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Chapter I

INTRODUCTION

1.1  INTRODUCIORY EEMARKS

Over the past two decades with increasing urbanisation
and city centre redevelopaent the trend has been to build
taller structures to minimise land costs and the cost of the
provision of services. Together with the trend for taller
bulidings has been the development of higher strength struc-
tural elements of lower stiffness. These trends have re-
sulted in buildings which are susceptible to dymamic loads,
principally lateral 1loads. Many parts of the world are
seismically active to some extent and high winds are possi-~
ble in all parts of the world, and both physical phenomena
apply time varying lateral loads tc structures. Conse-
guently the behaviour of structures to lateral loads has to

be considered in the design of such structures.

It is generally accepted that the integrity of a struc-
ture will be greatly joepardized if the joint(s) connecting
various members fails. Recent studies have concluded [
8,9,13 ] that a joint under severe earthquake shaking may

well be the weakest spot im the struture members.




The behaviour of multistory structures under earthquake
mction has not received much attention in the past:; however,
several projects have been initiated during the last few
years. Over the past two years a research program has been
underway at the University of Ottawa to study the behaviour
of beam=column joints. Six beam-coluasn subassemblages of an
isolated interior joimt, with 8x7 in. column and 6.25x5.25
in. beam, have been studied and the results are presented in

this report.

1.2 QBJECTIVE OF SIUDY

The main objective is to study imn general the behaviour
of an interior beam-column jocint under earthquake load, and
in particular the effect of joint bond forces on its behavi-
our. The study also includes observations and brief assess-
ments on the effect of columm compressive forces, the amount
of column reinforcements and joint lateral ties toward the

behaviour of the subassembly.




Chapter II
THE BEHAVICUR OF STRUCTURES UNDER LATERAL LOADS

2.1 IBE BEHAVIOUR OF

MULIISIORY SIRUCIURES UNDER
LATERAL LOADING

When a multistory building undergoes lateral load, the
manner in which the frame responds to load depends to a
large extent on the relative stiffnesses of the beanms and
cclumns. Two extreme cases are illustrated in Pigure 1. 1In
Figure 1a, the bending stiffness of the floor is very much
greater than that of the columns, and the frame is forced to
deflect with the points of contraflexure in the columns near
mid-height, thus giving a 'shear' mode deformation. The re-
verse situation called a 'cantilever' mode is shown im Fig-
ure 1b, where the points of contraflexure occur in the
floors near mid-span. In a typical frame a combined defor-
mation mode occurs in which points of contraflexure form in
both beams and columns. A typical frame moment diagram due
to lateral forces and service loads with its critical re-

gions is shown in Figure 2.




(a) Shear Mode
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2.2 IBE BEHAVIOUR OF MULIISTORY CONCRETE STRUCTURES
UNDER EARTHQUAKE LOADING

During the earthquake Bmotiom, a building serves as a
mass and receives a large amount of energy, and this emergy,
one way or another, must be absorbed or dissipated. In
other words, the kinetic energy demand caused by the earthg-
uake has to be met by the energy capacity of the structure.
Although the demand, which depends on the intensity, fre-
quency of occurance and duration of shaking, is a randonm
variable beyond the control of the designer, the absorption

capacity of the structure is, to large extent, in his hands.

It is more meaningful as Blume [ 1 )] points out to mea-
sure the earthquake capacity of the structure.in terms of
energy absorption instead of strength alone. Within the
elastic or limear ramge of structural response, energy ca-
pacity is proportional to the applied force. If the code
lateral forces are exceeded during actual earthquakes and
the unit deformations associated with the yield point are
exceedad, the performance of the structure in such cases de-
pends upon its properties beyond the initial yield point.
If there is no ductility and if there is no inelastic stress
path, the structurevcollapses under continued earthquake de-
mands of greater magmitude. However, ductility and reserve
inelastic energy capacity and/or alternate and stronger

stress paths may be available to save the structure.




Since what they lack inielastic strength can be made up by
their capacity to absorb the energy through inelastic move=
ment, the design of seimic resistamt structures therefore
leaves us to two alternatives approaches.

1. Design stronger members so as to take up the total
force.

2. Design ductile members to absorb part of the total
force and sufficient ductility to absorb the total en~
ergy demand.

However, in designing a building against severe earthg~
uake, economic consi&erations always require that the large
seisaic energy input to the building be absorbed and dissi-
pated through inelastic deforsation® of its structure. To
achieve a large energy. absorption and dissipation capacity,

ductile or high ductility joint members must be designed.

2.3 DUCTILITY AND SOFTENING

The ultimate ductility (MH ) is defined as the ratio of
the maximum deformation prior to failure (8, ) to the defor~

mation at initial yield (% ).

According to Clough and Penziem [ 2 ], the nonlinear res-
ponse analysis of deformations is nearly identical with the

1

1These deformatioans should be constrained to a liait which
would avoid causing severa damage to the structural and
nonstructural elements of the building.

-6-




elastic analysis. This conclusion is very convenient in
that the inelastic d=2formation behaviour can be interpreted
directly from a linear elastic response analysis. Coamsider,
for example, the member force displacement relation shown in
Pigure 3. The following expressions therefore can be de-

duced

max. _ max
A £
y y
f
g - _max. S (1)
y H

wvhere uy may be established by direct stress,’by buckling,
by local failure, or by whatever condition or coambination of

conditions which leads to the minimum value of u.

