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ABSTRACT 

A research project is presented to assess the capabilities of 

Square Hollow Structural Sections for seismic design. This assessment is 

based mainly on the energy dissipation and ducti Uty 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 rot led sections capable of resisting the same 

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


INTRODUCTION 


l.l The Earthquake Problem 

~ 96 (I)The Alaska Earthquake of March 27, I 4 , was the strongest 

eqrthquake ever recorded on the North American Continent. Loss of life, 

although large, was not nearly as great as that resulting from a number 

of other earthquakes, for example, nearly 16,000 persons lost their I ives 

in the earthquake in northeastern Iran on August 31, 1968. Property 

damage from the Alaska Earthquake, however, was extensive -- of the order 

of $300 mil I ion. The extent of physical suffering and mental anguish of 

the survivors cannot be estimated, but the enormity of it is an encourage

ment to man to improve his ability to locate developments and to design 

and build structures rrore resistant to earthquakes and other natural 

disasters. 

The Alaska earthquake created a wide interest in earthquake 

engineering arrong many practicing engineers, with an increasing number 

expressinq a desire to learn more about the cause of earthquakes and measures 

to be taken to lessen the loss of I i fe and decrease property damage in 

the future. 

Thus, the earthquake-resistance design requirements of the 

National Buildinq Code of Canada !970 provide minimum standards to 
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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 col lapse. (Col lapse is defined as that 

state when egress of the occupants from the bui I ding has been rendered 

impossible 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 rrotion encountered in 

earthquakes and the type of structures the engineer has to design make the 

problem a difficult one. In spite of these difficulties, much can be 

learned about structural behaviour in earthquakes by analyzing the 

response-spectrum from data obtained from previous strong earthquakes, 

thus providing the designer with a valuable tool to assist him in the 

design process. The general 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 structura I engineering brings 

us to the conclusion that we should design members and connections that 

can resist repeated and reversed loads, 

Si mi I ar type provisions are necessary in the design of off-shore 

structures subjected to pounding by the seas and to some extent in the 

design of structures required to resist blast loadings. It is also an 

accepted desiqn philosophy to al lo\v inelastic deformations in steel 
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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 extrerrely uneconomical. The extent of the allowable 

inelastic deformations is a very difficult problem for nondeterministic 

type loadings. For a strong motion 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 part 

of designers to allow inelastic cyclic action in the columns of building 

frames. 

As a result, dissipation of energy fr9ffi 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 to 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 ele~8nts 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 fatigue endurance" of structural members, and to extend 

the appl ica-f"ions to structural design. It is also necessary to study the 

feas i bi Ii ty of predicting the Iow cycle fatigue behavi 0.ur of ro I led or 

fabricated members at large strains on the basis of results obtained 

from eye! ic twisting, bendingj) or tension-compression experiments with coupons. 
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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 used .. 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•.O:>nsequently, local buck

ling is often a problem and is first noticed in the compression flanges 

at a certain stage of loading. The greater the slenderness 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 I imited amount of experimental evidence exists for structural steel 

members and connections subje~ted to cyclically repeated loads. 
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1.2 Literature Review 

In February, 1965 Bertero and Popov(2 ) conducted an experimental 

study on smal I rolled structural steel cantilever beams subjected to cyclic 

reversed loading. The maximum strain at the clamped end was carefully 

controlled and varied between+ 1.0 and+ 2.50 per cent. Al I 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 double acting hydraulic 

cylinder. In the set of eleven experiments examined the strains at i"he 

c I amped edge we re used to cont ro I the machine eye Ies. 

When the maximum control ling 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 control ling strain was increased. For the 

specimen tested under a control I ing 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. 

Loca I buck Ii ng \\las detected after 70 eye les, at I. 0% contro I Ii ng 

strain. As the control I ing strain was increased, local buckling was 
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observed after far less number of cycles.. For the control I Ing 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 longitudinal 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 strains 

of a much greater value than those of the controlling strains at the 

~eam'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 important to notice that no cracks were detected at the clamped 

section, sug~esting 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 materiai itself, by Benham 

and FordC 3>, 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 I oca I buck Ii ng. 

The initiction of local buckling can be explained on the 

basis o-f the effect of both residual stresses and initial imperfections. 

Bertero and Popov.v however~. tended to explain the rapid flexural loss in 

beam capacity on the basis of the induced inelastic curvature of the 
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flanges. In fact, most of this curvature remains during unloading, and 

a kink was observed even under zero load. During successive loading 

cycles, the compressive and tensile forces acting on the slightly kinked 

flanges of the beam, tended to establish a force -component that acts 

perpendicularly to the flange and increase the distortion. If 

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% control strain. The ratio of the flange width b, to the 

average flange thickness, t, of the tested members was 10.5. If pre

mature local buckling of the flange is to be avoided for the static loading 

case, it is recommended by ASCE manual of 1971 <4 > that the ratio b/t must 

not exceed 17. This ratio should be reduced for purposes of cyclic and 

dynamic loading. 

Popov and PinkneyCs>, in November 1968, carried out a detailed 

experimental program on twenty-four structural steel 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 actual construc

tion. They did not require special fabrication provisions. The ratio of 

fla:lge width to thickness is about 20, which is close to the ratio used 

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

as a cantilever to a short column stub. 



8 

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 half-span length of a representative prototype. The application of 

a concentrated load at the end of the 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 co.~plicate the study, 

gravity loads were neglected, and cyclic loads were equal in magnitude, 

and opposite in sense. 

Five different connection types were investigated. tn three 

of them the beam was connected to th.e f I ange of the co Iumn. In the other 

two, the beam was connected indirectly to the flange of the column. The 

connection detai Is were al I commonly used in practice. 

Some of the connections were we I ded and the others were bolted. 

Al I of them behaved satisfactorily throughout the cyclic teste However, 

some of the bolted connections experienced some slippage 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 considerable distortion in the load-deflection hysteresis 

loops. 

A wide variety of loading programs were used .. They ranged 

between large loads causing fracture after a fm'! cycles, and moderate 

loads through which specimens survived for a large number of cycles. 
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Most of the tests had cycl i ng 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 Jest 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 fol lowed 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 enc Iosed 

by these loops represented the energy dissipated through the 

loading programme. 

2. 	 Beam sections, size 8\'ff20, were capable of resisting the severe 

effects of cyclic testing without premature fai I ure. On the other 

hand, local buckling of the compression flange was a major reason of 

complete failure of connections as expected. 

3. 	 Statistical prediction of the fatigue characteristics and expected 

life is impossible by rr:eans of rational analysis. This is mainly 

because of the n umer-ous factors i nvo I ved in design and I ack of 

uniformity. The various failure patterns of connections emphasized 

the previous conclusion. 
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The rrost recent series of tests by Popov and Bertero were pub Ii shed 
(6)

in June, 1973 • In that investigation ful I size members 18WF50 and 24WF76 

were utilized. Seven specimens were tested representing two types of 

connections. The first type is al I welded, and the second one had bolted 

web and welded flanges. In al I cases, the flanges of the beams were 

welded to the flanges of the column. The total 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 I ong span. 

The b/t ratios of the two types of sections Wl8X50 and W24X76 

were in the order of 20. Sections were made of A 36 steel. The yield 

stresses for the Wl8X50 and W24X76 beams were 45 ksi and 36 ksi, respec

tlvely. On that basis the b/t ratios are higher than those recommended 

by the ASCE manua1< 4> for the same yield stresses. 

Most of the specimens exhibited superior ductile behaviour. 

ln some of the 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 the 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 subjected to three to five complete 

cycles at a calculated nmximum nominal stress of 24 ksi, at the colum1 

face. That stress corresponded to the practical working conditions. 

Then the stresses \·1ere raised to 45 ksi or 36 ksi according to each 

specimen's yield stress. T\W cycles of loading were applied for each 
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level of selected values 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 fa i I ure. Strain va I ues we re 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: 

I. 	 Both the al I-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. 

2. 	 The flanges proved to be effective in fully developing the plastic 

moment capacity \'lhi le transferring shear. That was observed for 

connections without web attachment. 

3. 	 Although high tensile bolts were used, the bolted connections experienced 

slippage under severe cyclic loads. Thus special attention should 

be paid to these connections. 

4. 	 Hysteresis loops were remarkably stable and similar for loadings 

of the same intensity. 

5. 	 It was believed that a skew-symmetric bi linear moment-curvature curve 

for cyclic loading is adequate in seismic analysis. 



12 

1.3 Current Work 

As stated ear Ii er, the capab i Ii ty 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 hol lw 

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-rolled 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 fol lowing classifications 

according to the requirements of rotation capacity and yielding: 

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

the minimum rotation requirernent and the development and maintenance of 

the fully plastic moment. 

(b) Allowable Stress Dasiqn Sections 

( i ) Compact Sections -- Sections ivh i ch are capab I e of attaining the com
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puted plastic moment without necessarily satisfying the minimum rotation 

requirement. 

Cii) Non-Compact Sections -- Sections which are capable of attaining the 

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

outermost fibre is attained. 

Cc) Reduced Stress Sections -- Sections which buckle locally 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 buckling 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 section's general behaviour. 

The present st~dy is confined to the investigation of the 

virgin properties of square hol lov1 stee I sections under the conditions 

of cyclic loading~ The adequacy of connections for such loading 

was not investigated. The reason is mainly because a welded joint between 

members of HSS has not yet been fu I I y ana I ysed. The connection forms a 

complex three-dimensional intersecting she I I structure, in which the 

walls are loaded by both rr;,?.mbrane and local bending stress resultants. 

In addition, the r-os i dua I stresses men-'r i oned ear Ii er,, further comp Ii cate 



14 

the problem. Therefore, the existing classical methods are not sufficient 

to furnish a complete static stress analysi,s of the problem. The ques

tions of determining the joint rrodulus, the stresses, and the deformations 

in these connections, are sti 11 bei-ng studied for a sound theoretical 

analysis. 



CHAPTER 11 

DESIGN MEASURES 

2~1 Hysteresis Diagrams 

The load deflection hysteresis diagrams for a specimen contain a 

considerable amount of information about its performance. It provides a 

continuous record of the relationship between load and deflection (or 

moment· and curvature), and it also makes it possible to determine the 

eDergy 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 fol lowed by a tran

sition curve that Ieads to a p I ast i c branch (7). When the di sp I acement 

is reversed, the transition becomes more gradual due to Bauschinger's 

effect. The non-linear load-deflection relationship is reasonably 

.b d b R b d 0 d(B) d d t d b J • (g) ddescr1 e y am erg an sgoo , an a ap e y enn1ngs an 

Kaldjian(IQ) as fol lows: 

/j p P )r-1]-= [ l + a ( 2. I 
p p 

p p 

15 
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where 6. is the deflection, 6.p is the elastic deflection corresponding to 

the pt ast i c Ioad Pp, P is the Ioad, 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. It also concludes as 

limiting cases the elastic Cr= I) and the elastoplastic Cr= co) relations. 

