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ABSTRACT

This project investigates the behaviour of reinforced concrete beam-

column joints under'the application of‘high intensity cyclic loading,

The experiments, which were carried out on gpecimens with a beanm
framing in on only one side of the joint, were conducted to investigate
the amount of transverse reinfércement required for confinement and shear
resistance in the joint and column fegions, in order to esfablish the
ductility available.in the cdlumn, when subjected to simulated seismic

loading,

Pour units were tested during the experimental program, the design

parameters being:-

(1) the amount of transverse reinforcement in the joint,
(ii)  the method of anchoring the beam flexural steel in the joint.

(ii1) the amount of transverse reinforcement in the column,

The type of failure mechanism, and the cause of degradation in stiff-
ness in the post-elastic range,'is examined for each specimen leading to

a critical appraisal of the joint detail,

From the results obtained during testing, recommendations rave been
suggested for the design of reinforced concrete joints, including ways in
whiech detailing could be improved to enable the load resisting capacity to

ve sustained during post-elastic cycles,
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CHAPTER ONE,

INTRODUGTION

1.1 GENERAL:

The task of designing earthquake resistant struciures has come under
close serutiny during the last decade as the effects of earthquake loading

1,2

on struetural behaviour becomes more apparent, Recent observations have

shown that many buildings, even though they have not beentdesigned for the
purpose, have the ability to resiset earthquakes without undergoing any we jor
gtructural damage due to the interent safety‘incorporated in traditional
design methods, Howevgr, the failure of many other bhuildings subjected to
seismic exeitation, énd tte increase in construction of bigh-rise buildings,
hag lead to a demand for increased knowledge of .the esnrthquake behaviour

of such structures in order to establish adequate seismic design criteria,

Prior to this, the design of structures insured that allowable stresses
were not exceeded in the elastic range, However, modern earthquake - resistant
gtructures are designed on the assumption that, although the large lateral
forces induced by a major earthquake in the post-elastic range may cause
local overstressing, édequate ductility is availab1e4to dissipate the energy
of tha earthquake motions, Thus it is the aim of the more recént design
methods to ensure that sufficient post-elastic deformation can tzke place

to enable the structure to survive without collapse,

The concept of duétility in reinforced concrete entziles much revision
of tre trzditional deéign procedures whrich basically dépended on conecrete
for its 'strengtk, It}does rowever, lead to more efficient and economical
use of construction materials, and increased confidence by engineers in threir

ability to design structures able to resist the large post-elastic deform-

ations imposed by a severe earthquake,



1.2 BEHAVIOUR OF REINFORCED CONCRETE FRAMES:

The recommendations pertaining to ductility in reinforced concrete
structures were first proposed by Blume, Newmark, and Corning in 1961,1
which eventually lead to a section in the S,E,4,0.C, 1968 Revision of
"Recommended Léteral Force Requirements" which states3 ".,.a.....buildings
more than 160 ft, in height shall have ductile moment-resisting space
frames,ccesooes The necessary ductility sﬁall be provided by a frame of
satructural steel.;.(...;.lor by a reinforcéd concrété framescosoocces' s
Consequently the behaviour of reinforced concrete frames has been a topic

of econsiderable interest,

Reinforced concrete frames designed as ductile moment-resisting space
frames may, depending on the intensity of the earthquake, be subjected to
several post-elastic cycles throughoutiits durétion. With each cycle, the
accunmulation of damage in the failure region meéns & degradation in stiffness,
and éince ductility is determined by the ratio of deflection at ultimate to
the deflection at first yield (AuAAy), this loss of stiffness tends to
increase the apparent ductility of the gstructure, However the ability for
energy absorption, as indicated by the area under the load=deflection curve,
is generally not enhanced due to a loss in load-resisting capacity., Convent-~
ional theories based’on maintaining the ultimate strength of the structure

cannot, therefore, be forgotten in the need to satisfy duetility requirements,

Since ehergy absorption in reinforced concrete is best acheived by
yielding of the flexural reinforcement, care must be taken to ensure that
other stress requirements are not underestimated., If a "brittle" failure
occurs - that is, one due primarily to bond, shear or compression - little
or no ductility is a;ailable for post-elagtic deformations and collapse of
the structure is a likely outcome, The beam-column Joint is a region where

shear and bond stresses are critical, and since the strength and ductility



of the members cannot be achieved without an adequate connecting detail,
the performance of this region can be a decisive factor in determining thre

overall behéviour of the étructure.

Vhen a reinforced concrete frame is subjected to earthquake motions
it will deform as shown in Fig, 1.1, Goheidering the region surrounding an
exterior beam-column joint (cireled) as a free body, thé‘forces required to
establish equilibrium are shown in Fig,b1;2 (a), If the assembly is rotated
through the angle e,lthen the specimen is located conyeniantly for testing

purposes, Pig, 1,2 (b),

1.3 SCOPE OF THIS PROJECT:

The original purpose of this series of tests was to determine the amount
of transverse reinforcement necessary to‘provide sufficient ductiiity and
energy absorption in the column region immediatély ad jacent to the joint,
by subjecting different specimens to high intensity ecyclic loading, For
this reason it was necessary to absorb the energy by yielding of the column
flexural steel, and therefore the ultimate flexural capacity of the beam was
designed to be greater than thkat of the column, but other requirements for
shear, bond and confinement as specified by the code were considered in thre

design,

The intention was to test specimens with differing amounts of trans-
Verse;reinforcement'in the column, increasing the steel content from nominal
ties until the required ductility waé acheived, As results obtained during
the testing programme indicated that the joint was prone to fail before the
ultimate moment of the column could bé attained, it became increasingly
obviousg'that little satisfactory infor@afion concerning column ductility
could be derived from the tests until an adequate joint detail could be .

degsigned,
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The emphasis of the test programme, therefore, shifted from invest-
igating colum duetility to endeavouring to detail a joint with the strength
to enforce yielding of the flexural bars, Obviously much of the difficulty
arose from testing specimens with joints unconfined by spandrel beams,
However, although exterior joints subh as these are‘nét often used in actual
construction, the tests revealed weaknaéées in the détail and ga&e indications
of stress distributions, which wouid not héve been‘apparent'had the specimens

consisted of other than an isolated joint detail,



CHAPTER TWO

THE STATE OF THE ART

2,1 PRESENT DESIGN PROCEDURES:

The concept of designing for ductility in reinforced concrete structures
was initiatéd by Bluﬁe, Newmark and Corning1 and its acceptance was such
that it is now a bagic design procedure incorporated in the d951gn codes
of the magority of earthquake prone countries, It is well reoognlsed1 »4
that, should failure occur, the flexural yielding should preferably be
enforced iﬁ the horiéontalkrather than the veftical meémbers, Therefore

it ie stipulated5 that the ultimate moment capacity of the column must be

greater than that of the beam, where they frame into the same joint,

However even though the column is designed to be stronger than the
beam there are factors which in practice can greatly influence the relative
strengths of the members, The most significant of these im when the
direction of the earthquake is at 45° to the axes of the building, At
any beam=column Joint the column is subjected to the full earthquake
effect while the beams neéd only resist the component of the‘earthquake
along their longitudinal axes, This means that the column must be d991gned
more than 40% stronger than tbe beams. If, in addition to this, the
variability in material strengths of both conerete and steel in the members
combine unfavouradbly, then it is obviously impractical to design the
column stronger than the beam for every situation, Therefore it is specif-
ied that, although the column should not attain its ultimate flexural
strength, it shall be provided with sufficient transverse reinforcement
so that if it does 80, it will have adequate ductility to survive the

earthquake,

Thé importance of joint integrity during earthqueke response is



bagic, Should a joint fail, the capacity of all members framing into the

joint is reduced or eliminated.

2.2 REVIEW OF PREVIOUS WORK,

The analysis and'design of struetures has become increasingly theoretical
due praéumably to‘the‘qbntinued sophistication of the electronic computer,
the speed énd accuracy of which is unattainablg by'the usual design procedures,
| However, owing to the asSumptions and simplifications which must be imposed
to enable the program to be adaptabié,.tbé aécuracy 6f the results obtainable
are limited by the applicabilify of these.restrictions, Becauée the pro-
perties of many structufal matéfials,bparticularl&ureinforced concrete, are
unprediciable.to the required degree of accuracy, there is a need for ex-
perimental work to be performgd?whereby the structure, or a model thereof,
is subjected to forces from a‘simulatedbeaithquake in order %o understand
the behaviour of the actual structure, Sinee mﬁch of the information re-~
vealed by tests of tﬁis sort are obtained in the post-elastic range it is

impractical to perform any experiments on existing structures,

The recommendations developed from the results of tests on small scale
specimens are not in many cases appliecable to large building members °
Therefore the need for tests on full scale component parts of structures

becomes evident and may, in some circumstances, provide the only reliable

source of information,

Muck of the researehr which has been done on the ductility of columns
has involved testing of members subjected to flexure and axial load7' When
large shear forces are also present the problem becomes more acute, This
is the gituation at a beam-column joint where these three forces are all
present, The work whichk has been done to determine the behaviour of interior
beam column joints8 cannot be extended to apply.to exterior,joiﬁts because

of the special provisions required -="in particular where no spandrel beams



frame into the joint to provide extra confinement,

The most significant work on exterior joints to be attempted was per-.
formed in the P,C.A, laboratéries, a review of which is published by the
A,S,C.E,9' Results from this paper indiéata fhat for the identical specimens
IIT and IV, which were designed wi£h ihe éoluﬁh weaker than the beam, with
different column axial loadé,,the greater colum load waé more favourable
for attainment of the theorefical ultimate hOment cabacity. qun'so the
ability of the specimen to maintain its‘ultimate cépaoity was diﬁinished
significantly after the first post-elastictéycle. The fact that the results
from these two specimens did nof appeérvto affect the éonclusions to any
extent, even‘though'specimen4IV did not‘at any stage attain its theoretical
ultimate éapacity; indicétes that the authors placed little emphagis on the
performance of these épecimens.‘ The other test specimens and subsequent
tests1o showed that the code requirementé for these beaﬁ-columﬁ joints are
conservative with regard to transverse reinforcement, - It is apparent.that
a joint, detailed according to accepted design practice, will provide
sufficient ductility and energy absorption to survive a series of post-elastic

load cycles,

Megget11

developed the work on exterior joints further when he tested
three specimens with different beam anchorage reinforcement in thé joint,
However the transverse joint reinforcement was insufficient to maintain the

integrity of the joint and brittle failures eccurred in all three specimens,

Therefore it is obvious that mueb work is yet to be dome in this field
to establish an adequate mechanism for resistance in exterior joints and it
is with this purposs thét tte experiments reviewed herein have been under-

taken,



CHAPTER THREE

TEST SPERIMENS,

- 3.1 INTRODUZTIONS

The philosbphy behind the design of. the specimens ig deseribed in‘this
chapter, Restriections from code requifemenfs are outlined in an attempt

to stow the reasons upon whick many of the decisions are based,

Theoretical predictions of the behaviour of the specimens are also
formulated so that, subsequently, a comparison can be made with the actual

hehaviour,

3,2 DESICH OF SPEOTMEN:

362,11 Overall Specifications:

Tre specimen fepresented an exterior beam column assembly with
only one beam framing into the joint, ilthough the dimensions of the assembly
were determined tonsome extent by the size and load capacity of the existing
test rig12"it was considered necegsary to test a full scale specimen to avoid
tre possibility of soale effeotssf‘ Therefore the dimensions of thre structural

components were as large as possgible witlin the limitations of t*e apparatus,

As well as desipgning @ specimen in whie» ths ultimate moments of re-
sistance of tre rolumns were less than that of the beam, as discussed in
section 1.3, the detail reflected current tremnd in construntion in an attempt

to provide information directly arplicable to practical conditions,

The strength properties of the materials used throughout tre design

weres -
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concrete fé = 4,000 pegi

steel fy = 45,000 psi

3,2.2 8ize and Mexural Reinforcement of Members:

3.2.2,1 - Column:

The dimensions of the column were the most important criteria when
selecting representative sizes and a 15" x 15" square colum was considered

to be the optimum size,

13

Thé restrictions on flexural reinforcement'ih columns - stipulates

there must be at least four bars for tied columns so that
0.01<:pt<:0.08
Taking this into account, the column was 15" x 15", with four 1% in,
diameter bars symmetriecally placed, giving p = 0,0206,

For this column

Nb = 370 kips,

The earthquake provisions for lateral confining steels’ apply only to

columns where
Nu;a O.4Nb = 148 kips,

Therefore the load N = 148 kips was the minimum load on the column through-

out the test,

The test specimen with applied loads is shown in Fig, 3.1,

However, with the intended load arrangements, since the horizontal |
reactions, H, must be equal, only equal moments could be generated in the

column, That is; from Appendix B;
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Mygr = Mo = My = 1875 kip-in.

3,2,2,2 Beam,
It was decided that the beam should have an ultimate moment

of resistance 20% greater ﬁhan that of the eolumns to allow for variations

in material gtrengths.

