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ABSTRACT

Eight half~size and four full-size T-shaped reinforced
concrete exterior beam-column subassemblieé were tested to
determine the effect of intermediate longitudinal shear re-
inforcement on the hysteretic behavior of flexural membcrs
subjected to repeated reversed loading. Specimens were
tested by appyling a constant axial load to the fixed column
portion of the specimen and applying a cyclic shear load to
the beam. The beam typical loading history was chosen to
simulate the disortion which might take place at a typical
connection in a ductile moment-resisting frame during a
severe earthquake. |

Specimens were designed with a variety of longitudinal
beam reinforcement and tested using four different shear
spans such that maximum shear stresses varied from 2 /fg
to 6 /fz. Half the specimens contained beam web reinforce-
ment as specified by seismic provisiOns.of the ACI Building
Code (318-71) and half the specimens contained two layers
of intermediate longitudinal shear reinforcement in addition
to the Code—Spécified ties.

Several conclusions were drawn on the basis of test
results. The repeatability of member hysteretic behavior
was related to maximum beam shear stress. Intermediate

longitudinal shear reinforcement provided significant
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increases in membei energy dissipation and repeatability of
hysteretic response for beams with shear stresses between
3 /fz'and'G /fz. Beams with shear stresies bélow.this
range performed satisfactorily without intermediate longi-
tudinal shear-reinforcement‘and beams with shear stresses
higher than 6 /fz did not perform-totally satisfactorily,
regardless of the type of shear reinforcement used.
Buckling of compression reinforcement was found to
be a significant factor in the loss of'load—carrying
capacity for more than half the specimens tested. It was
found that stirrup size and strength were more important
than stirrup spacing in preventing the buckling of longi-

tudinal reinforcement,
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PREFACE

It is suggested that the reader be selective in choosing
which chapters to read, depending on the depth of his in-
terest in this subject. A general understanding of the
wWork can be obtained by considering only Chapter 6 or Chap-
ters 1 and 6. Those interested in a more specific explana-
tion of the details of specimen fabrication and testing are
advised to read Chapter 2 as well,

A detailed explanation and discussion of the mathema-
tical aspects of test findings is contained in Chapter 5.
Those interested in this aspect of the study may also wish
to read Chapter 4, which discusses the calculation of
various important relationships.

Chapter 3 contains a detailed description of the ménner
of deterioration of all specimens. Because of the depth of
detail which it contains, it is suggested that only the
most avid reader consider this chapter. |

The term "beam-column joint" is intended to refer to a
beam-to-column joint, rather than to a joint in a beam-
colﬁmn member. This terminology has been used because of
the precedent established in previoﬁs reports discussing

this subject.
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NOTATION

the beam shear span used in testing, measured
from the face of the column to the point of
loading ram attachment (in.)

the area of a reinforcing bar (sg. in.)

the net beam-column joint area resisting input
shear forces = b'-dg (sg. in.)

gross cross—sectional area of column (sg. in.)

total area of intermediate longitudinal beam
reinforcement (sg. in.)

area of tension reinforcement (sg. in.)
area of compression reinforcement (sg. in.)

area of vertical web reinforcement within a
distance s (sg. in.) :

area of supplementary web reinforcement within a
distance s (sg. in.)}

overall beam or column width (in.)

width of beam or beam—-column joint measﬁred to
outside of ties (in.)

a constant relating Ry, the coefficient of
flexural resistance, to the D/Dbal ratio

effective beam depth measured from extreme com-
pression fiber to the centroid of tension rein-
forcement (in.)

distance from extreme compression fiber to the
centroid of compression reinforcement (in.)

nominal diameter of reinforcing bar (in.)

depth of beam measured to outside of ties (in.)
effective depth of beam-column joint resisting
shear, measured from one face of the column to

the centroid of column longitudinal reinforce-
ment near the opposite face of the column (in.)

XVi



dy.dz

col

NOTATION (CONT'D)

distance from extreme compression fiber to cen-
troid of layers of intermediate longitudinal
reinforcement {(in.)

total energy dissipated by a specimen during
testing divided by the energy dissipated during
the first inelastic cycle '

initial slope of concrete stress vs. strain
curve (psi.)

modulus of elasticity of steel (psi.)

initial slope of steel stress vs. strain curve
during strain hardening (psi.)

specified compressive strength of concrete (psi.)
tensile stress developed by a standard hook (psi)
tensile yield stress of reinforcing steel (psi.)
shear modulus of concrete (psi.)

overall depth of beam portion of specimen (in.)

modified work index = I(Bp/Py x £2) (1 - dc/a)

length of column section held between simple
supports (in.)

length between beam hinging zone and point of
load ram attachment (in.)

total length of beam portion of specimen (in.)

total length between points of attachment of ith
LVDT (in.)

minimum straight lead embedment length from cri-
tical section to beginning of bar hook (in.)

moment capacity of column section at balanced
axial load (in-kips)

moment capacity of column section for axial load
used during test (in-kips)

xvii



NOTATION (CONT'D)

ultimate moment capacity of a section (in—kips)‘i

the number of ties to be used to satisfy shear
strength requirements in a beam-column joint

gross column axial load (lbs.)
column axial load used during testing (lbs.)

maximum beam shear lecad in nth cycle of leoading
(lbs.)

beam lcoad at yield of main longitudinal rein-
forcement (1lbs.)

the ratio of explained variation to total
variation for statistical regression

coefficient of flexural resistance for beam
section (psi.)

spacing of web reinforcement (in.)

tension force in beam tension relnforcement at
beam~column joint (lbs.)

measured shear force in beam {1bs.)

shear stress carried by concrete at any beam or
column cross section {(psi.) ,

gross shear force in column (lbs.)
nominal beam-column joint shear stress
maximum shear force in a member {(lbs.)

shear force which can be considered to be carried
by web reinforcement in a member (lbs.)

ultimate shear force in a member (1lbs.)

ultimate shear stress at ahy cross section of.
beam or column (psi.)

ultimate beam shear stress acting over beam core
area (psi.) = Vyu/bde

xviii
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NOTATION (CONT'D)

maximum beam shear stress measured in the first
quarter—~cycle of inelastic loading, as a multiple
of VE(

stress multiplication factor to account for
strain hardening in steel strained past yield
{(as used in Appendix C only)

joint type correction factor = 1.0 for Type 2
joint

joint classification correction factor = 1.0 for
joints considered in this research project

elastic shear strain between beam hinging zone
and point of loading ram attachment (deqg.)

deflection of beam lcad point due to flexural
rotation in beam hinging zone (in.)

deflection of beam load point due to shear de-
formation in beam hinging zone (in.)

deflection of beam load point due to flexural
deformation between the beam hinging zone and
the load point (in.)

deflection of beam load peint due to shear defor-
mation between the beam hinging zone and the
load point (in.)

deflection of beam load point due to rigid body
rotation of beam-column joint (in.)

indicated deflection of beam load point resulting
from deformation of the test frame used to hold
specimen (in.)

maximum deflection of beam load point in nth
cycle of loading (in.)

deflection of beam load point at yield of main
longitudinal reinforcement ({(in.)

compressive strain of concrete at any sélected
point (in./in.) '

xix



NOTATION (CONT'D)

£ = sgtrain in steel at the beginning of strain hard-

sh ening (in./in.) :
Ey = strain in steel at the beginning of yield (in./in.)
63 = the angle.of overall shear strain within the
beam hinging zone {(deg.)
04 = the angle of flexural rotation of a beam section

at the end of the beam hinging zone nearest the
point of loading ram attachment (deg.)

p | = area ratio of non prestressed tension reinforce-
ment, As/bd

Py = area ratio of web reinforcement, A,,/bs

o = capacity reduction factor = 0.85 for shear

i = anchorage effectiveness coefficient (taken‘as

1.0 for all specimens)

XX



CHAPTER 1

INTRODUCTION

1.1 General
Of all the dynamic loads which the structural engineer

must consider in design, earthguake loads are the most
complex and unpredictable. Because it is generally im-
possible or economically impractical to design all members
in a frame structure to resist earthquake loads elastically,
repeated inelastic flexure within some members must be
anticipated. Present building codes (1, 21, 36) recognize
this necessity and attempt to deal with the problem in two
~ways. First, to minimize the severity of possible struc-
tural damage, a "strong column - weak beam” design phiil-
osophy is endorsed which should inéure that most inelastic
flexural rotations take place in beams and girders rather
than in columns or beam-column joints. Second, an attempt
is made to insure stable hysteretic behavior by requiring
increésed web reinforcement in areas of the beams and

girders which are likely to undergo inelastic flexure.

| Recent tests of a variety of beams and beam-column

subaséemblies have shown that members may suffer severe
shear stiffness decay and loss of energy dissipation

capacity during repeated reversed inelastic¢ loading, even



though they are reinforced in accordance with modern

seismic codes. The purpose of this investigation was to
study a method of reinforcement to iﬁ?rove the stability
of response of reinforced concrete flexural members sub-

jected to repeated reversed loading.

1.2 Review of Related Research

Burns and Siéss (10, 11) were among the first re-
searchers to consider the problem of repeated inelastic
flexure of concrete members. Their tests demonstrated
the ability of closed ties and compression reinforcemeht
to increase rotational ductility and confine core concrete.
O0f the eighteen speéimens they tested, however, only three
were subjected to reversed loading. It cannot be said
that these tests represented a good approximation to‘4
earthguake loading.

The Tokachi-Oki earthquake of 1968, in which several
structures experienced column shear failures, sparked re-
newed interest in this problem, primarily in the area of
compression members subjected to shear reversals. Wight
and Sozen (39) investigated twelve specimens having vary-
ing .axial load, transverse reinforcement and imposéd
displacement level. Following the work of Hisada et al.
(19) and others (20, 24, 40), they were able to conclude
that repeated inelastic loading caused a progressive
decrease in a member's shear strength and stiffness which

could be delayed by close spacing of transverse reinforce-



ment. Their tests also showed that axial compressive load-
ing slowed the rate of strength deterioration.

The behavior of beam-column joints also attracted
the attention of severdl researchers. As an integral
part of any column, the beam-column joint was seen as a
section whose failure would produce structural damage as
severe as that accompanying column failure. Hanson and
Conner (15) were aﬁong the first to consider beam-column
joint action experimentally. Research by Megget and Park
(28) , Uzumeri and Seckin (37), Margues and Jirsa (27),
and others (22, 30) has led to increased ﬁnderstanding
of a variety of complex‘problems associéted with the
beam-column jdint. Based on this research, ACI~ASCE
Committee 352 (35) formulated recommendations for design
of beam-column joints in monolithic reinforced concrete
structures as a design standard. Subseguent wcrk‘by
Lee et al. (25) and by Meinheit and Jirsa (29) has shown
that, although modifiéations of these recommendations
may be necessary, beam—column joints can be designed to
resist effectively geismic forces transmitted by both
beams and columns.

éeveral researchers have attempted to examine and
define the cyclic flexural behavior of members without
axial load. Brown and Jirsa (9) tested twelve specimens
with‘varying reinforcement ratio, shear span to depth

ratio, stirrup spacing and loading.history and found that



failure of all specimens was initiated by shear de-
formations Which_occﬁrred along planes nearly perpendic-
ular to the specimen longitudinal axis. Shear strength
decay was also more pronounced with increases in maxiﬁum
shear stress. 1In a related study, Jirsa (23) concluded
that at certain shear stress levels vertical stirrups

at any spacing could not prevent'sheér strength deéay.

Paulay was the first to consider the use of unique
and previously untried reinforcement designs to combat
shear strength decay. Considering the problem of shear
failure in coupling beams of shear walls (32, 33), he
successfully used dilagonal reinforcement to achieve high
ductility and stability during load revefsals for deep
spandrel beams carrying very high shear stresses.

Popov, Bertero, and Krawinkler (34) considered a
similar probleﬁ when they subjected deep beams with shéar
stresses greater than 6/?2 to repeated reversed flexure.
As in previous tests, deterioration in shear resistance
was the major cause of failure. 1In a following study,
Bertero, Popov, and Wang (6) tested similar specimens
which contained elaborate diagonal bracing in the beam to
control the location of plastic hinging and reduce shear
deterioration. This cross-reinforcing technique was as
effective as Paulay's had been in promoting stability,
but it was suggested that this reinforcement detail was

too complex and potentially expensive for general use.



1.3 Objectives and Scope

The primary objective of this research project was
to evaluate experimentally the effect of intermediate
longitudinal reinforcement in preventing shear strength
and stiffness deterioration in concrete flexural members
subjected to repeated reversed inelastic loading. A
secondary objective was to study the action of the beam-
" column joint supportiﬁg a flexural member during such
conditions.

Eight half~size and four full-size beam-column sub-
assemblies were constructed and tested to meet these
objectives. Variables in the study, in addition to the
inclusion of four intermediate longitudinal bars in half
the specimens, included shear span to depth ratio which
varied from 3.6 to 5.0, main longitudinal reinforcement
ratios ranging from 1.27 percent to 2.62 percent, and
transverse reinforcement ratios which varied from 0.63
peréent to 1.1 percent. Specimens were designed to cover

the range of shear stress values from 2/fé to greater than

6vVET .
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CHAPTER 2

SPECIMEN DESIGN AND EXPERIMENTAL INVESTIGATION

2.1 General
Twelve reinforcéd concrete beam-column subassemblies

were designed and fabrigated for the testing program.
The test specimens, shown schematically in Fig. 2.1,
simulated an external beam-column connection in a rein-
forced concrete moment resisting frame. Each specimen
was subijected to forces intended to simulate the forces
an actual beam-column subassembly might experience during
an earthgquake. An axial load was‘placed oh the column
portion of the specimen at the beginning of the test and
was held constant for the duration of the test. The
column was held by rollers at its extreme ends as shear

forces were'statically applied to a point near the beam
end by a double-action hydraulic ram. Downward shears
and displacements were considered positive as illustrated

in Fig. 2.1.

2.2 Specimen Design

The test specimen and cross-sections of the beam
and column are shown in Fig. 2.1 with corresponding

dimensions listed in Table 2.1. A complete description
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of shear reinforcement details is given in Appehdix A. The
twelve specimens may be divided into two groups on the
basis of column size. Specimens 1 through 8 will here-
after be referred to as Group I and Specimens 9 through

12 will be called Group II. Due to the difference in
specimen size between the two groups, two testing'ffames
were used. Typical test frame configurations fbr Group 1
and Group Il specimens are shown in Figs. 2.2 and 2.3
respectively.

In general, the specimens can be considered in pairs,
regardless of column size. 0dd numbered specimens con-
tained beam shear reinforcement near the face of the
column as required by Appendix A of the ACI Building
Code (1). The corresponding even numbered member of the
pair (the next higher numbered specimen) contained sup-
plementary longitudinal shear reinforcement as well as
the code-Specifiéd ties. Specimens 7 and 8 represent
the only deviation from this condition. Specimen 7 was
similar to Specimen 3 and was designed to determine the
effect of Grade 60 web reinforcement on shear strength
degradation. Specimen 8 was essentially a replica of
Specimen 4 with the exception that it contained no ties
around intermediate longitudinal reinforcement.

Some pairs of specimens contained identical rein-
forcement and were tested at different shear spans to

determine the effect of different shear stresses on



specimen hysteretic performance. Pairs of specimens
having identical reinforcement and different testing shear
spans included Specimens 1 and 5, 2 and 6, 9 and 11, and
Specimens 10 and 12,

Recommendations of ACI-ASCE Committee 352 (35) were
used as a guide in designing joint shear reinforcement.
However, the extra shear transmitted to the joint by the
supplementary longitudinal reinforcement in the beams of
even numbered specimens was ignored. The results from
these specimens satisfied a secondary objective of the
research effort: to determine whether a joint designed
to resist the shear input by a conventional doubly rein-
forced member could accept the forces contributed by
auxiliary longitudinal reinforcement.

All columns of a given size were reinforced identi-
cally, in accordance with Appendix A of ACI 318~71, Ties
required by this specification provided shear reinforce-
ment in excess of the amount required to resist design
shear forces. A complete discussion of specific design

procedures for a selected specimen is given in Appendix C.

2.3 Specimen Ldading

A typical loading schedule is shown in Fig. 2.4.
Each specimen was subjected to at least one cycle of
positive and negative loading to one-half the computed

positive yield load. This preliminary cycle allowed
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members of the test teéam to check the response of the
data gathering equipment and verify the secﬁrity of the
attachments between the specimen and the teSting frame.
The specimen was then subjected to large scale reversed
loadings. Displacement ductility, defined here as the
ratio of the displacement at the beam load point at any
stage in testing tolthe corresponding displacement at
initial yield of the beam longitudinal steel undér positive
shear, was used as the loading control parameter. The
typical loading routine consisted of six cycles to dis-
placement ductilities of +4 and -3, followed by six more
cycles to displacement ductilities of +6 and -5. Failure
prior to completion of the nominal loading routine was
considered to have occurred when the beam offered little
resistance to displacement or when torsional instability
developed in the beam.

