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ABSTRACT

Under reversing lateral loads, such as occur during a major
earthquake, cracks can form at column faces of continuous beams framing
into jeints of moment-resisting frames. Reinforcement may be strained
well into the inelastic range and cracks will tend to remain open.
During cyclic loading, continuous longitudinal beam bars can be simul-
taneously pushed and pulled from opposite sides of a column, creating
a severe demand on anchorage.

The performance of anchorage under conditions similar to those
described above was tested experimentally. Seventeen specimens of
single bars embedded in well-confined column stubs were tested under
push-pull or only pull loadings. Monotonic as well as cyclic loadings
were prescribed. Bar sizes #6, #8, and #10 were tested. The tendency
of bond to degrade under cyclic loading was observed. Results obtained
from these tests provide essential data from which a mathematical model
for predicting the bond behavior that leads to the pull out or push in
of a rebar is formulated.

Finite element techniques are employed to predict the cracking
behavior of the surrounding concrete since this behavior could not be
deduced from the experimental data. The superior performance of a bar
subjected to a push load is noted. The discrepancy between the predicted
and experimental results is evaluated, and the limitations of the mate-
rial models used in the present analysis are described.

A model for the hysteretic behavior of a bond element when
subjected to generalized loading histories is established from the
experimental results, The reliability of the model for monotonic and

full reversal loading histories is encouraging.
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1, INTRODUCTION

1.1 GENERAL

The ACI-ASCE Committee 352 recognized and clearly pointed out
the need for research on deterioration of the anchorage of continuous
beam bars passing through interior joints of moment-resisting frames
under racking loads such as occur during an earthquake [1]1. The problem
of deterioration is not of importance in the design of interior joints
for gravity loads, nor in the design of these joints against the effects
of monotonically increasing lateral loads. In the latter case, if the
longitudinal beam bars go into tension, they are anchored, not only in
the column but also in the compression zone of the adjoiming continuous
beam beyond the column. The same approach cannot be applied in the
design for repeated and reversed cyclic loadings such as might occur
during an earthquake. Turthermore, in all the above cases, there is
the problem of evaluating the effect of the deformation of the bars
along their embedment length in the joint on the overall behavior of

~

the frame. \

\

i

Several experiments with subassemblageé of ductile R/C moment-
resisting frames clearly demonstrated that bon&\deterioration can take
place at the interior beam-column joints [2,3]. This bond deterioration
can significantly reduce the joint stiffness which can result in exces-
sive structural and nonstructural damage due to‘excessive deflections,
and in extreme cases, the stability of the whqié frame caﬁ be jeopard-
ized. At the present time, no guidelines nor p;ovisiégs are given in

the current seismic codes to handle this problem, ™ *
: ‘\‘

~



The specimens used in the experiments referred to above were
one-half scale models of an interior joint subassemblage at the third
floor level of a 20-story building. The symmetric cruciform specimens
had vertical columns in the middle of a continuous beam. The 9 by 16 in.
beams were reinforced with four #6 bars at the top and three #5 bars at
the bottom, These half-span beams framed into 17 in. square columns.
The longitudinal beam reinforcement was continuous and passed through
the column., Schematic diagrams of a specimen terminating with hinges
at mid-span of beams and at mid-height of colummns are shown in Fig. 1.1.

In addition to the vertically applied force P, the specimens
were subjected to pseudo-static cyclic lateral force H, the application
of which simulated the effect of earthquake loading. Early significant
bond deterioration leading eventually to bond failure of the main longi-
tudinal beam bars within the column occurred. The reason fortthis fail-
ure under severe cyclic loading can be understood by examining a speci-
men's hysteretic behavior, Fig. 1.2(a) [2]. First, as H increases from
0 to B, cracks develop on both sides of the column, Fig. 1.2(b). After
unloading and applying H in the opposite direction (B to D on the hys-
teretic loop), diametrically opposed cracks develop in either side of
the column, Fig. 1.2(c). If the load reversals applied in both direc-
tions are sufficiently severe to cause permanent strains in beam bars,
cracks through the entire beam cross section are formed as shown in Fig.
1.2(d). The bars that pass through the columm are simultaneously pulled
and pushed from opposite sides under cyclic loading., The critical condi-~
tion develops when a bar is subjected to full reversals of temnsile and
compressive forces of equal magnitudes simultaneously developing high

bond stresses along the bar embedment length within the column,



To simulate the simultaneous push-pull condition of a beam
bar in an interior joint, excluding the complexities of the dowel
action which is generated by the presence of shear at the column faces
and an interaction from the adjacent bars, a simplified model was devised,
Single bars were cast into well-confined concrete blocks (Fig. 1.3).
The obtained experimental results provide guidance‘on the two principal
areas of concern. First, the data generated enable one to determine
the slippage of the bars and consequently the amount of rotation at the
fixed-end of beams as is illustrated in Fig. 1.4. From estimates of
the amounts of bar pull-out, and the corresponding ones for bar push-
in, the fixed-end rotation of a beam framing into a column can be deter-
mined. This rotation is usually neglected in the analysis of moment-
resisting frames, but may be important. Second, the all important
problems of the maximum attainable anchorage within an interior joint
can be appraised. The current ACI provisions are silent on this phenom—
enon, which can contribute to a large loss in joint stiffness, thereby
contributing to possible structural and non-structural damage as well
as frame instability. Since basketing of the concrete at the column
and the beams' critical regions has now been made more stringent [&,5],
bond deterioration of main beam bars along the column joint may become
one of the crucial problems in the seismic design of moment-resisting

R/C frames.



1.2 LITERATURE REVIEW OF STUDY IN BOND DETERTORATION

The nature of deterioration in bond and the problems related
to rebar anchorage have received some attention in the past. Some of
the earlier work is summarized in the ACI Committee Report [6]1, "Bond
Stress-—-The State of the Art."” In this document, the nature of bond
failure is discussed and the influence of splitting on bond is brought
out, However, in terms of the needs for seismic-resistént design, this
report does not go far enough. Nothing is said regarding the anchorage
and bond behavior under severe repeated and reversed loading conditionms.
Unfortunately, relatively little has been done in this area since. A
brief review of the relevant work will be attempted here.

In general, there are two types of problems involved in the
interaction of steel and concrete, First, there is the problem of the.
interaction between the reinforcing steel and concrete in flexural situ-
étions whefe, due to the flexural bending, cracks perpendicular to the
bars can form rather readily., This occurs primarily in slabs, beams
and beam-columns. The second problem is one of anchorage, and in the
analysis of framed structures where under extreme conditions deflection
ductilities of 6 to 8 may be expected, even a partial pull-out of the
bars is very important » Takeda, Sozen and Nielsen [7] were among the
first to nore ‘that pull-out of main beam bars from their anchorage causes
fixed-end rotations which significantly contribute to the deflection of a
frame, 1In one of their examples, this amounted to over 50 percent of the
deflections caused by cracked beam sections. Ismail and Jirsa [8], and
Ma, Bertero, and Popov [9] have found this effect also to be very impor-
tant. The pressing necessity for including such effects in the analysis

seems clear.



1.2.1 Steel-Concrete Interaction in Flexural Members

Two schemes have been used to study the transfer of forces from
steel to concrete, and vice versa, around stressed tension bars such as
occurs in flexure. TIn both schemes a bar is encased concentrically in a
long rectangular prism, or a cylinder, and axial tensile forces are applied
to the exposed ends of the bar. In one scheme only the variation in the
steel strain is obtained. In the other scheme, ink is injected into ten-
sion specimens to determine the cracking pattern, After splitting the
specimens longitudinally, the internal crack pattern was studied [10].
The deformaticon of concrete around a reinforcing steel bar after forma-
tion of internal cracks is illustrated in Fig. 1.5, The schematic
diagram provides insight into the internal mechanism for monotonic
application of force on the bar. One can readily imagine a mirror image
of similar cracks that would form if a complete reversal of load were
possible, such as would occur in an anchorage under cyelic loading.

A large number of similar experiments with monotonically applied end
forces was performed by Houde [11], who formulated some bond-slip re-
lations. A refined study with internal Iinstrumentation in the concentric
bars for monotonic loading is reported by Nilson [127, who urges further
work in this area.

Valuable as the above studies are, they are not sufficient for
resolving bond-slip problems under severe c¢cyclic loading. Using the
same experimental set-up as described above, Bresler and Bertero [13]
studied the bond problem under repeating loading. In this simulation, it
is only possible to apply a tensile force and then release it. However,

this may be repeated a number of times with a different level of axial



force intensity. Based on these experiments, they reached a number of
important conclusions of direct utility in seismic-resistant design.
Among these, they noted the loading history dependence of bond deteriora-
tion and the great sensitivity to the maximum peak stress level on subse-
gquent behavior.

A more realistic experimental set~up for studying deteriocration
of bond in flexural members due to cyclic load reversal was used by Zagajeski
[14]. In his arrangement a 12 ft. simple span was loaded with reversing
third point loads. Therefore, the middle third of the beam was subjected
to pure cyclic bending, and it is this region that was studied with
regard to the behavior of reinforeing bars in bond. The bars in this
region were heavily instrumented, and crack initiators were placed to
correlate with the internal gages.

The results of this study led to some significant conclusions.

The experiments corroborated the earlier findings that bond effective-
ness 1s sensitive to previous load history. The magnitude of the previous
stress level and the sense in which it was acting were found to be

important.

1.2.2 Steel-Concrete Interaction in Anchorage Regions

The anchorage of reinforcing steel in concrete is basic to the
whole idea of reinforced concrete. Therefore, numerous tests have been
conducted on anchorage. Primarily, however these were to determine the
required length of embedment for developing the full capacity of a
reinforcing bar. The amount of pull-out from the anchoring block as

a function of the applied force did not receive sufficient attention.



For gravity load design, provided the capacity of the bar is developed,
the problem of excessive slippage of a main rebar from an anchored media
rarely occurs. However, in seismic resistant design, at extreme loads, the
fixed end rotation caused by the pull-out of the bars may greatly soften the
structural system. Therefore, unless this behavior is thoroughly under-
stood and quantified, predictions of structural behavior may be in gross
error.,

The conventional anchorage bond test consists of a concrete
block from which an embedded bar is pulled. 1In some arrangements the
block is held in position by a concentric ring support; in others, the
block supporting conditions attempt to simulate a part of a beam or a
joint, requiring a clamping device or two or more concentrated supports.
Reports on a number of tests with monotonically applied, as well as
cycliec, loading are avallable and are summarized in [6].

Test data on development length and splices for monetonic
loadings has been recently re-evaluated by Orangun, Jirsa, and
Breen [15]. In their paper an equation is derived for calculating the
development and splice length for deformed bars. Emphasis is placed on
the amount of cover and spacing of the bars. A more limited aspect of
the effect of rib spacings and their heights on bound characteristics of
a bar has been reported by Lutz [16].

An extensive study of hooked bar anchorages for monotonic loading
is reported in two papers from the University of Texas by Minor and
Jirsa [17], and by Marques and Jirsa [18]. 1In the first paper, primary
interest centers on the measurements of slip between the bar and the

concrete at several points along the anchored bar. This study shows



that the pull-through of hooked bar ancherages designed according to

ACTI 1971 is about the same as that of straight bars of the same length,
and that 90° hooks are preferable to those of 180°., 1In the second paper,
specimens with hooked bars simulating typical exterior beam—column joints
were studied. The degree of concrete confinement at the joint was the
principal variable investigated.

Some pull-out tests on #8 bars having embedment lengths of 15 in.
and 31 in. were carried out by Houde [11]. The specimens were used to
study the combination of pull-out and dowel action. Some empirical
bond stress-slip relationships are suggested. Before their general
acceptance, a wider range of supporting test data is necessary.

Experimental results on cyclic bond behavior began to appear in
the 70's. Such work is of direct importance in seismic design. Some
studies of this kind have been conducted in Japan; in the U.S.A. this
work is largely centralized at the Universities of Texas, Washington,
and California. One of the better known studies in Japan is that of
Morita and Kaku [19,20]. In their summary paper [19], various loads
histories of bond deterioration of 19 mm bars in 48 mm embedments, and
of 25 mm bars in 66 mm, are presented, and an empirical cyclic bond-slip
law is proposed. This work is a good beginning for a rational evaluation
of cyclic bond behavior., Their more recent paper [20] discusses cyclic
splitting bond failure of large 51 mm (2 in.) deformed reinforcing bars.

In a two-paper sequence, Brown and Jirsa [21], and
Ismail and Jirsa {8] study the behavior of the anchorage of reinforcing
bars in cantilevers when subjected to cyclic overloads. The condi-
tions studied are typical of exterior joints. 1In the first paper,

the fixed end rotation due to slip in the fixed end is clearly



recognized, and some useful experimental data are given. The second paper,
specifically directed to the behavior of anchored bars under low cyele
overloads, indicates the necessity for increasing the embedment lengths

of bars in such cases over and above the current code provisions. These
investigators noted that the elongations of the anchored bars contributed
between 307 to 45% of the total end deflection of the beams. This con-
clusion is analogous to that mentioned earlier [7,91.

Recently some very important work on cyclic pull-out tests has
been completed by Hassan and Hawkins [22]. In their experiments concrete
blocks simulating the conditions existing at a typical exterior beam-
column joint were employed. The blocks were 6 in. thick, 24 in. wide,
and 18 in. high with the test bars being placed in the middle of the 6 in.
dimension at a digtance of 6 in. from the top. Two series of experiments
were performed with straight #10 Grade 40 bars, and one series with
bars terminating in 180° hooks having 18.4 in. lead-in length. As the
test blocks simulated a column, four #7 wvertical bars were used in the
corners, and four #4 Grade 40 closed ties provided concrete confinement.
The blocks were held in position by an appropriate system of supports.

As a result of these tests, some empirical formulas were proposed.
These express the energy absorbed, crack lengths, and force-deformation
for an anchored bar. The latter attempt is particularly important, but
unfortunately as yet the available data are too limited for extrapolation
to cases other than those analyzed. A study of the report does, however,
shed some light on bond deterioration under cyelic loading, which should

help in establishing an acceptable force-deformation relation,
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1.3 OBJECTIVES AND SCOPE

Because of the urgent need for the information of the deteriorationm
in bond of a bar embedded in a beam column joint, a research program on
the bond behavior of such a bar was initiated. The report of the initial
phase of the bond research program is given in this dissertation. The
objectives of this phase of the investigation are:

(1) To study bond deterioration as influenced by loading history,
bar size and column widths. An attempt is made to understand the mechan-
ism of bond deterioration to form a basis for formulating a mathematical
rule.

(2) To establish a relisble mathematical model for bond deteriora-
tion under generalized loading for predicting experimental results.

To achieve the goal, 17 specimens subjected to pull and simul-
taneous push, to simulate the condition existing in interior beam column
joints,were tested. A pull-only specimen was also included in the test
program to provide a basis for evaluating the pushing effect. Based on
the information from these tests, a hysteretic rule for a bond element
is established. The proposed hysteretic rule for bond was used to predict
the experimental response of three monotonic and three cyclic loading

cases.
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2, TEST SPECIMEN AND MECHANICAL CHARACTERISTICS OF MATERIAL

2,1 TEST SPECIMENS

The test specimens in this series of experiments were intended
to simulate a block of well confined concrete column such as exists in
an interior beam-column joint of a moment resisting R/C ductile frame.
The concrete blocks and their reinforcing cages were designed and
detailed according to the to the special requirements of ACT 1971 [24]
for an earthquake zone of the highest seismic risk. Detailed calcula-
tions for designing the testing specimens is given in Appendix A. Two
types of reinforcement were provided: transverse and longitudinal.

