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Chapter 1

INTRODUCTION

The general task of science should be to make the discovery of
unknown and help to understand and to solve the probiems surrounding
mankind. The applied scientist's aim, in fact, should be to push forward
the boundary of knowledge in an unbroken line, surveying all the country
as he goes, gven.though his observations and deductions. cannot be, at the
first attempt, as precise as those made by the pure scientist in dealing
‘with more limited objectives. The task of engineers is to make connections
between scientific discovery and everyday practical life, to make a
practical use of knowledge developed by the scientist. Someone must deal
with those difficult places before the designer can_follow the new road.

While for structural steel, the method of plastic design has already
found general use in reinforced concrete structure the plastic method
of design revealed specific problems which became the subjects of
recent research in many of the research centers.

The sﬁbject of this work was the behavior of reinforced concrete
frames subjected fo the repeated cyclic loading or prbpértionally increasing

load when loads were causing plastic deformation finally resulting in

collapse.

1.1 Historical Review

In tfacing the first references to the plastic behavior of
" structural meﬁbers one must go back as far as the end of the nineteenth century
The need for the study of plastic behavior was appreciated by the elastician
A.E.H. Love (1) who wrote in 1892 that the effect of materials strained

beyond their elastic 1limit, which cannot be calculated exactly should be



taken into account in construction, and that elastic theory is at this time
behind enginee;ing practise.

In 1899Ewing(2) in his work went on to discuss the influence of
bending beyond the elastic 1imit on the distribution éf stress. He went
. on to conclude that the bending moment which will "break the beam" cannot
bevcalculated sy-the usual elastic stress formula because the distribution
of stress assumed in that formula ceases to exist as soon as overstraining
begivs. Thoughlit is unlikely that Eweng had ever carried out experiments
by loading the beam until the full plastic moment was developed, the fact
remains that the behavior he outlined over seventy years ago is the basis
of the simple ﬁlastic theory.

Thé possibility of the development of plastic hinges was first
suggested by G. Kazinczy (3) in 1914. He carried out some tests on fixed-
ended beams and came to the conclusion that failure oply took place when
ylelding had 6cqxredat three cross sections, at which hinging actiom occurred.
For his concept of the plastic hinge Kazinczy may c1aiﬁ~to be the originator
of plastic methods.

In the summer of 1936, Professor Maier—Leibnitzl(4) officially
expressed confidence in the possibility of basing désign on plastic behavior.
By his investigation and experiments (in 1928-29) on simple supported and
continuous steel beams the plastic method for continuous beams was placed
on a firm quantitative footing.

In the same decade works on plastic design of portal frames were
published. Girkman (5) in 1931, published a paper on an approximate method
for multi-bay rectangular frame design. In 1932 a review of plastic methods

for beams and simple portal frames was published by F. Bleich (6).



Baker's (7) idea that the simple plastic’théory could be a key
to a simple and rational method of design of complex-frames was fully
developed and finally culminated in the Steel Skeléton published in 1956.

His research sférted in 1938 by a series of tests on portal frames. In
1949 he described a method for calculating failure loads for multi-bay
.portal frames.

Thé proofé of the principles of plastic deéign were then independently
published by Greenberg (8) and Prager (9) and by Horne (10) in the late |
nineteen—fiftiés.

The plastic method of design of steel structures became widely
ﬁsed in Great‘Britain and in the U.S.A. In the last decade a rash of
publications became available on the topic of plastic éésign. The works of
B.G. Neal (il) énd Beedle (12) created further intefestfin plastic methods
of structural analysis and design. |

Plastic design theory for reinforced concrete - so-called "limit
design" is relatively new. Though the concept of basiﬁg design on the failure
load is almOSt-as old as reinforced concrete itselfﬁtheylimit design theories
were deﬁeloped only in the last two decades.

In 1894 the French engineers, Coignet and deTedesco (13) attempted
to calculate thé strength of simple supported beamé'even though they made
use of the assumﬁtion that concrete behaved as an elastic material up to
failure in compression.

In 1897, the curvilinear nature of the stfess strain relation was
first recogniéed when R.M.V. Thullie (14) formulated what could be called
the flrst true ultimate strength theory. Despite these‘earlier steps, the

elastic theory of working stress design was used for andther fifty years.



In the late 1940's A.L.L. Baker (15) published several papers on
the plastic behavior of concrete, and in 1956 he published a book
and gave recommendations for the plastic hinge design of reinforced concrete
beams. The book included the expression for calculating the permissable
hinge rotation. These expressions place severe limitations on the allowable
hinge rotations and have subsequently been modified.

ManyApaﬁers have been written about inelastic design of reinforced
concrete within the last ten years. In 1964, A.H. Mattock(16) studied
rotational capacity of hinging regions in reinforced concrete beams. His
work was based on test results of more than thirty beams with different
strengths of concrete, beam depths and yield points of reinforcement.

H.A. Sawyer (17) described a design method»for:concrete frames
with two failure stages. His design method was based on a bilinear moment
curvature relationship for reinforced concrete, and plasticity factors were
used for the distributions of moments.

An outstanding work on the limit design of continuous beams and
frames has been done by M.Z. Cohn (18). His optimum limit design procedures

incorporated convenient serviceability criteria along with the limit equili-
brium conditions, but left. the compatibility problem to a seperate
investigation. His paper included design tables and practical design
recommendations. |

The optimum limit design presented by Cohn is based on the following
assumptions and;reqﬁirements:

- reinforced coﬁcréte is an elasto-plastic material with limited ductility.
-~ the bending action prevails and therefore the effects of shear and axial

forces are negligible.



-~ the frame resists any load combination of less intensity than the
prescribed ultimate load.

- the critical sections remain within the elastic range for any combination
of ser;ice loads.

— 1in the critical sections the plastic rotations remain within permissable
limits.

The general solution of the problem stated above results in linear or
- non-linear programming techniques.which require considerably complicated cal-
culations. For practical purposes the author suggests a particular solution
of less complexity, as frame with equal yield safety and partial elastic design.’
The determination of the plastic rotations developing in plastic hinges under
various loading combinations is not treated.

Hiroyuki Aoyama (19) described moment-curvature characteristics of
reinforced concrete members subjected to axial load and reversal of bending.
Results of his tests and analysis were noted to have a significant effect of axial
load on moment-curvature relationship.

F. Beaufait and R.R. Williams (20) presented results of an experimental
stﬁdy of reinforced concrete frames subjected to alternating sway forces. In the
conclusion of a study in which seven frames were tested they noted that
placemenf of reinforcement at the joints is critical and the manner in which
continuity of the reinforcement is developed at the joints can and does have a
very definite influence on the behavior of the structure. Also, from the test
results there is an indication that a cyclic swaying of a frame, at a working
léad'or overload condition, does have an effect on the ultimate load capacity of

the structure.



Another study on reinforced concrete fraﬁes ﬁnder cyclic 1oads
was made by G.M. Sabins and R.N. White (21). 1In an'expérimental study 10
small scale models and two prototypes were tested.>.A$ declared by the
authors small scale models can be successfully used fbr studying the
detailed behavior of reinforced concrete frames.

K.ﬁ. Gerstle and L.G. Tulin (22) investigated-the behavior of
reinforced c&ncrete beams subjected to cyclic bending loads. Tests showed that

incremental collapse bcpurred under cyclic loading approaching the ultimate

load in magnitude, the actual shakedown limit being considerably in excess
of that computed by simple elastic-plastic theory.

The same authors (24) made an investigation of stress-strain
relation for concrete subjected to cyclic loadiqg. In the conclusion of

~ this investigation is stated that the ultimate strength of concrete is

decreasing.with‘ﬁumber of cycle of loading, while the pgfmanent strain
is incrementally'increasing. This behavior of concreie'seems to be of
significant iméoftance for shakedown analysis of reinforced concrete struc-
tures.

Though much has been done on this subject in the last decade, a
general design méthbd has not yet been developed and research on this subject
ié still in’thelprAgress in many laboratory and research:éenters all around

the world,

1.2 Scope of Résearch
The topic of this investigation is shakedown»qf reinforced concrete
frames, Shakedown theories are based on certain properties of material

behavior to which the steel structure approximates closely. An investigation



was made into under-reinforced concrete frames to study the necessary
ductility characteristics by the use of a detailed program.
Ce:tain basic questions were: How such reinforced concrete
frames behaﬁed under repeated cyclic loading? What:is the shakedown
- load as compafed with plastic collapse load and how closely is the behavior
of reinforcéd concrete frames to that predicted by plaétic methods of
structural analysis?

To answer.these questions a suitable experimental program was
necessary. The first essential decision was the choice of a test model,
'which would satisfy requirements of validity, and aécﬁrécy of test, which

would be close to the real structure, behave in a manner sufficiently
close tokthe theoretical structure and which could be fabricated under
iaboratory conditions. |
By co-ordination with another experimental research program
(23) in the same‘laboratdfy on reinforced concrete frames, a full-scale
model frame waé'chosen. A structure with high degree of indeterminacy
was preferablé.: Considering all the factors, the decision was made to
select a singlékstorey two bay frame with an approximate height of nine
’feet and a length of about eighteen feet. Two types of'tests were performed
‘ én this test modgl; Firstly, proportionally increaéiﬂglloads up to the
plastic collapse of the frame and secondly repeated cyclic loading to
investigate the shakedown characteristics were perfofﬁed; Because of the
essential importapce of knowing the moment-curvature characteristics of a
cross—section, cahtilever column tests were. performed.
Altogéther four frames and two columns were tested. Two of the

frames were tested under proportionally increasing loadé and the other two

were tested under.repeated cyclic loading.



Attempts to measure reactive forces were made, but not %ery
successfully. Deflections of the frame and deformations of the concrete
were meésured and used for evaluating the results. These wéré then compared
with vélues predicted by the simple plastic theory and by a more complex.
»solﬁtién of plastic collapse and shakedown.

AThis investigation, of course, does not answer many questions about
the subject, but some interesting conclusions and recommendatiéns for

further research are made,



Chapter 2

ANALYTICAL FORMULATION

2,1 Method of Analysis and Limitation

There are several methods for solving for~the;p1astic collapse
6r incrementél collapse of frame structures. All these'methods are based
on certain assuﬁftions and simplifications.

The first and most importanﬁ assumption is that the moment-
curvature relationshipfor a cross-section is such that the moment tends to a
maximum value‘with large curvature under elastic-plastic action. As a
consequence the curvature increases linearly with moment up to the so-called
plastic moment and then can increase indefinitely with the moment value remaining
constant. The concept of the plastic hinge is defined at a cross-section
as being an indefinitely high rotation under the fully plastic bending moment.
The existence of ﬁlastic hinges is the basic assumption for all methods of
plastic analysis.

It is generally assumed that geometrical changes are negligible
during loading and that the influence of axial and sheér forces can be
neglected.

A structure will collapse under proportionally increasing loads
at that value known as the plastic collapse load. This value can be cal-
culated by severgl‘methods described by B. G. Neal (11).‘

These me;hods are sufficiently simple an@ yet are accurate enough for
estimates of thé‘ plastic collapse load. Compared with the practical
conditions which odcur during the life of a structuré} there are some
unrealistic assumgtions which can seldom be satisfied, however.

The asSumption about proportionallf increaSihg loads is quite far

away from the practical point of view. The loads usuaily are not appliea



10

proportionally. During the life of a structure different combinations
of loads can occur. The assumption about proportional loading is in this
case on the unsafe side. The loads in practice are in certain ranges of values
and different critica1 load combinations can occur many times during the
life time of structures. Then even the most critical combination of loads
would be not sé dangerous to structures as differéﬁt combinations of loads
applied several times repeatedly.

An aﬁalysis which permits loads to vary within a prescribed range
in any possibleicombination has a more rational basis in design and prescribes
maximum permissable loads that are on the safe side.

During the 1life time of a structure some of the loads can be
applied in opposite senses on a structure and bending in opposite directions
can take place.in some of the members. Yielding of particular cross-
sections can occur alternately in tension and compression in the outer fibres.
In such cases, the failure of the structure can occur even though the collapse
mechanism was not developed and 1éad value can be less than the maximum
prescribed value. This case was described by J. F. Baker (7) as alternating
plasticity.

If theAloads vary in a prescribed value but in the same direction
permanent plastic deformation can occur after each cycle of loading.
There are two‘possibilities of behavior on such a case. The increment of
permanent deflection can decrease after each cycle and after a sufficient
number of cyﬁles of loading the structure behaves purely elastically. Such
a structure has shaken down. In the other case the increment of
permanent deformation stays fixed after each cycle and the failure of the
structure occurs as the consequence of secondary effects caused by high

deflection. The secondary moments could reach values in the range of the
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primary moments which lead to the earlier failure of the structure. This
typé of collapse is generally known as incremental~coliapse and was
described by J. F. Baker (7) as well as by B. G. Néal (11).

The highest value for shakedown load which refers to an infinite
nymber of cycl§s<ﬁ loading is, at the same time, the lowest value for incremental
collapse 1oad;. This critical value of load is calculated by analysis
intreduced by JJAF. Baker (7) or by B. G. ﬁeal (11).

It was generally assumed by the authors mentioned above that
incremental collapseof a structure will occur if sufficient number of plastic
hinges is deveioped in single cycle to transfor strﬁcture into collapse
mechanism when apblied simultaneously. This action is based on the assumption
that plastic égtion of some cross-sections of the strﬁcture_is taking place
uﬁder any combihation of loads and when these loads are removed a resi&ual
moment occurs at that section.

There are several methods to calculate shakedown. By using a step

by step calculation shakedown can ke evolved by tracingbout the loading

. history but this is not convenient for predicting either the incremental or
‘alternating plasticity load. ' For the problem considered here the incremental
collapse is more critical than is alternating plastidity;

A reagonable method for calculating the incremental collapse load
is similar to the method for calculating the piastic coiiapse load. Such a

v’mechanism metho& was originally developed by Bleich (6).' The first step is
to assume the incremental collapse mechanism and then thefvalue of load Wg
corresponding to it can be found. Aﬁ this value of Wg, .a distribution of
feéidqal moment would be attained such that when the maxiﬁum and minimum
“elastic moments'fof'ihis value of Wy were superposed d@ the residual moments
the fully plasticfmbﬁent would just be attainéd at each of the cross-sections

at which the plastic hinges occur in the assumed incremental collapse mechanism.
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If none of the extreme values of bending moments exceed the fully plastic
moment, it follows from the uniqueness theofem (A1), that the correct
incremental collapse mechanism has been chosen. Difficulties-in checking
the mqhents at critical points other than the plaétic hinges arise.if the
'incremental collapse mechanism is of the partial type, because of the statistica
indeterminancy implicit in collapse.