Due to the nature of data acquisition equipment, it
was necessary to hold the‘deflection constant at certain
points (load points) in each cycle to allow recording of
displacement transducer, strain gage and dial gage data.
Load points were chosen at significant changes of slope
of the load~displacement curve, at integral values of
displacement ductility, or at any other point considered

significant.

2.4 Material Properties

Average steel yield stresses are listed in Table 2.2.
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Grade 40 steel was uséa for all beam longitudinal re-
inforcement and all vertical shear reinforcement except
for that used in Specimen 7. In that specimen, Grade
60 ties were used in the plastic hinging region. Grade
60 bars were used for all column longitudinal reinforce-
ment and joint ties. Complete resﬁlts of steel coupoﬁ
tests are given in Appendix D.

Average concrete bompressive strengths are also
listed in Table 2.2. As noted in Appendix D, the con-
crete mix was designed to yield a 28 day strength of

4000 psi.

2.5 Data Acguisition

Details of data acquisition equipment are giveh in
Appendix B. Data was gathéred from four sources during
testing: (1) a load cell and displacement transduCerv
attached to the loading ram, (2) displacement transducers
over the beam plastic hinging region, {3) electrical
resistance strain gages attached to longitudinal and
shear reinforcement and (4) dial gages.

Beam load and displacement at the point of loading
ram attachment were continuously plotted on an X-¥Y
recorder. The load vs. deflectidn curve not only
served as the main guide to progress of the test, but
also gave an immediate indication of specimen integrity.

Linear variable displacement transducers (LVDTs)
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were positioned over the beam plastic hinging region

as shown in Fig. 2.5. The plastic hinging region was
assumed to extend a distance from the face of the column
equal to the overall beam depth. These transdﬁcers al-
lowed simultaneous measurement of shearing and flexurai
deformations in the hinging region.

Electrical resistance strain gages were bonded to
reinforcement at various points in the specimen. The
location of gages was similar in all specimens, as
shown in Fig. 2.6. Strain gage locations were selected
to augment load-deformation data as well as document
the action of shear reinforcement.

Two micrometer dial gages were positioned to detect
rigid body rotations of the beam-column joint with respect
to the loading frame for all specimens. Three additional
dial gages were used when testing Specimen 3 to determine
the elastic deflection of the testing frame used to
hold Group I specimens. A schematic diagram of dial
gage locations on the frame and specimen is sﬁown in
Fig. 2.7. The frame used to hold Group II specimens
for testing‘was coﬁsidered rigid, so oniy dial gages 1

and 2 were used for Group II tests.



CHAPTER 3

TEST RESULTS

3.1 Typical Results

Several typeé of data were reéorded during the teSting
of each specimen. Load vs. deflection curves are perhaps
the most important for three reasons: (1) the maximum shear
experienced by the specimen during any load cycle is easily
determined, (2) the degradation of load capacity and stiff-
ness is easily seen, and (3) the area within the curve for
each cycle of loading is proportional to energy dissipation
during that cycle. Load vs. deflection curves for ail
specimens are shown in Figs. 3.1(a) through 3.1(L). A
tabulation of important reinforcement ratios and parameters
obtained from these curves, including maximum first-cycle
shear, number of cycles before failure, and total energy
dissipation is given in Table 3.1.

The importance of load vs. deflection curves may be
illustrated.by comparing the curve for Specimen 1, which
showed primarily flexural response, with the curve for
Specimen 3, which experienced severe decaf of strength and
mid-cycle stiffness (Figs. 3.1(a) and 3.1l(c) respectively).
Specimen 1 maintained high energy dissipation per cycle and

mid~cycle stiffness through all cycles of loading. 1In

14
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contrast, for Specimen 3 there was a loss of stiffness
(shown by "pinching®" of the curve at mid-cycle) and a loss
of load capacity as early as the second cycie of loading.
Both losses becamé progressively more severe as léading
continued.

Linear variable displacement transducers (LVDTS)
were positioned to detect flexural rotatién and shear
strain in the beam hinging zone, a region assumed to
extend along the beam from the column face a distance equal
to overall béam depth. The location of LVDTs is shown in
Fig. 2.5, with a deformed joint shown in Fig. 3.2. Using .
the notation shown in Fig. 3.2, the following relations

were assigned:

L, = EA' | | (3.1 a)
L, = GB' (3.1 b)
L3 = A'G (3.1 cj
L, = EB' (3.1 Q)

Then, from trigonometry, the deformed angular relationships

become,
2 2 2 |
A'EG = cos T [H T Iy Iy (3.2 a)
. 2HL1 ‘
.d . 2 2
EGB' = cos T (B * Iy~ 1y (3.2 b)
' 2HL2

and assuming an initial right angle at the beam-column

intersection,
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B, = % - A'EG (3.3 a)
8, = EGB' -g (3.3 b)

Finally, using Egs. (3.2) and (3.3), it can be shown that:

83 - tan—l Ll sin 91‘+”L2‘51n.82 (3.4)
Ll cos el + L2 coSs 82
6, = sin"t [by cos 8y - L, cos 6, (3.5)
H

The angle 63 was taken as the shear strain within the hing-
ing zone and the angle 64 was taken as the angle of flex-
ural rotation within thevzone. The relationship between
computed hinge shear strains, hinge rotations, beam loads
and load point displacements for Specimen 1 are shown in
Figs. 3.3(a) through 3.3(d). The characteristics of these
relationships are typical for a specimen exhibiting pri-
marily flexural behavior, as Specimen 1 did. The uniform
proportionality between beam load point displacement and
hinge flexural rotation, shown in Fig. 3.3(a), and between
beam load point displacement and hinge shear strain (Fig.
3.3(b)), indicate that displacements due to shear strain
and flexural rotation constituted a nearly constant
percentage of total load point displacement at maximum
displacemeﬁt during all load cycles. Similar conclusions

regarding hinging zone reponse stability. for this specimen
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may be drawn from analysis of Figs. 3.3(¢) and 3.3(&).
Depending on the type of reinforcement used in each

specimen, ten or fourteen electrical resistance strain gages
were bonded to the reinforcement as discussed in Chapter 2.
Strain gage data helped to explain various visually ob-
served responses and quantified some critical aspects of
behavior. This is illustrated by the plot of beam shear vs.
stirrup strain (as measured by strain gage #1l) shown in
Fig. 3.4 for the center joint tie of Specimen 1. First
cracking in the joint occurred between the load points
designated as A and B. At some load between these two
points, the tensile strength of the concrete was exceeded
and the stress carried by the concrete was suddenly taken
by the steel, as shown by the large strain which accompanied
the load increase between points A and B. The strain in
the stirrﬁp never reached the yield strain during the test.
This indication of stable joint behavior is in agreement
with Viéual observations of joint behavior which are dis-
cussed below.

Strain gage data was also important in confirming con-
clusions which had been based on other data. One example
is the plot of beam load vs. bar strain in the top longi-
tudinal reinforcement shown in Fig. 3.5 for Specimen 1.
The bar yield strain and the load point at which yield had
been assumed based on load vs. displacement curve shape are
both indicated in this figure. Clearly, the strain gage

data confirms the assumed yield of longitudinal tension
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reinforcement at load point A.

Strain in the second, third, and fourth beam ties
from the face of the column was also‘monitored¢ The plot
of beam load vs. stir;up strain (measured by Gage #9) of
Specimen 1 is shown in Fig. 3.6. The approximate load
accompanying the first inclined crack to cross this tie
can be estimated based on the break in the curve. During

repeated loading, the strain in the tie never reached

yield.

3.2 Description of Individual Specimen Behavior

Common Behavior

Sevéral aspects of behavior were common to nearly all
specimens. Column behavior is one example. The regions
of the columns away from the joint withstood all input
forces without any cracking or degfadation of the concrete,

Beam behavior outside the hinging zone was also similar
for all specimens. Although inclined cracké were noted in
most beams between the point of loading and the hinging
zone, all such cracks fprmed in the first or second load
cycle and remained stable throughout loading. No signifi~
cant motiqn was detected along the majority of these cracks.

Behavior of the beam-column joints was also similar
for all specimens., All jointé developed at least one
diagonal cfack and spalling of the cover concrete occurred
in Speciméns 7 and 8. However, no relative motion was

observed along any inclined cracks. Grade 60 shear
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reinforcement was used in all joéints and typically ﬁhe
measured stirrup strain never exceeded the yield stfain, as
shown in Fig. 3.4 for Specimen 1.

All specimens experienced failure or major deteriora-
tion as a result of cracks which.formed in the hinging
region, although the nature, extent, and rate of degradation
varied greatly frpm one specimen to another. Figure 3.7
illustrates the general nature of cracking which resulted
from reveréed loading. Vertiéal cracks which formed in the
positive half-cycle of loading {Fig. 3.7(a)) were intérsected
by similar typeé of ciacks originating froﬁ the opposite
side of the beam during loading reversal (Fig. 3.7(b)).

In general, vertical cracks which forméd during a loading
half-cycle closed only under large reversed load because
tension reinforcement had been strained past its field
point. As a result, stiffness at mid-cycle was less than
at high positive or negative loads because some cracks
remained open. As larger loads were applied, cracks closed
and shear was again carried by friction between adjacent
. sections, web reinfotéement, and a smaller contribution
from dowel action of the longitudinal reinforcement.
Intersecting inclined cracks also caused deterioration"of
the hinging zone by dividing the region into a matrix of
prismatic blocks. The integrity of the region was in-
fluenced brimarily by the ability of the reinforcement.to
decrease the mobility, and consequent degradation, of the

individual blocks.
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Reinforcement and loading parameters which had a major
effect on specimen behavior are listed in Table 3.1. For
convenience, the maximum measured first-cyele shear stress
as a multiple of /fg (a), the ratio of intermediate longi-
tudinal reinforcement area to tension reinforcement area
(Ai/AS), and the web reinforcement ratio {pv) will be re-
produced to aid the discussion of behavior for each speci-

men.

Specimen 1 (o = 2.06, Ai/As =0.0, Py = 0.0063)

Primary damage occurred in the region of the beam ad-
jacent to the beam—-column joint. The specimen is shown in
Fig. 3.8 at the conclusion of testing. Two vertical flex-
ural cracks which formed dﬁring the positive half~cycles of
loading joined with similar cracks formed during the nega-~
tive loading half-cycles to form two continuous vertical
cracks in the hinging zone. These flexural cracks, which
formed at the face of the column and at approximately d/2
from the column face, opened to widths visually estimated
at more than 1/2 in. Shear stress in the beam was not
large enough to cause significant relative motion of conti-
guous blocks, however. Some inclined cracké also formed in
the hinging region, but crack widths and motions along
these cracks were insignificant..

The observed damage, the load vs. deflection curve
(Fig. 3.1(a)), and the load‘point displacement vs. hinge

rotation relationship (Fig. 3.3(a)) indicated that the

- specimen responded primarily in a flexural mode. The
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specimen retained substantial load capacity aﬁd mid-cycle
stiffness at the end of twelve cycles of large scale de-
flection, so two additional load cycles were imposed to de-
termine if any additional degradation would occur. Spall-
ing occurred near the bottom reinforcement in the thir-
teenth load cycle but the bottom bars did not buckle at the
maximum positive displacements. Load capacity was not
affected by the additional loading and the test was termi-

nated after fourteen cycles.

Specimen 2 (o = 2.24, Ai/As = 0.23, p, = 0.0063)

Maximum moments and accompanying shears were slightly
higher in this specimen than in Specimen 1 due to the pres-
enige of intermediate longitudinal bars in the beam. The
pattern and progress of vertical and inclined cracking in
the hinging zone were nearly identical for Specimens 1 and
.2, as can be seen by comparing the éppearance of ﬁhe two
specimens at the conclusion of testing shown in Figs. 3.8
and 3.9 respectively. Motion along cracks in the hinging
region was small and hinge shear strain remained nearly
proportional to load point displacement for all cycles of
locading as shown in Fig. 3.10.

Cracks which fqrmed‘in the beam between the hiﬁging
zone and the load point can be seen in'Fig. 3.9. As pre-

viously noted, no deterioration was observed near cracks

in this area of the beam.
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Specimen 3 (a = 3.06, Ai/Aé = 0.0, p, = 0.0050)

This specimen suffered severe shear strength decay un-
der large scale deflection reversals. Although vertical
cracks formed in the hinging zone near the face of the
column in the first cycle of loading as shown in Fig. 3.11,
diagonal cracks which formed in subsequent cycles were re-
sponsible for major deterioration. Thé appearance of the
beam hinging zone and beam~column joint at the conclusion
of testing is shown in Fig. 3.12. The dominant inclined
crack originated at the intersection of the column face and
the beam's lower side, crossing the beam at an angle of
approximately 60 degrees measured counterclockwise from
the beam centerline. Severe concrete crushing took place
near this grack as adjacent blocks ground against each
other during the cyclic loading. A second inclined crack
ran parallel to the first at a separation distance of
approximately d/2. Crushing and grinding near this crack
were less extensive than for the main inclined crack. A
third major inclined crack intersected the first two with
degradation similar to that along the smaller of the par-
allel cracks. Noaserious degradation occurred.near the
vertical crack at the face of the column.

Loading was stopped after the bottom longitudinal re-
inforcement buckled in the eighth cycle of displacement.
The inability of the beam to resist shear at that stage of
loading was shown by the small slope of the load vs. dis-

placement curve (Fig. 3.1(c)). The progressively increasing
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shear stiffness decay which occurred in the hinging zone
can also be seen in the plot of beam load point displace-
ment vs. hinge shear strain, Fig. 3.13. This'relationship
confirms the visual observation that shear deformation in
the hinging region constituted an increasingly larger per-
centage Qf total deformation as £he number of 1oad cycles
increased. The beam twisted approximately 10 degrees coun-—
terclockwise (as viewed from the beam free end) abQut its
longitudinal axis during the eighth repetition of negative
load. Because both shear and torsional forces are resisted
by shearing stresses in the concrete and tension in web
reinforcement, this_twisting was -an indication of severe
shear strength loss.

The hinging region of the beam after removal_of bro-
ken and loose concrete is shown in Fig. 3.14. The bowed
shape of buckled bottom reinforcement and the rounding of

the main blocks in the hinging zone can be clearly seen.

Specimen 4 (o = 3.45, Ai/As = 0.33, py = 0.0050)

This specimen was able to withstand eleven cycles of
reversed loading before buckling of longitudinal reinforce~
ment énd twist of the beam about its longitudinal axis made
further loading impractical. Crack patterns for Specimens
3 and 4, shown in Figs. 3.11 and 3.15 respectively, were
similar after the first half cycle of loading. Cracks
tended to be uniformly distributed in Specimen 4 as loading.

progressed, in contrast to the widely spaced cracks which
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developed in Speéimen 3. As shown in Fig. 3.16, at the
conclusion of testing cracking produced a large number of
small blocks in the zone of beam plastic hinging for.Speci—
men 4. In addition, deterioration was not.confined to the
area around one crack, but was distributed among several
cracks. The hinging zone of the beam after removal of bro-
ken and loose concrete is shown in Fig; 3.17. Concrete had
been crushed so extensively in this region that almost all
broken blocks could be removed.

The plot of load point displacement vs. hinge shear
strain for Specimen 4 is shown in Fig. 3.18. This plot
illustrates the ability of the beam to maintain its shear
stiffness during cyclic loading, as hinge shear strain re-
mained nearly proportional to displacement at points of

maximum displacement for the duration of the test.

Specimen 5 (o = 3.35, Ai/As = 0.0, Py = 0.0063)

Specimen 5 was reinforced identically to Specimen 1,
but experienced larger beam shear stresses as a result of
a smaller shear span to depth ratio used for loading (see
Table 3.1).. Shear strength and mid-cycle stiffness de-
creased gradually with every cycle of loading. Although
one bottom longitudinal reinforcing bar buckled during the
tenth cycle of loading at maximum positive displacement,
the rate of decrease in measured shear at maximum displace-
ment remained uniform. The test of this specimen was
stopped after twelve load cycles in accordance with the

typical loading procedure.



26

The progress and nature ¢f cracking and deterioration
which the specimen experienced can be visualized by 6b—
serving the beam hinging zone after one cycle of locading
(Fig. 3.19) and after twelve cycles of loading (Fig. 3.20).
All major cracks were formed in the first inelastic load
cycle. As in nearly all specimens, a vertical crack formed
at the face of the column. Two more vertical or very
steeply inclined cracks occurred at approximately d/2 and
3d/4 from the column féce. The concrete adjacent té the
crack at d/2 from the column face suffered the greatest
deterioration during the course of testing. Although crack
widths approached approximately 1/2 in. during maximum de-
flections in the final cycles_of loading, lateral motion
along these cracks was estimated at less tﬁan 1/4 in.
Cracks divided the hinging. region into prismatic blocks on
the order of the size of half the beam core largest
dimension as shown in.Fig. 3.20.