The transverse reinforcement was provided for shear and confinement;

the confinement requirement was a controlling criteria for the design
of the specimens, Due to the manner of applying load and transferring
reactions, flexural bending meoment was introduced in the specimens

with maximum bending at the section of pulling and pushing load appli-
cation (see Appendix A); longitudinal reinforcement was designed to
limit the size and extent of the flexural cracks. The specimens were
10 in, in thickness to provide an ample cover against splitting failure.
The specimens were made 46 in, high to fit in the test fixture. Because
of the amount of reinforcement provided, the concrete in all column
stubs could be classified as well confined. The width of the blocks
ranged from 15 to 25 imn,

The reinforcing cages for 15, 20 and 25 in. column blocks are

shown in Figs. 2.1 to 2.3, An embedded bar to be tested was placed at
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the center of the block 22 in. from the tops. At 11 in. from an embedded
rebar, conduits of 1-1/2 in. diameter were installed to facilitate tying
down the specimens in the testing bed. A photograph of a typical rein-

forcing cage prior to casting is shown in Fig. 2.4.

2.2 MATERTAL PROPERTIES

2.2.1 Concrete

The concrete used was made of normal weight aggregate. The
proportions of cement, fine aggregate, and coarse aggregate for a designed
strength of 4000 psi at 28 days was 1:.87:2.99, the water—cement ratio
was 0.59. Compressive tests, splitting tension tests and flexural tests
were performed on samples of each test specimen's concrete following each
bond test. Table 2.1 summarizes the actual concrete properties at the
time of testing. WNote that small values of the standard deviation for
sé, fé, Ec’ fr’ and fsp indicate that a reasonable uniformity of concrete
properties was achieved throughout the whole series of tests, The same
conclusion can be reached by studying the upper and lower bounds of
concrete stress—strain curves given in Fig. 2.5. In average terms, the

properties of concrete were sé = ,0026 in/in, fé = 4.47 ksi, Ec = 3319 ksi,

fr = 584.4 psi and fsp = 470 psi, respectively.

2.2.2 Reinforcing Steel

Grade 60 deformed bars were used for the test bars as well as for
the bars of reinforcing cages. The test bar deformation pattern is
shown in Fig. 2.6. This particular deformation pattern was selected to

be the same as that used in the previous beam-column experiments [3].
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The geometry of deformations for #6, #8 and #10 rebars is shown in

Fig. 2.7. ©Note that certain portions along the length of the rebar

are inscribed with a manufgcturer's mill mark, resulting in fewer
deformed lugs in this portion than elsewhere (see Fig. 2.7(b)). Neither
the inside nor the outside rebar diameter corresponded to the nominal
values generally used in practical design. Although similar in appear-
ance, lug dimensions and spacing were not exactly proportional to the
bar diameters and, therefore, the law of simulitude could not be applied
to extrapolate the test results from one bar size to ancther.

All the reinforcing bars have yield strength well above the
requirement for grade 60 (see Figs. 2.8 and 2.9). The slight difference
between fS~€S curves of the embedded bars shows that their mechanical
properties are rather uniform.

Contrary to what has been normally believed, the stress-strain
curve of steel, fs—es, under uni-axial tension was not the sawme as under
uni-axial compression (see Fig, 2.10). Though the elastic portion of
the fS—ES curves was practically the same, several different aspects
were detected for the post-elastic range. The differences were as
follows:

(1) Stress level of initiation of yielding was slightly
higher for compression.

(2) Yield plateaus were slightly shorter for compression.

(3) At the onset of strain-hardening range, a higher

tangential stiffness, for compression was observed.

Esh’
(4) Providing that no buckling failure occurred in compressing

a rebar, the stress condinued to increase for increasing strain.

Meanwhile, for pulling, tensile stress leveled off because of necking
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of the bar section just before fracture,

There is no simple explanation for (1) and (2), unless a
detailed study of the metallurgical structure of the medal is made.
Numbers (3) and (4) can be accounted for by the Poisson effect, where
the Poisson ratio for the inelastic range is about 1/2.

Since the majority of the test specimens were subjected to
cyclic loading, the cyelic fs—es curve for a rebar was needed for
interpreting the test data. A typical fS—ES curve for a rebar sub-
jected to a cyclic loading history similar to that applied to the
bond test specimens is shown in Fig. 2.11. A pronounced stiffness
degradation known as the Bauschinger effect appears on stressing the

bar in an opposite sense after it has yielded.

2.3 MANUFACTURE AND CURING

The specimens were cast in wooden forms in an upright position.

The concrete was vibrated externally with form vibrators and internally

with a plunger vibrator. The forms were removed approximately two days

after casting, and the specimens were covered with wet burlap and poly-

ethylene until the time of testing to ensure moist curing conditions
(see Fig, 2.12)., A few days prior to each test, the specimens were

placed in the testing jig and instrumentation was then attached.
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3. TEST FACILITY, INSTRUMENTATION AND TEST PROGRAM

3.1 TEST FACILITY

3.1.1 Testing Apparatus

The apparatus to perform the tests described herein is located
on the second floor of Davis Hall at the University of California,
Berkeley, TFigure 3.1 shows the general layocut. Large concrete blocks
prestressed to the floor serve as reactions to the forces applied to
the specimen. The facility is designed to accommodate specimens 46 in.
long by 10 in, deep and in widths of 15 in, to 31 in. The device for
holding the specimens in place was chosen to minimize local stress-—
concentrations, Vertical support is provided by wide-flanged beams
with a Teflon pad glued on to permit free horizontal movement, Lateral
support is provided by prestressing heavy plates (tie—down straps) to
the specimen as shown in Fig, 3.1(a). The plates are then connected to
the horizontal supports which are in turn anchored against the concrete
reaction block. The specimen is thus restrained against the horizontal
movement by the friction developed between the plates and the contact
surface of the specimen. This scheme of supports is devised to minimize
the stress concentration developed in the test specimen. The total pre-
stressing force in each plate was varied from 153 kips for #6 bar 15 in.
column to 340 kips for #10 bar 25 in. column.

Load was applied to the specimen by means of hydraulic rams (4),
(B) and (C), see Fig. 3.1(a). Two double acting 120-kip rams, (A) and

(B), were used to apply load to the test rebar. A 300-kip capacity ram,
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(C), applied axial load to the specimen transverse to the direction of

the main rams. The main rams (A &B) were actuated by MTS centrollers. The
tests were to be performed with equal push and pull or pull only. For
the condition of pull equal to push, the ram on one side was made a

slave. Therefore, only a single input was required to actuate both jacks.
Two types of feedback were fed into the controller. The cutput from force
transducers, (load cells CZA and C2B), was used mainly in the working load
range to ensure good control at low displacement levels. In most of the
cases, displacement feed-back was employed after the completion of
working load cycles to prevent the possibility of sudden pullout of the
bar. The force was transmitted to the reinforcing bar by means of an
assembly shown in Fig. 3.2. The assembly consists of a clevis arrange-
ment which threads into the ram on one side and a large steel pin on the
other. The pin threads into a specially fabricated Cadweld device which
was welded to the bar prior to fabrication of the specimen. A teflon
lined stand supports the pin to ensure accurate alignment, minimize
bending and to reduce friction. For convenience, the two sides are
designated "north" and "south" according to the orientation in the test
bay. The only significance of these designations is that the sense of

the cycles was such that the initial force on the south side was tensile.

3.1.2 Data Acquisition

A low-speed data acquisition system was employed to collect and
record data from the various external and internal gages used in the
test. The data collecting system consists of three major components:

a low-speed scanner (a Nova minicomputer), a tape writing machine and a
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teletype (see Fig. 3.1(b)). The function of the low-speed scanner is to
take readings and carry out simple calculations. After gathering read-
ings from the gages by the scanner, the data is kept in the central memory
of the minicomputer, later to be transferred to the tape device and
deposited on a magnetic tape. Communication between the scanner and the
tape writing machine is possible via manual typing instructions on the
teletype to control the process. Raw data from an experiment must be
manipulated by data reduction programs on a 6400 CDC Computer before
obtaining numerical readings in a desired form, as listings or as curves,
depicting the relation of sets of readings. Several computer programs
have been developed to facilitate a data reduction task needed for the
bond research. A brief description of the computer programs used in the
data reduction process is given in Appendix E.

Besides the low-speed data acquisition system, the load-dis-
placement relationships were continuously monitored on X-Y recorders.
These plots were necessary for controlling the tests and for evaluating

the response during the experiments.

3.2 INSTRUMENTATION

Three quantities were of primary interest regarding experimental
measurements. These were the forees applied to the rebar, the strain
distribution along the bar, and the displacement of points on the bar
originally at the faces of the column. The force and displacement values
were measured by means of external devices. The strain distribution was

obtained from readings of internal strain gages.
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3.2.1 External Instrumentatiocn

Force measurements were obtained by use of carefully calibrated
load cells incorporated into the hydraulic rams, see Fig. 3.1(a). The
displacements, herein referred to as §'s, were measured in two parts, (see
Fig. 3.3 and 3.4). First, linear variable differential transformers
(LVDT's), (A)--PS81A and PS1B in South face, PS2A and PS2B in North face,
were held fixed relative to the longitudinal centerline by a special
aluminum frame. The plungers of the LVDT's rested on a ring attached
to the rebar a small distance from the column face. These devices re-
corded the movement & plus the elongation of bar in the protruding length.
This quantity is referred to as §', Second, strain gages were placed
on the bar between the face and the ring. By subtracting the elongation
component from 8', § was obtained. Figure 3.5 shows schematically the
guantities &' and 8. The subscripts 1 and 2 used subsequently refer to
the south and north sides of the specimen respectively. In addition to
the above, a second set of LVDI's, (B)-—PClA and PC1B in South face,

P2A and P2B in North face, was attached to the ring with the plunger
bearing on the concrete face in the vicinity of the embedded bar. This
measured §' less the bulging of the concrete surface. It should be noted
that in order to obtain a reliable value of concrete surface bulge which
was highly localized, the LVDT's PCLA, PC1B, PC2A and PC2B should be
located as close as possible to the center of the rebar. However, because
of congestion of instrumentation at the column faces and the relatively
large size of the Cadweld couplers (connectors between the embedded rebar
and activating rams), the closest practical positioning was 2 in. from the

rebar center line. This may not provide a good picture of bulge. Also,
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clip gages were located on the top surface to measure the width of longi-

tudinal cracks, see Fig. 3.3(a).

3.2.2 Internal Instrumentation and Installaticn

In order to measure stralns along the rebar with a minimum of
interference with the bond mechanism and still provide a suitable surface
for strain gage installation, grooves were machined in the rebar. The
grooves run longitudinally on each side of the bar along the initial
location of the longitudinal ribs (see Fig. 3.6). The cross-sectional
dimensions are shown in Fig. 3.7. It should be noted that the size of
the grooves is almost identical for the ddifferent bar sizes. This is
because the same strain gages, lead wires and waterproofing material must
be accommodated. This means that the smaller the bar diameter, the more
distortion is introduced by the groove. Table 3.1 gives the measured
areas and circumferences of the grooved and ungrooved sections. Note
that the arc lengths of either longitudinal ribs or grooves are deducted
from the total perimeter to obtain the measured circumferences.

Prior to installing internal strain gages, the bars were cut and
trimmed to a designated length. Cadweld couplers were welded to the ends
(Fig. 3.8). The grooves were sandblasted to ensure a good bonding between
the gages and the steel surface. BSR-4 Type post yield strain gages
{Micro-Measurements Model EP-08-250 BG-120) were epoxied to the grooved
surface with M-Bond Type AE 10/15 adhesive. Coated wires were soldered
to the strain gages and run along the grooves (see Fig, 3.9). Finally,
M-Coat Type G epoxy adhesive and metal strips were applied for water

proofing and protection of the strain gage from damage during casting.
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A completely grooved rebar and its section are shown in Fig, 3.10 and
3.11,

A typical layout of strain gages along the rebar is shown in
Fig. 3.12., It should be noted that a few locations along the length
near protruding ends of a bar were fitted with two diametrically oppo-
site gages. The double gage installation served to eliminate the

bending effect introduced in the protruding sectiom.

3,3 TEST PROGRAM

Out of 17 specimens tested, 7 specimens were for monotonic
tests while the remaining ten specimens were for cyclic tests, as listed
in Table 3.2, Six of the specimens were made of ungrooved bars. The
rest were grooved. Ungrooved bar tests were necéssary to provide infor-
mation for evaluating the effect of the grooves, All except one,
Specimen No, 3, were subjected to simultaneous push and pull with pull

equal to push. Specimen No. 3 was subjected to pull only.

3.4 LOADING HISTORY

Two types of loading were applied to the specimens: monotonic
and eyclic loading. In the monotonic experiments, three initial cycles
reaching the maximum stress of 10 ksi, followed by three cycles reaching
24 ksi, were applied (see first six cycles of Fig. 3.13). Thereafter,
using displacement control, the experiments were continued until,
usually, the test bar pulled through the colummn stub. it should be

noted that the first three cycles at 10 ksi were intended for checking
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proper instrument response while cycles at 24 ksi were designed to
simulate working load excitations.

In the cyclic experiments, after applying the same six pre-
liminary cycles as in the monotonic loading case, the specimens were
loaded to the level of 40 ksi, 55 ksi and then yielding of the rebar
(see cycle no. 6 to 15 in Fig. 3.14). Three cycles were applied at each
prescribed lecad. The loading history was switched to the displacement
control before yielding cycles. The displacement on the tension side
was matched to a specified displacement level; meanwhile the compression
side was left uncontrolled. The applied force on opposing ends of the
bar was maintained equal in magnitude and opposite in sense throughout
the test. The displacement levels to be followed after yielding cycles
are .04, .07, .125 in. until complete failure in anchorage was evident
(see cycle no. 15 to 26 in Fig. 3.14). In case the anchorage strength
of the embedded bar was less than the rebar yielding stress, cycles at
prescribed loads of 40 ksi and 55 ksi were attempted. However, if this
attempt led to excessive pullout (larger than .04 in.), displacement
control was imposed. The displacements of .07, .125 in. ete., were
then imposed. Such a displacement control history was selected to

facilitate the comparison of test results for cyclic loading.
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4, EXPERIMENTAL RESULTS AND THEIR INTERPRETATION

4.1 GENERAL

The results of the tested specimens are presented under three
classifications. Two of these deal with the case of monotonically applied
loads. In the one, a bar subjected only to a pull from one side; in the
other, a bar is simultaneously pulled from one side and pushed from the
other. The third case was cyclically loaded., A1l of the 17 specimens
were tested until failure caused by a pull-through of the bar. The re-
sults of a representative specimen of each group are presented in detail.
Significant results for all tests are summarized in tabular form,

The following specimens, representing the three loading condi-
tions mentioned above, are selected as typical for summarizing the
different test results: Specimen No. 3 for monotonic pull only, Specimen
No, 13 for monotonic push-pull loading, and Specimen No. 14 for cyclic
push-pull. All of these selected specimens were made of #8 grooved bars
embedded in 25 in. column blocks. The pulled-through strength in each
case exceeded the yield strength of the rebars.

For the representative specimens, the main results can be
classified as follows:

(1) Load-deformation relations measured at the protruding
ends of the rebar. This curve represents the total response of the
bar embedded in the column stub system.

(2) Strain distribution along the rebar. Strain variation
from point to point along the rebar is depicted in this diagram.

(3) Stress distribution along the rebar., Variation of stress

in the rebar under external applied load is described in this diagram.
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(4) Bond stress distribution along the rebar. In this diagram,
the rate of force dissipation from rebar into surrounding concrete is
illustrated.

(5) Local displacement distribution. This diagram shows how
much each point along the rebar moves with respect to the ceﬁter axis
of the column. This displacement gives some indication of the magnitude
of the relative displacement between the rebar and its adjacent concrete.

In addition to the results of (1) to (5), the behavior from
visual observation is also included in the presentation. These results
are essential to the study of the mechanism of bond deterioration.