• C I I ) 
Mas1ng 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 equation 2.2: 

6.-6. P-P. P-P. 
1 1 1 

-- = -- (I +a C -- )r-I] 
2~p 2P 2P 

p p 

The point (LL, P.) is chosen as the point of I ast load reversa I. These re
1 I 

lationships are ii lustrated in Figure 2.2. The method of least squares 

can be uti I ized to fit equation 2.2 to the experimental results. If P 
p 

and 6.p are chosen to be fixed values for a certain case, the variables a 

and r would be changed accprding to the fitting process. As the elastic 

slope described by P and 8p is determined, a variable ~ is introduced 
p 

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: 

6-6. P-P. P-P. 
I 1 I ) r-1]

-- [I + a C 
26p s 2P 2P 

p p 

whero 6 is such that f.,(P /ilp) is the slope of the unloading curve. An 
p 

example of lt~asi' squares fitting of equation 2.2 to an experimental load

2.2 

2.3 
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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 a is also found to be sensitive to changes in the 

peak load levels. However, the shape of the curve ls slightly affected 

by small changes in a. 

The slope factor~ is a measure of the stiffness of a specirnene 

The value of~ remains close to unity as long as local buckling is not 

existent .. Once locul buckling is initiated the value of e decreases 

continuously with an increasing number of cyclese 

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

tational advantages~ Moreoverp the previous equation is capable of handling 

cases of structures which do not have an ideal steady-state response under 

the effect of sinusoidal excitatione 

The principal disadvantage of equation 2o3 is t~at an explicit 

expression for the force in terms of the displacement is not possiblev 

which is inconvenient in the presentation and i nterpratati on of the re

su I ts.. The fol I owing procedure cou Id be uti Ii zed to overcome the previous 

di ff i cu Ity: Assume 

2o4a 
2.&p 
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and 

y::: 2 .. 4b 
2P p 

Equation 2$3 could be rewritten as: 

I +a rx=- Y -y 2 .. 5 
t) ~ 

when it is desired to have the value of y, given x, iterative solutions 

must be used, because there is no explicit solution to the rth degree 

polynomial of equation 2a5. 

( 12) .
The iterative method developed by Newton and Raphson as 

utilized herein to produce the fol lowing formula for then+ 15 t iteration 

for y: 

Specifying r as a positive odd integer greater than one, r-1 would 

always be an even integer and the dominator wi I I be finite causing definite 

convergences The coov:";1-g.gnce is very fasi· a.s the error in each iteration 

tends to be the squ:~;·-, :::·f the previous errorQ Thusll slide rule work is 

sufficient to solV·S' ~;1:.i problem within two or three iteratttons using a 

we'I chosen first V<-Jltl''30 Using digital coxputers .. rapid convergence is 

obtained if the fir~t chosen values y has an absolute value ~arger than 
0 

that of the final ~olution and has the same sign as Xo 

2.6 
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2.2 Moment-Curvature Relationship 

In order to deve Iop a moment-curvature re I a-ti onship 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 2.1 

for Ioad-def Iect ion re I at·i onsh i p. 

The fo I I owing assumptions are deemed necessary to accomp I i sh 

our purpose: 

I. 	 Beams are prismatic and straight, and the cross-section is syrrrnetrical 

about the plane of bending. 

2. 	 Planes normal 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 tension and compression are identical; 

hence the Ramberg-Osgood relationship is applicable to the individual 

fibres in the two cases. 

Thus, the required equation is: 

c 	 r-1 ]-= [I + a ( " ) . 2.7 
oy oy 

where e is the strain, a is the stress, EY is the yield ~train, ay is 

the yield stress and a. and r are -J-he Ramberg-Osgood stress-strain para

meters o 
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Assuming the maximum stress and strain values in the extreme 

fibres to be a and E 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) wi II be expressed as: 

a = a 2.8 max 

where a is the difference between the stress at the extreme fibre and 
x 

the stress at point y. The corresponding expression for strain at 

point y becomes: 

a - a C1 - (J
£ _m_ax___x [ + a C _m_a_x__x_ ) r-1 ]-= 1 2.9 
ey ay ay 

The di fferenti a I element of force df and moment dM for the square 

hollow section of depth B and thickness t, shown in Figure 2.4, are: 

dF = [2t CB-y-t)]d a 2. 10 
x 

The stress center y, for the previous differential element is: 

! CB-2t)(B-t) + t CB-2y) (B+2y) 
- 2 4 y = 2. I I 

2t (B-y-t) 

Thus the di ffe ren-ti a I e I ement of moment is: 
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dM = ydF = [ !. CB-2t>CB-t) + t (B-2y)(8+2y>]d ax 
2 4 

al so from the geometry of Figure 2. 4: 

2. I 3 y = B 

2£ max 

Substituting equations 2.9 and 2.13 into equations 2. 10 and 2~ 12 gives: 

a -a a -a 
dF = Bt { 2 CI- !.. ) _ l [ max x +a. ( max x >r]}d 0 x 2" 14 

B µ ay ay 

and 

2 a -a a -a2 .!__ ) = _I_ [ max x + a ( max x } r]dM = B t {(3 6 t + 4 2 e 15 
s2 2 

4 B µ ay oy 

whereµ is the ductility factor for strains defined as: 

£ a max max 2. 16 
EY oy 

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

neutral axis, is obtained by integrating equation 2Gl4 from a = 0 to 

µ = -- =-

x 

a =a yielding:x max 

CJ 0t [ max + 2o. max ) r]}F = a Bt { 2( I ~ - ) 2. !7 max 
B 2µ cry r+ I cry 
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In order to obtain the total moment M, equation 2.15 is inte

grated over the whole .section yielding: 

2.18 

. . 2 a 2+ _!!__ C max) r]} 
2r+I cry 

The maximum curvature 'max' corresponding to the previous 

moment M is obtained by dividing the extreme fibre strain E by its max 
di-stance from the neutral axis. 

2e: 	 a a 
max_= 2ty [~+a( ~ )r ] 2.19 .tf>max == 
8 B ay ay 

The stress centery for the ful I section is obtained as: 

M 
y = 	- . 2.20 

2F 

Substituting equations 2.17 and 2.18 into 2.20, yields: 

2 	 2I z 2 + 6a . zr+I z2r( 3-6 !. + 4 !__ ) [ 	 +~ r - 3u2 m m m628 B 	 r+2 2r+I y = 2.21 
4 

2 (I - -t ) [ z + 2a Zr 
m 

] 
B 2µ m r+I 
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where: 

a 
z =~ 2.22 m ay 

When the section approaches the fully plastic condition of 

stress, the ducti I ity ·ratio for strain µ tends to inc.rease consl derably. 

Thus equation 2.21 could be approximated to.: 

2 
4 !.... )(3 

82B y=- 2.23 
8 tCl - - ) 

B 

For the elastic distribution of stress, the expression for the 

stress center becomes: 

- B t y = - (4 - 3 - ) 2.24 
9 ·a 

The values of the stress center y detenni ned ·by equations 2.23 

and 2.24 are the I imit'ing vaf ues for the square hot Jow section of 

Figure 2.4. 

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

type could be written as follows: 

!L = ~ [ I + ct' ( M._ )R- I ] 2.25 
+Y M My y 
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where ~ is the curvature 9 ~y is the yield curvature, M is the moment, M y 

ls the yield moment 9 a.' and R are the Ramberg-Osgood parameters. 

The actual moment-curvature relationship could be calculated 

from equations 2 .. 18 and 2 •. 19 for different values of the extreme fibre 

stress amax and for given values of ay 9 £Y and µo 

The parameters a' and R cou I_ d be obta i ned by fitting equation 

2.25 to the previous moment~curvature relationship using the method of 

least squares with the aid of a computero 

2.3 cyclic Energy Dissipation 

The dynamic behaviour of a structure is greatly influenced by 

the amount of energy absorbed during motionc Since dynamic response is 

usually described in terms of displacement 9 it is of interest to know 

how the cyclic energy dissipation is related to displacemento 

Considering the response of a one degree-of-freedom structure to 

sinusoidal excitation~ equation 2.3 describing the hysteresis loop, could 

be uti I rzed in computing the energy dissipated during one complete cycle 

as fol lm11s: 

where 2W is the energy dissipated in a complete load cycieo Taking 

point (t:. P ) and (-ll =P ) to be the extremes of the hysteresis lcoppat o ori o 
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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 d~ as (d6/dp)dp: 

p 
d6 P(6) di\ dp 2.27 
dp 

2W = lo p{6) - dp + 
dp-P 

0 

d~/dp represents slope on the ascending branch in the first integral and 

the slope of the descending branch in the second integral. 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: 

{ IP P+P2W 2 J 0 p p 0= [ I + ar C -- ) r- 1] d C .!:... )
_I_ p /1 ~ p 2P P 
2 p p -P /P p p p

0 p 

l 
2.28 

-P /P P-P 
+£ 0 p .!:.__ [ I + a r ( __o ) r- I ] d ( !:__ ) 

B Pp 2Pp Ppp /P
0 p 

Considering the left side of equation 2~28 the dimensionless term 

W/ 1/2 P 6p would be defined as the "Energy Ratio",, whic;h is the ratio of 
p 

the energy dissipated in a single load excursion (half-cycle) to the 

characteristic term (1/2 P l\p)J· thus: 
p 

') ...,, ,~ e :-:: 1•1/(1/2 P ~) "-- ~:~ ~a 

p p 
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Expanding the previous integrals in equation 2.28 and letting: 

ZI 
P+P 

0=-
2P p 

2.30a 

and 

Z2 
P-P 

= 0 

2P 
p 

2.30b 

yields 

2W 
I - p 6p
2 p 

2= 
e 

p /Prp 
-P /P 

0 p 

E._ d 
p 

p 

( !:.... ) + 2 
p ~ p 

-P /Prp p 

p
p /P p

0 p 

d ( ~) 
p 

p 

2.31 

2P /Pr 0 pl 
o 

r-1 
ZI CZI 

p 
- _£_ ) 

2Pp 
dZI 

8 
+ ~ 

B 

2P /PI 0 p 

0 

p 
Z2r-I CZ2- _9_ )dZ2 

2P 
p 

The first two integrals in the previous expression represent the elastic 

portion of the work done in the half cycles and are equal to zero. 

Evaluating the remaining two integrals equation 2~31 yields~ 

p2W = 80: ( r- I ) ( o )r+ ! 
2. 32J_ p fl. S r+I P2 p p p 
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1" 

Equation 2.32 gives the energy dissipated in a single cycle as 

a function of the force amplitude P 
0 
/P.

p 
Although, in general, Wcannot 

be expressed exp( icitly as a function of 6. /b. approximate express(ons
0 p 

for the cases of very smal I or very large deflections could be derived. 

Considering equation 2.1, the linear term could be negl·ected, for large 

displacements. Substituting the value of P/P into equation 2.32 produces 
p 

a large arnpl itude approximation depending on displacement only: 

A A2W 8 C r-1 )( ~ )r+l/r 0 
= as·- 2.33 

lpfl r+I A p 
' ll p2 p p 

Simi iarly, for the smal I displacement amplitudes equation 2.32 can be 

written as: 

6 6 
__2w_·_ ~ Ba C r- I ) C _£ ) r+ I , as o + 0 2.34 
l P A ~ r+I A A
2 p p p p 

Equation 2.33 shows that for large amp I itudes 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 equa Is two for the 

Ii near case when r equa Is one. Al so the inf I uence of a di min i·shes rapid Iy 

as r increases. 

Equation 2 .. 34 sho\>JS also that -the energy dissipated is proportional 

to a and approaches zero as the value 6 /~ diminishes. 
0 p 

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 P and 6 
p p 

and the amount of energy dissipated for a certain structural member during 

a cyclic program. This method excels the one of least squares suggested 

earlier which is quite lengthy and time consuming. 