The response of the hinging zone was stable throughout
loading. The plot of load point displacement vs. hinge
shear strain, shown in Fig. 3.21, illustrates the similar-
ity of the behavior of Specimen 5 to the behavior of Speci-
men 1 in this regard. Although mid-cycle behavior was
slightly less stable for Specimen 5, the contribution of
displacement due to shear strain to the total displacement

remained uniform.
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Specimen 6 (o = 3.44, Ai/As = 0.23, by = 0.0063)

Reinforcement in this specimen was identical to that
used for Specimeh 5 except that this specimen cohtained in=-
termediate longitudinal reinforcement in the beam hinging
zone. The specimen was able to withstand twelve inelastic
load cycles with a 33% reduction of maximum measured shear
‘between the first and twelfth cycles. Because the beam was
in good condition after the typical loading routine, addi-
tional load cycles were imposed at the maximum available
ram displacement (+2.8 in., -2.5 in.). This severe loading
caused torsional instability to develop in the beam during
the thirteenth cycle of negative loading, resulting in a
twist of the beam about its longitudinal axis. In the fol-
loWing cycle the bottom reinforcement buckled at maximum
positive displacement and loading was terminated. The
final 1 1/2 cycles of deflection were not considered in
calculating energy dissipation for the specimen and are not
shown onvthe load vs. deflection cﬁrve, Fig. 3.1(f).

Nearlf all cracks in the hinging zone were formed
during the first cycle of loading and overall crack pattern
remained unchanged throughout testing. Crack distribution
aftér one and twelve load cycles is illustrated in Fig.
3.22. Three characteristics of the cracking which occurred
are intimated in Fig. 3.22(b): (1) cracks formed with
maximum widths estimated at less than 1/2 in., (2) motion
between adjacent blocks was much smaller and degradation

of concrete near cracks was less severe than for Specimen
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5, and (3) cracks were more uniformly distribﬁted through
the hinéing zone than they had been in Specimen‘S; Blocks
formed by the cracks in this region were approximately half
as large as those formed in the hinging zone of Specimen 5,
Despite the many differences in physical breékup of
the hinging zones'of Specimens 5 and 6, overall behavior
was nearly identical. The relationship of hinge shear
strain and load point displacement. for Specimen 6, shown
in Fig. 3.23, is nearly indistinguishable from the corres-

ponding relationship for Specimen 5.

Specimen 7 (o = 3.60, Ai/AS = 0.0, Py = 0.011)'

This specimen was designed to determine the effec-
tiveness of a larger percéntage and a higher strength of
web reinforcement in preventing shear strength deteriora-
tion. The specimen was reinforced identically to Specimen
3, except Grade 60, No. 3 ties were used in the beam hinéf
ing =zone instead of Grade 40, No. 2 ties.

Nearly all cracks which developed in the beam hinging
zone were inclined as shown in the photo taken at the third
cycle of maximum negative displacement (Fig. 3.24). Crack
widths of approximately 1/2 in. were noted in the cover
concrete at maximum displacements during the final load
cycles, but the crack widths were significantly reduced
within the beam core due to the stronger web reinforcement
used in this specimen. The effectiveness of the web rein-
fofcement in preserving the hinging zone integrity was

visually confirmed when loose cover concrete was removed
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from that area, as shown in Fig. 3.25. This specimen was
peculiar among all specimens tested in that major deterior-
ation took place in the beam at the face of the column and
extended intoc the beam;column joint. The stability of the
hinging zone could be inferred from the characteristics of
the plot of beam shear vs. stirrup strain (measured by
strain gage #9) in the third tie from the column face (Fig.
3.26). The behavior of this stirrup was typical in that
measured stirrup strain never reached the stirrup_yield
strain.

Although all specimens showed deterioration of bond
along main reinforcement between the face of the column aﬁd
the beginning of the bar hook, Specimens 7 and 8 showed the
most dramatic loss of bond in this region. Beam shear vs.
strain in the bottom longitudinal reinforcement of Speci-
men 7 at‘the face of the column and at the beginning of the
hook are shown in Figs. 3.27 and 3.28 respectively. The
characteristics of these plots indicate that a deteriora-
tion of bond along the lower main reinforcement spread from
the column face into the beam-column joint. Tensile
étrains at the face of the column were large in the first
cyclé, but decreased with additional load cycles. Strains
near the bar hook Becamé larger in each consecutive load
cycle. Cover concrete over reinforcement in this area
swelled upward and eventually spalled off between the face
of the column and the méin bar hooks. However, the damage

was mainly superficial because the bar hook was able to
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develop the yield stress in the bottom reinforcement
throughout the test. Maximum strains in the center beam-
column joint tie were significantly larger than the-stif—
rups'yield strain, as shown in the plot of beam shear load
vs. the strain detected by Gage 1, Fig. 3.29. Overall
strain in this tie tended to increase slightly with each
loading reversal and strains increased significantly when
displacements of the +6 and -5 times yield displacement
were imposed (cycles 7 throuéh 11). Behavior of the beam-

column joint was considered acceptable throughout loading.

Specimen 8 (a = 3.84; Ai/As = 0.33, Py = 0.0050)

Identical to Specimen 4 except that it contained no
auxiliary ties around intermediate longitudinal bars,
Specimen 8 exhibited stable behavior for fourteen cycles
of reversed loading. The relationship of load to deflec-
tion in the thirteenth and fourteenth cycles is not shown
on the specimen's load vs. deflection curve, Fig. 3.1(h),
and no strain gage data or LVDT déta was recorded for
these cycles. The appearance of the specimen at the con-
clusion of testing is shown in Fig. 3.30. The uniform dis-
tribution of cracks and the resulting small blocks which
formed in the hinging zone are evident. in Fig; 3.30.

As occurred in the test of Specimen 7, deterioration
entered the beam-column joint.énd severe spalling of con-
crete cover resulted. From the seventh cycle of load un-
til the conclusion of loading, yield strain was exceeded in

the instrumented beam-column joint tie as shown in Fig.
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3.31. Strains near the hooks in both top and bottom longi-
tudinal beam reinforcement also exceeded yield strain for
cycles seven through twelve. The beam shear load vs. bar
strain relationships for top longitudinal reinforcement at
the beginning of the bar hook and at the face of the column
are shown in Figs. 3.32 and 3.33 respectively. These plots
indicate that the loss of bond which occurred along rein-
forcement in this specimen between these two points of
strain measurement was similar to the bond deterioration
which occurred along the anchorage region of main longitu-
dinal reinforcement in Specimen 7.

The exfent of spalling can be seen in Fig. 3.34, which
shows the beam hinging zone and beam-column joint after re-
moval of broken and loose concrete.‘ Because no strain
Qages were attached to intermediate longitudinal bars near
the hooks in the beam-column joint, it islimpossible to. say
what magnitude of lcocad these hooks resisted. However,
large loads were probably acting at the hooks because
strain gages attached to intermediate longitudinal bars
within £he beam hinging 2zone indicated that both interme-
diate longitudinal bars had been strained far in excess of
their yield strain from the first cycle until the conclu-

sion of testing.

Specimen 9 (a = 4.92, Ai/AS = 0.0, Py = 0.0073)
Specimen 9 was able to withstand seven and one half
cycles of reversed loading. Buckling of bottom longitudi-

nal bars during the seventh load cycle made further large
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scale positive deflectibn impractical. In addition, the

Qut—of—plane bending and the twist of the beam about its

longitudinal axis which occurred during the seventh heqa—
tive deflection limited negative load capacity;

The crack pattern which existed during the fifth cycle
of negative deflection is shown in Fig. 3.35. The spalling
near bottom longitudinal bars shbwn in this phdto occﬁrred
at the beginning of the fifth load cycle and grew progres-
sively worse until the termination of loading., Major
cracks were inclined at an angle ofvapproximately 45 de-
grees to the beam centerline and were separated by dis-
tances approximately equal to half the beam effecfive
depth. Maximuﬁ érack widths were visually estimated at
1/2 in. Two major cracks originated in the hinging zone
and continued into the portion of the beam adﬁacéﬁt to the
hinging zone, but the opening of these cracks was estimated
as less than half that of thé major cracks in the hinging
region. Interblock motion paraliel to cracks was small,
with largest motions estimated at approximately 1/4 in.
occurring along cracks nearest the column face during the
final two load cycles. Inclined beam cracks which formed
entirely outside the hinging zone showed insignificant
opening.

Beam behavior was essentially stable until the final
load cycle when buckling of bottom reinforcement caused
erratic hinging zone motion measurement, Prior to the

buckling of these bars, hinge shear strain remained nearly
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uniformly related to total displacement, as shown in Fig.
3.36. However, uniform shear strain was accompanied by
decreasing sShear loads at maximum displacements as shown
in Fig. 3.37, indicating that the large shear stfesses ex—-
perienced by the beam had a dibilitating effect which was
not completely evident in the load point displacement vs.
hinge shear strain relationship.

The cracks which developed in the beam-column joint,
shown in Fig. 3.35, were typical for all Group II (8peci-
mens 9 through 12} specimens in that cracks width and de-
terioration were negligible, Both top and bottom longitu-
dinal bars developed yield stress near their hooks without
causing spalling. The strain gage attached to the joint
tie in Specimen 9 did not give reliable strain readings,
but the fact that no joint tie reached its vield stress in
any other Group II specimen is indicative of similar beha-

vior in this specimen.

Specimen 10 (o = 5.09, Ai/As = 0.25, Py = 0.0073)

Load vs. deflection behavior for Specimens 9 and 10
(shown in Figs. 3.1(i) and 3.1(j) respectively) was nearly
identical. Energy dissipation for the two specimens was
nearly equal as well.

The crack pattern which existed at maximum positive
displacement during the first load cycle is shown in Fig.
3.38. The crack pattern was peculiar because, in addition
to the inclined cracks which were expected both inside and

outside the hinging zone, a crack also formed approximately
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1 in. inside of and parallel to the bottom reinforcement
and extended from the face of the column a distanée of
approximately 3d/4 into the beam. This unusual crack was
accompanied by spalling of the cover.concreteynear the
bottom longitudinal bars, indicating the possible buckling
of at least one main bar. ‘However, cover concrete spalled
moere completely in a later load cycle and at that time it
was possible to see that no bars had buckled in the first
six load cycles. |

During repeated reversed loading major cfacks ori-
ginated from each side of the beam near the column face
and crossed the beam at inclinations of a?proximately 45
degrees to the beam centerline, Maximum crack widths and
motion along these cracks (each estimated at approximately
1/2 in.) occurred during the last two‘cycles of loading.
Degradation of concrete adjacent to these cracks was se-
vere, especially near the bottom reinforcemeﬁt, where both
crushing and grinding occurred. Unlike the damage which
occurred in Specimen 9, deterioration was confined to the
hinging zone and no damaging cracks occurred outside that
region.

The specimen is shown in Fig. 3.39 at the conclusion
of testing. Load qapacify of the beam remained stable un-
til the bottom reinforcement buckled in the seventh load
cycle at maximum positive displacement. Loading reversal
led to beam twist which limited negative load capacity and

caused loading to be stopped. The shape of buckled bbttom



35

reinforcement, shown in Fig. 3.40, indicates that the
Stirrups did not confine or prevent buckling. This was
typical for Group II specimens, as each specimen in Group
II suffered buckling of bottom reinforcement and in each |
case the zone of bar buckling spanned more than one stirrup
interval.

The load point displacement vs. hinge shear strain
relationship for this specimen, Fig. 3.41, was not signi-
ficantly different from the corresponding relationship for
Specimen 9. Specimen 10 experienced a 36% increase in
maximum positive hinge shear strain after six cycles of
load compared to a corresponding 33% increase which occur-

red in Specimen 9.

Specimen 11 (a = 6.16, Ai/AS = 0.0, = 0.0073)

Py
Specimen 11 was able to withstand only five cycles of
inelastic loading, the least number of cycles for any
specimen tested. The crack pattern which develpped in thé
beam of Specimen 11 in the first cycle of loading, shown
in Fig. 3.42, did noﬁ change significantly throughouﬁ
loading. Inclined cracks originated from both sides of
the beam throughout the hinging zone and significant cracks
extended into the beam outside the hinging zone. Very wide
cracks existed at maximum negative deflection after oniy
four.cycles of loading, as shown in Fig. 3.43.
The strains in the fourth tie from the column face,

illustrated in Fig. 3.44; are typical of the large strains

which were present in all ties in the hinging zone during
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inelastic loading. Strain exceeded stirrup yield strain
in the first cycle of loading and increased in each of the
following three cycles. Gage output was erratic during the
fifth and sixth load cycles due to 1o¢él'bending or other
factors. | |

The severe deterioration of hinging zone shear stiff-
ness which resulted from repeated reversal loading is illus-
trated by tﬁe load point displacement vs. hinge shear
strain plot, Fig. 3.45. As shown, maximum shear strain in
the hinging zone in the sixth cycle is three times as large
as the maximum first cyecle strain. The significance of
this stiffness loss ié‘magnified by the fact that beam shear
strength also dropped sharply with each successive load

cycle,

Specimen 12 (o = 6.23, B;/A_ = 0.25, p_ = 0.0073)

This specimen was able to survive seven cycles of
loading under very high shear stresses. The pattern of
cracking after one léad cycle, shown in Fig. 3.46, was
similar to that of Specimen 1ll. However, cracks in Speci-
men 12 were more closely spaced than cracks in Speéimen 11
and crack openings were always smaller in Specimen 12.
Cracking and damage were not confined to the hinging region.
As shown in Fig. 3.47, large crack widths had been deve-
loped after six cycles of loading, with significant cracks

extending a distance 24 from the column face.
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Stability of the hinginq zone. was ohly slightly
better in this specimen than in Specimen 1l1. As shown
in the plot of load point displacement vs. hinge shear
strain, Fig. 3.48, maximum hinge shear strain increased
with each load cycle. Shear 1§ads at maximum displacement
for this specimen decreased less‘rapidly than for Specimen
11, indicating slightly better overall behavior.

All ties in the hinging zone were strained past their
yield. The plot of beam shear vs. stirrup strain in the
third tie from the column face (Fig. 3.49) is typical for

all ties.



CHAPTER 4

COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

4.1 Introduction

A comparison of theoretical and experimental results
for several aspects of specimen behavior is presented
in this chapter to verify testing equipment calibration
as well as to illustrate the accuracy of certain
’analytical models.

Pour general aspects of specimen behaviof are
compared., First, calculated and measured yield and
maximum moments are compared. Second, the load vs.
displacement relationship for the beam is calculated
for the first quarter-cycle of inelastic loading and
compared to the actual measured response for Specimens
3, 6 and 7. Third, maximum beam shear stress experienced
by each specimen is compared to the allowable shear
stress as calculated according to ACI 318-71 (l);

Fourth, the beam-column joint is examined and the rahge
of loads which accompanied the first joint crack is
compared to allowable joint shear as calculated according
to ASCE-ACI Committee recommendations (35). The range

of maximum measured joint shear stresses is also dis-
cussed and compared to allowable values.

The relationship between the shear span to depth

38
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ratio (é/d), the reinforcement ratio as a percentage

of balanced reinforcement ratio (Q/Dbal), and the
maximum beam shear stress level is examined. The proof
of interdependance of these thrée factors serves as the
basis for conclusions regarding the effect of each
factor on energy dissipation potential for a given

specimen during repeated reversed flexure.

4,2 Comparison of Calculated and Measured Moments

A computer program developed by Wight and Sozen (39)
was used to calculate yield and maximum moments for each
beam section. A linear strain variation across the
section was assumed for this model. In addition, the
stress-strain relationships for the longitudinal steel
(including strain hardening) and concrete were considered
as input factors. A compilation of all material parém-
eters critical to the moment-curvature model, including
typical stress-strain curves for steel and concrete,
is given in Appendix D.

A comparison of computed énd measured moments, yield
and maximum, experienced during the first cycle of in-
elastic loading is given in Table 4.1. As the table
illustrates, agreement between computed and measured
moments for these two conditions was satisfactory, dif-
fering by an average of five.percent for yield and three

percent for maximum moment.
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TABLE 4.1

COMPUTED AND MEASURED YIELD AND MAXIMUM* MOMENTS

Specimen - Yield Moment, in-k . Maximum Moment, in-k
Number Calculated Actual Calculated Actual
1 328 369 436 415
2 344 369 456 456
3 564 598 718 722
4 589 681 747 818
5 347 360 . 437 459
6 360 372 446 471
7 606 622 710 751
8 635 - 706 743 809
9 1974 2052 2472 2508
10 2058 2148 2520 2592
11 1974 | 1968 2472 2501
12 2058 2208 - 2520 2539

*Maximum moment taken as that attained at maximum
positive displacement during first inelastic
load cycle. '
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4,3 Comparison of Calculated and Measured Deflections

One important comparison that can be made in
conjunction with the testing of any type of specimen is
the comparison of the calculated and measured load vs.
deflection relationship for a wide range of deflection
values. A comparison of this type no£ only demonstrates
the interaction of the various components of deformation
at any particular deflection, but also illustrates the
change in relative contribution of deformation com-
ponents to the total deflection as the deflection level
changes.