It should be noted that only (1) and (2) were obtained directly
from experimental measurements. Numbers (3) through (5) were calculated
quantities. In (5) local displacement waé computed by integrating the
measured strains in (2); therefore better or more reliable data was ob-
tained. To get the rebar stress distribution (3), the stress-strain
relation of the reinforcing bar, fs—ss, was needed. The slight dis-
crepancy between the actual stress—strain curve and the mathematical
model used in the strain—-to-stress conversipn can lead to some error.
Larger error in converted stress is expected to occur in the regions near
the bar ends where Cadweld couplers are connected. Intensive heat
applied during the welding of the couplers to the bar ends can signifi-
cantly modify their stress-strain characteristics, Therefore, some

judgment is needed to interpret the stress results.,

4.2 VISUAL OBSERVATIONS OF CRACK DEVELOPMENT

4.2.1 Monotonic Pull=Only Specimen

In this specimen considerable cracking occurred at the pull end

face, though no visible cracks were observed at the free end. Figs. 4.1(a)
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and 4.1(b) show cracks that appeared at the pulled face and on the side
of the column stub at different pulling stresses. The sequence of major
crack developments were as follows. The first splitting tension crack

on the face and the longitudinal crack on the side of the block emerged
simultaneously at a pulling stress of about 40 ksi., As loading in-
creased, more spiitting cracks were formed and longitudinal cracks ex-
tended further toward the free end. At a stress level of about 60 ksi,
splitting cracks and longitudinal cracks began to connect. At the yield-
ing stress of the rebar, cracks in the concrete surrounding the rebar

at the pull end assumed the shape of a cone that fractured away from the
main block (see Fig. 4.2). As load was further increased, the formation
of the cone was more evident. At a stress of about 80 ksi, the concrete
cone was completely fractured away from the rest of the block (see photo
in Fig. 4.3). The dimensions of the cone as roughly described by an
approximate radius, r, and depth, d, shown in Fig. 4.4, were 4.5 in.

and 3 in., respectively.

Longitudinal cracks did not propagate all the way to the other
side of the block. Due to the manner of support and application of load
on the specimen, the maximum flexural moment was induced at the section
where the bar was embedded (see Fig. 4.5). This moment produced a
tension field around the south face and a compression field on the north.
The compressive state of stress on the north face inhibited longitudinal

crack development.

4.2.2 Monotonic Push-Pull Specimens

A sequence of crack development similar to that for pulling only

was observed for the pull and push loading condition, (see Fig. 4,6).
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Splitting tension cracks and longitudinal cracks were first seen at a
stress of about 40 ksi. Additional splitting tension cracks kept
forming until the stress reached as high as 90 ksi. A clear separation
of the cone away from the main block occurred as late as 60 ksi, although
signs of its first appearance were detected around 40 ksi.

There was, however, a noticeable difference between the crack
patterns of pull only and pull-push specimens. On the sides of pull-
push blocks, a few diagonal shear cracks were formed in addition to the
flexural longitudinal crack at advanced stages of loading. In the push-
pull case, the total shear force was almost twice as high as in the case
of pull loading only, and these higher shear stresses are more likely
to produce diagonal cracking. Also, a few small splitting cracks appeared
at the pushed end, as shown in Fig. 4.6(c). The increase of bar diameter
due to the Poisson effect is believed to be the major cause of this
splitting.

Table 4.1(a) lists the significant stages of crack development
for the remaining push-pull specimens. Note that the stress level for the
first appearance of splitting tension and longitudinal cracks is almost
the same for all cases, i.e., within 36-50 ksi range. The stress levels
at which the cone formation was detected at the pull end alsc show a narrow
range of variation, from 45-56 ksi, It is rather interesting tonote that all

the major cracking occurred before the yielding of the rebar was reached.

4.2.3 Cyclic Push-Pull Specimens

Unlike the monotonic loading cases where extensive cracking

developed mostly on one face, cracks appeared on both faces under load
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reversals. The sequences of crack development on both faces and on the
side of the specimens, however, were not much different from that of

the pull face of a monotonically loaded specimen, i.e., simultancous
splitting tension cracks spreading out radially and longitudinal cracks
running from cne face to the other were the first to be detected; forma-
tion of the cones followed (see Fig. 4.7 for typical cracking patterns).
It should be noted that the longitudinal cracks in this case ran through
the specimen from one face to the other. As a specimen was pulled at
the South face, longitudinal cracks would begin to propagate to the
North, and vice versa. At + 40 ksi stress level, cracks propagating
from both sides either connected together or overlapped (Fig. 4.7(a)).
The cyclic loading also produced cone formations at both ends at
approximately + 40 ksi. As a result, the effective length for anchoring
the rebar above + 40 ksi was substantially reduced; only the inner
confined cores of the specimen remained useful.

Table 4,1(b) lists the major sequence of crack development
under cyclic loading. Conclusions similar to the monotonic pull-push
case can be reached for the cyclic case, i.e., the initiation of split-
ting and longitudinal cracks vary over a narrow range, i.e., within 40
to 55 ksi stress level. The size of the cones also shows little varia-
tion. The depths of the cones vary from 2.8 to 3.5 in. The average
radius of the cones range from 3.0 to 4.0 in. It is believed that the
cone sizes are controlled by the spacing of the stirrups and the thick-
ness of concrete cover., All the specimens tested have almost the same
stirrup spacings and thickness of column covers as shown in Figs., 2.1

to 2.3,
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4,3 STRESS-DISPLACEMENT DIAGRAMS OF THE SPECIMENS (fs—é)

The overall behavior of an anchored bar, with either pull-only
or push-pull loading, is described by the stress—displacement relations
measutred at protruding ends of the test bar. The force~displacement
diagram can also be readily obtained through a scaling of the stress by
the cross sectional area of the rebar. The displacements denoted as 51
on the South face of §z for the North represent the relative displace-
ments of a bar section at the column face with respect to a fixed axis
located at the center of the block (see Fig. 4.8). Adopting the same
system of identification as the displacements, fsl denotes the stress

applied to the bar at the South face, and fs refers to the North,

2

These stress-displacement diagrams provide the most significant
data for evaluating the overall performance of the bond test specimens.
The amount of energy dissipated by the anchored bar can be estimated

from the areas enclosed by the hysteretic loops of the £ —61 and

sl

f52—62 diagrams for push-pull loading and the £ —61 diagram for pull-

sl
only. The stiffness deterioration and strength characteristics of the

specimen can also be readily cbtained from this diagram,

4.3.1 Monotonie Pull-Only Specimen

The hysteretic curve fsl—él at low amplitudes, +10ksi, and
working load level, + 24 ksi, is illustrated in Fig. 4.9(a). Note that,
although the system showed signs of degradation in stiffness around
zero load, no further degradation in stiffness and increment in peak
displacements on the next two repeating cycles were observed,

Responses under monotonic increasing load are shown in Fig. 4.9(b).

It should be noted that significant degradation in stiffness took place
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after the rebar was loaded past vielding stress (point A in the figures).
Unloading and reloading at a stress level of 100 ksi, considerably above
the rebar yielding stress, produced no significant loss in strength or
stiffness (see loops A, A", A''"). A maximum strength of 102 ksi, close
to the maximum strength of the rebar (106 ksi), was developed. The speci-
ment was able to sustain a stress of about 100 ksi until the bar was pulled
out lin. (see point B in Fig. 4.9(b)) before strength started to decline.

Figure 4.10 shows the displacement of the free end, 62. Note
that there was virtually no movement before the yielding strength was
reached (see point A). The bar end begins to display large displacement
from point B to point C, confirming that the rebar was on the verge of
pull~through,

From this particular test result, it was clear that a 25 in.
well-confirmed column can provide a bond (anchorage) resistance larger
than that required to develop the yield strength of the pulled bar.

The anchorage length requirement as specified by ACI {23}, which is

about 20 in, of embedment length, seems to be adequate.

4,3,2 Monotonic Push-Pull Specimens

A typical fsl—Sl diagram of the push-pull specimen loaded to
maximum stresses of 10 ksi and 24 ksi is shown in Fig. 4.11(a). This
response is virtually the same as that of the pulled-only specimen pre-
viously presented (see Fig., 4.11(b)). This indicates that at low levels
of loading the applied load on one end of the rebar has no influence on

the other end, The curves f _-~&. and fsz—éz under monotonically

sl 1

increasing loads are given in Fig. 4.11(c). Again, the similarity
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of response at the pulled end between the two specimens, pull only and
push-pull, was maintained, i.e., from zero to imitiation of yield, a high-
ly stiff response prevailed; beyond the yielding of the rebar a consistent
degrading in stiffness was evidenced; and, finally, the embedded bar pulled
through at point B. A verification of the bar being pulled through is
evidenced by the almost identical appearance of the declining branch,

$

B-C, of the £ ,-8, and f -8, curve (Fig. 4.12), (Note that the fsz— »

sl 1 82 2
curve was translated and rotated to match point B of the fsl—ﬁl curve
in the first quadrant.)

The load-deformation curve for the pushed end was different from
that of the pulled end. The differeance in response is shown in Fig. 4.13,

where the £ 8, curve was rotated about the origin by 180 degrees.

s2 2
Instead of possessing a long plateau of flat slope in the post-yield
range, the response of the specimens showed a small displacement followed
by a sudden drop in strength. The causes of these differing responses will
become obvious once the data on strain along the rebar is presented.
Values of significant responses for the other specimens are
summarized in Table 4.2. It should be noted that all the specimens
except Specimen No. 7 which was a #8 bar embedded in a 15-inch column,
were able to develop the yield strength of the main rebar. Since Specimen

No. 7 did not yield, its displacements at maximum stress were smaller

than those of the others.

4.3.3 Cyeclic Push—Pull Specimens

A diagram of typical fsl_él and fsz—ﬁz curves for cyclic

loading is shown in Fig. 4.14 and 4.15. The cyclic loading
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sequences adopted, incrementally increasing magnitude, tended to produce
very similar responses for both South and North Faces. Unlike monotonic
lcading, a significant degradation in stiffness under cyclic loading was
observed at cycles as low as +40ksi, signifying a considerable reduction
in energy absorption capacity. Furthermore, after a number of cycles of
load reversal, the loss of stiffness became more pronounced. When subse-
quent cycles were carried out at equal peak loading value, (for instance,
the three cycles at each of the incremental steps, Nos. 3 tol1l2 identified
by LP 3C to 12F in Fig. 4.14(3)), the displacement increased from cycle to
cycle and stabilization of the hysteretic loops within the next two
cycles of the same load was not achieved. The instability of loops also
developed for repeated cycles with peak displacement control .(this cycle
started with No. 12, as shown by LP 12F, in Fig. 4.14(a), and continued
up to the end of the test, Figs. 4.14(a) and (b) and 4.15), This lack
of stabilization increased as the end displacement was increased,
indicating the bond deterioration was highly susceptible to cyclic
loading., Cumulative and irreversable damage was suffered by the concrete
layer surrounding the test bar during each loading and unloading cycle.
According to the imposed load-displacement history, specimens
either attained yielding of therebar or initiation of pulling through at
LP 15E (See Fig. 3.14). In the case of Specimen No. 14, yielding strength
of the rebar and even strain hardening tecastress of 72 ksi was reached
(LP 15E to 21E), However, the strength was rapidly degraded once loading
went beyond 21E. This by no means was comparable to monotonic loading
where the pulled-through stress of 92 ksi could be achieved, One of the
reasons the cyclic loading gave rise toa lower pulled-through strength

was the considerable loss of effective anchored length due to the fracturing
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away of the concrete cone at both loading ends (see Fig. 4.7(a)), thereby
leaving as the effective anchorage region the confined core in the
middle section of the column. In Specimen No. 14 the depth of cone was
about 3 in., leaving about 19 inches of confined core out of 25 in.
of initial column width.

A listing of significant results for the complete response of
the other cyclically tested specimens is given in Table 4.2(b). Note
that the four specimens with 15 in. block widths had pull-through strengths
below the yielding strength of the rebars. Displacement at the peak
leads of pulling cycles varied over a narrow range, .039 to .071 in.,
regardless of the block width and bar diameter. In addition, the develop-
ment of a higher average bond stress for narrower columns was also
observed for cyclic push-pull loading. For instance, in a 15 in. #6
grooved bar (Specimen No. 4), a bond strength of 1.73 ksi was attained while a

1.58 ksi bond strength was developed for a 20 in. column (Specimen No. 11).

4.4 STRAIN DISTRIBUTION DIAGRAMS

As has been pointed out in section 4.1, strain was one of the
quantities directly measured. Section 3,2.2 showed how this
was done by installing 1/4 in. post yield gages along the grooved bars.
The resulting strain distributions along the length of the rebar gave
direct insight into how much each segment of a rebar deforms. In the
range below yielding of the rebar, the strains in essence give a picture

of the stress distribution as well.
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4.4.1 Monotonic Loading

4.4.1.1 Pull-Only Specimens

Strain distributions in the working stress range, at + 10 ksi
and + 24 ksi, is shown in Fig. 4.16(a). Note that even at working load
level, about 15 inches of the 25 in. anchorage, or 60 percent of the
embedded length was strained. A significant residual strain was also
observed at this level of loading. Approximately 10 in. of the rebar
remained in tension with a maximum residual strain of about 80 micro
in./in. This clearly indicated that, at working load level, some crack-
ing and inelastic deformation has already occurred in the concrete
immediately surrounding the rebar., However, subsequent application of
two more cycles of the same peak force amplitude did not produce a
noticeable change in the strain distribution, i.e., a stable response
was achieved,

Strain distribution, for lcads ranging from zero to initiaticn
of rebar yielding, is shown in Fig. 4.16(b). It should be noted that in
this range the length of stress varied according to the magnitude of
applied load. At 20 ksi, about 14 in. responded to the applied load:
at 40 ksi, the length increased to 18 in.; and at yielding, the disturbed
length was 22 in. There was no increase in the transferring length from
LP 6E to 6F since the applied load was wvirtually unchanged.

The abnormal strain reading of the'second gage location from
pulled-end at yielding is worth some attention (see Fig. 4.16(b)). As
has been pointed out in Sec. 4.2,1, the splitting tension cracks already
form (at +40 ksi) long before the bar begins to yield. No bond resistance
is offered in the first 3 in. inside from the pulled face and therefore

a yield slippage plane could develop at any section along this length.



33

In this test it turned out that the second gage was located on a
slippage plane and resulted in a sudden jump in the strain reading, while
the other two gage locations remained on the verge of slipping. Thus the
second gage attained a strain-hardening reading prior to the other loca-
tions reaching the same strain level (see Fig. 4.16(c), LP 6G to 6I).

Strain distribution beyond yielding of the rebar is shown in
Fig. 4.16(c). The length of the rebar being strained beyond the. yield-
ing strain propagated further inside the specimen as the applied load
increased. At LP 6I, where the strain at the exposed end reached
strain hardening lewvel, the length was about 3 in.; at 6L, with 15000
micro in./in of exterior strain, the length was 5 in.; meanwhile the
remainder of the rebar was in the elastic range. A similar pattern of
strain distribution was observed for more advanced loading stages,

Figs. 4.16(d) to 4.16(f), 1.e.,, the length strained beyond yield was
continuously increasing and thereby diminishing the part of the rebar
that remained elastic.

The strain distribution at maximum pull-through stress and sub-
sequent unloading is shown in Fig. 4.16(g). Except for LP 8Q which was
LP at pull—-through, the rest of the strain distributions were at deeclin-
ing load levels. Therefore, strain distribution at LP 83 became the
envelope curve of all measured strain distributions.

One of the major factors influencing the bond deterioration
mechanism is the reduction in contact area between the concrete lug
and surrounding concrete. This reduction tended to create a higher
bearing pressure at the contact point which was a favorable condition

for crack initiation. The mechanism of reduction in bearing area is
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illustrated in Fig. 4.17. TInitially (Fig. 4.17(a)), the steel lug is
fully in contact with surrounding concrete. The bearing area is initially

approximated by the formula

A, = ™uych (4.1)

where DAVG is the average of the outer and inner diameters of the
deformed bar and h is the height of the lugs. As the bar is strained
in tension, the diameter of the rebar reduces and thereby decreases the

height of the lug in contact with concrete. The new effective bearing

area 1s

AbE = HDAVG hE (4.2)

where hE denotes the new contact height; was assumed unchanged.