Softening is‘defined as the weakening of <the joint in
resisting the load particularly at the starting of reversal
loading. This phenomena is demonstrated by using the elas-
to-plastic hysteresis loop in Figure 4. For a given deflec-
tion, the softening would reduce the energy absorption ca-
pacity (area dd'e'fgg' of Figure Uu4b < defgd of Figure 4a);
in other words it requires a larger deflection to'éive the
same amount of energy (area d'e'f'gd* of Figure U4c = defgd

of Pigure 4a).
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(a)elasto-plastic loop; (b)softening effect given constant
deflection; (c)softening effect given constant energy




2.4  TOUGHNESS

An important factor in the resistance of a material to
fracture is its toughness, the ability to absorb the energy.
Any latérial can be loaded to the point of fracture, sven
the most brittle material can absorb some energy in the pro-
cess of being strained to fracture. In Pigure 5, at the in-
stant preceding fracture the stress is of and the total
strain is €ft .\ When fracture occurs, the stress falls to
zero and the strain falls to €f , the plastic strain after
fracture. In.this case, the recovered elastic strain upon
fracture is equal to €ft - € The elastic strain energy,
the area under linear portion of the stress-strain curve, is
high in the case of a steep slope and high levels of stress.
But even a high value of this energy cannot contribute to
toughness, since all of it is recoverable energy. It is

through plastic strain that energy is absorbed.

The above conclusion can also be achieved from the

‘energy absorption capacity' approach.




2.5 HORK AND ENERGY

et S — e

Equation 1. implies that the applied forces can be re=-
duced by providing good ductility to the structure. Ne=
vertheléss, ductility alone is not adequate to assess the
ability of the structure in withstanding the earthquake mo-
tion because there could be a large value of 1 associated
with a small force, and the area under the curve would be’
inadequate. - PFor this reason the 'energy approach' gives a

better estimation in rating the efficiency of the structure.

In gemeral, it can be argued that in an earthquake, a
structure has to do as much as work the net energy imput to
the structure from the gronnd.' This includes, energy ab-
sorbed by the joint or work capacity(strain and/or damage) ,
strain energy(elastic), energy losses(to heat etc.) without
damage, and energy feedback or radiation from the structure

to the ground.

Pigure 6 illustrates two hypothetical cases, ome for a
very rigid story of a building and another for a more flexi-
ble and more ductile story. If it be assumed that the total
energy requirement is the same for both cases, the necessary

equal areas or stored energy U are shown in Figure 6.




unload by fracture
A, fracture

9

area = elastic strain
energy recovered

area s irrecoverabl
upon fracture

energy
= toughness
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€4 €5
strain after fracture
FIG. 5 STRAIN AFTER FRACTURE
inelastic
elastic
| /
' inelastic
.:U;;: elastic L Ly
Displacement -& Displacement &
(a) (b)
FIG. 6 IDEALIZED FORCE-DISPLACEMENT CURVES FOR TWO DIFFERENT
DUCTILITY OF STRUCTURES
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A flexible structure will absorb the same amount of energy
as a rigid strucure but with less force. However, in order
to develop the energy for the more flexible structure, con-
siderably more displacement must occur. A designer has to
provide sufficient strength and sufficient meamber ductility
to satisfy the applied stimulus. The softening process
(section 2.3) 1leads to a 1larger deflection without gaining

an increase in energy.

2.6 TBE NECESSARY BEHAVIOUR OF BEINFORCED CONCRETE
JOINT UNDER EARTHQUAKE LOADING
Reinforced concrete structures may be brittle or they
may have great inelastic work capacity, depending on the am~
ount and the disposition of the reinforcing steel ia rela-

tion to the comcrete sections.

An extensive study by Clough [ 3 ), on the effect of
variation of strength of colummns and girders om their la-
teral displacement and their ductility, has given earthquake
engineers a better understanding of the desired behaviour

for joint members under earthquake excitation.

- 12 -
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The 20-story building, shown in Figure 8, subjected to
the El-Centro (May 18, 1940) earthquake accelerogram shown
in Pigure 7 vas analyzed with a dynaeic frame analysis conm-
puter - programe. Figure 9 shows that in an ordinary struc-
ture designed by the UBC design code (girder strength 2
times the design girder moments; column strength 6 times the
design cclumn moment) the yielding is confined to the gird-
ers. The_colunns remain essentially elastic; thus it may be
concluded the yield energy absorbed by the girders has the
effect of protecting the columns from overstress. By vary-
ing the strengths of the various elements, hovever, the
yielding can be shifted from one portion of the structure to

another.

To evaluate the effect of girder strength on the duc-
tility requirements, two additional structures were analyzed
and compared with the results from the standard building.
The two new buildings had girder stremgth of 1.5 and 4 times
the design girder moments, respectively. The results of
these analyses are presented in Figure 10. The building
with stronger girders shows less girder yielding, which
tends to force more yielding into the columms and thus to
increase the 1lateral displacements. Reducing the girder

strengths produced the opposite effect.

L.
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Two other additiomal buildings were analyzed, having yield
moments 2 and 10 times the design column moments, respec-
tively. Their results are shown in Figure 11. These fig-
ures show that imcreasing the cclumn strength had little ef-
fect, which is not surprising in as much as the standard
building showed very little colusn yieldng. However, the
reduction of column strength caused a significant reduction
in girder yield and corresponding increase in column yield.
The question must then be asked, where would yielding occur
when a beam-column subassembly has reached its ultimate ca-
pacity? Many research programs have been underway at some
universities to study the behaviour of cast-in-place rein-
forced concrete beam-coluan joints. It is known that the
most efficient design is a design of a balanced strength so
that local yielding will be distributed evenly and no exces-
sive damage will result at any point. Simnce such a balanced
design is difficult to achieve, the design philosophy of a
weak beam - strong column is adopted. This is because local
yielding of the keams does not seriously affect the vertical
lcad carrying capacity of the structure while local coluan

yielding could lead to collapse.
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Concrete structures, because of their low ductility and
relatively heavy weight, are particularly vulnerable to sev-
ere ground shaking. The sources of potential types of
structural brittle failure should be eliminated. Thus it is
necessary to prevent premature crushing and shear of con-
crete; sudden <cracks (as in the case of members with ex-
tremely low reinforcement ratio); sudden loss of bond; pre-
mature crushing or splitting of the concrete cover
accompanied by local buckling of <the main reinforcement.
Although some of the above potential sources for brittle
failure can be controlled by satisfying the present code
provisions, there are others that continue to give serious
probleas. Among those, as Bertero and Popov points out[ 4 ]
bond failure, which leads to softening of the subasseably,
is one of the most undesirable and has been the cause of
damage to or failure of many structures in recent strong
earthquakes. The shear and bond behaviour of reinforced
concrete under monotonically increasing load is altogether
different from the shear and bond behaviour observed under
repeated reversed loading. The present shear and bond
seismic code provisions which are based on the results ob-

tained under increasing momotonic locading are inadequate.