]

Required Mub' 1.29 X 2 Muc

U

4,500 kip=in,
‘ . . 13
The reinforcing ratio, p, was restricted - by

%9-9 < p < 0,50 pb

¥
0,005<p < 0,023

The beam width was 12 in, and the flexural reinforcement, both top and
bottom, consisted of féur 1%-in. diameter bars in a single layer, The depth

of the beam was determined by the required moment capacity. Assuming a

-

steel ecouple to produce Mub 4500 kip;in
Mg = Asfy (a-a*)
§0 = 2200 -
d=4 190 % 05 20,35 in,
% = 24,6 in,

Dimensions of the beam were 12" x 25", witk four 1% in, diameter bars,

L

top and bottom, giving p = p' = 0,018,

Anchorage requiremehts5 (calculated in Appendix B), indieate that an
anchrorage length of 32 in, is required of each bar measured from the face -
of the ecolumn, However, problems arise in the Jjoint with separate znchorages
for theifop and botfom bhars, with rongestion in the joint and interlacing
of the bars, Although these were by no means insurmountable problems, 4t
was decided’that running the top and bottom steel in a continuous U through

the joint would provide the best eclution and alsc test

12



the capability of a detail commonly used in N,Z, construction, The anchor-
age length of the bars must transfer to the concrete both the tensile and
compressive forces from the top and bottom beam bars, In this specimen, from
the details given in Appendix B, the maximum expected bond stress, u, is
given bys

- (fs + f'g).D

4L

1,378 x 41,800 x 1,25
o 4 x 40 :

450 psi,

A bond stress of this magnitude should be easily attainable in a well

confined joint, However, this anchorage detail was found to be one of the

reagons for deterioration in the joint during testing, and<for UNIT4 separcte

anchorages for top and bottom bars were used,

3.2,3 Transverse Reinforcement:

30203.1 Joint Ties:

The transverse reinforcement in the joint is provided to

resist both bursting forees from the concrete and shéar forces,

Uaing-% in, diameter hoops, five were required for confinement within

the joint, (see calculations in Appendix B),
[ i
From standard design procedure for joint detailiﬁg10’14’ six 2 in,

diameter joint ties are required to resist the shear forces, However because

of the conservative nature of joint sbear requirements as evidenced by

9,10

previous tests ' UNIT 1 was provided with five ¥ in, diameter joint ties

to determine thre validity of these nonclusions, Trese ties were insﬁfficient
to prevent deterioration of tre joint of UNIT 1, and so for UNIT 2 seven

153

» in, diameter ties were provided, which represented 25% more transverse

13
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reinforcement than was theoretically required, Because of the inadequacy,
also, of these ties, UNITS 3 and 4 had nine %-in. diameter ties which more
than satisfied the more conservative code requirements outlined in Section

8910

30203.2 Column Tiess

The originsl intention of the research was to provide only
sufficient column ties to resist the shear‘force, and to increase the
number of ties in succeeding épecimens Qntil adequate ductility was obtained

from. the plastic hinges,

Since. the concrete was éapable of resisting the applied shear force
only nominal ties were required in the ecolumn, These consisted of 4 in,
diameter ties at i2 in, épacing. This reinforcement'wés provided for both
URITS 1 and 2, TFor UNKITS 3 and 4 additional confinément was provided by
£ in, diameter ties at 2 in, spacing adjacent to the joint, The spacing
increased to 4 in, and eventuallyVS‘in,; further away frqm the joint, as

shown in Pigs, 6.1 and T, 1.

3.2.3.3 Bean Stirrups:

The minimum shear reinforcement in flexural members weans 3 in,
diameter stirrups must be provided at 6 in. spacing. In all specimens,
stirr&ps were provided at 4 in; spacing cleose to the joint, to fit con—

veniently between the demec studs on the flexural bars., The spacing in-

creagsed to the waximum spacing of 11 in, beyond the demec étuds.

3.3 THEORETICAL BEHAVIOUR:

3,3,1 Elastic Range:

Much of tre information concerning bshaviour of the specimens in



the elastic range is determined from equilibrium and strain compatibility
after the material properties have been established, The calculations are
presented in Appendix B with the specifie results for each specimen included

in the relevant chapter,

-3,3.1,1 Flexural Crackings

Cracking first occurs in the beam then in the column, The
loads at which cracking‘should theoretically occur are caleculated and the

effects are shown on the load-deflection relationships,

3,3,1.,2 Yield Load:

Once fé had been. established for each specimen, the load at
which first yield should occur was determined, In fact, yield, which occurs
ih the column flexural bars, was observed only in UNIT 4., The theorefical
yield load is tabﬁlated for.each specimen in.Table 8,1 along with the écﬁual

loads obtained,

3.3.1.3 Rotations and Deflections:

The elastic rotation éf the column is calculated for both the
uncracked and cracked sections and compared in Table 8,3, Deflection at
‘the eéd of the beam is conaidered to be contributed to by rotétion of the
columﬁ and bending of the beam, This is shown on the 1oéd—def1ection re-=

lationships,

The theoretical deflected shapes at the peaks of the elastic load runs
are ghown diagrammatically in each chapter and compared with the actual
shapes Bbtained. Joint distortion, which can have a considerable effect on
the deflection of the structure was not considered in the theoretical prio~
dictions, Its effert then besomes apparent when theoretical and actual

values of deflectlion are compared,
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3,3,1,3 Steel Strains:

The strains in the flexural reinforcement are calculated by
elastic theory for the first run of loading in each direction and compared
with the recorded strains on the figures of strain distribution in each

chapter,

3,3,2 Post-Elastic Range,

Although UNITS 1,,2, and 3 do not yield in flexure, the response
to the applied load is simi1ar to what would be expected and although not
strictly correct it is convenient to refer to the "elastic" and "post-elastic"

portion of each load run,

3,3.2,1 Ultimate Load:

The ultimate loads for each specimen are calculated in Appendix

B, and tahulated in'Tabie 8,2 for comparison with actual maximum loads obtained,

3.3,2,2 Rotational Ductilitys

For the design specimen the duetility available can be deter-
- mined from consideration of-thq rotations at ultimate and at first yield,

It hasg been suggested1 that although the ultimate conerete strain is gen-
erally £aken as 0,003, for confined noncrete a more realistic figure would
be‘0.01. This means that provided the concrete is well confined the theoret-—
ical maximum rotational ductility faetor attainadble is given, by Appendix

B, as

BBy = 154

However thre performance of the specimens, with the exception of UNIT 4,

showed that this 'is not applicable if the concrete is not sufficiently
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confined, The ductility factors for post-elastic load runs are computed

uging the method outlined by Bennett el al15 and tabulated in each chapter,

3.4 EARTHQUAKE LOADING REPRESENTATIONS

3¢4.1 Rate of Load Applications

Static cyclic loading was applied to the gnd of the beam by means

" of screw jacks to simulate the high intensity revefsals impoaed by an earth-
quake; ‘Althougﬁ earthquake loadings are dynaﬁic in character, it has been

'shown16:that the strength and energy absorption charaéteriestics of reinforced
conicrete members are inéreased with inéreaséd speed of loading, and,17 that
static tests can satisfactorily predict the struectural response of reinforced

conerete gtructures to’earthquakés, Consequently it appears conservative

to use static loading ag a hasis for testing seismic specimens,

3.4,2 Loading Sequences

The load sequence applied was adjusted slightly depending on the
‘performance of the individual specimens, lHowever the sequence took thre
general form as shown in Fig. 3.2, The initial runs 1,2, and 3 were to
establish the stiffness of the structure. in its unéracked and‘craéked states,
Runsg 4 and 5 subjectéd the specimen to deformations which wquld be expected
during a major earthquake, which were followed bj fwo elastic runs to deter-
mine the stiffness and general performance after the earthquake; The remain-
ing cycles were to demonstrate the response and ductility of the structure

during a second major earthquake,
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CHAPTER TOUR

UNIT 1 -

4.1 INTRODUCTION:

The overall_performance'of the first épecimen is deécribed in this |
chapter and ascount is givén of the behaviour and stress distribution of
reinforeing components of the struecture, The way in which the stiffness
deteribréted under EOntinued 1oad applicatioﬁ leading to eventual failure

of the specimen is also described,

4,2 DETAIL OF REINFORCEMENT:

This specimen, designed as described in section 3,1, had reinforcement

details as shown in Fig, 4.1,

The joint hoops were sufficient for confinement according to ACI
318 = 71 and were theoretically cépable of resisting 83% of the joint shear
force at theoreticél ultimate, The colum had only nominal ties outside

the joint region,

4.3 OENERAL PERFORMANCE:

The cracks in the joint, whietr appeared early‘in tre loading sequence,
widened considerably, indicating iarge stresses in tre joinf ties, even
during tte initial elastie cyeles, The width and number of cracks increased
during subsequent cycles until eventually the cover conerete became ineffect-

ive,

Most of the joint ties reached yield stress during Run 2 and were
obviously inadequate to resist both the shear forces in the joint and burst-

ing forces from the column core, Failure subsequently occurred primarily
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in the joint vegion. The inadequate joint shear reinforcement allowed the
diagonal tension cracks to widen, leading to degradation in the joint stiff-
ness and the moment resisting capacity, This premature failure meant that
the flexural bars did not yield and the specimen attained only 71% of its

computed theoretical ultimate flexural capacity,

The distressed nature of the joint after Run 5 indiecated that little
information would be provided from application of further elastic cycles and
so, during Runs 6 and 7, the specimen was taken to its maximum deflection

in eac* direction before the test was terminated,

4.4 BEHAVIOUR OF FLEXURAL REINFORCEMENT s

All strain measurements were taken by DEMEC gauges'as explained in

Appendix A,

4.4.1 Colum Barss

Apart from'inCOnsistencies resulting from the effects described
in section A.5.4, the recorded strains in the bars were generally consist-
ent with theoretical predictions for cyclic loading (see Figs, 4.2 (a) and

4,2 (b)),

Strain readings on the more reliable outer column bars (the two furthest
from tre beam) indicated stresses of approximately 35 ksi in each bar at
maximun load, This stress must be disgivated within the joint, by bond with
tre concrete, over a distance of about 12 in,, representing a bond stress,

u, ziven by

Dfs
u = ;ﬁs—
1,125 x 35000,
h 4 x 12

- 820 psi

20
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For strain gauge locations see Fig.4.2(a)
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The maximum bond stress s scified by the AGT for ultimate strength design
is 800 psi13’ which is not difficult to acheive in a region which is well
confined, However, these bars were not adequately eonfined to witbetand
the s»litting stresses induced by the cyclie leading, and vertical cracks
down the back sidéS'of.the ecolumn duriﬁg Run 4 gaQe evidence of partial

bond failure.

4.4,2 Beam Bars:

The strain distributions for these bars, shown in Figs. 4.3 (a)
and 4,3 (bv) were as expected with the steel providing the tensiie force

and the majority of the compressive force being resigted by the concrete,

The readings of strain taken in the column at gauge locations 37 and
42 were obtained from %'in. diameter studs 3 in, 1ong, which were too
flexible to produce consistently accurate results as is evident from tre

distributions shown at these loeations,

4.5 BEHAVIOUR OF TRANSVERSE REINFORSEMENT:

Strain measurements were again taken by DEMER gaugee on the ties, how- _
ever only a penersl idea of the beraviour of the ties could be deduced since
the acecuracy of the strain readings was influenced by'the howing of the ties,

as explained in section A,5.4.1,

4,5,1 CGolumn Tiess

The %'in. diameter ties provided only minimal resistance in shear
and econfinement, however for the mzjority of tﬁe test when thevfailure was
confin;d to the joint, they were nct required since the concrete resisted
all thé shear, Onece cracking extended cutgide the Jjoint region, the

inadequacy of these ties was clearly demonstrated, The level of strain

mainly reflected the diversification of cracking in the column, since
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For strain gauge locations see Fig . 4.3(a)
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FIG. 4.4 UNIT 1 ON LOAD FIG. 4.5 BUCKLING OF COLUMN
RUN 6 FLEXURAL BARS

e reading generally showed at least yield strain wherever a crack crossed

the gauge location on a tie,

Tre inahility of tlese ties to prevent buckling of the column flexural
bars in tre compression region, as srown by Figs, 4.4 and 4.5, indicated
that they would be unsatisfactory if required as lateral confining steel

in the column,

4.5,2 Joint Tiess

Tre strain readings on trese ties did,notvreflect the gituation
for individual ties to any degreec of accuracy because of bowing of the ties,
The relative varticipaticn of each tie can be determined, rowever, from
the measured strairs shown in Figs, 4.6 (a) and 4.6 (b)., Tre strain dis-
tritutions indicate trat the ties do not all resist the bursting and shear

forces equally, The generzl trend of the upper ties being subjected to a
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greater amount of bending, for downyard load, than the lower ties would
be due to them either resisting a larger force or having ieas restraint for

the imposed force, This is caused by the type of failure which occurred in

this specimen, and results in the opposite distribution for upward load runs,

“he actual strain readings at fhe back of the ties, as shown in Fig,
4.7 (&) demonstrate the symmetrical ourvature“of each: tié caused by the
internal forces in.the column'coré;, The'strain along the sides of the ties,
ghown in Pig, 4.7 (b) indicéte a difféfeﬁce,iﬁ curvature, as explained in

gection A,5,4, rather than 4 non-uniform stress along the tie,

Figs, 4.8 (a) énd'4.8 (v) show how the strain in the ties increases
with increase in applied load for each load run, Thé'effect that the bow-
ing of the ties has on the feadingsjis clearly shown in Run 1, At 40%
of fhe theoretical ultimate load the bqwin¢ of the ties appeared to be
.negligible, the strain readings being caused by minor diagonal tension
cracking in the joint, As the cracks openﬁi, the ties picked up more gtrain
until eventually, due to a combination of *his, and internal craokihg caus-

ing expansion of the column core, the strzin readirnss inereased considerably,
y 3 y

4,5.3 Beam Stirrups:

Altrough trese were instrumented ir this specimen, only uminor.
flexural cracks formed in the beam resultinz in the beam stirrups being

virtually unstressed,

4,6 DEFORMATIONS:

Deflections and rotations were measured by means of dial gauges as

described in Appendix A,

29.
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4,6,1 Deflectionss

The deflected shapes of the specimen at the peaks of the elastic
runs are shown in Fig.‘4.9'and comparéd with the theoretical deflected shapes,
The column does not deform symmetrically about its centre-line because of
the difference in stiffness of the upper and lower columns caused by more

cracks forming in the region of lower axial load.

4,6,2 Moment~Rotation Relationshipss

The moment-rotation relationships. for tre column, both above and
below the joint, are plotted in Figs., 4.10 (a) and 4,10 (b). The rotations

were measured over a length of 15 in, from the face of the beam,

Fig. 4.10 shows the rotational ddctility achieved during each cycle,
However because otrer components of the structure, such as the joint and
the beam, also contribute to the deformation of the specimen, this re-

lationship cannot be used as a measure of overall ductility.

