possible,
which is inconvenient in the bresenfafion aﬁd interpretation of the re-
sults. The following procedure could be utilized to overcome The previous
ditficulty: Assume

A=A i

W T ——— 2043
2hp
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and

Yy = — 2.4b

Equation 2.3 could be rewritten as:

r

X = y+-(1y 2.5
B

1
8
when it is desired to have the value of y, given x, iterative solutions
must be used, because there is no explicit solution fo the r?h degree
polynomial of equation 2.5.

(12}

The iterative method developed by Newton and Raphson is

utilized herein to produce the following formula for the n + is+ iteration

for y:

2 (r-1 y: + X

g

Y = — 2.6
n+l 1 ( + Myr I)
: n

8
Specifying r as a positive odd integer greater than one, r-! would
always be an even integer and the dominator wilil be finite causing definite

convergence. The convaergence s very fast as the error in each iteration
tends to be the squznr: 5f the previous error. Thus, slide rule work is
sufficient to solwve fﬁawé*obiem within fwo or three iterations using a
well chosen first valus. Using digital computers, rapid'convergence is
obtained if the ¥ir:% chosen values Yo has an absolute value larger than

that of the final solution and has the same sign as x.



2,2 Moment-Curvature Relationship

In order fo develop a moment-curvature relationship for HSS
under conditions of inelastic strain reversals, the Ramberg-Osgood type
of equations is going to be utilized in the same fashion of equation 2.
for load-deflection relationship.

The following assumptions are deemed necessary to accomplish

our purpose:

I. Beams are prismatic and straight, and the cross-section is symmetrical
about the plane of bending. N

2. Planes noma! to the axis of the beam remain plain after bending,
which means that the strains vary linearly from the neutral axis.

3. The material properties in both fension and compression are identical;

hence the Ramberg-Osgood relationship is applicable to the individual

fibres in the two cases.

Thus, the required equation is:

E =% [1+a (T 2.7
ey oy ay

where € is the strain, o is the stress, ey is the yield strain, oy is

the yield stress and o and r are the Ramberg-Osgood stress-strain para-

meters,
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Assuming the maximum stress and strain values in the extreme
fibres to be ¢ and € respectively, for a certain bending moment, M
max max
at a section along the beam, the stress at any point y from the neutral

axis (Figure 2.4) will be expressed as:

o=g0 -0 2.8

where o is the difference between the stress at the extreme fibre and
The stress at point y. The corresponding expression for strain at

point y becomes:

e _ max ~ % [+ o max ~ “x )iy 2.9
ey oy oy

The differential element of force dF and moment d4 for the square

hollow section of depth B and thickness t, shown in Figure 2.4, are:
dF = [2t (B~-y-t)]d o, 2.10

The stress cenfer'V} for the previous differential element is:
1 T ~
— (B-21)(B-1) + — (B-2y)(B+2y)

2 4

= 2.1
21 (B-y-1)

y:

Thus The differential element of moment is:



M = yoF = [ £ -2nr (-1 + L (B-2y)(B+2y) ]d ox
2 4

atso from the geometry of Figure 2.4:

21

Substituting equations 2.9 and 2.13 into equations 2.10 and 2.12 gives:

6 __ -G g _=C
oF = Bt {2(1- D) - L[ MEX X, ¢ X X,y 6
B M oy oy
and
Bz+ + +2 | omaxa X max X \r
M=—{(3-6—+4 —E-) 5 [ + ( ) ]
4 B B oy oy

where u is the ductility factor for strains defined as:

€max Cmax
u = = +a(

gy oy ay

]
max )l"

2,14

2.16

The resultant force F over half the section, i.e., to one side of the

neutral axis, is cbtained by integrating equation 2.14 from q. = C

g =0 ielding:
X max Y g

ro

2.47
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In order to obtain the total mqmén+ M, equation 2.15 is inte-

grated over the whole section yielding:

2 ' 2

. Ked , o ,
Mzcmxﬁ_i{3-51+412.,,Lz_[L(ﬂ_&)2+2_L(_@,r+l
- ax 2 B B8~ H 3 ay r+2 oy

+f'az (omaxin]}
2+l ay

2.18

The maximum curvature ¢max’ corresponding to the previous

moment M is obtained by dividing the extreme fibre strain € nax by its

distance from the neutral axis.

2€:max 2ey Tmax
by = 2K = ZEL

=

; max B B

+a
ay ay

g .
( max )l" ]

The stress center’y for the full section is obtained as:

— M
y_—-—

2F

Substituting equations 2.17 and 2.18 into 2.20, yields:

2 2

s Lealy L o[z2.00 4,38 g2y
;=8 B __ B T . 2r+]
4 | |
2a-1y L [z 2 7

B 21 et

.2.20

2.21
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where:

Z = X , 2.22

When the section approaches the fully plastic condition of
stress, the ductility ratio for strain u tends to increase considerably.

Thus equation 2.21 could be approximated to:

| 2
(3-6i+4i’2—
y-=2 838 . 2.23
8 a-1,

8

For the elastic distribution of stress, the expression for the

stress center becomes:

y=2wu-31, o 2.24
9 B
The values of the stress center y determined by equations 2.23
and 2,24 are the limiting values for the square hollow section of

Figure 2.4,

Noﬁ, the moment-curvature relationship of the Ramberg-Osgood

type could be written as follows:

My (MR 2.25
M M
oy Y v
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where ¢ is the curvature, ¢y is the yield curvature, M is the moment, My
is the yield moment, @' and R are the Ramberg-Osgood parameters.

The ac?uql moment-curvature relationship could be caiculated
from equations 2.18 and 2w|9‘for di fferent values of the extreme fibre
sTress Ot and for givén values of oy, ey and u.

The parameters &' and R could be obtained by fitting equation

2,25 to the previous moment-curvature relationship using the method of

least squares with the aid of a computer.

2.3 Cyclic Energy Dissipation

The dynamic behaviour of a structure is greatly influenced by
the amount of energy absorbed during motion. Since dynamic response is
usually described in terms of displacement, it is of interest fo know
how the cyclic energy dissipation is related to displacement.

Considering fheAresponse of a one degree-of-freedom structure To
'sinusoidal excitation, equation 2.3 describing the hysteresis loop, could
be utilized in computing the énergy dissipated during one complete cycle

as fol lows:

L )

2W = ¢ P(A) dA 2,26

-~

¢

where 2W is the energy dissipated in 2 complete load cycle., Taking

point (AO,PO) and (nAOpcPo) T be the exiremss of The hysteresis lcop,
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it would be convenient to separate the previous integral 2.26 into the
parts corresponding to the ascending and descending portions of the

hysteresis loop respectively, and writing dA as (dA/dpldp:

P P
[o] [o]
20 = i peay 94 gp + S Py & g 2.27
P dp P dp
o] o]

da/dp represents slope on the ascending branch in the first integral and
the slope of the descending branch in the second integrai. Both of those
slopes could be calculated from equation 2.3. Inserting these values in

equation 2.27 and making a change of variables produces:

P /P
o 'p P+P _
— =3S P I +arc—2)"14 2
—~P A g P 2P P
2 PP PO/Pp p p p
2,28
-P /P
o'p pP-p .
+?-X -Fi—[|+ar(-——°-)’“']d(5—)
8 P 2P P
Po/Pp p p p

Considering the left side of equation 2.28 the dimensionless term
W/o1/2 Pp Ap would be defined as the "Energy Ratio", which is The ravic of
the energy dissipated in a single ioad excursion (half-cycle} to the

characteristic term (1/2 PpAp), Thus:

[N
)
]

e = W/(1/2 P a)
P p
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Expanding the previous integrals in equation 2.28 and letting:

P+P
Zl = —=2 2.30a
2P
p
and
P-P
22 = —-2 2.30b
2P
p
yvields
P /P -Po/Pp
’ 20 -2 P gl y+2 E' LA O
—~ P _Ap g ¥ P P 6 P P
, P PO/PP p p PO/Pp p p
2.3}
2P /P 2P, /P
o’ P o''p - P
+_8:¢_£ g erl (Z1 ___9“)d2|+§-q;c er'(ZZ-—-(l-)dZZ

The first two integrals in the previous expression represent the elastic
portion of the work done in the half cycles and are equal fo zero.

Evaluating the remaining two integrals equation 2.3l yields:

=
2w . -
-————--—-—-i = §g_ ( .___P ! )y ( _9; )‘mH 2.32
~P A +
, PP B ri Pp
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Equation 2.32'gives the energy dissipated in a single cycle as
a function of the force amp!litude Po/Pp. Al though, in general, W cannot
be expressed explicitly as a function of AO/Ap approximate expressions
for the cases of very small or very large deflections could be derived.
Considering equation 2.1, the linear term could be neglected, for iarge
displacements. Substituting the value of P/Pp into equation 2.32 produces

a large amplitude approximation depending on displacement only:

A A
S & (=l =LA VA N - TR 2.33
~PA Ya 8 r+i A A
S PP p p

Simiilarly, for the smaill displacement amplitudes equation 2.32 can be

written as:

A
‘2w By oyt s 2 L) 2.34
—PA B r+! A A
> PP p p

Equation 2,33 shows that for large amplitudes the energy dissipated is
proportional to the displacement amplitude raised to a power between one
“and two. This power approaches one as r increases and equals two for the
linear case when r equals one., Also the influence of a diminishes rapidly
as r increases.

Equation 2.34 shows also that the energy dissipated is proportional

to a and approaches zero as the value Ao/Ap diminishes.