Several different components of deflection were
consideréd in calculating the total deflection at
varioué load points in the first quarter—cycle of
inelastic loading, including flexural rotations inside
and outside the hinging zone, shear deformations inside
and outside the hinging zone, rigid body rotation of
the beam-column joint, and deflection of the test
frame for Specimens 1 through 8. Shear and flexural
deformations are depicted for a typical beam in Fig.
4.1. This figure illustrates the way in which four
deflection sources were assumed to contribute to total
deformation.

The major portion of total deflection, flexural
rotation in the plastic hinging zone, was monitored

through the use of LVDTs positiohed over this region
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which measured the rotation with respect to the face
of the column of a section at the end of the hinging
.zone. The setup of LVDTs and calculation of this
rotation are discussed in Chapter 3 and illustrated in
Fig. 3.2. Measurement of this rotation was considered
essential for an accurate calculatidn of total deflection
because it was anticipated that bond slip and local |
bending of main reinforcement would introduce significant
errors in any calculation of rotations near the face of
the column bésed on section properties alohe {(bond slip
is discussed Section 4.5). The calculated deflections
due to measured flexural rotations in the hinging zone
are shown in column 2 of Table 4.2. |
Shear strain within the hinging zone was also
measured by LVDTs. All elastic methods of calculafiﬁg
shear strains within this region were considefed un-
acceptable because of the typically nonlinear shear
stress vs. shear strain behavicr which existed in this
region during inelastic loading. The measured shear
strain within the hinging zone was used to calculate
the deflection component given in column 3 of Table 4.2.
Deformations due to flexural curvature between the
hinging zone and the beam load point were calculated
using the moment-~area theorem. The analyticalimodel
used to calculate yield and maximum moments'was also

used to calculate the curvature diagram from the known
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moment diagram. Deflections attributable to this
source are shown in column 4 of Table 4.2.

Deflections due to shear strain between the hinging
zone and the point of load application were calculated
uging elastic analysis as:

ve'

o = | (4.1)
bdG ‘

Bg = vq

c
where

Y, = elastic shear strain

2' = length of beam section between the hinging zone

and the beam load point

V = measured beam shear
GC = concrete shear modulus = 0.4 Ec
EC = concrete modulus of elasticity obtained from

cylinder tests.
Calculated values for this deformation source are given
in column 5 of Table 4.2.

In addition to considering deflections resulting
from deformations in the beam itself, it was necessary
to consider mo;ion of the column section which resisted
flexural and shear forces from the beam, The column
axial load was assumed to eliminate any significant |
longitudinal motion of the column. No assumptions were
made, however, about the rotation of the beam-column
joint except that such rotation would be elastic. Two

dial gages were positioned to detect rotations through-
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out lcoading (Fig. 2.7, gages 1 and 2). 1In calculating
the amount of measured deflection caused by rotation of
the beam-column joint, it was assumed that the joint
rotated as a rigid body. Calculated contributions to
total deflection from this source are given in column
6 of Table 4.2,

A final contribution to total measured deflection
in the case of Specimens 1 through 8 was the deformation
of the test frame itself. Dial gages were positioned
at three points as shown in Fig. 2.7 to measure the
frame deflection during the first gquarter-cycle 6f‘in—
elastic loading for Specimen 3. Elastic frame action was
assumed for all subsequent loading. The frame used to
Hold Specimens 9 through 12 was assumed rigid for all
load levels. |

A tabulation of calculated deflection components
and measured total deflection for Specimens 3, 6 and 7
is given in Table 4.,2. The relationship of the various
components of deflection to total deflection is shown
in Fié. 4.2 for Specimen 3 and in Fig. 4.3 for Specimen 7
during the first quarter-cycle of inelastic loading.
These figures indicate that the composition of deflection
components remained relatively constant during the first
cycle of loading until the yield deflection of the beam
was reached, after which flexﬁre'and shear within the

hinging zone constituted an increasing portion of the
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total deflection. Figures 4.4 and 4.5 also illustrate

the relationship of measured and calculated deflection for
Specimens 3 and 7 over this same deflection interval.

The relationship of deflection components for Specimen 3
during the sixth cycle of inelastic loading between the
point of zero lead and maximum positive load is shown in
Fig. 4.6. This relationship illustrates the increasing
amount of deflection attributable to shear in the hinging
zone during later cycles of loading for Specimen 3, a
Specimen‘which showed significant deterioration of shear

stiffness during repeated reversed loading.

4.4 Comparison of Maximum Measured and Allowable Shears

A comparison of measured maximum shears and allowable
shear stresses calculated according to ACI 318-71,
including the calculated shear strength contributed by
web reinforcement, is presented in Table 4.3. Because
the spacing of stirrups in the section of the beam near
the beam-column joint was governed by a maximum allowable
spacing of 4/4 (ACI 318471,-Appendix A), rather than by
strength{ the calculated shear strength of the beam in
- the plastic hinging zone always exceeded the maximum
shear experienced. Fdr seven specimens the calculated
strength of the web reinforcement alone exceeded the
maximum measured shear. However, as discussed in Section
5.2, this fact d4id not guarantee satisfactory behavior

in members subjected to large shear reversals.
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4.5 Response of Beam—-Column Joint

It was possible to study the behavior of the beam-
colﬁmn joint by analyzing the relationship of beam load
to strain in the central joint tie.. Although no specimen
suffered Severe damage of concrete in the beam-column
joint core, two specimens experienced spalling of joint
cover concrete.

Joint shear stress was calculated based on re-
commendations of ASCE-ACI Committee 352. Figure 4.7
illustrates the assumed forces in a typical exterigr
beam-column joint.l Shear stress in the joint core at

any section A-A was calculated as follows:

v, = E’-%Eﬂ C(4.2)
where
Vj = the nominal joint shear stress
Ty = tension force in beam tension reinforcement
VCol = resisting shéar force in column
Acv = net joint core area iesisting input shears

The area A, was calculated as the product of the depth
to the centroid of column steel (shown as de in Fig. 4.7)
and the effective width to the outside of joint ties.

Allowable concrete shear stress was calculated as follows:

Vo = 3.58ylfé (1 + 0,002 Nu/Ag) (4.3)
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where

1.0 (lateral confinement factor)

=
0

B = 1.0 (joint classification correction factor)

fé = compressive strength of concrete, psi
Nu = column axial load
Ag = gross area of column cross section

Table 4.4 contains a summary of caléulated shear stress
in the beam-column joint at first cracking. Cracking
was indicated by a large increase in strain in the central
joint tie as measured by gage 1 in all specimens. This
situation is discussed in Chapter 3 and illustrated for
Specimen 1 in Fig. 3.4. It is probable that minor cracks
formed prior to the stress levels given in column 2 of
Table 4.4, as only cracks which crossed the instrumented
stirrup were definitely documented.

A tabulation of maximum calculated joint shear
stress is shown in column 3 of Table 4.4. Measured
cracking shear stress was generally well in excess of
computed allowable concrete shear stress. Maximum
allowable shear stress was exceeded in three specimens,
but the performance éf all joints was satisfactory.

This was expected, as a previous stﬁay by Lee et al. (25)
indicated that satisfactory Jjoint behavior could be
predicted for joints having shear stresses greater than
allowable, providedlthat the ratio of total column

moment capacity to beam moment capacity remained large
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(greater than 2). The ratio of total column moment
capacity to beam moment capacity for all specimens is
given in Table 4.4. This table also includes a documenta-
tion of the number of ties used in each joint and the
number required to satisfy strength provisions of the
Committee 352 recommendations. The same number of joint
ties were used for specimens with intermediate reinforce-
ment as for comparable specimens without supplementary
reinforcement. This was done to determine if inclusion
of supplementary longitudinal reinforcement would require
a special joint design. All joints performed satisfac-
torily. |
A final characteristic of specimen behavior related

to action in the beam-column joint was bond failure

along main reinforcement between the face of the column
and thenbeginning of the hooks anchoring the bars in

the joint. Strain gages were attached to main reinforce-
ment to determine the progress of bond failure in this
segment, Bond failure and its efféétron overall.specimen‘
performance were most noticeable in Specimens 7 and 8.
Figures 3.32 and 3.33 show the beam load vs. strain
relationship for top reinforcement near the bar hook and
at the face of the column respectively in Specimen 8.

For the first six cycles of inelastic loading, all with
limiting displacement of +4AY and -3Ay, strain near the

bar hook remained at a uniform level. These cycles were
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followed by several cycles of loading at increased dis-
placement ductilitiés and bar strains, during which the
strains near the hook increaéed dramatically during the
first two larger cycles before beginning to restabilize.
This behavior is in substantial agreement with the con-
clusions of Ismail and Jirsa (22) and of Hawkins et al.
(18). Both research gfoups concluded that an important
factor affectiﬁg bond stress degradation was the peak
axial stress applied to the bar during any cycle of load-
ing. Hawkins et al. attributed this action to new crack-
ing and Bauschinger effects developing during the first
cycles at any given load level. Figures 3.32 and 3.33
verify the contention that repetition of load cycles

with constant peak stfess produces a‘gradual deterioration
of stress transfér capacity after an initial large de-

crease.,

4.6 Interaction of Reinforcement Ratio, Shear Span and

Shear Stress

Although some researchers have considered the shear
span to depth ratio to be a controlling factor in deter-
mining whether a particular concrete member will have
large energy dissipation potential during reversed loading,
the results from speciméns tested during this research
project did not supﬁort this contention. It was found
that maxirmum shear stress was the most important factor

in determining a member's ability to withstand repeated
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inelastic loading.

The shear span to depth ratio and maximum shear
stress are, however, inter#lependent. Wang and Salmon
(38) and others have shown that the coefficient of

flexural resistance for a member can be expressed as

follows:
_ 2 ‘ ,
Ru = Mu/bd (4.4)
where
Ru = coefficient of flexural resistance
Mu = member ultimate moment

It has been shown that, for singly reinforced beams with
a given concrete design strength and steel yield stress,
this coefficient of resistance is nearly linearly related
to the ratio of the reinforcement ratio to thé balanced
reinforcement ratio, p/pbal. As a result, the following
expression can be written:

R, = C10/6p.1 @5

Cl = a c0nstan£
A similar type of relationship can be developed for
doubly reinforced members if the ratio of compression
tortension reinforcement remains relatively constant.
Using the relationship between moment and shear which
is appropriate for this test series,

Mu = Vua (4.6)
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where "a" is the shear span, it is possible to write

the following expressions:

M V.. (a/d)
_a _'ua -
Ry, " Bd2 = ~5d (4.7)
and
Vu = ¢cyo/0,,, (d/a) (4.8)
bd

Therefore, the shear stress (Vu/bd) a member experiences

is directly proportional to the ratio p/pbal and inversely

proportional to the shear span to depth ratio, a/d.
Because the specimens tested covered a range of rein-
forcement ratios and shear span to depth ratios, they
served as a practical test of this conclusion. The
relationship of these three factors is shown in Fig. 4.8.
The excellent linearity of the least squares regression
for this relationship ig indicated by a coefficient of

determination of r2 = 0,967,



CHAPTER 5

DISCUSSION OF TEST RESULTS

5.1 Introduction

The twelve speciméns tested during the course of this
research project varied in several respects. The most
cbvious variable was specimen size, with Group II speci-
mens (Specimens 9 through 12) having been much larger
than Group I specimens (Specimens 1 through 8) and having
required much larger input forces. Other major variables
included the ratio of shear span to beam dépth (a/d), the
size and type of shear reinforcement, and the ratio of
the percentage of tension reinforcement to the theoretical
percentage of reinforcement at balanced conditions‘(p/obal).

Because of the large number of variables involved, |
analysis Of these test results is more complicated than
a comﬁarable analysis of test results ihvolving only one
or two variables. It is necessary to establish criteria
for evaluating the response of disparate specimens to
determine the relative effect of a given barameter and to
determine the owverall effectiveness of a given specimen
in performing its structural function. This problem

was addressed by Gosain et al., (13) in formulating a

57
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"work index" which normalized energy'dissipation for a
single cycle of load reversal based on displacement
ductility (A/Ay), the ratio of maximum load in a given
cycle to the section's monotonic yield load (Pn/Py)’ the
level of axial load carried by the section, and the shear
span to depth ratio (a/d). Because complete load vs.
deflection burves were recorded for the specimens evaluated
here, such approximations of cyclic energy dissipation
were not necessary. Various methods of normalizing and
evaluating energy dissipation are discussed below and
compared to results obtained by applying the work index
approach. The effect of various specimen parameters on
normalized enerqy dissipation is also considered.

The mode of failure exhibited by each specimen.was
also an important consideration. Concrete members
subjected to repeated reversed loading may cease to
provide flexural and shear resistance due to a variety
of causes, including a progressive destruction of the
- concrete in the region where plastic hinging occurs,
shear slippage in the plastic hinging region, and buckling
of compression reinforcement. The contribution of section
characteristics which either encouraged or prevented
these failures is discussed below for three levels of
maximum shear stress. Because buckling of compression
reinforcement was a prime cause of loss of load carrying

ability in six specimens and a significant factor in the



59

strength decay of three other specimens, this gituation

will be discussed in detail for all shear stress levels.

5.2 Energy Dissipation Evaluation

In order to compare successfully the énergy dis~-
sipation performance of spedimens which differ in size,
flexural stiffness, and displacement‘history prior to
failure, it is necessary to normalize energy dissipation.
Two criteria must be used in evaluating any nofmalization
process. First, the approach must eliminate differences
in specimen moment capacity resulting from size and
reinforcement differences. Second, the approach must not
eliminate behavior characteristics which result from
changes in dimensionless relationships, such és reinforce-
ment ratio, shear span to depth ratic, and web reinforce-
ment ratio.

Aé described in Chapter 2, after an initial elastic
cycle the typical loading routine used for all specimens
consisted of sixlcycles of inelastic deformation with
an imposed displacement ductility of four in the positive
direction and three in the negative direction. This was
followed by larger displacement cycles, usually to
displacement ductilities of plus six and negative £ive
until failure of the specimen or to a maximum total of
12 cycles. A complete listing of“energy dissipation per

cycle for all specimens is given in Table E.1, Appendix E.
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Energy dissipation can be normalized by dividing the
total energy dissipation of any specimen after any number
of cycles by that specimen's energy dissipation in a
single cycle. Because all'speciméns were subjected to
displacement ductilities of equal magnitude in the first
.six inelastic cycles of loading, the energy dissipation
of any one of these'cycles igs a logical choice for a
normalization factor. First-cycle energy dissipation
was chosen as the normalization factor in evaluating
relative energy dissipation for this test series because
the first-cycle energy dissipation is the most predictable
and representative of the specimens strength and stiffness.
As shown in Chapter 4, the beam load vs. load point
displacement relationship can be calculated reasonably
well for the first quarter-cycle of inelastic loading
based on the beam section properties and tﬁe properties
of the materials comprising the section. This process
is much more complicated and much less reliable for all
cycles after the first cycle because of unpredictable
variations in slippage of main reinforcement, the extent
of spalling which has taken place in previous load cycles,
and the mobilization of concrete blocks along cracks in
or near the zone of plastic hinge formation,

The use of second-cycle energy diséipation was

briefly considered as a normalization factor because the

second cycle load va. displacement curve has no elastic
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portion and is more comparable in shape to the following
cycles than to the first cycle. A problem occurs in the
use of second cycle energy as a normalizing factor,
however, because of the previously noted differential
decay rate of individual specimens. Consider the re-
lationship of first and second cycle energy dissipation
given in column 5 of Table 5.1. The ratio of second to
first cycle energy varies from 0.72 to 0.86, with no
clearly defined relationship existing between this ratio
and the normalized energy dissipation for the spécimens.

The.total, first cycle, and normalized total energy
dissipated by each specimen is also given in Table 5.1.
By using these normalized.relationships as a basis of
comparison it is possible to assess the effect of various
. dimensionless parameters on the potential of the specimens
to resist stiffness and strength decay under repeated
reversed loading.