- The rotation recording apparatus had *to be removed after Run 5 due
to excessive deformation of the frames around the colum, and therefore

the rotation could not be determined during Runs 6 and 7,

4,6,3 load-Deflection Relationships

The load~deflection relationsbip.as shown in Fig, 4,11, gives a
truer representation of the duetility and energy absorbing capacity of thre
strusture, Since thre deflection was measured at the end of the beam,
deformations ‘caused by beam and column rotations and joint distortion were
all taken into account, The ductility factcr obtained during each load run

is shown in Table 4, 1.

The loss of,stiffness of the srecimen due to‘cracking, and hond failure
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of the flexural bars, is demonsirated in Fig;u 4,11 after application of
Run 4, the first fun into the post-elastic range, The load resisted during

Run 6 represents a loss of more than 40% of the load resisted during Run 4,

The theoretical bilinear load-=deflection curve is shown for oomparison
in Pig, 4.11 and the effect of stiffness degradation is tabulated in Table

401.

TABLE 4,1 Performance of UNIT 1 During Lead Cycling,

Run - Maximum B

Roax Ductility |. Average
Load =gt 100 Factor +
Pmax, Pu* Stiffness
(kips) (%)
1.1 23.9 69,7 - 47.8
2 24.3- 70,8 - 54.9
3 20&9 6100 - 3509
4 24.0 70,0 7.0 36,1
5 18.8 54,8 9.0 7.9
6 14,0 40,8 13. 7 4,6
7 13,6 39,7 15.5 4.3

t Expressed as % of the theoretical stiffness,

4.7 CRACKING:

Elexural cracks first appeared in the beam as vredicted by theory at
P =0,25 Pi.‘ However, apart from tre crack at the junction of tte beam with
tke column, tlese remained minor cracks influenced only by tre strain in thre
beam flexural bars, generally closing on,féversal of loading. Cracks in the
tension regions of the column‘above and below the joint became visible at
P = 0,40 Pz. More than 50% of tre theoretical ultimate load had been applied
before diagonal tension cracks formed in the joint region. To some extent
the oonfiguration of the cracks was influenced by the holes around the studs

for gauge points on the reinforcement, However the general angle of diagonal

, . 0
tension cracks, as shown by Fig. 4,12, is steeper than 45" due to the pre-

sence of axial compression affectins the direction of principal tension,
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Vertical crackg down the line of the outer column bars both at the back,
Pig, 4.13, and sides of the column indicated the high splitting stresses
in this region, The cracks in the side of thre column which followed the
line of these bars eventually connected with the diagonal tension cracks

to form the main failure cracks across tre joint, as shown in Fig, 4.14.

4.8 THE FATLURE MECHANISM.

From the observations made during the load mequence and from the
appearance of the specimen at failure, Fig. 4.15, it is apparent that the
joint ties were ingufficient to provide'both adequate confinement and

shear resistance,

The strain readings in the steel, and the crack pattern, indicated that
the beam was attempting to fotate independently of the column, the joint
ties being the connseting links, On downward cycles the beam appears to
rotate about the base of tre beamwcolumnvjunction, pulling out at the top,
therefore subjecting‘the,upper ties to a greater strain than the lower ties,
The reverse ig tre case for upward loading. trereby giving thre strain dis-

tribution in tre ties as shown in ig. 4.6 (b).

Breaking up of the concrete in ﬁhe joint lowered its ability to resist
the applied shear force, which‘meant that tte joint ties were then expected
to take a larger propartion of the Jjoint skeaf, However ttre distribution
of strain in the jbint ties shows trat not 111 the ties work effectively
during each load run. Tris led to yielding of the ties which allowed cracks
to widen in the joint region, The diagonal tension cracks opened sufficiently
to promote a shear failure across the joint as represented diagrammatically

in Fig. '4016.
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CHAPTER FIVE

UNIT 2,

5,1 INTRODUCTION:

The behaviour of the second gpecimen is described in this chapter with
particular referehoe to the strength of the joint itself, and the improve-

ments shown over the strengtﬁ of UNIT 1, :

The majority of the results are presented in the form of graphs, to

facilitate comparison of responses at different load levels,

5,2 DETAIL OF REINFORGEMENT:

To improve both the confining capability and the shear resistance of
the joint, seven § in, diameter ties were provided within this critical
region, in an attempt to alleviate the stress in each tie, caused by the
tendency for unequal stress distribution during different cycles, Thris

represents 25% more transverse reinforcement than is theoretieally required,

The otrer reinforcing details remained as specified in section 3.1,

and are shown in Pig, 5.1,

5.3 GENERAL PERFORMANCE:

During the initial elastic cyecles the behaviour of this spedimen ghowed
similar tendencies to UNIT 1, except that the less intense diagonal tension
cracking in tlhe joint, Fig. 5.2, indicated the effect of the increase in the
amount qf transverse reinforcement, Less sirain in the joint ties supported
the belief that the svecimen was resisting the applied load more effectively
than its predecessor, however the fact that the majority of the cracking @as

confined to the joint region indicated that this was again going to be the
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weakest component of the structure,

Most of the deterioration of the‘joinf, botr visually and structurally,
became apparent during Run 4, the first post-elastic run, following similar
lines to UNIT 1, The vertical cracks conhected with the diagonal tension
cracks in the joint, to form the major failure cracks, Cover concrete was
forced off, particularly around the joint, pfoviding negligible load resist-

ance after thé elastic cycles,

Although thevépecimen exhibited better resiliéhcg than UNIT 1, by
sustaining its load over a greater number of oycles,'the maximum load re-
gsisted was gtill Oﬁly 75% of the theoretical ultimate load - an insignificant
improvement over UNIT 1, A bond failure of the beam flexural bars in the

column appeared to be the main cause of the loss in load resisting capacity,

Rung 6 and 7 were imposed on this sﬁecimen in an attempt to attain
0.75 P:, rather than a duetility factor of 0,75, It was soon realised that
this could not be achieved, The test was terminated after Run 9 when the
specimen could not resist a gignificant proportion of the threoretical

ultimate load,

5,4 BEHAVIOUR OF FLEXURAL REINFORCEMENT:

5.4.1 Column Bars:

Apart from the oceasional inaccurate readiﬁg, strains were generally
consistent With theoretical predictions, The distribution of strain in the
column bars is shown in Figs, 5.5 (a) and 5.5 (b). At low beam loads the
bars in the column may be in compression over their whole length, indicating
£he eff;ct of axial colﬁmn load,

Vertical cracks down the side of the column on the line of the outer

‘culunn bars again indicated tke imminence of bond failure, which became
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For strain gauge locations see Fig.5.5(a)
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apparent as early as Runs 3 and 4 in the load sequence, From observation
of the nature of the bond failure it was evident that although the bond
stress was reasonably large, it was the applicatiocn of reversed loading
which was detrimental toybond performance, The slip between the concrete
and steel‘during Run § was large enough for‘the concfete fo'be forced
against the demec étuds, go that reédings.of strain in' the outer column

bars were not meaningful,

Bventually, once the cover concrete had been dislodged, the column
barg buckled in compression in the region above the joint due to inadequate

restraint from the transverse reinforcement,

5.4.2 Beam Bars:

Tre strain in these bars showed a reasonably consistent trend
at the various load levels for different cycles, as shown in Figs, 5.6 (a)
and 5,6 (ﬁ), where variétions in gtrain at different locations show
the effect of crécking in the particular region., Although the readings
from the demec studs in the column (locations 77 and 85) are obviously
suspect, there appears to be a tendency for the stress to be dissipated

from the point where the bar enters the column,

The increase in strain during the post-elasfié range of Run 4 is pre-
sumably'caused by the greater deflection applied at tre end of the bheam,
The increased stress in the bars did not, rowever, produce a greater moment
of resistance in the beam since the measuréd load is virtually unchanged in

this range,

The anctorage of the beam bars in tke column was inadequate for this
gspecimén once the Jjoint began to deteriorate, and at failure, when the
cover concrete had been dislodged, it was obvious that bond failure had '

occurred around the outside of the bend of the beam flexural bars in the
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joint (see Fig, 5.16),

5.5 BEHAVIOUR OF TRANSVERSE REINFORGEMENT:

5o Do 1 Column Ties:

Again tre column ties proved to be'inadequate. During the elastic
cyqles when sheér was the ma jor consideration and the extent of cracking
was as ghown in Fig. 5.2, the strain readings indicated a maximum stress in
the ties of 30,000 psi, However when Run 4 was applied the cracking pro-
pagated above the joint region (see Fig, 5.3) and the strain in the ties in
tbis region incfeased by 500% into the yield range, The‘ties below the

joint yielded on Rum 5,

A vertiecal crack down the centre of the column, shown in Tig, 5.4, which
opened during the post-elastic eycles gave further evidence of the inability

of these ties to restrain lateral expansion of the column, -

5.5.2 Joint Ties:

Tre effeet thrat bowing of the ties had on tré strain readings
wag not realised until after the testing of UNIT 2 and trerefore the DEMEC

gstrain gauge readings are subject to the sime inacouracies as UNIT 1,

Congidering the strain distribution on the back of the ties, as shown
‘in Fig. 5.7 (a), the vast difference between the strain readings in the
elastic and post-elastic cycles suggests that the expansion of ths joint
conerete really takes effect after the elastic range, with very little
expansion before then, The readings at the same load for successive cycles
show congistently ﬁigher valueé, indioating some permanent strain in the
hoops or, possibly, a small amount of permanent bending, The trend for
the upper ties showing larger veadirgs on downward load runs was again

tl:e case,

o1
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The strain readings from the side of the ties, shown in Fig, %.7 (b),
demonstrated good performance in the elastiec range, as expected, since

tre ties are here mainly concerned with strear resistance.

Vertical cracks down the backlof the éoluﬁn bécéme apparent during
Run 3 and by the onset of thre post-elastlo range of Run 4 tre cracks
were fully developed down tre 301nt whlck 001nc1ded with the dramatic
gtrain inerease shown in Fig, 5.7 (b), T%e‘distribution of strain during

Run 5 is consistent wifh the theoryAexplained in séction 3.5.2,

Fig, 5.8 (a) shows the consistency and symmetry of. the readings on
the back of the joint ties, The incréase‘in readings at the same load
level for successive cycles can be easily seen, and in this case, is pro-

bably due to a permanent bend left in the ties from the preﬁious eycle,

Fig. 5.8 (b), apart from the two upper fies, shows remarkably con-
sigtent readings.along each tie, congidering the unsymmetrical nature of
the diagonal tensién cracking.‘.The top two ties may have been subjected
to some bursting pressure before fhe lower ties, since the vertical crack
at the back of the column extends from abéve the joint, Fig. 5.9, thersby

affecting the readings on these ties,

The development of stress in the ties can be seen from Figs., 5,10 (a)
and 5,10 (b) where the recovery of strain from'a'previous cycle can be
easily extrapolateq, The readings 6n the =ide of the ties show very little
permanent strain, indicating that the higher readings for successive cycles
may be due more to degradation in joint stiffness rather than a permanent

strain from the previous cyecle,

From the higher readings on the back of the ties, compared with the
side readings, it appears that this region is subjected to consideradbly .

more bursting pressure than the side of the ties,
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FIG. 5.9

BACK OF JOINT SHOWING
VERTICAL SPLITTING

CRACK IN UNIT 2

The overall verformance of the ties appeared to be adequate in the
elastiec range, however, from the rapid deterioration of the joint during
Run 4 it was obvious that the ties were insufficient for confinement of

tre joint under post-clagiic eyelic loading conditions,

5.6 DEFORMATIONS:

5.6,1 Deflections:

The deflected shapes of the specimen at the peaks of the elastic
runs are shown in Pig, 5.11 and compared wifh the theoretiecal shapes, It
is apparent from the shape of the column that it did not rotate freely about
the base hinge, thereby upsetting some of the theoretical agsumptions of

equilibrium of the specimen, althouph this did not affect the outcome of

the test,
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5.6,2 Moment=Rotation Relationships:

These are shown plotted in Fig, 5,12, The column exhibited a greater
stiffness than did UNIT 1, presumably because of the reduction in the amount
of cracking extending outside the joint region, during the initial elastic
cycles, However the loss of stiffness of the column during subssquent

cycles is clearly demongtrated.

5.6,3 Load=Deflection Relationship:

As shown in Fig, 5.13, the specimen exhibits a greater stiffness
than UNIT 1 and also, although not providing sufficient ductility for the
applied ecyclic load sequence, does show a marked improvement in resilience
under repeated load, The load oépacity of Run 6 represents a 25% decrease

in the maximum load resisted by Run 4,

The ductility factor and stiffness of the specimen during each load

run can be obtained from Table 5,1,

TABLE 5.1, Performance of UNIT 2 During Load Cycling,

Run Maximum -~ : Duectility Average
%oad ~—x 100 Factor A "
S max P Stiffness
(xips) | 7
(%)
1 24,0 66,9 - 69,1
2 2603 73&3 - 7202
3 22,1 63,2 - 50, 8
4 27.1 15.5 1.2 48,6
5 22,9 63,8 9.3 9.8
6 20,3 56,6 9.7 7.9
7 18,7 52.1 8,0 6.5
8 18,8 52.4 12,3 7.0
9 17.7 49.3 14.4 4.5

f Expressed as % of the theoretical stiffness.
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The pattern of cracking was similar to UNIT 1 initially but with fewer
diagonal ténsion cracks in the joint, The major diagonél tension cracks and
vertical crécks down the line of the outer column baré combined on reversal
of load to form a semi-cireular cracl: following tre line of thre beam flexural
bars in the column (see Fig, 5;14). The subsequent deterioration followed
similar lines to UKIT 1, with the cover concrete being dislodged and diagonal
tension cracks widening and extending outzide the joint regiqn. Trere was
local evidence of crushing and tension cracking both above and beléw the
joint, see Fig., 5.15, however the tendency for the beam to pull out of the
column caused a secondary vertical crack to form up the centre of the column
necessitating the termination of the test, The crack can be seen clearly

in Pig. 5.4,

5.8 THE FATLURE MBCIANTSM:

From observed behaviour of the specimen and strain readings taken dur-
ing the test,‘it was apparent that the Joint was sufficiently confined to
withstand a number of reversed cycles in the elastic range, However the
strengttr of tre specimen was not appreciably inereased over UNIT 1, From
strain readings on tre joint ties both at the side and back of the joint,
t'e tieg really began to bow as the maximum load was attained on Run 4,
This suggests that the expansion whiech is then allowed to oceur is directly
responsible for the reduction in load resisting capacity, by facilitating
bond failure of the flexural bars, This bond failure, shown in Pig, 5.16,
results in the loss of stiffness of the specimen, since the beam teads to
act indgpeédently of the column, as shown diagrammatically in Fig, 5.17.

