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ABSTRACT

Eight reinforced concrete exterior beam-column sub-
assemblages were designed using the most recent building code
recommenaations for either seismic or nonseismic areas in order to
represent both types of existing structures. The only difference
between the two designs was the amount of trahsverse reinforcement.
The specimens were cast and tested to determine their behavior
with special attention being focused on the beam-to-column joint.
During testing, the specimens were subjected to a loading which
simulated the type of motions that could be expected during either
a moderate or a severe earthquake to obtain different degrees of
damage.

The damaged specimens were repaired using either of two
repair techniques depending on the degree of damage. For the
moderately damaged specimens, the pressure injection of epoxy was
used. The removal of the damaged material and replacement with
various high earlj strength materials was used to repair more
severely damaged specimens. The specimens were retested in the
same manner as the original test to determine the behavior of the
repaired specimens and to compare this behavior with the original
behavior.

Based on this investigation, two principal conclusions were
made. They are (1) epoxy injection and removal and replacement
techniques of repair can effectively restore structural integrity
to damaged members, and (2) the original specimens showed that the

concrete in the beam-to-column joint can resist twice the shear

force recommended by ASCE/ACI Committee 352.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

During an earthquake, a structure is deflected both
horizontally and vertically while the structural and non-
structural members are called upon to dissipate the input
energy. For large earthquake motions, most of this energy
dissipation is through inelastic deformations. To utilize
the energy diésipation capability of the structural mem-
bers, the joint connecting the beams and columns must
continue to function. Recent earthquakes in Caracas (33)
Tokachi-Oki (57), San Fernando (27), and Managua (48) have
shown damage to occur in the beam-to-column joint. To
insure satisfactory response of the structure, a better
understanding of the behavior of the joint and the members
framing into it is needed.

After an earthquake, structural members which have
sustained significant inelastic deformations will require
repair. In practice, when the damaged region is repaired
with high strength materials, the repair is assumed to be
sufficient to carry gravity loads. However, it is unknown
if the capability of the structure to resist seismic loads
has been restored. Poor behavior of the repaired members
during subsequent earthquakes may result in a catastrophic
collapse of the structure. Thus, there is a need to in-

vestigate the behavior of repaired structural members.



1.2 Objectives and Scope

The principal objectives of this study were: 1) to
investigate the behavior of beam-column subassemblages
designed according to the most recent recommendations to
resist seismic loading, 2) to use these test results to
suggest improved recommendations for design of the sub-
assemblages, 3) to evaluate two repair techniques cur-
rently used in practice, 4) to investigate the short and
long term loading of different materials which may be used
for structural repairs, and 5) to investigate the behavior
of repaired beam-column subassemblages.

The specimens used to investigate the original and
repaired cyclic behavior were exterior beam-column sub-
assemblages. Standard 4 in. by 8 in. test cylinders were
used to investigate the short and long term loading pro-
perties of the repair materials.

The study is divided into three sections: behavior of
original subassemblages; repair techniques and repair
materials; and behavior of repaired subassemblages.

The subassemblages were designed using two different
procedures. The first répresented structures not sub-
jected to earthquake conditions and the second represented
structures designed according to current seismic pro-
visions. The subassemblages were subjected to displace-
ment patterns representing the effect of either a moderate

or a severe earthquake loading to study the behavior of



the original specimens. It was expected that. these two
loading patterns would produce different degrees of
damage. The materials to be used in the repairs were
investigated for short term stiffness and strength, and
long term creep properties. The damaged‘specimens were
repaired using two different repair techniques currently
used in practice. For moderate damége, the subassemblages
were repaired by epoxy injection of the major cracks in
the concrete. For more extensive damage, the sﬁbassem—
blages were repaired by removing and replacingkthe damaged
concrete. After repair, the subassemblages were retested

to determine their behavior.

1.3 Review of Previous Investigations

The amount of research on the behavior of reinforced
concrete structural components subjected to repeated and
reversal loading in the inelastic range is quite abundant.
However, amount of research conducted on the cyclic
behavior of repaired structural components is limited. A
brief review of some of these investigations on structurél
components will be presented below. Also, a brief review
of research conducted on reinforcing steel and concrete

will be given.

Behavior of Materials

A previous investigation (79) has shown that steel,

after initial yielding in tension, will not exhibit a



definite yield point during stress reversal. This
dependence on the previous stress history has been de-
fined to be the Bauschinger effect. Additional cycles of
stress reversals, as investigated by Singh, Gerstle, and
Tulin (68), Kent (41), and Aktan, Karlsson and Sozen (2),
resulted in a smooth stress-strain curve. The primary
parameters influencing the cyclic behavior of the rein-
forcing steel (68) were a) the virgin properties of the
material, b) the previous loading history, c¢) the rate of
straining, d) the elapsed time between cycles, and e) the
temperature. The Ramberg-Osgood curvilinear cyclic
characteristic relationship has been used (2,41l) to repre-
sent the cyclic behavior of the reinforcing steel.

The behavior of concrete under repeated loading was
investigated by Sinha, Gerstle, and Tulin (70), Karsan
and Jirsa (39,40) and Kent and Park (42) and can be
reasonably assumed to be bounded by the stress-strain
curve based on monotonic loading. Kent and Park presented
a relationship to calculate the monotonically loaded stress-
strain curve based on the concrete strength and confine-

ment.

Behavior of Members

Bertero (6) emphasized the importance of the loading
history to determine the hysteretic behavior of a rein-
forced concrete member. Gradual increases in deflection

with each cycle of loading may increase the energy



dissipation capacity and the maximum strength of the
member when compared with the results obtained by cycling
to deflections which correspond to the maximum load
resistance of the member during the first cycle. The
latter loading scheme for testing member behavior may
represent the worst possible condition.

Brown and Jirsa (16) investigated the hysteretic
behavior of reinforced concrete cantilever beams. Their
results indicated that after the first quarter cycle of
loading, the behavior was nonlinear due to a combination
of a) Bauschinger effect in the reinforcement, b) shear
deformations, c¢) closure of residual cracks, and d)
slippage of the anchored longitudinal reinforcement.

Bertero and Popov (7) investigated the hysteretic
behavior of reinforced concrete flexural members sub-
jeéted to high and low shear stresses. They suggested
that the hysteretic behavior can be improved by reducing
the spacing of the transverse reinforcement and by in-
creasing the area of compression reinforcement.

Wight and Sozen (85) investigated the hysteretic
behavior of reinforced concrete columns subjected to shear
reversals. The parameters varied were the column axial
load, the spacing of the transverse reinforcement, and the
severity of loading. Their results indicated that the
specimens had less stiffness and strength degradation with

more closely spaced transverse reinforcement.



park, Kent, and Sampson (59) calculated ‘the moment-

curvature response of reinforced concrete members sub-
jected to cyclic loading. Their analytical results,
which were derived from the stress-strain curves for con-
crete and steel, compared well with their experimental
data. However, because of the computer time involved,
they suggested that the Ramberg-Osgood relationship or
Clough's (24) degrading stiffness model should be used to

determine member behavior.

Behavior of Joints

Marques and Jirsa (50), investigated the behavior of
90 deg. hooks anchored in concrete which were intended
to simulate conditions at an exterior beam-column joint.
The parameters which were varied in that investigation
were column size, column axial load, longitudinal column
reinforcement, side cover, and transverse reinforcement
through the joint. Their results indicated that the
strength capacity of the hooked anchorage could be in-
creased if both the confinement of the hook in the form of
cover or ties, and the straight lead embedment length
before the hook were increased. Tests by Townsend (80)
on exterior beam-column joints indicated that insufficient
straight lead embedment length before the hook will result
in a poor hysteretic response.

Hanson and Connor (32) investigated exterior beam-

column subassemblages reinforced with Grade 40 steel.



Their results indicatedlthat properly designed and de-
tailed joints can resist moderate earthquakes without loss
of strength. A further investigation by Hanson (31)
indicated Grade 60 reinforcement can be used in sub-
assemblages that are designed to develop ductile behavior.

Park and Paulay (60) investigated the behavior of
beam-column subassemblages. The parameters varied were
the amount and arrangement of the transverse reinforcement
in the joint and the method of anchoring the beam bars.
Their results indicated that for inelastic cyclic load
conditions the shear resistance contributed by the con-
crete should be neglected in the design of joints. Also,
the use of beam stub protruding beyond the far face of
the column can be used to anchor the beam bars effective-
ly.

Megget (54) tested reinforced concrete beam-column
subassemblages to determine the effect of transverse beam
stubs on the joint. His results indicated that the
specimen with the transverse beam stubs behaved better
than the specimen without the stub. This better behavior
was attributed to the fact that the damage formed in the
main beam for the stubbed specimen rather than in the
joint as was the case for the plain specimen.

Uzumuri and Seckin (82) investigated the behavior
of unreinforced and reinforced beam-column joints. For
the unreinforced joint, their results showed that the

concrete shear capacity was 27 percent higher than the



maximum value specified by ACI 318-71. For the rein-
forced joints, the shear stress resisted by the concrete
decreased with increases in the amount of transverse rein-
forcement which is not in agreement with truss analogy

predictions.

Behavior of Repaired Members

Mahin, Bertero, Atalay and Rea (49), Celebi and
Penzien (22), and Hidalgo and Clough (34) used the epoxy
injection technique to repair structural members and
frames. Celebi, et al, found that the beam stiffness,
strength, and energy dissipation capabilities were restored.
However, Mahin, et al, found that the stiffness and
strength were restored, but the energy dissipation capa-
bility was not restored. Also, Mahin, et al, and Hidalgo,
et al, expressed doubt as to the effectiveness of the
epoxy injection technique for restoring the bond between
the reinforcement and concrete.

Lee and Hanson (45) used the removal and replacement
techhique to repair beam-column joints. Their results
indicated that the repair of joints with a high strength
material can shift the damage from the joint into the

beam and/or column during retest.



CHAPTER 2

EXPERIMENTAL INVESTIGATION

2.1 Design of Specimens

The beam-column subassemblages were designed using
two criteria. For the first design, referred to here as
"Type I Design", the American Concrete Institute Building
Code (ACI 318-71) (17) for nonseismic areas (Appéendix A
excluded) was used. This design was assumed to represent
existing structures which were designed without con-
sidering seismic loading. For the second design, re-
ferred to as "Type II Design", ACI 318-71 including
Appendix A (special provisions for the design of ductile
moment-resisting space frames) and Recommendations for De-
sign of Beam~-Column Joints in Monolithic Reinforced Con-
crete Structures (63) were used. A detailed discussion of
both criteria used in designing the specimens is given in
Appendix A. Overall dimensions of the specimens and the
details of the reinforcing steel for Type I and Type II
designs are shown in Figs. 2.1(a) and 2.1(b), respectively.
The primary difference between the subassemblages re-
sulting from the two design criteria was the amount of
transverse reinforcement.

The nominal yield stress for the longitudinal rein-
forcement in the column was 60,000 psi and that for the
longitudinal reinforcement in the beam was 40,000 psi.

All the transverse reinforcement had a nominal yield
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stress of 40,000 psi. The average yield stréss for the
No. 6 longitudinal reinforcement in the column based upon
six tests was 77,900 psi, and that for the longitudinal
reinforcement in the beam was 49,600 psi (eight tests)
and 50,500 psi (eight tests) for the No. 6 top and the
No. 5 bottom bars respectively. For the transverse rein-
forcement, the plain No. 2 bars and the No. 3 bars had

an average yield strength of 39,600 psi (three tests) and
56,400 psi (three tests) respectively.

The specified concrete strength for the beam-column
subassemblages was 4,000 psi. See Appendix C for the
composition of the concrete mix using 3/8 in. maximum
size aggregate. The average 28 day concrete strength as
determined by standard 4 x 8 in. test cylinders was 3,700
psi (three tests) and 4,200 psi (three tests) for the
two different casting.

The measured material properties of the reinforcing
steel and concrete for each specimen at the time of
original testing are summarized in Appendix B.

The two criteria used in designing the beam-column
subassemblages provided a means to determine the effective-
ness of repair for structures designed either with or with-
out seismic considerations of the current code. Also
the effectiveness of the added transverse reinforcement
for seismic resistance can be evaluated from the original

tests of the different designed specimens.
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See Appendix C for a discussion of the fabrication

of the beam-column subassemblages.

2.2 Testing of Specimens

The original and repaired specimens were tested in

a horizontal position as shown in Fig. 2.2. Rollers

Fig. 2.2 Specimen in Horizontal Position During Testing

were placed on each side of the column near its end to
represent inflection points. After a constant axial
force was applied to the column, the beam tip was slowly
deflected by a hydraulic actuator. Figure 2.3 shows the
location of the applied deflection and reaction forces.
A detailed description of the loading system is given in
Appendix D.

Two displacement patterns (Fig. 2.4) were used to

obtain different degrees of damage during original
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testing. The displacement patterns were meant to simulate
the type of displacements the subassembly may be subjected
to during a moderate earthquake and a severe earthquake
respectively. These displacement patterns represent what
the writer believes the subassemblage should be able to
resist in order to survive either a moderate or severe
earthquake. In addition to having four more cycles of
loading, the amplitude of the displacement pattern repre-
senting a severe earthquake was selected to produce crushing
in the beam compression zone during the first quarter cycle
of loading, thus producing a more severe type of damage as
compared to the moderate earthquake loading. The term
ductility as used in this dissertation and shown in Fig.
2.4 was defined as the beam-tip displacement divided by the
displacement‘at time of first yielding of the beam top bars.
The loading sequence always started with the beam top rein-
forcement acting in tension. The uniform patterns illus-
trated in Fig. 2.4 were utilized to permit studies of the
degrading hysteretic characteristics of the specimens. For
retesting, each répaired specimen was subjected to the
same displacement history as used during original testing
in order that direct comparisons of the results could be
made.

For each specimen, the type of design, column loading,
and displacement pattern used are summarized in Table 2.1.

The 40 kip column compression load for Specimens 1 through
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Table 2.1 Design and Loading Parameters

Specimen Type of Design Type of Loading Column Load

(kips)
1 I1 Moderate 40
2 I1 Severe 40
3 I Moderate 40
4 I Severe 40
5 II Severe 0
6 I Severe 0
7 I Severe 0
8 I Severe 0

4 represented about 35 percent of the design balanced axial
load. For Specimens 2 and 4, a ductility of about five
(instead of six) was attained during cycles 5 through 9
[Fig. 2.4(b)] due to a limitation of the actuator stroke.
The beam shear span was decreased by moving the actuator

5 1/4 in. closer to the column for Specimens 5 through 8

as shown in Fig. 2.3 to obtain a ductility of six during
cycles 5 through 9 as given in Fig. 2.4(b). Specimens 6
through 8 used the same design and loading parameters so
that the behavior of different repair materials could be

compared by retesting.