2.4 Ductility Factors 

The term "duct i I i ty factor" is a measure of the amount of y i e Id i ng 

occurring in a system. However, a ductility factor has no precise 

significance unti I the method of measuring it has been defined. The 

widely used definition of the term is the ratio 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 o-f 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 irrmediately preceding no-load position. 

. ( 13)
Giberson presented two more definitions of the term other 

than the one described above .. These definitions are presented here aH·er 

being modified to suit plastic design purposes by using the elastic 

deflection !.Ip" corresponding to the pl<Jstlc load Pp' bstead of the yic!d 

deflection t:iy., 
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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 bi linear hysteresis loop shown in Figure 2.6 or to the more 

general curvi I inear 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, c, d, e, f, in Figure 2.6. 

The path consists of the linear portion oa, where point a is the yield 

point and the non-linear portion ab in which the additional displacement, 

6 occurs after yielding where: 
0 

A consists of a linear and a non-linear component. Considering the 
0 

geometry of Fig-ure 2.6: 

b = Cl - ~ /::,. 2.36 
n 0K 

Thus, the additional linear displacement occurring from point a to b is: 

8 - A = 2.37 
o n 

The r-efore, the tota I I i near di sp I acement contained in traversing from 

point 0 to a to b is: 

2.38 
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Now, the 	three definitions of ducti I ity factor are defined below: 

(i) 	 Elastic-Plastic Model 

The ratio ·of the maxi mum abso i ute di sp I a cement at point b, Ih. j ,max 

to the elastic deflection, AP, without regard to the second slope, K2 

Figure 2.6: 

2. 39 


Equation 	2.39 can be used to measure the yielding of any hysteresis 

loop, its most appropriate application is to ideally elastoplastic loops 

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

K = 0., i.e.,2 

2.40 


and the total linear displacement at point b is the elastic displacement, 

A : 
p 

2.41 

(ii) Bf I inear Material with Strain Hardening 

The second definition of ducti I ity factcr suits systems with I OgK2 

It measures the nonlinear displacement (instead of the maximum absolute 
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displacement) at point b with respect to· the elastic displacement, fl : 
p 

2.42 

which, by substituting equation 2.37 for fl becomes: 
n 

µ
2 
=l+CI--) 0 

K fl 

Kz 6 
2.43 

p 

These two definitions of ductility factor, need a wel I-defined 

yield level. However 1 most curvilinear hysteresis loops may not have a 

wel I defined yield point. Nevertheless, for most hysteresis loops, except 

those with a vertical initial tangent, the linear and non-linear displace

ments are we 11 defined. 

(iii) Genera I Hysteresis Loop Mode I 

For these loops a third definition of ductility factor relates 

the maxi mum absolute d i sp I acement, Ill j , at point b to the Ii near max 

displacement, ll , as can be seen in Figure 2.6.
1 

µ = 2.44
3 

or 

µ = 2.453 
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For bi linear hysteresis loops, and substituting equations 2.36 

and 2.38 for fin and 61 , respectively~ 	the third definition becomes: 


K 

i)6Cl 

0K = I + 	 2.46ll3 ~ 
A + ( ) 6 

p 0K 

Table 2.1 shows values for the three definitions for bi linear hysteresis 

loops with the fol lowing arbitrary values: A =0.30 and (61 = 1.60 p max 


for systems with K /K = 0.05 and KzlK = 0.95. When K = 0, µ :-: llz = l!y
2	 2 1 

From these examples, it is obvious that the choice of the definition of 

ducti Ii ty factor makes a sign if leant difference on the resu I ting numeri ca I 

values. 

2.5 Plasticity Ratio 

The above definitions of ductility factor do not clearly differen

tiate between the recoverable deformation and the pennanent, 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", Trd' with the subscript d, denoting deflection measure, is introduced 

as fol I ows: 
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11' 
'If =- 2.47 

d /j, 
p 

where~' is the residual plastic defonnation, and~ is the elastic 
p· 

deformation corresponding to the plastic load P • 
p 

Popov(S) plotted the relationship between e and TI"d (which is 

an indication of the permanent deformation), for each excursion, 

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

fol lowing equation: 

e = I. 77 ird 2.48 

Equation 2.48 strictly describes -rhe 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 consequently 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 Cumulative Eneroy Dissipation 

Energy dissipation is a me3sure of t~e cumulative damage. The 

decrease of the rate of energy di ss i pat ion, for a certain structura I 

member vmuid mean that it is not parl"icipating in resisting -J-he 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 term is the accumulated energy ratio Ee, 

wht ch was proportional to I>rrd in Po"pov's experiments. 

The previous measures are going to be uti Ii zed in assessing the 

capabilities of HSS in cyclic loading as summarized in the fol lowing: 

I. 	 The load-deflection hysteresis I oops are going to be examined for their 

stability and reproducibility under conditions of high cyclic strain 

I im its. 

2. 	 The moment-curvature relationships would indicate the curvature 

patterns and their changes as testing advances. The residual curvatu1es 

wil I 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 applications. 

4. 	 The ductility and plasticity factors are going to be investigated, 

and would indicate the trends of the total and residual displacements 

throuqh tests. The accumulation of the plasticity factor wi I I indicate 
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5Q 

the cumulative damage~ 

On the basis of the previous measures 

requirements of HSS that qualify them 

members. 

we can determine the minimum 

as earthquake resistant structural 
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TABLE 2. I 

Three Definitions of Ductility Factors 

for Bilinear Hysteresis Loop of Figure 2.6 

Definition ~ -= 
K 

0.05 
K2 
-= 
K 

0.95 

µI' Eqo 2.39 5.33 5.33 

µ2, Eq., 2.43 5. 12 1.. 22 

l-13, Eq. 2.46 4.38 1.04 
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CHAPTER 111 


EXPERIMENTAL PROGRAM 

3. I 	 Testing Material 

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


of the tested sections in two ways: 


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

and 

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

Al I 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 I isted in Table 3.1, along with their 

deta i I ed structura I p rope rt i es~ The e I ast i c mo du I us of a I I sections is 

assumed to be 30,000 KSI. The minimum yield stress is specified as 50 KSI .. 

Table 3.2 shrnvs the structural properties of the tested bearnse 

40 
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3. 2 Materi a I Properties 

A typical stress-strain curve obtained from a tensile test is 

shown i h Figure 3. L The y i e Id stress, ay, is defined herein as that 

stress corresponding to a total strain of 0.5%. This stress corresponds 

to the constant stress at yielding, and is close to the value obtained by 

the 0.20% offset method. 

The idea I i zed bi I i near stress-strain re Iati onsh i p is defined by 

the yield strength, a , the modulus of elasticity E and the strain
. y 

hardening modulus E t obtained from the tension test. This data is used 
5 

to predict the moment curvature and load-deflection relationships. 

( 14) .
HSS material tested by Hudoba 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 sample 

to assess the material properties. The tensile specimens were cut accord

( 15)
ingly conforming with ASTM standards ES-66. Table 3.3 gives the area 

c;:>f cross sectic:>n, the maximum load and the ultimate stress for each 

tensile specimen. 

3.3 Testina Arranaement 
------~-------!----

The test set up was designed to al law for a simply supported 

bE~a;r1 •Yf '}7. 50 inches ::..;pan. The test ins; object i va was to estab l i sh the 
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static load deflection curve of the beam, and then apply twenty ful I 

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 

program the flexural capacity of the beam was tested again in order to 

assess the loss 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 the 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 + 0.001 inches. 

(b) Description of Test Apparatus 

I. 	 EI ectron i c Control Ier 

The control I ing unit used to govern the hydraulic jack is Model 

406. 11 Control Ier produced by the MTS (Materi a Is Testing Systems) Corp. 

It is an electronic sub-system containing the principal servo control, 

failsafe, and readout functions for one channel in an electrohydraul ic 

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 appf ied. Transducer 

conditioner I supplies AC excitation to its associated transducer and provides 

a DC output proportional to the mechanical input to the transducer. 

Transducer conditiorier 2 also supplies a DC output proportional to the 

mechanical input to its transducer. Ful I scale conditioner output is 

+ 10 voe. 
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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 corrrnand 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 fai Isafe interlock 

to stop the test if error between 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 inches. The ram trave I is contra I led by the LVDT system 

according to the command signal sent from the controller unit. The jack 

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

3. Load Ce I I 

The load cet ! could be used for both tension and compression 

purposes vlith a maximum capacity of 450 kips. Load value is indicated 

by means of an e I ectron i c transducer connected to the contra 11 er unit P 

in the form of DC voltage. The eel I weighs 140 lbs. and has two threaded 

ends of 5 inch di am:0terc 
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4. The LVDT (Linear Variable Differential Transfonner) 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 basically composed of primary 

and secondary coils wound on an air core and a moveable armature is 

used to control the electrical coupling between them. This device, after 

being calibrated, was used to indicate the hydraulic jack's stroke 

reading as mentioned before. 

5. Loading 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 I.OD inch bolts. 

The top loading plate was I.OD inch thick and was connected to the load 

eel I by means of a 5 inch diameter female thread welded to 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. 

Cc) Preparation of Test Apparatus 

The hydraulic jack was calibrated for stroke readings against 

the DC voltage signals representing the set point commands applied to 

the control !er. The three variables, stroke, DC voltage and the sot 

point changes proved to be I inearly related ~·lith a great level of accuracy. 

The load eel I was also calibrated in the 120 kips Tinius Olsen 

testinq machine, for both tensi lo and compressive load values in the 
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range of ±_ 120 kips. Load readings and the DC voltage readings of the 

ce 11 's e Iectri c transducer were a Iso of a I i near re Iati onsh i p. 

{d) Preparat·ion 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 periphery of each specimen. The collar helped 

to guarantee a uni forn1 Icad on the who I e cross section to prevent areas 

of stress concentration which could lead to premature local buck I ing. 

Two specimens of size C 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 I imits of the collars. A chemical cementing material cal led 

Colma-Dur was used to develop complete adhesion between the timber block 

and the steel sect-ion. That provision helped in preventing premature 

local buckling in the midspan where the load capacity is of prime 

concern. 

(e) Provisions of End Suoports 

The end supports were required to represent a simply supported 

condition; hence rotation .of the specimen was permitted with vertical 

displacements prevented in both upward and downward directions. Four end 

brackets v1en:~ used o:i each end of the specimen to connect it to the verti ca I 

supporting column. Also, two end bolts of 1.00 inch L9 Lamal loy high 

tensile steel were used, one on each side. During the actual testing, 

specimens experienced sorr.e vertical displacertrent at the ends in both 
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directions. These displacements were recorded by means of dial gauges 

of + 0~001 inch accuracy which were vertically installed at the ends of 

each specimen to record these displacements. After the first three tests 

the end brackets were replaced by a more rigid system, in order to 

minimize 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 overal I 

set up of the test and Figure 3.5 shows the modified roller end supports. 

Figures 3.6 through 3.11 show the failure shapes of Beams HI through H7. 

(f) Mounting of Strain-iGauges 

The electric strain gauges which were used for strain measurements 

were: 

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

Michigan, with the fol lowfng specifications: 

Resistance in ohms 120.0 + 0.30% 

Gauge factor at 75°F 2.055 + 0.50% 

Strain Ii r:iits Approxfmately 15% 

For ths gauge inst.21 lat!on M-Bond GA-2 adhesive was used. This is a 

I 00% so Ii d epoxy system which has a preferred cure schedu I e of 40 hours 
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at 750 F. The surface preparation and installation were made as recommended 

in Instruction Bui letin B-137-2 March, 1973 provided by the manufacturer. 