This mechanism causes the vertical crack to form up the centre of tire column

because of lack of resistance from the column ties,
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6.1 INTRODUCTION:

Thise chapter,deals with the performance of'the'third specimen through-
out the cyclic loédingasequence, and the detérioration of thre specimen as
a load resisting structure 1eading to failure, The.description is part-
icularly concerned with the influence which the increase in the number of
joint ties have on fhe behaviour of the sﬁecimen in comparison with UNITS

1 and 2,

6,2 DETAIL OF REINFORCEMENT:

From the results obtained from UNIT 2, further confinement is obviously
required in the joint region. Although the performance of UNIT 2 indicated
that the seven joint ties were adequate to resist thé applied shear force
during the elastic cyeles, they did not impose the necessary confinement 4o
pfe&ent deterioration of the joint under the application of the post-elastic

reversed cycles,

At this stagevthe emphasis was on providing a joint withr the necessary
strength to ensure that full flexural strength of the column can be attained.
The natural progression for USIT 3 was to provide furtter confinement re-
inforcement in the joint, However, from tre results of UNITS 1 and 2, the
column ties were obviously inadequate and little improvement had been observed
fromvthe inqrease in transverse reinforcement in the joint. Therefore it
was decided the best solution would be to fully reinforce bofh regions of
tre column and joint, thereby.hoping to show the need for, primarily, an

improved anchorage detail,
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The outcome of this decision, as shown in Fig, 6.1, was nine 3 in,

diameter ties in the joint and %—in. diameter ties, at gpacings varying

from 2 in, to 8 in,, in the column,

6,3 GENERAL PERPORMANCE:

As a load fesisting structure, this specimen appeared to have very few
advantages over UNIT 2., The performance of the specimen was similar to
UNITS 1 and 2 with vertical eracks at the sides of the column connecting
with the diagonal tension cracks in the joint (see Tig, 6,2) which widened
under the application of the cyclic loading (see Fig, 6.3), indicating the
commencement of joint failure, However on subsequeht eycles, evidence of
erushing of thé concrete outside the joint region, Fig; 6.4, showed the
tendency for tﬁé failure to be propagated in the column, The breakdown of
the cover concrete on the back and éides of the joint is unavoidable once
the cracks open, and the bond between the steel and the concrete is diminished,
However 1t éppears that, provided the confinement is adequate, this does

not have a gignificant effect on the struetural performance,

In terms of theoretical ultimate capacity based on the actual materials
uged, UNIT 3 resisﬁed 724 of its ultimate load, which was less than the
percentage for UNIT 2., It is expected that the crushing strength of the
concrete had a greater effeat on the strength of these specimens than would
be aceounted for by theory, sinece the failures are atfributable to eracking
in tre joint resulting in bénd failure, ratrer than flexural yielding of
the steel. However, ﬁhe increase in the nuwber of ties meant that the load

was resisted effertively over a greater number of reversed cycles,

Tré load sequence fbr this specimen included elastic cycles after tre
first post-elastic cycles 4 and 5, showing the loss of stiffnese of tre
specimen, followed by two more post-glastie eycles in which the beam was
taken to maximum éefléétiéﬁ and the test terminated.
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FIG. 6.3 UNIT 3 ON LOAD RUN 4

FIG. 6.2 UNIT 3 ON LOAD RUN 3
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6.4 BEHAVIOUR OF FIMXURAT, RETNPORCENMERT s

6.4.1 Column Bars:

The difficulty in preventing the cover concrete from spalling
means that it is difficult to obvtain the required bond siress of the column
flexural bars as long as the Jjoint continves éé»be.the failure region, Even
trough the confinement of the joint for this specimcn was improved.over
UNIT 2, bond failure of flexural bars was still appanenti. The breaking up
of surface concrete round the outer coluﬁn bars, ﬁiga 6.3, meant that the
DEMEC readings were uﬁreliableAduring Run § and could not be recorded, How~
ever, the strain distributions.shown_in Fig@ 6.5 (a) and 6.5 (b) were con-
sistent with tre expected tkepretioal distribution. The critical readings
on the inner column‘bars are affected to a 1érg@r evtont where the tensilé
bheam flexdral haie eﬁt@r‘th@ column, rather.than wheré the compressive

bars enter because of the larger bond forces which must be developed.

6.4.2  Boam Bare:

The Bﬁrain gauge rTeadings are shown in Pigs. 6.6 (a) and 6,6 (b)
and, as for URITS 1 and 2, indicate the values of tensile strain greater
than would be expected for the load which is resistede. Pig, 6.6 (a) shows
a trend in the strain readings which makes it apparent that there is a
local righ reading of strain on the first gauge location in the beam

(location 70). Since, from Fig, 6,2, trere is no crack crossing the gauge

lengtr to provide t-e large strain, this indicates that trere could ve a

slight bending of the bavs 8t tris section.

Pig, 6,7 indicates the influence of tre position of the bar on its
ierformance under cyclic loading, Wrile the inmer two bars show good
recovery of strains indicating efficient bond, the sirain in thre outer

B

buars srows a deterioration in bond performance, This would be due to the

1

-4
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For strain gauge locations see Fig.6.5(a)
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For strain gauge locations see Fig.6.6(a)
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jifferent depth of cover to the bars from the sides of the columm which has
been shown18 to influence the bond performance significantly., The strain
developed in the bars at the mid point of the anchorage, shows that the

anchorage length is insufficient for the tensile forece in the bars to be

dissipated,

6.5 BEHAVIOUR OF TRANSVERSE REINFORCEMENT s

6.5,1 Column Tiess

Agaih, due to the tendency for the cracking and breaking up to
be confined to thre joiht region, little‘intefest was générated in the per-
formance of.tke column ties, except for fhéir ability tb prevent a second-
ary failuie being prppégated Qutéide the joint regibn onge the joint had
deteriorated suffieiently to éllow it; The absence of a splitting crack
up tre column and the prevention from.buckling of the column flexural bars

“testified to the adequacy of the column ties,

6,5.,2 Joint Tiess

A1l the DEMEC readings on these ties were dupiidated in this
" specimen by hraving electric resistance strain gauges placed on the ties
between (each pair of demec’ studs. The strain readings from both sources,
as shown‘in Figs. 6.8 (a), 6.8 (b) and 6.8 (c), verified the effect that
bowing of the ties had on the strain readings, For the strain readings on
the back of the ties, no DEMEC readings were recorded during Run 1, but the

comparison of DEMEZ and electric resistance strain gauge readings for sub-

sequent,cyéles shows the extent to which bowing of tre ties affects the read-

ings, It is obvious trat even from the first cyecle tre DEMEC readings are
unreliable, but thre electric resistance strain gauge readings stow that the

use of nine ties.in the Jjoirt is sufficient to prevent yielding at the back

/7
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of the ties during the application of the five instrumented cycles,

Strain readings on the side of the joint ties from both sources are
shown in Figs, 6,8 (b) and 6.8 (c) for comparison, and the distribution
of strains in the ties generally bear little relationship to each other,
- The DAMEC readings are similar in many(reépeéts to previous results with
the majority of the bowing seemingly oceurring in the'poétmelastiC"ranges
of Runs 4 and 5. It is appareni tﬁat the two sourcés éhow comparabie
distributions during Runs 1, 2 and‘3, however the‘tensile strains become
negligible once bowing of the ties occurs, and the DEMEZ distributions sub-

sequently give meaningieés results,

As FPig, 6.8 (c) shows, oﬁ the downward load runs it is the tor ties
whrich are more‘kighly stressed, with the lower ties being subjected to very

little tensile. stress, On the upward load cycles the situationvis reversed,

The gtrain distributions.on each tie are shown in Figs, 6,9 (a) and
6.9 (b) where the electric resistance strain gauge readings only have been
recorded, The symmetrical nature of the stress at the back of thre ties is
contrasted with'the distributions on the sides of the ties where the readings
A are consistenfly greater than the readings B except for the tie 3, which
lends credence to the belief that this electric resistance strain gauge

failed after Run 4.

The load strain relationships for gauges on all four sides of the ties

are shown in Figs, 6.10 (a), 6.10 (b), 6.10 (¢) and 6,10 (d). These show
how the stress is developed during each run and the full effect of the ties
is not imposed until the latter part of each run. The effect that bowing
of thre tiesg%as on the DEMER readings is stown by not only resulting in
righer readings but also a greater variation, "The relationsrip shown in

Tig, 6.10 (d) svows how the bursting effect of the column is present even

at the inside of the column wrere the restraining effect of the beam would
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geem to he considerable,

6.6 DEFORMATIONS:

6.6,1 Deflections:

The deflected shapes of the specimen at the peaks of Runs 1, 2 and
3 are sbown in Fig, 6.11, and compared with the theoretically predicted
shapes, vThe inereased réesponse of thié specimen when subjecgted to similar
loads to UNIT 2 indiecates the effect that the concrete strength has on the
deflection of the structure in.the elastic range. lThe connrete strength
has a considerable effect on the extent of fiexural eracking and on dis-

tortion of the joint due to diaponal tension}craéking, which results in the

larger deflections.‘

6.6,2 Moment-Rotation Relationships:

Tre relationships, shown in Pig, 6,12,‘indicate that the column
was not as stiff in this specimen aé in HNIT 2, during the elastic oyéleé:
This was proﬁably due to the reduction in conecrete strength, which enabled
cracks to form at lower loads, The increaced joint confinement causes
cracks to be propagatéd from trhe joint into the colunmn region, lowering
tre stiffness of the column, acrounting for the sudden degradation in
stiffnees near tre peak of Run 1, The permsnent rotation of thé gsections
of the colum is demonstrated by the bias each curve gets 1o one side of

the origin,

6,6,3 Load-Deflection Relationship:

The relationship is shown in Pig, 6.13, The loss of stiffness
of the sperimen after Runs 4 and 5 is shown by the response of the specimen

Guring elastic Runs 6 and 7 when only 1C% of the tlisoretical ultimate load
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ig resisted at an equivalent deflection te the initial elastic cycles,
The resilience of the specimen showed a slight improvement over UNIT 2,
with the maximum load resisted during Run 8 being 22% lees than that of

Run 4,

Table 6,1 indicates the atiffness éf the specimen and tre ductility

factors obtained during each load Tun, .

TABLE 6,1 . Performance of UNIT 3 During Load Cyeling,

Run | Maximum | » . Ductility Average
Joad —8%x 100 Factor % ;
max P Stiffness

(kips) (5

/()
1 22,0 64.4 - 42,4
2 2209 67,,0 - 5009
3 19.7 57,6 - 129.3
4 24,7 12.2 5.2 32.4
5 21,6 63,2 8.9 11. 3
6 3.2 9.4 - 3.2
7 1.2 3.5 - 2.3
e 19.0 55, 6 (R 7.6
9 15,6 45,6 17, 2,9

Ixpressed as % of the theoretical stiffness,

6,7 CRACKING:

The cracking shoﬁed a very similar patiern to the previous two specimens,
with diagonal tension cracks being confined generally to the joint, Lafge
bond stress and bond failure of the flexural bars was indicated by the cracks
following ihe lines of both the column and beaﬁ flexural bars. ‘Vertical
cracks down the back of the column, Fig, 6,14, indicated column expansion
as early as Run 1o The low concrete tensile sirength could be the reason
for tre expansion of thé column being initiated so early in the load sequence,

and this could be an important factor when determining column hursting forces,
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FIG. 6.14 UNIT 3 ON
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There was more evidence of concrete outside the joint region spalling
in this specimen, due to crushing and cracking of the concrete, than had

been observed in previous specimens,

6,8 THE FAILURE MEGCHANISM:

The loss of stiffness and subsequent deterioration of the joint‘due
to diagonal tension cracking indicated tbe.gradual approach of failure,
The nine joint ties enabled the specimen to withstand tte load cycling
without the diagonal tension cracks widening gufficientiy to cause shear
{failure in the joint, However,‘althougf the éore was well confined the
concrete in tre core appeared fo be crushed by the diagonal compression
forces, This weakened the bond étrength of the beam flexural bars which
meant that the joint coﬁld not ve maintained as an integral unit. The joint
degradation caused by bond failure of the flexural bars lead to a failure

gimilar to UNIT 2, PFig. 6.15 shows the specimen at failure,



CHAPTER SEVEN,

UNIT 4,

7.1  INTRODUCTION s

The change in the reinforcing'detéil and its effeect on the behaviour
of UNIT 4 are described in this chapter in an attempt to determine the
reasons for the improvement in its performance compared with the previous

specimens,

T,2 DETAIL OF REINFORCEMENT:

Since little improvement in load capacity had been achieéved in the
previous trree srecimens, it was appérenﬁ that a radical change of the
joint detail was required., The inability of the flexural bars to develop
the required bond strength was a fundamental cause of these prematqre
failures and indicated the recessity for improved bond performance, This
can be achieved either by ensuring more favourable bond conditions or by
reducing the required bond stress, The first wethod has been attempted in
UNITS 2 and 3 by inoreasins the confinement. To investigate the effect of
the second method the continuous arrangement of beam flexursl bars has

|
tep and bottom bars, trereby providing increased anchorage lengtl in the

column,

In order to determine the problems directly attributable to the con-
tinuous arrangement, the reinforcement detail, as shown in Fig, 7.1, was

unehanged otrerwise from UKIT 3,

7.3 GENERAL PERFORMANCE,

It was obvious from the beraviour of this specimen, even during the

been dispensed with in UNIT 4, the beam flexural steel consisting of separate

95
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elastic cycles, that there was a vast improvement in performance over the

previous specimens,

Although diagonal tension cracks formed during Runs 1, 2 and 3 they
did not widen perceptibly and the joint was gtill intact, as shown in Fig.
7.2, prior to the application pf the post-elastic cycles, The major diagonal
tension cracks, running between opposite corners of the joint, opened dur-
ing Runs 4 and 5, however, evidence of concrete orushing and tension cracks
outgide the Jjoint region indicated flexural yielding of the’steel in the

column on beoth upward and dowvmward runs,

The appearance of the specimen at the peak of Run 8, shown in Fig,
7,3, demonstrates how the cover concrete remained on tre joint over a far
greater proportion of the load sequence than it did for tre previous specil-
mens, The increased confinement in the joint reduced the tendency for bond
failure of either column or beam flexural bars and substantially improved

the resilience of the specimen,

However, the most interesting facet of the behaviour of UNIT 4 was
trat it resisted 90% of its theoretical ultimate capacity, substantially

more than any of the previous three specimens,

T.4 BBHAVIOUR OF FLEXURAL REINFORCEMENT:

To4.1 Column Bars:

The strain distributions shown in Fig, 7.4 (&) and 7.4 (b) show
yielding which occurred in the column bars during both upward and down-—
ward load runs, The inner column bars are, as predicted for this situation,

the only bars which yield since they are in temnsion in tre critical region

for both directions of loading,
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For strain gouge locations see Fig. 7.4(a)
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Some of the strain readings on tre outer column bars during Run 9 indig-
ate a distribution inconsistent with what would be expected, This is in the
region where the top beam flexural bars terminate, and since, on upward
load runs trese bars are in cémpression the bearing stress at the ends of
the bars could cause lateral bowing of the column bars thereby influencing,

the strain readings,

Even though the strain at different load increments indicates a higher
stress than had been recorded for previous specimens, the absence «f splitting
cracks, Fig. 7.2, means that the efficiency of the bond must have been

substantially improved.

T.4.2 Beam Bara:

From the strain distributions shown in Figs, 7.5 (a) and 7.5 (b)
the anctorage 1engfh appears adequate for downward load during the elastic
cycles, however subsequent deterioration in bond during the post-elastic
cycles resulted in bond failure of the top bars, as indicated by the strain
distribution shown in Fig, 7.5 (&) for Run 8. A similar pattern was evident
for the bottom bars on upWard load runs except trat there appeared to be a
residual stress at the end of the bars, However, the strain distribution,
shown in Fig., 7.5 (b) suggests that tlrere was an anomaly between the readings

of gauges T¥% and B¥%,

The residual stress at the end of the bars, when they are subject to
a compression stress, 1s due to the bearing pressure of the end of the bar
on the concrete, The effect is shown in Fig. 7.6, which is a detail taken
from the circled area of Fig, 7.16, where the beam flexural bar, now in

tension, has lifted off the concrete bearing surfacs,

In many cases the stress in the tensile bars is greater inside the column
tran in the beam, Theoretically t-e maximum stress should be at the inter-

section of the imner column bars, since this is where the column tensile
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force is introduced,

7.5 BEHAVIOUR OF TRANSVERSLE REINFORCEMENT s

Te5 1 Column Tiess

The gtrain distributions on the column ties above and below the

joint are shown in Fig., 7.7. These regions were subjected to greater

rotations and more flexural craclking than in any of the previous specimens,

however as can be seen from the strain distributions, it was still only

the tles closest to the joint which were significantly affected. Thege

are also most prone to bowing, being near the ares of internal cracking,
which casts doubt on the accuracy of the DEMEC readings, ‘However, because
of the failure bein@‘mainly confined to the joint region, the actual stress
in the ties was consiéered secondary to their ability to prevent a brittle

columm failure,

TeHe2 Joint Ties:

This was the first specimen to be subjected to a post-elastic
cycle without any of the joint ties yielding, The strain distributions

are shown in Figs, 7.8 (a) and 7.8 (b).

The strain readings on the back of the joint ties show an apparently
random distribution, with all the ties working effectively and being

subjected to similar stresses,

he distribution of strain at the side of the ties, in comparison with
the back, shows definite tendencies for the stress in a particular tie to
be dependent on tre direction of loading., For this specimen, tre higher

stress oceurs in the lower ties during downward load runs and in the upper

TU4
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-ties on the upward load runs, This is the opposite effect to what was
observed in the previous specimens and suggests that this Joint has a
completely different load resipting mecharism for this reinforcement detail,
There ig also a distinct similarity between the distribution of readings
A and B on each tie, indicating that they are to some extent dependent on

cach other, the bond stress along the tie not being significant,

The development of strain in the ties is shown in Figs, 7.9 (a) and
1.9 (b)o The inclusion of tbebnine ties in the joint ensures that the
stresses are kept low during elastic cycles, when.shear resistance appears
to be tre major funcﬁion of the ties, However whren bursting forces are

exerted during post-elastic cycles the effeot can be clearly seen from the

lOad-strain relationships.

Although the ties were only fully effective for one post—elastic cycle
before they yielded, from a practical point of view, nine ties would.seen

to be a maximum amount of transverse reinforcement for this particular joint.

7.6 DEFORMATIONS:s

o641 Deflections:

The deflected shapes of the specimen at the peaks of the elastic
cycles are shown in Fig, 7.0 and compared with the theoretical shapes,
The observed behaviour of tbe.specimen acting more as an integral unit in
the joint region would account for tre better correlation between theoretical

and actual deflected shapes for this specimen,

- T.6,2 Moment=Rotation Relationsrips:

The relationships, shown in Fig. 7.11, emphasisce the extent to
which the rotation occurs in the region of lower axial load, The column

was obviously much stiffer than for UNIT 3 which suggests that it is affected
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by the overall stiffness of the specimen rather than the extent of cracking

in the column itself,

T.6.3 Load=Deflection Relationships

The improved load resisting characteristics and resilience are
amply demonstrated by the relationship shown in Fig, T.12. Adequate stiff-
ness of the specimen was sustained up to Run 8, after which the stiffness

degradation and loss of load capacity became apparent, ag shown in Table T 1,

The increased resilience of the specimen over UNIT 3 is emprasised
by the fact that the maximum load capacity of the specimen was acheived

during Run 8,

TABLE 7,1 Performance of UNIT 4 During Load Cycling,

Run Maximum Foax . - Ductility Average
Joad | —=x 100 |  Pactor % t
max Pu Stiffness
(kivs) | () |
1 23,2 66,3 = 76,2
2 23,6 67.4 - 92,0
3 20, 3 58. 0 - 81.7
4 31,0 88,17 4,0 53.7
5 28.4 1.1 4.6 33.7
6 7.9 22,6 - 17.0
T 4,9 14,0 - 18,2
8 31,3 89,6 10,7 18,0
9 22,2 63.5 16,0 6.5
10 22,6 64, 6 21.8 3.6
1 13,8 39.4 19,0 2.2

¥ Expressed as % of the theoretical stiffness,

7.7 CRACKING:

The development of the diagonal tension cracks shown in Fig, 7,2

eventually lead to a major crack running between oprosite corners of the
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joint, Pigs, 7.13 and T.14 show the specimen at the peaks of Rums 4 and 5
respectively where it is shown that not only the diagonal tension cracks
were widening, but also flexural cracks at the junction of the beam and
colum, Fig, 7.15 shows the specimen at tﬁe peakAof Eun 8, when flexural
vielding of -both the beam and coiumn bars has occurred and the cover con-
crete is being forced off the back and sides of the joint, The cover
concrete was eventually completely remoVed from the joint, as shown by

Figa 7- 16¢

7.8 PFAILURE MBECHANISM:

The increase in load capacity of this specimen over the previous three
was primarily atiributable to the increase in anchorage length of the beam

flexural bars.

At thisg stage it should be noted that the joint ties were more regularly
spaced than they were for UNIT 3, However since this may have affected
the confinement slightly it would be more likely to improve the resilience

rather than the load capacity.

Because of the increased anchorage length of the beam flexural bars
the tendency for bond failure was minimised, until the repetitive load
cycling reduced the bond sufficiently to allow differential movement,
Since the anchorage length was not enough to dissipate the tensile stress
in the top beam bars during Run 4, the first post-elastic run, a further
increase in the length of the bars would possibly enable the theoretical
ultimate capacity of the specimen to be attained, The.movement of the
flexural steel in the joint is the prime couse of load capacity reduction
and ipitiates the joint deterioration by breaking the cohesion within the

joint,
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FIG. 713 UNIT 4 ON LOAD RUN 4 FIG.714 UNIT 4 ON LOAD RUN 5

FIG. 7.15 UNIT 4 ON LOAD
RUN 8
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FIG.7.16  UNIT 4
AT FAILURE

T Detail Shown in Fig.7.6

UNIT 4
AT FAILURE

G. 717




Although bond failure eventually dominated the stiffness degradation
and overall performance of the specimen, yielding of the flexural steel
did occur and would also have influenced the_behaviour'to some extent,
Pig, T.17 shows the.specimen at ﬁhe peak of oyecle 11 where it is obvious
that the joint is stil1l well cbnfined by the ties, and the majority of

rotation is provided by the column outside the joint regiom,
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CHAPTER BIGHT,

DISCUSSION AND CONCLUSIONS,

8,1 COMPARISON OF SPECIMENS:.

The beam-column joint is generally'eonsidered to provide its load
resistance by a type of truss mechanism; where the joint fies and the
concrete provide the tension and cowpressibn gtruts respectively. Two
alternative_methods of digtributing the forces on downward load runs are
shomn in Figs, 8,1 (a) and 8.1 (b). Bach of these would have a charact-
eristic crack pattern determined by tﬁe fact that compreésién cannot be
carried aecross an open cfack.‘ Mg, 8.2'sbows the forces imposed on the
joint of UNIT 4 and the crack pattern at tﬁe peak of Run 1. Bince the
cracking does not corfespond to either éf the distributions shown in Fig,
8.1, it is probable that the actual mechanism is some combination of these
distributions, However, to be effective both these systems require the joint
to perform as an integral unit, Because of the tendency for bond failure
of the flexural bars in the first three specimens, the force in the outer
column bars could not be distributed, since they were virtually separated
from the majbrity of the joint, Therefore the effectiveness ofvﬁhe truss

mechanism was significantly reduced,

The initial elastic cycles served to break up the joint sufficiently
so that the load capacity of the first three specimens was limited by
the bond stress which could be developed between the beam flexural bars

and the cracked conerete in the joint, Table 8,1 compares the bond siress
|

TABLE 8,1 Bond Stress Developed in Beam Flexural Bars.

. ‘ : U u
Unit PMax; Mmax: fs fs + fé mnax, max,
(kips) | (kip-in) | (ksi) (ksi) | (psi) £l
1| 24.3 | 2960 29.4 40,5 | 317 | 5.2
) 27,3 3330 33.0 44,6 350 4.7
3 24,8 3020 -30,0 41,9 328 5.6
4 31,3 | 3820 37.9 - 377 5.8
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developed in the beam flexural bars for each of the specimens, although the
value given for UNIT 4 does not represent the ultimate bond stress, The

recommendation by ACI 318 = 63 is given as

o = 2 T - 16 [T

u

However, from Table 8,1, no specimen attained this level, A wore realistic

figure for this situation would be that specified fér top bars

w = L OE - s

which would represent the maximum obtainable bond stress unless the concrete
is more adequately confined as in UNIT 4., The anchorage length required
in UNIT 4 on the ACI 318 ~ 63 recommendation is -

R 45000 x5

T.6 JL WD ~ T.6x63x 16

= 28,5 in,

In UNIT 4, 32 in, of anchorage was provided, which should therefore have

been adequate to develop the required bond stress,

Since the failures were always concrete failures the maximum loads
resisted by tre specimens were largely de@endent on the tensile and crushing
strength of the conerete, This was shown to be the case particularly for
the first three specimens, The maximum loads obtained and the theoretical
ultimate and yield loads for éach specimen are shown in Table 8,2 for com-
parison, |

TABLE 8,2 .Comparison of Theoretical and Actual Loads,

UNTT]  £' | treoretical aectual theoretical | Fy..
(ks:) yield load } maximum load | ultimate load % ~x 100
pX (kips) Ligy (kips) P¥ (kips) ;2
113,73, 32,7 24,3 34,3 71%
2 1557 35,2 27,0 35.9 75
313.44 32,3 24.7 34,2 729
4 {4.22 33,3 31,3 35,0 90%
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The maximum solumn moment acrieved in UNIT 4 was

M, = 1690 kip-in,

which is lower tran the theoretical moment at first yield of the tension
steel, for a éOIUmn of this size, Therefcre if the column had been behav-
ing as a composite étructural member the flexurai steel would not have
yielded, The fart that the steel did yie]d suggests.that only the column
core was the effective structural member., By nerlecting thre structural
action of the cover conecrete the ultimaté moment capacity of the column
core, of dimensions 13,5" x 13.5" is o

Muc = 1760 kip-in,

However thig moment capacity was not achieved due to the rremature joint

failure,

The difference in stiffness of the specimens was quite apparent during
testing gnd Table 8,3 tabhlates the deflection araracteristics for com-
parigon, Tre theoretical rotation of tre column z2nd beam rave been deter-
mined for botr uneracked and ericked sections and ~ompared with tre artual

values obtained in Rune 1, 2 and 2.