Chapter III

EXPERIMENTAL PROGRAM

Although it would be ideal to test a real building un-
der actual loading conditions to which it might be subjected
during its service life, such tests are not feasible due to
econoric considerations. Therefore, experimental work on
small scale isolated members subjected to gemeralized eathg-
uake forces have been developed to simulate the actual field

conditions.

3.1 LABORATORY SIMUJATION 3JEI-UP

The general deflected shape of selected subassemblage
in Figure 12 due to earthquake forces may be represented as
in Figure 13. Figure 14,15 respectively show joint forces
and subassembly free body diagram of a typical interior
beam-column connection. The joint asseamblages were posi-

tioned in the testing frame as shown in Figures 16,17.

Applying a vertical force on one end of the beams and
an equal but oppcsite vertical force on the other end of the
beams permits sisulation of 1lateral seismic forces. Loads
vere applied at 17.5~inch from the centre of the column

(14-inch from the face of the ccluan) except for specimen 1
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FIG.15a FREE BODY DIAGRAM OF SUB-ASSEMBLY

FIG.15b FREE BODY DIAGRAM OF TEST SUBASSEMBLY

o0
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for which the load was applied at 40-inch froa the columa
centreline. The columas of specimen 1,3,4,5,6 were under a
small constant axial compression load of 12-kip, however a
larger columa load of 140-kip was used for specimen 2. A
small2 coluan load leads to more conservative results.3 The
columnas were hinged at the bottom (rotation allowed) and,
the top was allowed to rotate as well as to move slightly
laterally by imstalling pivot-rollers and horizomtal jacks.
The small columa load and slight mnovement of the top of co-
luans permit us to neglect eamtirely P-p effect. This as-
sumption can be justified because of the moment contributed
by the beam is much larger than of the column., The freebody
diagram in Figure 15a therefore is replaced by Figure 15b.
The effect of slab and cross beams on the behaviour of the

joint is beyond the scope of this study.

2Column load can act as a coanfinement to the joint. A small
coluan load gives less coafinement to the Jjoint and thus,
veaken the joint. This is apply only to properly designed
joint. A very weak joint, sevaere deterioration is expected
even with a small load. Ian such circumstances, a large co=
luan load may have a adverse effect to the joint.

3It is also believed that the colunn may even undergo ten-
sile stresses to vertical accelerations of the ground dur-
ing an earthquake.
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3.2  DESCRIPTION OF SPECIMENS

The geometry of all the specimens vere identical and is
shown im Figure 18. Details of reinforcments are shown in
Piguie 19 and Table 1I. ACI 318-71 [ 5 ] design code with
the improved reccmmendations prepared by ACI comamittee 352 |
6 ] were adopted for the design of the 6.25x5.25 in. beanms
and the 8x7 in. columns. The details of the design is given
in Appendix C. Commercially available #3 deformed bars and
#2 plain bars were used as ®main joint reinforcements and
stirrups respectively. Specimens 1 and 2 consisted of 3 top
and 2 bottom bars for the beams and 10 bars for the colunmns,
Specime2ns 3,4,5,6 consisted of equal 3 top and bottom bars
for the beams and 6 bars for the columns; however, specimens
3,4,5 had reduced joint ties, in addition, they also had re-
duced jocint bond or anchorage for each specimens. Details
of the bond variations are givem in Table I. The elimina-
tion of bond strength was easily made by simply wrapping the
bars at the intended section with polyethylene sheet before
pouring the concrete. This method was adopted after it has
been tested and verified to be 100% effective. The varia-
tion of bond was controlled by the length of applied polye-
thylene around the bars. Normal-vweight concrete with
4000psi., 28-day strength and Grade 60 steel wvere used in

the experiments,
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3.3  INSTRUMESTATION

Both the beams and the joints vwere instrumeated for de-
flection amnd rotation. Dial gauges of high sensitivity
0.00i in/div. were used for beam~-tip deflection and beam=-co-
lumn rotation measurements. The joint face were also in-
strumented for diagonal strain readings. These readings
simply disclosed the degree of damage due to cracks at the
joint., - A calibrated demec strain meter was used to measure
the diagonal elcngation or shortening of the joint face.
The applied loads were measured by means of electronic
strain meter vwhich connected to 1load cells and a pressure
gauge. Three Strain-Sert Universal Flat Load Cells (model
FL25U~2SGKT) each having locad capacity of 25,000 1lb. were
calibrated using an Tinius Olsem Testing Machine. One of
the load cells was used to calibrate the pressure gauge.
Inaccuracy caused by these devices was considered insignifi-
cant compared with the 1large load applied to the systenm.

The locations of the instruments are shown in Figure 16.