The method of combined mechanisms as developed by B. G. Neal (11)
 fulfills the same role in the galculation of incremental collapse load as
| the corresfonding method fulfilled in the caléulation of the plastic collapse
load. There are no additional difficulties when mechanisms of the partial
type are encoﬁntered. The method differs from the method of combining
mechanisms for_calculatingkplastic éoliapse loads only in details of its
application, The method is'closely detailed in Section 2.4.

All‘the methods mentioned above are applicable to steel éfructures,
and seem to be applicable to any structure possessing a moment-curvature-
relationship of elastic~plastic materials. Though the behavior of the
reinforced concrete cross-section during the loading is much more complicated
' than is the behavior of a steel cross-section, the fulfillment of certain
conditions on the reinforced concrete étrﬁcture can be analyzed by a similar

approach as that for the steel structure.

.2.2 Plastic Collapse

The method of combining mechanisms was used for calculating the
plastic collapse load for the frame shown in Figure 2.1. This method will.
now be illustrated on the example which symbolizeé the frame model used in

this study.
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Fig. 2.1. Frame loading and collapse machanisms.
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The dimensions of the frame and the relative wvalues of the applied
loads is shown in Figure 2,1, a. The positive moment and positive rotation
of.hinges is considered when the fibres on the side of the dotted line are
under tensiénc

The first step is to find all independent;collapse mechanisms.

The computationsassociated with the combined and independent mechanisms are

given beloﬁ. The plastic collapse load was then calculated from the
virtual work equations and the smallest value was taken as the correct one.
The virtual'work equations and calculation of load values " corresponding to
the mechanisms shown in Figure 2.1 are as follows:

Left beam mechanism Figure 2.1,b: 4 Mp x 6 = 2 x W x 4,15 x 6

W = 0.482 Mp
Right Beam mechanism Fig. 2.l,c: 6 x Mp x 8 = 7/4 x W x (6.225+2,075) x @
W= 0.413 Mp
Sway mechanism Figure 2.1, d: 6 x Mp x 8 =’3 xWx7.5x86
W = 0.266 Mp

Combined mechanism Fig, 2.1, e: 8 x Mp x © = W x (3x7.5+2x4.15) x ©

=
il

0.2597 Mp

W x (3x7.5+8.3x7/4) x O

Combined mechanism Fig. 2.1, £; 11 x Mp x 8

W

i

0.297 Mp

The correct collapse mechanism is the one shown in Figure 2.le since
it gives rise fo the smallest value of plastic collapse load. For a plastic
momeﬁt value of 312.0 inchkips the plastic collapse load would be 6.75 kips.
The value of Mp relates to the experimental cross-section and is developed in

Section 2.3.
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Thg vélidity of this result was proven’bjiﬁracing the loading history
"step by step Jhti1 the same plastic collapse load and the same collapse
mechanism were reached. In this loading increment appfoach the elastic
solution is obtaiﬁed. The Cross-seétion with the highéstvmoment value is
_assignéd as the:first plastic hinge and .the elastié aéélysis is repeate&
‘while the structure is considered as ha§ing a naturai>hinge at.that cross-—
‘section. The'momént values are then multiplied by a COéfficient such that
‘when added to the previous moment distribution some othef secti&n just
-reaches the value.of Mp with all other critical pointéAless in magnitude
than Mp. The pr@éédure is then‘repéated untillthe'cOllﬁpse mechanism is
developed. Thdﬁgh this method is not very practical fof"calculating the
plastic collapse load, the deflection of the frame at aﬁy-stage of loading
één be easily'dgtérmined. A computer progfam was ﬁri;tén for this purpose
so that the effect of load increments applied to almoétgany current state
could be established. The sequence of hinge formatidﬁ and the consequent
load-deflection cﬁrve were obtained by this method fdf the frame model
shown on Figu;e 2.2. The value of the plastic moment-coﬁsidered in cal-
culation was 300.0 inch-kips takeﬁ for convenience, 
Fof:estimating the deflection at incipient collapse the method

of plastic slqpe—déflection equations was used. Thisvmétﬁod had been
bproposed by Symonds and Neal (11) in which it is assﬁmed that the moment-
.curvature is of the idealktype with the.spreading of piéstic zones along
the members neélected. The method is similar to‘that;féffthe elastic
solution. with -the i:;'incipal difference being that at éé‘ch. cross-section
where a plasti§ hihge underwent rotation, the bending'moment is known to have

the plastic moment value but where the pléétic hinge rotation remains unknown.
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In the wholly elastic frame the bending moment at the cross-section would
be unknown but the hinge rotation would be zero. For our case the
prediction is based on the assumption that for the last hinge to form
thgreﬁis a rotation of zero at the point of collabse.
The method of plastic slope-deflection will now be demonstrated on
‘the example which symbolizes the frame model used in this work. The
positive moments and positive rotation at the ends of the member are

. shown on Figure 2.3,a. These rotations can be shown to be given by the

slope-deflection equations:

b il

R |:2(MBA M) = Ot - MiB)]

F
where MAB and M§A are the fixed-end bending moments which would be produced
at the ends of the member if it were subjected to the same loading but both

ends were held clamped in position and direction. The plastic moment M_ was

P

for the frame shown in Figure 2.3,a, considered to be 300 inch-kips throughout
" the frame. The value of moment of inertia I and modulus of elasﬁicity E were
taken from Section 3.4. The deformation‘Of the frame during the collapse

was assumed as is shown on Figure 2.3,c. The plastic slope-deflection

equationé for this frame could be written as follows:

0. =8 490 \ZZ(MF 2—(M21—MF;J

1,2 90 6EI ’ 2,1
_ 90 2  -MF ) - ~—MF%

6. = _§_+___[

2,} 90 . 6EL 2,1 2,1 1,2 1,2
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c, Deformations in the time of collapse.

Fig. 2.3. Rectangular. two-bay pbrtal frame.



19

6 .= 149 [Z(MZ,B - M§,3) - My, - M];,z;l
2,3 50 BEI

! Vi, 0 E(M3,2 - Mg,z) - My 4 @,3ﬂ
3,2 50 6EI

|

o . | F ‘
RN AP P I AP A
547 %0 Tem = ’ ’ ’
b, o= Y1430 20"‘43“”23)‘(”34"34;!
“3 50 eEr ’ ’ ’
~ P F
%5,6" ot o M6 75,8 T Y5 T Mlé?,sgl
. ) F
%5~ o5t oor E(Me,s - o - o -t O]
- F
4,8 55 * 3= [Z(MLB - - o - ¥ )
. F R
8,77 o - [2(M8,7 i} M§,7) - My e " M7,8)]

F
%, 15" 22‘% E(M8,9 — Mg g) - (Mg g - Mg,a)]

4 = Y2 100 o, - %9 - Gt 4 - 5, 9)]
2,8 100 6EI

The fixed-end moments for all members

except the member between critical points‘S and 9 are zero. The value of
fixed-ends mdments for member 8-9 is calculated in Appendix A2 as well as
slope-deflection equations being assessed numerical values.

‘The last plastic hinge to form was found to be at critical
pOinﬁ 3. Consequently the rotation of joint 3 was considered equal
to zero. The joint rotations in terms of member end rotationsis given on
the next page. The subscript refers to the joint location as shown in Figure

2.3 a.
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By solving the equation (3) for zero joint rotation the deflection
v1 is obtained. ‘By substituting this value in equation (2) the horizontal
deflection is obtained. As shown in Appendix A2 the horizontal deflection
thus obtained is 2.19 of an inch. By substituting already known values
into the equations for joint rotation shown abovea.c@eck of the sign of joint
" rotations can be made. If the signs agree with signs considered in the collaps

mechanism the solution is correct. A checkof signs for this case is shown

in Appendix A2 and validates the assumed behavior.

2.3 Limit Analysis

In this secfion the necessary limitations of plastic analysis
implicit in reinforced concrete behavior will be discussed. It is obvious
that the most important characteristic of reinforced concrete in this case

will be the moment-curvature relationship. As it is generally known from
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ultimate strength theory of reinforced concrete the percentage of steel

in the cross-section has a significant influence on the moment-curvature
characteristic. The transition between under and ovéf reinforced sections
is a gradual one in terms of an increasing proportion of reinforcement.

A convenient dividing line is that of the balanced reinforcement ratio

which is defined in the ACI Building Code (26) as:

0.85 kl £! 87000
c

Py

f 87000 + f
y y

where coefficient kl is equal to 0.85 for fc less than 4000 psi and is

decreasing by 0.05 times the difference for fC higher than 4000 where fc is the

compressive strength of concrete and fy is the yield :strength for reinforcement
For this case when fc is taken as 4850 psi and fy=60,000 psi the balanced

reinforcement ratio Pb is 3.287% when kl is:

kl = 0,85 - 0.05 (fc - 4000) = 0.8075

1000
The basis of limit analysis lies in the ability of a reinforced

concrete section to sustain a given yileld moment while permitting a con-
siderable increase in local curvature. It follows that the moment
curvature curve at the critical points in the frame should be close to
the ideal type mentioned previously. Such characteristics are based on
the under reinforced section which is generally recommended for limit
design.

The percentage of reinforcement p is defined as:

Ag 0.88 .
P~ Txd- 8x 6.625 1-66%

AS =v0.88 si for two #6 bars
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.whére AS is tﬁe7tension steel area, b is the width of the section and d is
the distance from compression face of the section to the centroid of
tension’steel. The cross section is shown in Figure:3.6;

Thé moment-curvature curve for this seCtiqn:was calculated and
was plotted in Figure 2.4. The curves shown dotted'afe_the moment curvature
vcurves of the éame'section with different.éxial foréeb?; The basic curve
is for axial forcg eqﬁal to zeroc. The hooks in the lower part of the curves:
are}due‘to the instability condition at the point of the crack formation.
The influence of axial force on the value of the plastic moment was so
significant that it could not be neglected. Fortunately, the relationship
between the plastic moment Mp and axial-force P was very close to linear
in the range of axial forces occurring on tHe frame during the loading. This
relationship is plotted in Figure 2.5. If the lower part of the moment-
‘curvature curve had not been considered, the moment—cd;#ature relationship
would have beeﬁ fairly close to the ideal type. This behavior formed the
- basis for utilizing plastic methods where appropriate.b‘Thé moments which
caused cracking at the cross-section were low comparea‘With the plastic
ybmoments and therefore the influence of cracking was neglected.

The mefhod which was used for tracing behavior during loading
history was adjusted to take into account the 1nf1uencézof axial force.

This adjustment was provided by iterating the plastic moment value with the

axial forces, -Firstly, the forces were calculated due to the load at first

hinge formation,,ﬁhile/the plastic moment value was assumed equal to that
for zero axial'farte."Then a set of new values of p;astic moment were

calculated due to the obtained axial forces and the proéédure was repeated.
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Iteration was quite rapid and in the calculation used in the computer program
five cycles were performed. The following Table includes the plastic
moment values Mp for columns and beams cross-sections of frame during the

five iteration cycle when the first plastic hinge is forming.

Table 2.1

No. of Cycle Plastic Moment Value Mp in Kips—Inch

of iteration | First Column| First Beam|Sec. Column|Sec. Beam|Third Column
0 | 312.000 - 312.000 312.000 312.000{ 312.000
1 | 312.223 314.469 315.381 315.275 314.287
2 ' 314.804 343.056 354.524 328.034 340.773
3 315.059 345.879 358.389 329.492 343.388 ‘
4 315.084 346.158 358,771 329.636 343.647
5 315.086 346.185 358.809 329.650 343.672

The load-deflection curve obtained by this method is shown in
Figure 2.2 by the dotted curve. Comparing this curve with that for Mp
independent of axial force P the importance of influence of axial forces
_on the behavioroftthkﬂe frame is obvious. The obtained plastic collapse
load was at least 117 higher than that obtained by the method of combined
mechanism ., Also the plastic hinges formed in different sequences.

The computer method for a step by step calculation is desctribed

in Chapter VII.

2.4 Incremental Collapse and Shakedown
In thé‘previous section, the behavior of the frame structure
under proportionally increasing load was described. The failure of the

frame was caused at the plastic collapse load and is called plastic collapse.
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Another type of failure may occur when frames are squected to variable
repeated loading. If duting loading a number of critical combinations of
loads follow one another in fairly definite cycles the structure may either
shake down or else fail by incremental_collapse.

If the increments which occur in the rotation at plastic hinges
during sqbsequent cycles of loading become progressively smaller as the
number of .cycles of loading increases, the structure is said to be
shakingdbwn.

If, on the other hand, the increments of rotations taking place at
plastic hinges during subsequent cycles of loading tend to be constant and
a sufficigntvnumber of cycles of loadiﬁg takes place, unacceptably large
deflections will be built up; the structure will then accelerate to collapse (27

A value of W above the critical shakedown value Wg will give
rise to incremental collapse and the lowest such value is referred to as the
incremental collapse load. It follows then that the incremental collapse
load-and the shakedown load are virtually identical.

The uniqueness fheorem of incremental collapse as presented by
B. G. Neal (11) is included in Appeﬁdix (Al). According to this theo?em

equilibrium at each critical cross-section can be expressed by the equation:

ny +yn(§ﬂx

M ). if rotation 9. >0
P ] k|

(2.4.1)
o, + MM - _) 0.<0
h 3 pi - h|

where m, are the residual moments at critical point j,/%{iare the elastic
\

moments and Mp is the plastic moment value for cross-section at critical

point j. The moments are considered of the same signs as the rotation 0.
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The incremental collapse load WS was calculated by using the
method of combining mechanisms. Since the mj are in equilibrium with
Zero externai load, and the Oj represent a set of hinge rotations

for a mechanism, it follows from the Principle of Virtual Work that:

T m, ©,=0 (2.4.2)

max
(MP) h| _M i

min
M) 5 "M j

Since the mj are known from theAequationk(Z.A.l) and thg/{?ax
andvki?ln are all known in terms of W, the equation (2.4.3) will determine

the value Ws~of W above which incremental collapse would occur.