The column rotation is predircted reasonably cecurately in most cases
by the treory of a cracked concrete gection., . However the deflection st the
end of the beam is, in all cases, grester than theoretically predicted, Thio
ig due to joint distortion not being taken into sccount when computing the
theoretiral rotations and deflections, It ecan be seen from Table 8,3 that
joint distortion ean bave 3 congiderzhle effent on the deflentirn of tre
beam, expecinlly in ﬁNIT 3 wvhere the low aoncrete strength means that joint

distortion aceounts for more than 60% of tve total deflection of the beam,

The extra rotation of the inint also affects the deflection of

tre enlumn as stown by the fipures of deflented sha-es in eac* ckapter,
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TABLE 8,3 Gohparison of Treoretical 2nd Artual Rotations and Deflections,

: T ' ' ¥ - "
URIT| Run | Maximun theoretical theoretical - actual . E%r
| Load | uncracked cracked “Z‘ﬁi 1€0
' max, _ : )
(kips) quncr. ABuner, “or, .,A(‘r, v " s %
rads x 1C° (in) rads x 107 (in) | rads x 1¢"] (in)
1 23.9 13 .38 022 . 61 . 30 1,28 48,
A Z -1 24.3 <13 . 39 .23 . 62 .34 1.501 41%
3 20,9 1 .33 .20 o 54 26 1,15 4T
1 24.0 011 -33 GQO .55 018 J.BO 69%
2 z 26.3 .12 .36 .21 61 .25 1,01} 61%
3 22,17 .12 .36 .21 58 .16 2,82 704
1 22,0 .12 .36 .21 .58 .33 1.37| 42%
3 2 22.9 .13 : « 37 .22 . 60 41 1,66 36%
3 19.7 .11 Y 19 .51 .25 1,18] 43%
1| eze | 12 a5 2 [use | a7 16| 16
4 ;' 23,6 12 .36 .21 .59 18 .60 74%‘
3 20,3 o1 .31 .18 ] .51 .13 .63] 81%

A comparison ecan be made between the shear rcinforcement provided in

the joint of cach szpecimen and the theoretical requirements,

Table 8,4 compares the amount of shear reinforcement by various 1ifferent
methods, Methods A and B are commonly used in desigh and are those recommended
by the afl”, Method € is the most conservaiive mettod, not allowing for any
shear resistance from the concrete, The shear reinforcement for these trree

. . . o . .
nethods iz provided on thre basis of 45 eracking., Methods D,Eyjand F differ
. . . N . . !
from trese in the way in which shear reinforcement is computed, The basis
behind the theory is that the major sheur erack runs betweer oprosite corners

»f the joint, and tte ties are provided to rrevent the joint from separating

along this crack,



T:BLE 8,4: Joint Srear Reinforcement,

UNIT | Kumber] Ratio: shear reinforcement provided
of ‘ required staar reinforcement
Ties A B c D | E F
(m)
1 5 0.83]0.6710C.52]1.34]1.07]0.34
2 7 1,251 0,911 0,701 2,021 1.4T 1 1.12
3 9 1,48 11,201 0,941 2.38 1,93 1.51
4 9 1,501 117} C. 911 2,42} 1.59 ) 1.47

o e W ) a/
Av Vo= 3,5 bd Jfé (1 + 0,002 /Ag); Vo= a8, s
B+ V. = bd (1.9 + 2500 25i~~ V., = At é/é
° C = e c + . pW " .,M' ] . S - V y
C v = o coagr 8
C: Vc = O3 v, = Avfy 5
D: V ag for A V = m2a f
o 8 vy
B: V_as for Bj V = m2af
o} ) v
Fe V, =0 v, = mQany

8.2 MRITIATISY OF THE DETAIL:

The 450 crack theory has been developed from sheasr tests on reinforced
conerete flexural wmembers., However when the member is subjected to a com-
rressive stress, such as a column under axial load, the angle of cracking
is affected, For example using the situation shown in Fig, 8.2, for any

element witkin the joimt:

sheor €8 oY ___ﬁO__ — < 3

shear stress, V o =TEx g ¢ 623 psi

compressive stress, f = 148 = 658 psi
* ’ ’ 15 x 15

The direction of maximum diagonal tension is found from

)

tan e = '%E: 1,89
o = 31°

[s) ‘
2 to tre vertical, There-

The argle of the main crack stown in Pig. 8.2 is 33
<) & o 20

fore it is epparent that the present recommendations for design of shear
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reinforcement in joints is based on an invalid assumption,

The formula used to determine the amomnt of transverse confining steel
required is based on maintaining the original strength of the columnm when
the cover concrete has been removed, howevsr it would seem more appropriate
to provide thié reinforcement on a basis of achieving adequate duetility.
These tests have shown that cover concrete provides minimal structural
resistance during postmélastio load ecycles, and therefore it would seem’
desirable to consider the column core as thre structural member, Then the
Ag/A ratio 1s meaningless, and only serves to introduce a highly variable
factgr when considering different size columns, The bursting pressure should
be more dependent on the N/AC ratio and probably on the value of fé. The
restraining effect of the hoops is dependent on fy, Ash’ls and h', How=-
ever as shown in Fig, 8.3 the reétraint provided by the hoops relies on the
flexural resistanée‘of one leg of the hoop between its two supports. Since
the stress on the bar is dependent on (h')z, more emphasis should be placed
on reducing the value of h' as much as pbssible. Since only four column
flexural bars were provided the legs of each tie were unrestrained ovér a
distance of more than 12 in., This was shown tc be particularly unfavourable
for confinement but generally, with a greater number of bars in tke column

the problem is not as eritical as it was here,

The major dowmnfall of the detail was caused by the methrod of ancroring
the beam bars iﬁ tte colum in the continuous form, As shown in Section
8,1 the bond stress required to attain theoretical ultimate load was greater
than could be developed, due partly to the lack of confinement which meant
that tre only efficient bond was on the inside of the anchorage hooks, The
dimensions of the“joint meant that the horizontal length of anchorage before
the hook, which provides the most efficient anchorage for the béam bars, was
cmall enough to allow rotat;on of the\beam bars within the column once the
bond was weakened, UNIT 4 showed that adequate anchorage could be provided

if detailed propérlyo
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The original analysis, based on centre-line dimensions indicated that
the beam was 20% stronger than the column, However, if the analysis was
done accounting for the actual gize of members this was not the case, TFig,

8.4 shows the load situstion, At theoretical ultimate of the column

M = 1875 kip-in, |
M, = 122P = 122 x %5- Since P = H,
= 4230 kip-in,
Mab 00 0o
. r = %-3—0- = 1.07
b

Due to this oversight the beam would actually be on the point of yield=-

ing which was not anticipated, However it did not affect the outcome of

127

the results significantly since the theoretical ultimate load was not attained

during testing.

8.3 RECOMMENDATIONS:

These recommendations apply only to isolated joints, since if beams
frame in on any of the other three sides of the joint they would act as
efficient confinement for the column core, and also keep the joint intact,
providing more favourable bénd and shear conditions, = Special provisions
also apply because of the cyeclic load imposed, It was apparent during

testing that many of the regions, which would have adeqﬁately withstood
a direct load application, graduall& deteriorated under tre reversed load-
ing, thereby reducing the lqad capacity, When designing for ductility it
is obvious trat ecode requirements must be adhered to, with particular

emphasis being plated on the strength of the joint,

Y

The anchorage lengths, particularly for the beam flexural bars, wmust

at least comply with the requirements of ACI 318 - 71, The theory which was

the basis of the continuous arrangement in UNITS 1, 2, and 3 is therefore
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not applicable, In fact an anchorage length of 50 in, is required (see
Appendix B), which would mean carrying the beam flexural bars through the
Joint, necessitating a stub at the back of the column. The separate anchor-
ages appeared to'give sufficient development length in UNIT 4, An inerease
in anchorage 1éngth would ensure the meximunm load capacity was retained over
a greater number of load eycles, Construction techniques require a con~
struction -joint in the column Just below fhe level of the beam, and there-
fore, for ease of construction, the anchorage length of the top beam flexural
bars should not prdtrude below this level, This is the reason for the
popularity of the continuous arrangement, If necessary the size of the

bars can be reddoed‘énd the number of bars increased in order to reduce

the required development length.

The design of the joint reiﬂforcement is a critical factor in determin-
ing the strength of the joint. From the results obtained the diagohal
tension cracks run between opposite corners of the joint, Therefore, all
the joint ties cross the major crack, élthough on each load run rot all
the ties work efficientiy° It can be assumed that a certain percentage
- of the ties work to their full capacity on each load run, neglecting the
remaining ties, For example, if 75% of the ties are'effective, then for

the joint design:

\)
8

a

0.75 m 22, £

i

0.75 m 2 x 0,31 x 45
8.2

Vc =0 171.3

number of ties, m

i

Nine joint ties would be required, For this type of mechaniem the shear
resigtance of the concrete should be neglected,

Tests could be carried out on joints of both narrow and wide columns
to investigate thevthe6ry of corner-to=corner cracking and also to deter-

mine té what extent the configuration of the anchorage detail in the joint



affects the bond strangth of the beam flexural bars,

In order to improve the confinement within the Joint of these specimens,
the reduction in. the Qnrestraineé 1eﬁgtﬁlof the‘iegs.ofvthe ties could only
.be achieved by‘crésé—tiés, laterally restraining the legs of each tie. Thev
effect of redﬁcing the unrestrained length needs.to be investigated in
greater detail, Hpﬁever it is obvioﬁs from the bowing of the ties in these
teste that there should be an~upper limit on the value of h', This is
particularly so wben‘large shéar-forces are imposed, since it is apparent
that once the sfeei hag yielded-its effectiveness as confining reinforce-

ment is significantly reduced,
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APPENDIX A,
A.1 MATERIALS.

The ready mixed concrete was brought to the laboratory by agitator
truck from the plant, Concrete with a cement content of 390 lb/yd3 and
water: cement'fatio of 0,701 was‘specified.‘ This gave a certified crush-
ing strength of 2,500 psi at 28 days and a 3 in, slump, Actual concrete
crushing strengths at the time of testing were found from compression
tests on standard cylinders, 12 in, high by 6in, diameter, Tests were also
performed on 3" x 3" x 12" prisms to determine the tensile strength of the
concrete. The average of four compressive tests and three tensile tests

for each specimen are given in Table 4,1,

TABLE A, 1, Material Properties,

UNIT | Concrete | # 10 beam #9 colum @5 joint | @3 beam colum

flexural steel |[flexural steel ties .|stirrups tieg ¥

fi £ f f f £ f f f £ f ]hf

(o] % y u vy u y u y u y u
(pei)(psi)| (kei)l(ksi) (kei)l(ksi) [(kei)f(ksi) [(ksi)(ksi){(ksi)|(ksi)
1 |3730 | 610 43,11 66,8 44,71 68,7 [45.1]72.8{43,6169,6)48,61 75,3
2 5570 | 770 42,2 | 66,6 45.31 69,6 46,7 [ 72.6{44.1169.29146.2 | 73.2
3 [3440 [ 550 41,9 | 66,6 45,21 69.0 |45.4 | T2.3143.3 | 68.9]46,4 1 71,6
4 14220 | 640 43,7} 68.1 45.4 1 69,7 45.4‘ 72.3143.5 | £9.3]46.8 | 71,6

% 2 ties in UNITS 1 and 2;5 @3 ties in URITS 3 and 4,

The mild steel reinforecing bars used trroughout the testing had a
guaranteed minimum yield strength of 40,000 psi, Deformed bar was used as
longitudinal steel and plain bars as transverse steel, Tre average yield

and ultimate tensile strengths for all the bars are given in Table 4, 1.

A,2 TABRICATION OF STECIMID,

The reinforcing bars were cut to length and cold bent to form the
components of the structure, Then the strain measuring devices, either

demec studs or eleectric resistance strain gauges, were placed in position
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FIG. A.1

REINFORCING CAGE
OF UNIT 1

FIG. A.2

REINFORCING CAGE
POSITIONED IN MOULD

FIG.A3

JOINT OF UNIT 1
SHOWING DEMEC
STUDS
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before the reinforeing cage was put together, The transverse and 1ongitudn
inal bars were tied tégeﬁhef with tle-wire to form the reinforcing cage,

as shown in Fig. A.T,.exoept at_thé.exﬁ;emities of the beam and column -where
thg.bérs”wefe:tack.weldéd in‘éfder to position tbeﬁ accurately, Then the
cage'wés lowered intoafoéitionﬂin the‘bgamwéolumn mould, as shown in Figs,

A.2 and A3,

 Dhe moﬁld itwelf, shown in Mg, A,2, coneigted of coreboard sheets
bolted to a steel ffamework. This rested on adjustable legs which rould
be raised or léwéredfto minimise defldation of the base. ‘The sides of the ’
mould were steel ehanhel pections whioh ensured the dimensional accufacy of
the members.. Theae were'boltéd to the basé pf the mould and could be easily

removed when stripping the specimen,

Wnhen the concrete arrived it was placed evenly over the reinforeing and
vibrated with a spud vibrator, The conerete was then sovered and moist cured
for seven days before the mould was sti&pped and the specimen prepared for

testingo

A,3 TEST RIG,

The‘test rig had been designed and used for testing prestressed con-
ecrete frames12 and minor modifications tio the'oapadity and the beam loading
apparatuﬁ'gnabled it to be suitehle for tecting trese reinforced concrete
beam=column jdints. Tre test rig and specimen are ghown in Fig. A4, The
loading head ahove tke hydrauiio ram at fhe top of the‘ndlumn trénsfers
the load to the laboratory floor by means of an Aerame arrangement in the
plane perpendiqplag to the diagram, The rollers at the top and bottom of
the column enable the columh to rotate as hinged supports, The availéble
deflections were 16" in the upward direction and 10" in the downward dir-
ection for UNITS 1 and 2, The "step! at the end of the beam in UNITS 3
and 4 ahown in Figé. 6,1 and 7.1 anable the availéble downward.defleotion

to be inoreased also to 16",
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T,

A.4  APPLICATION OF YOAD,

The column load was applied by means of a 100 ton capacity hydraulic
ram at the top of the column, readily adjustahle by a hand pump., The
minimum column load of 148 kips remained constant on downward load runs,
however the load at the top of the column varied on upward load runs,
Ooeasional adjustment of the load was necessary at times to allow for

movement of the column.