Pave
The reduction in contact area is shown in Fig. 4.18. (This diagram was
based on knowledge of the strain distribution along the rebar and on the
assumption that the Poisson ratio of the steel was 0.3 for the elastic
range and 0.5 for strains beyond yield.) Within the elastic range of
the rebar (prior to LP 6L in Fig. 4.18), the shrinkage in area was

insignificant. The reduction became significant for the post-elastic

range (LP 6L to 8Q).

4.4,1.2 Push-Pull Specimens

For + 10 ksi and + 24 ksi, working stress level, the strain
distributions show consistant patterns and tend to stabilize at peak
load under repeating cycles (compare Figs. 4.19(a) and (b) and Figs. 4.19(c)

and (d)). However, alternating loading and unloading produced some
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residual strain of order 100 micro in./in. (LP 1Band LP 3E), The presence
of residual strain indicates that some damage has already occurred in the
boundary layer*, as confirmed by the hysteretic loops in Fig. 4.11(a).

Strain distributions for loading from zero to yielding strain
are shown in Fig. 4.19(e). The similarity between this case of push-
pull Ioading and the case of pull-only (Fig. 4.16(b)) can be observed in
the region near pulled ends; the breakaway of the unconfined concrete
cone left the bar uniformly strained along its first 3 in, The approxi-
mate location of the separation is indicated by the difference in strain
readings between the second and third gage locations at yielding stress
level., The region near the pushed end, on the other hand, showed no
major loss in bond resistance even at yielding load level, as is evident
from the steep strain gradient.

As the applied load increased, the strain at the pulled end
and the length of the bar strained beyond the yielding strain also in-
creased as shown in Fig. 4.19(f). The pushed end, however, showed much
less action in gaining larger strain readings., Only two gages lying
close to the exposed surface showed some increase in strain readings.
At LP9Z, Fig. 4.19(g), the maximum pull-through strength of the block
was reached. From then on, strain reading diminished as a result of
decreasing applied load. The effective anchorage length at the failure
stage is estimated at about 13 in., with about 10 in. at the pulling end
and 3 in. at the pushed end strained above yielding level.

Increase and decrease in bearing area due to a contracting and
expanding bar diameter is shown in Fig. 4.20. As can be seen, the

change in bearing area was insignificant prior to LP 7, in elastic range

*As defined in Ref. [13].
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and began to be important in the post-yield range. Note that the reduct-
ion in bearing area occurs over considerably more length than does the
expansion, as is obvious from strain distribution curves previously
presented.

The significant results of strain distribution for the other
specimens are listed in Table 4.3. Note that only Specimen No. 7

pulled through prior to reaching yielding capacity of the rebar.

4.4.2 Cyclic Push-Pull Specimens

The response of strain distribution under + 10 ksi and working
load level was exactly the same as described in section 4.4.1.2. In
this section the strain distribution at higher load level is presented.

A typical strain distribution at + 40 ksi level, one step beyond
working load, is shown in Fig. 4.21(a) and 4.21(b). The following
points may be observed.

(1) At this load level, no change in the strain distribution
pattern occurs under two additicnal cycles.

(2) At this level, bond damage has already occurred in the first
few inches from the column faces during the portion of each pulling
cycle. At the pushed end, bond resistance remains intact. This can be
explained by the development of diagenal cracks around the rebar during
pulling sequences shown in Fig. 4.21(b.l). Upon pushing the bar,
it would move freely until the lugs wedged into the concrete., It
requires a stress level higher than 40 ksi to produce a significant
bearing failure during pushing cycles.

At the 55 ksi level, the strain distribution pattern looks

similar to that at + 40 ksi except for an increasing amount of bond
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damage and resultant redistribution of strains occuring at the two
subsequent repeating cycles (see LP 10D and 11D in Fig. 4.21(d) and
LP 9D in Fig. 4.21(c)).

The strain distribution at first yield is shown in Fig. 4.21(e).
Note that the yielding first occurs at the compression end, and at LP 12F.
Subsequently the bar was loaded in the opposite direction, inducing
yield in both ends, LP 12N, Once yielding began, the strain distribution
diagram no longer lent itself to easily interpreting the underlying
physical action. This was due mainly to the complex relation of fS—es
for steel under cyelic loading. For instance, the reason the strain
reading at the faces of the columns gave a high value at pushing cycle
and low for pulling cycle in comparison with strain readings of the
adjacent inner gages was residual strains. Unloading from yielding in
compression at north face, LP 12L, the residual strain of -500 micro in./
in. remained at the north face. As the specimen was loaded to LP 12N,
the residual strain substracted from the additional tensile strain,
resulting in lower strain readings at the column face, Stress distribu-
tion diagrams presented below in section 4.5.1.2 would be easier to
interpret than the strain results.

The regions extending about 4 inches in from each column face
were strained beyond elastic range (see Fig. 4.21(f) and 4.21(g)). As
a result, the strain distributions adopted a peculiar shape. The
remaining portion of the rebar, inside the confined core, remained elastic
and therefore the strain distribution was easily interpreted according

to either the tensile or compression stresses induced, Pull-through
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strength of the rebar was reached at LP 19E in Fig. 4.21(h). After LP 19E
the peak strain continued to diminish (LP 19K and LP 20E). Unlike
monotonic loading presented in previous cases where pulled-through strengths
were well beyond the inelastic range of the rebar, in the cyclic tests the
bars pulled through prior to or just slightly above yielding stress,
and therefore the necking and expansion of the bar diameter had a minox
effect.

The listing of strain at the verge of pull-through for the other
specimens tested is given in Table 4.3(b). Note that since Specimen No., 4
and No. 8 pulled through prior to yield of the rebar, a relatively low

strain resulted.

4.5 STRESS DISTRIBUTION DIAGRAMS

As has been pointed out previously, the only raw data obtained
directly from the experiments are the strain readings, displacements and
forces. However, this directly obtained data does not always give a good
picture of the physical action occurring in the rebar, especially for
monotonic loading beyond the yield range and cyclic loading histories.
A better illustration in these instances is found in distributions of
stress along the embedded length, which shows stress attenuation in the
rebar and, further, the bond-stress distribution, which gives the rate
of force being transferred into the surrounding concrete. Stress dis-
tribution diagrams are to be presented in this section while the bond
stress distribution diagrams are delayed until the next section.

As pointed out in Section 4.1, in order to make a conversion

from a strain to a stress, a rather accurate mathematical model of fs~ss
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of the steel is needed. For monotonic loading, the fS—ES relation
possesses one to one correspondence and does not require a past history
of strain to determine the corresponding stress. For post-yield cyclic
loading, fs—ss no longer maintains a one to one function and the past
history of strains is needed. The mathematical model for fs—as adopted
for carrying out strain to stress conversion is described in detail in

Appendix B.

4.5 1 Monotonic Loading

4.5.1.1 Pull=Only Specimens

The stress distribution diagrams corresponding to the strain
distribution diagrams of Section 4.4.1.1 are shown in Fig. 4.22. For
the pre-yielding range of the rebar, (Fig. 4.22(a) and part of Fig. 4.22(b)),
the stress distributien diagrams have the same shape as the strain
distribution diagrams.

At yielding, the stress distribution diagrams start to look
different from the strain distribution diagrams (LP 6E and 6F in Fig. 4.22(b)
and 4.16(b)). As noted in Fig. 4.16(b) at LP 6E and 6F, the strain of
the second gage from the pulled end shows a sharp rise in strain compared
with the strains of adjacent gages. For these same LP's the stress
distribution diagram (Fig. 4.22(b)) shows that yielding of the rebar
extended over a segment of 2 to 3 in., as was pointed out in Section 4.4.1.1

As applied load increased, the stresses in the rebar near the
pulled end of the bar increased, and the length of the bar that yielded
(distinctly shown by small flat portions in the curve) also increased

(see Fig, 4.22(c). For instance, at 6C in Fig. 4.22(c), the yielding
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zone extended about 2.5 in. inside the block , at LP 6K the yielding
zone moved in about 4 in. Note also that the effective length in re-
sisting the 40 ksi tension stress was about 19 in. and increased to the
full width of the block after reaching yielding strength of the rebar.

It is particularly interesting to compare Fig. 4.16(g) and
Fig. 4.22(g), where the rebar is on the verge of pulling through. While
the strain distribution diagram gives‘no clue of the reduction in stress,
an explicit picture of the effects of unloading in the rebar is clearly

noted in the stress distribution diagram.

4.5.1.2 Push-Pull Specimens

The stress distribution diagrams corresponding to the previously
described strain distribution diagrams are shown in Figs. 4.23(a) to
4.23(h). As with the pull-only case, for + 10 ksi and working stress
level, the stress distribution diagrams and the strain distribution
diagrams are the same (see Figs. 4.23(a) to 4.23(d)). The similarity of
the two diagrams breaks down when the bar is loaded te or above yielding
stress (see LP 7K and 7L in Fig. 4.19(e) and 4.23(e)).

A distinctive characteristic in the stress distribution of the
push-pull case for post-yield range is the marked difference in the
distribution of stress under tension as compared to that under compression.
The tension zone was distinguished by a gradual attenuvation of stress.

On the other hand, the stress was decreased within a much shorter length
in the compression region, signifying more effectiveness in bond transfer.
The better performance in pushed end region can be explained by the

following facts:
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(1) Because of flexural bending, the concrete in this region is
in compression, The compressive stresses further increase the normal
pressure on the bar, thereby increasing the frictional resistance and
delaying initiation of diagonal crack.

(2) As pointed out in Section 4.4.1.2 and illustrated in
Fig. 4.20, the bar under a compressive state of stréss would increase
in diameter, resulting in a larger bearing area and increasing the nor-
mal pressure acting on the rebar. Note that excessive expansion in the
bar diameter could bring about ill effects, i.e., splitting cracks due
to large hoop stresses. A study of the crack patterns formed in the
test specimens showed some evidence of this type of cracking (see Fig.
4.6(c)). The cracking seemed to exert insignificant influence in
reducing the bond transfer effectiveness as shown by the steep slope
of the stress distribution near the pushed end.

Stress distributions for unloading and under decaying load
are shown in Fig. 4.23(g). These curves, unlike the strain distribu-
tion curves, show clearly the reduction in stress as a result of a

decrease in magnitude of applied load.

4.5.2 Cyclic Pugh-Pull Specimens

The stress distribution diagrams corresponding te the pre-
viously presented strain distribution diagrams are shown in Figs. 4,24
(a) to 4.24(h). Again in the pre~yielding range the stress distribution
and strain distribution curves were both almost straight lines along the
length of the bar (see Figs., 4.24(a) to 4.24(d)).

Figures 4.24(e) to 4.24(g) show the stress distribution at or

beyond yielding., Note the gradual attenuation in stress along the region
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atfected by pulling stresses and a rapid decrease along the pushing region,
This also conforms to what has been observed under monotomic loading.
Stress distribution on the verge of the bar's pulling threugh is shown

in Fig. 4.24(h). LP 19E and 19K were loading points of maximum stress

and, therefore, as indicated by LP 20E and subsequent loading points, a

smaller applied load at the exposed end was required for successive cycles.

4.6 BOND STRESS DISTRIBUTION DIAGRAMS

Once the stress distribution diagram is obtained,one further
step is required to get the bond stress distribution. Mathematically,
bond stress, 4, is defined as

A AF
s s

= 32—75:— (4.1)

where Afs is the change in stress over a small distance Ax, and As

and Zo are the measured cross—sectional area and effective perimeter of
the rebar section, respectively (actual values for these terms are given
in Table 3.1). It should be emphasized that the measured area and
effective circumference were used for both grooved and ungrooved bars
rather than nominal values. The effective perimeters were defined
according to the sketch in Fig. 4.25, i.e., the longitudinal ribs were
excluded for the ungrooved bar while the groove width was excluded in
the case of a grooved bar.

The bond stress distribution diagrams give an indication of the
physical interaction between the deformed bar and the surrounding
concrete. Information is given by these diagrams on the rate of force
transfer from the rebar to the surrounding concrete. In this respect

the region where the bond has deteriorated can be clearly identified.
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A few precautions must be taken in studying the bond distribu-
tion data:

(1) - According to Eq. 4.1, computation of bond stress involves
a mathematical operation equivalent to differentation. Therefore the
accuracy of the computed bond stress depends upon the accuracy of the
‘computed bar stress, fs, from which it is derived. A moderate discrep-
ancy in the proposed fs-es model can result in grossly unacceptable
error in the computed bond stress.

(2) 5ince the bond resistance relies mainly on the mechanical
wedging action between the steel lugs and the concrete, concentrations
of bond stress occur in the concrete immediately surrounding the lugs.
The recorded strains, which permit the determination of the bond stresses,
might reflect these stress concentrations if a gage is close to a lug.

To overcome (1), attempts were made to come up with the most
accurate fs-es model without excessive computational effort in the data
reduction. The problem created by (2) is dealt with by interpreting the
bond stress as an average value between gage locations and not as the

local bond stress at a point.

4.6.1 Monotonic Loading

4,6,1,1 Pull Only Specimen

A series of bond distribution diagrams corresponding to the
strain distribution and stress distribution diagrams given in Figs. 4.16(a)
to 4.16(g) and Figs. 4.22(a) to 4.22(g) are shown in Figs. 4.26(a) to
4.26(g). As indicated previocusly in Section 4.4.1.2 for the strain dis-
tribution, the stress distributions at + 10 ksi and working stress level

(Figs. 4.26(a)) show about 16 in. of the rebar involved in resisting
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the pulling load. The rest of the embedment length remained undisturbed.
A peak local bond stress of about 1 ksi occurred near the exposed end.
There was no noticeable redistribution of bond. stress in this loading
range, indicating no significant degradation in bond.

The bond distribution for loading up to yield strength is shown
in Fig. 4.26(b). Fig. 4.26(bl) is a partial redrawing of the more
complete Fig, 4.26(b) that emphasizes the redistribution as the load
increases. At LP 6D, there was decreased resistance in the first 3 in.
of embedment, and the peak bond resistance of 1.8 ksi occurred about 4 in.
inside the block. A new pattern of distribution was developed at LP 6E
where bond resistance was absent aleng the first 2.5 in. due to the break-
ing away of the concrete cone; the location of the maximum bond stress
moved inside to about 3,25 in. from the originél position of the block
face.

The post yield distributicn of bond is shown in Figs. 4.26(c)
to 4.26(g). A gradual shifting in bond resistance from the pulling end
toward the free end was the characteristic behavior in this range. A
peak resistance of 2 ksi was developed within the block. At the pulling-
through stage, LP 8Q in Fig. 4.26(g), the first 10 in. of embedment
suffered severe loss of bond. Nevertheless, a peak bond stress of 3 ksi
was developed at the free end. A summary of redistribution of bond for

this loading condition of pull only is showna in Fig. 4.26(h).

4.6.1.2 Push-~Pull Specimens

A series of bond distribution diagrams corresponding to the

strain distribution and stress distribution diagrams given in Fig. 4.19
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and Fig. 4.23 are shown in Fig. 4.27. At + 10 ksi stress level (see
Figs. 4.27(a) and 4.27(b)), the bond resistance was concentrated in the
first few inches of embedment at the exposed end with peak amplitude of
0.5 ksi. At working load level (fs = 24 ksi), Figs. 4.27(c) and 4.27(d),
through LP 7B of Fig. 4.27(e), the peak bond stress increased to 1.0 ksi
near the pulling end and about 2.0 for pushing. Except for regions near
the end, the bond stress is surprisingly uniform in distribution. Unlike
the pull-only case where, at working level, only part of the rebar length
was involved in actively resisting the pulling force, in push-pull
loading the whole length participated in resisting the forces applied

at both ends of the bar.