Since the approach is similar to that described in the
previous section.for combined mechanisms the method of plastic collapse
defines the smallest value of W as the incremental collapse load WS

and the correspbnding mechanism as the incremental collapse mechanism

The elastic moments can be obtained by any of the elastic
methods. In this case the matrix method was used. Table 2.2 includes
the elastic moments for critical points of the frame model. The
maximum and mihimum value of the moments apart from.the case of zero

load were obtainéd and are entered in Table 2.2. Positive moments



LOAD MOMENT IN CRITICAL POINT  [iN-KIPS]

[%;_% ] 2 4 5 6 7 s | s | w0 2 | 13

IW—= 4067 {2782 |0.336 |20 | 2.088 |4.198 |0.863 |-1531 |-2.735 |3.987 |-4.734
2W ¥ (0513 |-1.226 | 2614 |-1.846 |-0.694 |1.151 |-0.491 |-0.084 |0.119 |0.036 -0.671
35w} }|0048 | 0453 |-0375 |-0904 |-2413 |-1509 | 1410 |1.813 |-1608 |0.608 | 0878
MT3X | o561 | 2,935 |2.950 | 2088 | 5,349 |2293 (1813 |oms |4631 | 0678
M’”"” L4063 |-1.226 |-0375 |-4.860 |-3107 |-1509 |-0491 |-1615 4343 |0 |-5405

Elastic Moments in Critical‘Points for Given poad as a Function

Table 2.2

of Logd W.

Q7
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incremental collapse of frame.



were considered which caused tension in the outside fibres of
the cross—section on the side of the dotted line as marked in

Figure 2.6,a.

Considered incremenﬁal collapse mechanisms are shown
in Figure 2.6, b, c. These two mechanisms give the most critical
value of W. Therefore, the dther mechanisms are not included.
From the sway mechanism on Figure 2.6, b the equilibrium of the

residual moments on the frame can be expressed.

_ -m1 + m2 + m7 - mll + m12 - ml3 = 0

Referring to the equations (2.4.2) and (2.4.3) the equation above

can be written as:

A min max max min max min _
-Ml "Mz +M7 '//(11 +/1’{12' 13 - oM

In numerical values:

W (4.063 + 2.935 + 5.405 + 4.343 + 4.631 + 5.349) = 6 Mp

3V

for which the load W = 0.2245 Mp. Similarly for the combined mechanism

of Figure 6,c the following equation can be written:

*ml + 2m4 - m5 + m7 - mll + m12 - ml3 =0

W is then equal to 0.229 Mb.
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Because of a lower value of W for the svaycollapse mechanism the

incremental collapse load was assumed as 0.2245 Mp and this mechanism was theref
the incremental collapse mechanism.

K The step-by-step calculation as described in the previous section
was used also for calculation of incremental collapse. In this case it was
necessary to estimate a load combination forming a typical cycle of loading.
Due to the method described above the incremental éollapse mechanisﬁ was
" known. Wifﬁ respect to this collapse mechanism the most efficient load
combination ﬁas chosen after determining which combination had to be incor-
porated in a cycle. Since the sway govern;, the critical points to be
considered are 1, 2 (or 3), 7, 13, 12, and 11 (or 10). Peak elastic
moments need to be considered at critical points 2 (or 3), 7 and 12, while
minimum values are associated with critical points 1, 13 and 11 (or 10}.
Then, for example, the load combination on Figure 2.6 e, associated with
critical point 7 for peak moment 5.349 W and for minimum moment with critical
point 13 where the minimum moment is -~5.405 W as can be seen from the Table 2.2.
The load combination which is considered inthe stepby step calculation is
shown on Figure 2.6, d, e, f, and g.

The calculation for. each loading ﬁas similar to the proportional
loading case except that actual plastic moments and lodd values were
considered. When loads reached then prescribed values, some of the critical
cross—-sections developed plastic hinges.A The calculation procedure for unloadin

was then followed. The unloading was considered as. pure elastic changes
to existing bending moment distributiqu;du; to the same loads but of opposite
signs beingapplied on the frame. The resulting moments were residual moments

and they were considered in the following load calculation procedure. The
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calculation procedure of loading and unloading was repeated and incremental
collapse was determined in the cycle in which ‘ail plastic hinges
forming the incremental collapse mechanism were develpped.

Table 2.3 includes moment values of éritical points
obtainedbya step~by-step calculation for the frame sﬁan in Figure 2.6,a.
The plastic moﬁent value was considered to be 300.0 inch-kips. The Table
‘includes the maximum value which occurred at critical.sectionsduring a
‘cycle: and the résidual moment at critical points afﬁer the cycle was com-
pleted. The table refers only ﬁo the criticai points_involved in the
incremental collapse mechanism. The most interesting critical point is
2 where the maximum_moment is increasing by every cycie until the plastic
ﬁoment is reécheda The incremental collapsé calculated by this method
occurrediﬁ the.213t cycle when all plastic hinges associated with the incremental
collapse mechanism occurred during this cycle. The inctemental collapse load
W. considered in this calculation 1s 0.2245 Mp, which is the same as the 1oad
obtained by’the'ﬁethod of combined mechanisms.

By considering the same plastic moment valﬁ§ §eyeral different
values of load W Qere considered and an interesting felaﬁionship between
the load value W for incremental collapse and number of cyclas necessary:
for incremental'collapse was obtained. The curve of léad W - number
of cycle relationship,is plotted in Figure 2.7 and the horizontal
deflection - number of cycle curves for different valuesof load W - are
shown in Figure'2.8. Table 2.4 includes. theoretical ﬁiﬁée formation for W=

5.6 kips.



MOMENT IN CRITICAL POINTS (IN-KIPS)

CYCLE
1 2 13 7 12 11
MAX | R | MAX R MAX R | MAX R MAX R MAX R
1 |-300.0 [-33,8229.7 | 31,0 |-300,0 {+23.6 |300.0 | ~37,2'300.0 [~15.8 |-300.0 | -11,8
2 [~300.0{-31.8 2442 | 47.0|-300.0 | 31.9 |300.0|-39.7 | 300.0 |-15.8 | ~300.0 | - 8.7

3 -300,0 | ~31.3 | 256.6 | 59.7 [-300.0 | 39.5 |300.0 | -43.6| 300.0 |-15.8 | -300.0 | - 7.9
4 -300.0 |{ -31.1| 266.4 | 69.5|-300.0 | 45.3 |300.0 | -47.2 | 300.0 -15.8 -300.0 |- 7.7
5 ~300.0 | ~-31.1| 279.8 | 83.0}|-300,0 ! 53.2 |300.0{-52.6 | 300.0 |~15.8 | -300.0 |- 7.6
10 |-300.0 |-31.0{ 292.5| 95.8 |~300.0 | 60.7 |300.0|-57.8 { 300.0 |--15.8 |-300.0 |- 7.5
15 *300;0 «28.8 | 297.8 | 100.9 | -300.0 | 62.5 |300.0 | -59.0 | 300.0 |-15.8 | -300.0 |- 7.7

20 {-300.0{-27.6 | 299.9 | 102.7 | -300.0 | 63.0 |300.C |-59.3 | 300.0 |-15.8 | -300.0 |- 7.8

21 {-300,0 | ~27,5 | 300.0 | 102.8 | -300.0 | 63.0 |300.0{-59.3 | 300.0 |-15.8 |~300.0 |~ 7.9

MAX Is the maximum moment which occurred at critical point during the cycle.

R Is the residual moment in the critical point at the end of loading cycle.

TABLE 2,3  MAXIMUM AND RESIDUAL MOMENTS DURING THE CYCLIC LOADING FOR Mp = 300.0 IN-K.

€€
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2.5 Shakedown of Reinforced Concrete Frame

In 6fder to analyée the shakgdown of a reinforced concrete
frame it is necessary to investigate the moment-curvature characteristic
of the cross—section under repeated‘loading. Thé repeatability of the
" moment—-curvature curves would be the basic requirement for analysing for
the shakedown in a conventional way. An experimental and analytical
invesfigatioﬁ of moment-curvature relationships for repeated loading as done
by Hiroyuki Aoyama (18) pfedicted the moment-curvature curves for different
reinforced concrete cross—sections subjected to repeated reversed bending
and axial force.: Thé Bauschinger effect of feinforcing steel and the
tension in the concrete were neglected. The results show quite good
agreement between the theory and the test résults. The moment-curvature
curves weremmeorléss spindle-shaped with the same slope in the elastic
part of the curves . This requirement was met in the test program described
in this work and therefore theiframe is.suitable for shakedown analysis.

The assumed moment-curvature relationship as finally considered
is shéwn on Figure 2.4. Complete reversal of bending moment did not
occur in any of the critical cross—sectiéns, although in the middle column

small reversed bending moments were expected.

The step by step calculation as described in the previous
section but includiﬁg the influen&e of axial forces was performed for the
prediction of the incremental collapée load and for analysing shakedown.
It is obvious that the value of the incremental collapse load obtained
by thisbmethod of calculation was considerably Higher than that obtained
by the method of combining mechanisms. The difference was about 5%.

f

The influence of axial force in the calculation was of the same
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manner as in the step by step calculation for plastic collapse as
described in section 2.3 and shown in Figure 2.4,
The fheoretical curve for the number of cycle—incremental

collgpse load is shown in Figure 2.7 as marked by the dotted curve No. 3.

| An attempt to trace the deformation in the frame during a
cycle was made by the method based on the moment-curvature relationship
under repeated loading. Moment values obtained by step by step calculations
were used for the calculation of correSponding deformations. Three
types of curves were used in this calculation dependent on the stage of loading
The first type was for the uncracked section as shown in Figure 2.4.
and was used only for the first load application. The second type was
for unloading and was actually the moment-curvature relationship obtained
by the method of transformed area. It was assumed that unloading was
provided by only elastic linear changes. The third.type was the curve
corresponding to the already cracked section in which the influence of
tension in the conérete was neglected. This curve was of a similar
shape as the curves in Figure 2.4 except for the lower part of the
curve which was in this case smooth. All of these types of curves are
shown in Figure?le in Chapter VII. The calculation procedure consisted
of determining theﬁcorresponding curvature for a given moment and the
strain distributioh over the section. In the case of unloading the
corresponding straiﬁ distribution to thé moment change was calculated and
then subtracted from the previous strain distribution. The strain
distribution was added or substracted as a consequence of loading or
unlecading. The computer technique was used for this calculation and the

computer program is described in Chaptef VII.
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A véry important factor for describing the behavior of the
reinforced concrete frame was the effect of 5oint stiffness due to the.
addition of stirrups and fhe placing of 1ongitudinal'reinforcement.

This effect is described in Section 6.6 and in Chapter VIII, but cbuld
not be included in the analysis because of implicit complications

arising there from.



4

Chapter III

TEST FRAMES AND COLUMNS

This chapter includes the description of the test specimen
selection of the test specimens in detail. The modifications resulting
from the test procedures are also described in this chapter, while the

details are described in Chapter VI.

3.1. General Characteristic

In the selection of the test specimens several aspects were
considered. An important one relates to the theory of plastic analysis
in termsggf hinge formations and consequen£ mechanisms. A 2nd criterion
which pertains to concrete structures generally concerns the reinforcement.
To justify plastic methods of analysis to reinforced concrete frames the
cross sections at the éritical'points must be under reinforced.

"~ Another important aspect was the limitation imposed by laboratory

facilities and the endeavour to minimize errors caused by inaccuracies.

Referring to the theory of plastic analysis three aspects
influenced the selection of the structural model.

Firstly, @;;ﬁctures withﬂa higher degree Qf indeterminancy
were preferred for the structural model because of more plastic hinges
required to form the collapse mechanism. Sucha structure would give a better
opportunity to study plastic hinge formation and collapse mechanism
formation.

Secondly, the ratio between the plastic collapse load and
incremental collapse load had to be conéidered. A structure with a high
ratio was preferred since it could better be used for the demonstration

~of shake down.



41

Tﬁirdly, the structure for which the plastis collapse load
- mechanism is different from the incremental collapsé‘load mechanism
would be preferable to distinguish between the two modes of collapse.

In order to simplify the analysis the same. cross-section was
chosen for beams and columns. Regarding the ultimate load design, a
reinforced ratio of 1.66% was selected. The section ha& a moment curvature damcte
istic close to that for ideal elastic-plastic material at initial loading.

Tojjustify a simplified shakedown solutioh ts reinforced concrete
structures it was imperative that repeated load testsvbé conducted on
a cfoss=séctios to trace out the moment-curvature history. The basic
sssumption governing the conventional shakedows apprbsch-assumesvthat
the same momen;klimits for positive or negative curVa;ure apply and are
presumed to be indepéndent of the number of loading cysles. The proximity
of this assumption with actual behaviour was studied. A column with a
fixed end base and the same cross-section as the test frame
‘was cliosen forstudying momeﬁt—c‘urvature cha‘racteris'tis for chosen sections.
The theoretical moment-curvature characteristic for the chosen section was
discussed in séctions 2.3 and 2.5 and 1is plotted in Fig. 2.4.

The availability of sufficient laboratory spaéé and ‘equipment
provided a gosd spportunity for fabricating and tésting.full sized models,
to. reduce dimensional errors. The spacing of holes for snchorAbolts in
the test floor is 3 feet, center to center distance and this fact suggested
a nine foot span distance per bay.

For simplicity of geometrical form the one stsry two bay frame

was chosen with equsl length of beams and columns.
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The loads applied were considered to act as point loads.
These included a horizontal load at the top of the left hand column
and vertical loads, one in the middle of the first beam‘(first bay
is the one gloser to the horizontal load and the secondAbay is the one
under two poin;é'load) and two at the symmetrical quarter points of
the span of the second beam.

The Ewo point loads in the secon& bay were chosen to
approximate uniformly distributed load. |

Ratiqnal limits to the independent loads were calculated by
pérforming simple shakedown and plastic analyses to cause different
collapse mech#nisms. At the same time cognizance was taken of realistic
values to be fouﬁd iﬁ practice. Upper limits to the~c9éfficients of
some parameter W for%the individual components of load were 3 for the
horizontal, 2 for'thé vertical in the first bay and 3.5 (2 x 1,75)
for the two poinf vertical loading in the second bay..

For the purpose of initial calculation the ;olumn bases were
considered fixed; From a practical point of view the stiffness of the
column bases w;s‘madq as large as possible in the experiments in order
to justify neglectiné the influence of rotation of thelbases on the

frame moments.