3.4  LOADING EROGRAM

The selection of a definite loading program is an ex-
tremly difficult decision. The behaviour of a joint appears
to be very sensitive to the previous history of loading.
The joint performance will degrade considerably if it is

lcaded tosor near its ultimate resistance even during the




e n it v, asrds

-

first cycle. Sc the question must then be asked: how far
should the deformation be incresed if the system has reached
its ultimate resistance? In this study, the decision about
the forces applied at the subsequent loading stage were made
on the basis of the behavioural history of the joint. How-
ever, a similar loading scheme, though a very rough one, was

adopted for all specimens.
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Chapter IV

PRESENTATION OF EXPERIMENTAL RESULTS

A FORTRAN general progras was developed and written to
process the raw data and organize the result of each cycle
into a set of systematic global coordinates. These coordi-
nates then were plotted into a series of graphs by calling
ten different plctting subroutines. These graphs are pre-
sented in Appendix A. The program was also equipped with a
‘pointer' system to select the maximum value of all parame=-
ters every half cycle for the purpose of making comparisonms
and plotting loading program diagrams. The complete program
together with the plotting subroutines is shown in Appendix
B. The 1IBM 3031, AMDAHL 470/V611 computers and a CAL-

COMP1051 PLOTTER were used in the operation.

.1  LOAD-DEPIECIION CURVES (EIGURE A1A=AS)

Load-Deflection Curves were obtained by measuring the
loads exerted on the tip of the beams and plotted against

their corresponding deflectionms.

- 29 =




et et T e Brlaa e R ¥ L

i.

iii.

iv.

Because of the unequal top and bottom beam re-
inforcements in specimens 1 and 2, both *right’
and *left' beams were plotted and analyzed sepa-
rately. This was done to give a better under-

standing of the behaviour as to

a) how did each beam react under the first cy-

cle of loading? amnd,

b) how would these different reactioms influ-

ence the foregoing behaviour of the system?

But in analyzing specimens 3,4,5,6, which had
equal top and bottom beanm reinfoceaents the av-
erage deflection of the right and left beanmns as
well as average of the applied loads vere used
in plotting the results. This was done to avoid
unnecessary repetition, and can be justified be-
cause both deflections were approximately iden-
tical toc each other everytime the load was ap-

plied.

A1l deflection measurements were made froa the

initial undeflected position of the beanms.

At each load, measurements were nade almost
simultaneously, so that imacuracy caused by

creep of the members could be avoided.
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vi,

.2

i.

ii.

Each Load-Deflection Curve is accoampanied by
the appropriate loading program and its deflec-

tion.

The corresponding moments produced at +the

joints vere also shown omn each graph.

MOBMENT-CURVATURE CURVES (EIGURE A7-212B)

Since the right-hand beam was the only beanm
iastrumented for the rotation measurements, the
curvature (measured inm radians) represents the
relative rotation of the right-hand beam rela-

tive to the column.

All moments shown in the diagrams were taken
and calculated with respect to the column centre

line.

Both load=Deflection amnd Mcment-Curvature Dia-
gram can be used to evaluate the ductility and

energy capacity of the joint.




4.3

i.

ii.

iii.

MOMENT-DJAGONAL JOINI SIRAIN CURVES (EIGURE A13A:

A4188B)

Diagonal-joint-strain measured the elonga-
tion or shortening of concrete face in the diag-
onal directioms. These measurements were then
plotted against their corresponding moments.
The result of joint diagonal cracks, therefore,
can be used to describe the degree of deteriora-
tion of the joint kmowing 0.00013 unit strain is
the ultimate strain in tension before the con-

crete starts cracking.

The slope or inmnclination of the rebouncing
curve when unloading can be used to indicate the
condition of the effect of bond at the joint on
that particular cycle., The bond is considered
to be effective, resulting good recovery of
cracks, if the curve tends to rebound back to

the original location when unloading.

Because all specimen have two different diago-
nal directions (Left top =~ right bottom and
kight tcp - left bottom directions) it was ap-
propriate to present the results of each direc-
tion separately in order to get a closer and

better understanding of their behaviour.
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These curves vere drawn to establish the relationship
between beam deflection and joint deterioration
types of jocint bLond and reinforcement ==e=-

ferences would affect the relationship of the

SIRAIN CURVES (EIGURE

tion and its joint deterioration.

4.5

i.

ii.

CUBVAIURE-DIAGONAL JCINI STRAIN CURVES (EIGURE
A232=A28B)

When a large crack occurred at the joint
interfaces, the beams will rotate significantly
with respect to the cclumn with a resulting in-
crease in curvature, Therefore, beside repre-
senting the ductility of the joint, the curva-
ture, which nmeasures the rotation of the beam
vith respect to the column, can also be used to
describe the damage of beam-column interface.
Froam observation the relative rotatiomn of the
beam-column, in many instances, is due mainly to

the cracks occurred in the interfaces.

The object of establishing this relationship
is to see the development of damage at the
beam~column interface in relation with the joint

diagonal cracks.

in various
how these dif-

beam deflec-




4,6 DEFLECTICN-CURVATURE CURVES (FIGURE A29-132)

Though apparently the two are ccmpatible, their rela-
tionship in the Deflection-Curvature Curves can be used to
confitm the weakening of the connections and/or the beanm.
In the early stage of loadings, the beam took a bent shape.
This was because the beam-column connectioa still gave con-
siderable amount of resistance to the deflected beans. But
in the later stage of loading when yielding had occured in
the beam or in the beam-column interfaces, the beams were no
longer bent but followed a straight path as illustrated in
Figure 20 the yielding points now became rotation pivots.
Because of this weakening process, non-linear relationship

in the later part of the loading prograa wvwas anticipated.

4.7  ENERGY CAPACIIY (EIGURE 33=34)

In this experiment, input energy is defined as the max-
imum work done by the load on the beam which can be repre-~
sented by the maximum area covered in the Load-Deflection or
Moment-Curvature Curves before the unloading process. En-
ergy absorbed is defined as input energy that has been ab-
sorbed, some by inelastic strain, and some by inflicting
damage to the systen. Energy absorbed can be estimated by
measuring the area within a loop in the Load-Deflection and

Moment=~Curvature Curves.




Elastic strain energy is defined as the remaining energy
from input energy minus absorbed energy assuming small en-

ergy losses.