Data Acquisition. During original testing and re-

testing, the force and deflection at the beam loading
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point were continuously recorded and used to monitor the
progress of the test. This data were later used to analyze
the stiffness and load degradation, and energy dissipation
capacity of the specimen. For the original testing, high
elongation electrical resistance strain gages, applied to
the reinforcing steel in the joint and the beam, were used
to indicate steel strains. A detailed description of the
techniques for application of the gages is given in
Appendix E. The location and identification of the gages
in the subassemblage for both the Type I and Type II
Designs are given in Fig. 2.5.

Shear distortion in the joint and the beam rotation
at a section 10 in. from and relative to the inside column
face were both measured with Linear Variable Differential
Transformers (LVDT). The location of the LVDTs to
measure shear distortion in the joint and relative beam
rotation can be seen in Figs. 2.6 and 2.7 respectively.
See Appendix D for a description of the LVDTs and the

recording devices.

2.3 Repair of Specimens

After original testing, the specimens were repaired
in an upright position using either of two repair tech-
niques. The first technique, referred to as the epoxy
injection technique, uses low viscosity epoxy which is
injected into cracks for the purposes of restoring bond

between the reinforcing steel and concrete, and continuity
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Fig. 2.6 Location of LVDTs to Measure Joint Distortion
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in the concrete. The epoxy injection type of repair is
more applicable for moderately damaged members where the
concrete on both sides of the crack is intact. For more
severely damaged members, the second technique, referred
to as the removal and replacement technique was used. The
removal and replacement type of repair consisted of re-
moving the damaged concrete and replacing it with high
early strength material of equal or higher strength than
the original concrete. High early strength materials
enable the structure to be returned to full use earlier
after repairs. The replacement materials considered in
this investigation were epoxy-sand mortar, Duracal cement
concrete, high strength quick setting concrete, and
high early strength (Type III) concrete. A brief descrip-
tion of the repair materials as well as their short and
long term loading properties are given in Chapter 4.

A detailed description of the repair procedure for
both the epoxy injection, and removal and replacement
techniques used in this investigation also is given in

Chapter 4.



CHAPTER 3

ORIGINAL BEHAVIOR OF SPECIMENS

The type of design, column load, and displacement
pattern used to determine the original behavior for each

beam-column subassemblage are summarized in Table 2.1.

3.1 Visual Observations

For all the specimens, the primary damage during
original testing occurred in the portion of the beam ad-
jacent to the beam-to-column interface. Most of this
damage can be attributed to flexural action. As the beam
was displaced downward during the first quarter cycle of
loading, flexural cracks propagating about two-thirds the
depth of the beam were observed first at the beam-to-
column interface and in the portion of the beam near the
interface. Additional downward displacement of the beam
resulted in inqlined cracks forming at the end of the
flexural cracks and continuing to the level of the bottom
reinforcement. For the specimens subjected to the dis-
placement pattern representing severe earthquake loading,
minor spalling was observed in the compression zone of
the beam near the inside column face during the first
quarter cycle of loading as shown in Fig. 3.1.

Unloading of the beam during the second quarter cycle
of loading resulted in the flexural cracks narrowing but
at zero beam load, the cracks still remained open due to

the elongation of the top reinforcement.

21
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Fig. 3.1 Cracking and Spalling in Beam after First Quarter
Cycle of Severe Earthquake Loading

Application of a negative (upward) beam force resulted
in observed behavior similar to that described above. Ver-
tical and inclined cracks formed and propagated upward from
the bottom of the beam. No spalling was observed in the
compression zone when the bottom reinforcement was in ten-
sion during the second half cycle of loading.

The second and subsequent cycles of loading at the
same displacement level produced little additional
cracking. Flexural cracks opened and narrowed during cyclic
beam action.

For the specimens subjected to the displacement pat-
tern representing a moderate earthquake loading, the first
cycle at the higher displacement level produced little

additional cracking. Instead, the existing cracks became
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wider. During subsequent cycles at the higher displace-
ment level, the cracks remained stable; opening and nar-
rowing within each cycle of loading. No spalling was
observed in the compression zone.

For the specimens subjected to the displacement pat-
tern representing severe earthquake loading, the first
cycle at the higher displacement level produced additional
deterioration in the beam. Spalling in the compression
zone increased and the flexural cracks became wider. For
subsequent cycles at the higher displacement level, a
relative transverse movement along the vertical cracks in
the beam was observed. This movement waé especially
noticeable near the zero load position and was more severe
for specimens with Type I Design. Due to the movement
along the crack, additional concrete cover was spalled off
caused by the dowel action in the longitudinal reinforce-
ment. After the cover spalled off, outward buckling of
the top and bottom longitudinal bars was observed. The
buckling of these bars was more severe for specimens with
Type I Design. Most of the damage occurred in a region
five inches from the inside column face and the beam ap-
peared to pivot about that location during cyclic beam
action.

For the remaining cycles of loading at the lower dis-
placement level, there was no additional deterioration in
the beam for specimens subjected to the displacement pat-

tern representing a moderate earthquake loading. For
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the specimens subjected to the displacement pattern re-
presenting a severe earthquake loading little additional
spalling and cracking occurred in the beam with Type II
Design. However, spalling continued in the beams with
Type I Design during the cycles of loading at the lower
displacement level.

\* Specimens with Type II Design held together better
during original testing than those of Type I Design as seen
by comparing Specimens 5 and 7 in Figs. 3.2(a) and 3.2 (b)
respectively. Both specimens were subjected to the dis-
placement pattern representing a severe earthquake loading.

Specimens subjected to a displacement pattern repre-
senting a severe earthquaké loading sustained more damage
than those subjected to the moderate earthquake loading as
seen by comparing Specimens 4 and 3 in Figs. 3.3(a) and
3.3(b) respectively. Both specimens had Type I Design.

The joint behaved well for all the specimens during
original testing. (Joint used in this context implies the
column region throughout the beam depth.) Most of the
cracking in the joint occurred during the first cycle of
loading. Subsequent cycles at the same displacement level
and at higher displacement level produced little additional
cracking. At the completion of the test, the cracks re-
mained narrow and the concrete in the joint remained intact.

The primary cracking pattern in the joint for speci-

mens with a 40 kip column axial load was the X-type
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diagonal crack. In fact, these were the only joint cracks
observed in Specimens 2 and 4 with Type II and Type I
designs respectively. For the specimens with the zero
column axial load, splitting cracks followed the straight
portion and around the hook of the beam longitudinal rein-
forcement anchored in the column. In addition to the
splitting cracks, diagonal cracks also were observed in
the joint. The effect of the column axial load on

cracking in the joint can be seen by comparing Fig. 3.4

Fig. 3.4 Cracking in Joint for Specimen 2 with 40 kip
Column Axial Load after Severe Earthquake Loading
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for Specimen 2 (40 kip column axial load) with Fig.
3.2(a) for Specimen 5 (zero column axial load). Both
specimens had Type II Design and were subjected to the
displacement pattern representing severe earthquake
loading.

No cracking of the column was observed during
original testing for any of the specimens. Also, none of
the longitudinal or transverse reinforcement fractured

during testing.

3.2 Measured Force and Deflection

The beam-tip force vs deflection curves are shown in
Figs. 3.5(a) through 3.5(h) for Specimens 1 through 8
respectively. Most of these curves represent typical
flexural type behavior. Positive load and displacement
correspond to the downward movement of the beam. For all
the specimens, the first quarter cycle of the force-
deflection curve was unique. The curve was almost linear
before yielding of the beam top reinforcement. After
yielding the force-deflection curve deviated from the
linear behavior and the stiffness became much less. Al-
though minor spalling was observed in the beam compression
zone for the specimens subjected to the displacement pat-
tern representing severe earthquake loading, almost no
drop in load was observed during the first quarter cycle
of loading. The unloading portion of the force-deflection

curve had approximately the same average slope as the
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initial loading portion. For negative forces, the force-
deflection curve was smooth with the negative yield load
being less obvious. The unloading portion from the maxi-
mum negative force had a smaller slope than for initial
loading. For the second and subsequent cycles of loading,
the force-deflection curves were sﬁooth.

The curvilinearity of the force-deflection hysteretic
curves was influenced by a combination of: a) the cur-
vilinear behavior of the beam tension and compression re-
inforcement due to the "Bauschinger Effect", b) the opening
and closing of residual crapks, and c) the slippage be-
tween the concrete and reinforcement.

The force-deflection curves had a reverse curvature
near zero beam load at both positive and negative beam
displacements for the second and subsequent cycles. The
reverse curvature was primarily due to transverse movement
along the vertical cracks in the beam. This movement will
be referred to as a "shear slippage". The figures indicate
that the reverse curvature was more pronounced with each
additional cycle of loading. The severity of shear
slippage can be judged indirectly by measuring the energy
dissipated (the area enclosed by the force-deflection
curves).

The peak-to-peak load at maximum beam deflection,
energy dissipated, and cumulative energy dissipated, ob-

tained from the force-deflection curves, are plotted for
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each cycle of loading for all of the specimens in Figs.
3.6(a) through 3.6(h). The peak-to-peak load and energy
dissipation degrades after each cycle at constant beam
displacement. This degradation was due to the reduction
in stiffness in the subassemblage caused primarily by
additional cracking and spalling of the concrete in the
beam, shear slippage in the beam, and bond deterioration
csetween the concrete and beam longitudinal reinforcement
in the beam and joint.

Specimens with Type II Design had less load degrada-
tion than specimens with Type I Design as seen by the
comparison in Fig. 3.7(a) for Specimens 5 and 7. Both
specimens were subjected to the severe earthquake loading
and had zero column load. This normalized peak-to-peak
load was obtained by dividing the peak-to-peak load for
each cycle given in Fig. 3.6 by that of the corresponding
first cycle. Specimens with Type II Design also dissipated
more energy as shown by the comparison in Fig. 3.7 (b)

for Specimens 5 and 7.

3.3 Measured Strains in Reinforcement

High elongation electrical resistance strain gages
were attached to the reinforcing steel for some of the
beam~-column subassemblages. The identification and loca-
tions of the gages are shown in Fig. 2.5(a) for Specimens

3 and 6 and Fig. 2.5(b) for Specimens 1, 2, and 5.
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(Specimens 1 and 2 contained only gages 1 through 11 and
Specimen 3 only gages 1 through 10.) For all the gages,
positive strain indicated the elongation of the rein-
forcement.

Stress-strain curves for the reinforcement used in
the beam-column subassemblages are given in Appendix B,
Figs. B.l(a) through B.l(e). These curves were used to
obtain the modulus of elasticity, yield stress, and strain
at the commencement of strain hardening in the reinforce-

ment.

3.3.1 Transverse Reinforcement in Beam

The strains in the transverse reinforcement at the
location of Gage 1 for Specimen 2 are plotted with beam
shear and beam-tip deflection for the first cycle of
severe earthquake loading in Figs. 3.8(a) and 3.8(b) res-
pectively. The increase in beam shear and deflection
resulted in a relatively small change in reinforcement
strain from points 0 to B (the commencement of yielding
of the beam top reinforcement occurred at point B). Fur-
ther increase in beam deflection from point B resulted in
a larger change in reinforcement strain, indicating the
formation of an inclined crack. Between points D and E,
minor spalling occurred in the beam compression zone.
There was a small decrease in shear and a slight reduction
in reinforcement strain. Unloading of the beam resulted

in the reduction of reinforcement strain from points E to F.
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Applying a negative shear resulted in a small change in
reinforcement strain from points F to I which implied the
stirrup-tie was resisting little additional shear. The
negative force caused the flexural cracks from the first
quarter cycle of loading to close and most of the shear
was resisted by the cracked concrete through friction and
aggregate interlock. Further increase in negative shear
from points I to J resulted in a larger increase in rein-
forcement strain indicating the formation of an inclined
crack. The unloading of the beam from point J resulted
in a reduction in reinforcement strain.

The strains measured by Gage 1 for the second and sub-
sequent cycles of loading are plotted with the first
cycle for Specimen 2 in Figs. 3.9(a) and 3.9(b). These
figures indicate the reinforcement strains remained below
the yield strain and showed relatively stable behavior at
the same displacement level. As seen in Fig. 3.9(a), a
strain and therefore a stress still existed in the stirrup-
tie at zero beam shear. This residual stress is due to
the enlargement of the beam core caused by cracking in
the concrete.

The measured strains in the transverse reinforcement
for specimens with Type II Design were less and had more
stable‘behavior than those for specimens with Type I

Design as seen by comparing Fig. 3.9(b) and Fig. 3.10 for
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Specimens 2 and 3 respectively. The strains (measured by
Gage 1) indicate the stirrup-tie was close to yielding
when Specimen 3 was subjected to a moderate earthquake
loading. Specimen 2 was subjected to the severe earth-

quake loading and the transverse reinforcement never ap-

proached yield.

3.3.2 Longitudinal Beam Reinforcement

Strains in the top reinforcement, as measured at the
beam-to-column interface by Gages 3 and 4vfor Specimen 2,
are plotted with beam-tip force and deflection for the
first cycle of severe earthquake loading in Figs. 3.1l(a)

and 3.11(b) respectively. It can be seen that the strains
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indicate that the reinforcement has yielded, points B to C,
and has passed into the strain hardening region, points C
to E. Unloading the beam resulted in the strains de-
creasing almost linearly from point E toward F with the
same slope as from point 0 to B. Applying a negative beam
force resulted in a further reduction in strain from
points F to H. This implied that the top reinforcement
resisted some of the compressive force during negative
loading. Further increase in negative force and beam
deflection resulted in a small change in strains from
points H to J. This is due to concrete resisting the
additional compressive stress after the cracks have closed.
Unloading the negative force and applyihg a positive beam
force caused the strains to increase from points J to K.

The strains measured at the beam-column interface for
the second and subsequent cycles, along with the first
cycle of loading, are plotted with beam-tip force and
deflection for Specimen 2 in Figs. 3.12(a) and 3.12(b) res-
pectively. The strains from the second and subsequent
cycles of loading showed relatively stable behavior at
the same displacement level.

During the first quarter cycle of loading, the beam-
tip deflection ductility was compared to the strain
ductility of the reinforcement at the beam-to-column inter-
face. This comparison is made for Specimen 2 and is shown

in Fig. 3.13. The deflection ductility was obtained by
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dividing the beam deflection by the deflection at first
yield of the top reinforcement. The strain ductility was
obtained by dividing the reinforcement strain by the yield
strain for the steel. The yield displacement and yield
strain were taken to be that shown at point B in Fig.
3.11(b). Figure 3.13 indicates beam displacement ductil-
ities of 2 and 4 corresponds to reinforcement strain
ductilities 6.7 and 10.5 respectively.

The strains in the top reinforcement measured just
before the hook by Gage 10 for Specimen 2 aré plotted with
the beam-tip deflection in Fig. 3.14. The strains showed

a relatively stable behavior at the same displacement

level and 1indicated that the steel just before the hook
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yielded during the first quarter cycle of severe earth-

quake loading.