3.2. Geometrical Properties

The scheme‘Of frame and column models are sﬁoWn in Figure
3.1 and 3.2. ,Iﬁaccuﬁacies in length were *1/8 of an inth. The cross-
section of a typical%column or beam is shown in Figure 3.3,a. Four
number six bafsvcbmpﬁised the longitudinal reinforcement and yas placed
symmetrically iﬁ the section. The concrete cover over longitudinal

reinforcement was one inch.
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Number two bars were used for stirrups aﬁd they were placed
at three inch éentres in the beams and at six inch centres in the columns.
The theoretical lengths of members was considered as clear
distance between columns for beam length and distance between the end
of the wideflange Ease and the inside face of beam for the length of
the column.
. .On.this basis the height of the frame was 90 inches and the

bay width was 100 inches.

-Oi ='o
° S
Y |
Vi - T AT T
“ “ ’
FIGURE 3,1 SCHEME OF TEST MODELS

3.3 Material Properties

The concrete mix used, as shown in Table 4.lwasidentical to
that used'in University of Toronto columﬁ test series and on other
concrete work in McMaster University (23).

Cylinder test results are included in Appendix A3.>Twe1ve
cylindrical prisms were cast with each frame. A slump of 2.2" to 3.5"

‘

was sought.
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In the case of frame model BF-1, two shrinkage prisms were
cast to obtain approximately the value of shrinkage.

Cylinder tests ﬁere performed at seven, fourteen and twenty-
eight days and at the conclusion of testing for shakedown load test,
which lasted several days. Concrete stress—strain relationships
obtained from cylinder testsare shown in Figure 3.4.

The behavior of the reinforcing steel under uniaxial tension
was ideally elastic-plastic up to a strain of 0.005. Subsequent strain
hardening caused the stress to increase with strain. The stress-strain
relationship obtained from tensile tests of reinforcing bars is shown
in Figure 3.5..

Local heating with an acetylene torch was used in bending the
longitudinal steel for the first case (frame modei BF-1). This process
was accomplished by gripping a section with two pipe wrenches and then
turning one wrench relative to the other to produce a 90'degree corner.
Because of a brittye failure of the reinforcément during the first frame
test, a number of tensile tests on the reinforcement subjected to various
degrees of heat treatment were performed.

~ It was concluded that the heat treatment used in bending the

bars for the cage did not likely affect the strength of the steel or its
behavior alone. The deformation caused by bending around a small radius
in combination withthe heating process could have produced micro-cracks
on the tension sidq of the cormer. This condition was probably the cause
of the failure in the first test frame.

| From the heat treated tensile specimen the yield strength
of the reinforcing steel was found to be 59,800 * 500 psi and the

ultimate tensile strength was found 109,500 * 700 psi. A series of bars
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were bent to a radius of about 2" and then straightened by heat treétment
b& procedure similar to that mentioned for longitudinal reinforcement.
Tensile tests on some of these produce strengths close to those above,
while others fractured at considerably lower stress levels. By
observation of the bent  part of the specimen the presence of a crack
was observed which led to the conclusion mentioned above.

Further, tensile tests were performed in order to determine
the yield strength, ultimate strength, and modulus of elasticity of non
heat-treated number six bars. Te;ting procedure as weil as test results
were described by R. Danielsen (23) in his thesis. Thus, obtained value
of yield strengthwere 59,000 * 500. psi, ultimate strength 108,500 * 1700

psi and modulus of elasticity (29.6 * 0.6) x lO6 psi.

3.4 Gross Behavior
The cross}section, which was the same for columns and for the

beams, is shown in Eigure 3.3,a. The size 8 x 8 inches was the same for

all test models. Tbe'symmetrical four number six bars were covered by one

ere placed in the same position in cross-sections

'inch concrete and w|
throughout the whole model.

With 1.66jpercentage of reinforcement this cross-section was
under reinforced ias recommended by limit.analysis.

By using.Fhe method of ultimate strength design (25) the

ultimate moment of this cross-section could be calculated as follows:

Ecc 0003
2 0.88 sq.in -
A | - ' 085 f. .
e 0 _[1375in EAZ/ X =l E =*
LA I T -2 G
5.25in
1 Ts
© © 375in_/ ot 7]
8" 3
|

Fig. 3.6. ULTIMATE STRENGTH CONDITION FOR CROSS-SECTION
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k, = 0.85 - 0.05 (f& - 4000) = 0.8075  for fo = 4850 psi

1000
a= kl X
Cec = 26.6 X - 4.26
Cg = 7.8 -10.75
X

Tg = 52.7 KIPS S for fg = 60 ksi
Tg = Cg + C¢
X =(2.043 in

=0.197 in
THEN

Cg = 2.5£“KIPS Cc = 49.94 KIPS
ULTIMATE MOMENT CALCULATED TO POINT "A"
M, = 303.9 (IN—KIPS); The reader is referred to Fig. 3.6.

Even this préliminary calculation gavé fairly accurate results
of plastic moment values. Amorerealistic approach for 6btaining the plastic
moment value is whgn the stress distribution is considered as a function
of strain. This aﬁproach is mentioned in Section 2.3 and acomputer method
of calculation is Qescribed in Chapter VII.

As the pﬂastic moment ,the Value of moment transferred by the
cross-section when compression strain reached the ultimate strain 0.003
was assumed. The Affect of strain hardening was not considered and
was not investigated.

Due to the present ACI code the modulus of elasticity for

concrete was assumed as follows:



1

Ec W

Ec =1

1.5 ¢33 £ for W

N

145 1b/sq.ft.

n.

and £, = 4850 1b/sq.in.
457> x 33 J4850 = 4000 kips / sq. in.

The moment of inertia of section was calculated for a cracked

section, as follows:

A, =2

1l

>
t
]

I

A =
wW.S

X =16

.043 x 8 = 16.35 sq. in,
0.88 (m - 1) = 5.49 sq. in.
0.88 xm = 6.37 sq. in.

28,21 sq. in.

——

I=1
12
+

cs

Ats

ws

.35 (6.625 ~ 1.0215) + 5.25 x 5.49 = 4.26 in.
128.21
.3, 2 2
x 8 x 2,043” '+ 16.35 x 1.3435 + 5.49 x 0.99

6.37 x 4.26% = 150.63 in.%

is modulus of eiasticity for concrete

is the density of concrete

is the ultimate stress of concrete

is modulus of?elasticity for reinforcing steel

is area of coﬁpression part of concrete

is transform.area of compression steel

is transform area of tension steel

is the diStancb between centroid of cracked cross-section and
centroid of tension steel

is transformed area of whole cracked cross-section

is moment of inertia of cracked cross-—-section
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Chapter 4

FABRICATION

In this chapter the test frame and test column specimen

are described in detail including the method of fabrication.

4.1 Test Frame and Test Column Details.

The full scale models as shown in Figure 3.2 were fabricated
in the laboratory by using available laboratofy equipment.

Longitudinal reinforcement consisted of four number six bars
bent in the corners to a radius of 5.5 inches and welded to steel end
bases. The number two bars were used as stirrups and were fie& to the
longitudinal'réinforcement to‘hold reinforcing bars in the correct
position in the se¢tion. A typical cross—-section is shown in Figure
3.3,a. |

In order to stiffen the cormers, additional reinforcement
was placed in the dorners as shown in Figure 4.1. Number four bars were
used for this purpgse and they were placed in the plane of the longitudinal
reinforcemeunt in thHe case of frame BF-1 as shown in Figs. 4.1, a, b, ¢ and
Figure 4.2 and 4.3, For the remaininglframes the corner reinforcement
was placed approximately the same way as shown in Figure 4.1, d, e and f.
These-bars were tied by wires to the longitudinal reinforcement and formed
an integral unit with the cage.

The end}bases were made of eight inch deep wideflange steel
sections. in the éase of test column C-1 the end base used is shown in
Figure l6a. This tiype of end base was redesigned and additional reinforcement

was welded onto the flanges and to the wall of the wideflange section as
|
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Cage of Frame BF-1, Middle Joint.

Fig. 4.2

Cage of Frame BF-1, Right-hand Corner.

Fig. 4.3
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illustrated in Figure 4.4 and 4.5. Also, the longitudinal reinforcement
connection with the end base was improved by welding it to both sides of
the wall of the wideflange section. In the caselof frame BF-4 the
longftudinal reinforcing bars were welded also to the thick steel plate-
of lower base as shown by the dotted line in Figure 4.4,b.

For the test column the same type of reinforcement and the same

end bases were used as for the test frame.

4.2 Form. Details

The‘forms for casfing were constructed of 9 x 4 x 1/2 inch
angles bolted to a 24 x 1/2 inch plate below. Numerous hole regimes
were drilled in thq plate to allow casting of frames of different cross-
sections. The secﬁions could vary from four to sixteen inches in depth
with increments of 1/2 inch. The width of the section could vary
continuously up to mine inches and independent oé the depth.

The’steeq form also provided durability, strength and accuracy.
The allowable dime&sional tolerance was 1/8 inch.

Each part of the form was light enough that it could be handled

by two men. It could be easily cleaned ‘and produced a smooth surface

on the concrete. ﬁhe shape of the form and cage is shown in Figure 4.6

and in Figure 4.7,

4,3 Cage Assembly
| The cage fabrication and setting it into the form for pouring
cecncrete involved approximately the work of two men for one week. The
procedure of fabrication was, in general, that described below.

The longitudinal reinforcing number six baré were cold bent

around five inch diameter pipe to the required shape. The'stirrups,
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Inside and Side View at Base
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Cage (Frame BF-1) and the Form.

Fig. 4.7
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made of 30 inches long number two bars were bent on special bar bending
rig designed for this purpose. With the help of plywood templates
inserted inside the longifudinal bars . the shape of the cross;section
was held. Wire ties were used to fasten the stirrups to the longitudinal
reiﬂfbrceﬁent. The additional reinforcement of corners was made and
ties to the pfoper position in the corners.

The cage was strong enough to be handled as a unit and
could be carried by the laboratory crane to the form.

Special spacing cﬂairs shown on Figure 2.4,b were used for
holding the cage in the proper positidn in the form.

After correétipg the position of the cage in the form the
end bases were situated in the correct position and welded onto the
longitudinal reinforcing bars. When this was done, the cage was ;eady

for pouring'the concrete.

4.4 Concrete Requirement

For making a smooth surface of coﬁcrete the form was treated
with oil which also made it easier to take the form apart.

The concrete components were prepared by weight and mixed in
a horizontal drum mixer iﬁ batches of six cubic¢ feet., The concrete mix
was used.as shown [in Table 4.1. A slump of 2.5 to 3.5 inches was sought.

By usiﬂg the horizontal crane in the laboratory the concrete
mix was carried to the form and transferred by shovel. By using an
electric vibrating machine concrete was vibrated by the usual procedure.
The concrete Qas allowed to set in the form for one hour before surface

finishing. The sides of the form were removed after aboutAtwenty;four



hours after pouring.  The concrete frame or column and cylinders were
then moist cured on the casting bed using damﬁ burlap for seven days
before being moved to the test areas. V

; Twelve cylinders were cast with each frame and they wefe

performed after seven, fourteen and twenty-eight days.

TABLE 4.1: CONCRETE MIX DATA

COMPONENT ) . PERCENT BY WT. WT. PER BATCH (LB)
Portland Cement Type I 14.0 127.4
Water : 9.1 82.6
Fine aggregate (washed pit 46.6 424.0

run sand, fineness modulus - 2.51)

Course aggregate (3/8 inch maximum 30.3 275.5
size crushed limestone)

100.,0 209.5

Slump for standard 12 inch high slump cone - 2%"

Volume per batch - 6.0 cubic feet (approx.)



62

Chapter 5

INSTRUMENTATION AND PROCEDURE OF TESTS

5.1 Instrumentation of Tests

Various types of instrumentation were uéed in performing the
tests. Load cells were used for measuring loads, dial_gauges for measuring
deflection and demac point gauges for measuring stfain data across con-—
crete sections. To obtain reaction forces a special type of base was
designed, Similar test equipment was used for all fégpé. The compbnents
are described in more detail in this section.

Thé rigid bases were originally designed so that the reactions
could be measuredAuSing electric resistance strain gauges. These bases
were stiff enough to resist significant motion of the concrete column
bases while undergoing adequate straining so that the reactions could
be determined to a reasonable degree of accuracy. Ihis type of base is
shown in Figure 5.1. Horizontal strain was_registered'by a cantilevefed
section held rigidlj at one end and supported on rollefs.along its length,
A hollow steel cross-section was used for this purpose with electric
resistance strain gauges having been mounted on the outside face of section
as shown. Ve;tiéal‘strain was registered by electric resistance strain
gauges mountéd.dn oqtside of flanges of column steelieﬁd bases. Because
of problems which occured during the test of frame BF-1,. as described
in Section 6.2.1, the strain measuring part of bases‘weré omitted in
subsequent tests. The concrete column end bases were welded directly to
the one inch thick plate of lower bases as shown in Figure 5.2 and Figure
5.4. The lower base plate was stiffened with eight igch channel sections.

The entire assembly was bolted to the test floor using 2 5/8 inch
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diameter anchor bolts which were prestressed up to sixty kips.

A common type of dial gauge was used for measuring
deflection during the tests. The dial gauges with scale divisions of
0.001" and extensions varying from two to four incheé were used for
recording deflections of columns or beams. For deflection of the bases
the dial gauges which could be read to within 0.0001" aqd extensions
varying from'0;4" to one inch were used. The position of the dial
‘gauges is shown in Figure 5.3. As is shown an auxilia:y frame of pipes
was built for supportﬁng the dial gauges. Bases of this frame were
glued on the té;t floor.

For ﬁeasdring strain in concrete a demac point gauge was
used. The length of the demac point gauge was eight inches with an
;ccuracy of réading about 5 microinches which is one-half a division.

The gauge points_weré made of Y% inch diameter brass discs drilled with

‘a number 60 centre h;le. Using epoxy cement the gauge points were placed
for two gauge zone oh each place where the peak momenté'were expected. A
typical position of |gauge points is shown in Figure 6.6.

Severél ﬁypes of load cell were used for measuring loads. A
spool-shaped steel 4ylinder was used for this purpose by measuring strain
changes under diffetent loads. Four electric resistance strain gauges,
two horizontal and two vertical; were mounted on the outside surface of
the load cells and were wired to a full Wheatstone bridge circuit. Readings
of strain were made through a switch and balance unit and Budd Model
B-350 strain indicator. The strain gauges were protected by a wax coating.
The size of load cells was such to provide full required loads in the

/
elastic strain range. The strain readings were usually in range from 300
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to 800 microinches. ‘The type of load cell is'shown in Figure 5.5.
The piston of fhe hydraulic jack used to apply load acted in one case as
the load cell. Electric resistance strain gauges were mounted directly
to its surface, This load cell is shown in Figure 5.6.