The bond stress distribution ranging from zero up to the first
yield is shown in Fig. 4.27(e). The bond stress at the pushing end was
extremely high, from 4-6 ksi; therefore a shorter development length was
required to transfer the pushing force applied to the bar. On the other
hand, the bond stress was more evenly distributed in the region near the
pulled end. The redistribution phenomena due to damage of the bond
was confined to the first 3 in. from the pulled end.

For advanced stages of loading, a progressive bond failure
occurred in the region near the pulled end, resulting in a redistribution
of resistance as clearly shown in Figs. 4.27(f) to 4.27(h). The jagged
appearance of the bond distribution curve for LP 7M to LP 9G characterizes
the successive nature of bond failure, i.e., as the concrete around the
first few lugs fails, the resistance has to rely on the wedging of

concrete and steel lugs further inside the block to maintain equilibrium.
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The bond stress distribution for decreasing load is shown in
Fig. 4.27(h). As expected, the bond stresses diminish in accordance
with the reduced applied load,

After studying the bond distributions and rebar stress distri-
butions as well as the crack development on the tested specimens, the
general characteristics of bond behavior within the column bleck can be
deduced. TUnder the general case of push-pull loading, the block embed-
went length can be classified into three distinct regions according to
the predominant bond behavior: unconfined, confined and push end re-
gions. The unconfined region is located mostly outside the reinforcing
cage and is influenced by the contraction of bar diameter, The failure
mode in this region is identified by a breaking away of the concrete
cone.  Measuring the depth of the fracture cone after the sgpecimen's
rebar has completely pulled through indicates that the depth of cone
and its radius at the column face can be approximated by assuming a 45-
degree angle from the embedded bar to the close of transversed rein-
forcement as shown in Fig. 4.28. Heavy column reinforcement with trans-
verse steel is characteristic of the confined region. Column longitu—
dinal and transverse reinforcement arrests the propagation of cracks
and limits the crack size. As a result the maximum bond stress it can
sustain is higher than that of the unconfined region. The results
obtained showed that average maximum bond capacity for the confined re-
gion was about 2.0 ksi while about 1.2 ksi was reached in the unconfined
region.

The pushed-end region experiences an increase in bar diameter due
to the rebar compressive stress. The increase in bar diameter increases

the lug to concrete bearing area and radial normal pressure (not including
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the additional pressure derived from the flexural bending induced into
the block) and thereby increases the bond strength due to wedging action
as well as that due to adhesive (chemical) bonding at the steel-concrete
interface., Therefore the highest bond strength is achieved in this region.
The average compressive bond strength derived from the experiments was
about 6 ksi.

Table 4.4(a) summarizes the important characteristics of bond
stress distribution for all test specimens. Except for the pushed-end
region, the maximum bond stresses at different regions showed slight

variation.

4.6.2 (Cyclic Push-Pull Specimens

A series of bond stress distribution diagrams corresponding to
the strain distribution and stress distribution diagrams given in Figs.
4.21 and Figs. 4.24 is shown in Figs. 4.29. TFor + 40 ksi loading level,
the bond stress was evenly distributed except for the regions near the
loaded ends, as shown in Figures 4.29(a) and 4.29(b). No modification of
distribution curves occurred at successive peaks of the repeating cycles,
LP 7D, 8D and 7K, 8K. A similar pattern of distribution curves resulted
for + 55 ksi loading cycle, as shown in Figs. 4.29(c) and 4.29(d). As
expected, the bond stress for peak loading at + 55 ksi was higher than
for + 40 ksi. For instance, the maximum average bond stress in the
confined region at + 40 ksi was 1.2 ksi while the value at + 55 ksi
was about 1.6 to 1.7 ksi. It should also be noted that the average bond
stress in the confined region (which covered the majority of column width)

was almost proportional to the magnitude of applied load: =zero bound
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stress at zero applied load, 1.3 ksi at 40 ksi, and 1.65 ksi at 55 ksi
(see LP 9A, 9C and 9D of Fig. 4.29(c)). This was due to the almost
uniform distribution of bond at these load levels.

The bond stress distribution diagrams between yielding and pull-
through of the rebar are shown in Figs. 4.29(e) to 4.29(h). Again, the
curves are similar to those at + 40 ksi and + 55 ksi levels. As will be
shown later, this similarity allows the use of the same mathematical rule
to predict the build-up of bond stress in the confined region through-
out the loading history.

A summary of the maximum bond stresses developed in all test
specimens is listed in Table 4.4(b). Note that the maximum bond stress

value shows little variation with varying columm widths and bar sizes.

4.7 LOCAL DISPLACEMENT DISTRIBUTION DIAGRAMS

The distribution curves referred to so far do not explicitly
describe the movement of the bar relative to the concrete; the local
displacement distribution diagrams are designed to fill this gap.

Local displacement is defined as the relative movement of the bar section
with respect to a rigid concrete core or, equivalently, the center of the
column. Adoption of this definition was necessary due to a lack of in-
formation regarding the deformation of concrete (which in turn depends
upon cracking and strain distribution within the concrete) necessary to
compute a local slip, which is the actual relative displacement between
steel-concrete at their interface.

Referring to Fig. 4.30, the local displacement at section X, éx,

is computed as follows:



49

8= 6, - [x e (6)dE (4.3)
o]
8., = "M (man + 6, | (4.4)
[s]
§ .+ 6
x1 x2
§ =T %S (4.5)

where 61 and 62 are the displacements at the exposed ends, as shown in
Fig., 4.30(a)}, ES(E) is the measured strain distribution along the bar as
shown in Fig. 4,30(b), and n = L-£, The displacement le satisfies dis-

placement compatibility at one end while SX satisfies compatibility at

2
the opposite end; an average value, 6X, was adopted as the displacement

at the desired section, X.

4.7.1 Monotonic Loading

4,7.1.1 Pull=Cnly Specimen

The local displacement distribution diagrams corresponding to the
strain distributions previously given are shown in Figs. 4.31(a) to 4.31(g).
For + 10 ksl working load cycles, the disturbed length of the rebar was
within 16 in. of the pulled face. This agrees with what had been observed
in the other diagrams. A substantial increase in local displacement was
observed when the bar began to yield, LP 6D to LP 6E in Fig. 4.3L(b). At
yield, the length of bar showing movement extended to 18 in. within the
column block.

The local displacement diagrams for post-yielding of the specimen
to pull-through are shown in Figs. 4.31(c) to 4.31(g). Note that prior to

pull-through the only portion of rebar that moves is near the pulled
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end where the rebar is strained into the inelastic range. Also, the free
end showed no significant displacement until LP 70 where the bar was at

the verge of pull-through.

4.7.1.2 Monotonic Push and Pull

The local displacement diagrams for + 10 ksi and working stress
level are shown in Fig. 4.32. Unlike the behavior for pulling on one
end only, where the whole bar did not start moving until a very advanced
stage of loading, the push-pull loading case showed the entire bar moved
even at working load cycles (see Figs. 4.32(a) to Figs. 4.32(d)). This
is additional evidence in support of the phenomenon observed in the
corresponding bond-distribution diagram of Figs. 4.27(a) to 4.27(d)
where the bond stress had developed everywhere along the bar. Permanent
displacement upon teturn to zero load also appeared (see LP 4F and 7 in
Figs., 4.32(c) and 4.32(d)), indicating damage had already occurred in
the surrounding concrete boundary layer.

The local displacement diagrams at yield and post-yield range
are shown in Figs. 4.32(e) to 4.32(h). As anticipated, a larger dis-
placement occurred as applied load increased. For example, at yield
there was no point in the rebar that moved less than .0l in., as shown
in Fig. 4.32(e), while at 80 ksi, the minimum local displacement was
double that at yield (LP 7K) as shown in Figs. 4.32(e) and 4.32(f)).

Although the magnitude of applied load at the rebar protruding
ends was equal, the displacement in the region near the pulled end was
far in excess of that within the pushed end region. This is because &

larger length of rebar is strained past yielding at the pull end than
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at the push end (see the corresponding strain distribution diagram in
Figs. 4.19(f) to 4.19(h)). The pull-through of the rebar ﬁaS'initiated
at LP 92 in Fig. 4.19(g). After the failure stage, the entire bar dis—
placed almost as a rigid body, as reflected by the local displacement

curves of LP 9Z, 10 0 and 10 Y as a series of parallel lines (Fig. 4.32(g)).

-

4.7.2 Cyclic Push-Pull Specimens

The local displacement diagrams for cyclic loading are illustrated
in Fig. 4.33. These diagrams correspond to the strain, stress and bond
stress distribution diagrams previously presented in Fig. 4.21. The first
iwo local displacement*diagrams, Fig. 4.33(a) and 4.33(b), are for + 40
ksi level. Note that at zero load, LPF 6, the whole bar has already dis-
placed from its original undisturbed position as a result of subjecting the
bar to + 10 ksi and working stress cycles prior to the + 40 ksi cycles. At
the + 40 ksi peqks, the minimum local displacement at any point in the rebar
already well exceeded + .005 in.

There was little difference in the shape of the local displacement
diagrams corresponding to + 40 ksi and + 35 ksi stress levels, as shown in
Figs. 4.33(c) and J.BB(d). The only difference was that the values of
these displacements were larger for the + 55 ksi cycles. The local displace-
ments at the peak stress, LP 9D, 9K, 11D and 11K, exceeded 0.007 in.

Local displacement diagrams for first-yielding and post-yielding
cycles are shown in figs. 4.33(e) to 4.33(h). Unlike monotonic loading,
where the local displacements near the pulled end were considerably

larger than those of the pushed end, cyclic loading produced almost

equal displacements at opposing ends. An explanation for this difference
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is given in the strain distribution diagrams in Figs, 4.2;(e) to 4.21¢(h):
there was a much more extensive straining of the bar wellA;éyond yielding
near the pulled end than near the pushed end in the monotonic loading
case, and the léﬁgths of yielding near the ends were almost the same

for cyclic 1oading.‘ The maximum stﬁﬁngth of the block was reached
between the lcad points LP 19E and LP 20E (see Figs. 4.33(h)). Although
LP 19E and 20E showed equal local displacement at the pulled end, the
local displacement insiderthe block for LP 20E was considerably larger

than for LP 19E,

4.8 SUMMARY !

Because of the lengthy presentation of the experimental results, ’
a brief summary of the significant results are necessary to put them in
perspective.

For monotonic loading, cone formations appeared at the pulled end
as early as the 40 ksi level, while no such cracks appeared at the pushed
end (for push-pull specimen) or freec end {(for pull-only specimens)
surfaces. Cone formations occurred on both of the exposed ends of
cyclic loading speciﬁens at a stress level of about 40 to 55 ksi.

Three different concrete regions, classified according to dif-
ferent bond behavior, can be identified, i.e., uﬁconfined region (lying
mostly in the column cover near the pull end), confined region (inside
the reinforcing cage) ;nd pushed-end region {near the pushed end). The
ultimate bond strengths were found teo be about 1.0, 2.1 and 4.0 ksi for
unconfined, cénfined and pushed-end regions, regpectively. High values
of bond strength at the pushed ends give an indicaticn of the good bond

of a bar embedded in confined concrete under compressive loading. TFor






ABSTRACT

Under reversing lateral loads, such as occur during a major
earthquake, cracks can form at column faces of continuous beams framing
into joints of moment-resisting frames. Reinforcement may be strained
well into the inelastic range and cracks will tend te remain open,
During cyclic loading, continuous longitudinal beam bars can be simul-
taneously pushed and pulled from opposite sides of a column, creating
a severe demand on anchorage.

The performance of anchorage under conditions similar to those
described above was tested experimentally. Seventeen specimens of
single bars embedded in well-confined column stubs were tested under
push~pull or only pull loadings. Monotonic as well as cyclic loadings
were prescribed. Bar sizes #6, #8, and #10 were tested. The tendency
of bond to degrade under cyclic loading was observed. Results obtained
from these tests provide essential data from which a mathematical model
for predicting the bond behavior that leads to the pull out or push in
of a rebar is formulated.

Finite element techniques are employed to predict the cracking
behavior of the surrounding concrete since this behavior could not be
deduced from the experimental data. The superior perfermance of a bar
subjected to a push load is noted. The discrepancy between the predicted
and experimental results is evaluated, and the limitations of the mate-
rial models used in the present analysis are described.

A model for the hysteretic behavior of a bond element when
subjected to generalized loading histories is established from the
experimental results. The reliability of the model for monotonic and

full reversal loading histories is encouraging.
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monotonic loading, degradation in bond starts to be significant after
the rebar reaches yielding. A reduction in bar diameter and, hence,
bearing area plays a major role in monotonic bond deterioration.

For cyclic leading, deterioration in stiffness appeared as
early as working load range. Slippage over the entire bar was recorded
at relatively low stresses, in the range between 24 and 40 ksi. An
increase in loading intensity and number of repeating cycles led to a
decrease in strength and increase in pinching of the force-deformation
loops. The fractured-away cones formed at both ends of the specimens at
about 40 ksi, causing a considerable reduction in the effective anchored
length, leaving confined cores to resist the applied force. TFor the
loading history used in these experiments, the ultimate bond strength
in unconfined and confined regions was found to be about .8 and 1.6 ksi,
respectively.

The experimental results indicate clearly that the bar embedded
in a column does pull out. Table 4.5 gives an example of an approximate
value of fixed-end rotation at yield for 20 in. effective beam depth
(d-d'). DNote that for monotonic loading the contribution from pull-out
ranges from .00l to .0026 rad., or 20 to 60 percent of .005 story index
commonly used; furthermore, in cyclic loading the contributions are greater,
ranging from .0022 to .0034 which is 25 to 70 percent of the drift index.
The substantial amount of fixed-end rotation from pull-out clearly indicates
a need to reexamine the assumption that beam~-column joints of moment

resisting R/C frames are rigid.
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5., EVALUATION OF TEST RESULTIS

5.1 GENERAL

Tn Chapter 4 the general results and the behavior of the bond
test specimens have been presented and described in detail. No attempt
has been made either to evaluate the bond performance under the influence
of different parameters or to give a full explanation for the differences
in response, 1In this chapter, an attempt is made to evaluate bond
behavior under the influences of:

(1) vpull-only and push-pull loading conditions,

(2) loading histories, restricted to the case of monotonic and

full or semi-full reversal loading,
(3) different bar size, and

(4) grooved and ungrooved bars.

5.2 ©PULL_ONLY AND PUSH-PULL LOADINGS

As pointed out in Chapter 1, beam bars passing through an in-—
terior column jeint can be subjected, under extreme loading con-
ditidns, to two general types of loading: pull-only and pull and
simultaneous push with equal magnitude in force. These two loading
conditions estimate upper and lower bounds on the performance of an
anchored bar in an interior beam column connection.

It should be noted at this point that no test results for
cyclic bond tests involving pull loads only have been presented here.
The presentation on pull-only loading is restricted to a monotonic

load history.
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The most important characteristics for comparison between the
pull-cnly and pull-push loading condition is the total stress-dis-

placement at pulled end curve, £ —61, as presented in Fig. 5.1. A

sl
comparison of the initial stiffness, pull-out at maximum strength,
maximum strength and energy absorption capacity, as indicated by the

fsl—él curves follows.

(1) Initial stiffness.--There is virtually no effect of the

31-61 curve for the

push-pull loading prior to yielding. To explain this, and the ensuing

pushing force C, on the initial stiffness of the £

similarity of the two types of loading in the early stages, the internal
responses are studied at loading point A (60 ksi) where the two curves
almost coincide, and at loading point B (85 ksi) where the two curves
start to deviate.