The strains in the top reinforcement measured just
past the hook by Gage 13 for Specimen 5 are shown with the
beam-tip deflection in Fig. 3.15. The strains showed
relative stable behavior at the same displacement level
and indicated the steel remained elastic at that location
during the first four cycles of severe earthquake loading.
At the higher displacement level, the steel after the hook

came very close to yielding.
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For the bottom reinforcement the strains measured at
the beam-to~-column interface by Gages 5 and 6 for Specimen
2 are plotted with the beam-tip force and deflection in
Figs. 3.16(a) and 3.16(5) respectively. By observing the
results shown in Figs. 3.16 and 3.12 during the first
quarter cycle of loading, it is apparent that compressive
strains existed in the bottom reinforcement before the top
reinforcement yielded (point B). This indicated that the
concrete and bottom reinforcement resisted the compressive
stresses during bending. After the top reinforcement

yielded, small tensile strains were measured in the bottom
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reinforcement. This is due to the shift in the neutral
axis to a level below the bottom reinforcement. Unloading
of the beam at the end of the first quarter cycle of
loading (point E) and application of a negative force re-
sulted in a increase in strain in the bottom reinforcement
until the commencement of tensile yielding as indicated by
point G in Fig. 3.16. Further increases in beam displace-
ment caused the bottom reinforcement to pass through the
yield plateau and into the strain hardening region, points
H to J in Fig. 3.16(a). To complete the first cycle of
loading, the strains were reduced as the negative beam
force and deflection were reduced from points J to K as
shown in Figs. 3.16. For the second and subsequent cycles
of loading, the strains indicated that the bottom rein-
forcement elongated cumulatively after each cycle. This
behavior may eventually lead to low cycle fatigue fracture
of the reinforcement.

For the bottom reinforcement, the strains measured
just before the hook by Gage 7 for Specimen 2, indicated
that the steel yielded during the first cycle of loading
as shown in Fig. 3.17. The strains measured just after
the hook by Gage 12 for Specimen 5 indicated that the
steel was elastic during the first cycle of loading as
shown in Fig. 3.18. However, for subsequent cycles at the
higher displacement level, the strains indicated that the

steel yielded at this location.
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3.3.3 Transverse Reinforcement in Joint and Column

The strains measured by Gage 8 on a hoop in the
joint of Specimen 2 are plotted with beam-tip deflection
for the first cycle of severe earthquake loading in

Fig. 3.19. For initial loading, only small strains were

301
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s © ] | | —q
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3 - STRAIN (IN/IN.) (x10?)
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a -15F
J
~30L

Fig. 3.19 Plot of Strain at Gage 8 for Hoop in Joint with
Beam-Tip Deflection during First Cycle of
Loading, Specimen 2

measured in the hoop. 1Increase in beam deflection from

point A resulted in a sharp increase in hoop strains,

which indicated a diagonal crack may have formed in the

joint. Continued increase in beam deflection from point

B toward E resulted in a increase in strain which indicated

the hoop resisted more shear. After the first quarter

cycle of loading, a decrease in beam deflection resulted
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in a reduction in strains (points E to F) until the beam
load reversed when the strains increased (points F to J).
After peak negative deflection, a decrease in beam de-
flection resulted in a reduction in strains until the

load reversed again to complete the first cycle of loading.
Strains measured during the second and subsequent cycles
of loading, along with the first cycle, are shown in

Fig. 3.20. The results indicate that the hoop remained
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Fig. 3.20 Plot of Strain at Gage 8 for Hoop in Joint with
Beam-Tip Deflection, Specimen 2

elastic and showed relative stable behavior for the same

displacement level. At the points of zero beam force,
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strains and therefore stresses still existed in the hoop.
This is due to the enlargement of the column core caused
by cracking in the concrete.

The strains measured on the hoops directly above and
below the beam top longitudinal reinforcement are plotted
with beam-tip deflection during the first quarter cycle
of severe earthquake loading for Specimens 2, 5, and 6 in
Fig. 3.21(a) through 3.21(c) respectively. Specimens 5
and 6 had zero column axial load. The strains were
measured by Gages 9 and 11 for Specimens 2 and 5 with
Type II Design and Gages 8 and 10 for Specimen 6 with Type
I Design. Except for Specimen 6, the hoop directly above
the top reinforcement was strained the same or higher than
the hoop directly below the top reinforcement. This is
attributed to the localized behavior for the hoops near
the top reinforcement. For Specimen 6, the hoop in the
joint directly below the top reinforcement was strained to
a higher level than the hoop in the column directly above
the top reinforcement. The localized effect was not as
significant for Specimen 6 because the top hoop was
spaced further into the column [see Fig. 2.1(a)].

The strains measured by Gage 10 on a hoop in the
column for Specimen 6 are plotted with beam-tip deflection
in Fig. 3.22. The overall shape of the curves resembles
those presented earlier for the transverse reinforcement

in the beam and joint. The strains indicated the hoop
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remained elastic and the behavior was stable except at peak
negative beam deflections where the strains increased after
every cycle of loading. The increase in strains implied
the hoop resisted a larger percentage of the shear after
each cycle of loading. This increase in shear resistance
provided by the hoop was attributed to the decrease in
stiffness in the concrete caused primarily by internal

cracking.

3.4 Measured Distortion in Joint

The distortion in the joint is plotted with beam-tip
deflection for Specimens 2, 5 and 6 with severe earthquake

loading in Figs. 3.23(a) through 3.23(c) respectively.
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The distortion values y were based on the average of LVDT

measurements (Fig. 3.24), as indicated by the expression

81 762 (a
where 61, 62 = measurements made by LVDT 1 and 2 respec-
tively,

b = horizontal projection of inclined distance
between points measured by LVDT,

h = vertical projection of inclined distance
between points measured by LVDT,

and d distance between points measured by LVDT.
The values of b, h, and d were 7.0, 13.0 and 14.8 in.
respectively, as indicated by Fig. 2.6. Specimen 2,

with a 40 kip column axial load, showed a more stable
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joint distortion behavior than Specimens 5 and 6 with zero
column axial load. Also, the column axial load tended to
make the joint stiffer as can be seen by comparing the
distortions from Specimen 2 and Specimens 5 and 6 during
the first quarter cycle of loading in Fig. 3.25. The
amount of transverse reinforcement in the joint did not
noticeably affect the stiffness as seen by comparing the
results in Fig. 3.25 for Specimen 5 with Type II Design

and Specimen 6 with Type I Design.

3.5 Measured Rotation in Beam

The beam rotation at a section 10 in. from the inside

column face, measured relative to the column face is
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Fig. 3.25 Comparison of Joint Distortion for Specimen 2
with 40 kip Column Axial Load and Specimens5
and 6 with Zero Column Axial Load
plotted with beam-tip force and deflection for Specimen 2
in Figs. 3.26(a) and 3.26(b) respectively. (For the
location of the LVDTs used to measure the rotation, see
Fig. 2.7.) The measured rotation values include contribu-
tions from the rotation of the joint and anchorage slippage
in the joint in addition to the rotation of the beam over a
measured length of 10 in. The beam force-rotation curves
in Fig. 3.26(a) are similar in shape to those of beam
force-deflection presented earlier in Sec. 3.2.
For the first quarter cycle of severe earthquake
loading, a comparison can be made between the beam-tip de-
flection ductility and the relative beam rotation ductility

as shown for Specimen 2 in Fig. 3.27. The yield rotation

was taken to be the value at which deviation from linear.
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o

behavior occurred (point B) as see in Fig. 3.26(a). For
Fig. 3.27, displacement ductilities of 2.0 and 4.0 cor-

respond to rotation ductilities of 2.7 and 6.6 respectively.

3.6 Analysis and Discussion

An analysis of the data obtained during this investiga-

tion and a discussion of these results will now be present-

ed.

3.6.1 Yield Moment

The experimental yield moments were obtained by mul-
tiplying the yield load from the first quarter cycle of the
force-deflection curve (Fig. 3.5) by the moment arm to the
critical seétion located at the inside column face to
be as given in column 4 of Table 3.1 for all the speci-
mens. The theoretical yield moments were calculated

by assuming a linear stress distribution in the concrete
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Table 3.1 Comparison of Beam Yield Moment

Moments
Specimen Design Calculated Experimental
(kip-in.) (kip-in.) - (kip-in.)
(1) (2) (3) (4)
1 244 316 316
2 244 296- 298
3 244 297 279
4 244 297 307
5 244 308 326
6 244 312 309
7 244 288 309
8 244 293 305

and were based on nominal and measured steel and concrete
strengths. The measured steel and concrete strengths are
summarized in Appendix B, Tables B.l and B.2 respectively.
The moments obtained using nominal stresses are called the
design moments and are given in column 2 of Table 3.1.

For measured material properties the calculated moments

are given in column 3 of Table 3.1l. The moments calculated
with measured material properties show good agreement with

the experimental results.

3.6.2 Shear in Beam

The shear in the beam was assumed to be resisted by
the concrete and the transverse reinforcement as indicated
by the expression

Ve = Vo t Vs (3.2)
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where Vt = total shear force in the beanm,
Vc = ghear force attributed to the concrete,
and Vs = shear force attributed to the transverse

reinforcement.
Using the truss analogy, the shear resistance provided by

the transverse reinforcement can be expressed as

AV fs d :
V, = —— .
s S (3.3)
where AV = area of transverse reinforcement over a dis-
tance s,
fs = stress in transverse reinforcement,

d = distance from extreme compression fiber to
tension reinforcement,

and s = spacing of transverse reinforcement.
For this investigation, the strains measured in stirrup-
ties were multiplied by the modulus of elasticity for the
reinforcement to obtain stresses. The stresses were then
used with Eq. 3.3 to calculate the shear resistance at-
tributed to the transverse reinforcement. For Specimen 2
the term fs in Eq. 3.3 was based on an average strain ob-
tained from Gages 1 and 2. Strains measured by Gage 1
were presented earlier in Fig. 3.8.

The results are summarized for the first quarter
cycle of loading in Figs. 3.28(a) and 3.28(b) for Specimen
2 with Type II Design and Specimen 6 with Type I Design
respectively. The total shear force in the beam obtained

from Figs. 3.5(b) and 3.5(f) minus the shear resisted by
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the transverse reinforcement equals the shear resisted by
the concrete as plotted in Fig. 3.28. This figure shows
the transverse reinforcement resisted almost all the shear
near the end of the first quarter cycle of severe earth;
quake loading. Also, the figure indicates that the
largest shear resisted by the concrete was 5.1 kips and
5.9 kips for Specimens 2 and 6 respectively. An approxi-
mation of the shear stress resisted by the concrete was
found by dividing these maximum values by bwd to be

1.23 /fg and 1.54 /fz for specimens 2 and 6 respectively.
The actual compressive strength of the concrete, fé, was
used in this calculation.

For each subsequent cycle of loading at the same
displacement level, the transverse reinforcement will
resist a greater percentage of the shear. This can be
seen by studying Figs. 3.5(b) and 3.9 for Specimen 2. The
total beam shear decreased after each cycle of loading and
the strains in the stirrup-tie remained relatively stable
indicating a greater percentage of shear was resisted by

the reinforcement after each cycle of loading.

3.6.3 Anchorage

The strains in the beam top longitudinal reinforcement
at the beam-to-column interface and those just before the
hook for Specimen 2 are plotted for the first quarter

cycle of severe earthduake loading in Fig. 3.29(a). The
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strains were shown earlier in Figs. 3.1l1 and 3.14. The
stresses obtained from these strains are shown in Fig.
3.29(b). Although a large difference in strain existed
after the yielding of the top reinforcement at the beam-
column interface, there was only a small difference in
stress due to the yielding plateau and the lower stiffness
of the reinforcement in the strain hardening region. The
average bond stress u between the hook and beam-column

avg

interface was calculated by the expression

o =i fsy) By (3.4)
avg Py, lij
where fSi = reinforcement stress at location i, the beam-

column interface,

oy = reinforcement stress at location j, just before
J the hook

Ab = area of reinforcing bar,

Py = perimeter of reinforcing bar,
and lij = distance between i and j.
Values for u for Specimen 2 during the first quarter

avg
cycle of loading are plotted in Fig. 3.30(a). The average

bond stress increases up to 500 psi, decreases to 50 psi
and then increases to 300 psi. This fluctuation in
average bond stress may correspond to a change in bond
mechanism from adhesion, to friction and bearing. The
average bond stress was also calculated in a similar man-
ner for Specimens 5 and 6 with zero column axial load and

the results are shown in Figs. 3.30(b) and 3.30(c)
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repaired region for all the specimens. Few new cracks
were observed in the joint and no cracks were observed in
the column for specimens with the 40 kip column axial
load. For the specimens with zero column axial load, new
cracks were observed in the joint. Also, cracks were ob-
served in the column for Specimens 6 and 8 during retest.
The measured beam~-tip force and deflection indicated
that the strength capacity was higher for the repaired
specimens. This increase in strength can be attributed
to the stressing of the beam longitudinal reinforcement
further into the strain hardening range during retest..
The measured joint distortions were greater for the
repaired specimens. This was due to the increase in shear
in the joint resulting from the higher beam strength. The
measured relative beam rotation over the first 10 in. of
the beam was less for the repaired specimens. This re-
ductibn was due to the absence of the yielding plateau on
the stress-strain curve for the tensioned reinforcement

after original testing.

6.6 Conclusions

Based on this investigation, the following conclusions
are made.
(1) Epoxy injection, and removal and replacement
techniques of repair can effectively restore the

stiffness, strength and energy dissipation
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respectively. The maximum average bond stress for
Specimens 5 and 6 was 230 psi and 330 psi respectively
before a decrease to zero. The zero bond stress indicated
slippage of reinforcement. The average bond stresses

were higher for specimens with the 40 kip column axial
load as seen by comparing the results for Specimen 2,

with those for Specimens 5 and 6. The column axial load
improved the confinement around the reinforcement and im-
proved the frictional and bearing resistance. For sub-
sequent cycles of loading, it is expected that the average
bond stress would decrease due to deterioration in the
concrete around the perimeter of the bar. The deteriora-
tion is caused by the shearing action of the reinforcing
bar ridges against the concrete.

To determine the resistant capacity of the hook
during the first quarter cycle of loading the strains
measured just before the hook and those just after the
hook are converted to stresses and plotted in Fig. 3.31(a)
for Specimen 5 with Type II Design. These results show
that the 90 deg. hook was capable of resisting 60 percent
of the total stress at yielding of the steel just before
the hook. A similar comparison also was made for Specimen
6 with Type I Design as shown in Fig. 3.31(b) and the hook
was found to resist 70 percent of the stress at yield.

For subsequent cycles of loading, the hook will resist

less stress due to cracking and crushing of the concrete
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under the hook. Therefore it is essential that an ex-
tension length of bar beyond the hook is provided to avoid

pullout of the bar.

3.6.4 Shear in Joint

The shear force in the joint was assumed to be re-
sisted by the concrete and the transverse reinforcement.
To determine the shear force in the joint during the

first quarter cycle of loading, the following expression

was used.
Vt = AsfS - Vcol (3.5)
where Vt = total shear force in the joint,
AS = area of beam top reinforcement anchored in the
column,
fs = stress in the top reinforcement at the beam-to-
column interface,
and Vcol = shear force in the column.