The effect of varying amounts of web reinforcement
is a major factor to consider because web reinforcement
must perform three functions in .insuring ductile behavior
of a member subjected to load reversals. It must (1)
carry the majority of shear forces in the member, (2)
limit the mobility of concrete blocks formed by inter-
secting incliﬂed cracks in the plastic hinging region, and
(3) provide stability to longitudinal reinforcement to

delay or prevent buckling of compression reinforcement.
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It is possible to nondimensionalize the amount and
strength of web reinforcement in a specimen by dividing
the effective force contribution of web reinforcement
crossing a crack inclined at 45 degrees to the beam |
centerline (Vs = Avfyd/s) by the maXimum shear fofce
experienced by the specimen during the first cycle of
loading (Vm). The relationship of normalized energy
'dissipation to the ratio VS/Vm is shown in Fig. 5.1. Two
observations may be made based on this figure. First,
there is a trend toward increased»energy dissipation with
an increase in the VS/Vﬁ ratio. Second, the performance
of Specimen 7 indicates that a high V. /V_ ratio does not
guarantee high energy dissipation, because the specimen
may fail in a mode which cannot be controlled by web
reinforcement Qf any size. In the case of Specimen 7,
sliding along nearly vertical cracks in the beam at the
face of the column was the major cause of stiffness loss.
This sort of deterioration can not be prevented by vertical
ties only, even if their spacing is very small.

Shear span to depth ratio has also been considered
a significant factor in influencing the ability of a
specimen to resist stiffness and stréngth decay during
loéd reversals. The relationéhip betweeﬁ normalized
energy dissipation and shear span to depth ratio is shown
in Fig. 5.2. It is apparent that no significant or

defineable relationship exists between energy dissipation
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and shear span to depth ratio in the range considered
when other beam parameters'are'allowed to vary.

The significance of shear span tc depth ratio is
best shown when it is considered in conjunctién with the
ratio of main longitudinal reinforcement area to the
balanced area 6f reinforcement (p/pbalL as was illustrated
in Fig. 4.8.

To observe the relationship of these parameters to
energy dissipation, consider first the relationship
between energy dissipation and the p/pbal ratio shown in
Fig. 5.3. The general trend évident here is that an in-
crease in energy dissipétion potential accompanys lower
percentages of tension reinforcement. However, shear span
to depth ratio varied within relatively narrow limits for
these tests (from 3.6 to 5.0). The relative fixity of
the a/d ratio tends to magnify the effect of.the p/pbal
ratio on energy dissipation when in reality the p/pbal
ratio would nct appear to be as significant if other
parameters were allowed to vary within a wider range.

It is possible to show the combined effect of the
a/d and p/pbal ratios by plotting the relatidnship of
normalized energy dissipation to the maximum shear stress
parameter, o, or its reciprocal as shown in Figs. 5.4 and
5.5 respectively. The use of the reciprocal of shear

stress level improveé the linearity of this relation.
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In general, lower shear stresses had a compound effect
of allowing more cycles of displacement before failure
with high energy dissipation per cycle.

Figure 5.5 emphasizes the relationship of energy
dissipation to shear stress for specimens with and with-
out supplementary longitudinal reinforcement intended
to reduce shear strength deterioration. It is evident inr
Fig 5.5 that intermediate longitudinal reinforcement
increased the level of shear stress at maximum first-cycle
load for each section considered and in each case increased
energy dissipation potential in excess of what might be
expected based on greater ultimate load alone. Any
energy dissipation increase based on strength increase
alone woula have been eliminated by normalization. It
is possible to define this relationship further by per-
forming a least squares regression.to describe the manner
of variation between shear stress level énd energy
dissipation for specimens with and without supplementary
reinforcement., If we refer to normalized energy dis-
sipation as E, then for normally reinforced specimens
this relationship becomes:

E = 33.7 (/o) - 2.1 (5.1)
with the coefficient of determination (r2 = 0.83) in-
dicating the efficacy of the regression. Fof specimens

with intermediate longitudinal shear reinforcement,
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E = 40.5 (1/a) - 1.9 . (5.2}
with r2 = 0.98. A final regression may be performed on
data related to-normally reinforced specimens by dis-
regarding the results of tests for Specimen 3, which
performed particularly poorly and may not have beeﬁ
totally representative of all specimens having'similar
section properties. Performing the regression without
consideration of Specimen 3, the relationship for
normally reinforced specimens becomes,

E = 35.9 (1/a) - 2.0 (5.3)
with r2 = 0.99. | N

It is appropriate to coﬁpare the results of tests
performed here with the resuits of other tests of similar
specimens having a wide range of shear span to depth
ratios, web reinforcement ratios, and significant
variations in other critical variables. A ready comparison
is available by considering the work of Gosain et al.
(13), where the wdrk index was used as a basis of
comparison for specimen energy dissipation. The
relationship of calculated work index to total measured
energy dissipation as normalized by firét cycle energy
dissipation is shown in Fig. 5.6. The linearity of this
relationship shows good agreement in evaluation of overall

specimen performance, with some minor scatter caused by

the inability of the work index to represent precisely
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the energy dissipation performance of a specimen by
considering only deflection ductility, shear span to
depth ratio and maximum load per cycle.

The relationship of the tests discussed here to other
similar tests conducted by other research groups may be
shown by plotting all tests in some uniform manner. In
Fig. 5.7 the test results obtained in this investigation
are presented in a form identical to that used by Gosain
(see Gosain et al., Fig. 10). The statistical mean
performance of ‘all specimens considered by Gosain is
shown in Fig. 5.7, as are the limits of 90% statistical
confidence for the regression., Although the results
of tests considered here all fall within the projected
norm (at 90% statistical confidence) for specimens of this
type, the results of the twelve specimens tested in-
dicate that most specimens, particularly Specimens 1 and
2, did not develop a work index as high as expected.

It must be recalled that Specimens 1 -and 2 were exhibiting
stable behavior at the end of testing and might have been
able to dissipate significantly greater amounts of energy.

In addition energy dissipation for all specimens
might have been higher if a different displacement
history had been used during testing. Although, as
noted in Chapter 1, several research groups have sub-

jected concrete flexural members to repeated reversed
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lQading,_there has been a conspicuous lack of agreement
as to what constitutes a displacement history that is
representative of severe earthquake loading. This
presents a serious problem when comparing the energy
dissipations for specimens which have undergoné different
displacement histories, regardless of the method used to
normalize energy dissipation., For the specimens con-
sidered in this test series, the rate of decay of max-
imum load and mid-cycle stiffness varied with the imposed
displacement ductility. The load vs. displacement
relationghip for Specimen 4, shown in Fig. 3.1 (4),
illustrates parﬁicularly well the effect of maximum
imposed displacement ductility on strength and stiffness
decay. As shown in this figure, overall stiffness and
maximum load were relatively stable‘during the firs£

six cycles of loading (maximum displacement ductility

of +4 and -3}, but both stiffness and maximum load
decayed rapidly when maximum displacement dqctilities

of +6 and -5 were imposed during the seventh through
eleventh load cycles, It is impossible to say exactly
how much energy would have been dissipated by this
specimen if displacement cycles comparable to the first
six had been continued to failure, but it is logical to
speculate that total energy dissipation in that case
would have been as high or higher than that achieved

during the actual imposed load history.
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5.3 Buckling of Compression Reinforcement

Nine of the twelve spedimens'tested experienced
buckling of compression reinforcement. 1In six of these
cases, buckling was severe enough to cause cessation
of lcading, while in the remaining three cases loading
was suspended because of strength loss due to several
factors including buckling. Buckling severely limited
energy dissipation potential of the specimens by de-
creasing their flexural ;apacity. In addition, buckling
of longitudinal reinforcement was accompaﬁied by twisting
about the beam longitudinal axis in four specimens
{Nos. 2, 6, 9, and 10).

Several researchers have proposed that buckling
of longitudinal reinforcement may be prevented or made
inconsequential in relation to other failure mechanisms
common to reinforced concrete members subjected to
repeated reversed loading by using a limiting stirrup
spacing in the region where buckling is anticipated.

The results of the present tests indicate that this is
not an entirely adequate solution. A compilation of the
behavior of these specimens in regard to buckling is
given in Table 5.2. As shown in this table, the length
of the buckled bar sections always exceeded the spacing
between stirrups and in general was equal to three to

four stirrup intervals. This condition may be explained
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PLASTIC
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ZONE l
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s‘\\\ <L
A, = Deflection due to flexural rotation within

the hinging zone

A2 = Deflection due to shear strain in the
hinging zone ‘

A, = Deflection due to flexural deformation
outside the hinging zone :

A, = Deflection due to shear strain outside the
hinging zone

Fig. 4.1. Assumed Components of Deflection from
Deformation within the Beam.
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FPig. 3.46. Specimen 12 after One Inelastic Load Cycle.

Fig. 3.47. Specimen 12 during Sixth Inelastic Load Cycle.
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Specimen 11 during First Cycle of Inelastic
Loading.

s naen

Specimen 11 at Maximum Negative Displace~
ment in Fourth Inelastic Load Cycle.
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Buckled Shape of Bottom Longitudinal
Reinforcement - Specimen 10.
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Specimen 10 at Maximum Positive Displacement
in First Inelastic Load Cycle.
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Fig. 3.34. Hinging Region and Beam-Column Joint of
Specimen 8 after Removal of Loose Concrete.

S s s
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Fig. 3.35. Specimen 9 during Fifth Cycle of Loading.
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3.30(a).

Hinging Zone of Specimen § at the Conclusion
of One Cycle of Testing.

Fig.

3.30(b).

Specimen 8 at the Conclusion of Testing.
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Fig. 3.29. Beam Shear

Intermediate Beam-Column Joint Tie
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(Not Shown)

SPECIMEN 7
GAGE 9
N F——
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Beam Shear Load vs. Strain in Hinging Zone Tie - Specimen 7.

Fig. 3.26.
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Fig. 3.24. ©Specimen 7 at Maximum Negative Displacement
in Third Load Cycle.

Fig. 3.25. Specimen 7 after Removal of Loose Concrete.
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i

Fig. 3.22(a). Specimen 6 at the Conclusion of One Cycle
‘'of Loading.

Fig. 3.22(b). Specimen 6 at the Conclusion of Twelve
Cycles of Loading.
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Fig. 3.19. Specimen 5 at the Conclusion of One Cycle
of Loading.

Fig. 3.20. Specimen 5 at the Conclusion of Testing.
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Fig. 3.16. Specimen 4 at Conclusion of Test.

Fig. 3.17. Hinging Region of Specimen 4 after Removal
of Loose Concrete.
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Fig. 3.14. Hinging Region of Specimen 3 after Removal of
Loose Concrete. .

Fig. 3.15. Specimen 4 at Conclusion of One Cycle
of Loading. '
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Fig. 3.11. Specimen 3 at the Conclusion of One Cycle
of Loading.

FPig. 3.12, Specimen 3 at the Conclusion of Test.
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Fig. 3.8. Specimen 1 at Conclusion of Test.

Fig. 3.9. Specimen 2 at Conclusion of Test.
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Fig. 3.7(a). Formation of Cracks during. Positive Loading
Half-Cycle - Specimen 1.

—.-.rﬁ.v,.\-”-

77
/
_ ! I,
f\/ I . rvz
N/
/
AX
- — == Cracks closed during
load reversal
e

New cracks opened

Fig. 3.7(b). Formation of Cracks during Negative Loading
Half-Cycle - Specimen 1.
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Fig. 3.2. Deformation of Plastic Hinging Zone,
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(Gages 11-14 present in even
numbered specimens only)

|
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Fig. 2.6. Location of Strain Gages.
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Fig. 2.4. Typical Loading Schedule.

Fig. 2.5. LVDTs Positioned over Beam Hinging Zone.
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Fig. 2.3. Specimen in Testing Frame (Group II).
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ing topics is necessary. -

1. The effect of varYing the ratio of the area
of intermediate longitudinal reinforcement to the area
of main tension reinforcement should be considered. It
is possible that an optimum ratio exists for any given
shear stress range.

2. Various arrangements of intermediate longitudinal
reinforcement should be tried to determine what ber
arrangement provides the most significant increase in
member energy dissipation,

3. Criteria should be developed te specify the
size (stiffnesgs) of stirrup ties in a beam plastic hing-
ing zone, when used at the maximum allowable spacing
of 4/4, as a function of the size of the longitudinal
bars.

4. The effect of different loading histories on
specimen deterioration rate should be studied to deter-
mine if the load history used to test any particular
specimen has an effect on the amount of total energy

which that specimen can dissipate during repeated re-

versed loading.
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specimens were not able to endure enough cycles of
repeated reveréed loading to satisfy a consensus of
load-carrying criteria.

3. Vertical web reinforcement in a plastic hinging
zone must be selected using criteria otherlthan strength
and maximum allowable spacing. Tests of specimens
containing identical. longitudinal reinforcement, but
different strength and stiffness web reinforcement
(Specimens 3 and 75 demonstrated that web reinforcement
larger than that required for strength and maximum
allowable spacing criteria was beneficial in preventing
hinging zone deterioration.

4. No amount of vertical web reinforcement was as
effective as supplementary longitudinal reinforcement
in distributing damage throughout the hinging zone and
limiting shear strength decay.

5. The presence of intermediate ties around
supplementary reinforcement did not significantly affect

overall specimen response in the specimens tested.

6.3 Recommendations for Additional Research

Although this research project verified the ability
of intermediate longitudinal reinforcement to delay
physical and shear strength decay, it left unanswered
some gquestions regarding the significance of certain
reinforcement and member details in determining overall

member behavior. In this light, research on the follow-



90

which varied with shear stress level.

2. The effect of intermediate longitudinal rein-
forcement on beam response. was deéendent on maximum
shear stress level., It was possible to define the
contribution of the intermediate longitudinal rein-—
forcement for three levels of shear intensity:

é) FPor beams with maximum shear stresses less
than 3J?Z}web reinforcement designed in accordance with
existing seismic standards prevented significant strength
and stiffness decay during repeated reversed loading.
Although a 5% increase in énergy dissipation over
twelve cycles of load was realized by using intermediate
longitudinal reinforcement in the beam plastic hinging
region, the increase was considered superfluous.

b) For beams with maximum shear stresses
between 3/?2 and G/fg, intermediate longitudinal rein-
forcement significantly increased both the total energy
dissipation and the stability of hysteretiq response.
Beams containing intermediate longitudinal reinforcement
were able to dissipate an average of 27 percent more
input energy than beams having identical main reinforcement
and vertical ties only.

¢c) For beams with maximum shear stresses
greater than 6/?2, the inclusion of intermediate longi-
tudinal reinforcement increased total energy dissipation

by 30 percent. Even with this improvement, however, the
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ties were not suffiéiently_strong to.confine the buckled
section to one stirrup interval, and in all casés buck-~
liny deformation spanned three to four stirrup intervals.
In a specimen which contained web reinforcement
much larger than that required for shear strength
considerations (Specimen 7), buckling of longitudinal
reinforcement was prevented even though concreté had
spalled off so completely by the last load cycle that
lower longitudinal reinforcement was totally uncovered

for the full length of the hinging region.

6.2 Conclusions

Based on the results of the tests discussed here
and in conjunction with research done by others, it is
possible to draw the following conclusions:

1. The repeatability of hysteretic response of concrete
members during repeated reversed inelastic flexure was
closely linked to the maximum shear stress level ex-
perienced by the member. Members with maximum shéar
stress levels less than 3/?2 showed primarily flexural
response with little tendency to develop significant
planes of shear slippage. 1In contrast, members with
maximum.shear stress levels greéter than 6/?2 reacted
primarily in shear, with severe damage resuiting alohg
planes of shear slippage formed'under reveréed flexure.
Memberé with maximum shear stresses between 3/?2 and 6/?2

responded with a mixture of shear and flexural acticn



with members having only vertical ties.

The length of the beam plastic hinging zoné was
not significantly affected by the inclusion bf inter-
mediate longitudinal reinforcement. In all specimens
the length of the plastic hinging region was approx-
imately equal to the effective beam depth, although'
cracking was more uniformly distributed through this
region when intermédiate longitudinal reinforcement -
was present. When essentially identical specimens were
tested with different shear spans, the specimen with the
shorter shear span developed a shorter plastic hinge,
indicating a general tendency toward shear-related
failure for specimens with higher shear stresses.

Buckling of compression reinforcement was a
significant factor in limiting the load-carrying capacity
of the majority of the specimens tested. One of the
main concerns of codes which specify‘close spacing of
ties in locations of probable inelastic hinging is to
prevent buckling of compression reinforcement during
repeated large scale load reversal. The nature of
buckling noted in the specimens tested indicated that
stirrup stiffness was more important than stirrup spacing
in preventing buckling of compression reinforcement.
Ties acted as lateral springs to prevent or delay
buckling after concrete had spalled off and exposed

the longitudinal bars. When buckiing occurred,
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Several characteristics of behavior were common to
all specimens. During inelastic flexure, vertical and
inclined cracks formed in the beam at various points
in the region ef high moment near the face of the column
and elsewhere along the beam., Upon reversal of load,
these cracks‘remained open until the residual plastic
strains in reinforcement were overcome. Continued
reversed loading caused vertical and inclined cracks to
form in the side of the beam previously in compression.
Cracks from opposite sides of the beam then joined,
forming planes of weakness sometimes nearly perpendicular
to the longitudinal axis of the member. Additional
cycles ef loading reversal caused slippage along planes
of weékness, Qith accoﬁpanying degradation of concrete,
local bending and loss of bond along main reinforcement;
spalling of cover concrete, and eventual inability to
carry load because of shear strength loss or buckling
of main compression reinforcement. Most planes of
shear slip did not cross vertical ties.