Before and after each test and even sometimes during a test
the load cells were calibrated in a Tinius~Olsen universal testing machine.
Calibration consisted of recording a strain reading under certain increments
of loads. After obtaining several agreeable readings for the same load,
the load cells were ready for use. After calibration the wires were not
disconnected until‘éfter a test and recalibration was over. This gave a
satisfactory check for values of loads.

Manually operated jacks were used for applying loads. By
using a mechanicalislide systemrthe position of the vertiqal loads coﬁld
be easily corrected during the 1oading’according1y to the deflection.
Photographjpietures of verticai jacks are shown in Figure 5.5 and Figure
5.6. The jacks with a mechanical slide system were mounted on fourteen
inch wideflange steel columns placed around the test frame. Column bases
were fixed to the test floor by two 2 S/é inch diameter anchor bolts
prestressed up to sixty kips. Ball joints‘and roller bearings were used
for transferring f?rces from fhe jacks into the test specimen and there-
fore no additionaliforces caused by movement of the structure wére involved.

An overall test set up is shown in Figure 5.7.

5.2 Proportional Loading Case
: |
Two test frames were tested under proportionally increasing
loads. The relatiye values of the loads and their positions were determined

by plastic analysis as mentioned in Chapter II. When W is a plastic
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5.6

Loading System for One-point Load.
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collapse load parameter of the frame the relative values of loads are
3W for horizontal load, 2W for vertical load in the middle of the first
beam and 3.5W for verticalAtwo point loading on the second beam.

In general, preparations for testing involved several
necessary operations which were performed as follows:

a) the frame was moved into the test area by crane and was
positioned onto bases. After the frame was correctly positioned
it was fixed between the steel columns projecting above the
labératory floor and welding took place.

b) During welding of the bases the demac point gauges were glued onto
and the loading system was mounted.

c) An auxilliary frame for carrying the dial gauges was built.

The dial gauges were then positioned and aftef marking gauge
zones the specimen was ready for testing.

A plastic collapse load test of the frame was performed by
proportionally increasing loads up to the stége when the frame collapsed.
Collapse was defined as inability to carry applied loads while the
deflection was increasing disproportionally.

All demac and dial gauge readings were recorded after each
load increment. The load increments were chosen in advance so that
several readings were made in the elastic range of behavior to obtain
data for moment distribution. The remaining readings were made in the
range of load values when plastic moment redistribution was taking place.

The position of the vertical loads was corrected simultaneously
with deflection by turning the bolts of the mechanical slide system. The
crack formation was recorded and marked on the frame as well as other

general observations.
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5.3 Program of Loading for Incremental Collapse Case
‘According to incremental collapse theory the relative values
of maximum and minimum loads applied to a structure must be specified.

In terms of parameter W, these were as follows:

a) horizontal load 3W>H> 0
b) vertical load 2W>P > 0
c) - vertical load 3.5Ww>Q> 0

Any sequence éf loading or any combinatioﬁ of loads is permitted since
all three loads H, P and Q are assumed to be independent (see Section
2.4).,

With respect to one load cycle the program of loading chosen
was one which_minimized the number of load combinations in one cycle.
Sucﬁ a combination of loads was considered if the corresponding moment
distribution tended to activate hinges of the incremental collapse
mechanism yielding the lowest value of W. |

Ip Figure 2.6 all combinations of load

for elastic frame are shown. The numerical value
of elastic moment distribution for these load combinétions are in Table 2.2.
The énticipated incremental collapse mechanism for the test
frame was theﬁsway mechanism with hinges forming at the fop and bottom of
each column. The sequence of loads which initiate the sway mechanism is
given in Figure 2.6. It follows that one cycle of léading was the
application oflfour different loading regimesead1of§ﬁtm of is preceded
by a zero loading state.
The unloading step in a cycle was assumed to be performed

by loads with opposite sign under conditions of purely elastic behavior.
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The following steps were involved for one cycle of the
test:

1. Horizontal load was applied up to the prescribed value and was
then removed.

2. Horizontal and vertical loadings in the first beam were applied
proportionélly up to prescribed values and were fhen removed.

3. Horizontal and vertical loads in the second beam were applied
proportionally up to prescribed values followed by their unloading.

4, Combinations of all loads proportionally increasing was applied up
to prescribed values and the loads were again fémoved.-

The test procedure was similar to that for the proportional
loading case described in Section 5.2, Also, the preparation of the test
frame and the test apparatus for conducting the experiment was the same
as in Sectién 5.2 and is therefore not described here.

At the beginning of the test each of the loads was applied
to the test frame separately by half of the full value to obtain data
for the elastic moment distribution. This part of the test was called
elastic loading because'of the behavior of the frame.

After completing this phase, the cyclic type of loading was
performed with full maximum values of the loads.

Readings of dial gauges and demac point gauges were recorded

during the most important times.
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Chapter 6

TEST PROCEDURE AND TEST RESULTS

6.1.1 Test of Column C-1 and C-2
| Two columns were tested with the purpose of obtaining infor-
mation on the moment-curvature characteristic under repeated loading.
The knowledge obtained therefrom could then be used to assess plastic

S
hinge formation for a given cross-section.

The same type bf instrumentation as employed in the frame tests
was used as described in Section 5.1 including bases and loading system.

The test set up is shown in Figure 6.1l. Demac point gauges were placed
along the léngth of the column to provide the strain value fof different..
values of moment under the same load.

The herizontal load acting at an eight foot long lever arm was
repeatedly applied to various load levels to simulate a typical loading
history of the test frame cross-sections.

In case of column test C-1 collapse occurred before the anticipated
ultimate load was reached. This was caused by failure of longitudinal
reinforcing bars in the tension side of the section close to the connection
with the column end base. The photograﬁh of Figure 6.2 was taken after
the test following removal of part of the concrete from the critical section.
As shown on this picture, the iongitudinal bars broke where the welded
connection with the erd base started which was the place of highest stress
concentration. This detail of connection was redesigned and no further
failure of this type occurred in the following tests.

The test of column C-2 was more successful and gave valuable

information about the moment-curvature characteristic and carrying

capacity of the section.
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a. 31375 16.0
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c 21125 | 360
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Fig. 6.2 Broken Longitudinal Reinforcing Bar of Column C-1.
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In both cases (column C-1 and C-2) the electric resistance
strain gauges were mounted m the outside faces of steel bases. Although
the structure is statically determined with known reactions, the strain
gauges were mounted with thé purposekof checking the method of measuring reaction
for the frame tests. The column base with electric resistance strain
gauges is shown in the photograph denoted by Figure 6.3. The results
of electric resistance strain gauge readings did not satisfy accuracy

requirements and were not used for analysis.

6.1.2 Test Results of Column C-2

The resulﬁs of the test of column C-Z were used for determining
the moment-curvature relationship under repeated loading (see Figure 6.4.)
for comparison of actual to theoretical moments (see Figure 6.7) and for
plotting deflection curves of the column under various loads (see Figures
6.8 and 6.9).

The curvaéure in the section was calculated due to the strain
data obtained from demac gauge readings. The typical gauge zone and a
strain distribution is shown on Figdre 6.6. The deﬁac points were
plaéed so that in the compression side two strain réédings were available
while the third reading was in the position of tension steel. Two readings
in the compression side (denoted as Xl and Xz'on Figure 6.6) determined
the strain distribution in the section while the strain reading on the tension

. |

side (denoted as XS on Figure 6.6) due to cracking was neglected.

The measured strainsiwere in general attributed for the section in the

middle of the gauge zone. The curvature can be then expressed as:
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where Xl and X2 are the strain readings as shown on Figure 6.6 and e is
the distance between these two readings. For a ﬁypical gauge zone e is
1.625 of an inch.

Because the structure is statically determined the moment
values are known énd the moment-curvature can be plotted. In Figure 6.4
the curvature versus moment is plotted for gauge zone "0". The plastic
hinge formation was observed during the test in the 16th reading (see
Table 6.1) that refers to the moment value 307.0 inch—ﬁip at the considered
fixed end of the column (96 inch lever arm). -However, the exact value
of plastic moment can't be determined very éccuraﬁely because of loading
byahydraulic jack where ahy increment of deflection is causing a change in
the load value. Becéuse of plastic action on the fixed end of the column
starting by loading no. 16 the moment in gauge zone "O" was assumed the

1 ,

same as moment at point of fixation; This assumption gives more
realistic values foi moment—-curvature curve due to the fact that straim

readings in gauge z@né "o" ére highly influenced by plastic hinge
formation at the bot%om of the gauge zone. -

The sectipn was. able tocarry a‘.higher moment than the assumed
plastic moment. The hﬁghest value of moment transferred by the section was

‘

about 400.0.inch—kipb in loading 22. In Figure 6.4 the theoretical
moment-curvature rel%tionship,for the same section is shown by the dotted
Iine.‘ In the prediééion for the vmomenﬁ—curvaturé curve the effect of
strain hardening in steel was not considered which is 1likely the reason
- of lower moment capacity of the section.

From thejstrain readings the moments were calculated at each

gauge zone by balanding forces in the section as shown on the free body diagram



TABLE 6.1: TEST OF COLUMN C-2.
NO. OF HOR. LOAD HORIZONTAL CURVAT *
LOADING H (KIP) DEFL. h (INCH) ¢ * 10°% (inch 2
1 0.64 0.124 0.096
2 0.96 0.259 0.173
3 1.60 1.131 0.267
4 0.64 0.555 0.192
5 0.96 0.698 0.241
6 2.24 1.386 0.489
7 0.00 0.155 0.211
8 0.96 0.897 0.343
9 2.56 2.037 0.712
10 0.00 0.272 0.264
11 0.96 0.954 0.423
12 2.88 2.492 0.787
13 0.00 0.292 0.296
14 2.56 2.109 " 0.768
15 2.88 2.523 0.825
16 3.20 3.647 1.722
17 © 0.00 1.026 0.945
18 3.20 3.694 1.726
19 o.jo 1.172 "0.949
20 3.88 4.578 2.318
21 0.00 1.698 1.444
22 4.175 15.550 2.871
23 0.00 2.243 1.997

*

Curvature at gauge zone "0", at fixed end.
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of Figure 6.5. Because the strain distribution in the section is known
the moment and axial force should satisfy equilibrium. 1In this case when
no axial force is applied on the section,'the calculated value of axial
force represents anerrar of strain readings. The computer program described
in Chapter VII was used for this calculation and resulting~moments are
shown in Figure 6.7, where a theoretical moment distribution is marked
by the dotted 1line. The full lines of obtained momeﬂt distribution
is the connection of moment values calculated for each gauge zone.

The metho# of calculation for these moment values did not
consider the influence of fepeated loading on strain history and effect

of steel strain hardéning; this could be one of the main reasons for

|
|

disagreement of some}moment values compared with the theoretical values.

The deflected shape of the column under increasing load is
shown in Figure 6.8. Horizontal load versus horizontal deflection is
plotted in Figure 6.9 and for the better illustration the horizontal
deflection versus nuﬁber of loading is shown in Figure 6.10.

The resul&s of this test show the repeatability of the moment-
curvature curve undeg repeated 1oading and also that the moment capacity
of the section obtai#ed from the test was greater than the predicted

value. |

6.2.1 Test of Frame BF-1
‘The frame%BF-l was tested under proportionally increasing loads
with the purpose oﬁ obtaining the plastic collapse load of the frame.
This frame was the only one of the four in which thé longitudinal

reinforcing bars were heated prior to bending. The additional reinforcement
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of the corners for BF-1 is shown in Figure 4.1a. The bases of the frame
being described in Section 5.1 and shown in Figure 5.] were equipped with
electric resistance strain gauges for measuring reactive forces of the
columns.

The test procedure as described in section 5.2 consisted of
incrementing all three loads proportionally at which time readings of
demac gauges, dial gauges and electric resistance strain géuges were
recorded prior to the next increment of loads. Procedure of loading
is shown in Figure 6.11.

During the test an unexpected high rotation of bases were observed.
Simultaneously the horizontal deflection of the frame increased rapidly,
more than was predicted by the elastic solution.

Upon reaching the value of W=5.0 kips (for values of load see
Figure 6.i1) the horizontal deflection was significant and culminated
in a loud crack with a sudden increase in horizontal deflection of the
frame until collapse.

It was observed that collapse was cauSedfby breaking the
longitudinal reinforcing bars in the tension face of‘fhe section in the
third corner markedjin Figure 6.11 as critical corner. This corner is
shown witﬁ the ipictures of figure 6.12.

The investigation of problems mentioned above led to sevgral
Tesulting modifications and changes in fabrication of the frames and test
procedures. Undesirable rotation of the bases was caused by an error
made in prestressing the base anchor bolts.

By an investigation of the effect of heating longitudinal

reinforcing bars used in bending as described in Section 3.3 it was
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. a, Notation of Frame

b, Table of Loading of Frame BF-1

LOADING o | 1 2 3 | 4 5
W [kips] | o. |3.265| o0 3285 |3.835 | 4400 |4.790 | 5.000

H=3W 0. 9.735 0. 9.735 |11.500 |13.200 {14360 }I15.000

P=2W 0. |6490 | o 6490 |7.670 |6.800 {9580 |10.000

Q 35w 0. 11360 0. 1360 |13.420 .15.400 16.780 | 17. 500

Fig. 6.11. Lpading of Frame BF-1




Fig: 6.32

Critical Corner of Frame BF-1.
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concluded that this procedure was responsible for the failure of the
corner reinforcement of frame BF-1. The procedure of bending of
longitudinal,réiﬁforcing bars was changed and heating was no longer
used. Also the stiffness of the corners did not séem to be high
enough and some redesigning was done (see Figure 4,1d).

Baée equipment for measuring reactive forces of the
frame's columns did not satisfy expectations and wé§ hot used for
the following tgsts; Wideflange steel end bases of the column were
ﬁelded direcfl?'to the one inch thick steel plate of the lower bases

in subsequent frames.

6.2.2. Test Results of Frame BF-1

| As described in the previous section some tecﬁnical difficulty
.caused premafure coﬂlapse of the frame. These difficulties were con-
sidered in the calcuﬁation of theoretical frame deflgction and comparisons
were made.