3.4 Testing Procedure 

The I oad \'las app I i ed to the specimen by means of a g radua I 

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 investigated, the two peak points of maximum compression 

and maximum tension, and the two-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 earlier. Detailed 

readings were recorded for each load increment during the static load 

tests~ 



TABLE .3. I 

Ho I low Structura I Sections and The Ir Structura f Properties 

14'_ 

No. Size 
(inches) 

Wal I 
Thickness 
(inches) 

t 

Weight· 
Cpounds/ 
foot) 

Area 2
Cinches ) 

. 

A 

Moment of 
Inertia 
Cinches4> 

I 

Section 
Modulus 
( i nches3) 

5 

Radius of 
Gyration 
(inches) 

r 

Shear 
Constant 
( i nches2> 

CRT 

Plastic 
Section 
Modulus 
Cinches3) 

z .. 

Location of 
Elastic an.d 
Plastic Neutral 
Axis 

I 

2 

3 

8.00x 8.00 

a.oox a.oo 
8.00x 8.00 

0.2500 

0.3120 

. o. 5000 

25.80 

31. 77 

48.81 

7.51 

9.34 

14.36 

75.1 

90.7 

131 

18.8 

22.70 

32.80 

3.15 

3.12 

3.02 

3.50 

4.21 

6.00 

22.0 
' 26.8 

. 40.3 

4.00 

4.00 

4.00 

4 

5 

10.00xlO.OO 

10.00xlO.OO 

0.2810 

0.4500 

36.45 

56.67 

10.72 

16.67 

167 

249 

33.40 

49.8 

3.95 

3.87 

4.99 

7.38 

38.80 

59.50 

5.00 

5.00 

6 

7 

12.00xl2.00. 

12.00xl2.00 

0.3120 

0.3120 

48.74 

48.74 

14.34 

14.34 

323 

323 

53.9 

53.9 

4.75 

4.75 

. 6. 71 

6.71 

62.60 

62.60 

6.00 

6.00 

.i:=. 
CD 



TABLE 3.2 


Elastic and Plastic Properties of Beams Tested 


ft 

Beam 
No. 

Span =r Yield 
(inches) Load 

. (kips) 

Yield 
tJoment 
(kip-ft) 

Yield 
Deflection 
(inch) 

Elastic 
Stiffness 
(kip/inch) 

Plastic 
Load 
(kips) 

Plastic 
Moment 
(kip-ft) 

Elastic 
Def Iection 

. at Yield 
Cinch) 

1/2 p !.\ 
p p 

Shape Factor 

HI 97.50 38.60 78.40 0.338 114.0 45.20 91. 50 0.396 8.95 I. 165 

H2 97.50 46.50 94.50 0.338 137.50 55.0 111.50 0 .. 398 10.95 I. 170 

H3 97.50 67.40 138.00 0.338 200.00 82.60 169.00 0~415 17.20 1.230 

I H4 97.50 I 68.50 . 139.50 0.271 264.00 79.50 162.00 0.316 12.55 I. 160 

j HS 

I H6 
(3,..ld 

H7 
~ ... 

97c50 

97.50 
I 

i 

102.00 

110.00 

207.00 

225$00 

0.271 

0 .. 225 

395.00 

484.00 

122.00 

128.50 

248. 00 

261.00 

0 .. 324 

0.262 

19.70 

16.80 

1.. 20 

I. 16 

~ 
\0 
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TABLE 3., 3 

Tensile Tests Data 

No.. HSS Area 
( i nch2 

> 

p 
max 

(kips) 

Fu 
(ks i) 

HI 

H2 

H3 

H4 

H5 

H6 

H7 

Bx Bx0.25 

Bx 8x0.312 

Bx Bx0.50 

IOxlOx0.281 

IOxlOxOQ45 

12xl2x0 .. 312 

12xl2x0.312 

00125 

o. 154 

0.234 

0., 125 

0.228 

o. 1355 

O~ 160 

6.,92 

8.90 

l5o26 

6.92 

12 .. 20 

8.,00 

9.82 

55AO 

57080 

65$00 

55.,40 

53e5Q 

59.,00 

61 040 
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Fig·3·5-ENO SUPPORT· 
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Fig·3·6<a>-PLAN OF BUCKLED BEAMS H1 

<RIGHT) ANO H 3 · 

Fig·3·6-BEAM H1 <TOP> AND BEAM H3 

AFTER TEST· 



Fig·3·7- BEAM H2 AFTER TEST· 

Fig·3·8-FRACTU RED BEAM H4 · 
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Fig·3a-PLAN OF BEAM HS AFTER · TEST 

Fig· 3·10 BEAM H6 AFTER TWENTY CYCLES· 
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Fig·3·11(A)-WEB BUCKLING OF BEAM H7· 

Fig·3·11Cb)-T0P FLANG BUCKLING OF BEAM H7· 



CHAPTER IV 


EXPERIMENTAL RESULTS 

4. I Introduction 

This chapter contains the experimental records and results of the 

tested beams~ For each beam the graphical relationships, and detailed 

photographs showing the shapes of local buckling and tai lure modes after 

the cycling program are presented .. Al I beams were loaded up to twenty 

cycles except beam HI that failed after ten cycles onlye All other beams 

except that designated H4 performed satisfactorily throughout the loading 

pro~~ram within the I imitations described later. 

Thi$ test results am presented as fol lows. 

4~2 Static LoagJnq Curves 

Figures 4$1 through 4e7 show the detailed static load deflection 

r-elationship ioi'' sach br::-;;-;J before :~md e;fter the cyclic testing 11/as over. 

For each sp!~ci r-:-1;-.::11 ih r-ee curves are deser i bed as fo I I O\vS: The so I id f l :~a 

represents the p re.-cyc l i ng I oad def i ec~- ion curve. The dotted curve ind i 

Such beam bEihavi our 1 s i rnpcw·f::~nt s i nee it represents the poss i b I e resistance 
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to statfc 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 propertieso 

Initial departure from linearity 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 appf ies for all 

specimens except beams HI and H4. The eye! ic test was terminated after 

10 cycles for beam HI as failure occurred at that stage., Beam H4 failed 

after ten cycles also, however the cyclic te·st continued to twenty cycles 

with a great deterioration in strength resulting in omitting the static 

test after the cycles were over. 

In genera I the fo 11 owing observations are to be noted: 

I. 	 The static loading curves before cycling have similar shapes to the 

simple plastic theory casee As expected~ the actual yield stresses 

are higher than the guaranteed va I ue accounting for different Ieve Ii ng 

off values of load~ In addition, these maximum load values are in 

excess of the estimated plastic loads, because of strain hardening. 

Beams H4 and H6 did not achieve the ful I plastic load as local 

buckling deteriorated their load carrying capacity. These results 

2~ 	 The flexural canacity deteriorated ccnsiderably 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. It is important to notice that the 

maximum f lexura! capacity after the load cycles were over developed 

at large deflections in the order of at least five times the elastic 

deflection at yei Ide Local buck I ing appears to be the main factor 

contributing to the loss in load resistance., However, sorn3 reduction 

mc.y 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~ It 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 

sedion of about 38e5e The previous increase in strength could be 

attributed to the absence of residual stresseso The behaviour of beam H7 

was not significantly different than the others in the late stages of 

the eye! ic 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 loops for the first and some of the subsequent cycles. The 

fo I I owing observations need to be mentioned: 

- I. 	 A noticeable difference between the shape of the first and .the 

subsequent loops _exists. However, these cur~es proved to be fairly 

reproducfb le on the whole, fol lowing the first cycle. There _is a 

tendency of the curves to become ff attar with an increase in the 

number of cycles. 

2. 	 The hysteresis loops tended to shift horizontally to a. considerable 

extent with the· result that residual deflections were noted after 

the first load cycle. A pennanent kink formed in the section near the 

midspan during cycting. This appeared to be .the primary reason 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). 

3~ 	 The flexural capa~ity was fairly stable despite the high strain· limits 

mentioned throughout the test. 
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4~4 	 Mo~ent-Curvature Relationship 

Figures 4,, 15 through 4.20 i 11 ustrate the moment curvature 

re I at i onsh i ps for a 11 the tested beams except beam HI 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 level of moment at the 

first half cycle. This result was mainly because the ultimate morr~nt 

value was reach~d, much earlier than the 2% strain limitation imposed. 

It 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 cur~vatures 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 thes.e curvatures., because the 

kinked areas aiwavs hed a positive curvature. The accompanying 

photoD raphs (Fi gu r-es 3. 6 th rough 3. I I ) emphasize the previous exp I ana

tion. Because of the large wal I thickness of beam H3, the kink was 

not sovere and the recorded curvatures at i-he early stag-as of. tes-t 
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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 became more pronounced and the beam's behaviour was similar 

to 	that of the other kinked beams. 

3. 	 Al I of the beams experienced an increasing amount of positive residual 

curvature at the position of the kink as the loading cycles proceededo 

Beam H7 which was made of stress re I i eve.d section showed a I arger 

mornent capacity than beam H6 made of co Id formed section having the 

same cross sectional dirr~nsions. There was no significant difference 

in the curvature ranges of beams H7 and H6. In genera I, the moment

curvature curves conformed with those of the load-def !ection. 

4.5 	 Stability of the Load Levels 

The I oad I eve Is were found to be reasonab Iy constant th rough 

tests as shown in Figures 4.21 to 4.23~ Although there \<Jas a continual 

reduction in load level with excursions for al I specimens, for specimen 

H3 the Ioad va I ue at the end of I oad eye I i ng \vas greater than the p I ast i c 

load 	value. For i"hEi other specir:Yrns load capacity deteriorated to a 

level below the plastic load limito 

The difference in performance may be attributed to the relatively 

low width to thickness ratio of soecimen H3 which reduced the effect of 

loc-.: buck! l nq~ 
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4.6 Deflection Characteristics 

Figures 4o24 to 4e26 show a diagramatic sketch of the midspan 

deflection with consecutive cyclese The four main points represented for 

each cycle are the two points of peak load, and thi3 two ini"ennediate 

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 

def !action attained in the first half cycle, denoted as ~I 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 

def lectionsG They continued to decrease as test proceeded due to the in

creasing negative residua I def Iect ions. They wer~e complete I y e Ii mi nated 

in later stages of tests as for beam H7. 

4$7 Cumulative Residual Deflections 

The cumulative plasticity ratiof Eud, is plotted against the 

number of excursions in Figures 4.27 to 4.29. This relationship, being 

close to a straight !ine, indicates a constant residual deflection for 

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

throughout cycling~ 
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These curves cou Id be usefu i in actua i design from the point 

of view of assessinq the strength of a structural member after an earth

quake on the basis of the resulting residual deformations compared to 

the maxi mum capacity of the member" The straight Ii nes \~ere noticed to 

be steeper for specimens of the same size with larger wal I thicknesses 

indicating a lesser amount of residual deformations. 