At point A, the similarity of the bond stress, strain
distribution for the pull-only and push-pull case within 15 in. from
the pulled end, Fig. 5.2(a) and 5.2(b), supports the coincidence of the
two f51"61 curves; the local displacement diagrams for the push-pull
case, however, show a slightly consistently higher value (Fig. 5.2(c)}).
The larger local displacement developed inside the block of the push-pull
loading indicates that more damage is introduced in the surrounding
concrete of the push-pull case than to that of the pull-only. Although its
effect is not apparent at this stage (60 ksi), the deformation at maximum
strength of the push-pull case is considerably reduced in comparison
with that of pull-only. A similarity of the distribution curves within
the stated 15 in. limit remained valid at point B, as shown in Figs. 5.3(a),

5.3(b) and 5.3(c). This means that up to the stress level at B, 85 ksi,
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the interference from the pushing end upon the region in tension was
minimal; the forces applied to the bar at the push end were transferred
by the intermnal bond resistance within a relatively short embedment
length near pushed end. This study tends to suggest that for the 25 in.
column bloeck, about .83 percent of development length required by ACI
Code [23] (embedded length for grade 60, #8 bar is about 30 in.), the
responses at the pull end and push end are independent up to

yielding.

(2) Strength and Ductility.--Apparently from a strength point

of view, the application of a pushing load in addition to a pulling lecad
did not have a significant effect., The maximum strengths of the pull-
only and push-pull specimens at failure due to pull through were 102 and
95 ksi, respectively. Meanwhile, the pull-out ductility or deformation
capacity prior to failure was greatly influenced by the addition of a
pushing force. As shown in Fig. 5.1, the pull-out at maximum strength
was almost twice that of the push-pull case.

One of the reasons that push-pull loading cannot sustain as large
a deformation as pull-only loading may be due to the presence of higher
bond stress in the push-pull boundary layer concrete (see Fig. 5.4(a).
Higher local bond stresses would cause more damage in the layer. This
was also confirmed by the local displacement data, Fig. 5.3(c), pointed
out earlier, and Fig. 5.4(b), where a significant displacement of the whole
bar for push-pull loading was observed while the free (unloaded) end of
pull-only remained practically stationary.

(3) Enpergy Absorption Capacity.~-For the pull-only specimen,

the absorbed energy is represented by the area under the fsl—Gl curve

only, whereas for push-pull loading, the absorbed energy is the sum of
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the areas under both the fsl_él and the fsz—GZ curves. Examining the
curve in Fig. 5.1 shows that there is not much difference in the energy
absorption capacity at the pull end of the twe cases up to about 0.45 in,
displacement. At 1 in. displacement, the absorbed energy of the push-
pull case of the pull end is about 72 percent of the pull-only {pull-
cnly absorbed 64.5 k-in. at 1 in. displacement). However, in terms of
total absorbed energy, the two cases show a slight difference, even at

1 in. displacement, since the contribution of energy absorbed at push
end of the push-pull case compensates for the discrepancy (see fs -5, in

27 °2
Fig. 4.10).

5.3 EFFECT OF CYCLIC LOADING

The effect of cyclic loading on bond behavior is best demonstrated
by a comparison with monotonic loading, as is done in Figures 5.5(a) to
5.5(e). The following presentation includes the effects of cyclic loading
on different bar sizes (#6, #8, and #10) and varying column widths
(from 15 in. to 25 in.). The study indicated that:

(1) Cyclic load causes stiffness degradation characterized by
pinched hysteresis loops, as early as in the working lcad range. The
larger the amplitude and the greater the number of cycles of reversal
loading, the more the degradation in stiffness resulted.

(2) Gradual incremental cyclic loading causes a decrease in
the maximum pull-through capacity (see Table 5.1). The maximum strength
of cyclic loading ranged from 71 to 91 percent of the monotonic strength.

(3) The deformability at maximum strength (ductility) was

considerably reduced by severe reversal loading. As can be seen in
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Table 5.1, no cases were observed where monotonically loaded specimens
would pull through at displacement less than that of cyclic loading.

To identify the cause of the discrepancy between the two types
of loadings, the typical bond stress and displacement variation at
different locations along the bar are compared at stress levels prior
to yielding, at yielding level and at pull-through. For the pre-~yielding
and yielding range, it is clearly indicated that local displacement
along the bar in ecyclic loading was consistently larger than the local
displacement under monotonic leading (Fig. 5.7); however, there is
no significant difference in bond stress distribution at the pull-
through stress level (Fig. 5.6). Larger local movement in cyclic loading
implies more damage being introduced into the surrounding concrete. The
smaller pull-through strength of cyclic loading in comparisen with mono-
tonic is reflected in Fig. 5.8(a) where the maximum bond stress along
the rebar was reached. Excepting the region near pulled end, the cyclic
bond stress capacity for the rest of the bar was considerably less.

The smaller deformability under cyclic loading at maximum pull
through load is again shown in Fig. 5.8(b). Further, the local dis-
placements that the rebar in contact with concrete experiences prior to
the drop in resistance when subjected to cyclic lecading is considerably

lower than for monotonic loading.

5.4 EFFECT OF BAR SIZE

The experimental results include the use of different bar sizes:
#6, #8 and #10. Note that the dimemnsions of the lugs (their heights

and spacings) of the bar are not proportional to the bar diameter (see
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Table 5.2). For instance, the proportion of the bar dimensions of the
#6 bar with respect to the #8 bar can vary from 0.58 for lug spacing to
0.75 for bar diameter. Since the bar geometry is not in proportion, the
law of similitude cannot be directly applied in obtaining a result from
one bar to another., The comparisons here are limited to the case of
monotonically-increasing loading. This eliminates the effect of loading
sequences which, for the cyclic tests, were slightly different.

As a general observation from these experiments, the smaller the
bar size, the higher the average bond strength that could be developed—-
an observation that agrees with previous research such as that in
Reference 6., Figures 5.9(a), 5.9(b) and 5.10 show this general trend,
i.e., the bond strength of the #8 bar is about 87 percent of the #6 bar
and the bond strength of the #10 bar is about 85 percent of the #8 bar.
Further examination of the bond stress distribution of the #8 and #10
bars at pull through confirm the above observation (see Fig. 5.10).

The smaller bar diameters tend to show a higher stiffness during
early stages of loading, i.e., for a given bond stress, the larger the
bar size the greater the end displacements. This type of response is
further explained by studying the distribution curves at the bond stress
1.81 ksi (at point A in Fig. 5.9(b)). As expected, since the average
bond stress is equal, the bond stress curve showed a similar distribution,
Fig. 5.11(a). A difference appears in the local displacement diagram
where the result of the #10 bar shows a consistently higher value throughout

the bar length (see Fig. 5.11(b)).
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5.5 EFFECT OF GROOVES

As indicated in Chapter 3, in order to install strain gages to
measure the strain distribution, the rebars had to be grooved. By doing
so, the effective perimeter and the area of the bar are reduced. Such
a reduction might significantly distort the bond performance of the
grooved bar from that of the ungrooved bar. Thus, it is essential to
be able to relate the behavior of the two, since in actual construction
the ungrooved bars are used.

In order to evaluate the effect of grooves on the rebar, a
realistic perimeter, ZO, reflecting the bond mechanism must be used in
the computation of bond stress (as defined in Eq. 4.3). 1In the deformed
bar the stress transfer between the steel and concrete takes place through
two major mechanisms: the bearing mechanism {crushing of concrete at the
lug toes) and the direct shear-off mechanism as shown in Fig. 5.12(a) and
5.12(b), respectively.

For the bearing failure mode, the bearing area of a lug plays the
major role in the bond mechanism. The effective perimeter, Zo, in this
case corresponds to the total perimeter less the width of the longitudinal
rib for the ungrooved bar (see Fig. 5.12(a))} and less the widths of the
grooves for the grooved section. Table 5.3(3) gives the effect of prooves
on the bearing area. Note that variable ;E-is the major variable for
evaluating the influence of grooves (sece Ez. 4.3). PFor #8 and #10 bars
the greooves lead to a distortion of under 10 percent, while 11 percent
distortion results for the #6 grooved bar,

For direct shear failure, the effective perimeter, Zo, of

the grooved and ungrooved section is practically the same as shown in
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Fig. 5.12(b). This is because the shear off will take place along the
outermost limit of the bar. The indication of the distortion introduced
by the grooves for the shearing mechanism is the difference in cross—sectional
area AS. Table 5.3(b) lists the distortion for the different bar sizes.
Since the groove sizes are all the same, the #10 bar section has the least
distorted section (.959 of the ungrooved section), while the #6 bar gives
the most distorted section (.847 of the ungrooved section).

This study indicates that there could be a variation of 0.847 to
1.11 between the bond stress of the grooved and ungrooved bar. The experi-
mental results of the bond stress—~displacement curves for the ungrooved and
grooved sections somewhat confirms the above study (see Figs. 5.13 to 5.15).
The bond stress is based on the bearing effective perimeter for the ungrooved
and the grooved widths for the grooved section). The correlation for #6
is fair at the earlier part of the response and is better for the advanced
stage of loading (see Fig. 5.13). A reasonably good agreement through the
whole range of loading is observed for the #8 and #10 bars (see Fig. 5.14

and 5.15).
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6. ANALYTICAL STUDY OF BOND BEHAVIOR

6.1 GENERAL

As pointed out by Bresler and Berterc [13], the bond behavior
along anchored bars is directly affected by the development of internal
cracking in the concrete boundary layer around the rebar. This behavior
within the concrete boundary layers, however, does not lend itself to
experimental observation. Major technical difficulties arige in attempting
to measure this behavior without, at the same time, altering that
behavior. Therefore, a nonlinear analytical simulation of this behavior
was initiated; the existing experimental data obtained thus far provides
an opportunity to assess the accuracy of prediction of the computer
simulation scheme that was devised.

A nonlinear finite element analysis program, NONPLAX [26],
which can take into account the effect of concrete cracking, was used
in the present study. Sophisticated as the program was, it lacked
certain features necessary for this study. First of all, the program
could handle only monotonically increasing loads. Secondly, the main
embedded steel had to remain in the elastic range. Because of these
limitations, the program was applied only to moncotonic push—pull and
monotonic pull-only loading, Specimen No. 13 and Specimen No. 3. re-
spectively. The significance of the results are discussed and suggestions

for further research are given.

6.2 FINITE ELEMENT MODEL OF BOND SPECIMEN

To study the behavior of bond as displayed in the experiments,

the axlisymmetric model shown in Fig. 6.1 was adopted. The model consisted
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of a #8 bar embedded in a concrete cylinder 25 in., long. The radius
of the cylinder was 6.5 in. (13D) with its boundary restrained from
displacements. It was believed that with a cylinder of this size

the boundary support condition would not significantly affect results
obtained for local stress in the steel-concrete interface layers where
internal cracking was expected to originate. The external forces
could be exerted as a pulling force on one preotruding end of the rebar
or as a pulling force on one end and a simultaneous pushing on the
other to simulate the pull-only or pull-push loading as prescribed

in the experiments.

6.3 TFINITE ELEMENT MESH AND MATHEMATICAL FORMULATION

The finite element mesh of the deformed #8 bar and the
surrounding concrete are shown in Fig. 6.2. The finite element used
to represent the steel bar and concrete prism was the 4-node linear
strain axisymmetric quadrilateral, (see Fig. 6.3). This element can
also be collapsed into a triangular element by specifying two nodes
at the same location. Tt should be noted that the exact shape of the
steel lugs could not be simulated with this mesh because the embedded
length of the rebar was too large in comparison to the lug size.
Otherwise, a great number of elements must be included to describe
the geometry of the specimen realistically, making computational césts
prohibitive. In the average sense, the finite element meshes adopted
retained all the significant bond behavior and yet required a moderate
computation effort. The compatibility in the nodal displacement of
the rebar-concrete layer common nodes closely simulated the wedging

action of the steel lug on the surrounding concrete,
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For the 4-node linear-strain axisymmetric isoparametric quadril-
ateral element (Fig. 6.3), the relationship between the displacement
field inside the element (ur, uz) and the displacement at nodes (uri’

uzi) is given by:
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where s and t are local element coordinates. In mapping the local
coordinates to r—-z structural coordinates, identical interpolation

functions are used:

| D1 £~

r = h, r, (6.3)
4
z = Z h. =z, (6.4)

In the axisymmetric problem, the shear strains, Yre and Yze’ are
zero, using symmetry. The relationship between the non-zero strains

and the displacement is:
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Now substitute Eq. 6.1 into Eq. 6.5 to obtain the strain and nodal

displacement relationships:
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where u, and u_ are nodal displacement vectors, and

i =10hy hy hy hl
B,z = [hl,z h2,z h3,z hé,z]
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The internal stresses, 9 .3 0,5 Tps and O, (Fig. 6.3), are
computed by multiplying the strain vector, ¢ (Eq. (6.6)), by the appro-

priate material property matrices specified in Sect. 6.4.

6.4 MATERIAL MODEL FOR CONCRETE

The basic assumptions for the concrete material behavior are
listed below (see Section 6.11):

(1) Under uniaxial stress, concrete is assumed to be elasto~
perfectly plastic in compression where the elastic limit is defined by

fé, and to fail in compression when reaching a specified crushing
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strain.* Cracking (tensile failure) is assumed to occur as the prin-
cipal tensile stress reaches a specified tensile strength* and the
internal element force in the cracked direction is redistributed to the
remainder of the structure,

(2) Under a triaxial stress, cracking is allowed to occur at
the principal stress directions in the r-z plane and in the hoop di-
rection (Fig. 6.3). Thus,

Elastic, uncracked concrete element:

5 ] B niniin
rr I-v v W 0
rr
O2| E, v v 0 |le
- (6.7)
P (1+v) (1-2v) v 0 €06
o
rz sym 1-2v €,
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Concrete element cracked perpendicular to principal stress direction 1

in the r-z plane:

5, . T
1 0 0 0 0 81
o ‘
2 - EC 1 0 0 €, (6.8)
93 17 1 0 €,
c 2
mﬂl%J sym G*(1-v7) Y19
E, et

*
where G 4is the shear modulus of the cracked element = 0.0;
Concrete element cracked perpendicular to prineipal stress

direction 2 in the r-z plane:

oy 1 0 0 0 517

20 _ B 0o 0 0 e,

o 5 (6.9)
3 1-v 1 0 63
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*For the specified values used in the analysis, see Section 6.6.
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Concrete cracked in the hoop direction:
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6.5 MATERIAL MODEL FOR REINFORCING BAR

The bar was modeled by plane stress elements. A linear-elastic
stress—strain relationship (Eq. (6.7)) was used. The steel was assumed

to remain in the elastic range throughout the loading applications.

6.6 MATERIAL PROPERTIES OF CONCRETE AND REBAR USED IN THE ANALYSIS

The material properties used in the analysis work were typical
of those of the bond tests. The modulus of rupture of concrete
(490 psi) was used for determining the cracking strength of concrete
elements. The other mechanical characteristics of the concrete were
its crushing strength of 4500 psi, crushing strain of .0025, elastic
stiffness of 3,380,000 psi and Poisson's ratioc of 0.15. ' The mechanical
properties of elastic steel were the Young's modulus of 29 x 103 ksi

and a Poisson ratio of 0.30.

6.7 NONLINEAR ANALYSIS SCHEME

The standard step-by-step nonlinear analysis solution procedure
was employed. For each loading increment, Newton-Raphson iterations
were carried out using a force convergence criteria. The structural

stiffness was reformed at each iteration for speeding up convergence.
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6.8 ANALYTICAL RESULTS

The basic results in bond behavior, paralleling those obtained
in the experiments, are presented. In addition, the behavior of the
surrounding layer of concrete which was unobtainable from the tests is
given. The results of two cases are presented: monotonic push-pull and

monotonic pull-only.

6.8.1 Monotonic Push-Pull Specimen

The load deformation diagram, f —61, at the pull end is shown

sl
in Fig. 6.4. Because cracking developed in the concrete, a nonlinear re-
sponse curve resulted,

Sequence of intermnal cracking as predicted by the analytical
work is shown in Fig. 6.5. Listing of stresses, fsl-fSZ’ at cracks is
also given in the figure. ©Note that from zerc to 60 ksi level all the
cracking is diagonally inclined. No splitting tension cracks formed.