Inﬁermediate longitudinal reinforcement crossed
all pianes of shear slippage and, together with vertical
. ties, cenfined the beam core more effectively than did
_vertical‘ties by themselves. Intermediate bars, by
impreﬁing_crack distribution and providing better con-
finemenﬁ, prolonged. stable hysteretic behaﬁior and

increased energy dissipation significantly in comparison
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reinforcement to main tension reinforcement was approx-
imately 0.25 (ranging from 0.23 to 0.33) for all specimens
having supplementary reinforcement. All specimens
contained normal web reihforcement designed in accordance
with Appendix A of the ACI Building Code Requireménts

for Reiﬁforced Concrete (l). Beam-column joints con-
tained shear reinforcement as specified by ACI-ASCE |
Committee 352 recommendations (35) except in specimens
containing intermediate longitudinal reinforcement.

The shear contribution of intermediate reinforcement

was neglected in proportioning joint transverse rein;
forcement.

‘SPecimens were held in the test frame by simple
supports near the ends of the column section. The beam
tip was slowly deflected to four times positive yield
deflection in the assumed positive direction (downward)
and three time positive yield deflection in the negative
direction for six cycles. This was followed by several
load cycles at larger displacements until beam failure
or until twelve cycles of load had been applied. Load
and load point deflection were continuously monitored
during testing; Shear and flexural deformations in the
beam plastic hinging region were measured at discrete
points during loading, as were beam-column joint rigid
body rotations, test frame deflections, and strains
at various locations on longitudinai and transverée

reinforcement.



CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary of Research Program

The primary objective of this research program was to
determine the ability of intermediate longitudinal rein-
forcement to prolong stable hysteresis action in rein-

. forced concrete members subjected to repeated reversed
flexure. A secondary objective was to study the response
of exterior beam-column joints supporting such members.

To satisfy the tesearch objectiyes, eight half-size
and four full-size T-shaped beam-column subassemblies
were constructed. Variables in the twelve specimens
included.longitudinal reinforcement iatio, web rein-
forcement ratio, shear span to depth ratio, and the
inclusion of intermediate longitudinal reinforcement in.
half the specimens. Intermediate lonqitudinél reinforce-
ment consisted of four bars placed in two layers at
approxiﬁately the third points between tension and
compression reinforcement. These bars were anchored by
standard 90 degree hooks in the beam-column joint and
extended into the beam a distance equél to twice the
beam effective depth plus a development length of twelve

bar diameters. The ratio of the area of intermediate

85
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to satisfy a consensus of criteria for suitable performance

under repeated reversed loading.
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12 with similar conclusions.

Bertero fested several T-shaped specimens with high
shear stresses and concluded that although very sophisti-
cated and potentially expensive reinforcement details could
virtually eliminate stiffness decay resulting from repeated
reversed loading, beams should not be'designed to carry
shear stresses larger than 6 /f?g'in regiens where seismic
activity is anticipated. Gosain, in contrast, adopted a
performance specification criterionnot tied to. any particu-
lar shear stress level. He theorized that e structure could
be expected to perform well under.seismie loading if the
individual members could provide five cycles of stable in-~
elaeticxfiexure to displacements of + 5Ay. For the shear
span te.depth ratio at which Specimens 11 and 12 were
tested (4), this translates to a modified work index re-
quirement of 18.75. (See explanation of modified work in-
dex calculation given in conjunction with Table 5.1).

Test results previously presented in Tables 3.1 and
5.1 indicate that Specimens 11 and 12 did not meet Bertero's
proposed maximum shear stress criterionand failed to provide
Gosain's measure of sufficient energy dissipation. It is
possible to draw two conclusions from the test results for
théese specimens. First, it is apparent that intermediate
Ilongitﬁdinai reinforcement increased energy dissipation sig-
nificantly, regardless of the method of comparison. Second,

neither Specimen 11 or 12 was able to perform well enough
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load to hinging zone shear strain shown in Figs. 5.12 and
5.13. The results shown in these two figures give some in-
dication of the amounts of degradation in moment at a con-
stant maximum displacement which can be attributed to
losses in shear and flexural stiffness. It is evident in
comparing the relationship of maximum positive shear load
to hinge shear strain that a much larger percentage of load
loss at a giveh displacément was due to shear.stiffness

loss in Specimen 3 than in Specimen 4.

Specimens with a greater than 6.0

This group included Specimens 11 and 12, both of which
suffered severe stiffness and strength deterioration during
repeated loading. These specimens were reinfofced identi~
caliy except that Specimen 12 contained intermediate longi-
tudinal reinforcement. As with all other specimen pairs
discussed, energy dissipation was substantially increased
by the inclusion of intermediate bars. Specimen 12 was able
to survive two more cycles of loading than Specimen 11 at.
comparable displacement ductilities. However, neither spec—
imen was judged adequate in retaining étrength and stiffness.

Thé determination of minimum performance criteria for
specimens of this ﬁype has been addressed by several re-
searchers. Bertero and Popov (5) and Gosain et al. (12) con-
sidered this problem from diametricaliy opposed viewpoints,

but their recommendations may be applied to Specimens 11 and
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reinforcement. In order to determine the contribution of
these_ties in prolonging the inteqgrity of the hinging zone,
Specimen 8 was reinforced identically to Specimen 4 except
that it did not contain additional ties around intermediate
bars. .Normalized energy dissipation was neariy identical
for the two specimens, as shown in Table 5.1. This simi-
larity of performance is explained by the fact that the
modes of deterioration which the supplementary ties could
have prevented, such as buckling of intermediate reinforce-
ment and expansion of the hinging region perpendicular to
the plane of bending, were not significant factors in the
overall deterioration of these particular specimens. Other\
résearchers (5) have found such ties beneficial, however,
and their use is encouraged.

The correlation between shear stiffness retention and
satisfactory energy dissipation can be observed by consid-
ering the relationship of load point displaéement vs.
Hinging zone shear strain fof Specimens 3 and 4 (Figs. 3.13
and 3.18 respectively). As shown in Fig. 3.13, maximum
positive shear strain in the hinging zone of Specimen 3 in-
creased significantly with each cycle of positive displace-
ment;' Tﬁe comparable plot for Specimen 4, Fig. 3.18, shows
a more stable relationship between displacement and shear
strain in the hinging zone.

The comparison between Specimens 3 and 4 may be ex-

tended by examining also the relationships of beam shear
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and may or may not have crossed vertical ties. Intermediate
bars were able to restrict the width of cracks at any in-
clination by providing a tensile force across thelcraék.

In turn, the shear friction force (3) along the crack was
sufficient to prevent or delay sliding along the crack,
causing damage to occur in the previously uncracked larger
blocks. Because cracking was more uniformly distributed
through the zone of inelastié flexure by intermediate re-
inforcement, average crack width remained small and sliding
degradation along each crack was inhibited.

The patterns of cracking shown in the three paits of
specimens discussed above illustrate the ability of inter-
mediate longitudinal reinforcement to provide excellent
confinement. Intermediate bars also limited crack widths
and limited the mobility of concrete blocks in the hinging
zone, preventing a concentration of physical degradation
along vertical planes of weakness. Consequently, the ma-
trix of concrete blocks in the core was forced to carry
flexural and shear stresses instead of being allowed to
slide along cracks formed in previous load cycles. As the
tests proceeded, new cracks formed in the restrained con-
crete blocks until a point of concrete degradation was
reached at which the beém core's strength and stiffness were
significanﬁly reduced.

As indicated in Appendix A, Table A.l, Specimen 4 con-

tained supplementary ties around intermediate longitudinal
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The appearance of the plastic hinging region of Specimen 7
following removal of loose and broken eoncrete is shown in
Fig. 3.25 and the appearance of Specimen 8 after its corres-
pondiné disassembly is shown iﬁ Fig; 3.34. It is undeniable
that the large web reinforcement used in Specimen 7 con-
trolled inclined e¢racks, as the beam core in the hinging
zone of this specimen was almost uﬁdamaged. However,las
shown previously by Jirsa (23), no size web reinforcement
can prevent the formation of a vertical plane of weakness
in a beam such as occurred in this specimen at the face of
the column. Further, a comparison of the failure modes of
- Specimen 7 and the other specimens in this test series in-
dicates that sliding along this plane was aggrevated by
the increased shear stiffness of the hinging region.

in contrast, the nature of damage in the hinging region
of Specimen 8, shown in‘Fig. 3;30; exemplifies the ability
of iﬁtermediate reinforcement to prevent a concentration of
deterioration in one location. The process of crack dis-
tribufion occurs in two stages with initial formation of
1ar§e'blocks and subsequent Segmentation into smaller
blocks.  Goto (14) showed that primary cracks form at some
relatively uniform spacing along a deformed bar in tension.
Cracks of this type, seen in all specimens tested, propaga-
ted through the depth of the beam at various inclinations.
Depending on their angle of inclination to the beam center-

line, these cracks crossed intermediate longitudinal bars
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loading by the removal of all broken and loose concrete.

The character of the remaining blocks is shown in Figs.

3.14 and 3.17. It is evident in these photographs Ehat
blocks almost as large as the beam core remained intact in
the hinging region of Specimen 3, a specimen which performed
poorly. In contrast, segmentation of the hinging:zone of
Specimen 4, which performed well, was so complete that al-
most all blocks could be removed from this regidn.

Because the increased confinement provided by interme-
diate bars appeared to be a major factor in increasing
enerqgy dissipation, Specimen 7 was constructed with No. 3
grade 60 stirrups to determine if a larger amount of web
reinforcement would provide confinement and behavior com-
parable to that obtained by use of intermediate reinforce-
ment. Figure 3.24 illustrates the nature of crack distri-
bution in Specimen 7 after three inelastic displacement cy-
cles. Although the large web reinforcement emploved in
this specimen did produce a good distribution of cracking
and was able to confine the hinging region beam core well,
the overall behavior of the specimen was not as.good as the
behavior of Specimen 8, a cbmparable specimen which con-
tained No. 2 web reinforcement and No. 3 intermediate longi-
tudinal bars in addition to conventional shear reinforcement.
The reasons for the relative performance of these two speci-
mens (Specimens 7 and 8) may be inferred by examining the

nature of beam deterioration at the conclusion of testing.
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‘this.shear stress level.

Specimens with o between 3.0 and 6.0

Behavior of specimens with maximum first-cycle shear
stresses between 3.0 JfT; énd 6.0 ffi; (Specimens 3 through
10) is of major interest in this study. Specimens with in-
termediate longitudinal reinforcement were able to dissi-
pPate an average of 27% more energy than comparable specimens
which contained only vertical web reinforcement as required
by the ACTI Building Code seismic provisions.

Perhaps one of the most significant contributions of
intermediate longitudinal reinforcement was to inhibit
o?ening of vertical and inclined cracks in the beam plastic
hingiﬁg région and to create a better distribution of
cracking within this regipn. Consider the relative appear-
ance 6f Specimens 5 and 6, shown in Figs. 3.20 and 3.22(b)
respectively, after twelve cycles of loading. These speci-
mens contéined identical reinforcement except for the pres-
enée ‘of intermediate longitudinal bars in Specimen‘s,
-which férced the concrete in the‘hinging zone of that speci-
men to be subdivided intq much smaller blocks than were
férmed in Specimen 5. This relative behavior was also evi-
dent iﬁ S?ecimens 3 and 4, which were identically reinforced
except thét Specimen 4 contained intermediate longitudinal
bars and supplementary ties. The hinging regions of these

two specimens were dismantled following the completion of
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specimens is suggested by the linearity of the displacement
vs. flexural rotation relationship shown in Fig. 5.11 for
Specimen 2. A‘similar relationship for Specimen 1 is shown
in Fig. 3.3(a). Comparison of the two figures shows that
they are identical in all significant respects, with flex-
ural rotation proportional to displacement for all cyéles
of deflection.

Although the addition of intermediate longitudinal
shear reinforcement did not affect yield load significantly
(yield load for both specimens was estimated as 8.8 kips),
it did increase maximum shear load in the first load cycle
for Specimen 2 by approximately 5% in comparison to makimum
shear in Specimen 1. Specimen 2 also dissipated 8% more
total energy than Specimen 1 through 12 load cycles. As
previously noted, however, both specimens were stablé at
the termination of loading. It is doubtful that the inclu-
sion of supplementary intermediate longitudinal reinforce-
ment could have contributed enough energy dissipation to
cause significant improvement in the performance of the
actual structure under seismic loading. Both specimens in
this group would satisfy any conservative criteria for
strength and stiffness retention under repeated reversed
loading. 1In this 1igﬂt, it must be concluded that shear
reinforcement required by‘the seismic provisions of the ACT
Building Code (1) is sufficient to ensure stable beam per-

formance under maximum anticipated seismic excitation for
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maximum first—cycle beam shear stress. Behavior of speci-
mens within each of the following three groups tended to in-
dicate the ability of web reinforcement and supplementary
iongitudinal reinforcement to delay strenéth and stiffness
decay during repeated reversed 10ad1ng.

~Beam shear stress values of 3 VET, and 6 /hT“ were used
as the points of separation for the three groups. Specimens
in the gréup having beam shear stress levels less than 3/Ef'_
(o less than 3.0) were stable throughout the loading routine
used during testing, regardless of the sheér reinfofcement
used. Specimens in the group with shear stress levels be-
tween 3 VE'  and 6 vVE', (3.0 < a < 6.0) suffered stiffness
and sﬁrength decay of varying severity, with significant
improvément shown for specimens containing supplementary
longitudinal reinforcement. Specimens/with maximum beam
shear‘stresses greater than 6 vf', (o greater than 6) ex-
perienced severe stiffness and strength decay and were un-
able to survive six load cycles to displacement ductilities
of 4Ay. The behavior of specimens in the final group was
judged to be less than acceptable, fegardless of reinforce-

ment configuration.

Specimens with o less than 3.0
This group included Specimens 1 and 2, both of which
showed ductile and stable behavior for the duration of

105ding. The primarily flexural response of these two
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of the stiffening effect of floor sections or other

members contiguous to ductile frame members.

It is possible to make the following general

observations which summarize the characteristics of

buckling observed in these tests:

1)

2)

3)

4)

Concrete in the plastic hinging region must

have deteriorated sufficiently to allow the axial
shortening of longitudinal reinforcement which
must accompany . buckling.

Cover concrete and concrete near the longitudinal
bars must have deteriorated sufficiently to alléw
lateral bar motion.

Small stirrups may allow bars to buckle outward
or may allow deterioration of concrete adjaﬁent
to bars with concurrent lateral buckling.

Loss of torsional stiffness allows beam twist

and bar buckling at reduced axial leocad which

can occur with relatively minor deterioration

of concrete near longitudinal bars.

5.4 Behavior of Specimens with Various Beam Shear Stress

Levels

When considering the generalized behavior of the

specimens examined in this test series, it is convenient

to consider the specimens in three groups based on
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buckling. Figure 5,9 illustrates deformation 6f this
nature which océurred in Speéimen 4. This type of
failure may occur aftef severe spalling of cover concrete
has taken place in the vicinity of compression rein-

- forcement and it is not necessarily‘preVented by sﬁirrups
of:any size or spacing. Larger stirfﬁps can help to
delay this faiiure modé, however, by ?reventing spalling
from penetratin§ to the depth of longitudinal reinforce-
ment. The nature of spalling is illustrated in Fig. 5.10.
As suggested by this figure, a large stirrup may prevent
the spall from extending into the beam torthe depth of
the longitudinal steel centroid, or to a depth which
allows bar lateral motion.

The loss of shear strength after several load
reversals in four members led to a twist of the members
about their longitudinal axes. This twisting caused
lateral bending of longitudinal reinforcement and
createa.a situation where bars could buckle at a lower
load than if the ends of the pofential buckling section
- were restrained from relative motioﬁ. .It.must be noted,
however, that this type of buckling might be confined
to specimens tested under laboratory‘cohditions where
no means of inhibiting beam twist is provided because
of the method of load application. In a normal structure,

the probability of beam twisting is very small because
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of compression reinforcement was a major cause of loss
of load-carrying ability in Specimens 3 and 4. in
contrast, buckling was prevented by the very stiff
hinging zone ties used in Specimen 7, even though
severe spalling of cover concrete took place in the
vicinity of lower reinforcement.