Figure 4. 29 i 11 ustrates 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 accumu I ated through eye Ii ng was quite uni form 

cspcc i a I I y for heavy specimens such as H3 and HS, as shmm in Figures 4. 30 

thr-ough 4.32. Refating these curves to Figures 4.27 through 4.29, and 

assuming that the areas of the P~A hysteresis loops are functions of 

residual dispfacnmen-f and peak load, one can form an opinion about the 

strength history of the specimens and the uniformity of the P-6 hysteresis 

loops. For examDle, if the loop areas are the same we get a straight line 

as in the case of H3 and HS. If peak load values drop, and the width of 

I oops narrow we get a tendency of f I atness of the re I a-'ri onsh i p betwe·sn 

the cumulative enargy dissipation, IW, and the number of excursionso 

This is illustr~:;,i"cd for bsa.-:1s HI,. H.1 ancj Hp in Figures 4.30 through :1032. 
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4.9 Effect of Slenderness Ratio 

Figure tL33 summarizes the previous remarksp 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 HI were excluded as 

it was tested for ten cycles only, despite the other beams that were 

tested for twenty eye Ies Resu I ts of beam H7 we re a I so exc I uded as it8 

was made of a stress re Ii eved sec-ti on un Ii ke the rest of the beams. 

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

Figure 4. 33. 

4. I 0 Cornpari son Between the Three Ducti Ii ty Factors 

Tab fes A., I through A... 7 show the detailed information of the peak 

load, deflection, residual plastic deflectionp and energy dissipated 

values. The generalized terms of the previous values are also presented 

as the load ratio, P, the ductility factor, µI described in Chapter I I, 

-'rho plasi'icitv rai·io, 1rd!' and ihe energy ratiop e~ H1e previous values 

are presented for each half cycle. 

The µI factor was calculated for each load excursion as shown in 

Tables A. i throu~h A~7 from eauation 2.39. This value enables us to form 



70 

an opinion about the maximum def loctions encountered during the test, 

therefore it was chosen rather than the other two definitions as a dis

tinctive ducti I ity measure. The plast-icity ratio, n ., as detennined from 
a" 

equation 2.47, indicates the residual deflections and consequently the 

permanent damage. 
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CHAPTER V 

DISCUSSIOMS AND CONCLUSIONS 

5 .. I I ntroduct-i on 
---~---·--

An attempt is made in this chapter to compare the slenderness 

ratio criteria recommended by the ASCE manuals, 1971( 4 ), and those 

specified by the recent Canadian Bui I ding Code<t 
5 >. The previous research 

k (2t5,6) . I t• ,. I Ii d t I ..wor • ' 1nvoavcoI'Tes· tng ccnvcrrnona ro e s ec secnons .1n 

inelastic strain reversals, while the present work tested HSS under similar 

conditions. The specifications referred to are concerned with general 

4
static loading aspects, Vihile the ASCE manuals< > are specifically concerned 

with the p las-tic caracities of roiled sections. Our purpose is to con~ 

strud prei irnina1-y guide I ines for HSS I imitations in cyclic load aspects 

and to compare these guidelines with static load limitations. In addition, 

a comaprison with standard sections wi I I be made from Popov's work to 

evaluate the r-elative resistan·ce of square hollow sections to cyclic 

loads" 
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5. 2 Review of Current Specifications 

The ASCE manuals for 1971< 4 
> summarized the current research 

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 unti I the 

required rotation has been achieved. Although local and lateral-

torsional buck! ing are not always independent phenomena, they have been 

treated separately in the literature. This is mainly due to the complexity 

. of the combined problem. 

The problem of the flange buckling of rot led sections have been 


tackled assuming that the flange is strained uniformly to a strain equal 


to E • It is also.assumed that the material wi I I strain harden with 
s·1


modulus Est at strain £ t.

5 

Assuming the genera I case of beams under moment gradient and 

taking. the effect of web restraint into consideration, 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 fol lows: 

.b 3. 56 

t /g_y_ I 0 
f E 

5. I 

(3+ )(I+--
E a 

y 
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where b = f Jange width 

t = mean flange thickness 

ay = yield stress level 

E =Young's modulus of elasticity 

af = tensile strength.of weld·metal or bolt 

Est =strain hardening modulus. 

Taking E t = 800 ksi, the minimum b/t ratios would be as fol lows:
5

for A36 steel, a = 58 b/t = 16.70 
u 

for A441 C50) stee I_, a = 70 b/t = 14.50 5.2· 
u 

for A572 (65) steel, a = 80 b/t = 13.00 
u 

The minimum· limiting web depth to web thickness ratio, h/w 

recommended by the previous refe.rence, for conventional. rot led sections 

is: 

~ = 43 I 36/ay 5.3 
w 

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

Equation 5.3 al lows high slenderness ratios for the web of wide 

f I ange sect i ans i.n p I ast i c design, which is expected as the flange I oad i ng 

is· directly transferred to the web. Unlike the previous case, the web. 

slenderness limitation for square hollow sections should be more conservative•. 
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5According to the Canadian Standards Association S-16, 1969Cl >, 

the requirements of slenderness ratio for compact sections with an axis 

of symmetry in the plane of bending are specified not to exceed the 

fo I I ovJi ng I i mi ts : 

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

up sections: 

b' 	 64 
~ --	 5.4 

t " 	 1;;-y 

where b ' , for ro I I ed or bu i I t up sect i on s , i s one-ha I f the f u I I 

nominal flange width, or the distance from the free edge to the first 

row of bo f ts or vie Ids. The thickness, t, is the mean f I ange section 

as defined earlier. 

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

the rounded corners: 

b 	 200 
-~ 5.5 
t /ay

where b is the ful i width of the section. 

The 	 plastic design reauirements for square and rectangular hollow 

( 17)
ssc-f i ens He re i nves-r i srnted by Kor·o I , and he f):ovt:?d th.::;d- the b/t ra"!-i o 
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specified by equation 5.5 for both compact and plastic design purposes 

was inadequate for p I ast i c design. The er i te r ion 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 M must be 
p 

obtained prior to the moment dropping be low M • 
p 

The previous in~estigation suggested the fol lowing criterion: 

5.6 


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 wel I, a factor which makes the section more susceptible to premature 

I oca I buck I i ng • 

5. 3 Suml!lary of Exper i rnenta I \fork 

The previous cyclic tests using standard rolled sections, con

dp c2 , 5 > b p dP' I (S) ..1..·1· d "dductdbe y E3er t ero an opov , and y opov an 1n~ney u11 1ze w1 e 

flange rolled sections. The b/t ratio for these sections ran9ed between 

The maximum strain values applied on the 4X4 Ml3 section was 2.5~, 

causing failure of the specimen in the 16-th cyclE!. For the 8\'IF20 sections~ 

failure occu1·red after 22 1/2 cyclns under a constant strain of 1.5%" 
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The 18WF50 and 24\vF76 sections were subjected to four increasing deflection 

levels, for a number of t\'JO cycles at each !evele 

The current work includes a wide range of dimensions of square 

hollow sections tested cyclically at a strain level of 2%o A criterion of 

twenty cycles at the previous strain level was believed to be adequate to 

judge the capabi I ities of \these sections for cyclic design~ From the pre

vious results it could be concluded that b/t ratio of about 22 guarantees 

a reasonable level of performance under the previous conditions .. This 

adequate performance is proved by the stab i I i ty of the P-ll hysteresis 

loops and the stabi I ity of the energy dissipated through cycling. The static 

test after 20 cycles indicates a reasonable perfonnance provided that no frac

ture occurred. The performance of beam H5 emphasizes the previous con

clusiong 

It should be noted that the chosen b/t ratio of 22 is confined 

to those sections with a specified yield stress of 50 ksig In general; the 

relationship could be \vrit-ten in the form: 

b 155-< 5., 7.... 
t /o\j 

It is interestina to noi-ice that the previous strain of 2% is 

equal to four times the elastic strain a-r yield from i~he definition of 

the vie Id strnss. Therefore, it is mean i nqfu I to compare the b/t ratio 

requ i remen-J- for eye Ii c ! oacls at 2;~ stn:; in i eve I with the corresponding 
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level of plastic moment, r·~p' are specified for the cyclic design sections. 

Figure 5.1 shows the relationship between the number of cycles 

to fa i I ure versus the control I i ng cycl i c strain based on the tests con

5ducted by Bertero and Popov( 2 ) and Popov and PinkneyC > using 4X4 Mf 3 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 20 cycles 

at a contra I I i ng strain of 2%. The required ratio is shown to be in the 

ranne of 15 corresponding to a y i e Id stress of 36 ·ks i. In genera I, the 

previous relationship could be written as follows: 

b 90 5.8-~ 
t ray 

Table 5.1 shows the limiting requirements for both wide flange 

and square ho! lo\'J sections. The static load requirements are quoted 

- ( 16)
from the CSA-SI b Standard ( 1969 and the cyclic I oad requ i rornents 

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

5.4 Suo<lcstions for Furt~~er Ri~Search 
-----·--..-----~---------- ...-----------

It would be useful to study the behaviour of a ~ariety of HSS 

under different peak strain levels of cyclic loading. This would help us 

to determin~ thn effect of the inelastic strain levo!s on the numbor 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 aim8d at simulating the case of columns 

in actual construction where there are necessary connections at floor 

levels that must be guarded against local buckling. Therefore, the collar 

provision was adopted at the midspan of tested beams io an attempt to 

prevent Ioca I buck I i ng. It is suggested to study the case of sect i ans 

without provisions against local buck! ing. 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 fran the 

point of view of cyclic 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 various design and fabrication tech

niques, under the effect of cyclic loads. 



TABLE 5.1 

Compa r I son Between the LI mi t fng b /t Requ I rements for WF sect i ons versus MSS 

·umtting b/t Rat to 
..:.. 

Type of 
CSA-516 0969) Suggested Values Section ..:.. -

·category Non-Compact Compact . Plastic Design Cyclic Loading 

255 128 108 90Wide Flange 
ray raylay lay 

255 200 160 1.22. *Square Hollow Section 
./Oy./a\f lay./av 

~fBased on the 2% strain limitation as described in Chapter III 

VI 
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APPENDIX I 


EXPERIMENTAL REOJRDS 

This Appendix contains the detailed experimental records of 

the seven beams testedo 
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TABLE A.. I 

Experimental Record of Specimen HI 

(8.0 x B~O x 0025) inches 

~ ~~~;~ ~~~~n~c=h~~~A~i~=c~h~=~~i=p=-~i=nc=h~==P====-:=P--~:=µ=l===-~:=P=i:~==~d=====~:=~=.~~e===~-=l/~2~W~P=P~A-P~ 


I 

I 


2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

18 

,_,,'0 

1.02 4. 35 2.96 


+0.,45 0.05+45.20 
; 

-43000 - Io 74 I .. 23 

+42 .. 60 +Oo38 o. 10 

-L 78 I. 30-38.00 

+40.30 +0.29 Do 18 

-35.00 -I. 83 1.36 

+38030 +0.22 0.22 

-1. 87 1.40-33.80 

+36.80 +0.08 0.27 

-32.60 - I. 90 I L43 
+0.05+3·5.20 0. 19 

-3 i. 70 - I. 92 L44 

+0.04+31 .90 D~ 19 

=30e3Q - I. 92 I .42 

+28.50 +0.05 o. 18 

-?8~00 L42- I 0 87 

l :~:: ~~ I :~:~: I~:.:~ 


87.,0 0.99 I .. 14 o.. 13 

70.0 t 0.94 4.40 3., II 

60 .. 0 I o. 94 0.96 Oe25 

63.0 ~ 0. 83 4.,50 3c29 

50.0 0.,88 0.73 0.46 

55.0 l o. 77 4.,62 3o44 

50.0 i 0 .. 84 0.56 0 .. 56 

55oQ ; 0., 74 4. 72 3.54 
~ 

45.5 l Oo 81 0.20 0.68 

50~5 0.72 4.80 3~62 

44 0 25 o. 77 Oo 13 0.'18 

o. 70 - 4., 85 3.6452oQ 

37QO 0.,70 0 .. 10 0'.48 

OQ67 4e85 3.5944.25 

34.25 Oo63 o. 13 0.46 

34~00 0.62 4.. 72 3e59 

I ~~: ~ • ~: :~ ~: ~~ ! ~: ~: 
~,===o=--_._,.,,.,.,,_.,,L.+:c4. 30J +o. ~1o. 1~jo. ~:._j_o~=~===-=~=l=o=.=3=5 