Equation 2.32 is very advantageous in terms of determining the


http:as�-2.33
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a, B and r parameters, knowing the predetermined values of Pp and Ap
and the amount of energy dissipated for a certain structural member during
a cyclic program. This method excels the one of least squares suggesied

earlier which is quite lengthy and time consuming.

2.4 Ductility Factors

The term "ductility facfér" is a measure of the amount of yielding
occurring in a system. However, a ductility factor has no precise
significance until the method of measuring it has been defined. The
widely used definition of the term is the raftio of total deformation
to elastic deformation at yield; it could be defined as that ratio for
strains, rotations and displacements. For strains the value depends mainly
on the material, while for rotation the effects of the shape and size of
cross section are included. The ratio for displacements involves the total
configuration of the structure and loading. It is also necessary to
state whether the ductility factor is measured from the initial configura-
tion of the system, or from the immediately preceding no-locad position.

Giberson('3) presented two more definitions of the term other
than the one describad above. These definitions are presented here after
being modified to suit plastic design purposes by using the elastic
deflection Ap9 cerresponding to the plastic load Ppg instead of the vield

deflection Ay.
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These definitions apply to the non-linear spring of the simple
yielding system of Figure 2.5, Ductility factors could be applied either
to the bilinear hysteresis loob shown in Figure 2.6 or to the more
general curvilinear hysteresis loop of Figure 2.7,

The only possible hysteresis loop for the non-linear spring of
the system of Figure 2.5, is the path 0, a, b, ¢, d, e, f, in Figure 2.6.
The péfh consists of the linear portion ca, where point a is the yield
point and the non-linear portion ab in which the additional displacement,
Ao occurs after yielding where:

A = |a] -4 . 2,35
o P

max

Ao consists of a linear and a non-{inear component. Considering the

geometry of Figure 2.6:

A= (1L -—=)aA 2.36
K © |
Thus, the additional linear displacement occurring from point a to b is:
K2 ‘
A ~-A =(—)A 2.37
o n o :
K
Therefore, the total linear displacement contained in traversing from
point 0 to a to b is:
-
A, = A + (=) A 2,38
% p o
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Now, the three definitions of ductility factor are defined below:

(i} Eijastic-Plastic Model

The ratic of the maximum absoiute displacement at point b, [A[

max’
to the elastic deflection, Ap, without regard to the second slope, K2
Figure 2.6:
M = —__Mmax 2.39
A
p

Equation 2.39 can be used to measure the yielding of any hysteresis
loop, its most appropriate application is to ideally elastoplastic foops

which are bilinear hysteresis loops with the second slope equal to zero,

K2 =0, f.e.,

6 =4 = [AlmaX - b (K, = 0 2.40
and the total linear displacement at point b is the elastic displacement,
A =
P

Az = Ap (KZ =0 2,41

(ii) Bilinear Material with Strain Hardening

The second cefinition of ductility factcr suits systems with KZ # 0.

I+ measures the nonlinear displacement (instead of the maximum absolute
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displacement) at point b with respect to the elastic displacement, Ap:
=+ — 2.42

which, by substituting equation 2.37 for Aﬁ becomes:

2, %
=1+ -2y 2 2,43
K A

P

These two definitions of ductility factor, need a weli-defined
yield level, However, most curvilinear hysteresis loops may not have a
well defined yield point. Nevertheless, for most hysteresis loops, except
those with a vertical initial tangent, the linear and non-linear displace-

ments are well defined.

(iii) General Hysterssis Loop Model

For these loops a third definition of ductility factor relates

the maximum absolute displacement, |A] __, at point b to the linear

max
displacement, Ag, as can be seen in Figure 2.6.

lA'maX
p, = —RX 2.44
5 A
5
or
An
= |+ 0 2.45
> )
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For bilinear hysteresis loops, and substituting equations 2.36

and 2.38 for An and Az, respectively, the third definition bacomes:

K
(U - 2y
[o]

=)+ K 2.46

%2

A +(—=)A
P K o

L

Table 2.1 shows values for the three definitions for bilinear hysteresis
loops with the following arbitrary values: Ap = 0.30 and IAImax = 1.60
for systems with KZ/K = 0,05 and K2/K = 0.95. When K2 = 0, My E My = Mg
From these examples, it is obvious that the choice of the definition of

ductility factor makes a significant difference on the resulting numerical

values.

2.5 Plasticity Ratio

The above definitions of ductility factor do not clearly differen-
tiate between the recoverable deformation and the permanent, or plastic
-deformation. |In addition, they are best suited to steady-state responses
because of the inability of obtaining a direct indication of the residual
displacement at no load. Thus, ductility factors cannot be used as
cumulative damage indicators. For these reasons the term "plasticity
ratio", L with the subscript d, denoting deflection measure, is introduced

as follows:
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T, = 2.47

whereiA' is the residual plastic deformation, and Ap'is the elastic
deformation corresponding to the plastic load Pp.

Popov(S) p}o++ed the relationship between e and L (which is
an inaicafion of the permanent deformation}, for each excursion,

for every specimen. The relationship yielded a straight line of the

following equation:
e =1.77 L ~ 2.48

Equation 2.48 strictly describes the behaviour of the group of
specimens tested by Popov(S). That equation indicates that the strength
of the connections did not deteriorate as the applied displacements
and consequentiy the residual deformations were increased. Such
information can be useful in actual practice in assessing the strength

of a structural member after an eqrthquake, if the amount of residual

deflections is known.

2.6 Cumuiative Energy Dissipation

Energy dissipation is a measure of the cumulative damage. The
decrease of the rate of energy dissipation, for a certain structural

member woulid mean that it is not participating in resisting the straining
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actions., Thus, the adjacent members are required to absorb the excess

in energy input.

2.7 Total Energy Dissipation

The total energy absorbed by each specimen is a direct indication
of its capability of resisting cyclic effects generated during an earth-
quake. A more generalized tferm is the accumulated energy ratio Ze,

which was proportional to In, in Popov's experiments.

d
The previous measures are going to be utilized in assessing the

capabilities of HSS in cyclic loading as summarized in the following:

I. The load-deflection hysteresis loops are going to be examined for their
stability and reproducibility under conditions of high cyclic strain
Fimits.

2, The momenf—curvafure relationships would indicate the curvature
patterns and their changes as testing advances. TheAresidua! curvatures
will indicate the beam shape after cycling.

3. The energy dissipation through individual load cycles and its
accumulation as the test proceeds would furnish a sufficient guide to
judge the validity of the section for seismic appiications.

4, The ductility and plasticity factors are going to be investigated,
and would indicate the frends of the total and residual displacements

through tests. The accumulation of the plasticity factor will indicaTte
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the cumulative damage.
On the basis cf the previous measures we can determine the minimum
requirements of HSS that qualify them as earthquake resistant structural

members.,



TABLE 2.1

Three Definitions of Ductility Factors

foi Bitinear Hysteresis Loop of Figure 2.6

K

Definition 2 - 0.05 2 - 0.95
K K
u, Eq. 2.39 5.33 5.33
by, Eq. 2.43 5,12 1,22
4,38 1.04

Mz, Eq. 2.46

36
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CHAPTER 111

EXPERIMENTAL PROGRAM

3.1 Testing Material

HSS are manufactured by the Steel Co. of Canada Ltd., suppliers

of the tested sections in fwo ways:

(a) hot-forming if the per iphery of the section does not exceed 16 inches,
and

(b} cold forming if the periphery of the section exceeds 16 inches.

All the sections investigated were cold-formed. The flange slenderness
ratio, b/t for the tested square sections was chosen so as to provide a
"range for plastic design, compact, non-compact and reduced stress cases.

| The tested sections are listed in Table 3.1, along with their
detailed structural proper?iés. The elastic modulus of all sections is
assumed to be 30,000 KSi{. The minimum vyield stress is specified as 50 K5I,

Table 3.2 shows the structural properties of the tested beams.

40
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3.2 Material Properties

A typical stress~strain curve obtained from a tensile test is
shown in Figure S.i. The yield stress, oy, is defined herein as that
stress corresponding to a total strain of 0.5%. This stress cerresponds
to the constant stress at yielding, and is close to the value obtained by
the 0.20% of fset method.

The idealized bilinear stress-strain relationship is defined by
the yield sfrengfhf oy, the modulus of elasticity E and the strain-
hardening modulus Es+ obtained froﬁ the tension test. This data is used
to predict the moment curvature and load-deflection relationships.

HSS material tested by Hudoba(!4) did not vary significantly
along the periphery of the cross-section and the material taken at
right angles to the seam of the section represented a reasonable sampie
to assess the material properties. The tensile specimens were cut accord-
iﬁgly conforming with ASTH sfandards(]S) ES-66. Table 3.3 gives the area

of cross section, the maximum load and the ultimate stress for each

tensile specimen.

3.3 Testina Arreangement

(a) Test Set Up

The test set up was designed to allcw for a simply supported

- . S
i

beam of 97.50 inches span., The testing cobiective was To estabiish

he
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static load deflection curve of the beam, and then apply twenty full
cycles of 2.0% control strain by means of a hydraulic jack with its
ram mounted at the midspan of the beam. At the end of the cycling
progrém the flexural capacity of the beam was tested again in order to
assess the loés in strength due to the previous dynamic testing.
Three strain gauges were located on each top and bottom flange
of the beam, two inches from midspan. The strain gauges were located
at Thé center of the flange and at both corners. Daflections were measured
by means of two dial gauges installed 5 3/4 inches from the midspan and

at the end support. The accuracy of the dial gauge was * 0.00! inches.