The length of the buckled section was also signifi-
cant in another respect. In all cases of severe buckling,
the length of bar displacement was approximately equal
to beam depth, a dimensiou which varied'within a narrow
range. Two observations may be made based on this fact,
in conjunction with the pattern of degradation exhibited
by the specimens tested. First, because of the widely
varying bar sizes involved in buckling, 1t is apparent
that longitudinal bar size was not the major determinant
of buckling mode shape. Second,.the retention of cover
concrete was a major factor in preventing buckling.

No buckling took place in any specimen,untii nearly
all cover concrete had spalled off in the area of in-
stability.

It is also possible to consider a situation in which
longitudinal reinforcement does not buckle outward
against the confining tié. Several of the specimens
showed buckling of this nature, in which the longitudinal

bar section moved laterally along the stirrup during
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by considering a situation where a bar buckles by de-
forming in a direction perpendiculaf to the stirrups
over a length equivalent to some multiple of the stirrup
spacing. The possible buckled shape for instability
spanning one and three stirrup intervals is shown in
Fig. 5.8. 1In this figure, it is assumed that concrete
adjacent to the bars at the end of the buckled section
ié sufficient to provide an essentially fixed-end
condition andlno translation of ends relative to each
other is considered.

- For the case of buckling extending over one stirrup
interval, a theoretical buckling load can be easily
- found baséd on the stirrﬁp spacing, the stress-strain
pro@erties‘of the steel, and the moment of inertia of
the bar cross section. When buckling is considered to
extendlover a number of stirrup intervals, as seen in
Fig. 5.8(b), a new theoretical buckling load will result
‘based on Ehe new assumed buckled length, the steél
properties, énd the stiffness of the lateral springs
which répresent the confining force of the ties. Because
of the increased length of defofmation in the second
situation, a lower buckling load is probéble, depending
on the stiffness of lateral springs. The effect of
1atéra1 épring (tie) stiffness is indicated by the

relative performance of Specimens 3, 4, and 7. Buckling
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Buckling in Specimen ldealization of Buckling Mode

Fig. 5.8(a). Buckling Spanning One Stirrup Interval.

Buckling in Specimen Ideciization of Buckling Mode

Fig. 5.8(b). Buckling Spanning Three Stirrup Intervals.
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Fig. 5.9. Buckled Shape of Compression Reinforcement
Showing Lateral Displacement of Buckled
Section - Specimen 4.

/ ma LoneiTupINaL
REINFORCEMENT

Spall Shape with Small Stirrup
———Spall Shape with Large Stirrup

Fig. 5.10. Characteristics of Spalling Illustrate
Benefits of Large Stirrup in Denying
Penetration of Core Concrete.
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SPECIMEN 4

1,60

0,80

-0,80

—

-0.00
HINGE SHEAR STRAIN (DEG.)

-1,80

Y

-
-

174 ' 00%1
(ST HY3HS

0y © oov-

- Specimen 4.

Strain

Load vs. Hinge Shear
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APPENDIX A

DETATILS OF SHEAR REINFORCEMENT

Shear reinforcement was designed as discussed in
Appendix C. All web reinforcement in beams and columns
consisted of closed, one-piece ties as required by
ACI 318-71 (1) for structuresllocated in zones of
frequent seismic activety. Intermediate longitudinal
beam shear reinforcement was anchored in the beam-column
joint by standard 90 degree hooks with twelve-bar-
diameter extensions. This reinforcement extended into
the beam a distance equal to twice.the beam effective
depth plus an extension of twelve bar diameters. Figure
A.l illustrates the shear reinforcement placement in the
specimens, with exact bar size and spacing given in

Table A.1.
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Fig. A.1, Shear Reinforcement Details,
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APPENDIX B

SPECIMEN FABRICATION AND EXPERIMENTAL SETUP.

B.1l Specimen Fabrication

All test specimens were construéted in G.‘G. Brown
Laboratory by student research assistahts and laboratory
technicians. Fabrication sequence was thé same for
all spécimens regardless of size. |

Reinforcing steel cages were assembled first.
One-piece closed ties were used throughout the specimen
‘and served to position main longitudinal reinforcément
in both the column and beam portions of the specimen.
'Ties for Group I specimens were bent by a commetcial
fabricator while ties for Group II specimens were bent
in the laboratory using a Hossfeld #2 teinforcing bar
bender. 1In either case, bending technique and dimensions
of the finished ties conformed to applicable specifica-
tions of Chapter 7 of the ACI Building Code.

Column reinforcement was identical for all
specimens of a given size. Fabrication of column cages
served as the basis of construction for the remainder of
the total. cage. Beam main reinforcément was mated to
the completed column'cagé and installation of beam ties
completed reinforcement fabrication. A completed steel
cage is shown in Fig. B.l. Eighteen gauge annealed wire
was used to‘fasten reinforcement components together.

Specimens were cast in a horizontal position in
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reuscable wooden forms. Four forms were constructed for
each size specimen to allow casﬁing of four specimens
simultaneously. Forms were constructed of 3/4 in. ex-
terior grade plywood which was reinforced with 1-1/2 in.
square fir wales and waterproofed with orange shellac.
Form sections were joined with 1/4 in. machine bolts.
Completed forms were caulked at all seams with oil base.
clay and coated with viscous oil to ease form removal
from finished specimens.

Steel cages were placed in the forms and supported
with smali concrete cubes. This insured proper con-
crete cover and held steel. in position during casting.
The beam-column joint region of an assembled form with
steel cage in place is shown in Fig. B.2.

| Concrete was mixed by the Ann Arbor Construction
Company according to the mix design specified in Appendix
D. The concrete was transported to the laboratory in
a mixer truck and water was added to the mix at the
casting site to obtain a slump of approximately 4 inches.

Concrete was placed in the forms and consolidated
with a hand held electric vibrator. Excess concrete
was struck off with wooden screeds and smoothed with a
metal float. After the concrete had attained its initiél
set, it was covered with wet burlap and plastié sheeting
to retain moisture. Specimens were maintained in a wet

condition for 7 days after casting and then their cover-
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Completed Reinforcement Cage.

Beam~Column Region
with Reinforcement

of Assembled Form
in Place.
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TABLE B.1

CASTING AND TESTING TIMETABLE

Specimen Date Date
Number Cast Tested
1 25 Nov 1975 13 Feb 1976
2 25 Nov 1975 24 Mar 1976
3 25 Nov 1975 19 Apr 1976
4 25 Nov 1975 6 May 1976
5 8 Dec 1976 3 Mar 1977
6 8 Dec 1976 21 Feb 1977
7 8 Dec 1976 12 Jan 1977
8 8 Dec 1976 10 Feb 1977
9 5 May 1977 28 Jul 1977
10 5 May 1977 3 Aug 1977
11 5 May 1977 17 Aug 1977
12 5 May 1977 23 Aug 1977
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ing was removed, allowing specimens to cure uncovered
until they Wére tested. A schedule of casting and‘testing
dates is shown in Table B.1l.

Standard 4 x 8 in. concrete test cylinders were cast
at the same time each series of four specimens was cast.
Four cylinders were cast for testing after 28 days and
three cylinders were cast to be broken in conijunction with
the test of each specimen. The four cylinders to be
tested at 28 days were placed in a 100% humidity curing
room while the remainder of the cylinders were cured in a
manner identical to that used for the test specimens.
‘Details of cylinder césting, testiné, and concrete strength
are shqwn in Appendix D. |

When dry, all specimens were painted with flaﬁ white
paint to aid in crack detection during testing. An oil
base paint was used for. specimens in Group I and latex
paint was used for specimens in Group II. Flat black
enamel was ﬁsed on the upper surface of each specimen to

show location of reinforcement.

B.2 Specimen Loading

Specimens 1 through 8 were tested in a horizontal
_ position while Specimens 9 through 12 were tested with
the beam portion of the specimen in a vertical position.
In this and followihg appendices Specimens.l through 8

will be referred to as Group I and Specimens 9 through 12
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will be referred to as Group II. Respective test setups
are shown in Figs. 2.2 and 2.3. Loading procedure was
uniform for both test positions.

Prior to the application of any loads, the column
portion of the specimen was firmly clamped into the test
frame with roller bearings held by threaded rods. These
rods were pretensibned to a stress near their yield stress
to prevent any motion of the specimen relative to its.
supports during loading. Axial load was applied to the
secured specimen with Templeton-Kenly R506SB 100 kip
capacity hydraulic jacks. A Templeton-Kenly manual
pump was used to drive the jacks. One jack was used té
apply a 40 kip axial load for specimens in Group I.
Specimens in Group II required two jacks in parallel
to provide a 100 kip axial load. A Templeton-Kenly #7097
inline pressure gauge was used to monitor jack loads.

Shear was applied to the beam portion of the specimen
by Gilmore solenoid-controlled hydraulic rams. A 20 kip
capacity ram was used for Group I specimens while a
50 kip capacity ram was required for the larger Group II
specimens. Both rams were secured to the respective
specimens through essentially moment-free connections,
Displacement of ram ends was manually controlled through
a Gilmore conscle which included a Gilmore 431

Servo Amplifier, 416D Control Module, 416A Position
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Signal Amplifier, and 416B Load Signal Amplifier to control
the 20 kib actuator and a Gilmore 660 Servo Controller to
govern the 50 kip ram. These control amplifiers also
provided outlets to monitor a load cell and position

transducer for each ram.

B.3 Data Acguisition

Data was acquired during testing from four major
sources: (1) a load cell and position transducer at-
tached to the loading ram, (2) LVDT's positioned over
the beam hinging region, (3) electric resistance strain
gages attached to longitudinal and shear reinforcement
and (4) dial gages positioned to show overall specimen

deformation,

Load vs.«Displécement

A Honeywell 530 X-Y plofter was used throughout
testing to monitor and record load (vertical axis) being
applied by the beam loading ram and displacement (hori-
zontal axis) of the loading ram tip. Signals to drive the
piotter were provided by the Gilmore actuator control
console discussed in section'B.2, which served as the
power supply and main signal conditioning unit for the

load cell and displacement transducer of the loading ram.
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LVDTs

Linear variable displacement transducers (LVDTs)
were used to monitor the shearing and flexural deformations
of the beam in the plastic hinging region. This region
was assumed to extend over a distance equal to the beam
overall depth from the face of the column. The location
of these LVDTs is shown in Fig. 2.5, A listing of LVDT
manufacturer and model number is shown in Table B.2.

Brackets to hold the LVDTs in position were fab-
ricated from 1 x 1 x 1/8 in. angle stock. Four hex-head
bolts held each bracket fixed to the specimen by friction.
The ends of each LVDT assembly were held in bearings to
insure aécurate measurement of displacements.

Alternating current LVDTs were used for Group I
specimens., A Sanborn 211-A preamplifier served as the
power supply and initial signal conditioner for these
transducers. Final output voltage was measured with a
Hewlett-Packard digital voltmeter and manually recorded.
Direct current LVDTs were used for all specimens in
Group II. A Lambda LOD-Z-152 power supply was used to
suppiy 15 VDC input power. Output voltage from these
transducers was fed through a Visig 211 Signal Con-~
ditioning Module to the Vidar voltmeter. It was then
processed by teletype and paper tape in the same way

strain gage data was recorded.
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TABLE B.2

LVDT CHARACTERISTICS AND MANUFACTURER

LVDT Specimen Manufacturer and
Number Number Model Number
1 1-8 HP Sanborn 585-DT-250
2 - 1-8 . Schaevitz 300 HR
3 1-8 HP Sanborn 585-DT-500
4 - 1-8 - 8chaevitz 500 HR
1=4 ' 9-12 Schaevitz. 1000 DC-D
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Strain Gages

Electrical resistance strain gages were bonded to
reinforcement at various points. The position of these
gages in the specimen is shown in Fig. 2.6. A digital
monitoring system manufactured by Accurex Autodat Cor-
poration was used to measure strains. This system
consisted of Visig 611 Signal Conditiohing Modules, a
Vidar 606-03 Master Scanner, a Vidar 502B-01 Integrating
Digital Voltmeter and a Vidar 5404 D-DAS System Con-
troller. A 3320~5JE Teletype was used to punch individual
strain gage readings onto paper tape. The Vidar console
and Teletype are shown in position for operation in Fig.
B.3. The paper tape punching was compatible with the
computer system paper tape reader at the University of
Michigan Computer Center, allowing strain readings to be
copied directly into a cbmpﬁter disk file after test
completion.

Sufficient input channels were not available to
accept all strain gage signhals from Specimens 2 and 4.
For these specimens, four gages were monitored using a
BLH Model 20 Strain Indicator and intermediate switchbox.
The resultant observed strain readings were manually

recorded.

Dial Gages

Two micrometer dial gages were used to determine
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rigid body distortion of the beam-column joint relative
to the testing frame for all specimens during testing.
Three additional dial gages were used during testing of
Specimen 3 to measure overall distortion of the small
loading frame used for all Group I specimens. The
location of gages is shown in Fig. 2.7. The lérge
loading frame used. in conjunction with Group 11 specimens
was considered rigid and no auxiliary dial gages were

used to measure its distortion.
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APPENDIX C

SPECIMEN DESIGN

C.1 General

Specimens were designed with three objectives in mind:.
(1) to insure that all inelastic flexural deformations took
place in the beam section of the specimen, (2) to insure
that no shear failures occurred in the column or in the
beam outside the zone of inelastic flexure, and (3) to in-
Sure that the design ultimate moment of the beam section
could be provided by available testing equipment. In addi—
tion, some dimensions of Group I specimens were dictated
by the size of the testing frame used to hold these speci-
mens.

The American Concrete Institute Building Code Require-
Ments for Reinforced Concrete (ACI 318-71) (1) was uéed as
a guide for reinforcement details. In this appendix only,
when a governing value of stress or dimension is referenced,
the applicable paragraph of the Code will be given in
parentheses. A similar proceduré will be used to reference
applicable sections of~the ASCE-ACI Comﬁittee 352 recommen-
dations (35) regarding details of beam-column jdint shear
- reinforcement, with the exception that the section number
referenced will be preceded by "R". Unless otherwise spe-
cified, the definitions of terms used in equations in this

appendix are the same as those used in the applicable
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provisions of the ACI code and Committee 352 recommenda-
tiong.

Specimens were designed for ultimate moments which
would induce, using shear spans within a range dictated by
tést frame dimensions, maximum total shear stresses of
from 2 /f; to greater than 6 /f;. For this discussion of
design, Specimen 3 will be used as an example to illustrate
the typical calculations which governed the design of re-~

inforcement details.

C.2 Column Analysis

An interaction diagram was calculated for each column
size employed, assuming fy = 78 ksi (an average value ob-
tained from previous tests of column longitudinal rein-
forcement) and £ = 4000 psi, the concrete design strength.
By assuming various neutral axis locations, a maximum con-
crete strain of 0.003, and a Whitney stress block (10.2.7)
approximation of concrete compressive force, variocus points
on the column axial load vé. flexural moment capacity curve
ware calculated and a smooth curve was drawn to connect
these points. The interaction diagrams for the column sec-
~tions used in Group I and Group II specimens are shown in
Fig. C.1.

For convenience, a test column axial load less than
40 percent of the balanced load was chosen to allow design

of the column as a flexural member (A.6.3). The choice of
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a 40 kip axial load for Group I columns and a 100 kip axial
load for Group II columns satisfied this criterion, as well
as providing a restraining force twice as large as the
maximum capacity of the loading ram used to test the re-
spective specimens to insure minimum column motion during
testing. At these chosen test axial loads, in order to
satisfy the requirement that the sum of the moﬁent strength
of the columns be greater than the moment strength of the
beam (A.6.2) it was necessary that beam design moment capa-
city be less than 1500 in-kips for Group I and less than

6800 in-kips for Group II specimens.

C.3 Design of Column Shear Reinforcement

Column shear reinforcement was designed for shear
which would have resulted from application of maximum
available ram force. The centerlines of the specimen seg-

ments were used for static analysis of this condition. Be-
cause the maximum anticipated beam shear spah was 47 in.
(41.5 in. to the face of the column), the maximum possible

column shear force was
47, _ .
Vool = 20 (360 = 15,7 kips, (C.1)

which translates to a maximum column shear stress of:

v 15,700

_ col _ _ )
Vo T 7B a4 T T0.857(8) 9.6y - 23 psi (€.2)
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where
Vu = gross shear stress in the column, psi.
b = overall column width, in.
d = effective depth of column, in.
¢

= capacity reduction factor = 0.85 for shear.

The shear stress which the concrete can carry is cal-

culated as (11.4.3):

N
u

Vc = 2(1 4+ 00,0005 ig Vfé {C.3)
= 2(1 + 0.0005 39@%99) /2000
= 155 psi.
where

V- = shear stress carried by concrete in the column,
psi.