The cumulative (of every half cycle) of input and ab-
sorbed energy of specimens 3,4,5,6 were plotted against
their corresponding number of half cycle. The average of
absorbed energy per=-cycle wvere also computed and tabulated

in Table I.

The input and absorbed energy is obtained by measuring
the areas with planimeter as it was defined in section 2.5.
The energy estimated from mcment-curvature refers to joint
energy vhereas obta;ned from load~-deflection refers to

'overall' energye.
This crude estimation of input and absorbed energy*

provides a useful tocl in comparing the absorption capacity

of each specimen.

*These energy measurements should not be regarded as true
energy. More specific energies, say the amount of absorbed
energy that would cause damage and non-damage wvwork can be
estimated by Resrve Energy technique { 7 J.
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b)

FIG. 20 (a).High resistance at beam-column interface, resulting a
significant bending at the beams;
(b) .Deterioration of the beam-column interface, resulting
a larger beam rotation for the same deflection given
in (a)
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Chapter V

DISCUSSION OF EXPERIMENT RESULTS

Specimens 1 and 2 were identical and designed according
to the design criteria prepared by ACI Comaittee 352. How=-
ever, the- magnitude of the axial loads acting om the columms
vere different as well as the 1location of the applied loads
acting on the beams (see Table I). Since the quantity of
upper and lower Leam reinforcements were different, the Load
Deflection Curves (right and left hand side) of both speci-
mens vwere analyzed and presented separately. For the pur-
pose of this study, specimens 3,4,5 which had equal top and
bottom beam reinforcing bars were designed and made such
that they had 40% less column reinforcement as well as 67%
reduction of their joint ties as compared to specimens 1 and
2. Further more, specimens 3,4,5 differed in the amount of
bond between the main beam steel and the concrete in the
joint. These different variations, °'full', *half* and *no’
bond respectively apply to bond forces gemerated by beam re-
inforcements only (bond forces gemerated by column were ex-
cluded) . Specimen 6 was built to satisfy the joint design
requirement recommended by ACI Committee 352, that is no at-

tempt was made to reduce joint-bond as well as joint-tie.
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Each of the above specimens vas discussed individually

in the fcllowing sectios.

5.1 GENERAL

i. The first ‘'visible' crack was noticed at
about 2.5-kip at bean column left-top and
right-bottom interfaces and immediately followed
ﬁy beam flexural cracks at about 3 kips. Except
for specimen 1, these flexural cracks proceeded
to shear cracks and some bond cracks as the load

increased.

ii. The joint diagomal cracks for some specimens
vere noticed as early as the first load cycle at
4.5-kip. These cracks usually started horizon-
tally at the diagomal corners vwhere the joint
meet the beans. This was because of the joinmnt
shear stresses which caused diagonal cracks had
not yet fully developed and the horizoatal
cracks were mainly due to the stresses occurred
in the beam reinforcement. As the load in-
creased to the point vwhere joint shear stress
vere fully developed, 1large diagonal cracks oc-
curred at the centre of the joint followed by
new secondary cracks parallel to the main crack,

and/or extension of the old cracks.




Load reversal resulted in the same phenomena
but in the opposite direction. Eventually all
of these diagomnal cracks extended into the co-

luan out of the joint region.

jiii, Bond cracks occurred in the beam near the
beam-column interfaces indicating maximum bond

stresses in this region.

iv. Small column flexural cracks were also noticed
in specimen 3,4,5,6 after 7 kips. This was be-
cause of the reduction of columm reinforcements

in these specimens.

S.2 SPECIMEN 1

The joint of this specimen vas designed to meet the
criteria prepared by ACI Cosmittee 352. The column rein-
forcement consist of 10#3 main bars distributed S on each
side of the column faces where the beam was going to be ex-
tended. 642 closed lateral joint ties 1.25-inch apart wvere
made at the joint (Figure 21) : 6%#2 lateral ties 6-inch
apart occupied the rest of the coluan. The beam had 3#3 top
bars and 2#3 bottqn bars passing through the Joint; bean
stirrup spacing was 2.5-inch (Figure 22). A constant axial
force of 14-kip was applied to the coluan throughout the
testing. The load application on the beam was positioned at

40-inch from the column centre 1line.
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FIG. 21

FIG. 22

JOINT REINFORCEMENT, SPECIMENS 1,2

SUB-ASSEMBLY REINFORCEMENT, SPECIMENS 1,2
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All the othér specimens, namely 2,3,4,5,6 were tested with
the beam loads located at 17.5-inch from the column centre
lipe. To compare the results from this specimen with the
other specimens an equivalent locad vas used giving the same

bean noment at a lever arm of 17.5-inch.

The equivalent load was obtained as follows,

M= PX1
Pe-_M_
X2
Pe:Pil.
X2

vhere P=load; Pe=load equivalent; M=moment; X1,X2=original
and specified moment-arm that is 80-inch and 17.5-inch res-

pectively.

Its corresponding deflection,

DELe= DEL 2.

X1
vhere DEL=deflection; DELe=deflection equivalent.
Due to some technical difficulty, the unloading measure-
ments of rotation and diagonal joint strain of specimens 1
and 2 were abandoned. The unloading paths then vere approx-

imated by straight line as shown in’'the diagranms.




i.

ii.

iii,

iv,

Under flexural tension, the right hand bean
wvhich has less tension steel reached its yield-
ing point first before the left hand beam. As a
result, an overall larger deflection (20%) of
the beam was observed in the sucessive load cy-
cles (Figures A2a,b). This is due to the loss
of bond caused by the flexural cracks or bond

failure.

Figures 23,24 show that very little damage was
done at the joint, and the diagonal cracks tend
to inclime horizontally. The former was because
of high concrete strength; the presence of joint
lateral ties as well as adegquate column rein-
forceaent. The latter presumably because higher
bond stresses occurred at the beam as a result
of the smaller amoumnt of steel in comparison

with the coluan reinforcement.