(b} Description of Test Apparatus

I. Electronic Controller

The controlling unit used to govern the hydraulic jack is Model
406.!! Controller produced by the MTS (Materials Testing Systems) Corp.
IT is an electronic sub-system containing the principal servo control,
failsafe, and readout functions for one channel in an electrohydraulic
testing system. The system's hydraulic actuator drives the hydraulic
jack used for applying load to a specimen, and to a transducer connected
to the load cell in order to evaluate the amount of load applied. Transducer
conditioner | supplies AC excitation to ifs associated transducer and provides
a DC output proportional to the mechanical input to the transducer.
Transducer conditioner 2 also supplies a‘DC output proportional fTo the

mechanical input to its transducer. Full scale conditioner output is
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The feedback selector al lows selection of either transducer
conditioner connected to the LVDT (Linear Variable Differential
Transformer) system indicating the hydraulic jack's stroke reading, or the
external transducer conditioner signal received from the load cell
indicating the load reading.

The servo. controller compares feedback with a command signal
to develop a control signal that operates the servovalve. Command
is The sum of an external program signal and an internal set point level
and has a full scale input amplitude of + 10 VDC. The servo controller
has an error detector circuit that can open a system failsafe interlock
to stop the test if error beftween command and feedback exceeds a preset

limit.

2. Hydraulic Jack

The hydraulic jack is of 250 kips capacity, with a peak to peak
ram stroke of 8 inchqs. The ram travel is controlled by the LVDT system
according to the command signal sent from the controller unit. The jack

weighs 1600 Ibs. and is manufacted by the MTS Corporation.

The load cel! could be used for both tension and compression
purposaes with a maximum capacity of 450 kips. Load value is indicated
by means of an electronic transducer connected to the controller unit,
in the form of DC voltage. The cell weighs 140 Ibs. and has two threaded

ends of 5 inch diamzter.
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4, The LVDT (Linear Variable Differential Transformer) System

Differential transformers are electromagnetic devices for trans-
lating the displacement of a magnetic armature into an AC voltage which is
a linear function of the displacement. Although the physical configurations
vary between the manufacturers, they are basicéily composed of.primary
and secondary coils wound on an air core and a moveable armature is
used fo control the electrical coupling between them. This device, after
being calibrated, was used fo indicate the hydraulic jack's stroke

reading as mentioned before.

5. LlLoading Plates

There were two loading plates mounted to the top and the bottom
of the specimen midspan by means of six 1.25 inch and four 1.00 inch bolts.
The top loading plate was .00 inch thick and was connected to the load
cell by means of a 5 inch diameter female thread welded fo the top of
the plate. The bottom plate was 2.0 inches thick and was connected to

the top plate by means of the bolts.

{¢c) Preparation of Test Apparatus

The hydraulic jack was ca!ibrafed’for stroke readings against

the DC voltage signals representing the set point commands applied to

the controller. The fhree variables, stroke, DC voltage and the set

point changes proved to be linsariy related with a greaf level of accuracy.
The load cell was also calibrated in the 120 kips Tinius Olsen

testing machine, for both tensile and compressive {oad values in The
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‘range of + 120 kips. Load readings and the DC voltage readings of the

cell's electric transducer were also of a linear relationship.

(d) - Preparation of Specimens for Testing

All specimens were supplied with a steel collar for loading
purposes at midspan. The collar was 3 inches wide and 0.50 inch thick,
mounted on The outside peripheryvof each specimen. The collar helped
to guarantee a uniform load on the whole cross section to prevent areas
of stress concentration which could lead to premature local buckling.

Two specimens of size (12.0 x 12,0 x 0.3120) inches were provided
with a three inch thick block of timber filling the midspan cross section
within the |imits of the collars. A chemical cementing material called
Colma-Dur was used to develop complete adhesion between the timber block
and the steel section. That provision helped in preventing premature
local buckling in the midspan where the load capacity is of prime

concern.

{(e) Provisions of End Supports

The end supports were required to represent a simply supported
condition; hence rotation of the specimen was permitted with verTicél
displacements prevented in both upward and downward directions. Four end
brackeTs were used on each end of the specimen to connect it to the vervical
supporting cotumn. Also, two end bolts of 1.00 inch L9 Lamalloy high
tensile steecl were used, one con each side. During the actual testing,

specimens experienced soms vertical displacement at the ends in both
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directions. These displacements were recorded by means of dial gauges

of + 0.00} inch accuracy which were vertically installed at the ends of
each specimen to record these displacements. After the first three tests
the eﬁd brackets were replaced by a more rigid system, in order to
minimizé end displacements. Four rollers were used, two at each end in
order to facilitate the rotation of specimens during loading. Four steel
box sections, and one inch diameter high tensile steel bolts ASTM A-325,
were used as end support. Figures 3.2 and 3.3 show diagramatic drawings
of the testing apparatus. Figure 3.4 shows photographs of the overall
set up of the test and Figure 3.5 shows the modified roller end supports.

Figures 3.6 through 3.1l show the failure shapes of Beams HI through H7.

(f) Mounting of Strain-Gauges

The electric sirain gauges which were used for strain measurements

wvere:

EP~08~500 BH-120 option W, manufactured by Micro-Measurement Co., Romulus,

Michigan, with the following specifications:

Resistance in ohms 120.0 + 0.30%
Gauge factor at 75°F 2.055 + 0.50%
Strain limits Approximately 15%

For the gauge installation M-~Bond GA-2 =zdhesive was used. This is a

100% solid epoxy system which has a preferred cure schedule of 40 hours
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at 75°F. The surface preparation and installation were made as recommended

in Instruction Bulletin B~-137-2 March, 1973 provided by the manufacturer.

3.4 Testing Procedure

The load was applied to the specimen by means of a gradual
increase of the stroke of the jack. A static loading test was carried
out on each specimen before and after the cyclic program. The cyclic
loading was started by the attainment of the maximum strain value of
+ 2.0% in the first half cycle in compression. The resulting value of
peak midspan deflection was maintained afterwards throughout the dynamic
test, measured from the last position of zero load. for each cycle four
main points were invesfigafed, the Two peak points of maximum compression
and maximum tension, and the ftwo points of zero load. At each of these
stages, detailed readings of load, stroke, dial gauges and strain gauge
readings were recorded. The cycling program was carried out twenty
cycles unless failure of the specimen was noticed eariier. Detailed
‘readings were recorded for each load increment during the static load

tests.



TABLE

Hollow Structural Sections and

3.1

Their Structural Properties

No. sze Wall Weight Area | Moment of | Section Radius of | Shear Plastic Location of
(inches) Thickness | (pounds/{| (inches”) | Inertia Modulus Gyration | Constant [ Section Etastic and
(inches) foot) _ tinches®) | (inches3) | (inches) | (inches?) | Modulus Plastic Neutral
(inches”) | Axis
t A ! S r CRT Z
| 8.00x 8.00{ 0.2500 25.80 7.51 75.1 8.8 - 3.15 3.50 22.0. 4,00
2 8.00x 8.00{ 0.3120 31.77 9.34 90.7 22.70 | 3.12 4,21 26,8 4,00
3 8.00x 8.00] 0.5000 48,81 14.36 131 32.80 - 3.02 6.00 40,3 4,00
4 10.00x10.00{ 0.2810 ,36,45 10.72 { 167 | 33.40 3.95 | 4.99 38.80 - 5,00
5 10.00x10,00] 0.4500 56.67 16.67 | 249 49,8 3,87 - 7.38 59.50 5.00
6 12,00x12.00 0.3120 48,74 14,34 1 323 53.9 4,75 - 6,71 62.60 6.00
12,00x12,001 0.3120 48.74 14,34 323 53,9 4,75 6.71 62,60 6.00

1314




TABLE 3.2

Elastic and Plastic Properties of Beams Tested

Beam| Span Yield [Yield Yield Etastic Plastic |Plastic | ElastTic 1/2 P_A_| Shape Factor
Mo. (inches) | Load Moment Deflection | Stiffness |lLoad Moment Deflection PP

(kips) { (kip-f1) | (inch) (kip/inch)|(kips) |(kip-ft) | at Yield

(inch)

Hi 87.50 38.60¢ 78,40 0.338 114.0 45,20 91.50 0.396 8.95 1.165
H2 97,50 46,5043 94.50 0.338 137.50 55.0 111.50 0.398 10.95 1.170
H3 97.50 67.40¢ 138,00 0.338 -200.00 82.60 169.00 0.415 17.20 1.230
Ha ©7.50 68.504§ 139,50 0.271 264,00 79.50 |162.00 0.316 {2.55 1.160
H5 97.50 102.00¢ 207.C0 0.271 395.00 122,00 | 248.00 0.324 19.70 1.20
HG |
and | 97.50 110,00} 225,00 0.225 484,00 1128.50 1} 261.00 0.262 16.80 i. 16
HY :

6V




TABLE 3.3

Tensile Tests Data

No, HSS Area Fu
{inch™) (Z?;S) (ksi)
HI 8x 8x0.25 0.125 6.92 55,40
H2 8x 8x0.312 | 0.154 8.90 57.80
H3 8x 8x0.50 0.234 15,26 65.00
H4 10%10x0.281 | 0.125 6.92 55, 40
HS 10x10x0. 45 0.228 12.20 53,50
H6 12x12x0.312 | 0.1355 8.00 59.00
H7 12x12x0.312 | 0,160 9,82 61.40

50
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Fig-3-6(a)-PLAN OF BUCKLED BEAMS H1
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CHAPTER 1V

EXPERIMENTAL RESULTS

4.1 Introduction

This chapter c6n+ains the experimental records and results of the
tested beams. For each beam Thé graphical relaiionships, and detailed
photographs showing the shapes of local buckling and failure modes after
the cycling program are presented. All beams were |oaded up To twenty
cycles except beam HI that failed after ten cycles only. All other beams
except that designated H4 performed satisfactorily throughout the loading
program within the limitations described later.