The end beam load was applied hy meaﬁs of serew jacks asg shown in Fig,
A.4, The screw jacks allow for application of measured displacements which
is desirable when loading into the post—elastic range., The position of the
apparatus in Fig, A, 4 is as it would be for a downward load run, On revergal
of load the 1oad‘oell ia . trensferred to the upper screw jack and the load

applied,

A5 TWSTRUMENTATTION,

A.5.1 Load Measurément,

The hydraulic ram at the top of the eolumn was ronnected in
parallel . with another 100 ton cavaecity hydraulic ram and 100 ton load cell
which were braced against the loading head of a test wmacrtine, Since the

hydraulic pressure in both hoses was the same, the load cell gave a measure

of the load beiny applied at the top of the column,

The 20 ton load cell shown in Pig, A.4 wvas used to measure the load

on the end of the beam,

Both of these load cells were calibrated on an Avery 250,000 1b Universal

Testing Machine with a Budd Strain Bridge,

The electrie resistance strain gauges on the 1 in, diameter high

strength tension rods, showa in FPig., A.4 (b) gave an alternative measure-
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ment of the beam load. Two active and two compensating gauges on each
bar ensured that the results were accurate even i1f bending of the bars

ocourred,

These strain geauges were calibrated against the 20 ton load cell and
recorded directly by the wovement of the pens on the Y = axes of two X - ¥

plotters connected in series (see section A,5.2).

4.5,2 Rotations,

4

Frames were connected to tre columm above and below the joint at
digtances of T, in, and 15 in, from tre beam, as shown in PFig, A5, Dial
gavges were attached to the frames to record the column rotation over the
15 in, immediately adjacent to the joint. However the majority of the
rotation ocourred between the beam face and the first gauge frame, a dig-
tance of 7¢ in., This region, which represents a disbtance of t/’29 generally
provided greater than 80% of the total column rotation., Fig, A.6 shows the
1 in, capacity, 0.001 in, Mercer dial gauges attached to the frames above

the joint at the back of the column.

Linear variable displacement transducers were also connected beitween

the first frame and the beam as shown in Fig. A.6, These gave a measure

of tre column rotation as a movement of the péns on the X = axes of the
X =Y plotters, One X =Y plbﬁte: recorded the column rotation above the
joint, and the other recorded the column rotation below the joint, When
combiried with the load measurement as described in section A,5,1, the X =¥
nlotters gave a direct plot of tre load-rotation relationzhips for each
ragion during the test, Thre linea; variable displacement transducers were

czlibrated against a micvometer wrich could be read directly to 0,001 in.

A.5.3 Deflections,

Dial gauges were positioned on the specimen to record the deflect-
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FIG.A.5 SPECIMEN PREPARED FOR TESTING

FIG A.6 ROTATION AND DEFLECTION
RECORDING APPARATUS



ions of the beam and column go that deflected shapes could be obtained,
These were 2 in, capacity 0,001 in. Mercer dial gauges, one of which can

be seen in Fig, A.6 recording the column deflection,

For deflections at the end of the beam a graduated scale was aittached
to the beam loading frame and a pointer on the beam gave deflection readings,

once the dial gauge had exceeded the limit of ite travel,

To record the movement of the test rig a steel rule was attached to
the torizontal reaction frame at tre top of the column which was read throdgh
a fixed theodolite, Adjustments were made to the deflection readings to

compensate for this movemend:,

A.5.4 Strain Measurements,

A.5. 4,1 DEWMBG Gauges,

These were used to record ithe strain readings on all the re=
inforzing steel for UNITS 1 and 2. The advantage of this method is that the
readings give a continuous distribution of strain along the reinforecing bar,
Bach reading, on the side of the specimen was duplicated with a reading on
the opposite side. The mean of these readings was plotted in the strain
digtribution diagrams provided each reading diﬂ not vary by more than 10%
from the mean. The demec studs on which the readings are taken can be
seen clearly in Fig. A.3., The most apparent inacéuracy in these readings
oceurs when the reinforcing bar is bent, ratrer tran being subjected to a
direct tensile, or compressive strain, This was the case with the joint
ties in these speoiméns when tkey'bowed outwards due to the hursting pressure
from the column core, From the re~orded strain readings it is apparent that
trte ties bowed as shown in Fig, A,7, due to the configuration of the cracks.

To determine the effect tha®’ bowing of the ties ras on the strain readings,
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assume as in Figs. A,8 (a) and (b) that the curve at the back of the columm

resembles a parabola,

Then
6= r6

in, for £ in, diameter joint ties

Wl

where r = ‘
but § = Je* x310m6‘in;
where e* is the difference between the DEMEC reading and the actual strain,

in microstrains,

0 = Bo% x 10 sad, | (A1),
from Fig, 4,8 (b) | |

y2 = 4g x

(5.5)% = 4gA
g . LSS

A

- .. 4 '

at y = 4s X = z = 7%%%
cot® = tan @ o= @%X 7.56

6

cot @ B Z?%r

A relationship can be established between equationsv(A.1) and (4.2) %o

(a.2),

determine the difference in strain readings.

Por example, when A = 0,01 in,
from Eqn, A,2 ~cot O = 378.
i.e. : 9 = %9
= 2,62 x 1073 rads.
from Eqn, A.1 e¥ = 330 microstrains,

For low values of 9, this will be a linear relationship, From this it can
be seen that the tie only has to bow outwards a very small amount to produce

a substantial inaccuracy in the strain readings from the DEMEC gauge,

The column bars are also prone to local bending, producing the same
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inaccuracies, when threy are not adequately confined. This effect can be
seen on the strain distribution diagrams in the region where the beam tensile

bars enter the columm,

To check on the theory of the joint ties bowing and giving false DEMEC
gtrain readings, electric resistance strain gauges were placed between the

demec studs on the joint ties of UNIT 3,

A.5.4,2 ZElectric Resistance Strain Gauges,

The gauges used were XYOWA type KF - 10 = €8 - 11 of length
10 mm, and 120 ohm resistance, Trese were attacred to tre reinforcing bars
with Eastwman 210 adhesive which, in preliminary calibraﬁion tests, gave
satisfactory results right up to fracture of the test bar, The gauges
used on the test specimens were waterproofed with sealing wax and water-
proof Dénso Tape, However this was inadequate, and in somé cases was
found té contribute to failure of the gauges, Fig.'A.9 shows the electrie
resistance strain gauges positioned on the joint ties, covered with the

waterproof tape,

FIG.A.9 JOINT OF REINFORCING CAGE OF UNIT 3
POSITIONED IN MOULD
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The strain gauge readings are shown for UNITS 3 and 4 in Chapters 6
and 7 and the distribution of strain in the joint ties verifies that the
bowing of these ties affects the DEMEC readings to a marked degree, This
means trat the DEMEC readings on the jdint'ties of UNIT 1 and 2 are not
reprezentative of the tensile strain in the steel, However they give an.
indication of the bowing of the ties, and have been shown.as dashed lines

on the strain distribution diagrams,
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API'ENDIX B,

B.1 DESIGN CALCULATIONS,

- B.1.1 Column Reinforcement:

, 2
Ast = 4 in
‘ - 2
bd = 15 x 12,94 in
Py = 55&
‘ bd -
e =t
= 00,0206
B,1.2 Balanced Load of Column:
45000 , |
e, - Egﬁ%;f556 = 0,00155
) = 0,003
d 0,00 e
3+ v
. 0,003 x 12,94
b = 0.00455
= 8.55 i!lo
a, = 0,85 x 8,55 = 7,26 in,
c, = 2,1
(eé = 0,003 x - = 0,0023, compression steel is also
'b .
yielding).
- _ ]
N = 0.85f! a b

= 0,85 x 4000 x 7.26 x 15

= 370,000 1bs,

B,1.3 Ultimate Moment Capacity of the Column,

. N
at ultimats a = m
) ° p
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B 148
T 0,85 x 4000 x 15

= 2090 in,
‘ = i_a : .'.;t. .t_ !
M, = 0.85¢f; ab 22 5% + Asfy (d 2) + Aéfy (2 d')

T = 0;85 x4x29%x15 (1.5 = 1.45) + 2 x 90 x 5.44
= 895 + 980 |

= 1875 kip-in.

B.1.4 Beam Rginforcement:»

Ay = AL = 4x 1,23 = 4,92 in”
bd = 12 x 22,9
p=7p = 4.92
12 x 22,9
= 0,018

B.1.5 Anchorage Requirements from A,C.I, 318 - Tt,

f

0,04 ag ¥¥'
©

o 45,000
0.04 x ‘%:T‘x 4000

34,9 in,

(0.004 ny = 0,004 x 1,25 x 45,000 = 22 in),

R
] L

]

from 12.5.1 (d)

1.1 M4
: . uc . . . _
reduction factor of 5 Muc js applied since Muo = 1,2 M.u
1.1
Ly = M9 x3

= 32,0 in,
from 12.8 using a standard hook
90° bend + 12D = 15",

£ 360 {3000 = 22,800

b

i



increase of 30% is allowed for confinement

£, = 22,800 x 1.3
= 29,600 psi.
. 25 29600
Le = 0,04 x Z— * <3000
= 23 in,

Therefore 9 in, must be provided apart from the standard hook, measured

from the colum face,

B.1.6 Analysis of U-type Anchorage Detail,

Since the beam was expected to remain in the elastic range, when
one set of bars is at waximum stress in tension the stress in the opposing

bars can be found from"equilibriﬁm and strain compatibility.

1
k o=fn® (o' + 2)% + 2n (p -+ ) =n (o' 4+ ).
p =p' = 0,018 |

d' = 2,1 = 0,092
22,9

e

k = 0,628 - 0,286
= Oo 342

kd = 7.8 in.

kd - 2.1
s 22,9 - kd

-2l
15,1 s

f1'=1
s

= 0,378-fs

From code requirements, the anchorage length of bars in compressior is

obtained from 12,6,1, ACI 318 - 71, where

0.02 £ D
Ld = y
I

0,02 x 45000 x 1.25

J4000

17.8 in,

]

144
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Total length of anctrorage for the bars would be

Ld = ‘32 + 18,

= 50 in,

Howevar, this is assuming that the bars are stressed to their yield stress,
Vhen the bars are kept at a lower stress then, theoretically,t‘ey require
less anchorage length, The anchorage length required in compression would

he

=
!

0,378 x 17.8

ft

6.7 in,

Total length of anchorage required would then be

it

Ld . 324+ 17

[}

39 in.

The U-type of anchorage detail in this heam provides 40 in, of anchorage
between column facesa,

' 2

. §
(fS + fs) 4TT D
ATMTD x L x 4
(£, +£) D

4L
1.378 fs D

4L

bond strength u =

To determine the steel stress in the bars, fs’ at maximum load:

 kd kd
M, = Af (4 - 3) - Al! (ar - =

= 4,92 £ (20.3) = 4,92 x 0.378 £_ (0.5),

= 101 f

<]
Mbmax. = 4230 kip-in (section 8,2),
‘fs - Mb
101

= 41,800 psi
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B,1.7 Joint Hoops for Gonfincment from A.C.T, 318 -~ T1.

from 4,6,4.3 A, - Db'pgy s
sh
2
. f'
where from 10,9,2:p" = 0,45 (Ag/A - 1) ¢
33 c -‘_-f'—
J
using 3 in, diameter hoops:
4000
1] -
Py = O 45 (O 28) 45000
- 0,126 o >0.12 % e/t
f y
y
= 00,0112
s = 2 Ash
$yt
h 154
_ 0, 612
T 12,625 x 0,0112

4,3 in,

but the maximum allowable spacing is 4 in,

Trerefore five hoops are reauirad in the space of the joint,

B.1.8. Joint Ties for Shear:

maximum foree expeciud for the design specimen,

T = A,8 x 4,92
= 206 kips,
colum shear =  H = l%%i

= 34,7 kips.

i

joint shear force Vj T - H,

= 17103 kipS. \

from 11 4,3, AFI 310 - 71

The we Y od ussd for UhITS 1 and 2 was:

t

, . N ——
w3 ;o je £& ° f 1 ! ﬁ . - o
v v i 3.5 ba {£! (1 + 0,00 /Ag

' 1!( j——
= 3,5 x 15 2 12,94 §4000 (1 + 0,002 x 7,—,-;-



= 65,3 kips,

= 171,3 - 65.3

= 1C6 ¥kips,

V s
from a, = 5
2f 4
-y
166 x 20,8
ma = =
V {“ x 4‘5 X 120'9‘4
for § in, diasmeter tiess
, - . 2
a, = 0,307 in~, |
number of ties, . m = 196 x 20.8

2% 45 x 12.94 % 0.307
= 6.1

Five joint ties were used in UMNIT 1, and seven in UNIT 2,

The nore conservative nethod from ACI 318 - 71, 11.4.3, gives
= 3 = t .
U, = ¥,bd = bd (1.9 [ET + 2500 p 55—)

- At - d
v - N -
M = Mu Nu ( )

- 1875 — 148 (P22l

= 1005 kip=in.

IT)QF
V.o = 15 x 12,94 (1.9 {4000 + 2500 x 0,0206 x ;652

= 44:3 kipS.

y = 171.3 - 44,3

= 127 kips,

_— . _ 127 x 2C,8
number of ties, it * WX 45 % 15.00 % 0,307

= 704

Trerefore the nine joint ties, used in both UNITS 3 and 4, more than satisiful
code raquiremenfs.