The shear force in the column can be obtained by static
equilibrium using the measured beam force. The total shear
force in the joint is plotted with beam~tip deflection
during the first quarter cycle of loading in Fig. 3.32(a)
for Specimen 2 (Type II Design, 40 kip column axial load).
The stress in the top reinforcement at the beam-column
interface was presented earlier in Fig. 3.29(b). The

shear force resisted by the transverse reinforcement was
calculated by Eq. 3.3 using averaged strains measured by

Gages 8 [Fig. 3.19(a)] and 9. These results given in
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Fig. 3.32(a) showed that the hoops resisted approximately
46 percent of the shear force at the end of the -first
quarter cycle of loading. Similar calculations were made
for Specimens 5 and 6 with zero column axial load and the
results are shown in Figs. 3.32(b) and 3.32(c) respectively.
For Specimen 6, the calculation was based on the averaged
strains obtained from Gages 7 and 8. The results indi- |
cated that the transverse reinforcement resisted 38 per-
cent and 15 percent of the joint shear at the end of the
first quarter cycle of loading for Specimen 5 (Type II
Design) and Specimen 6 (Type I Design) respectively. This

finding is not as expected and as observed for the beam
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in Fig. 3.28. It was expected that the shear force resisted
by the transverse reinforcement would be the same for each
specimen, independeht of the amount of reinfOrcement.

The shear in the joint at peak positive beam de-
flection for the second and subsequent cycles along with
the first cycle of loading for Specimens 2, 3, 5, and 6
are shown in Figs. 3.33(a) through 3.33(d) respectively.
For the second and subsequent cycles of loading, the
force applied by the beam top reinforcement was calculated
by dividing the beam moment at the beam-column interface
by the distance between the top and bottom reinforcement.
The results indicated that the shear force in the joint
decreased with each successive cycle at the same displace-
ment level. This decrease is due primarily to the
cracking and spalling of the concrete in the beam. The
shear resisted by the transverse reinforcement and the
concrete in the joint are also shown in Figs. 3.33(a)
through 3.33(d). The shear force resisted by the concrete
was greater for Specimens 3 and 6 with Type I Design than
for Specimens 2 and 5 with Type II Design.

The ACI-ASCE Joint Committee 352 (63) suggests that
the following equation should be used to determine the
maximum shear to be resisted by the concrete in the joint.

Y
' u
v, < 3.5 Bny_c (1+ 0.002 K‘) (3.6)

9
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1.4 for joints where strength is .desired, and
1.0 for joints where both strength and
ductility are desired,

where B

vy = 1.4 for joints confined by members framing
perpendicular to the direction of the shear
force considered, and 1.0 for joints without
such framing members, :

fé = compressive strength of concrete,

N_ = axial load in the column occurring simul-
u .
taneously with Vt’
and Ag = gross cross sectional area of the joint.

For this investigation, the measured shear force resisted
by the concrete, Vs was divided by bw, the width of the
joint, and d, the distance from the beam-column interface
to the far column iongitudinal reinforcement, to obtain

the concrete shear stress for each cycle at maximum posi-

tive beam deflection. This shear stress was divided by

the value of Bnyé (l+0.002;§) to achieve the form given
in Eq. 3.6. These results, which are plotted in Figs.
3.34(a) through 3.34(d) for Specimens 2, 3, 5, and 6
respectively, indicate that the coefficient of 3.5 used in
Eq. 3.6 is too conservative and could be increased to 7.
The results from Specimen 6 indicated that constant was as
high as 10.2. However, as discussed later in Chapter 5,

Specimen 6 gave evidence that the joint had been damaged

during the original testing.

3.6.5 Beam Deflection

The beam-tip deflections measured at the load applica-

tion point at first yielding of the beam top reinforcing
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bars are given for all the specimens in Table 3.2. These

Table 3.2 Measured Beam-Tip Deflection at First Yielding
of Top Reinforcement

Specimen Deflection
(in.)

0.54
0.56
0.53
0.53
0.52
0.50
0.47
0.46

0 N o Uk W N

deflections were taken from the force-deflection curves
shown in Figs. 3.5(a) through 3.5(h). For Specimens 5
through 8, the yield deflections are smaller because the
force was applied and the deflection was measured 41.25 in.
from the inside column face rather than the 46.5 in. for
Specimens 1 through 4.

Specific forces and the corresponding deflections
measured during the first quarter cycle of loading for
Specimen 2 are compared in Table 3.3 with computed de-
flections which were obtained as the sum of various de-

flection components which can be expressed as follows

Ay = A, + Ay + A, + A

¢ 1 2 + A + A (3.7)

3 4 5 6
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where At = total calculated beam deflection,

Al = deflection due to the rotation of the column
' at the beam-column joint,

A2 = deflection due to shear distortion in the joint,

A. = deflection due to the shear distortion in the
beam,

A4 = deflection due to the rotation of the beam over
a 10 in. length beginning from the inside
column face,

A5 = flexural deflection of the beam 10 in. from the
inside column face relative to the column,

and A

flexural deflection of the beam between the
section 10 in. from the inside column face and
the point of load application.

These components of the total beam deflection are illus-

trated in Fig. 3.35. When calculating A6’ the rotation

46.5" >

Fig. 3.35 Components of Total Calculated Beam-Tip
Deflection
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at the left end of the beam at a distance 10 in. from the
inside column face was set equal to zero. The conjugate

‘beam method was used to determine A AS’ and A For A

1’ 6°
and A6' the deflection was based on a uncracked column

ll

section with zero column axial load and a cracked beam
section. The moduli of elasticity for the reinforcement
and the concrete were based on measured values given in
Appendix B. For A5, the deflection was based on the totai
curvature obtained from the relative beam rotation shown
in Fig. 3.26(b). This total curvature was linearly
distributed 6ver the 10 in. span length. The deflection
due to the shear distortion in the joint A2 was calculated
by multiplying‘the joint distortion indicated in Fig.
3.23(a) by the beam leﬁgth. The deflection due to the
shear distortion in the beam A3 was calculated by mul-
tiplying the shear distortion y by the beam length. This
shear distortion was calculated with the following ex-
pression

\ _ Vt

T t
‘Y=__= =
G bw d G bw d (0.4 Ec) (3.8)

where 1 = shear stress in the beam,

G shear modulus for the concrete,

Il

and Ec modulus of elasticity for the concrete.
The A4 deflection was calculated by multiplying the rela-
tive beam rotation at the section 10 in. from the inside

column face by the distance from this section to the point
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of load application. The total calculated beam deflection
was less than the measured deflection as seen in Table 3.3.
The components of the calculated deflection given in
Table 3.3 were normalized by dividing each of the cdr-
responding total measured deflection and these normalized

results are given in Fig. 3.36. The deflection due to
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Fig. 3.36 Plot of Calculated Beam-Tip Deflection
Component Ratio with Measured Deflection,
Specimen 2

bending in the beam (sum of Ayr Ag and A6) represent about
86 percent of the measured deflection at the end of the

first quarter cycle of loading with A4 and AS representing
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about 80 percent. This indicated that most:of the de-
flection was attributed to the first 10 in. of the beam
from the inside column face at the end of the first quar-

ter cycle of loading.

3.7 Concluding Remarks and Design Recommendations

The behavior of the beam-column subassemblages
during original testing indicated that the specimens with
Type II Design behaved better than those of Type I Design.
This is especially true for specimens subjected to the
severe earthquake loading. The added transverse reinforce-
ment in the’Tyée II designed specimens provided a better
confinement for the beam core which in turn reduced the
shear slippage and buckling of the longitudinal reinforce-
ment. The added transverse reinforcement enabled the beam
to have less strength degradation, and more energy'dissipa—
tion during deflection reversals. Also, for the specimens
used in this investigation the damage occurred in the beam
as expected because the ratio of the strength of the
columns with zero and 40 kip axial load to that of the
beam was respectively, three and four as discussed in
Appendix A

The design recommendations made below are based on

the findings made during this investigation.

Transverse Reinforcement in Beam

The transverse reinforcement should be designed and

spaced to resist the total beam shear near locations where
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the maximum moments are expected during seismi¢ loading.
However, the maximum stirrup-tie spacing should still be
d/4 for a distance of 44 from the column as recommended

by the ACI 318-71.

Shear in Joint

The allowable shear stress which the concrete in the
joint can carry should be increased to that given by the

following expression.v

N
- ' u
v, =78 nyc (1 + 0.002 K;) (3.9)

The remaining shear stress should be resisted by the

transverse reinforcement as indicated by the following

expression
\/
- t _
Vs = r VC (3.10)
cv
where vy = shear stress to be resisted by the transverse
reinforcement,
and ACV = effective area of the cross-section. For con-

finement provided by other members framing

into the joint, Acy = byd. For no confinement
provided by other members, A,y equals the width
taken to the outside of the hoop multiplied by
d.

For the design of the transverse reinforcement in the

joint (between the beam top and bottom longitudinal rein-
forcement), the number of hoops can be calculated by the
following expression

v_ A
s “‘cv

o]
]

(3.11)
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where n = number of hoops required in the joint,

By

area of transverse reinforcement,

and fy = yield stress of transverse reinforcement.
The spacing of the hoops in the joint can then be made in
accordance with the recommendation from ACI-ASCE Joint
Committee 352 which suggests‘that the hoops be spaced a
given distance from the beam longitudinal reinforcement

anchored in the joint.



CHAPTER 4

REPAIR TECHNIQUES AND REPAIR MATERIALS

4.1 Introduction

In practice, structures that have survived an earth-
quake with only minor damage will usually be repaired by
epoxy injection. More extensive damage will necessitate
complete removal of the loose concrete at which time the
reinforcement can be inspected for either necking or
fracture. The resulting void can then be filled with a
repair material. It is desirable to use a repair material
with high early sﬁrehgth so the structure can be re-
occupied in the shortest possible time. Regardless of
which technique is used, minor cracks are usually not
repaired.

Although the epoxy injection type of repair has been
used extensively in the past for economical reasons, the
removal and replacement method of repair is the most
reliable way of repairing a damaged structural member.

For the epoxy injection, the amount of penetration of the
epoxy into the cracks is an unknown factor unless core
samples can be taken. However, for critical locations in
the structure, such as the beam-to-column joint where the
penetration information is most needed,\cores cannot be
taken because it would remove portions of the reinforcement
which cannot be replaced. Therefore, unless a nondestruc-
tive method of evaluation can be developed, the amount

of epoxy penetration into cracks remains unknown.

99
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For the removal and replacement type of repair, prop-
er selection of a repair material to replace the damaged
concrete is important if,the repaired area is to dissipate
the energy during subsequent earthquakes. The selection
of the material should be based on the following mechani-
cal properties which afe considered ideal for a repair
material: 1) compressive strength equal to or greater
than that in adjacent regions, 2) stiffness cbmparable to
that of adjacent regions, and 3) high ultimate strain
capacity.

Fdr frame structures that have been designed before
the adoption of a current seismic code and have sustained
damage from an earthquake, the repair of the damage
should satisfy the current code requirements. Before re-
pairs, considerations should be given to strengthening the
structure for the purposes of reducing damage and even
preventing collapse during subsequent earthquakes. For
structures designed to a current seismic code which showed
poor behavior during an earthquake, strengthening should
also be considered. Strengthening of the structure can be
accomplished by either erecting shear walls or enlarging

beams and columns.

4.2 Repair Techniques

In this study, two techniques were used to repair

the beam-column subassemblages. They are epoxy injection



101

and the removal and replacement of local damaged material.

The procedure for both techniques is given below.

Epoxy Injection

Epoxy injection is a technique where low viscosity
epoxXy is injected into cracks for the purposes of re-
storing continuity in the concrete and bond between the
concrete and reinforcing steel. A procedure used by a
representative of Sika Chemical Corporation, Lyndhurst,
New Jersey, using their products for the beam repairs made
during this investigation was as follows. For cracks
pPenetrating the entire width of the member, polyethylene
check valve nipples, in which reverse flow in the nipples
are permitted if the stopper in the valve is depressed,

were located along the crac¢k (Fig. 4.1) on both sides of

Fig. 4.1 Nipples Located Along Cracks



102

the member. For narrow cracks, the nipples were spaced
closer together. High viscosity Colma Dur Gel epoxy was
used to seal over the cracks and around the base of the
nipples to prevent escape of the injected epoxy material

as shown in Fig. 4.2. After the sealant cured, a

Fig. 4.2 Epoxy Used to Seal Over Cracks and Around Base
of Nipples

caulking gun loaded with a cardboard cartridge was used

to inject the low viscosity Sikadur Hi-Mod epoxy into the
nipple at the lowest elevation while the valve stopper in
the nipple at the next higher elevation along the crack
was depréssed to bleed off air and witness epoxy overflow.
When overflow was evident in the nipples at the next higher
elevation on both sides of the specimen, the crack between
the injected and overflowing nipples was assumed to be

saturated with epoxy. The injected nipple was closed and
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the process was shifted to the overflowing nipples. This
process was repeated until the entire crack had been
saturated. If leakage of epoxy had occurred in the sealed
cracks or around the base of the nipples during the in-
jection proéess, a bar of soap was rubbed over the area of
leakage to provide a temporary seal. If this method had
failed, the epoxy injection process would have been delayed

until the sealant could be reapplied. Figure 4.3 shows

Fig. 4.3 Epoxy Injection in Progress

the injection in progress. After repair, the sealant
could have been heated and scraped off to return the
member to its original smooth surface.

Other epoxy manufacturers and concrete repair com-
panies may use different methods of injecting epoxy into

cracks. Their methods would be considered adequate if
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complete penetration of the epoxy into the cracks can be

accomplished.

Removal and Replacement

The only effective method of repairing severely
damaged structural members is to remove the damaged mate-
rial and replace it with a repair material. 1In this
process, the repair of the damage should satisfy the cur-
rent seismic code requirements.

The procedure for the removal and replacement repair
was as follows. Loose concrete in the beam was removed
with a hammer and chisel. Buckled bars were straightened
as much as possible by hitting them with a hammer. None of
the reinforcément was fractured during original testing.
For specimens with Type I Design, No. 2 stirrup-ties were
added in the void area to reduce the spacing of the trans-

verse reinforcement from d4/2 to d/4 (Fig. 4.4). This

Fig. 4.4 Added Transversement Reinforcement
in Void Area



105

latter spacing now satisfied ACI 318-71 requirements for
shear and confinement. The feinforcement and existing
concrete surfaces in the void were sandblasted if epoxy
was used to improve the bond between the original and
repair material. Wood forms, cqvered with polyethylene,
were erected to enclose the existing void. This polyF
ethylene was used to protect the forms from the epoxy.
If epoxy was used, the Sikadur Hi-Mod epoxy was painted
on the existing surfaces before placing the repair mate-
rial. For the repair materials with a setup time of less
than 15 min. (Duracal cement concrete and high strength
quick setting concrete as described in Sec. 4.3), the
aggregates were dry mixed in.a wheel barrow with a hoe
before adding the appropriate liquids. For the high early
strength concrete repair material which has a longer set-
up time, the aggregates and water were combined in a
portable concrete mixer. After thorough mixing, these
repair materials were placed in the void and vibrated to
eliminate air pockets. For specimens repaired with high
early strength concrete, the repaired region was moist
cured with damp burlap for three days. Other materials
were air cured.