The test results are presented as fol lows.,

4.2 Static Loading Curves

Figures 4.1 %hrougﬁ 4.7 show the detailed static load deflection
relaticnship for sach bomm before and after the cyclic Testing was over.
For each specimsn Three curves are described as follows: The colid line
represents the pre-cyciing load defiecvion curve. The dotted curve indi-
cates static response after ftwenty cycies of foading have been applied.
Such beam behaviour is imnortant since iT represents the possible resistance

G!
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to static loading situations after cyclic loading has occurred, such as
from an earthquake. Finally, the dot-dash curve represents the idealized
load deflection curve based on elastic plastic material properties.
Initial departure from !inearity occurs when the yield moment is reached.
The fully plastic moment is only reached when very large deflections occur
(ignoring second order effects). The previous notation applies for all
specimens except beams HI and H4. The cyclic test was terminated after
10 cycles for beam Hl as failure occurred at that stage. Beam H4 failed
after ten cycles also, however the cyclic test continued to twenty cycles
with a great deterioration in strength resulting in omitting the static
test after the cycles were over.

In general the follcwing observations are to be noted:

I. The static loading curves before cycling have similar shapes To the
simple plastic theory case. As expected, the actfual yield stresses
are higher than fthe guaranteed value accounting for different leveling
off values of load. In addition, these maximum load values are in
excess of the estimated piastic loads, because of strain hardening.
Beams H4 and H6 did not achieve the full plastic load as local
buckling deteriorated their toad carrying capacity. These results
wara prodicted, however, since Thesa csections are placed Into the

reduced sections category.

2. The flexural capzacity deteriorated considerably after the cyclic
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testing. The percentage of deterioration in strength with comparison
to the static capacity before cycling ranged between about 15% for
beam H3 and about 50% for beam H4. |t is important to notice that the
maximum flexural capacity after the load cycles were over developcd

at large deflections in the order of at least five times the elastic
deflection at yeild. Local buckling appears 1o be the main factor
contributing to the loss in load resistance. However, somz reduction
may be caused by material softening explaining the aforementioned
observation of large deflections. This possibility was not speci-

fically investigated,

Beam H7 was made of a stress relieved section. |1 developed
a high level of flexural strength during the static test before the load
cycles were applied. That maximum strength was approximately 20% higher
than the calculated plastic capacity despite the high b/t ratio of the
section of about 38.5. The previous increase in strength could be
attributed to the absence of residuéi stresses. The behaviour of beam H7
was not significantly different than the others in fhe late stages of

the cyclic test and in the static test after cycles were over.
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4.3 Hysteresis Loops

Figures 4.8 through 4.14 show.the shape of the load deflection

hysteresis Ioop; for the first and some of +the subsequent cycles. The

following observations need to be mentioned:

A noticeable difference between the éhape of the first and the

subsequent loops exists. However, these curves proved to be fairly

reproducible on the whole, following the first cycle. There is a

tendency of the curves to become filatter with an increase in the

number of cycles.

The hysteresis loops tended to shift horizdnfally to a considerable
extent Qifh the resuit that residual deflecfions'were‘nofed after

the first load cycle. A permanent k?nk formed in the secfibn near the
midspan during cycling. This appeared to be the primary reéson for

an increasing permanent residual displacement. The horizontal shifting
of loops was in the negative direction of the displacement axis.

This result is mainly because the cyclic loading was begun in the

negative direction (defined as being downward).

The flexural capacity was fairly stable despite the high strain timits

mentioned throughout the test.
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4.4 Moment-Curvature Relationship

Figures 4.15 through 4.2C illustrate The moment curvature
refationships for all the tested beams except beam Hl whose strain gauges
performed poorly due to their damage early in the test. The following

observations can be made, based on the curves of moment-curvature:

I. The curvature tended to increase at a constant leve! of momsnt at the
first half cycle. This result was mainly because the ultimate moment
value was reached, much earlier than the 2% strain limitation imposed.
I+ is evident that the sections could in general sustain the peak moment
for a considerable amount of curvature, an important property in plastic

design considerations.

2. The fact that kinks happened to occur near the position of the strain
gauges, caused the strain readings and consequently the curvatures to
express the condition of the buckled portion rather than the whole
beam. Thus, all of the beams excepT beam H3 did not experience
negative curvatures at the position of the strain gauges despite the
negative deflections associated with these curvatures, because the
kinked areas alwavs hzd 2 positive curvature. The accompanying
photographs (Figures 3.6 through 3.i1) emphasize the previous explana-
tion. Because of the large wail ihickness of beam HBQ The kink was

not severe and the recorded curvatures at The early stagaes of test
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represented the shape of the whole beam and showed negative curvatures
corresponding to negative deflections. As the Test proceeded for beam
H3 the kink becare more pronounced and the beam's behaviour was similar

to that of the other kinked beams.

3. All of the beams experienced an increasing amount of positive residual
curvature at the position of the kink as the loading cycles proceeded.
Beam H7 which was made of stress reiieved section showed a larger
morient capacity than beam H6 made of cold formed section having the
same cross sectional dimensions. There was no significant difference
in the curvature ranges of beams H7 and H6. In general, the moment-

curvature curves conformed with those of the load-deflection.

4,5 Stability of the Load lLevels

The load levels were found to be reasonably constant Through
tests as shown in Figures 4.21 to 4.23. Although there was a continual
reduction in load level with excursions for all specimens, for specimen
H3 the load value at the end of load cycling was greater than the plastic
load value. For the other spacimsns load capacity deteriorated to a
level below the plastic load limit.

The difference in perfcrmance may be attributed To the relatively
low width to Thickness ratio of specimen H3 which reducad The effect of

focat buckling.
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4,6 Deflection Characteristics

Figures 4.24 to 4,26 show a diagramatic sketch of the midspan
deflection with consecutive cycles. The four main pcints represented for
each cycle are the two points of peak load, and the Two intermediate
points of zero load. The residual negative deflection is consistent in
all of the tests, where downward deflection is being defined as negative.
Deflection was controlled in such a way so as to maintain the first peak
deflection attained in the first half cycle, denoted as Al in Figure 4.24
based on the preceding no load position throughout cycling. Positive
deflections were of a much smaller magnitude compared to the negative
deflections. They continued to decrease as test proceeded due to the in-
creasing negative residual deflections. They were completely eliminated

in later stages of tests as for beam H7.

4.7 Cumulative Residual Daflections

The cumuiative plasticity ratio, Iw,, is plotted against the

d}
number of excursions in Figures 4.27 to 4.29. This relationship, being
cicse fTo a straight tine, indicates & constant residual deflection for

most of The specimens, and emphasizes the repetative behaviour of beams

throughout cycling.
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These cuirves could be useful in actuai design from the point
of view of assessing the strength of a structural member after an earth-
quake on the basis of the resulting residual deformations compared to
the maximum capacity of the member. The straight lines were noticed to
be steeper for specimens of the same size with larger wall thicknesses
indicating a lesser amount of residual deformations.

Figure 4.29 iilustrates the difference between the behaviour
of stress relieved section H7 and untreated cold formed section H6 .,

Beam H7 experienced larger amounts of residual deflections than beam H6.

4.8 Cumulative Energy Dissipation

The energy accumufated through cycling was quite uniform
especially for hcavy specimens such as H3 and H5, as shown in Figures 4.30
through 4.32. Relating these curves to Figures 4.27 through 4.29, and
assuming that the areas of the P-A hysteresis loops are functions of
residual displacement and peak load, one can form an bpinion about the
strength history of the specimens and the uniformity of the P-A hysteresis
loops. For example, if the loop areas are the same we get a straight line
as in the case of H3 end HS5. {If peak load waluyes drep, and the width of
loops narrow we get a tendency of flainess of The relationship between
the cumulative enzirgy dissipation, IW, and the number of excursions.

This is iliustreteg for bsams Hi, H4 and HD in Figures 4.30 through 4.32.
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4,9 Effect of Slenderness Ratio

Figure 4.33 sumnarizes the previous remarks, showing the Trend
toward proportionality between the decrease in slenderness ratio and
cumulative energy with consequent greater resistance to local buckling.
This information is based on five sections tested with width-thickness
ratios varying between 16 and 38.5. Results of beam Hl were excluded as
it was tested for ten cycles only, despite the bfher beams that were
tested for twenty cycles. Resulis of beam H7 were also excluded as it
was made of a stress relieved section unlike the rest of the beams.

Beam H5 did not well adhere to the general shape of the previous curve of

Figure 4.33.