Théicbmpuker program for analysing planar'frames as described

in Chapter VII was used for calculating the deflection.of the frame & moment
distributions;vA spring connection of joints and base$~was considered
in the calculation io give the opportunity for considéring different
stiffness of base connections. Calculation was based 6n the assumption
that frames behave'elastically until in some of the critical points the
~ plastic moment yal_‘ueiwas reached. At this time the stiffness .of the joint
cbnnectidnvumjchanged to provide plastic hinge action. In other words,
the joints weré able to' transfer maximum moment equal’ i:_q the plastic moment
- value., For moré &étgil, the reader is recommended to see Chapter VII where

‘the computer progr§m$ are described.
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By trying several different stiffnesses of constants of the
bases the deflection versus horizontal load curve was found to have a
similar shape to the one obtained from the test results. Some of the
curves of horizontal deflection versus horizontal load for different
base stiffnesses were plotted in Figure 6.14.‘ The corresponding base
stiffness and the sequence of hinge formation is shown in Table 6.2.
For best similarity with curve obtained from the tests, the curve
denoted in Figure 6.14 by no. 5 was selected. This curve is compared
with the curve obtained from tests in Figure 6.15..

Moments calculated from strain measureménts are plotted in
Figure 6.16 and 6.17. As can be observed from moment distributions in.
columns I and II the béses were transferring from the beginning of the test
4 smaller moment value than did the upper joints. This result is due to the
fact that small base stiffness, caused by unproper procedure of pre-
stressing of the anchor bolts, after reachingacertain limit of rotation
was increased. Another interesting observation from the moment distribution
can be made due to the high moment concentration in the critical corner
(as denoted in Figure 6.11). Due to theée high moments it is quite
natural that the frame collapsed in this particulér corner.

In terms qf plastic hinge formation from the test results and
from theoretical calculations(sequence of hinge formation is presented
fn Table 6.2) the first hinge ~ formed at the top of the middle column.
For determining aplastic hinge from test data the critical curvature
was a boundary which divided elastic action from plastic action in the
section.Finnﬂuathéoretical moment-curvature curve as plotted in Figure 2.4

for axial force equal to zero the critical curvature is close to



Table 6.2. Base Stiffness (Curves of Fig. 6.14)

[STFFNESS | PLASTIC COLLAP | SEQUENCE OF
CURVE  |OF BASES |[LOAD W PL ASTIC HNGE
NO.  |[m-k/RAD.] [kiPS] FORMATION
] “10x10"° 7.5 6,15,14,71,8,4
4
2 5.0x10 7.5 6 14,1571,84
3 1.0x10° 6.7 614,8,2,1,4
y 5.0010° 5.8 8,14,6,2,1,4
5 20x10° 5.0 8,14,6,2,1,4
;
‘LP*’.? w ®Q=3.5 w A i
He3W 3 4 63 2, %o
2 / 1o ,/ﬂ i3 16
: / /
I / [I ]
! / /
J / I
f r
14 74 L W I
83" ] 8.3
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Fig. 6.13. Notation and Size of Frame Corresponding to Table 6.2
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5.0 x 10—4 1/inch and is slightly higher for larger axial forces. It
was assumed that when the measured curvature exceeded the critical
curvature mentioned above the particular cross-section is under
plastic action. This assumption is not valid for the repeated loading
case where the residual strains could increase the critical curvature

The sequence of hinge formation from both the theoretical
approach and test results is shown in Figure 6.18. The hinges at the
bases of the test frame developed due to the already mentioned stiffening
of the bases by reaching their rotation capacity. Also, the influence
of the secondary moment due to deflection was in the final stage
of the test significant and helped in the formation of plastic hinges
in the bases. In the theoretical approach, where the influence of
secondary moments was not considered and the stiffness of bases was
considered the same !throughout the loading the plastic hinges in all
bases would not be developed aml structure would theoretically have collapsed
asapartial type of collapse by forming a plastic hingé at critical point
4 under the load P.

Although the difficulty in this test did not allow development of the
expected collapse'méchanism and no actual plastic collapse load for
fixed end bases frame was obtained, the method of calculating deflection

was quite successful.

6.3.1 Test of Frame BF-2
Frame BF-2 was tested under repeated cyclic loads according

‘to the procedure described in Section 5.3. Resulting modifications of

this test frame yere incorporated because of the experience in testing BF-1.

Longitudinal reinforcing bars were bent without heating. Changes in



P Q
> by
H \3 & o o 12 1 3
27 s 8“"@ 1l 13 |16

&

a.

Lo
77T

From Test Results

o

Pl

8

OW

12 1%

99

7

b.

5

7

?;hwt:>11

animy

Curvature in the Critical Points under Increasing Loads

3

ke

15
i

From Theoretical Approach

10AD H | CURVATURE IN CRITICAL POINTS x io* [I/INCH] PL HINGE
~ IN CR.
[kPs] ! 2 6 7 8 5 | 6 |ponTe
9.735 0.67 | 6.03 332 1.90 7. 14 1.23 381 2,8
1.5 1.54 7.75 4.31 1.78 13.66 | 2.03 5.17 2,8,16
13,2 3.58 14.58 535 3.94 | 2425 2.89 | 745 |2,68,16
! ,121 61 7,
15.0 504 |3323 | 6.58 | 8.61 389 4.37 - | 1145 3. 16
4 Vi 3
2 ? 3 6 ﬂ, :?2
]
6 5 7 5
7, /7}/?7/ ﬁm T

c. " €Collapse Mechanism Developed

During the Test

Figure 6.18

d.

Sequence of Plastic Hinge Formations

\

Collapse Mechanism Due to
the Theoretical Approach



100

additional reinforcement of corners was made (as shown in Figure 4.1d)

and wideflange steel end bases were welded directly to the one inch thick
plate of lower bases. Electrical resistance strain gauges were mounted
only on the outside. faces of the fianges of.steel and bases, which would
give an opportunity to check the moments and vertical forces on the ends of
the frame columns. The photograph of the base is shown in Figure 6.19.

The program of loading is described in Section 5.3 and was
followed during the test. The extreme values of loads were calculated
regarding the inérementalicollapse load theory as described in Section 2.4.
For plastic moment Mp equal 312.0 inch-kips it is about 4% less than
theoretical value. This change was made due to the safety of the frame with
the purpose of avoiding collapse of the frame in the earlier cycles. The
half values of loads|were applied separately at the beginning of the test
to check the system énd after a combination of all lqads with the same
value was applied. When this elastic part of the test was over a
repeated cyclic loading took place. The loading program of frame BF-2
is shown in Figure 6.20.

Readings bf dial gauges; demac point gauges and electric
resistance strain gauges were recorded for the most loading or for the no
load state. During the test the deméc ﬁoipt gauges and dial gauges
performed well, whilk the electric resistance straiﬁ‘gauges readings were
again unsatisfactory. |

The most critical section of test frame BF-2 during the test
.involved the middle corner between the middle column and theiéeéond beam,
where the stirrup made from a fabricated number four bar broke. Additional

outside stirrups were fabricated and substituted for the broken one.

Mrlﬂno‘rr‘n T
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The photographs in Figure 6.21 and Figure 6.22 show the critical
middle corner after the s£irrups broke, and photographs of Figure 6.23
and Figure 6.24 show additional outside stirrups of the middle cormner.
This happened at the beginning of the third cycle when only the horizontal
load H was applied.
During the fifth cyclewhen a combination of all three loads
was performed a horizontal deflection kept increasing continuously and
spalling of concrete on compression faces of sections in all critical
moment areas was observed. The frame was not able to carry any further
lloading that is therefore at a collapse. The photograph in Figure 6.25
shows the frame BF-2 after the testing procedure was over.
With the exception of electric resistance strain gauges on end
bases all instrumentation performed well during the test.
The resulting modifications of this test were changes in
the middle corner where a difficulty arose which was described above and the

elimination of electric resistance strain gauges because their readings could

not be used. ) B

6.3;2 | Test Results of Frame BF-2
Deflection readings and strain readings obtained from the
test are compared with the predicted values. "The frame collapsed after
five full cycles of.loading.
.
Because of the sway collapse mechanism the horizontal deflection
of the frame was most significant. The horizontal deflection was
measured close to the top of columns and was plotted in Figure 6.26. As
c an be seen, the standard elastic loading caused only negligible permanent

horizontal deflection, therefore this part of loading was not considered

in theoretical calculations.



“Fig. 6.21 Test of the Frame BF-2, Middle Joint.

Fig. 6.22 Detail of Crack in Middle Joint of Frame BF-2.
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Fig. 6.24 Frame BF-2, Outside Stirrup at Middle Joint.




107

® S & e s 80 o s

WL v e

e I B
4 e -l e

Frame BF-2, After Incremental Collapse.

Fig. 6.25



HORIZONTAL DEFLECTION h [INCH]

Q P (@

P

L _*L.l o _H __H___QH
M1 TTLI T T

[=2]

L

VAN c | ) . 0=
—— TEST RESULTS
O=H=3W
------ THEORETICAL ———
II
{
i~ !
i
i |
LOADING | |

L

w
/
L
t—n
SN o Y

O NS T
AN VY

™

o

j )i 1 A
1 LOADING = : )
i > gy b iy Nl o N N Nl
/T /\I\:,\-,\,\ll\l\\,\/:\’\,\,\,\ ,\\,\,\,\ ,\\_
VA AYVIRVI Y AV Y IV ARV PN NN N Y
D (VIR A VA S VA J A A A . A ' T B>
0 T 2 3 4 5

CYCLE

Figure 6.26 Horizontal Deflection of Frame BF-2 During Cyclic Loading

T



The sudden increase of horizontal deflection in the third
cycle could be explained by collapse of the stirrups in the middle
corner, as mentioned in the previous section (6.3.1). The broken stirrups
were replaced by outside stirrups (see Figure 5.2.4) with the same function
as the broken ones. : The slope of permanent horizontal deflection assigned
as ﬁo load line in the Figure 6.26 did not change appreciably after the
stirrups were replaced; the frame could be considered undamaged.

In the fifth cycle, when the influence 6f secondary moments
was already significant the permanent horizontal deflection was increasing
more rapidly whilea.fuu.swéy collapse mechanism was developed.

In the theoretical approach the matrix method for solving the plane
frame was used employing plastic hinges and influence of axial
force on moment capacity. Computer programs for this calculations are
described in Chapter VII. The effect of secondary moments caused by the
deflected shape of frame is not considered in theoretical calculations as
well as the effect oﬁ 1oa&ing history on the moment-curvature relationship.
Theoretically, the ffame would not reach the incremental collapse and’
would shakedown after the first>cyc1e; the folloQing cycles would
provide only elastic changes in the frame. It should be mentioned that the
load Ws.applied on the frame BF-2 and cohsidergd in the'calculation~of
deflection was4Z 1e#s than the theoretical incremental collapsé~load
5% this frame withouk considering the influence of axial force on moment
capacity (mentioned in the previous Section 6.3.1).

Strain readings obtained from the test are compareq with

bredicted values in Figure 6.27, 28 and 29. Comparisons were made only
for cfitical sections in columns of the frame in position of demac point

gauges. Compressiom;strain measured at 3/8 of inch from compression
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face of the section is compared with predicted values in this position.
For calculation of predicted values of strain the loadiné history of
cross-sections is considered. 1In general, two types of moment-curvature
characteristics are involved in this calculation. One, used for loading
states, is a moment-curvature relationship already described in Section
2.3. The second type, which is used for unloading states is a linear
type resulting from the transform area method. TFor more details of

" calculation of predicted values of strain the reader is recommended

to see Chapter VII in which the computer program for this calculation

is described. Moments and axial forces, used for following the loading
history of the cross—section wére obtained by the same method as described
for predicted values of deflection.

In Figures 6.27-29 the full lines connect the
points obtained from;the test &the dotted lines represent the

predicted values of the strain. In both cases the curves assigned by
'1' represent strain values occurring under the loading
condition and curves assigned by 'p' represent the permanent strain, when
loads were removed.

Although in some. gauge zones the differences between predicted
and measured values are not too large, the predicted values are not in
very good agreement with measured stréin-generally. . There are several
reasons for these undertaintiestut the main reason was that the matrix
m;thod used for calculation of moments did not take into account influence
of secondary moments. Furthermore, the breaking of a stirrup which éould
cause serious change in strain readings could not be traced iqltﬁe calculations

of the theoretical strains.
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6.4.1 Test of Frame BF-3

Frame BF-3 was tested under repeated cyclic loading in general
the same as frame BF-2. Changes were made in the values of load limits,
in stirrup reinforcement at the middle corner, and in the monitoring of
deformation behavior.

The influence of axial force on the value of plastic moment
was the main reason for the changes in the values of load limits for
each stage of a cycle. According to incremental collapse theory as
described in Section 3.4 the value of WS is in direct relationship with
the value of the plasticlmoment. The axial forces which occurred in any
of the cross-sections of the frame were approximately in a range between
0.0 and 20.0 kips under applied loads used during the test. The relation-
ship between axial force and plastic moment in the range mentioned above
is nearly linear. An increase in axial force increases the moment capacity
of the cross-section. This modification stems from theoretical and
experimental results of Hiroyuki Aoyama (19) and later was confirmed by
frame BF-4.

All combinations of loads were conside;ed.and axial forces at
the critical sections were arbitrarily specified to observe their
significance. Table C in Figure 6.30 indicates their effect theoretically
on the shakedown load. Because sway meéchanism contfols, all the hinge
‘forming sections were on the top or on the bottom of columns. For each
load combination a different set of axial forces is applicable. The shake-
down load cannot be computed therefore, in the standard man?er'without

' involving a histbry tracing procedure. It appears to be a ;easonable

assumption however, to assume average axial load values for each load
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combination and to compute Ws for that case. The procedure is shown in
Figure 6.30. The calcﬁlation was just approximate and an elastic solution
was used for obtaining axial forées.
For example, Figure 6.30 shows a table d, of incremental
collapse loads for each of the cases specified. For horizontal load,
the average axial force in the three columns is zero. Consequently the
appropriate Mp is that which pertains to zero axial force. For a combination
of all three loads the average axial force is about -12.0 kips and therefore
from Figure 6.30 b, the associated Mp value is 342.0 inch-kips. The
shakedown load factor aséociated with this moment capacity is 6.37 which
is about 9.6% higher than for combination 1. The other values in the
table are similarly determined.
The testing procedure for frame BF-3 was similar to that of
frame BF-2. Individual load cases were based on limits as given by
tabulated values of Figure 6.30 d. The load combinations shown in Figure
6.32 and Figure 6.30use as limiting load factors the numbers shown in
the second row of the former Figure (6.31 a). A percentage of these load
limits appears in Figure 6.31 ¢ and was applied in tﬁe actual test eo
guard against premature failure. The initial Step involved elastically
loading the frame with each load component increased to half its anticipated
maximum. Once conﬂidence was established in the testing procedure and
‘equipment the loads were raised according to Figure 6.31 ¢ to 95%Z of their
individual maximum wvalues.
After the 4th cycle, the load limits attained 97%lof'full capacity
' to reduce the time of the test. |
The 2% increased load values in the fifth and subsequent cycles
resulted in the hoerontal deflection.being increased more rapidly than
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in the previous four cycles. Finally, in the eigﬁﬁh éycle under the
combination of horizontal load and two point loading in the second beam
the horizontal deflection kept increasing continuquslyfwhile spalling
and crushing of concrete on the compression faces of all critical sections
were observéd. The frame was not able to carry previously attained valués
of loads, éﬁd the sway mechanism was clearly developed. The conclusion
to be reachgd‘therefore, was that the frame collapsed.