This deviation from the probable real behavior presented in section 4.2
may be due to the size of finite element meshes used; they may be too
coarse to detect the splitting cracks which are likely to concentrate
only at the pulled surfaces. The first crack formed near the pulled end
at the stress of 5 ksi. The second, third and fourth cracks are also
formed near the pulled end at 11.8, 23, and 24.5 ksi, respectively. Note
that 24.5 ksi (about working range) cracking already covers half of the
embedment length. Cracks near the push end did not form until 25 ksi and
required the stress of 35 ksi to form another crack (see crack no. (6) in
Fig. 6.5). The late formation of the crack near the push end indicates
the better performance of this region. The cone formation at the pull end

can be quantitatively identified by the continuation of cracking of (7) to

(1) at 37 ksi.
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Fig. 6.6 shows the stress distribution in concrete. As expected,
along most of the embedment length the concrete was under compressive
stress, while a tension stress existed for only a small length near the
pull end. It should be noted that a compressive state of stress in
the region near the pull end was also possible. This occurred pri-
marily due to tensile cracking of the concrete that allowed the concrete
elements to arrange themselves to transfer load through compression
strut action. Even at 535 ksi the maximum compressive stress in concrete
along the rebar is less than 2.4 ksi which is about half of the concrete
compressive strength; therefore no crushing in concrete is developed.

Stress distribution along the rebar is shown in Fig. 6.7. The
corresponding strain distribution diagram is identical to the stress
diagram, except that the vertical stress scale is proportionally
reduced by a factor of l/Es. As expected, the result indicates high
local rebar stress concentrations near the loaded ends of the cylinder.
Transfer of force from rebar to immediately adjacent concrete through
bonding action is shown in Fig. 6.8. Again most of the force transfer
occurs around the applied loaded end and gradually lessens toward the
middle of the block. A dropping in the bond stress at about 1 in., from
the pulled end (at stress 39 ksi, see Fig.r6.8) was due to cracking,

while no reduction occurred at the pushed end due to the formation of cracks.

6.8.2 Monotonic Pull Only Specimen

Results similar to the set given above for push-pull loading
were obtained. For pull-only loading, only a few selected results are
presented, i.e., cracking sequences in Fig. 6.9, rebar stress distri-

bution in Fig. 6.10, and bond stress distributicns in Fig. 6,11,



70

6.9 COMPARISON BETWEEN EXPERIMENTAL AND ANALYTICAL RESULTS

Although cracking in the concrete was included in formulating
the mathematical model for concrete, the analytical results show a
stiffer response than that obtained experimentally. This is clearly
indicated in Fig. 6.12(a) for push-pull loading, and Fig. 6.12(b)
for pull-only. The underlying cause of a stiffer response is primarily
due to the concrete model used. It produces a higher element stiffness.
This can be seen from the compared stress—strain diagrams shown in
Fig. 6.13 where the analytical results give a more rapid rate of at-
tenuation than the tests.

In spite of a stiffer concrete element, the general trend of bond
distribution could be fairly well predicted (see Fig. 6.14). Moderate

discrepancy occurs at the region close to the pushed end.

6.10 SUMMARY OF ANALYTICAIL STUDY

The analytical results clearly indicate that cracking in the
concrete surrounding the bar can initiate at stress levels in the steel
as low as 5 ksi, about one-fifth of working stress. Diagonal cracking
can occur at regions close to both the pulled and pushed ends, although
a much higher force is required to produce a first crack near the push
end. The concrete cracking model is capable of reproducing the loss of
bond due to cracking rather well; therefore a reasonably accurate picture
of concrete strain distribution close to the rebar, unobtainable from
the experiment, could be obtained from this analytical study. The
present method of handling cracking im concrete must be considerably
modified if it will be used for predicting cyelic loading. The main

limitation lies in the lack of a crack width history which is required
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to prescribe the opening and closing states of the cracks under cyclic-

reversal loading of the model.

6.11 RECOMMENDATIONS FOR FURTHER ANALYTICAL STUDY

(1) To cbtain more significant results, the NONPLAX program
must be modified to incorporate the yielding of the rebar. This is
essential because the major degradation in bond occurs at and after
the yielding.

(2) Obviously, from this study, a better correlation between
experimental and analytical results can be obtained by prescribing a
softer material around the rebar such as the approach employed by
Bresler and Bertero (Ref. 13)., Softer mechanical properties should

be established.
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7. FORMULATION OF BOND MODEL AND ITS APPLICATION

7.1 GENERAL

As pointed out in the introduction of Chapter 1 and in the results
from the bond tests reported in Chapter 4, the fixed-end rotation of an
interior joint caused by the slippages of the main beam bars can be an
important source of stiffness degradation in the lateral load-deformation
relationship of moment-resisting frame. This fixed-end rotation must
be included in an analysis of building response; otherwise, a gross error
in predictions will result.

The fixed-end rotation caused by the pull-out and push-in of a
bar at an interior beam column joint has been described in detail in
Chapter 1 (see Fig. 1.4). 1In short, the fixed-end rotations are defined

as
BN

O ~ (a-a") 7.1

where 51 and 62 are the pulled out and pushed in displacements at the
column faces measured with respect to column axis, and d-d' is approxi-
mately the distance from the top to the bottom reinforcement. Equation

7.1 clearly suggests that the first step toward calculation of the rotation
is to obtain 61 and 62 from a bar embedded in a well confined block as
shown in Fig. 7.1. In this chapter, an attempt is made to mathematically
formulate bond elements and to devise an analytical procedure to calculate
the embedded bar load-displacement relations at the exposed ends.

The analytical method is useful in predicting the load-deformation re-

lation of a bar embedded in a column block.



73

7.2 REVIEW OF MATHEMATICAL MODELING QF BOND

The problem of predicting the amount of pull-out and push-in of
an embedded bar has recelived considerable attention by researchers such
as Morita and Kaku [19], Houde [11], and Hassan and Hawkins [22].

Houde [11], based on his experimental results, proposed a local
bond-slip relation for monotonic loading. His analytical finite element
lavout is shown in Fig. 7.2 where the 4 node—quadrilateral elements for
the steel and the surrounding concrete are connected by one degree of
freedom bond link elements. Considering the large number of degrees
of freedom in this type of idealization, the cost of computation can be
prohibitively high. Therefore, the analytical work using this approach
has been limited to the monotonic working load range, where initiation
of cracking in concrete controls the behavior.

An approach similar to Houde was taken by Morita [19]. In
Morita's approach, the interaction between the steel and conecrete and
deformation of the surrounding concrete are lumped together, resulting in
a one-dimensional element. A uniaxial truss element is employed for steel.
The idealization of the bar embedded in concrete block is shown in Fig. 7.3.
The reliability of the proposed model was tested against experimental
results of Bresler and Bertero [13]. The model is able to handle a
generalized loading history.

Hassan and Hawkins [22] took a rather different approach to
the problem. Instead of modeling the pull-out specimen by an assemblage
of steel, concrete and bond elements as employed by the previous investi-
gators, the bond stress distributions along the bar were assumed. The
concrete along the bar was subdivided into three regions: elastic

uncracked, cracked and extensively cracked regions. A bond stress
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distribution taking into consideration the number of cycles as well as
displacement ductilities associated with each region was assigned. A
cyclic fs—es relation was also incorporated in the analysis. The validity

of this approach was tested against experimental results.

7.3 IDEALIZATION OF BOND MODEL

The actual behavior of a bar embedded in a concrete block can be
idealized as a round bar surrounded by an axisymmetric soft concrete
layer as shown in Fig. 7.4, The deformation of concrete is assumed to
occur in the soft layer only; the rest of the concrete block remains in
an undeformed configuration. The layer is composed of many small
elements strung together along the rebar. Each element has a thickness
of t and a longitudinal length of Lo (see Fig. 7.4(a)). Upon application
of load at bar ends, the soft layer elements are stressed and deformed
as shown in Fig. 7.4(b). Note that each element of the soft layer is
acted on by the shearing stress T resulting in the shearing deformation
v. The behavior of the shear element, therefore, 1s described by the
-y relation. This relation will be established on the basis of the

obtained experimental data.

7.4 EXPERIMENTAL 1—y CURVES

The 1—y curves for the idealized shear elements located along
the embedded bar can be determined from the experiments conducted as
follows:

(1) A shear stress, T acting on the shear elements at distance

x from the exposed face [Fig. 7.5] is computed by
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e S S
T T 1 (7.2)

where Afs is the difference in the rebar stresses at the two faces of
the element; As and ZO are the area and perimeter of the bar section; and Re
is the length of the shear element. AfS is readily calculated from the
stress distribution diagram (see section 4.4).

(2) A corresponding shear deformation, Yo {as shown in Fig. 7.4(b)),

can be related to local displacement, Sx’ by

v = -i‘- (7.3)

where t is the layer thickness. SX is defined in section 4.6 as the local
displacement of the bar.

As has been pointed out in Chapter 4, three types of bond
mechanisms can be identified for push-pull loading of an embedded bar:
uynconfined, confined and pushed end region. Consequently, there are also
three types of T-y curves associated with these three different regions.
The average T-Y curves for these regions are illustrated in Fig. 7.6

for monotonic loading and Fig. 7.7 for cyclic loading.

7.5 THEORY OF BOND RESISTANCE MECHANTSM

The purpose of developing a theory for bond mechanism is two
fold:

(1) To understand the basic mechanism of bond resistance so that
steps can be taken to improve the performance of an anchored bar by

appropriate detailing.
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(2) To form a rational basis for developing hysteretic rules
for the bond behavior under generalized loading. This allows the systematic
development of an amalytical method for predicting pull-out and push-in
of a bar.

Prior to presenting the mechanism of bond, a brief review of past
developments in the theory is given. For the type of reinforcement used
in the present tests on deformed bars, bond is mainly due to the bearing
of bar lugs on concrete and the strength of concrete between lugs. Some
of the bond resistance comes from friction and from the chemical adhesion
between the concrete and bar surface [6]. However, it has been demon-
strated experimentally by Goto [10] that even a few repeating cycles at
low stress level are adequate to destroy the chemical bond.

The variables that have been found to affect bond effectiveness
are local stress level, history of loading, lug geometry (height, spacing,
thickness and inclination of deformations), size of bar, confinement
(offered either by concrete cover or by main and secondary reinforcement),
properties of the concrete surrounding the bar (i.e., tensile and compres-
sive concrete strengths), type of aggregate (normal weight or lightweight)
and external forces such as axial loads, interaction between bond and
diagonal tension and dowel action. Among these parameters, the effect
of loading history has received the most attention in the present study.
The general conclusions on the effect of cyclic loading, as reported in
Chapter 5, can be summarized as follows:

(1) Bond deterioration is sensitive to the previous loading
history. The greater the magnitude of the previous peak stress, the
greater the disruption of the local bond and the less effective the bond

at lower stress levels [13, 17 and 22].
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(2) A limited number of repeated loading and unloading cycles
in tension, below the proportional limit of the steel, does not induce
appreciable bend deterioration. However, once the steel has undergone
several complete stress reversals from tension to compression, bond
deterioration can be readily observed [13,17].

A theoretical explanation of the bond deterioration mechanism
under repeating tension loading and unloading has been proposed by
Bresler and Bertero [13] as a failure in the concrete boundary layer
adjacent to the steel-concrete interface. This failure occurs when the
stress reaches a critical value and local fracture and inelastic de-
formation take place. Damage to the concrete boundary layer from pre-
vious leoading tends to accumulate and is irreversible. The actual
physical bond failure mechanism has been identified by Goto [101. Ma
[9], based on the experimental results of Morita, has proposed a bond
deterioration mechanism for cyclic-reversal loading.

The theories developed so far are strictly applicable to
unconfined concrete. To extend these theories to apply to a rebar embedded
in a typical well-confined beam-column jeint requires some modification
which will be presented below.

For convenience in presentation, the bond mechanism associated
with unconfined, confined and pushed-end regions as shown in Fig. 4.28

will be separately described.
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7.5.1 Bond Deterijoration Mechanism Under Monotonic Loading

7.5.1.1 Unconfined Region

The deterioration of bond in an unconfined region has been des-
cribed by Goto [10} and Ma [9] as inclined cracks initiating at relatively
low stress at the point of contact between steel lug and concrete as shown
in Fig, 7.8(a)., With a sufficiently large amplitude of loading, the crack
emerges at the exposed face of the column. Once this cccurs, a cone-like
plece of concrete comes loose from the rest of the concrete-block, and this
will cause a sudden drop in bond resistance, as shown in Fig. 7.8(b). The
hysteretic loop of this region is characterized by low bond strength and

low ductility as reflected by an apparently brittle mode of failure.

7.5.1.2 Confined Region

A behavior similar to that occurring in the unconfined region
repeats itself in the confined region at the early stages of loading, i.e.,
initdiation of inclined cracks, as shown in Fig. 7.9(a). For further
increases in applied load, instead of prolonging the crack lengths and
enlarging the crack widths, the lengths and widths of cracks are arrested
by the restraint offered by the presence of the transverse steel. A
large imposed displacement will cause a progressive crushing at the
points of contact and inelastic deformation in the cracked concrete
which now transfer the wedging force by "'strut" action (see Fig. 7.9(b)).
Furthermore, the crushing of the concrete before the lugs leads to a
reduction in the shear resisting area of concrete between lugs. Finally,
with continuously diminishing shear area, the stress build up is so

high that the concrete is sheared off. Note that the primary sources
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of degradation of stiffness in this region derive from a combination of
bearing failure, inelastic deformations of the concrete "strut'" and
reducing in the effective shearing area of the concrete. This results

in a ductile response, as characterized by a gradually decaying curve
after the maximum bond strength is reached. TIts superior performance
over the unconfined region, where diagonmal cracking controls the behavior,

is apparent in Fig. 7.6.

7.5.1.3 Pushed End Region

Unlike behavior within the unconfined and confined regions where
the inclined cracks are generally formed at relatively low stress levels,
the pushed-end region requires a higher load for crack initiation (see
Section 6.8.1). Immediately after the cracks form, the crack length
and size are limited because the applied pushing force induces compres-
sive stresses that restrain further crack propagation, The displacement
of the bar lugs induces crushing, inelastic deformation of compressed
concrete and reduction in shearing area (sce Fig. 7.10), without the
extensive cracking that occurs in the confined region. Nevertheless,
the pushed end region poses a distinct advantage over the unconfined
and confined regions surrounding an end of a pulled bar, i.e., the
expansion of the bar diameter that leads to an increase in bearing area
between steel lug and concrete as well as an increase in the radial
pressure induced by pushing the end of the bar. This pressure considerably
increases the resistance against shear failure along the shear failure
plane. Because of the benefits of the bar expansion in the pushed-end
region, its load-deformation curve is very much superior to that of the

other regions.
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7.5.2 3Bond Deterioration Mechanism Under Cycliec Loading

7.5.2.1 Unconfined Region

For the first half of the loading cycle A-B-C (see Fig. 7.11(a)),
the response is exactly the same as described in section 7.5.1.1: the
wedging of steel lugs against the inclined concrete cracks causes the
wedge to rotate, producing a high radial pressure at the lug toe.
Because the crack is irrecoverable, the radial pressure will not vanish,
even after complete unlocading (from C to D in Fig. 7.11(a)). At this
stage there is a gap, AAD’ existing between the lug and surrounding
concrete. A frictional resistance develops that hinders the rebar in
moving from D to E. By applying a force large enough to overcome the

frictional resistance, the gap, A can be closed. At G, the other

AD’
face of the steel lug starts to contact with the concrete (see Fig. 7.11(b)).
Due to the concrete blocking any further advancement of the bar lug, a

sharp rise in stiffness of the hysteretic curve GH occurs. At H, new
diagonal cracks start to form almost perpendicular to the old cracks,

which at this stage are not yet fully closed. As loading proceeds to

point I, the stiffness of the curve continuously degrades as a result

of an extension of the new cracks and clesing of the old, as shown in

Fig. 7.11(c). With an adequately large imposed displacement, the path

of the old and new cracks may ijoin. Responée under further loading is
controlled by crushing at points of contact as well as inelastic de-
formation of the broken concrete. The wedging of the lug on the broken
concrete recreates a locking effect similar to what was described

earlier in this section.