4.10 Compariscn Beiween the Three Ductility Factors

Tables A.! through A.7 show the detailed information of the peak
load, deflection, residual plas?ic deflection, and energy dissipated
values. The generalized terms of the previous values are also presented
as the load ratio, P, the duciility factor, My dascribed in Chapter {1,
the piasticity ratio, Ty and ihe energy ratio, e. The previous valuss
are piresented for each half cycle,

The ul factor was caiculated for each load excursion as shown in

Tables A.1 tThrough A.7 from eoustion 2.39. This value ensbles us to form
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an opinion about the maximum deflections encountered during the test,
therefore it was chosen rather than the other two definitions as a dis-~
tinctive ductility measure. The plasticity ratio, Tyr @5 determined from

equation 2.47, indicates the residual deflections and consequently the

permanent damage.
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CHAPTER V

DI SCUSSTONS AND CONCLUSIONS

5.1 inftroduction

An attempt is made in This chapter to compare the slenderness

ratio criteria recommended by the ASCE manuals, I97E(4), and those
specified by the recent Canadian Building Code(l6). The previous research
wark(2’5’6) involved testing conventions! rolied stesl sections in

inelastic strain reversals, while the present work tested HSS under similar
conditions, The specifications referred to are concerned with general
static loading aspects, while the ASCE manuals(4) are specifically concerned
with the plastic capacities of rolled sections. Our purpose is to con-
struct preliminary guidelines for HSS limitations in cyclic load aspects

and to compare these guidelines with static load limitations. !n addition,
a comaprison with standard sections will be made from Popov's work to
evaluate the relative resistance of square hollow sections to cyclic

loads.,
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5.2 Review of Current Specifications

The ASCE manuals for |97I(4) summarized the current reseairch

concerning the geometrical requirements of conventional rolled sections,
such that they acquire the necessary plastic moment capacity. In plastic
design sections, this plastic moment value, as emphasized earlier,
should not be impaired by local or lateral-torsional buckling until the
required rotation has been achieved. Although local and lateral-
torsional buckling are not afways independent phenomena, they have been
treated separately in the literature. This is mainly due fo the complexity
.of the combined probiem.
The problem of the flange buckling of rolled sections have been
tackled assuming that the flange is strained uniformly fo a strain equal
to gy IT is also.assumed that the material will strain harden wifﬁ
modulus Esf at strain €t
Assuming the general case of beams under moment gradient and
taking the effect of web restraint info‘considerafion, for a value of
Poisson's ratio, v = 0.3 and E/G = 2.6 where G is the modulus of elasticity

in shear, the b/t ratio was specified by the ASCE manual(4) as follows:

|or

fu
un
(o)}

|

, — —
/sty e B

-t
~
m lg|
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Oy st
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where b = flange width
+ = mean flange thickness
oy = yield stress level
E = Young's modulus of elésficify
O¢ =‘+ensile sfrengfh.of weid metal or bolt
E 4 = strain hardehing modulus.

Taking €_, = 800 ksi, the minimum b/t ratios would be as fol lows:

16.70

for A36 steel, g, = 58 b/t
for A441(50) steel, o = 70 b/t = 14.50 | . 5.2
for AS72(65) steel, o = = 13.00 o

80 b/t

_ The minimum'limiffng web depth to web thickness ratio, h/w
recommended by the previous reference, for conventional rolled sections

is:

z |T

= 43 / 36/ay . 5.3

where h is the beam depth, and w is the web thickness.

- Equation 5.3 allows high slenderness hafios for the web of wide -
| flange sections in plastic dgsign, which.is éxpecTed as the %lange loading
'vis-direc+lf fransfefred to fha web. Unlike the previpus case, the web .

slenderness limitation for square hollow sections should be more conservative..
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According to the Canadian Standards Association S$-16, 5969(16),
the requirements of slenderness ratio for compaci sections with an axis
of symmetry in the plane of bending are specified not to exceed the

following limits:

(a) For projecting elements of the compression flange of rolled or built

up sections:

t ’ .
bl e >.4
T Yoy
where b', for roiled or built up sections, is one-half the full
nominal flange width, or the distance from the free edge to the first

row of bolts or welds. The thickness, 1, is the mean flange section

as defined earlier.

(b) For flange plates of rectangular or square hollow sections, between

the rounded corners:

b . 200

+ Yoy

\\n
a
W

where b is the full widih of the section.

The plastic design reauirements for square and rectangular hollow
7)

. . . (! . )
sgcTicns ware investigated by Koroi , and hea proved that the b/t ratio
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specified by eguation 5.5 for both compact and plastic design purposes

was inadequate for plastic design. The criterion used in the previous
investigations to judge a section's adequacy for plastic design was that a
minimum plastic rotation of four times that corresponding to Mp must be
obtained prior to the moment dropping below M _.

The previous inyes%igafion suggested the following criterion:

b 160 | 5.
1.

Equation 5.6 takes into account that in practice, the load is applied on
the straight width of the flange only rather than on the rounded corners
as well, a factor which makes the section more susceptible to premature

local buckiing.

5.3 Summary of Experimental Work

The previous cyciic Tests using standard rolled sections, con-

(2’6), and by Popov and Pinkney(S) utilized wide

ducted by Bertero and Popov

fiange rolled sections. The b/t ratio for these sections ranced between

10.4 and 21.2, and Thae beems tested were ail in the form of a cantilever,
The maximum strain vaiues applied on The 4X4 M|3 section was 2.55,

causing failure of the specimen in the [6Th cycle. For the 8WF20 sections,

faiture occurred after 22 1/2 cycles under & constant strain of 1.5%.
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The I8WF50 and 24WF76 sections were subjected Yo four increasing defliection
levels, for a number of two cycies at each level.

The current work includes a wide range of dimensions of square
hol low sections tested cyclically at a strain level of 2%. A criferion of
twenty cycles at the previous strain level was believed to be adequate to
judge the capabilities of ‘these sections for cyclic design. From the pre-
vious results it could be concluded that b/t ratio of about 22 guaranteecs
a reasonable level of performance under the previous conditions. This
adequate performance is proved by the stability of the P-A hysteresis
loops and the stability of the energy dissipated through cycling. The static
test after 20 cycles indicates a reasonable performance provided that no frac-
Ture occurred. The performance of beam H5 emphasizes the previous con-
clusion.

I+ shoutd be noted that the chosen b/t ratio of 22 is confined
to those sections with a specified vield stress of 50 ksi. In general, the

relationship could be written in the form:

b 155

/oy

5.7

-+

I+ is interssting to notice that the previous strain of 2% is
equal to four Times the elastic strain at yield from the definition of
the vield stress. Therefore, it is meaningful to compare the b/t ratio
requirement for cyclic loads at 2% strain level with the corresponding

ratio spacified for plastic dezion, Etquaticns 5.8 and 5.7 show a close

agreement bearing in mind That no minirun covetion roouirorants ot The



level of plastic moment, Mp,»are specified for the cyclic design sections.
| Figure 5.1 shows the relationship between the number of cycles
to failure versus the controlling cyclic strain based on the tests con-
ducted by Bertero and Popov(Z) and Popov and Pinkney(S) using 4X4 M3 and
8WF20 sections, respectively. The intermediate continuous line of Figure
5.1 is an interpolation between the aforementioned two sets of results
to establish the b/t ratio of a fictitious section that resists ZOicyctes
at a controlling strain of 2%. The required ratio is shown to be in the
range of 15 corresponding to a yield stress of 36 ksi. |In general, the

-previous relationship could be written as follows:

9-\<.——- 5.8
.i.

Table 5.1 shows the limiting requirements for both wide flange
and square hollow sections., The static load reqﬁiremen?s are quoted
from the CSA-S516 Standard (l969(16) and the cyclic load requirements

are the suggested values based on the current work and conclusions.

5,4 Suaasstions for Further Research

It would be useful to study the behaviour of a variety of HSS
undar different peak strain levels of cyclic loading. This would help us

R

o determine tha effect of the irnciastic sirain levels on The number of
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cycles that a member can survive. This would also enable us to estimate
the critical slenderness ratio for different strain levels.

The current experiments aimed at simulating the case of columns
in actual construction where there are necessary connections at floor
fevels that must be guarded against local buckling. Therefore, the collar
provision was adopted at the midspan of tested beams in an attempt fo
prevent local buckling., It is suggested to study the case of sections
without provisions against local buckling. The areas of possible stress
concentration at the load application positions should also be studied
along with their effects on the beam's structural capacity from the
point of view of cyciic loading.

As mentioned earlier, connections in any framed structure are
expected to be highly stressed and are possible regions.for the formation
of plastic hinges. Therefore, it is important to study the behaviour of
a variety of connections involving verious design and fabrication tech-

niques, under the effect of cyclic loads.