Considerable damage occurred at beam-column

interfaces (FPigure 25).

Fluxural cracks wvere the proaminent features on
the bean; . some bond cracks were also found but
their locality was limited to near the column
only. This proved that the largest bond
stresses occurred at the beam~column interfaces

(Figure 26).
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[

SPECIMEN 1 WHEN TEST WAS TERMINATED

23

FIG.

JOINT CONDITION OF SPECIMEN 1 WHEN TEST

WAS TERMINATED

24

FIG.
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FIG. 25 BEAM-COLUMN INTERFACE OF SPECIMEN 1
WHEN TEST WAS TERMINATED

FIG. 26 BOND CRACKS OF SPECIMEN 1 AT FAILURE
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5.3 SPECIMEN 2

This specimen was made identical with specimen 1 except
the location of the applied load on the beam was moved to-
uards.the column from 40-inch to 17.5-inch(measured from co-
lumn centre line), and the axial load applied to the columa
vas increased from 12-kip to 140-kipe. No diagonal cracks
occurred at the joimnt (Figure 27) because of higher concrete
strength (see Takle I) and higher azxial load that gives an
substantial increase in joint confinement; Hinges were
formed at the beam~-column interfaces (Fiqures 27,28). Shear
cracks (Figure 28) due to higher beam loading was also not-

iced.




JOINT CONDITION (FRONT) WHEN TEST
WAS TERMINATED

27

FIG.

JOINT CONDITION (BACK) WHEN TEST

WAS TERMINATED

. 28

FIG
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5.4

This joint assembly had equal 3#3bars at top and bottom

bean,

643 bars column reinforcement (reduction of 40R)

and

two jdint lateral ties with no supplement ties (reduction of

77%) (Figure 29).

i.

ii.

iii.

After the first cycle, large diagonal cracks
occurred at the joint and extended rapidly in
éhe second cycle (Figure 30). These diagonal
cracks later extended deep into the columm (Fig-

ure 31).

Slow recovery of the cracks at the joint when

lcad reversed its direction (Figures A15a,b).

The cracks became larger each cycle and fi-
nally extensive damage at the jolnt resulted in
the concrete cover spalling cff as the load in-
creased. This spalling activity reduces the
cross section of the columa and under a large
column axial load buckling of the main bars at
the joint is likely to happen. The bending of
the column main bars, as shown in Figure 32, wvas
due to the «coupling action cf the beams on the
column kars. This initial ‘'local' bemnding ac-
tion will invite the total buckling of the whole

column under large axial loads.
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iv. The systen resulted in large damage to the
joint but little damage the beam. It can be ob-
served that the beam and beam-column interface

show no signs of yielding (Figure 31).

Ve The system has a good joimt emnergy absorption
efficiency but 1low energy capacity (Figure

A33a).

The lack of confinment given by joint ties and the re-

duction of cclusmn reinforcements presumably are the cause of

the above behaviour,
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FIG. 29 JOINT REINFORCEMENT, SPECIMEN 3

JOINT CONDITION OF SPECIMEN 3 AT
SECOND CYCLE

FIG. 30
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FIG. 31

FIG. 32

SPECIMEN 3 AT THIRD CYCLE

SPECIMEN 3 WHEN TEST WAS TERMINATED
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5.5 SPECIMEN 5

This specimen had the same properties as of specimen 3
except the bond of the beam reinforcement at the joint was

eliminated. The following behaviour was observed.

i. Yielding occurred at the beam columm interface
causing extensive damage at this region and slip
or 'pull out' of the beam main steel with res-

pect to the coluan.

ii, The *'softening' behaviour of the system espe-
cially at the start of a new load cycle is
clearly shown in Figure AS, The softening ef-
fect causes either a relatively low energy ab-
sorbtion capacity or amn excessive deflection,
which is not desirable in earthguake resistant

structures (see section 2.3).

iii. Figure A5 shows that the ultimate load wvas re-

duced by 12% compared with specimen 3.

iv. A significant decrease in subsequent loadings
indicates a degradation of the system as the

number of load cycles increased (Figure Aa5).

Ve The first diagomal crack appeared at about
7-kip (compared with 3-kip in other specimens)

showing that no load is being transferred from
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the beams into the joint. Few small diagomal
cracks sere found at the completion of the test
vhen the subassembly failed, proved again that
the adverse effect to the system caused by the
lack of joint confinement has been suppressed by

not reducing beam bond effect at the joint.

vi, The presemnce of bond cracks at the beam-column
interface indicates high bond stresses at the

region (Figure 33).

vii,. Extensive crushing damage was observed when
beams adjacent to columm were under flexural

compression action (Figure 33).

viii, Joint and beam showed little damage. All dam-
age being concentrated at beam column interfaces

(Figure 34).

ix. The system has a lov joint energy absorption
efficiency but high absorption of the input en-

ergy (Figure A33Db).

All of the behaviour described above were interelated and
as a consequence of one another. The elimination of ancho-
rage force or bond force helped to preserve the joint from
deterioration, The elimination of bond forces resulted in
the formation of a plastic hinges which damages at the

beam-column interfaces. The presence of bond cracks(vi)




plus the crushing action under compression (vii)

beam concrete cover to spall-off

joint.
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FIG.

33

SPECIMEN 5 AT THE END OF CYCLE 2
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5.6

SRECIMEN &

A reduction of 50% of the bond forces of specimen 3 by

wrapping the bars in the middle-half section were introduced

in this specimen. The performance of the subasseambly, as

predicted, lay mocderately in betveen the previous two speci-

aens.

i.

ii.

iv.

Medium sized diagonal cracks were observed and
yet nearly no damage on the beam=-column inter-
faces (Figures 35,36 and Table I). The plastic
hinges were formed in the beams avay from the

column.