10o9 

9,, 75 

7o83 

6071 

7Q05 

5.,59 

60 15 

5.59 

6. 15 

5.,08 

5o65 

4.95 

5a81 

4. 13 

4.95 

3.83 

3.80 

3~ :ys1 
g 

~ 3 : 3 I 
~~~~~~~~~.:.;' 

0 
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TABLE A.2 

Experimental Record of Specimen H2 

(8.0 x 8.0 x 0.312) inches 

Half
Cycle 

p 
kips 

/;,. 

inches 

~ 

\'J 
fl' \'J p::: p 

p 
p 

/J.'
'IT = ~ 

d /1 
p 

e = ---
inches kip-inch 1/2 p ti 

p p 

I. II 
 103.00 1.26 3.92 2.79 9.40 

2 


- I e56-69.00I 

o. 14 75.00 1.. 23 1.06 0.35 6~85 


3 

+0.42+67.20 

I 012 80.00 025 3.98 2.82 7c30-I. 58
-68.80 
Oe20 66QOO . 18 0.88 0.50 6.02 


5 

+65.00 +0.354 


1.03 70.QO g22 3.98 2.59 6e4Q- I. 58
-67.00 
0.23 65.00 . 16 0.81 0.58 5~95 


7 

+0.32+63.506 


1.05 70.25 .20 3.98 2.64 6.41 

8 


-1.58-65.50 
'0. 15 62.50 )3 0~76 0.38 5o7Q+0.30 0+62.00 

leQ6 67.5 o17 4.QO 2c66 6. 16
~I. 59
9 
 -64.30 
0.21 60.00 \ .I I 0.63 0.53 5.48 


11 

+OQ25+60.8010 


I .10 68.25 .16 4.12 2.77 6.23-63.90 - I. 64 

0.22 56.25 .10 0.30 0.55 5. 15
+o. 12
+60. I 0 12 


-1.,63-62.6513 
 6:~; ~~:go :~~ ci:;glt ~:~~ ;:~~+0.12+59.5014 

1.09 61 .25 I. 12 4.06 2.74 5o60
-1.62-61. 70
15 

0.24 ss.2s 1.01 0.15 0.60 I s.os+0.0616 
 +58.60 
1.14 58.00 1.12 4.05 2.87 5.30-1. 61
17 
 -61. 50 

0.25 56.00. I .06 0.23 0.63 5. II
+0.09+58. I 0 18 

I • 09 58. 00 I • I 0 4. 0 I 2 ~ 7 4 5. 30 


20 

-1.6019 
 -60.50 

0.25 55.00 1.05 0.20 0.63 5.00+0~08+57.50 
I. 10 62.00 I. 10 4.06 2.77 5.66-1.6221 
 -60.30 
0.27 52.50 1.04 o. 15 0.68 4.80 


23 

+D.0622 
 +57. 15 


I o I 4 58. 00 , I • 09 4. I 0 . 2. 87 5. 30
~I .63
-59.80 
+57.25 +0.0424 
 0.27 52.50 1.04 0.10 I' 0.68 4.80 

I .08 55.00 I .Cl7 3e97 2. 71 5.,00 

26 

25 
 -I .58
-58.90 

0.22 55.50 1.04 Oe28 0.55. 5.06 

27 


+57G00 +O. 11 

I .08 56.50 1~06 4.02 2.71 5Q 16
-1.60-58.00 
0.22 52.SQ J.03 0.30 0.55 4e8Q 


29 

+56~50 +O. 12
28 


I .04 53.oo 1.06 3.85 2e62 4~85-1 .. 53
-57.80 
+O. 12
+56.3030 
 ~:f: ;;:~g ::g~ I ~:~~ t~~ ~:~; II
~ 1.62-57e8Q31 


0.23 52.50 1.. 02 "0.23 0.53 4.80 

33 


+0.09+55.7532 

I.II 56.25 1.05 14.12 2.79 5.15 w- I .64
-57.55 

+{) 0 ..1 I D.3·i ! 52.~5 !.01 O.if:.I :] 0.20 4.ErJ ·j
+551} f:.O34 
 ii \. ~ I ! 
- I. 62 . l • l I 55. 00 I • 04 "L 06 ~ 2. 7·j 5 ~ 02 I
-~57.i~i35 


0.26 52~50 leQQ O~ 13 0.65 4&DQ I
+0.05+55.00.36 

1.13 54e25 1.04 4.12 2.84 1L95 ~-1. 64
37 
 -56.90 

+0.03+5·4~653B 
1· i ~;::~~~ ~t~~ ::g~ ~:~~ ~:~~ I ;}:~;- I ~ 6~3-56.7039 


+0.02 0.30 50.0D ~ Oe99 Oo05 . 0.75 . 4~56 ~ 
J::-~____..;:i::;_~"'!;...;k.-~,_-._,;..,,;i;..~~~-.:o,,:-.;,.,.~j~-~==-~-:;,-...-:;_·.;;;::-<:;:-;,-n- ;~"~":;"o.~J:'':'..,,..."lf:-~i!>-,i.:_:...:•."!-"-::!.•{"C->'~?Q-~"':..-.''..:..°'!l'=-·~,._.,'"'>'~~..-~-=~-•.-...,.;----•J.::.•e---':-:-..:=:-J~~-.'!..._,_---.,~,;::;:t~~-~...tt..-;:z;;-.~"';;J;:,~~-,.!~.-,;.f'~=.....~~=-~-~L~=-=-·:i::;---~Dl'"-""';i__,--~.r_:,__ ~-;:..;:.;:.:::;. 

40 
 +54.30 
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.TABLE A.3 

Experimental Record of Specimen H3 

(8.0 x 8.0 x 0.50) inches 

Half-
Cycle 

p A 
kips inch 

. !::. ' 
inch 

w 
kip-inch 

- . p 
p = -

p 
p 

= !_ii, 
/J. 

p 

' 
fl' w 

ll'd =· e -I· -

fl 1/2 P A p p p 

I -I 7•. f -I. 74 I .22 197.5 1.43 4~20 2.94 .. 11.50 
2 +I 8.4 +0.44 0.07 142.5 1.44 1.06 O.o7 8.30 
3 -I 7.35 -1.67 1.11 152.5 1.431 4.02 2.68 8.85 
4 +I 7. I +0.36 .o. 12 125.0 1.43 0.87 0.29 7.26· 
5 -I 5.4 -1.66 I. 14 145.0 . 1.4·1 . 4.00. 2.75 8.43· 
6 +I 5.0 +0.34 0.16 125.0 I. 41 0.82 0.39 7.26 
7 -I 3.0 -I ~66 I. 15 138.25 : 1.38 4.00 2.77 a.• 05 
8 +I 2.00 +.0~29 o. 19 119.0 . 1.36 0.70 0.46 6.92 
9 -I 2.0 -1.65 I .15 13( .o ' 1.36 3.98 Z-~77 7.60 

§ 10 +I 0.5 +0.26 0.21 117.0 I. 35 0.63 0.51 ·6.80 
Ir -f 0.3 -1.65 1.15 125.0 , I. 35 3.98 2. 77 . 7.26 
12 ·+108.6 +0.13 0.23 112.5 : J.32 0.32 0.55 6.55 
13 -109.3 -1.64 I. 15 123.5 

; 
1.33" . 3.96 2.77 7.18 

14 +107.0 +0.12 0.24 110.0 I. 30 0.29 o.sa 6.40 
15 -108.0 -1.64 f • 14 119.0 : I. 31 3.96. 2. 75 6.92 
16 +106.0 +O. I I 0.25 107.0 1.29 0.-27 0.60 6.22.. 
17 -107.75 -J .64 I .15 ·120.0 1.31 3.96 2.77 6.97' 
'8 +104.40 +0 ..01 0.21 1.09.0 1.27 0.17 0.65 6.35 . 
19 -106.70 -1.63 1.25 116.5 1.30 3~93 3.01 6.76 

' 20 +103.0 +0.06 0.28 106.25 1.25 o. 15 0.68 6.-18 
21 -106.0 -1.63 12.4 115.0 1.29 3~93 2.99 6.68 

. 22 +102.4 +0.06 0·.28 ·IQS.25 1.25 a. 1s 0.68 6. 13 
23 -ms.a -1.63 I. II . 112.50 1.28 3.93 2.68 6.55
24 +101.8 +0.28 0-.27 · 101.25 1.24 0.68 0.65 5.90 
25 
26 

-103.6 -1.62 
+IOJ .6 +0.27 

I • I I 
0.28 

106.0 
. I04.0 

: .26 
.24 

3.90 
0.65 

2.68 6.16 
0.68 6.05 

27 -102.6 _, .62 1.12 106.0 . .25 3.90 2.70 6. 1.5 -
28 +101.4 +0.28 0.28 .102.0 .24 0.68 0.68 5.93 
29 -102.0 -1.62 I. II 102.5 .24 3.90 .2.68 5.96 
30 +IOI. I +0.28 0.28 105.0 .23 0.. 68 0.68 6'. 10 
31 -101.5 -1.60 I • I I 105.0 .24 . 3.86 2.68 6.10 
32 ~ +100.5 +0.24 0.28 98.. 0 .22 0.58 0.68 5.70 
33 -I 01 .O -1.60 . I. I _I 99.25 .. .23 3.86 2.68 5.76 
34 +100.0 +0.23 0.29 99 .. 50 .22 0.55 0 .. 70 5.80 
35 -100.0 -1.60 I. I 0 100.0 .22 3.86 2.66 5.80 
36 + 99.5 +0.22 0.29 96.25 .21 0.53 0.70 5.60 
37 - 99.5 -i .60 I. I 0 95.50 .21 3-.86 2.66 5.55 
38 + 99.3 .+0.28 0 .. 29 100.0 .21 0.68 0.70 5.ao 
39 - 98. 7 -1 .. 60 I. 'IQ 98.0 .. 20 3.86 2.66 5.70 

!140 + 99.2 +0.28 
l\ 

0.29 96.50 .. 21 0.68 0.70 5.60 



- - - - -
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TABLE A.. 4 


Expe ri men ta I Record of Specimen H4 


CIO x 10 x 0.281) inches 

~_,._ .. ~ ·= 

p /J 1 
 \•J6
pHalf- p /J !J.' w -= e 	 Ti'd =111 = 
Cycle kips inch inch kip-inch p 11 
 /J. 1/2 p 

p pp 
t. 

p 

c 

I -70.,20 -1 .. 03 
2 -71~10 +0.60 
3 -63.40 -0~90 
4 +65.,85 +0~61 
5 -61. 30 
 -0087 

6 +62'~ 30 
 +0.,53 
7 -58.50 -0.,93 
8 +59.50 +0 .. 45 

9 -57.00 
 -0.99 

10 +57.65 +Oe40 ~ , ~I. 04 
i2 +56 .. 05 
II -55. 15 


+O .. 19 

13 -53.75 
 -1 .. 18 

14 +54.35 
 +0.30 
15 -52.65 -1.12 
16 +54.35 +Oe25 

17 -51. 55 
 -'" 1.15 
18 +52.45 +0.30 
19 -50.30 -1.19 
20 +49.75 +0.31 
21 -48.35 - I • 17 

22 +48.50 

I 
+0.21 

23 -46.00 - I~ 15 

'°l LJ 


i
/... +46.80 +0,,20 
25 -44e7Q =I .14 

26 +45.80 
 +0.21 
27 -43.45 -I. 12 