TABLE 5.1

Cc_;mparison Between the Limiting b/t Requirements fof WF sections versus HSS

Limiting b/t Ratio

- Type of | p , o
S;zﬂon, | CSA-S16 (1969) o Suggesfgd Values
‘Category Non-Compact Compact Plastic Design' Cyclic Loading
Wide Flange 222 '—2-3_ .——'(3?_ 24
Joy /oy /oy Yoy
1 Square Hollow Section 2_22_ % -'—% _'éf_w
Yoy Yoy Yoy Yo

*Based on the 2% strain limitation as described in Chapter III

cil
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APPENDIX |

EXPERIMENTAL RECORDS

This Appendix contains the detailed experimenial records

the seven beams fested.

of



TABLE A. |

Experimental Record of Specimen HI

t16e

(8.0 x 8.0 x 0.25) inches
;
Half- | P A AW e e B
Cycle | kips inch inch | kip-inch Pp Ap Ap 1/2 PpAp
| -46,25 | -1,72 147 1 97.5 1.02 4,35 2.96 10,9
2 +45,20 | +0.45 0.05 87.0 0.99 i.14 0.13 9.75
3 ~-43,00 =1.74 1.23 70.0 0.94 4,40 3.1 7.83
4 +42.60 | +0.38 | 0.10 | 60.0 0.94 0.96 0.25 6.71
5 -38,00 -1.78 .30 § 63.0 0.83 4.50 3.29 7.05
6 +40.30 § +0.29 [ 0.8 } 50.0 0.88 0.73 0.46 5.59
7 =35.00 { -1,83 1.36 55;0 0.77 4.62 3.44 6.15
8 +38.30 | +0.22 { 0.22 | 50.0 0.84 0.56 0.56 5.59
9 -33.80 | -1.87 1.40 55.0 0.74 4.72 3.54 6.15
i0 +36,80 § +0.08 |} 0.27 45.5 0.8l 0.20 0.68 5.08
it -32.60 } -1.90 1.43 {1 50.5 0.72 4,80 3.62 5.65
12 +35,20 +0.05 0.1¢@ 44,25 0.77 0.13 0.48 4,95
13 =31.70 | -1.92 1.44 52,0 0.70 4,85 3,64 5.81
14 +31.90 ] +0.04 0.19 37.0 0.70 0.10 0.48 4,15
15 -50,30 § -1.,92 1.42 44,25 0.67 4,85 3.59 4,95
16 +28.50 § +40.05 0.18 1 34.25 0.63 0.13 0.46 3.83
17 ~28.001 =1.87 .42 x4.00 0.62 4,72 3,59 3.80
13 +26.50 § +0.07 0.15 {29.5 0.58 0.18 0.38 3.30
] =26.,00 -1,94 1,40 0.0 0.57 4,90 3,54 3,35
) 20 +24,50£ +0.08 0.4 28,0 0.53 0.20 0. 35 3.13




TABLE A.2

Experimental Record of Specimen HZ
(8,0 x 8.0 x 0.312) inches

b7

1 4
Half-| P A at P=folu =&, = e = —A
Cycle ktpT inches| inches}kip=inch Pp Ap Ap 1/2 PpAp
| -69.00 {| -1.56 bo 103.00 1.26 3.92 2.79 9.40
2 +67.20 } +0.42 0.14 75.00 1.23 1.06 0.35 6.85
3 -68. 80 -1.58 1.12 80.00 l .25 3.98 2.82 7.30
4 +65.00 | +0.35 3 0.20 66.00 1.18 0.88 0.50 6.02
5 ~67.00 -1.58 .03 70.00 1.22 3.98 2.59 6,40
6 +63,50 § +0,.32 0.23 65.00 1.16 0.8l 0.58 5.95
7 -65,50 ¢t -1.58 1.05 70.25 1.20 3.98 2.64 6.41
8 +62.,00 § +0.30 {'0.15 62.50 i.13 0.76 0.38 5.70
9 -64,30 ¢t =-1.59 .06 | 67.5 .17 4,00 2.66 6.16
10 +60.80 |} +0.25 0.21 60.00 fold 0.63 0.53 5,48
I ~63,90 § -1.64 110 68.25 .16 4,12 2.77 6.23
12 +60.10 § +0.12 ¢ 0.22 56.25 1.10 0.30 0.55 5.15
13 ~-62.65 f -1.63 (I 64.00 1,14 4.10 2.79 5.85
14 +59,50 | +0.12 0.23 58.0 1.08 0.30 0.58 5.30
15 -61.70 -1.62 {.09 61.25 1.12 4,06 2.74 5.60
16 +58.60 | +0.06 § 0.24 .| 55,25 .07 0.15 0.60 5.05
17 -61.50 ~-l.61 [.14 58.00 .12 4,05 2.87 5,30
I8 +58.10 3§ +0.09 } 0.25 56.00. {.06 0.23 0.63 5.1
19 ~-60.50 -1.60 1.09 58.00 i.10 4,01 2.74 5.30
20 +57.50 | +0.08 } 0.25 55.00 .05 0.20 0.63 5.00
21 ~-60. 30 -1,62 1.10 62.00 1.10 4,06 2.77 5.66
22 +57.15 +0,06 0.27 52.50 1.04 0.15 0.68 4,80
23 -59,80 -1.63 .14 58.00 {.09 4.10 2,87 5.30
24 +57.25 § +0.04 0.27 52.50 1.04 0.10 0.68 4,80
25 -58.90 -1.58 1.08 55.00 i.07 3.97 2.71 5.00
26 +57.00 § +0. 11 0.22 55.50 1.04 0.28 0.55 5.06
27 -58.00 § -1.60 1.08 56.50 .06 4,02 2.71 5.16
28 +56,50 +0.12 0.22 52.50 1.03 0.30 0.55 4.80
29 -57.80 | -1.53 1.04 53,00 .06 3.85 2.62 4,85
30 +56.30 | +0.12 | 0.2 53.00 1.03 0.30 0.53 4,85
31 -57.80 -1.62 i1l 57.50 }.06 4,06 2,79 5.25
32 +55,.75 +0.09 1 0.23 52.50 .02 0.23 0.58 4,80
33 -57.55 -]1.64 1. h 56.25 }.05 4,12 2.79 5.15
34 +25,40 +0.07 0. 34 52.5 1.0l 0.8 - 0. 20 4,80
35 ~57.05 ~-1.62 Lot 55,00 .04 4,05 2,77 5.02
36 +55,00 +0.05 0.26 52.50 {.00 0,13 0.65 4.80
37 ~56,90 -1.64 .13 54,25 t.04 4,12 2.84 4,95
28 +54,650 +0.02 0.24 52,60 1,00 i 0,08 0.70 4,75
39 -56.70 § -1.65 1. 14 52,50 i.03 4.15 2.87 4,80
40 +54,30 § +0,02 0.30 50.00 0.99 0.05 0.75 4,56

‘




J¥:
"TABLE A.3
Experimental Record of Specimen H3

(8.0 x 8.0 x 0.50) inches

- £
Half-| P " A W R R e
Cycle | kips inch | inch kip-inch Pp . Ap Ap 1/2 PpAp
| -117.1 -1.74 .22 197.5 1.43 - 4,20 2,94 . 11.50
2 +118.4 § +0.44 % 0.07 142.5 1.44 i.06 0.07 8.30
3 -117.35] -1.67 ]| |.1} 152.5 - 1.431 4.02 2.68 8.85
4 +117.1 | +0.36 | 0.12 125.0 1.43 0.87 0.29 - 71.26
5 -115.4 § ~1.66} I|.14 145.0 .41} 4,00 2.75 8.43
6 +115.0 § +0.34 | 0.16 125.0 1.4 0.82 - 0.39 7.26
7 -H3.0{~1.66] t.15 { 138.25 } 1.38 - {4.00 2.77 - 8.05
8 +112.00} +0.29} 0.19 119.0 - 1.36 0.70 - 0.46 6.92
9 -ft2.0 § -1.65 1.15 {31.0 1,36 3.98 2.77 7.60
10 +110.5 | +0.26.] 0.2} 117.0 - } 1.35 0.63 0.51 - -6.80
il - —-110.3 § ~i.65 l.15 125.0 - 1.35 3.98 2,77 7.26
12 +108.6 | +0.13§ 0.23 | 112.5 .32 0.32 0.55 6.55
13 ~-109.3 | -1.64 1.15 123.5 P 1.33 3.9 - 2.77 - 7,18 -
14 +]07.0 ¥ +0.12 § 0.24 110.0 - 1.30 0.29 - 0.58 6.40
15 .-108.0 § -1.64} 1.14 119.0 - 1. 31 3.96 2.75 6.92
16 +106.0 § +0.11 0.25 107.0 1.29 0.27 - 0.60 6.22.
17 -107.75% ~1.64 .15 120.0 I.31 3.96 - 2.77 6.97
I8 +104.40§ +0.07 § 0.27 109.0 1.27 0.17 0.65 6.35 -
19 - ~106.70§ ~-1.63 1.25 [16.5 L 1.30 3.93 3.0l 6.76
120 +103.0 § +0.06 § 0.28 106.25 1.25 0.15 0.68 6.18
21 -106.0 § -1.63 12.4 115.0 - 1.29 3.93 2.9 6.68
- 22 +102.4 | +0.06 § 0.28 |°105.25 1.25 0.15 0.68 6.13
23 -105.0 § -1.63 | 1.l 112,50 1.28 3,93 2.68 6.55"
24 +10¢.8 | +0.28 § 0,27 101.25 1.24 0.68 0.65 5.90
25 -103.6 § -1.62 1.1 106.0 .26 3.90 2.68 6.16
26 “+101.6 § +0.27 § 0.28 1§ 104.0 1.24 0.65 0.68 6.05
.27 -102.6 § -1.62 1.12 106,00 | 1.25 3.90 2.70 6.15
- 28 +101.4 § +0.,28 | 0.28 102.0 I.24 0.68 0.68 5.93
29 -§02.0 | ~i1.62 I. 11 102.5 i.24 3.90 .2.68 5.96
30 “+I01.1 +0.28 § 0.28 105.0 1.23 0.68 0.68 6.10
31 {1 -101.5 § -1.60 ot 105.0 }.24 3.85 2.68 6.10
32 - +100.5 { +0.24 | 0.28 98.0 .22 0.58 0.68 5.70
33 -101.0 § -1.60 § 1.1} 99.25 | 1.253 3.86 2.68 5.76
34 +i00.0 § +0.23 | 0.29 99,50 1.22 0.55 0.70 5.80
. 35 -100.0 § ~1.60 I.10 100.0 1.22 3.86 2.66 5.80
36 + 99.5 § +0.22 § 0.29 96.25 . | 1.21 0.53 0.70 5.60
137 - 99,5 ¢ ~i.60 1 1.10 95.50 .21 3.86 2.66 5.55
' 38 + 99,3 §1.+0.28 § 0.29 100.0 1.2} 0.68 0.70 5.80
139 ~98.7 3 -1.60 1.10 - 98.0 .20 ' 3.86 2.66 5.70
40 + 99,2 § +0.28 ¥ 0,29 96.50 1.21 0.68 0.70 5.860
| X
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TABLE A.4
Experimental Record of Specimen H4