Though the number six bar used as,a slanting stirrup in the
- middle joint did not fail, this cormer was still not stiff enough. One
of the stirrups in the middle joint made of a numbgr four bar broke
during the loading in the eighth cycle.. The horizdnta¥ deflection of the
frame was fairly sensitive to the stiffness of the middle joint. Any
wide crack f?rmati%ns or the fracture of a stirrup in fﬁe middle joint resulted
in a consideréb;e &ncrease in the horizontal defleétion. This part of
thé frame shbﬁld;cpnsequéntly be considered more catefﬁlly since its
physical coﬁ#itibnideterioratéd somewhat.

With-ﬁhelpurpose'of making the testing ppoté&ure faster
some less imporfant readings of demac point gauges and dial gauges were
omitted. | .

The:ioaa cells, demac point gauges and dial gauges during
‘the test perforﬁedéwell and therefore the test proced#fe.seemed to be

quite‘successfﬁl;

6.4.2 The Test Results of Frame BF-3

For the test results a compafison with theory was made for

horizomntal deflegtions and strains.
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The horizontal deflection versus loading cycle curve is plotted
in Figure 6.32., Curves 1 and p drawn by full line;were obtained from the
results and comprise the envélope of deflectionkwithin load limits. Curves
1 and p drawn in Figure 6.32 by dotted line are from theoretical calculation.
The top curves 1 were drawn by connecting points corre3ponding to the
deflection under maximum loads, while curves p comnnect points represenfing
permanent deflections when a no load condition applies. At the beginning
of the test some elastic readings were takeﬂ and they areArepresented by
curve e in the range from 0' to 0. in Figure 6.32.

As mentiponed in the previous section, the first four cycles
utilized only 95% of calculated values of loads and 97% starting at the
fifth cycle. 1In the fifth and subsequent cicles not all readings were
taken. Dotted lines of the test result curves in.the fifth cycle were
probably more realistic shapes of curves.

Predicted values of deflection from a computer program were
much smaller than ﬂhose obtained from test as shown in Figure 6.32.

There are several reasons for this .disagreement, as they are mentioned
in- connection with test results of frame BF-2. Theofetical calculations
were based on the assumption that the structure was made of purely
velastic-pléstic maﬁerial with a‘constant.stiffness throughout. 1In
addition, the influence of secondary momenté caused by deflection was
*not included in calculation. This’appears.to be the main reason for
disagreement between theofetical and measured values of deflection.

While the increase in load limits at the fifth cycle did not
change the slope of the predicted curves 1 and p significantly, significant
changes were observéd in the slope of curves 1 and p of the test results.
The sensitivity ofihorizontal deflection on the load limits was much

higher in the test than in the theoretical calculation. The increase
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of loads caused a sudden increase in the permanent deflection, while
subsequent loading caused only small increments in comparison. This
result is not reflected by theoretical prediction and is likely due to
the sensitivity of reinforced concrete frames to variable repeated
loading. It seems apparent that standard shakedown analysis is not
applicable to such structures unless well-founded modifications can be
validated.

In addition to the above high values of horizontal deflection
(over 2") it appears to influence secondary moments significantly and
accelerates the increase of permanent horizontal deflection almost
geometrically.

Strain readings obtained from demac point gauges are compared
with predicted strain values in Figure 6.33-35. The method for pre-

dicting concrete strains is described in Chapter VII.

7.5.1 Test of'Frame BF-4

Frame BF-4 was tested under proportionally increasing loads
similar to that of frame BF-1. Comparing the test of these two frames
several changes we%e made in the design of frame BF-4 and to its bases.

The widéflange steel end bases of the concrete columns were
welded directly to the one inch thick plate of the lower bases and no
electric resistance strain gauges were used. Longitudinal reinforcing
bars were welded to the web of the wideflange steel basés as well as to
the one inch thick plate of the lower base as showﬁ in Figure 4.4 b by the

dotted line.
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The cage in the cése of frame BF-4 was made of two seperate
units forming U and L shaped configurations as shown in Figure 6.36.
These two parts were connected at the middle joint by wires and stirrups
to form one unit which could be handled by an overhead crame. The composite
cage with the middle joint detail is shown in Figure 6.36. Considering
mément equilibrium of the middle joint during or mnear collapse it is clear
that the end of the second beam transfers a small moment in comparison to
the other members framing together. The joint therefore does not require
full moment capacity at the second beam junction to carry the applied
load combinations. It was sufficient therefore to reinforce the middle
joint in the manner shown.

The test procedure was similar to that of frame BF-1. The loads
were increased proportionally up the collapse value of the frame. Dial
gauges and demac point gauge readings were recorded after each load
increment. A plot of loading procedure including values of loads is
shown in Figure 6.37.

The frame collapsed when the value of W reacy?d 8.3 kips.

Under this load it was observed that the horizontal deflection'increased
continuously and crushing and spalling of concrete on the compression faces
of critical sections took place.

- For proportional loading it is clear that the middle joint
as construCted.for frame BF-4 behaves well and does not agteriorate the
overall carrying capacity. This.type of design would not be sufficient
for variable repeated loading, however, and needs further study in this

regard.
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6.5.2 Test Results of Frame BF-4

The horizontal deflection versus horizontal load obtained
from the test wés plotted and in Figure 6.38 is represented by curve a.
The curve b of the figure représents values of prédicféd theorefical
deflection vefsus horizontal load. The average values of horizontal
deflection‘on'the top of the three columns were taken to decrease the-
error causéd by innacuracy in the dial gauge'readings.

Though the collapse load of the frame was 10.6%Z higher than
load predicted by the computer program, the horizontalfdeflection from
the test results was in quite good agreement with .theory. From both
results it is apparent that a plateau region is ;eached at a horizontal
deflection between 1.1 and 1.3 inches. Upon reaching this critical
horizontal deflection the increment of horizontal deflection is con-
siderably more sensitive to the increment of loads. After this point
the horizontal deflection was increasing much more.rapidly until collapse
of the frame_océured. While the theoretical deflectidh corresponding
to incipient ﬁqllapse was almost three inches the meagured horizontal
déflection from the test was about 3.5 inches. ThisAiSAnot considered to
be a significaﬁtvdifference because it was not possible to take a reading
at precisely the time when the plastic collapse mechanism developed.

The change in the design of the middle jéigt made for a stiffer
connection in tq@pgrison to previous frames and this_fogether with the
‘influence of_stegl strain hardening could be the causebof the higher
carrying capacity of the frame. As a result higher:cqrvatura were achieved
with the ultiméte.moment capacity of the section. Sfrain hardening did not
appear to,incréése;the moment capacity of the secti&q significantly and

it was not cdnsidered in the calculation.
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The influence of the joint detaills playé a more significant
role in the carrying capacity of the frame. It is difficult to take this
influence into account in determining the carrying capacity and limiting
horizontal Qeflection and therefore this detail was neglected.

There are also differences in the sequence of plastic hinge
formation during proportional loading between theoretical calculations
and test observations. Referring to Figure 6.38 a.ﬁhefe critical points
are assigned numbers 1 to 16 (numbers 2,3 and 4,5 and 10,11 and 12,13 and 14,
16 are always only for one point) the first hinge formed at point 6.

This was the same for both the theoretical calculation and test
observations (based on strain readings).

Theoretical hinge formation wés in the sequence: 6,15,14,

7, 1, 8 and 4. 'Hinge formation from test was orderea: 6, 16, 8, 15, 7,
1 and 4.

In the theoretical approach the plastic hinge was assumed when the
plastic moment capacity was reached while the influence of axial forces
was considered. From the test results the strain readings were used
for calculating curvature. If the curvature was gréafer.than a critical
curvature the plastic hinge was assumed to have forméd; This critical
curvature was based on the moment-curvature relationship and defined
to be that valué for which the tangent line at a curvature corresponding
to a concrete strain of.0.003 inch/inch intersectsv;heAextrapolated
linear elastic line at small initial strains; A graphical portrayal of
this value is-shown in Figure 2.4 and is closely asséciated with that
curvature at which plastic straining in the tension'steél starts.'

For further details see section 2.3. Thoﬁgh the strain

reading could not be taken at the same time as the associated hinge started



‘to form, the sequence of hinge formation was traced quite‘readily through
critical curvature evaluation.

For the test the first three hinges formed at the tops of the
columns or in the beams respectively and later in the bases. 1In the
theoretical approach a hinge formed at the top of one of the columns
and was followed by a hinge at one of the bases. Though the base rotations
were not significant in terms of plastic collapse load it could cause
a change in the sequence of hinge formation. Some flexibility bf the
bases can be used to explain the hinge formation observed in the experiment.
Small ro;ations of the bases cause a sufficient distribution of bending
moments to the top of columns so that higher bending moment are induced
there as compared to the rigid base connections.

Bending moments were calculated from strain data and the moment-
curvature relationship. For different loading stages the calculated |
bending moments are plotted in Figure 6.39-40.

A comparison between theoretical and observed bending moments
(based on demac point readings) is illustrated in Figure 6.41-45, for
proportional loading. Reference is made to horizontal locad as the load
parameter to be consistent with earlier load-deflection data,

Results of this test confirm the pfedicted carrying capacity
of reinforced concrete frames under proportionally inereasing loads and
indicates that a somewhat higher capacity can be anticipated than is |
predicted by conventional rigid plastic analysis or by the somewhat more
refined elastic-plastic solution incorporating a hinge formation history;

\

- described in Chapter VII as elastic-plastic hinge method.
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6.6 Discussion of Test Results

Results from the series of tests opened up several interesting
questions which need to be discussed.

The size of the models used in this study requires comment.
Full-scale models have several advantages. One of the most important
ones is close behavior to real structures in terms of material properties,
and fabrication. Another advantage is that the‘errors of imaccuracy in
fabrication are reduced and readings of strains and deflection are more
accurate. The disadvantages of full-scale models is that fabrication and
handling are quite difficult in laboratory conditions. Also the cost is
usually much higher than for small-scale models. The latter is significant
if some of the tests are unsuccessful due to technical difficulties. This
was essentially the case for .the test of column C-1 and partly in testing
of frame BF-1. A more effective solution would probably have been to
test several small-scale models first and then to make a full-scale model.
The probability of success would be much higher in such a case. On
small-scale models the design of the model, its loading‘?rocedure and
monitoring methods could be developed, while the prototype model would
give more accurate results. Such a process may be balanced, however, by
the time to complete such a program.

In all tests deflection was a very important factor. The
horizontal deflection was the essential indicator of beh%yior of the frame.
In general, the horizontal defle&tion reached much higher values in the
case of repeated loading than in the case of proportional loading.' While
for the proportional loading case the horizontal deflection at the timé
of collapse reached about three inches, thé case of repeated loading

yielded a horizontal deflection at the time of collapse of about five
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inches. Such a deflection is quite important, because the effect of
secondary moments becomes significant. Tests showed that under repeated
loading the horizontal deflection increased after each repetitionAof
loads. This leads to the following conclusion fof the repeated loading
case. If values of loads are high encugh to cause permanent deflection
after each repetition of loading and the incrément of deflection does
not decrease with subsequent cycles then the collapse of a reinforced
concrete frame will occur after a certain number of load repetitions due
to "acceleration to collapse" (mentioned in Section 6.4.2).v Values of
loads for the test conducted are less than or equal to those calculated
by the method of plastic analysis for incremental collapse.

Another interesting point is a comparison of deflectioﬁ between
‘thé proportionally loading case and the first load applied of the repeated
loading case. While in repeated loading the horizontal deflection under
the first load (horizontal load ﬁ = 3W) ﬁas in both tests (BF-2 and BF-3)
about 2.2 - 2.3 inches, proportional loading under the same horizontal
‘load (but also the vertical loads were applied) only about 1;1 of inch
as shown in Figure 6.26, 32 and Figure.6.38.

There are several reasons for this significanﬁ difference inA
horizontal deflection. ‘Both frames'(BF;Z and BF-3) were designed and
fabricated in the same way, while the frame BF-4 (because the frame BF-1
is not included in the comparison) had the middle joiﬁt detail altered
(see the section 6.5.1 and Figure 6.36) which increésed the stiffness of
the entire frame. As described in Section 2.3 axial forceszbléy an
importént role in(the moment capacity of the section. For proportional

loading case axial forces were high enough (15 - 20 kips) to increase

PR
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the plastic moment value of the columns section and caused the frame
to remain elastic for higher loads. In the case of repeated loading
fhe first loading included only the horizontal load, fhe axial forces
of the columns not being high enough to increasé the plastic moment
values significantly. Some plastic hinges developed and this resulted
in higher horizontal deflection.

The influence of axial forces on the plastic moment capacity
could be explained also by the higher plastic collapse load of the frame
under proportional lecading. Calculated by the'plastic method of analysis
by using the plastic moment value 312.0 inch-kips for zero axial force-
the calculated value of the plastic collapse load was shown to be 6.75
kips (see Seétioh 2.2). By considering the influence of axial forces
the plastic moment cap;city could reach a value of 360.0 inch-kips
and would, therefore, change the value of the calculated plastic collapse
load to 7.8 kips. This value is about 157 highe; than the case without
axial forces. This result is somewhat of a.simplification of course
because the axial forces varied in each member. The plastic collapse
load for the test frame BF-4 was found to be about 8:33 kips which is
247 higher than predicted by method of plastic analysis. By considering
the pure elastic-plastic matérial and also the influence of axial
forces on'plastic moment capacity the calculated value.of plastic céllapse
load is 7.49 kips (see Figure 6.38). This is still about 107 less than
the value obtained from the test. . , |

Two factoré were responsible for this error between predicted

i
" and test values of plastic collapse load. Firstly, the moment-curvature
relationship for reinforced concrete is not precisely an elastic-plastic

‘type as considered in the calculation of predicted values. By following the
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results éf column C-2 the moment capacity increased‘with highe? curvature,
which accouﬁted'in part for the increase in the collapse load.