28 +44.65 +O. 32 

29 -42~25 
 - I • I I 

30 +42.50 +0.24 
31 -40.35 - I .08 
32 +40.60 +0.27 
~33 - ::~e ..:,s - I$ 05 

l 

I
34 
 +Y1. 5.:5 +D.3! 

35 
 -36.00 ~I. 02 

36 
 +38.35 I +0.33 

_,;; <: 7S37 
 _. __ .J IJ .' -· -0.99 

38 
 +37.30 +O.t17 

39 
 -31 • 40 
 -0.96 

-H). ~) .Jt10 +~·~s. sof 
~ ~ 

~ 

~ 

-0 .. 66 

o.. 13 

OA7 

o. 13 

0 .. 52 

0.06 
0.70 
0.07 

f 0.65 
n 

0.05 
0.71 
0.09 


I 
I 

0.74 

o. 	14 
~ 

~ 	 0.79 
O. II 

0.80 

; 
0.08 
0.85 
0.07 

~ 

~ 
0.82 


·: Oe 14 

u 0 .. 80 

~ 	 o. 14
!l 

0.78~ 
0.05 
o. 76 

0.05I


I 	0.75 

I
0.02 
0.82 
0 .. 01 
r1 	 -:o 
\j f:' 	 I r_;;l 

~ 

'I 
i.: 

J.04 
ij 0.64 

0.08~ 
~ 	 Oo71 
~ 	 o. 11 


'
o.sa 

ii tl • u. 	i ')
~ 

:~ 


88.50 
78.00 

51 0 75 

41.50 
49.50 
38.50 
45.00 

I 
37.50 
44.25 
36.00 
43.00 
34. 50 

42.00 

35 .. 00 

42 .. 50 

32 .. 50 

42.50 
34.00 
50.00 
34.00 
40.50 
32.50 
36.00 

i 
~ 

30.00 
34. 50 

28. 50 

32e OQ 
27.00 
31 .oo 
26.25 

I 	 30.50 
25 .. 00 

~ 
~ 2:3~ 25 

ij 
 22.50 

~ 24e00 


i 
~ 

21 .25 


I
23.0'J 
21,,00 
22G50 
20.0rJ1 


~.ll 
-

I 


1 


il 
r~ 
'.· 

~j 
r1 
t1 

I 
~ 


#I 
~ 
L 

0.89 
0.90 
0. 80 

0.83 
0.77 
0.77 
0.74 
0.75 
0.72 
0.73 
0~70 

0.71 
0.68 
0.69 
0.66 
0.69 
0.65 
0.66 
0.63 
0.63 
0.61 
0.61 
0.58 
0.59 
0.57 
0.58 
0.55 
0.56 
0.53 
Oe54 
0.51 
0.51 
0. 4E~ 
0.50 
0.45 
0.48 
0. t.3 
Os47 
0.40 
0. ,;3 

3.26 

1..90 

2. 85 

l.,93 

2. 75 

1..68 

2 .. 94 

1.43 
3. 14 

I .27 

3.29 
0.,60 
3.74 
0.95 
3.55 
0.79 
3.64 

0 .. 95 

3.77 

0 .. 98 

3.,70 
0.67 

3 .. 64 

0 .. 63 

3.60 
Oo67 
3.,54 
LOO 
3e51 
0.76 
3.41 

Oo 85 

7 	 'l?
.) • _},c_ 

f o. 98 

3.23 
I~ 05 
3. ! 3
' 
1.50 
3b04 

i 


l .58 

~ 

2oQ9 
0.41 
I. 49 

0.41 
I. 65 

Oo 19 

2.22 
0.22 
2.06 
0. 	16 

2.25 
0.29 
2.34 
0.44 
2~50 
0 .. 35 

2 .. 53 

0.25 
2.69 
0.,22 
2.60

I 0.44 
2.53 
0.44 

2 .. 47 

o. 	16 

2.40 
o. 16 

2.38 
0.06 
2.60 
0.03 
2.47~ 

i o. i 3 


I 2.03 

0.26 
2.25 
o. 35 

2& 15 

0.48 

~; 

~ 

7. 10 

6.25 
4. 15 

3 .. 32 

3o 96 

3.08 

3 .. 60 

3.00 
3. 54 

2 .. 88 

3.44 
2.76 
3.36 
2. 80 

3.40 
2.60 
3.40 
2.,72 
4.00 
2. 72 

3.24 
2.60 
2.83 
2.40 
2.76 
2 .. 28 

2.,56 
2. 	16 

2.48 
2. I 0 
2.44 
2oQQ 
2~26 

1.w: 
I. 92 

I . -;o 
L811 
I. 68 

I. 80 

I ., 6C~ 

~ _'P~- _\~ 	 . •> -~· • -~, ....,,.-'>-· -~ .,.--,.. ·-- ...... 



----

___ 

Half
Cycle 

I 

2 

3 

4 

5 

6 

7 

8 


: 9 

' I 0 


f II 

!, 12 

' 13 


14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 


' 	 29 

30 

31 


i 32 

~ 33 


3 4 

35 

36 

37 

38 

39 


p 
kips inch 

-142a80 -1~37 
+138.60 +0.21 
-	 I 36. 30 - I • 32 

+134.50 +0.20 

-131 •00 - I • 32 

+130.00 +0.11 

-126.20 -I .28 

+126.60 +a.is 

-124.00 -1.29
1 


+126. 50 +O. 2 3 

-121.00 -1.25 

+123.50 +0.21 

-119.00 -i .. 24 

+121.90 +0$22 

-ll7eoo -1.,22 

+120.00 +0.20 

-115.35 -I .20 

+I 18.75 +0.21 

-113.60 -I. 16 

+I 18.0b' +0.22 


: 	 -112. 70 -1.13 
+ 11 7 .. 30 ~ +O. 2 I 

-111 .70" -1 .. 11 

+I 14.50 +O. 12 

-I 10~60 -1.12 

+I 12.75 +O~ 10 

- I I ·0. 40 , - I • I 3 

+I I I • 90 1 +O. I 0 

-109.50 -1~13 

I 
 +I 12.00 +0.10 
-109. 16. -lel3 
+I 10.60 +0.10 

1! - 1oa ss ~ - 1 • 1 2 
€11 

~ 	 -+ I I r! -"' n ! +1J j-, ;i
! 	-108:2011 

1 

_·, :·12 
~ 	 +I0~.~01· +0.07 
t' ~101. /5 -1.12 
I" 	 +IOB.901il +0.07 


- I 0 7. 30 - I • I I 
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TABLE A.5 


Experimental Record of Specimen H5 


CIO x 10 x 0.45) inches 


/J.'p == p e =1T = w6.' 
p 	 d /J.inch kip-inch 

p 	 p 

1.01 260.5 I~ 17 4.22 3. 12 

Oe 18 160.5 1.14 0.65 0.56 

0. 94 166. 0 I • 12 i 4. 07 2. 90 

0.22 137.0 I.to I 0.62 0.68 

0 .. 98 144. 0 I • 08 i 4. 07 3. 03 

0.23 121.s 1001 i o.s3 0.11 

o.95 123.0 1.04 I 3.95 2o94 
o.24 1os.o 1.04 I o.46 o.74 

Oe94 126.,0 1.02 '- 3.98 2 .. 90 

0., 18 I08. 0 I • 04 , 0. 71 0., 56 

0.,92 119.0 0.99 3.86 2.84 

0.,19 100.0 1.02 1'0.'65 0.59 

0.91 115.0 0.98 i 3.83 2.81 
0.18 97.s 1.00 I o.68 o.56 
o.89 101.5 o.96 I 3.77 2.75 
o. 18 97.0 0.99 0.62 0.56 
0.87 96.0 0.95 3.71 2.69 
0. 18 85.0 0.98 0.65 0.56 
0.83 98.0 0.93 ~ 3.58 2o56 
0.15 84.0 0.98 I 0.68 0.46 
0.82 95.0 0.93 lj 3.49 2.53 
0. 16 86. 0 0. 97 ~ 0. 65 0 .. 50 

0~30 91 .. 0 0.92 3.42 2.48 

0.20 84.0 0.94 0.37 0.62 
0.81 90.0 0.91 3.46 2.50 
0.22 75.0 0.93 0.31 0.68 
0. 82 87. 5 0. 9 I 3 49 2., 5 3 
& 

0. 22 74. 0 0. 92 0. 31 0. 68 

0.81 86.0 0.90 3.49 2.50 
0.23 75.0 0.92 0.31 0.71 
0.92 88.0 0.90 3.,49 2.84 
0.23 71.0 0.91 0.31 0.71 
o. s1 ~ S4. o o. 89 3. 45 ~ 2. so 

G •. ~ j ~ 70 • '.J ~ 0. 9 ! !l 0. 2 :S t 0. 7 i 

o.s1 a4&o 10.sg ~ 3 .. 46 2.s1 

0.23 ! 73.0 ~0.90 0.22 0.71 
OoP.I 83e0 "0~88 3A6 2.51 


1· 0 .. 23 I 68~0 1~0.89 0.,22 0.71 

0. 82 79 ~ 0 0 • 88 3. 42 2. 5 4 


~'J 

1/2 p /1
p 	 p 

13.25 
8. 15 

8.43 
6.96 
7 .. 31 

6. 16 

6.50 
5.34 
6.40 
5.50 
6.05 
5.09 
5.84 
4.95 
5.46 
4.93 
4.88 
4.31 
4.98 
4.26 
4.82 
4.36 
4.62 
4.26 
4.57 
3e8I 
4.45 
3.76 
4. 36 

3.81 
4.46 
3.61 


.. 4.26 
1 


~ 3. Z· l 

4.26 I 

3 .. 71 
 i 

4 .. 21 ' 
3.45 j 
4. 0 I i 


1


~;440 -=m=,.t:~~~=. 65.J-==\,:: ~~=~~--= =~_,, ~ __ (~~:-- j=~~.-~""""g...........'"""'r~_c~l•2~2-~~..__.o_~·7~-1~~~~~~~,....4=3~-===,.,,•..•~,.,,,..,_.,.,,.J 
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TABLE A.6 


Experimental Record of Specimen H6 


(12 x 12 x 0.312) inches 


Ha If= 
Cycle 

p 
kips 

Ll 
inch 

~v 

inch 

~ 

w 
kip=inch' 

p = ~ 
p 

p 

6' 
7Td = 

11 
p 

VJ 
e = ----

1/2 p ~ 
p p 

... -~ 

0.60-12 I . 30 
 -0. 90 
 63. 75 
 0&942 3., 44 2.30I 
 3. 77 

2 
 0.,940 0.76 0.38+121.25 +Oe20 4. 16
O. I 0 70.50 
3 
 - I I 7 • 2 0 -0 .. 80 
 0.60 2.65 

4 


44 .. 75 
 0.910 3 .. 06 2. 30 

2.68 i 


5 

+I I 9. 20 +O 0 20 
 o« 10 
 45025 
 0.925 0.76 Oc38 
-I !4e6Q -Q. SQ 41 .,25 2.44Oe60 0.890 3006 2. 30 


6 
 +116865 +0.20 40.,25 2.38 I
O. I0 0.905 Oe76 0.38 
7 
 0.,875 3. 14 2.41 2. 19
-113.00 -0. 82 
 0.63 37.00 

2.468 
 0.,08 41.,50 0.,890 o. 84 0. 31
+I 14., 80 +O" 22 

9 
 0060 2. 42 I 

!
- 113.45 -0. 90 
 41.00 0.880 3.44 2. 30 

10 
 +116.00 +O. 15 