(10 x 10 % 0.281) inches

] 1
Hatf-{ P A A W P = P_ Wy = a_ Ty = & e = et
ins . : Ginei 9
Cycle klp‘ | inch inch kip=inch Pp Ap Ap 1/ PDAP
| -70.20 ~1.03 § -0.66 88.50 0.89 3,26 2,09 7.10
2 =7{.10} +0.60 0.13 78.00 0.90 1.90 0.41 6.25
3 -63.40 | -~0.90 0.47 51.75 0.80 2.85 .49 4,15
4 +65.85 1 +0.61 .13 41.50 0.83 {.83 0.4l 3,32
5 -61.30} -0.87 0.52 49.50 0.77 2,75 1.65 3.96
6 +62.30 1 +0.53 0.06 38,50 0.77 1.68 0.19 3,08
7 -58,50 | -0.93 0.70 45,00 0.74 2.94 2.22 3.60
8 +59.50 | +0.45 } 0.07 37.50 0.75 b.43 0.22 3,00
9 -57.00} -0.,99 0.65 44,25 0.72 3.14 2.06 3.54
i0 +57.65 1 +0.40 0.05 36.00 0.73 1.27 0.16 2.88
11 =55.15 | =1.04 0.71 43.00 0.70 3.29 2.25 3,44
i2 +56.05 | +0.19 0.09 34.50 0.71 0.60 . 0.29 2,76
i3 -23.75 1 ~1.18 0.74 42,00 0.685 3.74 2.34 3,36 3
14 +54,35 1 +0.30 0.14 35.00 0.69 0.95 0.44 2.80 :
15 -52,65 | ~l.12 0.79 42.50 | 0.66 3.55 2.50 3,40
16 +54,35t +0,25 0.1 32.50 0.6° 0.79 0.35 2.60
17 =51.55 1 =115 0.80 42.50 0.65 3.64 2.53 3.40
18 +52.45 1 +0.30 0.08 34,00 0.66 0.985 0.25 2.72
19 =5C.30 ~-1.19 0.85 50.00 0.63 3.77 2.69 4.00
20 +49,.75 1 +0.31 0.07 34.00 0.63 0.98 0.22 2,72
21 -48,35 1 -1.17 0.82 40,50 0.61 3.70 2.60 3.24
22 +48.50 | +0.21 § 0.14 32,50 0.61 0.67 0.44 2.60 f
23 46,00 | -1.15 § 0.80 36.00 0.58 3.64 2.53 2.83
24 +46.80 t +0.20 0.14 30.00 0.59 0.63 0.44 2,40
25 -44.70 ={.14 0.78 34.50 0.57 3.60 2.47 2,76
26 +45,80 | +0.21 0.05 28.50 0.58 0.67 0.16 2.28
27 43,45 -1.12 0.76 32.00 0.55 3.54 2.40 2.56
28 | +44.65 | +0.32 0.05 27.00 0.56 1.00 0.16 2. 16
29 | -42.25 =1.11 0.75 31.00 0.53 3.51 2.38 2.43
30 +42,50 | +0.24 .02 206.25 0.54 0.76 0.06 2.10
31 ~40,35 § ~1.08 0.82 30.50 0.51 3.41 2.60 - 2,44
32 +40.60 | +0.27 0.0l 25,00 0.51 0.85 0.03 2.00
33 ~28, 35 ~-1.05 0.78 28,25 | 0.48 - 3.32 2.4 2.26
34 +352,55 LSVINGT B BV P o2 22.50 ¢ 0.50 .98 0,13 S0
35 -35,00 -1.02 0.64 24,00 0.45 3.23 2.03 1.92 ;
35 +36.35 | +0,33 0.08 21,25 0.48 1.05 0.26 i.70 {
3 ~3%2.75 1 0,09 1 0,7 23.00 % 0,43 2,13 2.25 1.84 i
38 +37,30 | +0.47 O.il 21.00 0.47 i.50 0.35 1.GE !
39 ~31.40 -0.96 0.68 22.50 0.40 3.04 2.15 1.80 E
40 +55.80 1 40,50 [ 0,15 | 20,00 0,43 .58 0.48 bLEo
i i i i A ¥




Experimental Record of Specimen H5

TABLE A.5

120

(10 x 10 x 0.45) inches
t fy
Hal -1 P A At W p=F o= = =
Cycle! kips inch - inch kip-inch Pp Ap Ap 1/2 P A
| -142.80¢ ~-1,37 .0l 260.5 117 4,22 3.12 13.25
2 +}38,60 § +0.21 0.18 160.5 l.14 0.65 0.56 8.15
3 -136.30 § -1.32 0.94 166.0 1.12 4,07 2.90 8.43
4 +134,.50 | +0.20 0.22 137.0 1.10 0.62 0.68 6.96
5 ~131.,00 4 ~-1.32 0.98 144.0 i.08 4.07 3.03 7.31
6 +130.00 § +0.17 0.23 121.5 i.07 0.53 0.7l 6.16
7 ~126.20 § -1.28 0.95 123.0 1.04 3.95 2,94 6.50
8 +126.60 § +0.15 0.24 105.0 1.04 0.46 0.74 5.34
9 -124.00 4§ -1.29 0.94 126.0 I.02 3.98 2.90 6.40
10 +126.50 | +0.23 0.18 108.0 .04 0.71 0.56 5.50
] -121.004 -1.25 0.92 119.0 0.99 3.86 2.84 6.05
12 +123.50 ] +0.21 0.19 100.0 {.02 0.65 0.59 5.09
13 -119.00¢ ~i.24 0.9l 115.0 0.98 3,83 2.81 5.84
14 +121,90 § +0.22 0.18 7.5 .00 0.68 0.56 4,95
15 -417.004§ -1.22 0.89 i07.5 0.96 3.77 2.75 5.46
16 +120.00 § +0.20 0.18 97.0 0.99 0.62 0.56 4,93
{7 ~-115.354§ -1.20 0.87 956.0 0.95 3.71 2.69 4,88
18 +118.75 ¢ +0.21 0.i8 85.0 0.98 0.65 0.56 4,3]
19 -113.60¢ ~1.16 0.83 98.0 0.93 3.58 2.56 4,98
20 +118.00F +0.22 0.15 84.0 0.98 0.68 0.46 4,26
21 112,708 -1.13 0.82 95.0 0.93 3.49 2.53 4,82
. 22 +117.30 % +0.21 0.16 86.0 0.97 0.65 0.50 4,36
23 o~ Ty -1 0. & 91.0 0.92 3.42 2.48 4,62
24 +1 14,5048 +0.12 0.20 84.0 0.94 0.37 0.62 4,26
25 -110.60§ -1.12 0.81 90.0 0.91 3.46 2.50 4.57
26 +412.75 § +0.10 0.22 75.0 0.93 0.3l 0.68 3. 81
27 -{10.40 4% -t .13 0.82 87.5 0.91 3.49 2.53 4,45
28 +111.90¢ +0.10 0.22 74.0 0.92 0.3l 0.68 3.76
29 -109.50¢§ -1.13 0.8l 86.0 0.90 3.49 2.50 4,36
30 +112.008 +0.10 0.23 75.0 0.92 0.31 0.71 3.8l
3] -{09.164¢ ~1.13 0.92 88.0 0.90 3,49 2.84 4,46
32 +110.60¢E +0.10 0.23 71.0 0.91 0.3} 0.71 3.6l
33 ~103.857 ~1.12 0.81 84.0 0.89 3,45 2.50 4,26
34§ 410,300 40,00 | 0,73 75,0 0.9 0.25 0,71 3,55
35 ~108,201 -1.12 0.8l 84.0 0.89 3,46 2,51 4,26
36 +109,70 ¢ +0.07 0.23 73.0 0.90 0.22 0.7} 3.7
37 -{07.75 4 -1,12 0. 84 83,0 0.88 3. 46 2.5 4.2
38 +108.90 4 +0.07 0.23 68.0 0.89 0.22 0.71 3.45
39 -{07.30 4 ~i.11 0.82 79,0 0.88 3,42 2.54 4,01
40 +I0T, 658 40,07 0.23 67.5 .88 0.22 0.71 3,43
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TABLE A.6
Experimental Record of Specimen H6