The prepack method of placement as suggested by Schutz
(65) was utilized for the epoxy-sand mortar repair mate-
rial. For this procedure, the sandblasted surfaces of the

concrete and reinforcement were painted with Sikadur Hi-Mod
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epoxy. Tightly fitted forms were erected and caulked

with molding clay to prevent leakage of epoxy. A one inch
layer of sand was placed in the void and then saturated
with the low viscosity Sikadur Hi~-Mod epoxy. Additional
one inch layers of sand were placed and saturated until a
total thickness of five inches was attained. A delay of
several hours was taken before starting the next five inch
accumulation to allow the heat generated by the chemical
reaction during curing of the epoxy to dissipate. This
method of placement maxiﬁizes the strength of the material
by minimizing air bubbles in the mortar which are created
by agitation. After placement, the epoxy-sand mortar was

air cured.

4.3 Properties of Repair Material

The materials used to repair the beam-column sub-
assemblages were selected primarily because of their high

eérly strength. They are: Sikadur Hi-Mod, a low visco-

sity epoxy manufactured by Sika Chemical Corporation,
Lyndhurst, New Jersey, which was used with the epoxy

injection technique; Epoxy-Sand Mortar, consisting of

Sikadur Hi-Mod epoxy and sand with a uniformity coef-

ficient of 1.33 and a D50 of 1.55 mm; Duracal Cement

Concrete, consisting of one part Duracal cement (produced
by United States Gypsum Company, Chicago, Illinois, from
gypsum and Portland cement), one part well graded sand,

and 0.25 part water by weight as described in Reference



107

(37); High Strength Quick Setting Concrete (developed by

Republic Steel Corporation, Cleveland, Ohio), consisting
of one part fine, dry aggregate mixed in conjunction with
powered magnesia and 0.25 part activator solution by

weight as suggested by Best (10); High Early Strength Con-

crete consisting of three parts 1/4 in. pea gravel, four
parts well graded sand, two parts Type III cement and 0.90
part water by weight. The epoxy-sand mortar, the Duracal
cement concrete, and the high strength quick setting con-
crete are relative new materials in the construction

field and their properties are not well known. Therefore,
the short term and long term loading properties were in-
vestigated using standard 4 in. by 8 in. cylinders. The
procedure for obtaining these standard cylinders was as
follows. The cylinder molds were coated on the inside with
automobile wax to act as.a debonding agent. The materials
were mixed and placed in the cylinders in the same manner
as used in repairing the beam-column subassemblages. The
cylinder molds were stripped six hours after casting. The
speciﬁens were then stored in the laboratory with no
special curing conditions. For the cylinders loaded
longitudinally, the top and bottom of the cylinders were
capped with a high strength sulfur compound to distribute

the stresses uniformly during loading.

4.3.1 Short Term Loading

The stiffness and strength properties for the epoxy-

sand mortar, the Duracal cement concrete, and the high
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strength quick setting concrete were investigated at ages
3} 7, 13, and 27 days.v To determine the stiffness and
'cbmpressive strength, the cylinders were loaded at a rate
of 30 psi per sec., as suggested by ASTM C39 (72) for
regular (Type I) concrete. To determine stiffness, the
longitudinal deformation was measured by a 6 in. gage
length compressometer which contained a dial gage that can
be read to the nearest 0.0005 in. The stiffness was then
taken to be the secant modulus from zero to 45 percent of
the ultimate load. Typical stress-strain curves for these
three materials are shown in Figs. 4.5(a) and 4.5(b) for
age 3 days and 27 days respectively. The modulus of
elasticity and compressive strengths obtained from these
stress-strain cur&es are plotted in Figs. 4.6, 4.7, and
4.8 for each of these three materials. The average values
also are given in Table 4.1 for age 3 days and 27 days.
Table 4.1 shows that the modulus of elasticity of the
epoxy-sand mortar, the Duracal cement concrete, and the
high strength quick setting concrete increased 11 percent,
25 percent and 16 percent respectively from age 3 days to
27 days. For the compressive strength, the epoxy-sand
mortar, Duracal cement concrete, and high strength quick
setting concrete had increases of 18 percent, 50 percent,
and 58 percent respectively from age 3 days to 27 days.
To obtain a measure of the tensile strength of the

repair materials, the standard splitting test was utilized
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with the cylinders being loaded at 2.5 psi per sec. as
suggested by ASTM C496 (73) for regular concrete. The
results of the splitting test are given in Figs. 4.6(c),
4.7(c), and 4.8(c) for the three materials. The average
values are summarized in Table 4.1 for age 3 days and 27
days. The tensilé strength for the epoxy-sand mortar,
Duracal cement concrete, and high strength quick setting
concrete increased 24 percent, 46 percent, and 45 percent
respectively from age 3 days to 27 days.

The Sikadur Hi-Mod epoxy and the high early strength
- concrete were not investigated in this study at different
“ages for stiffness and strength. However, investigations
by Sika Chemical Corporation (67) on the Sikadur Hi-Mod
have shown that the stiffness and compressive strength
increase about 86 percent and 15 percent respectively
from age 3 days to 27 days as shown in Figs. 4.9(a) and
4.9(b) and indicated in Table 4.1. The results were based
prism type speciﬁens as suggested by ASTM D695 (71).
Sika Chemical Corporation (66) also indicated the Sikadur
Hi-Mod had a 14 day tensile strength of 4,900 psi which
was based on coupon: specimens loaded in direct tension
as suggested by ASTM D638 (74). For the high early
strength concrete, a compressive strength of 5,000 psi can
be attained at age 7 days and the stiffness and tensile

strength are similar to regular concrete.
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4.3.2 Long Term Loading

Standard 4 in. by 8 in. cylinders were used to in-
vestigate the long term (creep) behavior of the epoxy-
sand mortar, the Duracal cement concrete and the high
strength quick setting concrete. To measure the longi-
tudinal deformation of the cylinder, gage points were
located six in. apart on the side of the cylinders. A
second set of gage points were located diametrically
opposite to thé first set. Each gage point consisted of
a brass insert cast with the specimen énd a center punched
stainless steel screw. The gage points were manufactured
by Soiltest, Inc., Evanston, Illinois.

At age three days, three sets of creep specimens
were loaded to different stress levels. For the Duracal
cement concrete and the high strength quick setting con-
crete, stress levels of 1,000 psi, 2,000 psi, and 3,000
psi were selected to represent 20 percent, 40 percent, and
60 percent of the three day compressive strength. For the
epoxy-sand mortar, higher stress levels of 1,000 psi,
2,500 psi and 4,000 psi were used to represent corres-
ponding loading levels for higher three day compressive
strength. To determine shrinkage and environmental
effects, a total of four control cylinders for each mate-
rial were stored with the creep specimens.

The creep specimens were loaded in the stress racks

shown in Fig. 4.10. During initial loading and reloading
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Fig. 4.10 Creep Specimens Loaded in Stress Racks

of the specimens, a 30 ton capacity hydraulic ram was
placed between the one inch loading plate and the 1 1/8
in. end plate. The applied force was measured with a load
cell and was checked by the pressure gage on the hydraulic
pump. After reaching the desired load, the loading plate
was fixed to serve as an end plate.

The relative movement of the gage pbints on the side
of the cylinders were measured with a mechanical multi-
position strain indicator capable of measuring movement

to the nearest 0.0001 in. The indicator was manufactured
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by Soiltest, Inc. Before measurements were made on the
cylinders, the strain indicator was "zeroed" against an
invar bar to eliminate the effects of the temperature
on the indicator.

The schedule for measuring load and deformation of

the cylinders are given in Table 4.2 and was similar to

Table 4.2 Data Acquisition Schedule for Creep Study

Before loading

After loading

Several hours after loading

Every day for the next week

Every fourth day for the next two weeks
Every week for the next month

Every two weeks for the next month

Once a month up to a year

W 00 N O U & W N -
.'l‘...I..

Once every two months thereafter

to that suggested by ASTM C512 (75) to investigate the
creep and shrinkage of concrete. Temperature and humidity
measurements were continuously recorded during the first
year of.loading.

The initial and time dependent strains for the
stressed specimens are shown in Figs. 4.11(a), 4.12(a) and
4.13(a) for each of the three materials. Each figure con-
tains the data from three cylinders for each of the three
different stress levels and each data point represents the
average of the two sets of gage point readings from one

cylinder. For the Duracal cement concrete and the high
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strength quick setting concrete, the load was adjusted at
6 days and 115 days. The load was adjusted at 11 days
for the two lowest stress levels and at 7 days for the
highest stress level for the epoxy-sand mortar. The re-
duction in load before adjustment represented less than a
10 percent drop for~all‘the materials.

The time dependent strains measured from the load-
free specimens after age three days are shown in Figs.
4.11(b), 4.12(b), and 4.13(b) for each material. Each data
point represented the average of the two sets of gage
point readings from one cylinder. These strains include
the shrihkage of the material as well as strains due to
temperature and humidity effects. For the Duracal cement
concrete and the high strength quick setting concrete, the
maximum average strain based on four cylinders are given

in Table 4.3. For the epoxy-sand mortar, the maximum

Table 4.3 Measured Maximum Load-Free Strains for Repair

Material
Material Load-Free Strain
(X10~% in./in.)
Epoxy-Sand Mortar 247
Duracal Cement Concrete 732
High Strength Quick
Setting Concrete 709
High Eariy Strength
Concrete ‘ 415-1,000 (i)
Regular (Type I)
Concrete - 415-1,000 (i)

(i) Suggested by MeYers (55), and are ultimate shrinkage
values starting from age 7 days.
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"average strain in Table 4.3 was based on two cylinders
cast with the 4,000 psi creep specimens. (The other two
cylinders were cast simultaneously with the 1,000 psi and
2,500 psi creep specimensQ) These values may be used in
calculations requiring an ultimate shrinkage strain.

The averaged strains from the load-free specimens
were subtracted from the averaged strain for each stress
level to obtain the initial and time dependent creep
strains shown in Figs. 4.11(c), 4.12(c), and 4.13(c) for
each of:the materials. The epoxy-sand mortar exhibited
linear visco-elastic behavior with respect to scaling as
seen in Fig. 4.11l(c). Scaling implies that if a stress
is changed by factor a, the time dependent strains are
also changed by the factor a.

To calculate the initial and time dependent creep
coefficients, the initial strain was subtracted from the
creep strain and the quantity divided by the initial
strain. The initial strain values were obtained from the
average of stress-strain curves from Sec. 4.3.1, one of
which is shown in Fig. 4.5(a) for each material. The
time dependent creep coefficient for each stress level are
shown in Figs. 4.11(d), 4.12(d), and 4.13(d) for each of
the materials. The creep coefficient at about 600 days
for different stress levels are given in Table 4.4 for
each of the materials investigated.

The Sikadur Hi-Mod epoxy and the high early strength

concrete were not investigated for long term behavior.
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Table 4.4 Experimental Creep Coefficients for Repair

Material
Material Stress Level Time Creep Coefficient

(psi) (Days)
Epoxy-Sand 1,000 648 1.14
Mortar 2,500 - 648 1.23

4,000 644 1.23
Duracal Cement 1,000 623 4.04
Concrete 2,000 623 4,08

3,000 623 4,45
High Strength 1,000 623 3.32
Quick Setting 2,000 623 2.79
Cement 3,000 623 2.64

High Early

Strength Concrete ultimate 1.98-4.07 (i)

Regular (Type I) ultimate 1.98-4.07 (i)
Concrete

(i) Suggested by Meyers (55), and was based on loading at
age 7 days.

For the Sikadur Hi-Mod epoxy; the amount of material used
in repair applications»such as epoxy injection is usually
small. Theréfore,creep of the material does not seem to
be an important factor in determining deflections. For
the high early strength concrete, investigators (30) have
found the ultimate créep coefficient based on loading at

age of seven days is bounded by values of two and four.

4.3.3 Discussion of Material Behavior
The materials which were investigated and later used

to repair the beam-column subassemblages showed high three
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days compressive strength, especially the epoxy type
materials. For the Duracal cement concrete and the high
strength quick setting concrete, the stiffness and tensile
strength were comparable to that Qf regular concrete.
The epoxy-sand mortar had about half the stiffness of
regular concrete and about twice the tensile strength.
For the Sikadur Hi-Mod epoxy, which had high strengths,
the low stiffness may not be critical if only small
amounts of the material are used as in the injection tech-
nique. |

From age 3 days to 27 days, the Duracal cement con-
crete and the high strength quick setting concrete did
show an appreciablebgain in stiffness and strength whereas
the epoxy-sand mortar showed only a small increase as
indicated in Table 4.1. The small increase in stiffness
and strength implies that full loads can be applied to
the epoxy-sand mortar earlier than for the other two
materials.

The»iong term creep coefficients are given in Table
4.4 for the re?air materials. For the Duracal cement con-
crete, the creep coefficient at age 623 days is somewhat
higher than for regular concrete. However, it was felt
that the>creep coefficient can be reduced by delaying the
age.of.ioading to sometime later than three déys. For the
epoxy-sand mortar and high strength quick setting concrete,
the creep coefficients are reasonable and are quite

acceptable compared to regular concrete.



CHAPTER 5

BEHAVIOR OF REPAIRED SPECIMENS

5.1 Introductory Remarks

The beam-column specimens had been subjected to the
‘loading parameters summarized in Table 2.1 to obtain dif-
ferent degrees of damage. After that original testing,
the specimens were repaired in a upright position to
simulate actual repair éituations.

Specimens 1 and 3 after being damaged by the dis-
placement pattern representinglmoderate earthquake loading
[(Fig. 2.4(a)], were repaired by the epoxy injection tech-
nique. The details on this repair procedure were given in
Sec. 4.2. Cracks smaller than about 0.0l in. in width,
such as those in the joint, were not injected. Specimens
2, 4, and 6 through 8 were more severely damaged and
were repaired by the removal and replacement technique
described in Sec. 4.2. During repairs, additional stirrup-
ties were added in the void area of the beam for Specimens
4, and 6 through 8, which had Type I Design. The addi-
tional stirrup-ties reduced the spacing from d/2 to d/4.
‘This latter spacing satisfied ACI 318-71 requirements for
shear and confinement. For Specimen 4, which was repaired
with high strength quick setting concrete, sides of the
void and the exposed reinforcement in the void were not
sandblasted and painted with epoxy because of the good

bonding characteristics of the repair material. However,
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the sides of the void and the reinforcement were painted
with activator solution just before placing the high
strength quick setting concrete as suggested by Best

(10). For Specimens 2, and 6 through 8, the void was
sandblasted and then painted with Sikadur Hi-Mod epoxy
before placing the new material. After repairs, the speci-
mens were stored in the laboratory without special curing
conditions, except for the high early strength concrete
which was moist cufed for three days. Specimen 5 was not
repaired.