I o. 15 
 2.54
43.,00 0.,900 0.57 0.57 
11 I
-107050 -0 .. 82 0.50 41 .,00 2. 42 i 

[ 


12 

o. 834 3.14 I. 91 


2.08 
I 
i 


13 

+114~00 +0.20 0., 15 
 35.25 Oo884 o.. 76 0.57 

2. 10 l 

14 


-107. 10 -0~80 0.40 35.50 0.831 3906 I. 53 

2.28 i 

l+ I 12 ., 60 +O. 30 
 I 
 38 .. 50 
 0.873 1.15 0.46 
15 ·1· 2.46 I
-106.60 -Oo80 I g:!~ 41 .50 
 0.825 3.06 1.53 

2.3616 E +I I I • 40 +O. 25 40.00 
 0.865 0.96 0.38 
17 
 2. 70
-105.70 -0.80 I g:!~ .! 45.,50 0.820 3.06 I .53 


36GQQ18 
 2. 13
+110.50 +0.25 I o. 10 I 
 Oc856 0.96 0.38 
2. 16 


20 

19 
 36.50 o. 814 3.06 I .53
-105.00 -0.80 ~ 0., 40 


1.95+109.60 +0.25 0.00 Oe 850 0.96 0 .. 0033.00 
-104a55 -Q.80 3Qe75 1.82 


22 

21 
 0.40 0.810 3.06 1.53 

2. 10 

23 


+109.40 +0.30 0.00 35.50 0.850 I. 15 0.00 
I. 69 


24 

Oc760 3 .. 06 L34- 98.00 -0.80 o.35 I 28.50 

I. 64
+107075 +0.30 I o. oo a 27 0 75 
 0.835 I e 15 o.oo 
25 
 31.,25 I. 85 

26 


0 .. 760 3 .. 06 I. 15
- 98c 15 -Q.80 ~ o. 30 

+107.05 +0.45 I. 80
30.500.00 0.830 I. 72 0.00 

0.,40 26.,00 0.,738 2o48 L53 I. 54 

28 

27 
 - 95.,30 -Oe65 

0.,00 1.66+106 .. 10 +0.30 28 .. QO Do 824 1.. 15 OeOO 

0.,3029 
 1.66 


30 

- 95e6Q =0.,70 28. 00 0.741 2.,68 I. 15 


28 •.00 0.815 o. 96" 0.,00 1.66+105025 +0.25 0.00 
1..66 


32 

31 
 Oe25 28.00 0.,737 2 .. 48 0.96- 95.20 -0.65 

+104.80 +0.25 0.00 29.00 0.,811 0.96 0.00 I. 72 

33 
 - 95.40 -0$65 0.25 I .. 72
29~00 0.738 2.48 0 .. 96 


I. 6:S+IO!e75 , ~· 1J.25 O.CO 1 2.c_;~OO ~ 0.787 (L95 0.001
 
I. :jJ ~~ ~1~~:~~ ·:g:~~ ~:~~ I~;:~~ g:~~~ ~:~~ ~:~~ I. 60 


37 - 94~60 -0065 0~40 I 28000 0.735 2~48 1.53 I .66 


1
)~ ~==~:J~JLiU~JJ~~ JlUg "Jm~lUt ~~:_,:=~=""~=~~('·'=JJ!~~=~j 
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TABLE Ao7 

Experimental Record of Specimen H7 

(12 x 12 x 0.312) inches 
(Stress Re Ii eved) 

~~J~ E:J-~~ch~. ~ip-inch -= :p. 7. ~p wd = ~~ = ~~J:ips p = e 

1 

I -152.80 -0.84 ·1 0.53 126.25 1.20 3.21 I 2.02 7.50 i 
2 +!33c30 +0.16 ~ 0.17 44QOO 1.04 Oc61 0 .. 65 2.60 t 

3 -151.50 
1 

~0.88 · 0.,66 80.00 I. 19 3 .. 36 2.52 4., 75 ; 
4 +I I L30 +Oo02 0.42 25 .. 00 0.87 0., 765 L.60 1.48 f 
5 -147.50 j -1.,02 0. 70 66.,50 1.15 3.90 2.68 3.94 ! 

6 +103050 -0.23 ~Oo59 24.00 0 .. 81 0 .. 88 2 .. 26 1.42 1 
7 - I 39 o I 5 ! - I • I 5 =0 o 82 60. 00 I o 09 4. 40 3. I 3 3. 56 1 

t 
8 +105680 -0.29 -0.65 3lc00 0.83 I .10 2.48 1.84 ~ 
9 , -133.80 ~l.31 -Oe89 58.00 1.. 05 5.00 3.,40 3.42 t 

IQ +111.,JQ -Q.28 -0.66 4Q.,OQ Oc87 1.07 2.52 2.37 I 
i I -128~60' -I $33 -0.93 

Ir; 

58.,00 1.00 5.07 3.55 3.42 ! 
l 2 +I 09. 90 -0" 30 -0. 71 k 35. 50 0., 86 I • r5 2. 71 2. I 0 l 
13 -125 .. 40 -L34 -0.92 I 52.5 0.98 5.11 3.51 3.:1 I 

IE l14 +llOo35 -Q.3Q -Q.,7Q 38.QO 0.86 1.15 2a67 2.,25 
15 -J24e65 -1.35 -Q.93 41~50 0.98 5ol5 3a55 2.46 I 
16 +110e30 ~0,.30 -Q.,85 53.QQ Oc80 1.,1.5 3.24 3.56 f 
17 -121e60 =le35 -Q.94 ~ 56.QQ 0.95 5.15 3.,59 3e32 ! 
18 +108~20 -Q.32 -Qo7Q ~ 37.,QQ 0.85 I .22 2e68 2. 19 I 
19 ~120.00 -1 .. 37 ~0.95 i 55.00 0.,94 5.,23 3 .. 63 3.26 i 
20 +(Q7., 15 -Qe33 -Q.62 ~ 39eQQ Oa84 1.26 2.36 2.31 ! 
21 -11s.oo -1 .. 37 o .. 97 i 49.oo o.93 s.23 3.,10 2.90 i 
22 +105.25 -0.45 -o.n j 37.oo io.s3 1.72 2.79 2.19 : 
23 -117.0 =l.39 -0.98 ~ 48.50 . 0.92 5.30 3.74 2 .. 88 • 
24 +)04.QQ =0.46 -0. 74 38~00 QQ82 lo76 2o83 2.25 
25 -115.,90 -1 0 39 -I.QI 47a50 Q.,9\ 5o3Q 3.,86 2.81 
26 +102.50 -0.48 -Q.75 37.,50 0.80 1~83 2 87 2.220 

27 -114$55 -1.40 -leQI 48~00 Q&9Q 5e35 3086 2$84 
28 + 98,.70 ~0.,48 -Q,.75 I.; 38.,QQ Qe77 lo83 2o87 2.25 

29 -113.85 -L42 -LOI 48e00 0 .. 89 5,,42 3~86 2.,84 

3Q + 94e5Q -0~47 -Oe74 37.QQ 0.74 io79 2~83 2c 19
1 
~i ~I g:~g ! =~:~~ =~):~(~ I 16:gg Ig:~~ ~:j~ ~:~~ ;: ~~ 
"2 "Z i ··\ J .,. --) U B ,, -·. ' r ' ii ' ,.- ..-, - ~ - • • r· · ..., ...,. r • ,.. - -, · 
_:....I ~ 3 \..) t. - .) l. r = ~ 0 l i: /~ _. l n l.) J ~ ~q, 0 L :J ~ ul1 .:; .) ;,:. 0) .<L,.~ ~ :_; 0 c/) L. ~ iD fj 

34 + 90" I 0 =0 ~ 4 7 -0 ~ 7 4 ! 34. 00 ~ 0., 7 I I ., 79 2 82 2. 02o 

35 - ! 07., 50 - I • 42 - L 0 l ~ 39. 00 ~ 0 84 5., 42 3& 86 2. 31 'o 

o .36 + 88 o 50 -0 4 7 -0. 74 ~ 37. 50 ~ 0" 69 I o 79 2. 82 2. 22 
37 ~--104~35 I' -I A2 -I aOI i 40~50 Oe82 5.,42 3e86 2p40 l 
;~ ~l~;:~g' =~:1~ =~:b~ I ;::;g g:~b ~:~~ ~:~~ ;:~1 I 

0 ~ (~~~.1-=-.~~~-~t~:~-~~:~.J~~-~~~ .J~ ~~--~~~~~4~w-1:.:~~i~~:~---j 



APPEND! X 11 

NOMENCLATURE 

B breadth of section 

h depth of section 

t flange thickness 

w web thickness 

deflection of midspan of beam 

/j fictitious elastic deflection correspondin9 to plastic
p 

load, P 
p 

fl. deflection corresponding to the last load reversal 
I 

/j additional displacement incurred during yielding (see
0 

equation 2.35 and Fig~re 2.6) 

maximum absolute deflection 

6y yield deflection 

6 non-linear displacen~nt: departure from the initial n 

tanqent at the force level of jAj (see Figuns 2.6)- max 

I inear- displacer:·ient: displaceimnt along the ini-t-ic.;l 

residu31 plastic def lecticn after 21 e~cursic0 

p DI 0st i c Ioad, o:yr;t) uted f ro~r-1 actua I sec·1- ion 2nd irr_-o;tn r i a! 
p 

propnr-f"i es 

123 
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P. 	 load value corresponding to the last load reversal 
I 

Ramberg-Osgood parameter 

r Ram.berg-Osgood exponent 

shape factor relating slope of unloading P-.Q curve to 

initial elastic slope 

w energy dissipated during a single excursion 

e energy ratio 

e:, c strain max 

£ yield strain y 


strain at onset of strain hardening
e:st 

stressCJ' " max 

er 	 yield stress y 

<f> 	 curvature 

value of curvature at yield~y 

M moment 

M yield moment 
y 


plasticity ratio, subscript denoting de·flection rn<:'ast2r~e
1T d 

K 	 stiffness for sma 11 di sp I acements of the bi I i ne2r hysteresis 

system of Figure 2.6 

stiffness for the second portion of the bi I inear hyste1-esls 

system of Fi~ur8 2.6 

duc:ti I ity factors defined by eciuations 2 .. 39, 2.43 e:nd 7. • 1!(. 

G 	 modulus of elasticity in shear 



!25 

\) 	 Poisson vs· ratio 

tens i Ie st· rength of we id meta I or bo It 

empirical yield stress level 
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