Ny = gross column axial load, lbs.
Ag = gross Cross sectional area of column, sg. in.
Assuming the usé of No. 2 grade 40 stirrups; the required

Spacing is computed as (11.6.1):

AV fy ’ 0.10(40,000) -
S = o - v, b (239 - I55)(8) ~ ° i (C.4)
where
A, = area of web reinforcement within a distance s

along the beam, sqg. in.

fy specified yield stress of web reinforcement, psi.

s spacing at web reinforcement bars, in,

Spacing is also governed by code provisions which require
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maximum spacing to be limited to no more than one-quarter
of the member effective depth (A2.5.9) near member ends. 1In
addition, other provisions suggest that beam-column joint
reinforcement be carried into the column adjacent to the
joint for some distance (R 4.2.2,2). Because column shear
was not a controlling factor, two compromises were reaéhed
for column shear reinforcement. In the case of Group4I
Specimens, bars of the same size and grade as those that
were used for beam-column joint reinforcement were used at
a spacing of d/4 for a distance equal to column depth from
the beam-~column joint. Smaller ties (No. 2) were placed in
the remainder of the column at the same d/4 spacing. For
Group II specimens, No. 3 ties were spaced at d4/4 for a
distance 24 from the beam-column joint and.at d/2 elsewhere
in the column. There was no significant shear cracking in

the columns of either Group I or Group II specimens.

C.4 Design of Beam Reinforcement

Beam longitudinal reinforcement was chosen so that
méximum design moment in any beam would not exceed the capa-
city of the loading ram. This limiting value was (41.5)

(20) = 830 in-kips for Group I specimens and 60(50) = 3000
in-kips for Group 1I specimens.

Beam shear reinforcement was chosen to reéist the
shear required in each specimen to prodﬁce'the design ulti-

mate beam moment. The allowable shear stress for concrete
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was taken as 2 V£, 126 psi for the design concrete com-
pressive strength of 4000 psi (11.4.1). Using Specimen 3
(design ultimate moment of 703 in~kips) as an example, beam

ultimate shear stress was calculated as (11.2.1):

v
v = _u__ _ _ (703/41.5)

u ¢ b d (0.85) (8) (10.1)

= 0,247 ksi (C.5)

Now, the steel reguirement for strength is calculated as

(11.6.1):

‘(vu - vc)b s

- (C.6)
B fy | |

Assuming a No. 2, grade 40 stirrup and solving for required
spacing:

A £ (0.10) (40) ‘
5 = v ¥ = \ = 4.13 in

(vu - vc)b (0.247 - 0.126) (8)

Other provisions (A.5.9) of the design code required a tie
spacing in the beam no greater than d/4 within a distance
of 4d from the column face, so spacing, rather than
strength, was the controlling factor for web reinforcement
placement in the beam hinging zone in this and all other
specimens. One compromise was made, however, in deter-
mining how far into the beam the ties would be chtinued
at the spacing at d/4. Because the Uniform Building Code
(21) and the SEAOC Code (36) required this spacing for a
distancé of 2d from the face of the column, it was decided
that ties at a d/4 spacing would only be continued a dis-

tance of 2d into the beam to allow observation of damage
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which took place as a result of abberation from the more
conservative ACI code. Elsewhere in the beam, ties were
spaced to satisfy strength requirements as well as the

maximum spacing requirement of 4/2 (A.5.9).

C.5 Beam—-Column Joint Shéar Reinforcement

Recommendations of ASCE~ACI committee 352 (35) were
used as a design standard of proportion beam~-column joint
Shear reinforcement. The forces assumed to be acting at
the joint are shown in Fig. 4.7. Joint shear stress carried

by the concrete was calculated as (R 4.2.3.2):

v, = 3.5 B vy /Eg(1 + 0.002 Ny/Ag) (C.7)
where
8 = joint type correction factor = 1.0 for Type 2
joint
Y = joint classification ‘correction factor = 1.0 for
joints considered here.
For Specimen 3, this becomes
v, = 3.5 (1.0)(1.0) /4000(1 + 0.002 goég___gg) = 306 psi.

Using a value of fg = 60,000 psi for the ultimate stress in
top longitudinal beam reinforcement in conjunction with the
static column shear of 11.7 kips calculated as the reaction
force present when this steel stress is used to calculate
ultimate beam moment, the joint shear stress can be calcu-

lated as (R 4.2.3.1):
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Vu Ts T Vool
v. = = (C.8)
J ¢ ACV ¢ ACV
- _719.2 - 11.7 = 1.18 ksi

(0.85) (7)(9.64)

where

Vs nominal joint shear stress

]

A
cv

effective area of beam-column joint which is
considered to resist shear force

And that spacing of stitrups was calculated as before: -

Using a No. 3 grade 60 stirrup, spacing becomes;

(0.22)60
(1.18 - 0.31) (7)

= 2.2 in.

Because it is also essential that total shear force in the
joint be resisted by the steel and concrete, an alternate
method of computation based on total force was used to cal-
culate the requiréd number of joint stirrups. Here, using

the allowable concrete stress and the effective joint area,

V, = (0.31)(7)(9.64) = 20.9 kips

and, for the total forces acting on the joint

T -V 79.2 - 11.7
] col _ _ .
Ve = 3 = CE = 79.4 kips “(C.9)
where
Tg = the total design tensile force in beam tension

reinforcement.
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Now, the shear to be carried by the steel is

V. = V. - Vc = 79.4 - 20.9 = 58.5 kips (C.10)

and the total number of ties in the joint will be calcu-
lated as

VS 58.5
n = = = 4.4 {(C.11)
Av fy (0.22) {60)

Therefore, 5 ties must be used in the joint bf this speci-
men.

This procedure was repeated for analysis of all odd-
numbered specimens. For design and testing considerations,
the same number of joint ties were used in specimens with
intermediate longi;udinal reinforcement as were used in the
| compaiable specimen which did not contain such supplemen-

tary beam reinforcement.

C.6 Development of Reinforcement

"All longitudinal reinforcement was anchored in the
beam~column joint by 90 degree standard hooks (7.1). The
tensile stress which the hooks were capable of developing

was calculated as (R 4.2.5.2):

fy, = 700(1 - 0.3 dp) v VEL (C.12)
where

f;, = tensile stress developed by a standard hook, psi.

Py o= anchorége effectiveness coefficient = 1.0
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dp, = nominal diameter of reinforcing bar, in.

For the No. 6 and No. 5 bars used as beam longitudinal re-
inforcement in Group I specimens, the hooks were allowed

to carry the following stresses:

For No. & bar,

h
H

700(1 ~ 0.3(0.75)) (1.0)v4000 = 34,300 psi
For No. 5 bar,

700 (1 - 0.3(0.625)) (1.0)v4000 = 36,000 psi

Fh
it

The required straight embedment length prior to the:be—

ginning of the bar hook was then calculated as (R 4.2.5.2):

'...I
i

0.04 A

o y (o fy - fh)/¢Jfg (C.13)

Ay, = area of reinforcing bar, sgq. in.

1, = minimum straight lead embedment length from cri-
tical section to beginning of bar hook, in.
o = Stress multiplication factor to account for

strain hardening in steel strained past yield.
For the bars used in Group I specimens, this length was
computed as:

For No. 6 bar,

1l = 0.04(.44) (60,000 ~ 34,300)//4000 = 7.15 in.
For No. 5 bar,
1, = 0.04(.31) (60,000 - 36,000)//4000 = 4.71 in.

Figure C.2 illustrates the details of reinforcement
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development which existed in Groﬁp I specimens; All ACI
code specifications were satisfied, although straight lead
embedment requirements for the top (No. 6) bars did not
meet the requirements of Committee 352 recommendations,
which Suggest measurement of straight lead embedment from
the outside of column longitudinal reinforcement (as shown
in Fig. C.2), rather than from the face of the column as
specified by ACI 318-71.

Intermediate longitudinal reinforcement was also
anchored in the joint case. Because these bars wére al-
ways smaller than the main longitudinal reinforcing bars
used in eabh beam, the required embedment was easily ob-

tained.
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APPENDIX D

MATERIAL PROPERTIES

D.1 Reinforcing Steel

Accurate records of reinforcing steel characteristics
were considered essential for accurate modelling of member
moment capacity. A representative sample of each beam
reinforcing bar used in specimen fabrication was tested
in uniaxial tension to determine gross yield and ultimate
strength. Measured strengths for ali samples tested are
given in Table D.l. Additional representative samples
of reinforcement were chosen for stress-strain analysis.
For the latter case, a mechanical extensometer was
attached to the bar with an initial 2" gage length and
strain was monitored in conjunction with monotonically
increasing load to determine the modulus of elasticity,
vield strain, strain at onset of strain hardening, and
modulus during strain hardening for all longitudinal
reinfoicement. Figure D.l shows a typical reinforcing
bar with the extensometer attached in preparation for
testing. Results of all stress-strain tests are listed
in Table D.2 and typical steel stress vs. strain curves
for two sizes of reinforcing bars are shown in Figs. D.2

and D.3.
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TABLE D.1

STRENGTH

Strength, psi

Bar Bar Specimen,

Degignation Size Liocation Yield Ultimate
None #2 6,2 Intermediate 48,200 72,400
None #2 1,2 Beam Stirrup 42,600 71,000
None %3 8,4 Intermediate 55,500 76,400
None #3 1-4 Joint Tie 75,500 103,000

1 #5 3 Main Reinf. 52,600 84,200
2 " 3 " " 53,200 87,700
3 " 1 nooom 52,900 85,800
4 " 4 " " 51,600 81,300
5 " 2,4 " " 49,400 76,100
6 " 2,4 " " 54,500 91,000
7 " 1,3 " " 47,700 77,400
11 #6 3 " " 48,000 79,300
12 " 1,2,3 " " 49,800 83,900
13 " 1,3 " " 49,100 81,800
14 " 4,2 . " 48,900 82,000
15 " 3,4 " " 49,100 82,000
22 45 5-8 v 53,200 83,900
23 " 5-g n o 52,300 85,500
24 B 5-8 " " 53,600 88,100
25 " 5-g v " 52,600 85,200
26 " 5-8 " " 52,900 81,600
28 " 5-8 " " 52,600 85,500
29 " 5-8 " " 52,900 85,800
30 " 5-8 " " 51,300 81,600
None #6 5-8 Main Reinf. 52,700 85,500
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TABLE D.1 (Cont'd)

Strength, psi

Barx Bar Specimen,

Designation Size Location Yield Ultimate
4-1 #4 10,12 Intermediate 59,500 88,000
4-2 " 10,12 Intermediate 58,000 86,500
4-3 " 10,12 Intermediate 57,000 85,000

None " 9-12 Jocint Ties None 103,000
7-1 $7 9,11 Main Reinf. 51,000 92,800
7-2 " 10,12 " " 46,700 83,200
7-3 " 10,12 " " 50,000 86,800
7-4 " 9,11 " " 46,800 83,500
7-5 " 9,11 " " 48,000 83,500
7-6 " 9,i1r " " 50,700 87,200
7-7 " io,12 " " 50,700 92,800
7-8 #7 10,12 Main Reinf. 50,300 86,700
8-1 #8 10,12 Main Reinf. 59,500 103,800
g8-2 " 1,12 " " 60,760 104,400
8-3 " 9,11 " " 159,600 102,500
8-4 " 10,12 " " 60,100 103,800
8-5 " 9,11 " " 60,100 103,800
8-6 " 16,12 " " 61,400 105,000
8-7 " 9,1 = " 60,100 104,400
8-8 #8 9,11 Main Reinf. 60,100 105,000

None #9 9-12 Col. Reinf. 69,500 104,500

None " " 67,500 100,000

None " " 72,000 106,000

None #9 9-12 Col. Reinf. 69,000 101,000
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D.2 Concrete

Concrete mix design was chosen to provide approxi-
mately 4000 psi maximpm compressive strength at 28 days.
Final mix design proportions, based on previous designs
used by others for similar specimens and on two trial

mixes, were as follows for one cubic vard of concrete:

Coarse aggregate (3/8" pea pebble) . . . . . 1225 1b.
Fine aggregate O & X 1= ib.
Cement (Type I Portliand) . . .. . . . . . . . . 493 lb.
Water. . . . . ¢ « ¢ v ¢ o« o & e« o 4 s e 2 . 252 1b.

Additional water was added to produce a slump of
approximately 4" at the time of casting. Three standard
4" ¥ 8" cylinders were cast and cured simultaneocusly with
each specimen and were subjected to uniaxial compressive
loading on the same day the beam—-column subassembly
Was.tested. An extensometer was attached to each test
cylindei to determine the initial modulus of elasticity
of the concrete and the strain at maximum stress. Strains
Wefe recorded at uniform stresgss levels for all cylinders
tested in conjunction with a given specimen and strains
‘were averaged at each stress level to obtain the stress-—
strain curve for concrete in each specimen. A typical

concrete stress vs. strain curve is shown in Fig. D.4.
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TABLE D.3

RESULTS OF CONCRETE CYLINDER TESTS

Specimen Cylinder Strain at 5 Maximum
Number Number Maximum Stress in/in x 10~ Stress, psi
1 3.67 4960
1 2 2.75 4850
3 3.33 5050
1 3.25 5120
2 2 3.29 5100
3 3.29 4930
1 3.67 4970
3 2 3.33 4890
3 3.75 4970
_ 1 Strains 43800
4 2 not taken 5010
‘ 3 5050
5 1 5.67 3400 *
2 3.25 3960 *
1 4.42 3980
6 2 3.63 4140
3 3.85 4120

*test cylinders badly cracked:

specimen.

results of test cvlinders
for Specimen 6 used in all critical calculations for this
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TABLE D.3 (Cont'd)

RESULTS OF CONCRETE CYLINDER TESTS

Specimen Cylinder Strain in -3 Maximum
Number Number Maximum Stress in/in x 10 Stress, psi

1 4.79 3790

7 2 4.92 3640
3 4.28 4080

1 ‘5.80 4010

8 2 4.48 3790
3 4.79 3950

1 4.13 | 4680

9 2 2.75 5370
3 2.58 5330

: 1 5330
10 2 Strains not taken 5180
3 5120

1 Strains not taken . 5050

11 2 3.50 4420
3 2.50 4710

1 2.69 4660

12 2 1.25 5000
3 1.95 4770

4 Strains not taken 4610
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APPENDIX E.

COMPILATION OF ENERGY DISSIPATION

Beam load and load point displacement were
continuously monitored during loading of each specimen
as discussed in Appendix B. A planimeter was used to
measure the area within the load vs. displacement
curve produced by the X-Y plotter for each load cycle
and this area was converted to energy dissipated during
each cycle according to the scale used for load and
displacement recording. Each load cycle was considered
to begin and end at the point of zero displacement of
the beam tip preceeding positive displacement. Values
of all per-cycle energy dissi?ations (areas) are

given in Table E.1l.
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APPENDIX F

APPLICATION OF STRAIN GAGES

Special annealed Constantan foil high elongation
strain gages were applied to selected reinforcing bars
.in each specimen. Usually the bars were prepared to
accept the gages by filing off deformations and'surfade
scale in a small area where the gage was to beJapplied.
However, the main reinforcement in Specimens l} 2, 3
and 4 was prepared by milling a flat area approximately
3/8 in. ¥ 2 in. to accept the gage. After filing or
milling, fine emery cloth was then used further to
smooth the surface. The surface was also chémically
cleaned with an acid cleaner and neutralizer.

Gages were positioned oﬁ the cleaned area with clear
cellophane tape prior to application of adhesive. All
- gages, adhesive and accessories used in the appiication
process were manufactured by Micro-Measurements Cor-
poration. Gage EP-08-250BG-120 was selected for use
on all sizes of reinforcement. When the gages had been
correctly positioned, one end of the cellophane holding
strip was raised and epoxy adhesive M-Bond AE-10 was
applied to the back of the gage. The gage and tape were
then returned to position on the bar and held in plaée
for 24 hours by cﬂrved_pressure pads and spring clips.

Belden #22 AWG three-lead cable was attached to

each gage. Two leads were connected to one of the gage
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tabs and the remaining lead was attached to the other
tab. This procedure compensated for lead wire length.
The lead wire was secured to¢ the reinforcing bar to
insure that no tension would be placed on the gage
connection.

All gages were then waterproofed with M-Coat A
polyurethane coating, M-Coat D aérylic lacguer and two
coats of M-Coat B nitrile rubber coating. Each coat
-was allowed to dry thoroughly before successive coating
was applied. Gages were then mechanically protected
by applying M-Coat FB butyl rubber sealant and M-Coat
FN neoprene rubber sheets. Cloth friction tape was
wrapped over the rubber protective sheets to insure
that they would not be disturbed during handling and

fabrication.