Due to the fact that it could a;rive succes-
sively at the ultimate load of 800~-kip or higher
vithout losing its load capacity and omly in-
flict 1little damage at the joint under such
loading, this systea was the most efficient omne

compared with the previous two subassemblies.

The lack of joint diagonal cracks until the
load reached 6.5-kip also proved the high per-

formance of this subassembly.

High energy capacity (Figure A34a).
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FIG. 35 SPECIMEN 4 WHEN TEST WAS TERMINATED (FRONT)
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36 SPECIMEN 4 WHEN TEST WAS TERMINATED (BACK)

FIG.
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5.7

With the presence of lateral ties at the

coamended by ACI Committee 352,

SPECIMEN 6

baséelbly was greatly improved.

i,

ii. -

iii,

iv.

Ve

Moment-Curvature Curve shown in Figures A6,A12

shows that the system has good ductility.

#ith the same member-geometry and reinforce-
ment as in specimen 3 except the joint area now
has lateral ties, the ultimate load of the joint

increased by 7%.

Good recovery on diagomal cracks when the load
was reversed, indicating a good and lasting bond

effect (Figure A18a,b).

The first diagomal cracks occurred at 6.5-kip
in the second half of the first cycle, although
7-kip has been reached im the first half of the
cycle, Medium diagonal cracks of the same mag-
nitude as in specimen U4 were observed after
testing showed that the adverse effect caused by
bond to the joint was negated by the presence of

joint lateral ties.

The yield region of the beams occurred quite a
distance from the coluan and well distributed

over a reasonable length of the beams.

joint as re-

the performance of the su-
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vi. This system has the highest energy capacity of
those tested. This include '"total' or
'average'; ‘'input' or 'absorbed' energy of the
joint or the beam-column subassembly (see Table

I).

5.8  ENERGY ABSOBRTION CAEACITY

Thé fundamental reguirements of nmultistory structures
to survive in any severe earthquake motion is as follows.
First, the individual members and jcints must have a large
energy aborptiom capacity; Second, a large part of this ab-
sorbed emergy must be returned or radiated back to the soil
so that it causes as little damage as possible to the struc-
tures. Specimen 6 is the best systen. This conclusion is
based not omly cn the energy absorption capacity point of
viev as shovn in Figure A33-A34 nor the joint absorption ef-
ficiency (Table I) but also from the nature of damage done
to the specimen (Figures 37,38). The latter, requires more
detail and analytical analyses of how much of this energy
would inflict damage to the system and hov much is being ra-

diated back to the soil.




37 SPECIMEN 6 WHEN TEST WAS TERMINATED (FRONT)

FIG

e T
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FIG. 38

SPECIMEN 6 WHEN TEST WAS TERMINATED (BACK)
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TABLE I

SP. 1 SP. 2 SP. 3 SP, 4 SP. 5 SP. 6
¥o. of column reinforcement (#3 barsw®) 10 10 [ 6 6 6
P01 0.023 0.023 0.014 0.014 0.014 0.014
Yo. of beam reinforcement (#3 bars*) top 3 3 3 3 3 3
bottom 2 2 3 3 3 3
Ope 0.012 0.012 0.012 0.012 0.012 0.012
b % 0.008 0.008 g.012 0.012 0.012 0.(.)12
Yo. of joint lateral ties (#2 bars¥x) ; 64" 6-:' 2 2 2 6"
Condition of Bond full full full half(50%) ni1(0) full
Colum axial compressioa (kips) 12 140 12 12 12 12
£ (psi) . 4400 5100 3500 3300 3700 4100
No. of cycle 2.0 1.5 2.5 3.5 3.0 3.5
| 2 posteive direction (kips) 7.7 7.57 | 7.90 7.86 7.52 7.13
negative directioa (kips) 7.227 8.32 7.82 8.28 6.89 8.35
j| v, posicive direction (kip-in) 255 268 276 275 263 250
negative direction (kip-in) 216 295 274 290 241 292
De:lection .. positive direction (im) 0.920+ﬁ' 0.398 1.352 1.146 2,111 2.153
negative direction (in) 0.580T | 1457 | 1.462 | 1.923 1.711 2.021
L positive direction (rad) 0.0241 0.0122 0.016 0.042 0.025 0.064
negative direction (rad) 0.0259 0.0481 0.034 0.030 0.069 0.034
Ma: joint diagonal tensile strain ét;i;;o in/in) | 133.65 32.40 13972.50 12700.80 6998.40 8691.3
RT-LB 311.85 170.18 | 14758.20 11988.00 3944.70 10700.1
To-1l joint input energy (kip-in-rad) | 9.43 20.60 12,48 24,42
Ave age joint iaput energy zzpi{:i:ad/cyc“) ) 3.77 5.88 .16 6.98
Toral joint absorbed energy (kip-in-rad) 7.65 17.17 9.38 22.10
Average joint absorbed ener?{izizniz:ihy‘:h) 3.06 4.91 .13 6.32
The absorption efficiency of the joint 812 832 75% 902
Total sub-assembly input emergy (kip-in) 26.47 42,01 28,49 44.95
Avirage sub-assembly input ?::;gnsz;c;zt):le 10.59 12.00 9.50 12.84
Tozal sub-assembly absorbed energy (kip-in) 14.82 23,94 17.80 28.97
Average sub-assembly absorbe(:iggxﬁzyzﬁ)cycle 5.93 3.42 5.93 8.27
¥ deformed bar
**  plain bar i
= supplement ties -
- load equivalent i
| *** deflection equivalent '
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Chapter VI

CONCLUSION

On the basis of the results in the previous chapters

the followimng conclusion can be made:

i; The behaviour of the joint is mainly dependent
on the strength of the concrete, the amount of
the main reinforcements, the amount of confine-
ment in the joint core, the distributiom of bond
stresses at the joint core, the axial compres-
sion load exerted at the coluammn, and the loading

history.

ii. By increasing the strength of the concrete,
the axial compression load and columm steel ra-
tio, the damage on the joimt can be reduced con-
siderably; however vertical accelerations in an
earthquake could reduce the column load to zero
or even tension and the compression help could

not be relied upon.

iii. The absence of bond stresses in the joint core
isproves the performance of the joint at the ex-

pense of the beam-column interface.




iv.