- The repaired subassemblages were subjected to the
same loading as summarized in’the Table 2.1 for the retest
so that a direct comparison with the original behavior
could be made.

The material used in the repair of each specimen and
their stiffness and compressive strength at the time of
retest of the subassemblages are summarized in Table 5.1.
These stiffness and compressive strengths are based on the
average of two or more tests of 4 in. by 8 in. cylinders
which were stored with the subassemblages. The compressive
strengths of the repair materials were higher than for the

original material which had a nominal strength of 4,000 psi.

5.2 Visual Observations

Observations made during the retest for each specimen

are briefly described here.
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Specimens 1 and 3. The epoxy injected cracks remained
closed during the first cycle of loading. Unrepaired
cracks opened and new cracks formed in the beam both within
and adjacent to the repaired region. Little additional
cracking occurred during subsequent cycles of loading. At
the higher displacémeht level, the cracks became wider.

No spalling occurred in the beam. The joint sustained no
additional cracking during retest and no cracks were seen
in the column.

Specimen 2. During the first quarter cycle of
loading, cracking and spalling in the compression zone
occurred in the region repaired with the high early
stréngth concrete. Unrepaired cracks opened and new
cracks were formed in the beam adjacent to the repaired
region. After the first cycle, little additional cracking
and spalling occurfed during sﬁbsequent cycles of loading.
The joint sustained no additional cracking during retest
and no cracks were observed in the éolumn. Figure 5.1
shows Specimen 2 after retest.

Specimen 4. During the first quarter cycle of loading,
cracking and a sudden spalling in the compression zone oc-
curred in the region repaired with the high strength quick
setting concrete. Uniepaired cracks opened and new cracks
were formed'in the beam adjacent to the repaired region.
After the‘first cycle, little additional cracking and

spalling occurred during subsequent cycles of loading at
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| ROARE

- SPEOMEN

Fig. 5.1 Repaired Specimen 2 after Retest

the same displacement level. For cycles at the higher dis-
placement level, shear slippage along verﬁical cracks in
the repaired region was observed. Due to this slippage,
additional cover was spalled off. For the remaining

cycles at the lower displacement level, slipping and
spalling continued in the beam. The joint sustained little
additional cracking during retest and no cracks were seen

in the column. Figure 5.2 shows Specimen 4 after retest.
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Fig. 5.2 Repaired Specimen 4 after Retest

Specimen 6. The region of the beam repaired with high
early strength concrete sustained only minor cracking. A
considerable amount of cracking occurredin the joint during
retest as illustrated by comparing Figs. 5.3(a) and 5.3(b)
after original testing and retest respectively. Slippage
of the reinforcement anchored in the joint was observed
during the cycles at the high displacement level and the
slippage continued at the low displacement level. Cracks

were observed in the column.



(a) Specimen 6 after Original
Testing

Fig. 5.3 Comparison of Damage

(b) Repaired Specimen 6 after

Retest

for Original and Repaired Specimen 6

SE€T
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Specimen 7. The beam was repaired with' Duracal cement
concrete in two lifts with the second 1lift being the top
one in. of the beam. Cracking and spalling in the com-
pression zone occurred in the repaired region during the
first quarter cycle of loading. Unrepaired cracks opened
and new cracks were formed in the beam adjacent to the
repaired region. After the first cycle; little additional
cracking and spalling occurred during subsequent cycles of
loading at the same displacement level. At the higher
displacement level, the first and second lifts of the re-
pair material separated at the construction interface where
Sikadur Hi-Mod epoxy was used to improve the bond. Further
examination showed that the epoxy bonded only to the second
lift. Shear slippage was observed along vertical cracks in
the repaired reagion. Due to this slippage, additional
cover was spalled off. For the cycles at the lower dis-
placement level, the slipping and spalling continued in the
beam. ' The joint sustained additional cracking during retest
as seen by comparing Fig. 5.4 with Fig. 3.2(b) obtained af-
ter original testing. No cracks were observed in the column.

Specimen 8. The region in the beam repaired with
epoxy-sand mortar sustained only cracking. Cracks were
concentrated at the beam-to-column interface adjacent to
the repaired region as seen in Fig. 5.5. Shear slippage
was observed along these cracks during load reversals. The
joint sustained additional cracking during retest. A

longitudinal crack was observed in the column.



Fig.

5.4

Repaired Specimen 7
after Retest

Fig.

5.5

Repaired Specimen 8
after Retest

LET
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For specimens where Sikadur Hi-Mod epoxy was used
during repairs to improve the bond between the existing
surfaces and the new material, no concrete was found
bonded to the exposed reinforcement after retest. Instead,
the longitudinal and transverse reinforcement were smooth.
This observation questions the effectiveness of the epoxy
to improve the bond when the bonded materials are sub-
jected to large strain reversals.

None of the longitudinal or transverse reinforcement

fractured during retesting of the subassemblages.

5.3 Measured Force and Deflection

The beam-tip force vs deflection curves are given in
Figs. 5.6(a) through 5.6(g) for repaired Specimens 1
through 4, and 6 through 8. During the first quarter
cycle of loading, the specimens initially exhibited almost
linear behavio: followed by a reduction in stiffness which
was attributéd primarily to the yielding of the beam top
reinforcement. Specimens 2, 4, and 7 showed a decrease in
load during the first quarter cycle of loading as a result
of the concrete crushing in the beam compression zone.

For the remainder of the first cycle and for subsequent
cycles of loading, the force-deflection curves were similar
in shape to those obtained during original testing after
the first cycle. |

The force-deflection curves demonstrated behavior rang-

ing from that of flexural distress in the beam for Specimen
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2 as in Fig. 5.6(b) to shear and anchorage distress in the

joint for Specimen 6 as in Fig. 4.6(e). The flexural type

behavior in the beam was more stable from cycle to cycle.
The initial stiffness from the first quarter cycle on

the force-deflection curve is given in Table 5.2 for all

Table 5.2 Secant Stiffness Modulus of Subassemblages
During First Loading

Stiffness (kip/in.)

Specimen Original Repaired
1 11.3 ' 10.3
2 10.3 11.3
3 9.5 | 9.8
4 10.4 10.5
5 12.6 . -
6 13.2 11.3
7 13.0 11.7
8 12.0 12.3

the repaired specimens. The stiffness was based on the
secant modulus between beam-tip deflections of 0.10 in.
and 0.40 in. The initial stiffness of the repaired speci-
men was almost the same as that for the original specimen.
The peak-to-peak loads at the maximum beam deflec-
tions, the energy dissipated, and the cumulative energy
dissipated are compared with the original behavior for
each cycle of loading in Figs. 3.6(a) through 3.6(d) and
Figs. 3.6(f) through 3.6(h) respectively for Specimens 1
through 4 and 6 through 8. The peak-to-peak loads were

consistantly higher for the repaired specimens as compared
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to the original specimens, except for Specimen,K 6. The
higher peak-to-peak loads were attributed to higher
stresses in the beam longitudinal reinforcement during re-
£est. The higher stresses occurred because the longitudi-
nal reinforcementbwas strained further into the strain
hardening range. Figure 3.6 shows that repaired Specimens
1 through 4 dissipated just as much energy as the original
specimens. However, repaired Specimen 6 through 8 dis-
sipated less energy than the original specimens with
Specimen 6 being the extreme case.

The peak-to-peak loads and the energy dissipated were
less for repaired Specimen 6 because the primary damage
occurred in the joint during retest. Damage in the joint
enabled the reinforcement anchored in the joint to slip
during cyclic type loading. For Specimens 7 and 8 which
sustained less cracking in the joint éfter original testing
as compared to Specimen 6, the lower energy dissipated
during retest was attributed to both the shear slippage in
the beam and the increase in slippage of the reinforcement

anchored in the joint.

5.3 Measured Distortién in Joint

The joint distortion is plotted with beam deflection
in Figs. 5.7(a) and 5.7(b) for repaired Specimens 2 and 6
respectively. The peak-to-peak distortions at maximum beam
deflection for each cycle of loading are plotted in

Figs. 5.8(a) and 5.8(b) for Specimens 2 and 6 respectively.
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Compared with the original tests, the repaired specimens
show more joint_diStortion except for the last four cycles
for Specimen 6, at which time the joint had been severely
cracked and the beam reinforcement anchored in thé joint
slipped, Specimens 1, 3, 4, 7, and 8 also had more dis-
tortion in the joint during retest as compared to original
testing. This increase in distortion for the repaired
Specimens was attributed to the increase in shear in the
joint resulting from the higher peak-to-peak applied beam

force.

5.4 < Measured Rotation in Beam

The beam rotation at a section 10 in. from the inside
column face, measured relative to the column face, is
plotted with beam force and deflection for repaired
Specimens 1 and 2 in Figs. 5.9(a), 5.9(b), 5.10(a) and
5.10(b). As in the force vs deflection curves for the
repaired specimens, distinct yield rotation is not ob-
served during the first quarter cycle of loading in Figs.
5.9(a) and 5.10(a).

The peak-to-peak relative beam rotations for repaired
Specimens 1 and 2 are plotted for each cycle of loading in
Figs. 5.11(a) and 5.11(b) respectively and are compared
with the rotations from the original tests. The rotations
are less for the repaired specimens. The decrease in
relative beam rotation is primarily attributed to the

absence of the yielding plateau on the stress-strain curve
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for the tension reinforcement after original testing.
Specimens 3, 4, 6 and 8 also had less relative beam rota-
tion during retest. For repaired Specimen 7, which sus-
tained severe spalling in the beam compression zone during
the first quarter cycle of loading, the relative beam

rotation was greater.

5.5 Beam Deflection

The measured and calculated beam-tip deflections
during the first quarter cycle of loading are summarized
in Table 5.3 for repaired Specimen 2. The beam deflections
were calculated using Eq. 3.7 as described in Sec. 3.6.4.
Fbr AS, the deflection was based on the total curvature
being distributed uniformly over the 10 in. span length.
When the moment exceeded the yield moment capacity of the
original section, the deflection component A6 was based on
the experimental moment—curvatufe relationship (Fig. 5.12)
obtained at the beam-column interface during the first
quarter cycle of original testing. The curvature was cal-
culated by taking the difference in strains between the
top and bottom longitudinal reinforcement and dividing it
by the distance between the reinforcement. The calculated
total beam deflection was less than the measured deflection
as was the case during original testing (Table 3.3).

The components of the calculated beam deflection given

in Table 5.3 are normalized by dividing the corresponding



Table 5.3 Comparison Between Calculated and Measured Beam-Tip Deflection, Repaired

Specimen 2

Calculated Deflection Components Total Calculated Measured Measured

Ay Ao As Ay As A Deflection Deflection Force
(in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (kips)
0 0 0 0 0 0 0 0 0

0.014 0.031 0.002 0.155 0.021 0.082 0.305 0.35 4.66
0.021 0.040 0.004 0.219 0.030 0.122 0.436 0.50 6.88
0.027 0.056 0.005 0.459 0.063 0.276 0.886 0.94 8.74
0.030 0.062 0.005 0.801 0.110 0.536 1.544 1.73 9.68
0.030 0.070 0.005 1.201 0.164 0.536 2.006 2.30 9.58

GGT
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measured deflections and the cumulative results are illus-
tfated in Fig. 5.13 for repaired Specimen 2. The deflec-
tion due to bending in the beam (sum of A4, A5, and A6)
represents about thé same percentage (84) of the total as
during original tests. The contributions of deflections
to the total deflection were in different

A A5, and A

4’ 6
proportions for the repaired specimen than for the original

specimen. Deflections A4 and A5 providing less and A6

providing greater contributions. The increase in A6 is



157

Z
léJ 100~
8 M ' ——
—5 A

25 801 T
Ug _fs
Z -
@)
Eé ©or o—0— 9 —o—7Bs
U_je:J o0 ~ M
g% a0

O
ax 20
3 8123
;IJ’ o L O S — — 0L
O 0 0.50 1.00 1.50 2.00 2.50

MEASURED DEFLECTION (IN.)

5
-
Q

5.13 Plot of Calculated Beam-Tip Deflection Component
Ratio with Measured Deflection, Repaired
Specimen 2

due to the higher applied moments which caused the beam
top reinforcement to yield beyond the 10 in. region of

the beam next to the column during retesting.

5.6 Discussion of Results and Recommendations

Retests of the repaired beam-column subassemblages
made in this investigation indicated that the epoxy in-
jection and the removal and replacement techniques of re-
pair were both effective in restoring structural integrity
to the beam. The beam-tip force vs deflection curves
shown in Figs. 5.6(a) through 5.6(d) for Specimens 1
through 4, indicate that the stiffness, strength, and

energy dissipation capacity have been restored.
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The repaired beams were stronger during retest due
to the use of high strength replacement materials and
the previous strain hardening of the reinforcement during
original testing. Because of the increase in strength,
the joint and column were usually stressed to a higher
level, thereby creating the possibility that the damage
during retest could move from the beam to the joint and/or
column as seen by Specimen 6. Because damage in the joint
can produce a rapid loss of structural integrity, it is
recommended that exterior joints be reevaluated before
repairs for conformance with the current seismic code to
determine if the joint is adequate to resist a future
earthquake.

The addition of stirrup-ties to the beam for the pur-
pose of confinement during repair seems beneficial,
especially to resist large displacement reversals. Visu-
al observations of Specimen 7 indicated that the beam core
held together better during retesting than during original
testing. It is recommended that whenever necessary,
stirrup-ties should be added in the beam during repair to
satisfy the current seismic code for confinement.

Brittle materials with low ultimate strains should be
avoided in repair. These materials will usually crush
during early stages of bending action and cause a sudden
loss of the cover in the compression zone, thus reducing

the beam cross section. Also, after these materials are
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cracked in tension, smooth crystalline planes are formed
that offer little resistancé to shear slippage during load
reversals. This is especially true for materials con-
taining only fine aggregates which provide little inter-
locking resistance. Of the materials used in the repairs
described herein, the high early strength concrete seems
to be the most practical. The high early strength con-
crete is compatible with the original concrete; it is

the most economical of these materials, and it does not
require new material handling techniques.

Epoxy used as a bonding agent needs further investi-
gation. Observations of the damaged specimens after re-
testing showed no traces of epoxy bonded concrete on the
exposed reinforcement in the repaired region. Where
epoxy was used to bond the first 1lift of Duracal cement
concrete to the second lift in Specimen 7, the material
separated at this construétion interface after a few
cycles of inelastic loading. Therefore, it is recommended
that before epoxy is used in new applicaﬁions with dif-
ferent materials, it should be laboratory tested in a

manner similar to the expected field conditions.



CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Introduction

The principal objectives of this investigation were
(1) to experimentally investigate the behavior of exterior
reinforced concrete beam-column subassemblages designed ac-
cording to the most recent earthquake resistant design re-
commendations, (2) to use these test results to suggest
improved recommendations for design of the subassemblages,
(3) to evaluaté two repair techniques currently used in
practice, (4) to investigate the short term loading stiff-
ness and strength properties and long term loading creep
properties of different materials which may be used for
structural repairs, and (5) to investigate the behavior of

repaired beam-column subassemblages.