(12 % 12 x 0,312) inches

, : )
Half-| P A X W R I N e
Cycle | kips inch inch § kip=-inch Pp Ap Ap 1/2 P_A
| -121.30 { -0.90 0.60 | 63,75 0.942 3,44 2.30 3,77
2 +121.,25 | +0.20 0.10 70.50 0.940 0.76 0.38 4,16
3 =-417.20 § -0.80 0.60 1 44.75 0.910 3.06 2.30 2,65
-4 +119.20 § +0.20 0.10 § 45.25 0.925 0.76 0.38 2.68
5 -114.60 | -0.80 0.60 41,25 0.890 3.06 2.30 2.44
6 +116.65 14+0.20 0.10 } 40.25 0.905 0.76 0.38 2.38
7 =113.00 § =0.82 0.63 3 37.00 0.875 3. 14 2.41 2.19
5 +114.80 1+0.22 0.08 | 41.50 0.890 0.84 0.3l 2.46
9 =113,45 1 -0,90 0.60 ¢ 41.00 0.880 3.44 2.30 2.42
10 +{16.00 1 +0. 15 0.15 § 43,00 0.900 0.57 0.57 2.54
I -107.50 | -0.82 0.50 { 41.00 '} 0.834 3.14 t.91 2.42
t2 +114,00 § +0.20 0.15 35,25 0.884 0.76 0.57 2.08
13 -107.10 § -0.80 0.40 1t 35,50 0. 83l 3.06 1.53 2.10
14 +112.60 } +0.30 0.12 38.50 0.873 i.15 0.46 2.28
15 -106.60 } ~0.80 0.40 | 41.50 0.825 3.06 1.53 2.46 i
16 +111.40 § +0.25 0.10 § 40.00 0.8565 0.96 0.38 2,36 i
17 -105.70 ¢ -0.80 0.40 % 45.50 0.820 3.06 1.53 2.70
18 +110.50 | +0.25 0.10 36.00 0.856 0.96 0.38 2.13
19 -105.00 | -0. 80 0.40 36.50 0.814 3.06 1.53 2.16 !
20 +109.60 | +0,25 0.00 § 33.00 0.850 0.96 0.00 1.95 :
21 -104.55 1 -0.80 0.40 ¢ 30.75 0.810 3.06 1.53 .82 i
22 +109.40 | +0, 30 0.00 § 35.50 0.850 1.15 0.00 2,10 :
23 - 92,00 { -0.80 0.35 28.50 0.760 3,06 1.34 1.69 ¢
24 +107.75 {1 +0.30 0.00 ¢ 27.75 0.835 1.15 0.00 .64
25 - 98.15 : -0.80 0.30 31.25 0,760 3.06 i. 15 1.85
26 +107.05 | +0.45 0.00 30.50 0.830 1.72 0.00 1.80
27 - 85,30 | ~0.65 0.40 { 26.00 0.738 2.48 1.53 1.54
28 +106.10 | +0.30 0.00 t 28.00 0.824 1. 15 0.00 1.66
29 ~ 95,60 -0.70 0.30 | 28.00 0.741 2.68 1. 15 1.66
30 +105,.25 | +0.25 0.00 | 28.00 0.815 0.96 0.00 .66
30 - 95,20 | -0.65 0.25 § 28.00 0.737 2,48 0.96 1.66
32 +104.80 1+0,25 0.00 29.00 0.8 0.96 0.00 1.72
33 ~ 95,40 ¢ -0.65 0.25 29.00 0.738 2,48 0.96 1.72
34 +i00.75 120,25 ¢.C0 25,00 0.757 0.85 0.00 |.05
35 - 95,00 1 -0.65 5.40 27,00 0.735 Z.48 1.53 [.od
35 +101,35 | +0.25 0.00 { 27.00 0.785 0.96 0.00 }.60
37 - 94,60 | =0.65 0.40 | 28.00 0.735 2.48 [.53 .66
38 +101.50 140,20 0.00 22.50 0.786 0.77 0.00 1.32%
39 - 94,55 {-0,70 0.40 | 23.50 0,734 2.68 1.53 b. 29
40 +100.70 | +0.25 0,00 | 25,00 0.780 0.96 0.00 .48




122
TABLE A.7
Experimental Record of Specimen H7

(12 % 12 x 0,312} inches
{(Stress Relieved)

i
Half-| P A s W R e R =t
Cycle | kips inch inch 1} kip=-inch Pp Ap Ap 1/2 P&
{ -152.80} -0.84 0.53 126.25 1.20 | 3.21 2.02 7.50
2 +133.30 ) +0.16 0.17 44,00 .04 0.6l 0.65 2.60
3 -i51.50} -0.88 0.66 80.00 1,19 3,36 2,52 4,75
4 +111.30¢ 40,02 0.42 25.00 0.87 0.765 1,60 .48
5 -147.50¢ -1.02 0.70 66,50 115 3,90 2.68 3.94
6 +103,50} -0.23 ¢ -0.59 24,00 0.8l 0.88 2.26 .42
7 -139. 158 =1,15 § <0.82 60.00 1.09 4,40 3,13 3.56
8 +105.80 ¢ -0.29 -0.65 - 31.00 0.83 i.10 2,48 1.84
9 ~-133.804§ -1.31 -0.89 58.00 -}1.05 5,00 3,40 3.42
10 +111.104§ -0.28 | -0.66 | 40,00 0.87 1.07 2,52 2.37
i -128.60} -1.33 ;| -0.93 58.00 1.00 5.07 1 3.55 3.42
12 - +109,90 ) -0.30 1 0.7} 35.50 0.86 1.15 2,71 2.10
13 -125.40 % -1.34 | -0.92 52.5 0.98 5.H 3.51 3.0
14 +10.35} -0.30 | ~0.70 38.00 0.86 t. 15 2.67 2.25
15 -124.65} -1{.35 | -0.93 41,50 0.98 5.15 3.55 2,46
{6 +110.30§ -0.30 | -0.85 53.00 0.86 I. 15 3.24 3,56
i7 -121.60} =1.35 ~-0.94 56.00 0.95 5.15 3.59 3.32
18 +108.204% -0.32 | ~-0.70 37.00 0.85 1.22 2.68 2.19
19 -120.00§ -1.37 § =0.95 55.00 0.94 5,23 3.63 3.26
20 +107.15§ -0.33 | -0.62 39.00 0.84 1.26 2.36 2.31
21 -118.00§ ~-1.37 § 0.97 49,00 0.93 5.23 3,70 2.90
22 +405.25 | =0.45 -0.73 37.60 0.83 1.72 2.79 2.2
23 -17.0 §~-1.39 { -0.98 48,50 0.92 5.30 3,74 2.88
24 +104.00 § =0.46 § -0.74 38.00 0.82 1,76 2.8% 2.25
25 -115.90 ¢ -1.39 | -1.01 47.50 0.91 5.30 3,86 2.81
26 +102.50 | -0.48 | -0.75 37.50 0.80 .83 2,87 2,22
27 -114.55 4§ -1.40 | -1.01 & 48.00 0.90 5.35 3.86 2.84
28 + 98,70 ) -0.48 | =0.75 38.00 0.77 1.83 2.87 2.25
29 -1i3.85 ) -1.42 § -1.0l 48.00 0.89 5.42 3,86 2.84
30 + 94,50 | -0.47 | -0.74 37.00 0.74 .79 2.83 2.19
31 =150y -1.42 | =1.01 47,00 0.87 5.42 3,86 2,78
32 + 02,001 -0.47 1 0,74 ¢ 39,00 0.72 1,79 2,83 2.3}
35 ~109,30 § ~1,47 -1.00 1 48,25 G.25 5,47 3.85 2.0
34 + 90,10 ] -0.47 | ~0.74 34.00 0.71 b 79 2,82 2,02
35 -107.50 § -1.42 § -1.0! 39,00 G.84 5,42 3,86 Z. 31
36 + 88,50 ¢ -0.47 1 -0,74 37.50 0.69 1,79 2.82 2.22
37 ~104,35 | =1.42 | -1.04 40.540 0.82 5.42 3,86 2,40
38 + 85,20 -0.44 | -0.72 34,50 0.67 1.68 2.75 2.04
39 -10Z.80 9 =1.,42 | ~1.00 36.00 .80 5,42 3,81 2,13
&0 G610y =0,45 8 =070 3%, 50 0.54 i.54 2.01 2,22




APPENDIX 1]

NOMENCLATURE

breadth of section
depth of section
flange thickness
web thickness
deflection of midspan of beam
fictitious elastic deflection corresponding to piastic
load, P

P
deflection corresponding to the last load reversal
additional displacement incurred during yielding (scze
equation 2,35 and Figure 2.6)
maximum absolute deflection
yvield deflection
non-1linear displacemsnt: departure from The initia!
tangent at The.force level of IA!max (see Figure 2,83}
linear displacerent: displacement along the initis]
tangent at tne load dovasl of %Afﬁqy (sea Figure 2.0
residual plastic deflacticn after an excursicon
concentrated ifoad appiied To midspen of beam
plastic load, comnuted from actuai section and wsterial
proparties

123
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load value corresponding to the last load reversal

Ramberg-0Osqood parameter

Ramberg-0Osgood exponent

shape factor relating stope of unlcading P-4 curve to

initial e

lastic slope

enerqgy dissipated during a single excursion

energy ratio

strain

yield strain

strain at

stress

onset of strain hardening

yield stress

curvature

value of curvature at yield

moment

vield moment

plasticity retio, subscript denoting deflection measure

stiffness
system of
stiffrness
system of

ductitity

- - 4. 7
Freospacyiy

- for smali displacements of the bilinear hysteresis
Figufe 2.6
for the seccnd portion of the bilinear hysteresis
Flaurae 2,6

2,43 @nd 2,48,

factors defined by equaticons 2,39,

gly

modulus of elasticity in shear
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v Poisson's ratio
tensile strength of weld metal or bolt

cym empirical yield stress level
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