Ve

vi,

The maximum bond stresses which lead to local
bond failure and finally weaken the member oc-
curred in the tramsition region of ‘t*bond*' and

'nobond’'.

The presence of lateral ties in many ways
helps the performance of the joint in terms of
bhigher ultimate load, better ductility, durable

bonding, energy absorption capacity.

Ductility alone is not the best means to des-
cribe the efficiency of energy absorption of the
structure in resisting earthquake motion. The
energy method gives a better estimation and more
reliable answer because it takes the adverse ef-

fect caused by *softening' into comnsideration.




Chapter VII

RECOMMENDATIONS

The following recommendations are based on previous ob-
servations and conclusion. Furthur varification through ex-
periments or analytical approaches are needed to confirm

each of the follcwing points.

i. In the case of joints having 1low confineament
due to the absence of heavy lateral ties, the
bond on the beam steel should be reduced and at
the same time closer beam stirrups provided near
the column. This arragement assures that the
yielding will occur in the beam and reduce the

damage occuring at the joint.

ii. In the case of using the design recommenda-
tions of ACI Committee 352, the performance of
the joint can be improved by suppressing joint
bond stresses in the middle-half region and con-
sequently reduce the load transmitted into the

joint.

iii, In order to have better joint confinement, the
main column reinforcements should be distributed

all around the column.
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Appendix B

COMPUTER EROGRAM AND TYPICAL I/0 OF SPECIMEN 6
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Appendix C

THE DESIGN GF SPECIMEN 1
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GIVEN:
£ = 4,000 psi ; fy = 60,000 psi ; p(design)= 0.015

DESIGN A INTERIOR BEAM-COLUMN JOINT.

CHOOSING BEAM DIMENSION:
. b=5.25in. ; d=5.25in. ; h=6.25in.(cover=0.5in.)

2

use 3#3 top bars; As=0.33 in” ; o 013:0.012

t

2#3 bottom bars; As'=0.22 in2 ;

pbottom=o" 008

) ) . P =1/2p_ =0.024
pmin_ZOO/fy-0.003 ; | max b

DETERMININé THE LENGTH OF THE 'ARM' (beam)

L/hg21 ; L < 10.9 ft.; wuse 6.67 ft.(from end to end)

(due to some difficulties encountered in the testing frame,
it was decided to use 3ft. beam for the rest of the specimens)

CHOOSING COLUMN DIMENSION:
b=8.00in. ; d=6.06in. ; h=7.0in.
. - 2 . -
use 10#3 bars; As=1.10 in“ ; pcol"o'023
=0.06; »p

p =0.01

col.max col.min

DETERMINING THE LENGTH OF THE COLUMN
L/r € 22, where r=0.30h; L<46.2 in.

use L=3.5 ft. (=42.0 in.)

JOINT CAPACITY
(Type 2 interior joint)

v - Shear: Forces in joint
col
Beam Moment Mult= a Ast fy (d-a/2)
Mab | where a=1.25; d=5.25 in.
M . - -
ut ab - 0174 ino . Mub_ 6-70 K ft-
v Mut"' Mub
—_— - -
col Vcol = I = 4.69 K
col
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SHEAR STRESS IN JOINT

4.69 K%~
16.5 kR ——= — 0 Ast fy = 24.75 K
o Asb fy = 16.5 Ro#—m e 24 .75 K
*4.69 K
N

Vu = 24.75 16.50 - 4.69 = 36.56 K
Column: b =7.0 in. 3 d = 6.06 in.
eff
b < 2 col. width

_ - — 2
Acv = b_. d = 7.0(6.06) = 42.44 in

v s 2 - 36.56 (1000) _ 1033.47 psi < 20v%!
s Acv  0.85 (42.44)

JOINT SHEAR

Shear carried by concrete

B=1.0 ; y=1.0 ; Nu/Ag=0

221.36 psi.

v o=3.58% «E; (1 + 0.002(Nu/Ag))
v -v = 1013.47-221.36 = 792.11 < 15Vf'
u c Cc

Transverse steel for shear

Av £ d
—

- = (v‘_1 - vc) Acv

3(0.05)(60)(6.06) _ ¢ 792(42.44)
5

S = 1.62 in.

Use 3#2 at 1.25 in. spacing at the joint

- 150 -
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BEAM STIRRUPS

Mtot = Mut + Mub = 16.34 R-ft. = 196.68 K-inf
Mtot 196.68 :
Load P = = - 2.46 K. { Pe,equivalent = 5.61 K }
' arm 80 ’ '
Vu
v, = 3D d = 213.42 psi.
v = 2/f' = 126.5 psi.
c c
(vu -v )‘bw s
Av = < + s, = 13.1 in.
£
¥ .
Av £
Sp = y = 22.86 in.
50 b
w

s3 = d/2 = 2.6 in.  +« control

Use #2 closed ties in 2.5 in. spacing.

COLUMN TIES
s; = 16 dbl =16(0.375) = 6 in. < control
Sg = 48 ds = 48(0.250) = 12 in.

min

Use #2 closed ties in 6.0 in. spacing.

Note: Necessary checks have been made to satisfy the design specification
(A.C.I. 318/71 and Committee 352) for other specimens.

8x7 in. col.
10#3 bars

(~5.25x6.25 in. beam
3#3 bars top
2#3 bars bottom
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