In order to compure the use of the different methods shown in Table 8.4, actuszl
material properties for each srecimen were inserted in the above equations,

".1,9 Colunn Ties for Shear,

7 . Ay,
~G = 4403 kll{

Vu =i = 34,7 kips,



nominal %<in. diameter ties only are required at tre least spacing ofs

16D = 16 x 1% 18 in,

1]

48D =48x% = 12 in,

or 15 in,

Therefore column ties were 4" diameter at 12 in, spacing, in UNITS 1 and 2,

B.1.10 Gonfinement of the Columm:

using 5 in, diameter ties:

A, = 12,75" x 12,75" = 162,5 in®,
by = 0.45 (0.385) x J25ss

= 0,0153
. . 2 x 0,11

© 0.0153 x 12,375

= 1,2 in,

Because of the unlikeliliood of a failure outside the joint region the
A } - : 3 o s i s o 13 :
i ine. diameter ties were at 2 in, spaecing, in the region immediately adjacent

to the joint.,

B.1.11 Shear in the Beam:

jaei
i]

34,7 kips,
2 {2 bd

2 J4000 x 12 x 22.9

35 kips,

<
B
<
o
o2
=
41

4

[t}

nouinal gtirrups only required in the bean,

»

B,2 THEORETICAL TREDICTIONS,

B.2,1 Cracking,



aadi-
((d]

B0211.1 m&:

When the beam is on the point of cracking.

from equilibrium and similar triangles

kd = 12,5 in,
M = } £ vkd (gfx 25) + £ A_ (20,8),
£o= 1) nftxﬁd—k-g-ﬁ'-l

= 0,83 nf,

Moo= ft X 12 x 12,5 x %Q + 4,92 x 20,8 x 0,83 nft

= (1250 + 85 n) £,

The loads at which cracking is predicted to oceur in the bheam are given in

Table B, 1,

TABLE B, 1, Beam Cracking Loads,

UNIT £! (psi) n £y (psi) Mcf' (kip—in) P (kips)
1 3730 8.3 610 1190 9.8
2 5570 6.8 770 1410 11,6
3 3440 8.7 550 1090 8.9
4 4220 7.8 640 1220 10,0
| 29 x 102
Where n = 3

B.2,1.2 Column,

I 7
f‘ - A + I
n (o]
A, = Ag + (n = 1) Ay

= 225 + 4 (n ~1)

y = 7.5 il’l.



N 3 r 2
I, = ?Z +hy (0= - 1) ( d )
S g 3
- 1 ‘x121 + 4 (n = 1) (5.44)2

= 4220 4 118 (n = 1)

150

TWhen the concrete is at its ultimate tensile strehgth'in the tension

fibre: :
£ | S M__.Llcr y
% Y W

N ¢
Table B.2 gives the predicted cracking loads for the column,

TABLE B,2 Column Cracking Loads. .

urr| n-1 %;-(psi) £, (osi)| T, (in?) My, (kip=in) | P (kips)
1 7.3 583 | 610: 5081 809 15,0
2 5,8 597 770 4905 895 16,6
3 | 7.7 578 - 550 5129 771 14,3
4 |68 587 640 5023 823 15.2
B.2,2 Yield Load:
At first yield of the column flexural steels
' c -4
I = A
a - 0,854"
= 0.5 -2 iy
o 8,‘;-1.7
= T oca*¥®
and N = 0,85 féab + Aéfé -,Asfy
148 = 0.85 f! x 158 + 2 x ?7-751515 x 45 - 2 x 45
= 12,75 £1 a + 90 (2a—12. 70
11,0 - a
: (—5-1+11 O)a+%—?—'i=0 —_(B.1)
(o]
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from this equation and

M

]

t._a X _ 4 i
0.85 flab (§ u.2) + AL (5 - a*) + Asfy (a 2)

"

12,7525 (1.5 = 5) + 10.9 (£ + 1)

the moment and therefore the load, at which first yield'of the column
flexural steel should theoretically‘oecur? can be determined, These aré

given in Table B,3 for eas: sgpecimen,

TABLE B,3 Theoretical Yield Loade.

UNIT | f£7 a £! M
(ksi) | (in) |(ksi) | kip=in

1| 3,73 | 4.28] 6.9 | 1766
2 5.57 | 3.14 | 8,0 16006
3 .3044 40 55 19!5 1745
4 13,8 1808

4,22 | 3,92

B.2,3 Rotations,

The rotation of the column can be found by the wmoment-area method,
I RS L s )

‘ oM 5% S4x2 1
p T EIYT OYTTITYE
snd M = 54

op
g - g

R« 2 o TR

whora‘Ec = w1°5 33 {?S

TABLE B, 4 Load-Rotation Relationships for the Column,

‘ Uncragked Section Grocked Section |
UNTT B I g i ;
(psi = 1O56) (in4) (rads x 108) (iﬂ4) (rods x 108)
1 - 3,48 5081 5,49 P 2966 9.42 F
2 4.25 4905 4,66 P - | 2806 8,15 P
3 3. 34 5129, 5,67 P 3620 9.64 P
4 3,70 . 5023 5,23 P 1 9909 9.04 P
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The load rotation relationship is given in Table B.4 for the column in the

uncracked and cracked conditions.

When the column ie cracked, the extent of eracking depends on the
magnitude of P, However this was found to have a negligible effect on

the value of IC, for the range considered,

) 3 ) . ! N . : ‘ P
b(kd)” b kdye e - 5 _4n?
I, = Shpt +bd (359" + A (0 -1) (d - 5 + AL (0 = 1) (5 - a)

i

3o .
b(a) k2 |
L ha (G -EDT ey (- 1) (5.40)°

i

125 (ka)> + 15 ka (1.5 = K2 4 118 (n = 1)

The value of kd is found from the relationship derived in section

B.2.7.

‘B.2.4 Deflectionss

The deflections caused by column rotation and bending . of the beam
are devived and shown in Table 8,5, The effect of joint distortion on the

oversll deflesetion for eaeh specimen can be cobtained from Table 8§, 3,

byy = 194

where ¢ is obtained in section B, 2,3,
P (1293

A o= ;
v2 3 Bch
before ecracking:

.3 ’ | ’
t
I, = b, A (n=1) (4 - %)2 + Aé‘(n - 1)\(%&~ df)z

[

1
bt

1

e
5w A (0= 1) (10,4)2
2

= 15625 + 1063 {(n = 1)

after crackirg:

-1y 3
I = Eﬂ%%lm-+ bkd (%-m %g,z +2 4, (n-1) (10,4)°

kd\ 2
2

Tre derivation of kd for cach specimen is given in section B,2.7,

u

(ka) + 12 xa (12.5- + 1063 (n - 1)



E

G

{psi x 10

és

.

Cracked Section

I by,
b4 2
(in™) [(in x= 1

G N\) b

bt kg M

23,390
21,800
23,800
22,860

eCO\’O"\)CD
0O~ o
L \VR Ve
g vd g

[seBuviies Byv]

19¢ =]}
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B.2.5 Ultimate Moment of the Column,

Trom the formulae,

N = 0,85 f1ab
G
and M = 0,85 flab (£ -2) v ar (a -9 +arr (=-ar)
u. C° ¢ 2 2 8y 2 8’y 2

the theoretical ultimate loads are found and are given in Table B, 6,
N
@ T 0.B5 fib
148
0.85 x fé x 15
116

£
@

i

: ' % a
- 2 ] PR B
Mua = 0,85 flab (2 5) +

3

bty (5.44).

= 8 H. e 3’ ¥ '30 8 3
148 (7.5 = 5) + 10,88 £,

TABLE B,6 Theoretical Ultimate Moments for the Column,

onaT i a £ I
G y uc

. (kéi) (in) | (xei) | (kip~in)

3973 3&11 4407 1851
5. 57 2,08 45,3 | 1940
3944 3836 4502 1843
4,22 | 2,75 | 45.4 | 1892

Il N =

B.2,6  Rotational Ductility:

This theory does not apply to these tests since no specimen actuaily
attained its theoretical ultimate load,” However the theoretical rotational

ductility available in the design specimen is given by

¢u/¢ where
Iy

¢ - %ou at ultimate.
u c
¢y - % at first yield of tre flexural stecl,

gy

C



at first yield: as given by BEquation B.1 in Section B.2.2.

[a]
a’ - (%?ﬁl +11) a+ Z%%;i = 0,
c ¢

for the design specimen fé = 4 ksi,
2 ” .
a =t 1{,42&-{-5.44 = Oc
l a = 4006 in.
c = 4,77 in,
e = é X f
¢ - 2 —l
d-¢ E
g
¢ f
y (@ - o) Es ‘
= 45000
8,17 x 29 x 10°
= 1.90 x 10'-4 reds,
at ultimate: as given in secti~n B, 2.5,
11,6
a =P
c
= 2,90 in,
c = 3-41 in,
¢ y 0, 014
u T 3.M
= 2,93 x 10—3 rads,
)
¢u/¢ = 2,93 x 10 °
y

1,90 x 1074

= 15.4

B.2,7 Trecretical Steel Strains:

B.2,7.1 Beam Steel,

By assuming that, the beam remains in the elastic range, the

steel stress can be related direectly to the applied momenl as shown below,
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The relationships are givén in Table B,7.

‘ / -
k o=An® (0" + )%+ 2n (p5=+ ) = n (p' + )

kd - 201
8 22,9 = kd

£l =" f
8

~ kd kd
£ d = =) — AT Vo e
M At (d 5 ) - ALEL (4 3 )

i

TAELE B, 7 Moment-Stress Relationships for Beam Steel,

ukI? | n k ked £ M/fs
(1n) _ | ‘ (ing)

v 83| oaalres | oae e | 100.6
2 6.8 | 0,326 |7.46 | 0,350 £° 100.9
3 8,7 0,348 | 7.97 | 0.396 f; 100, 5
4 7.8 | 0.337|7.72 | 0,368 £° 100.7

B.2,7:2 Column 3teel,

In the column, fhe steel‘stresses must be computed individm.
ually for each value of applied moment; The stleel sfrains are caleulated
for the peaks ofrload rung 1 and 3 for each specimen, Table B, 8 tabulates
the gteel stress, The different values of column load refer to the fact that
tte load at tre top and bottomf;f the eolumn differson any particular in-

srement. The larger load has been approximated to 170 kips for convenience,

kg - 2.1

e = uf
s e kd - (B.2)
. 12,9 = kd

fs ':.f‘ n.f(‘ kd
0 = O+ C, -T

= & f bkd + A'f!

c 8 o

= T.5 fokd + 2 (fé - f.) e (B2

W oy s (o e (8.0)
. o wa . 10,8 |
from (B.4> Moo= 1.5 fcku (7°5 - “30 B b x 2, ka
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M kd

o T 56,05(kd)” -« 2,5 (kd)® 4+ 943

f

the assumption that n = 8 has a negligible effect on the results and sim-

plifies the caleulations, ‘

 kd ) £

2kd_= 15 e Mk |
Kd 7 56,05 (ka)2 - 2,5 (kd)> + 943

[

N (7.5 kd + 2n

]

(7.5 kd + 2n

when N = 148 kips,

i

(kd)3 - (kd)2 (22,5 = 0,0203 M) + 030865 Mkd - 0,649 M m'377 0,
when N = 170 kipss |

(xd)> - (ka)? (22.5 = 0,0176 M) + 0,0754 Mkd - 0,565 M = 377

i
@]
)



TABLE B.2 Stress in Columm Bars.

“olumn Load = 148 kips | Colum Load = 17C kips
UNIT | RUN | kd (in) | 2 (psi)| 2% (psi) |7 (psi) | ka (in) | £, (psi) f;'(psi) £ (psi)
1 1 | 6.6 3185 18130 | 24540 | 7.26 3180 18750 20500
3 0 7.2T 2765 15670 21400 7.99 | 2150 | 16820 14020
5 1 5,68 3200 14920 | 20240 T.24 3190 15390 | 16940
3] 7.05 | 2900 13840 £6260 7.75 289C | 14320 13060
3 1 | 7.00 2920 17780 21400 7.70 | 2910 | 18400 | 17100
3 | 7.51 2530 16490 14410 5.28 | 2610 16930 | 12630
i | 1] &80 3090 16660 | 21620 | 7.40 | 3080 17200 | 17840
31 T.39 2690 15020 15660 8,22 2680 | 15560 11910

86l
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The stresses are then converted to strains from

- f
s s/p
8

and plotted on the girain diagrams,
The stregs in the burs due to axial load only ig found from:

N = £, (An 4+ n Ast)

= f (221 + 32).

= 253 £,
when N = 148 kips: -
1&82000 ‘ . .
fo = Ty 59 ped
when N = 170 kips: o -
C 170000 s
fC = 253 "633 pPs1

Strain in the column bars is obtained from:

6 - nfé
54 e
A N

These values are plotted at the top and bottom of the column bars on the

strain distributions,

. B.2,8 Ultimate Moment Capacity of the Column Core of ULIT 4,

The dimensions of the column core, out=to-out of the § in,

diameter column ties are 13" x 131",

) i 148 .
4 * 0.5 x 4.22 X 13.5 3.05 in.
M = 148 (6,75 = 1.52) + 2 x 90,8 x 5,44,

1760 kip-in,

L

L

B.2.9 Bond Stress Developed in Beém Flexural Bars,

The stress can be determined from gection E.2.7.1. Then for

ULITS 1, 2 and 3s



for UNIT 4.

A cowmparison of the maximum bond stress developed by the bars is given in

Table 8.1,

Af + AT
8 5 9 8
4T DL
4.92 (£, + 1)
Tx5x 40

0,0784 (£, + £!)

AT
s g
4WDL
4,92 fs
Tx 5 x 32.0,

0.0979 £,
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