6.2 Experimental Investigation

Eight exterior beam-column subassemblages were de-
signed neing either of two design criteria. The ACI 318-71
Building Code for nonseismic areas was used for the first
design to represent existing structures which were designed
without seismic considerations. The second design used the
ACI 318-71 Building Code with seismic considerations along
with recommendations from ACI-ASCE Joint Committee 352 for
the design of beam-column joints in monolithic reinforced
concrete structures. The primary difference between the
two designs was the amount of transverse reinforcement in

the subassemblages.

160



161

The specimens were tested with the ends of the column
being simply supported. A constant axial load of either
zero or 40 kips was applied to the column before slowly
deflecting the beam tip.

Two beam displacement patterns were used to obtain
different degrees of damage during original testing. The
patterns were meant to repgesent subassemblage response
to either a moderate or severe earthquake loading.

After original testing, the specimens were repaired
using one of two repair techniques. For the subassem-
blages that sustained moderate damage, the epoxy injection
technique was,uséd. The removal and replacement technique,
which utilized different high early strength replacement
materials,was used to repair more severely damaged members.
After repairs, the specimens were retested with the same
loading parameters as for the original tests in order to
provide a direct comparison of results.

The force and deflection at the beam loading point
were continuously recorded during original testing and re-
testing. For original testing, strains in the reinforcing
steel in and near the joint were measured. Joint distor-
tion and relative beam rotation were also measured during

original testing and retesting.

6.3 Original Behavior of Specimens

For all the specimens the primary damage occurred in

the portion of the beam adjacent to the beam-column



leZ

interface. Most of this damage was attributed to flexural
action. Some hairline cracks were observed in the joint.
Specimens with 40 kip column axial load sustained fewer
cracks in the joint. No cracks were observed in the
column.

The measured beam-tip force and deflection indicated
that the strength and energy dissipation capacity degraded
after every cycle of loading at the same displacement
level. This degradation was less for specimens containing
more transverse reinforcement.

The measured strains in the reinforcing steel in and
near the joint indicated that

(1) the transverse reinforcement in the beam resisted
almost all of the shear at the end of the first
quarter cycle of loading,

(2) the beam longitudinal steel anchored in the joint
yielded at a location just before the hook during
the first cycle of severe earthquake loading, and

(3) the increase in transverse reinforcement in the
joint.resultéd in a decrease in shear resisted by
the concrete which shows that the truss analogy

was not applicable in the joint.

The measured joint distortion indicated that the
joint was stiffer for specimens with the 40 kip column
axial load than for thé specimens without axial load.
Also, the distortion showed less variation for cycles at

the same displacement level.
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The measured relative beam rotation was used in the
calculations for the deflection of the beam at the loading
point. These calculations indicated that about 80 per-
cent of the measured deflection at the end of the first
quarter cycle of loading was attributed to flexure of the

first 10 in. of the beam from the inside column face.

6.4 Repair Techniques and Repair Materials

The procedure for the epoxy injection and the re-
moval and replacement technique was described in Sec. 4.2.

Epoxy-sand mortar, Duracal cement concrete, and high
strength quick setting concrete were used as replacement
materials and were investigated for short term and long
 term loading properties. A description of these materials

and their properties were given in Sec. 4.3.

6.5 Behavior of Repaired Specimens

For the specimens repaired with the epoxy injection
technique, the epoxy injected cracks remained closed
during retest. Unrepaired cracks opened and new cracks
formed in the beam both within and adjacent to the re-
paired region. For some of the specimens repaired with
the removal and replacement technique, severe spalling of
the beam compression zone in the repaired region was ob-
served during the first quarter cycle of loading. This
was caused by the low ultimate strain capacity of the re-

pair material. Cracking occurred in and adjacent to the
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repaired region for all the specimens. Few new cracks
were observed in the joint and no cracks were observed in
the column for specimens with the 40 kip column axial
load. For the specimens with zero column axial load, new
cracks were observed in the joint. Also, cracks were ob-
served in the column for Specimens 6 and 8 during retest.
The measured beam~-tip force and deflection indicated
that the stfength capacity was higher for the repaired
specimens. This increase in strength can be attributed
to the stressing of the beam longitudinal reinforcement
further into the strain hardening range during retest..
The measured joint distortions were greater for the
repaired specimens. This was due to the increase in shear
in the joint resulting from the higher beam strength. The
measured relative beam rotation over the first 10 in. of
the beam was less for the repaired specimens. This re-
ductibn was due to the absence of the yielding plateau on
the stress-strain curve for the tensioned reinforcement

after original testing.

6.6 Conclusions

Based on this investigation, the following conclusion
are made.
(1) Epoxy injection, and removal and replacement
techniques of repair can effectively restore the

stiffness, strength and energy dissipation



(2)

(3)
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capacity of a reinforced concrete member when
the damage was primarily caused by flexural
action.

The shear stress resisted by the concrete in a

reinforced concrete beam-column joint should be

N
= ' U
A 7ch (l + 0.002 x )

9

This value is twice as large as the current value
given in ACI 318-71, Eq. (11-7).

The transverse reinforcement in a reinforced con-
crete beam should be designed to resist the en-
tire shear force at locations of maximum moment
caused by gravity plus seismic loading. Also,
the maximum stirrup-tie spacing in these regions
should be less than or equal to d/4.

For the design of the transverse reinforcement in
the beam-column joint, the number of hoops should
be calculated by the following expression given

earlier in Sec. 3.7, Eq. 3.11.

v_. A
_ s “cv

A_f
vy

These hoops should be equally spaced in the region

between the top and bottom beam bars in the joint.
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(7)

(8)
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High early strength (Type III) concrete should

be used as the replacement material in the re-
moval and replacement repair technique. This
material was compatible with the original con-
crete, it was the most economical, and it did not
require new material handling techniques. Brit-
tle materials with low ultimate strain capacity
are less suitable for many repair situations.
These materials will crush sooner during bending
action and reduce the effective cross section

6f the member.

Epoxy was not effective in improving the bond
between the concrete and the reinforcement when
the repaired regions were subjected to large
strain reversals.

The specimens with stirrup-tie spacing of d/4

had less degradation in strength and dissipated
more energy than the specimens with a d/2 stirrup-
tie spacing. The primary reason for this improved
behavior was the additional confinement of the
beam core provided by the closer spaced stirrup-
ties.

The repaired beams were stronger than the origi-
nal beams at the same maximum beam deflections.
This additional strength was attributed to the
strain hardened reinforcement and the higher

strength repair materials.
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(9) Exterior joints should be reevaluated before
repairs are made to determine if the joint is
adequate to resist a future earthquake. Severe
damage in the joint can résult in the structure
behaving poorly during an earthquake.

During the execution of this investigation, it was
seen that additional research is needed in the following
areas: (1) The influence of the column axial load and the
amount of transverse reinforcement on the behavior of the
exterior beam-column joints. The effect of the strength
ratio between the beam and column on the behavior of the
joint should also be investigated. (2) The effectiveness
of epoxy used as a bonding agent when the bonded materials

are subjected to large strain reversals.



APPENDIX A

DESIGN OF SPECIMENS

Two types of subassemblages were designed. The
first type was designed using the American Concrete
Institute Building Code (ACI 318-71) (17) for nonseismic
areas and it is designated as "Type I Design". The
second type of subassemblage was designed using ACI 318-71
including its special provisions for seismic design along
with recent recommendations from ACI-ASCE Joint Committee
352 (63). It is designated as "Type II Design". Both
designs assumed a nominal concrete strength of 4,000 psi,
and steel yield strength of 40,000 psi for all the rein-
forcement except 60,000 psi for column longitudinal bars.
The construction details shown in Figs. 2.1(a) and 2.1(b)
for the two types of design resulted from the analysis

which will now be presented.

A.l1 Analysis of Flexural Strength for Subassemblage

The ultimate positive and negative bending moment
capacity for the beam was calculated to be 279 kip-in.
and 219 kip—-in. respectively. The calculations were based
on a) a linear strain distribution through the section,
b) the concrete having no tensile strength, c¢) the con-
crete having a strain at the extreme compression fiber of
0.003, and d) the concrete having a Whitney rectangular

compressive stress distribution. For the column, the
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interaction between the axial load and moment :at ultimate

conditions is plotted in Fig. A.l. The values in the
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Fig. A.1 1Interaction Diagram for Column Section

‘diagram were based on the same assumption as for the beam.
The procedure used to calculate the load and moment was
first to assume different locaﬁions of the neutral axis in
the column cross section. For each location, a resultant
axial load and moment were calculated using static equili-

brium. The interaction diagram indicated that the
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balanced axial load and moment Were 115 kips and 740
kip-in respectively. At the balance condition, the con-
crete reaches a compressive strain of 0.003 in the ex-
treme fiber simultaneously with the commencement of yield
of the tension reinforcement.

The two axial loads used in this investigation were
zero and 40 kips. The moment corresponding to zero and
40 kip axial load are 432 kip-in. and 562 kip-in.
respectively (Fig. A.1l). Twice the ultimate moment
capacity of the column at zero and 40 kip axial load is
about three and four times greater than the ultimate
moment of the beam respectively which indicates a

"strong column - weak beam" subassemblage.

A.2 Analysis of Shear in Beam and Column

Based on a ultimate beam moment of 276 kip-in. and
a loading arm of 46.5 in. as shown in Fig. A.2, the
ultimate sﬁear force in the beam was calculated to be 5.9

kips. For the column, the shear force was calculated by

static equilibrium to be 4.6 kips.

A.2.1 Type I Design

The following equations in this section were obtained
from Chapter 11 of ACI 318-71.
Beam. The ultimate shear stress Vi in the beam was

calculated to be 108 psi using the following expression
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Fig. A.2 Ultimate Shear Forces for Beam and Column

Vu
V., & ———s (A.1)
u 0 bw d
where Vu = total applied shear force at the section,
bw = width of the cross section,

d = distance from the extreme compression fiber to
the tension reinforcement,

and ¢ capacity reduction factor. For shear ¢ = 0.85.

The shear stress resisted by the concrete v, was taken to

be 126 psi using the following expression
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v, = 2 fc (A.2)

where fé compressive strength of the concrete.
Because v is less than Ve only minimum transverse rein-
forcement was required. The maximum spacing, s that

satisfies the minimum area required for a No. 2

stirrup-tie can be calculated by using the following ex-

pression

A_f
g = — ¥ (A.3)
50 b
W

where Av = area of the transverse reinforcement within a

distance s,
and fy = yield strength of the reinforcement.

This spacing calculated using Eq. A.3 was equal to 10 in.
which is greater than the maximum allowable spacing of
d/2 (4.0 in.). Therefore, a 4.0 in. spacing was used

throughout the beam length.

Column. The ultimate shear stress in the column was
calculated to be 75 psi using Eq. A.l. The shear stress
resisted by the concrete was calculated using the fol-

lowing expression
N .
u 1
c 2(1 + 0.0005 Ag)\!fc (A.4)

where N
u

<
]

axial load in the column occurring simul-

taneously with Vu
’

]

and Ag gross area of the cross section.



173

The result was equal to 126 psi for zero axial load. For
the 40 kip axial loead, V. was greater than 126 psi.
Because Vi is less than A only minimum transverse rein-
forcement was required. The maximum spacing that satis-
fies the minimum area requirement for a No. 2 hoop was
calculated using Eq. A.3 to be 10 in. which was greater
than the maximum allowable spacing of d4/2 (4.5 iﬁ.).

Therefore, a 4.5 in. spacing was used in the column.

A.2.2 Type II Design

In addition to the requirements for specimens with
Type I Deisgn, the Type II Design specimens satisfied the

following requirements.

Beam. To provide confinement the seismic provision
of ACI 318-71 requires a maximum spacing for the trans-
verse reinforcement over a distance of 4d (32 in.) from
the inside column face as indicated by the following
expression

A

_ v
ST oI5 A | (A.5)

where As = area of the tension reinforcement.

For a No. 2 stirrup-tie, the calculated spacing was 6 in.
which is greater than the more stringent maximum allowable
spacing of d/4 (2.0 in.).

ACI-ASCE Joint Committee 352 suggests that the
transverse reinforcement be designed to resist all of the

shear developed out to be section 2d (16 in.) from the
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inside column face. Also, the ultimate shear calculation
should be based on an increase in the nominal yield stres:s
of the beam longitudinal reinforcement. For joints where
ductility and strength are required, as opposed to just
strength, the Committee suggests that the increase factor
‘0. should be greater than or equal to 1.25. The purpose
of this factor is to account for strain hardening of fhe
flexural reinforcement during inelastic action. There-
fore, the ultimate shear stress based on the flexural
reinforcement having a yield stress of afy can be ap-
proximated by the following expression.

o Vu
V. = —— (A.6)
u 0 bw d

The shear stress calculated from the above expression was
135 psi for o equal to 1.25. The maximum spacing for a
No. 2 stifrup—tie was found to be 3.7 in. using the fol-
lowing expression.

A, f
s = — ¥ (A.7)

v. b
u W

This spacing was still greater than the maximum allowable
spacing of 2.0 in. indicated earlier. Therefore, a 2.0
in. spacing was used over a distance of 32 in. from the

inside column face.

Column. To provide confinement, the seismic pro-
visions require that for a column axial load less than or
equal to 40 percent of the balance load, the maximum

spacing for a No. 2 hoop over a distance of 4d (36 in.)
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above and below the beam was found to be 6.8 in. using
Eq. A.5. This spacing was greater than the maximum
allowable spacing of d/4 (2.25 in.).

ACI;ASCE Joint Committee 352 suggests that the
transverse reinforcement be designed to resist all of the
shear within the regions from the beam faces to 24
(18 in.) above and below the beam. As before, using afy
with o equal to 1.25 to represent the maximum stress
expected in the beam longitudinal reinforcement, the
ultimate shear stress was calculated to be 94 psi. The
resulting maximum spacing for a No. 2 hoop, calculated
with Eq. A.7, was 5.3 in. This spacing is greater than
the allowable spacing of 2.25 in. indicated earlier.
Therefore, a 2.25 in. spacing was used in the column
above and below the beam except the first d (9 in.)
distance which was govern by the spacing in the joint as

described below.

A.3 Analysis of Shear in Joint

A.3.1 Type I Design

For nonseismic design, ACI 318-71 does not provide
additional design requirements for joints, except to con-

sider them as part of the column.

A.3.2 Type II Design

The ultimate shear force in the joint can be cal-

culated by taking the difference between the shear
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produced by the beam longitudinal reinforcement anchored
in the column and the column shear as indicated in

Fig. A.3. The following expression was suggested by

col
-

——
T= aAfg
.
JOINT V,
—in
[ T
C=T

l/l

——
ch

Fig. A.3 Forces Contributing to Shear in Joint

ACI-ASCE Joint Committee 352

Vu = q AS fy - Vcol (A.8)

where V_,; = shear force in the column.
As mentioned earlier in Sec. A.2.2, the factor a takes

into account the increase in stress caused by strain

hardening of the reinforcement during inelastic action.
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For o equal to 1.25, the ultimate shear force'was cal-
culated to be 39.4 kips. The ultimate shear stress in
the joint core was found to be 896 psi using the fol-

lowing expression

\"
= 2
u ) Acv

v (A.9)

where ACV = effective area of the cross section.