Sécqndly, the stiffness of the joint connection which was not
considered in calculation of predicted values influenced the frame carrying
capacity.

| Al;everse'situatiqn was ﬁfue for repeaté& ldéding cases, where
the prédicte&'values of shakedown load were higher;than values obtained
from the tests. The calculation of predicted valués»was made with and
without the influence of axial forces. The effectbof secondary momenfs
was not considered whiéﬁ could, becaﬁseVof higher defiection_have céused
quite a significant reduction in carrying capaé;tﬁ; From both mefhods
 (with and without influence of axial fﬁrées) the prédicted values of load
) AS'well as thé:number of cycles associafed with inéremeﬁtal collapse were
higher than ﬁhbée from test results. An exception was the horizontal
deflection which greatly exceeded predicted Qalues.‘ |

Whafléccounted for the differences? ThiS’queétion could be
answered by seVgral explanations. There is no douﬁt‘that the answer

lies soﬁewhere inzthe methéd of caiculation of predicted values.
Incremental collapse load and the number of cycles were calculated by

’A elastic-plastic hinge method as described.;n Chapter ViI, with typical
moment-curvature‘relationships for el-pléstic materiéi.‘ This is,vas
mentioned abové,‘not quite true for reinforced'cqncréte'structurés.
Because of the influence of cracking, the reinforced concrete section
.does not remaiﬂ the same during loading, which ﬁeané‘{#at_the stiffness
of the members‘Qaries with 1§ading and loading histqry.. Other factors

not included in the calculations were the natural characteristics of
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concrete sugh aé shrinkage and creep, which are directly related with
time. Even Before the tension steel in the reinfgrced concrete section
reached the yield point some permanent deformation had already taken

‘place. Loading and unloading curves for moment-éurvature diagrams are

rthe different slopes which is of bésic importance in:evoluting,permanent

deflection developed during some stage of repeated loading.

All these effects together with secénd;ry moment influence
behavior were.not considered in the calculation of the number of cycles
and the associated incremental collapse load. The method used for the
calculation of predicted values could not include all these effects,
therefore,lsome other method such as an elementai'lb#ding history method
could be more a realistic approachAin terms of aceurate prediction.

Tﬁg calculation for predicted values of strain readings was
based on moﬁeﬁt—curvature characteristics for repeated loading. A
method was deﬁeloped by using the computer techniqﬁe-and is described in
Chapter VII. Thbugh the bases of this method were more realistic, the
moments ﬁsed“f¢r calculation were obtained by‘the same method as mentioned
above. This was probably the main reason why the predicted values of the
strains were not very close to the measured values.

The conclusion made of these tests could be briefly
summarized as follows:

'a) for proportional loading of reinforced concrete frames the plastic
collapse ioad is higher than predicted by plastic analysis.

b) for repeated loading of reinforced concrete framés,éhe incremental
collapse load is smaller than predicted by plastic analysis.
However, it .has to be meptioned that no 1imitation of rotation
capacity qr.of hinge length of plastic hinge were ﬁohsidered in

calculation.
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Chaptexr 7

DETAILED CALCULATIONS AND ASSOCIATED COMPUTER PROGRAMS

In this chapter the computer programs used for the calculation
of predicted values are described. The basic program for solving the
~ planer frames by the matrix method isvnot described Because the method
is generally known and the computer program as used during phe graduate
course "Matrix Method of Structural Analysis" in 1969, at McMaster
University is well documented. This program is stili~available in the
Departmenta"Anbther basic program for the moment-curvature relationship
for under reinforced sections was described by R. Dénielsen (23) and the

reader is referred for details to his master's thesié which is also available.

7.1 Programs Based on the Matrix Method
As mentioned above the computer program for planer frames using
the matrix method was used as the basic program for several types of
calculations for predicting the collapse load and deflection of test frames.
Input for the program consists of geometric data for the frame,
member propetﬁies and of the position and values ofvloads° Output is in the
form of forcés including moments and the deformations in the plane of the
frame at the ends of members.
Since several seperate problems needed solution the program
was successively used for elastic solutions for a frame under different
load combinatioﬁs to obtain a table for calculating the incremental
collapse load (see Table 2.2).
The basic program was employed to calculate the plastic collapse
of the frame»byka‘step by step calculation for the proportional loading

case (elastic=plastic hinge method). The method of qélculation is based
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on the definition of a'plasfic hinge, in which any rotation is accom-
panied by a value of moment wﬁich remains constant. To account for the
constant requirement at hinges a natural type hinge behavior was per- ‘
mitted in the step by step procedure at those critical points where the
moments reached fhe plastic value., Hinge releases were placed at
‘appropriate locations. All forces and deformations were stored at each
step and the influence coefficient K was calculated. By multiplication
of all force values F and all deformation values by K and their
addition to previous values gave final forces and deformations. By
this calculation practically the whole loading history of the frame

was traced until the frame developed into a mechanism. The method of
calculation can be followed from Figure 7.1.

This program was somewhat altered to take into account the
influence of axial forces on plastic moﬁent capacity. Because the
relationship between axial force and plastic moment as used in the tests
is almost linear, a simple linear relationship was used. An iterative
process was used for calculation of the plastic moments as a function of
axial forces under increasing loads. The equation for relating axial
force and plastic moment capacity used in the program is:

Mp = 312.0 - 2.5 x Fa
where Mp is plastic moment in inch-kips and Fa is axial force‘in kips.
The value of plastic moment for zero axial force is 312.0 inch-kips.

The same two programs (with and without the influence of axial
force) were extended for tracing, cycle by cycle the response to loading
to incremental cbliapse. Unloading of the frame is represented by
loads of opposite sign under pﬁrely elastic response. As before all

the forces and deformations were added after each ioading or unloading.
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Figure 7.1  Method of Step by Step Calculation Used in.

Computer Program
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v Fof’completion flow charts labelled Figdxe 7.4 and Figure 7.5

are included. -

7.2, Programs Based on Moment-curvature Relationship

The moment-curvature relationship progfam ié based on balancing
of the equilibrium conditions at a reinforced.concrefé crOSSmsection.
. The free body‘diagram is shown in Figure 6.5. An iﬁerative method was
,used in assigning position of the mneutral axis since “the equillbrium
. condition must be satisfledok For a given concrete strain and axial force
only a corrett.choice’for the distance of the neutral<axis will satisfy
vequiiibrium requiréments.b Tﬁe associated.V@luesof-cﬁfvatufe are calculagéd
for certain values of strain9 starting from a strain of 3000.0 micro-
.inches and decreasing by small increments to the zero. The program
‘includes inflnence of shrinkage, axial forces and influénce of - the tensién
o part of concrefén

The same program with minor changes was used for calculating
‘moment and aﬁialtforcé from the strain data. In thié-ﬁase the inputs o
into the progfém,was compressive strain and corres?onding curvature,
while the assbéiated mﬁﬁent and axial force were tﬁéf@ﬁtputso

The:above was used as the subpfbgram for'cglculating values
of straiﬁ« The’inputs»for~this program were the moﬁéﬁts aﬁd axialeorces
- obtained from‘ﬁhe incrementai collapée,load COmputefiprogram mentioned
-in the previoua'sectione' In the main program the maments were calculated
'for certain gauge zones by calling subprograms used to predict values
of strain rea@ingso

Two.of the subprdgramS'wbrkéd'@ﬁ thefbasisféf‘ﬁoment-cqrvature

programs as mentiomed above. Subroutine XX1 uses a moment-curvature
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relationship for an uncracked section including the effects of temsile
force in the concrete. Moment and axial force are again the input values
while output was curvaturé and strain. The second subroutine XX2

worked on the same basis except that the cracked section was considered
and no effect of temsile capacity of concrete was considered.

The third subroutine XX3 used the nethod of the transformed
area for a reinforced concrete section. While the two first meptioned
subprograms were used for calculatiné strain changes during loading
the third was used for calculating strain changes during unloading.
Input_for this subroutine was the change in moments and axial forces
in the section and the position of tﬁe neutral axis for a cracked
section. By using the transformed area method the stresses and strains
were calculated and the latter were added to previous values in the
main program.

Due to the loading or unloading the subprogramé were called
at the required stages.

Typical moment-curvature curves used in the above mentioned
subprograms are shown in Figure 7.2 . The point C in Figur;'7,2a refers
to that point in which cracking of the section océured._ The behavior
shown in Figure 7.3 is typicai of the procedure used in cyclic loadiﬁg

and unloading.
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Input: Geometrical properties, member stiffness properties
loads values for all loading regimes, plastic moment
value, loading regime code no. LR, number of cycle NC
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Figure 7.5 ' FLOW CHART FOR CYCLIC LOADING.
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Input: Section properties, loading code no. 1C,
moments XM, axial force P, number of
loading, number of sections NS.
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curvature due to
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T |
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transform area
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curvature due
to the XM and
P, including
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tension concrete

A
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Y and ax. force P 4

distribution in the
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Figure 7.6 FLOW CHART FOR PREDICTED STRAIN VALUES
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Chapter 8

CONCLUSIONS

'On the basis of the limited experimentallresults and
analytical prédictions the following conclusions are made relative
to under reinférced structures exhibiting considerabie ductility.

The reinforced concrete frame under proportional‘loading
has a carrying capacity which is considérébly higﬁerv;han that obtained
by simple ﬁlastic collapse load predictiomns,

.quﬁhe case of frame BF-4 the collapse load obtained
éxperimental;y was approximately 23% higher than pfédicted by plastic
analysis. Even when the influence bf axial force on the plastic moment
capacity is éoﬁsideréd the actual collapse load wasistill higher by 11%.

The actual incremental collapse load of;thé reinforced concrete
frame considérgd is near to the value predicted byAthe simple method
of plastic analyéis but is more likely to be smalle: as evidenced by
frames BF-2 a.ndeF—:B° The influence of axial force on Mp capacity is not decisive
for this case df’loading and by taking it into accoﬁnt.yields an even
higher value fdr‘the incremental collapse loads than obfained»by the simple
theory. |

?he iﬂcremental‘collapse load for some reiﬁforced concrete
structures cén be predicted quite accurately by thé simple shakedown
method of plastic analysis (22). This result'does n@; validate the
shakedown theory, however, since a number of compensatiﬁg factors
appear to be:responsibleg An accurate prediction can only be ascertained
by tracing through the loading history on an. elemental basis. Since
this approach‘is exceedingly complicated it was not atﬁempted in this

work. It is known (24) however, that the stress-strain relation for
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concrete under:nyclic loading can be an important reason for the
incremental collépse load being slightly smaller than'that ontained
thebreticall&i Consequently, the ratio of plastiC‘éollnpse load to
incremental collapse load for the reinforced concrete frame studied is
somewhat highér than the ratio for the associated sﬁeel structure. The
ultimate stress of concrete continues to decrease with the number of cycles
of loading, while.thé'plastic strain inctenses. Fo:‘high concrete stress
levels the behnvior of reinforced concrete precipitaten'inCremental
collapse_of;the‘structure at load levels of 65% of the>design proportional
load limit as cnmpared to 80% for the similar steel structure.

Itiis recommended therefore, thnt for prqportional loading
axini force should be taken into account to determiné-the collapse load. On
the other hand for variable repeated loading a'more~accurate prediction for
the incremental collapse load is obtained by ignoring axial force effects on
the moment capacity since,secondary moments are important for such case. The
moment capacity increases with axial force up to some c:itical value. For axial
force less than.that value, safe preditions of‘incremental collapse would be
forthcdming by neglecting the added moment capacity. ‘éinge P-A effect
(secondary moment).reduces the collapse load, the added noment capacity should
‘be neglected to' compensate.

Since the conventional incremental collapsé'ldad is.associated
with a very large number of cycles, the probability of collapse incrementally
is 1ike1y small unless acceleration to collapse conditions are met. This
would not be trne for a single storey structure, howevgr. It is more rational
to associate a;giveniaeflection as being a‘cnndition fo:-failure even for
‘structures in which'secondary moments are’nnt'significani,' For such a
specified deflectipn»a small finite number of cycles wonid likely apply and
therefore the»prdﬂability of failure is quite feasibleuinjnomparison with |

’failure by proportional loading. For the frames
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BF-2 andiBF—3 a permanent deflection of three inches is achieved in

5 - 7 cycles. This number is certainly a possibility in considering

the lifetime of a structure and especially when tﬁe load level is of the
order of 85% of the computed proportional limit lqéd.

The,behavior of reinforced concrete frames 1s deeply influenced
by the type of joint connection and this is another factor which should
be considered in calculation of collapse load.

It must be emphasized that the limited number of tests
conducted in this work necessitates confirmation of é number of the
conclusions stated abové° Sufficient care was taken"ﬁowever, in terms
of fabrication and testing procedure that some confidénce can be placed
in the results nevertheléss. The qualitative implications do appear

‘to be valid.
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APPENDIX Al

Uniqueness Theorem of Incremental Collapse

If for a given value of W a corresponding statically admissable
distribution of residual bending moment can be found, such that when the
maximum and minimum elastic bending moments correSpondiﬁg to this value of
W are added to the residual moment at every cross-section the fully
plastic moment is never exceeded, but is attained at a sufficient number
of cross-sectionsto transform the structure into a mechanism if hinges
formed at all these cross-sections simultaneously, this value of W must

be equal to the incremental collapse load Ws;

B. G. Neal: The plastic method of structural analysis, 1965, p. 298.
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APPENDIX A3

STRENGTH OF CONCRETE

Test Model Strength from Cylinder Tests After
7 Days 14 Days 28 Days
c-1 3620 4050 4850
c-2 3680 4090 5020
BF-1 3540 ¢ 3990 4810
BF-2 3520 3890 4830
BF-3 3910 4200 5300

BF-4 . 3300 3700 4220

NOTE: Concrete strength is average value obtained from cyiinder

test is psi.