With no confinement provided by other members framing
into the joint, Acv was equal to the width taken to the
outside of the hoop multiplied by d. The shear stress
resisted by the concrete in the joint was calculated by

the following expression

N
- u
v, = 3.58 YJfé(l + 0.002 Z—) (A.10)
g
where Yy = constant dependent upon the confinement
provided by other members framing into the
joint,
and B = constant dependent upon whether both ductility

and strength or just strength is required.

For this design, B and Yy were taken to be 1.0 because both
the strength and ductility were desired and because con-
finement was not provided by other members. The shear
stress resisted by the concrete was calculated to be 221
psi for zero axial load. The resultant shear stress to

be resistedlby the transverse reinforcement vy was 675
psi. 1Instead of calculating the spacing, the number, n,

of transverse reinforcement required in the joint between
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the beam top and bottom reinforcement was calculated using
the following expression.

Vs Bov
T (A.11)

vy

n:

For No. 3 hoops, four were required. ACI-ASCE Joint
Committee 352 also suggest the spacing of the transverse
reinforcement in the joint be continued for a distance

d (9 in.) above and below the beam. For the No. 3 hoop,
the spacing was calculated to be 2.25 in. using the fol-
lowing expression.

A £ d
\

= v Y '
] v & (A.12)
s “cv

This spacing was equal to the maximum allowable spacing
of d/4 indicated earlier in Sec. A.2.2. Therefore, No.3

hoops were continued above and below the beam at a spacing

of 2.25 in. for a distance of 9 in.

A.4 Analysis of Anchorage for Beam Reinforcement

A.4.1 Type I Deisgn

From Chapter 12 of ACI 318-71, the straight anchorage
length 1, required for a No. 6 bar anchored in the column

was calculated to be 12.0 in. using the expression

1

a 0.0004 db fy (A.13)

-nominal diameter of the bar.

where db
A standard 90 deg. hook, defined as a 90 deg. turn plus

an extension of 12 bar diameters at the free end, is
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capable of developing a tensile stress f, in a No. 6 bar

h
of 22,700 psi as calculated by the following expression

£, = e, (A.14)

]

where ¢§ constant and equal to 360 for No. 6, Grade

40 bars.
The equivalent straight embedment length 1e provided by
the hook was calculated to be 6.33 in. using the following
expression

0.04 Ab fh

e \ﬁi?‘ (A.15)

area of the bar.

where Ab
Therefore, a straight lead embedment length of 5.67 in.
was required which was less than the 6.37 in. provided
between the inside column face and the beginning of the
hook (Fig. A.4). A similar type of analysis was made for
the beam No. 5 bar. This analysis indicated that the

anchorage was adequate.

A.4.2 Type II Design

The ACI-ASCE Joint Committee 352 suggest the following
expression for calculating the tensile stress developed

by a 90 deg. standard hook

fh = 700 ¢ (1L - 0.3 db)'dfé (A.16)
where ¢ = constant dependent upon the straight embedment

length, the concrete cover normal to the plane
of the hook and over the tail extension, and
the confinement provided by transverse rein-
forcement in the joint.
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Fig. A.4 Straight Embedment Length Provided Before Hook

For a No. 6 bar, the stress resisted by the hook was cal-
culated to be 34,300 psi for ¢ equal to 1.0. The required
straight embedment length 1, between the start of the
column core and the beginning of the hook was calculated
using the expreésion

) 0.04 Ab (afy - fh)

; (A.17)
v VEL

For a = 1.25 and ¢y = 1.0, the required straight embedment
length was 4.40 in. which was less than the 4.75 in. pro-
vided in the column core (Fig. A.4). A similar type of

analysis was made for the beam No. 5 bar. The analysis

indicated that the anchorage was adequate.
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A.5 Summary

The above analysis showed that the beam-column sub-
assemblages satisfied the respective design criteria for
shear and anchorage. The design was based on a concrete
strength of 4,000 psi and a steel yield stress of 40,000
psi for all the reinforcement except the column longi-
tudinal bars which had a nominal yield stress of 60,000
psi.

The above calculation for shear in the beam was based
on a beam force being applied 46.5 in. from the inside
column face as indicated in Fig. 4.2. For Specimens 5
through 8, the shear span was reduced to 41.25 in. causing
the shear forces in the beam and column to be increased
by about 10 percent. However, the spacing of the trans-
verse reinforcement in the beam and column was still
adequate since it resulted’from maximum allowable spacing

requirements.



APPENDIX B

MEASURED PROPERTIES FOR REINFORCING STEEL AND CONCRETE

Reinforcing Steel. A 1 1/2 ft. long coupon specimen

was taken from each bar used for the beam and column
longitudinal reinforcement. The specimens were tested
uniaxially in tension to obtain the yield and ultimate
strength, and ultimate elongation over a gage length of
8 in. The 8 in. gage length represented a standard
recommended by the American Society for Testing and
Materials (ASTM) A615 (76). The measured reinforcing
steel properties for each of the beam-column subassem-
blages are given in Table B.l. The average yield strength
for the beam No. 6 and No. 5 bars, and the column No. 6
bars was 1.24, 1.26, and 1.30 times greater than the
nominal yield respectively. The results given in Table
B.1l indicate the average ultimate elongation for the
Grade 40 reinforcement in the beam was about two times
greater than the Grade 60 reinforcement in the column.
The difference between the actual and nominal yield
strength, and the difference in ultimate elongation be-
tween Grade 40 and Grade 60 reinforcement is typical and
should be expected.

For the transverse reinforcement, three 1 1/2 ft.
long coupon samples were taken from both the No. 2 and
No. 3 bars and tested in tension. The results showed the

No. 2 and No.3 bars had an average yield strength of

182
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39,600 psi and 56,400 psi, an average ultimate strength of
52,900 psi and 77,300 psi, and an average ultimate elonga-
tion (based on a 8 in. gage length) of 22 percent and 18
percent respectively.

Measured stress-strain curves for different diameter
reinforcing bars used as reinforcement in the beam-column
subassemblages are given in Figs. B.1l(a) through B.1l(e).
The test specimens were 1 1/2 foot long bar "turned down"
on a lathe at the center to a specified diameter to obtain
yielding at that location. The stress was applied uni-
axially in tension and the strains were measured at the
location of the reduced diameter using a high elongation
strain gage. For information on the strain gage and its
application, see Appendix E. The stress-strain curves
showed typical behavior for Grade 40 and Grade 60 rein-
forcing steel. Note from Figs. B.1l(d) and B.1l(e) for the
‘No. 6 bar that the Grade 40 reinforcement has a longer
yield plateau than the Grade 60 reinforcement.

Concrete. Standard 4 in. by 8 in. test cylinders
which were cast and cured with the beam-column subassem-
blages were used to determine the stiffness, compressive
strength, and tensile strength of the concrete. To obtain
the étiffness‘and compressive strength, the cylinders were
loaded at a rate of 30 psi per sec. as recommended by the
ASTM C39 (72). Axial deformation of the cylinders was

measured with a 6 in. gage length compressometer. A
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measure of the tensile strength was obtained utilizing
the standard splitting test with a loading rate recommended
by ASTM C496 (73) of 2.5 psi per sec.

For each of the two sets of beam column subassem-
blages cast (one set consisted of Specimens 1 through 4
and the other set consisted of Specimens 5 through 8), a
typical stress-strain curve at age 28 days is shown in

Figs. B.2(a) and B.2(b). From figures like these the

40 40
30 (a) .30 (b)
"
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»
20 g 20
(2]
n
W
&
10 » 10}
o l | | 1 1 J
0 1.0 20 0 10 20 30

STRAIN (IN./IN)(x10°) STRAIN (IN.ZIN.)(x10°)

Fig. B.2 Typical Measured Stress-Strain Relationships

for Concrete Used for (a) Specimens 1 through
4 and (b) Specimens 5 through 8

stiffness was obtained by taking the secant modulus from
0 to 0.45 of the ultimate load. The 28 day stiffness and
compressive strength along with the tensile strength are
given in Table B.2 for the two sets of beam-column

specimens. The compressive strength values at age 28 days
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were in good agreement with the design value of 4,000 psi.
At the time of original testing of the subassemblages,
which was sometime after 28 days, the beam-column
specimens had concrete stiffness and compressive strength
given in Table B.2. All the values in Table B.2 were

based on the average of three test cylinders.
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APPENDIX C

FABRICATION OF SPECIMENS

The beam-column subassemblages were fabricated in a
horizontal position. Four sets of wood forms were con-
structed for easy assembly and disassembly after
casting. The bottom and the sides of the forms consisted
of 3/4 in. plywood with the latter stiffened with a 1 1/2
in. square border. One-quarter in. bolts were used to
hold the sides and bottom pieces together. The forms
were painted with shellac to reduce the absorption of

moisture from the concrete. Figure C.1 shows one of the

Fig. C.1 Wood Form Used to Cast Specimens

forms assembled.
For the assembly of the reinforcing steel, a 1/2 in.
steel plate containing 3/4 in. dia. holes was used as a

jig to position one end of the column longitudinal bars.

190
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All the column hoops were slid in from the other end
before locating the other 1/2 in. plate. Both ends of
the column bars were later fillet welded to the plate to
provide a permanent connection. Besides posiﬁioning the
longitudinal bars, the steel plate provided a bearing
surface for the column axial. load.

The beam top and bottom reinforcement was positioned
perpendicular to the column longitudinal bars before
sliding in the stirrup-ties from the far end of the beam.
The column and beam transverse reinforcement was then
positioned and tied to the longitudinal reinforcement

with a flexible steel wire. Figure C.2 shows the

Fig. C.2 Reinforcement Cage for Beam-Column Specimen

reinforcement cage for the subassemblage.
The edges of the forms were caulked with molding

clay. to make them water tight. The forms were then
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coated with a thin film of oil to reduce the:bond between
the concrete and the wood before placing the fabricated
reinforcement cage in the forms. Chairs made from cement
mortar were used to maintain the proper cover distance
between the form and the reinforcement.

The concrete mix design was specified as follows

for one cubic yard of material.

Type I Cement--470 lbs.
Well Graded Sand--1785 lbs.
3/8 in. Pea Gravel--1225 lbs.

Water--240 lbs.

The concrete was delivered to the laboratory by ready-mix
truck at which time additional water was added to obtain
a slump of about 4 in. The concrete was then shoveled
into the forms and vibrated to eliminate voids. The
excess concrete was struck off and the surface troweled
to obtain a smooth finish. Several hours after casting,
the specimens were covered with damp burlap to provide a
moist curing condition. Polyethylene sheets‘were used
over the burlap to'hélp retain moisture.v The burlap was
kept damp by wetting it twice a day. After three days,
the forms were stripped. The specimens were moist cured
for another four days and then air cured in the laboratory
until the time of testing which was always more than 28

days after casting.
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Before testing, the subassemblages were painted with
a flat white paint to aid in locating the cracks. Black
lines were drawn over the white paint surface at the

locations of the reinforcement.



APPENDIX D

LOADING AND DATA ACQUISITION SYSTEM

Loading. The loading frame used to test the speci-
mens is shown in Fig. 2.2. Two 30 ton capacity hydraulic
rams connected to one manual hydraulic pump was used to
apply the column axial load. The rams and pump were manu-
factured by Templeton-Kenly and Company. A 20 kip
capacity hydraulic actuator with a stroke of + 3.0 in.
was used to displace the end of the beam. This actuator
and the associated control cohsole and hydraulic pumping
system were manufactured by Gilmore Industries.

Data Acquisition. The displacement of the beam and

the resulting load were recorded simultaneously on a
Honeywell 530 XY Recorder. The strains in the longitudi-
nal and transverse reinforcement in and near the joint
were measured with EP-08-250BG-120Q-E electrical resistance
strain gages, manufactured by Micro-Measurements Company.
Identification and location of the high elongation, post
yield gages for both Type I and Type II Designs are shown
in Fig. 2.5. The strain gage output was indicated on a
Autodata 5404 Digital Data Acquisition System, manu-
factured by Vidar Corporation. The system consisted of a
644 System Controller, a 502B-01 Integrating Digital
Voltmeter, a 606-03 Master Scanner, and Visig 611 Signal
Conditioners. The data were recorded during the test on

paper tape using a 3320-5JE Teletype. The Vidar unit
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was used to read ten strain gages and all additional
gages, if any, were read with a BLH 20 Strain Indicator
with a switch box.

The joint distortion was measured with two LVDTs;
one a Schaevitz 300HR and the other a Sanborn 858DT-250.
The locations of these displacement transducers are shown
in Fig. 2.6. The output from the LVDTs was recorded on
a Sanborn system consisting of a 8805A Carrier Preampli-
fier, a 7714-04A Power Supply, and a 7700 Series Recorder.

The beam rotation at a section 10 in. from and
relative to the inside column face was measured by a
Schaevitz 500HR and a Sanborn 585DT—500.displacement
transducer. The locations of the transducers are shown
in Fig. 2.7. The output from the transducers was re-
corded on a Hewlett Packard 7702B Recorder.

The data from the strain gages and the displacement
transducers were later transferred to computer cards. A
computer program was used to reduce the data and plot the

results.



APPENDIX E

APPLICATION OF STRAIN GAGES

High elongation strain gages were applied to the
reinforcing steel for some of the beam-column specimens
tested during this investigation. The procedure for
applying the gages was as follows: The bars were milled
(except for the No. 2 plain bars), at the location of the
gages to obtain a flat surface 1/4 in. by 1 1/2 in.
Sandpaper was used to improve the finish of the surface
which was then treated with a metal conditioner and a
neutralizer.

The gages (EP-08-250BG-120Q-E) were laid out on the
reinforcing bars at prescribed gage locations. Cellophane
tape was used t§ hold the‘gages in place. Peeling back
one end of the cellophane tape, AE-10 adhesive was applied
under the gage before applying pressure to the gage.

Tabs were used as connection points between gage
wires and lead wires to the strain indicator. The lead
wires were Belden #22 AWG stranded three conductor wires.
For a quarter bridge hook-up, one of the wires went to
one terminal on the tab and two wires to the other ter-
minal which compensated for cable length. The three con-
ductor wire was fastened to the reinforcing bar with
flexible steel wire to avoid pulling off the tab and gage

during specimen fabrication and testing.
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M-Coat D and then M-Coat B were painted over the
gages and wire leads to provide insulation and moisture
proofing respectively. Protective coating Barrier E,
manufactured by BLH, was used to cover the gages and pro
tect them during handling of the bars and placement of
the concrete.

Unless otherwise noted, the above products were manu-

factured by Micro-Measurements Company.
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