A permanent deformation is created upon complete unloading from

point I to point J (see Fig. 7.11(d)). This produces a gap» ADJ’ between
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the lug and the concrete. The bond mechanism of reloading along path
J-K~L is similar to the loading D-E-F-G described earlier (see Fig. 7.11(e)).
At point L the lug starts to contact the loose pieces of concrete. This
leads to gaining stiffness, LM in Fig. 7.11(f). Through path LM the

lugs begin to push the broken pieces of concrete forward, thereby opening
up the cracks previously closed and closing the cracks previously opened
(see Fig. 7.11(e)). The stiffness over path LM is relatively low in
comparison to the previous stiffness over path AB, where the surrounding
concrete was in a crack—-free state, and less than the stiffness over

path G, where cracks formed only to one side of the lugs. At M, the
broken piece is moved forward far enough to close the crack completely
and ensure full contact. Along path MN, the wedging action of the lugs
causesS a build up of bearing stress and compressive stress in the broken
concrete pieces. With sufficiently large imposed force or displacement,
the inclined crack will propagate to the exposed face of the column in
the form of a cone. Once the cone fractures away from the main body of

the block, the bond resistance offered by the first lug vanishes.

7.5.2.2 Confined Region

The bond mechanism in the confined region differs from that of

the unconfined region as follews:
(1) The heavy transverse reinforcement will inhibit propagation

and widening of cracks. Therefore the merging of the diagonal cracks

which tend to occur in an unconfined region is delayed or may not even take place.
(2) The successive crushing (bearing failure) and inelastic

deformation in the compressed concrete are the primary causes of de-

gradation in stiffness, eventually causing failure by shearing off 'the

concrete between the lugs.
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A few significant stages in the evaluation of the bond mechanism

for the confined region are given in Fig. 7.12.

7.5.2,3 Pushed End Regien

For a gradual and incremental series of load reversals, there
is virtually no distinction between the unconfined and pushed-end
regions (see Figs. 7.7(a) and (c)). The tension portion of the cycle
that each end undergoes controls the behavior. The difference in the
two regions becomes clear only under monotonic loading where a significant

expansion of bar diameter occurred in the pushed-end region.

7.6 IDEALIZED HYSTERETIC RULES OF 1-y FOR GENERALIZED LOADING

As pointed out in section 7.5, there are many parameters that
control the bond behavior. The parameters investigated experimentally
were confinement, loading history and bar sizes. Other parameters are
held fixed, i.e., 4000 - 5000 psi stone aggregate concrete, spiral lug
deformation pattern with surface geometry shown in Fig. 2.7, and no axial
load applied to the column blocks. Therefore tT=y relationships to be
formulated bear the same limitations.

The development of the bond model involves the following steps:

(1) Idealization of monotonic skeleton curves.

(2) Construction of monotonic skeleton curves for push-pull

loading conditions.

(3) Reduction of skeleton curve due to repeating load.

(4) TFormulation of hysteretic rules for generalized cyclic

loading.
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7.6.1 Idealized Monotonic Skeleton Curve

A four stage piece-wise linear approximation of the experimental
T~y curves is used (see Fig. 7.13). The idealized curves are identified
by stage 1, stage 2, stage 3 and stage 4 as shown in Fig. 7.14. Each
stage reflects a distinctive behavior in bond:

—— Stage 1 represents adhesive bond and absence of diagonal
cracks and is characterized by the highest stiffness.

~- Stage 2 represents the initiation of diagonal cracks and
some crushing of concrete at the steel lug, leading to a less stiff
curve in comparisen with stage 1.

~— Stage 3 signifies the beginning of failure in the surrounding
concrete., An increase in shear deformation results in a reduction of
shear resistance.

~— Stage 4 represents the exhaustion of the shear resistance
offered by wedging between the steel lug and a broken piece of concrete.
The small remaining resistance is from frictiom.

The construction of this four-stage curve is established by
assigning the coordinates of the controlling points A, B, and C (see
Fig. 7.15). A listing of the coordinates of the controlling points for
different regions and bar sizes obtained after an extensive review of
the experimental T—y curves is given in Table 7.1. A general formulation

based on curve fitting of the tabulated values is shown in Table 7.2.

7.6.2 Monotdnic Skeleton Curve for Push-Pull Loading

After obtaining the monotonic skeleton curves for the unconfined,

confined and pushed end regions in Fig. 7.14, a complete monotonic
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skeleton curve can be comstructed for the push-pull loading condition,
Observe that there are two possibilities for monotonic loading at each
region, i.e., pull all the way or push all the way. The monotonic
skeleton of this two-way generalized loading is shown in Fig. 7.15.
For instance, in the unconfined region, the T-~Y curve is composed of
an unconfined curve for pulling as described in the first quadrant of
T-Y curve and a push-end curve for pushing as described in the third
quadrant of T-Y curve. It should be noted that the stages -1, -2, -3

and -4 are used to identify the skeleton curves in the third gquadrant.

7.6.3 Modification of Skeleton Curve Due to Cyclic lLoading

As shown in Chapter 5, upon application’of repeating loads
with sufficient intensity, the cumulative and irreversible damage
induced in the concrete boundary layer is considerably more severe
than is the case with monotonic loading. The greater the magnitude of
the previous peak stress and the higher the number of cycles, the greater
the softening of the layer and the less the effectiveness of the bond
resistance, Typical reductions from monotonic skeleton curve due to
cyclic load at an unconfined region are shown in Fig. 7.16.

According teo Fig. 7.16, one approach toward incorporating both the
monotonic and cyclic loading segquences in a generalirzed curve is to
formulate a rule as a function of loading history to describe the re-
duction of the monotonic skeleton curve used to obtain the cyclic
envelope curve. For the idealized piece~wise linear curve used in the
approximation of the experimental curve, this can be done by assigning
appropriate values fer T and Y to the controlling points of the curves

(points A, B, C, A', B' and C").
P s
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A few assumptions are needed for constructing the reduced
curves:

(1) Initial loading, back and forth, within the limit of
stage 1 produces no effect on the skeleton modification. This is the
same as assuming no significant damage is introduced into the boundary
layer within this stage. Reductions start to be effective when unload-
ing occurs beyond stage 1 (Fig. 7.17(a)).

(2) Reduction in the skeleton curve will occur when unloading
proceeds beyond point E (see Fig. 7.17(b)). Unloading and relocading
along path XE results in no modification. This conforms to what has
been observed during experiments [19] (see Fig. 7.18), i.e., no apprec-
iable difference in reduction in strength occurs between monotonic and
half~cycle loading.

(3) Reduction in skeleton curves is assumed to be a function
of cumulative shear deformations having magnitudes larger than those
of the previous loading cycles (see Fig. 7.19). For instance, the shear
deformations that will be included in the expression for reducing the
skeleton curve for the next loading cycle are Y1 and yi in Fig. 7.19(a)
and (yl + YZ), (yi + yé) in Fig. 7.19(b).

In order to describe how the reduction algorithm works, a t—y
curve for reversal loading is taken as an example. A series of figures
are used for the illustrations.

Prior to the description of the example, a clear definition of
the monotonic skeleton curve is necessary. The four stage piece-wise
linear approximation is shown in Fig. 7.20. The points A, B, C, A", B'

and C' are the controlling points, whose coordinates are Ty Ya for
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point A, and T for point B, Tc’ YC for point C, Ta" Ya' for point

b’ 'p

A, T Vi for point B' and Tats Yo for point C', respectively.

b!’

Consider that the OPlEl loading sequence is imposed on the T-y

curve (see Fig. 7.2l (a)). Physically, this corresponds to moving
the bar at rest to a new position. Positive displacements are shown
in the first and fourth quadrants of the T-Y curve (Fig. 7.21(a)).
Movement of the bar in the opposite direction is shown in the third

quadrant. Unloading from point P, gives rise to the reduction from

1

the skeleton OABC and OA'B'C' to OABlCl and OAiBiCi respectively. The

shifting from OABC to the new skeleton 0AB is accomplished by re-

1%

ducing the T at B by At and T and v at C by ATC and AYcl' The re-

bl 1

ductions can be formulated mathematically as

(ry/vy) 7.0
At, =1, 0,6 —— § 7.4
bl b “1b Pb Th
(ry/v )
_ 1l ¢
ATC Tl Y TP ETC (7.5)
1 c
Cy /v )
_ 1 '¢c
AYCl =Y. % _“52_——' Eyc (7.6)

where Tb, Yb, TC and Yc are the coordinates of points B and C of the

monotonic skeleton curve as shown in Fig. 7.20; o S and aYC are the

Tk’

proportionality factors that take into account the contribution of load-

ing history to the curve reduction; aTb’ £ and EYC are the weight

TC

factors controlling the rate of reduction; Pb, PC and Pé, which are de-

fined later, are the constants designed to facilitate the evaluation of
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the proportionality factors from the experimental results and the

quantities (Yl/Yb) and (Yl/YC) are the accumulated dimensionless shear
deformations which comprise the past loading history. It should be pointed
out that a linear relation between the skeleton reduction and the past
history is assumed. This assumption is appropriate for the present since

a lack of experimental data does not justify a more complicated relation.

The reduction for the skeleton OA'B'C' can similarly be expressed

as.
I b -7)
b
(v, /vy )
1
ATc' T T BTc'——Er—E;- g‘rc' (7.8)
1 c
(v /y )
_ 1" ¢
AYCi = YC' BYC' Pc EYC' (7-9)
where T

B1r Ter and Yor aTe defined in Fig. 7.20; Brﬁ’ Btg and Byg are
the proportionality factors reflecting the effect of past history. The

distinction between o and aYC vs. B B t and BYé are that the

b u "
b TC th TC

a's are designed for the reduction in the skeleton curve where the
maximum shear and the reductions are in the same quadrant, while the B's
apply to the condition where the maximum shear lies in a different
quadrant from the skeleton curve to be modified (see Fig. 7.21(c)).
Further reloading and unloading as represented by path EPiE'

as shown in Fig. 7.21(b), leads to the establishment of new skeleton

\ 1 T H 2
curves, OABZC2 and OABZCZ’ from OABIC1 and OABlCl curves. The reduction
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in T and Y of point Bl’ Cl’ Bi and Ci as a result of undergoing the shear
deformation Yi are
A (Yi/Yb')
T2 = % Py Tr, 2 (7.10)
Cryfv .
ATCZ =T BTC PC, ETc (7.11)
(Yi/YC.)
Bep =Y Bye Tr Sve (7.12)
) SHARY
Thr2 T e O“Tb"—Pb—,— S (7.13)
(Yi/Yc')
Mara T Ter %o TR, bre 719
SETAMNY
AYC,Z = YC'uYC'&hE;Tm_—‘EYC’ (7.15)

Note that, because the definition of a's and B's have to do

with the position of maximum shear, Yi’ with respect to the skeleton

curve, the reductions Asz, ATC2, and AYCZ involve PB's while AT

t
ATc‘Z and AYC,Z are related to a's.

b'2’

The expressions for further reduction in the skeleton curve

A\ N aR} tpt ¥ ¥ .
from OABZC2 and OABZC2 to OABBC3 and OA,B303 as a result of loading

' n - - -
E1P2E2 are given in Fig. 7.21(c).
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This example can be easily extended to the more gener-—

alized cases like the cyclic leoading showm in Fig. 7.22. The total

reduction in T of point B due to the repeating loading is

A - + - - -
Tb Arbl ATbZ + ATbB + + Arbn

a2 1 [a +
b 1h Pb

1 1 t
(Yl oy, k.. L+ yn) /Ybf

tb Pb'

+ B

184

Similarly, for points C, B' and C', the reductions are

Yy + Yoy +oooF YO/ Yy + YL ...+ Y'Y
AT = 1 [a e 2 n’b, 1 2 n’'p e
c ¢t oTC P TC P! Tc
o] C
(v, +%y +...+ Y Y/Y {y: + ¥ +...+ "{')/Y y
AYC - Yc[“ 1 2 n c 8 1 2 : n c 1E
e P, Yo P Yo
+oo¥ I/ ' I
brt e 8 Yy + v, Y2y . (ry + 7] teeut Yn)/vb,1
b " T e ) b’ % S
b
st w1 I8 vy ¥ 7y oot Yn)/Yc ' () + v +ek Y/, e
e’ ¢t re P T P’ '
c C
by L =y 08 (rg ¥ yg *eeet v ) /v, . (Yp T Y5 teeet YT 1
Ycl th ye! Pc e Pé vor

(7.16)

(7.17)

{7.18)

(7.1%)

(7.20)

(7.21)

According to the experimental data obtained for cyclic reversal

loading and from the equations above, it is suggested that the definition

of the constants should be in the form

Pb = (Yl +‘Y2 +...F Yb)/yb

(7.22)
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as the summing up of the shear deformation until the deformation of the
last included loop just exceeds Yb. As shown in Fig. 7.23, Yb is the sum~-
mation of Yl to Y6' The definition of the other P's are similarly defined

as

| B ] t 1
L2 (Yl Tyt Yb)/Yb, (7.23)
P = (Yl t v, Felt YC)/“‘{C (7.24)
| - Y 1 t l
PL= (v] t vy bt YC)/YC, (7.25)

\ 1 . .
where Yl’ Y2,..., Yc and Yl’ Yz,..., Yc are shown in Fig. 7.23. The

constants of Pb’ Pg, PC and Pé for different bar sizes and different

regions as evaluated from the experiment results are listed in Table 7.3.
The adoption of such a definition of the P's lends itself readily to

determining the values of the other parameters to fit the experimental

results, Selecting values of oo ., o, G, O, and &YC' of 0.7 and

b TC Ye Tc

B B g, and BYC' of 0.3 produced an idealized T-Y curve that

b’ "Te?

BYC’ TC

closely matched the experimental curves £Tb, Erb" ETC’ ch" ch and
£ , for different bar sizes and regions (listed in Table 7.3).

Ye

7.6.4 Hysteretic Rules for Generalized Loading

In this section, except for the formulation of how the monotonic
skeleton curve can be constructed, the rules for pleotting the T-Y curve
are presented. The presentation of the rules are best illustrated by a
series of figures covering all the possible stages of loading, unloading
and reloading history. Whenever possible, the relationship of the rules

to the bond deterioration mechanism will also be described.
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Unloading from stages 2, 3, 4 in the first quadrant of the
monotonic curve, or -2, -3 and -4 in the third quadrant, will result in
permanent set, i.e., a permanent relative slippage of the bars (see Fig.

7.24(a)). The unloading stiffness is assigned to be equal to k,, which

1
is the smaller slope value of either curve 0A or 0'A of the monotonic

skeleton curves as described in section 7.6.2. The limit of unloading

from the above stages is set by point E and E' whose coordinates are

defined by
T =T (7.26)
e C
Tor =T, (7.27)
Yo =Yy T (1= ) /&y (7.28)
L - [ LI
Yo T Yy (Tl re)/k1 (7.29)

where Tc and Té are the shear stress set by the ske}eton curve in stage

4 and -4; and Tl, Yl’ Ti and Yi are the coordinates of points on the

skeleton curve where unloading takes place (see Fig. 7.24(a)).
Displacing beyond Y, ©of Y; will follow the friction path, EF

and E'F' as shown in Figs. 7.24(b) and 7.24(c). If in Fig. 7.24(b)

further deformation takes place until v is less than Yf where

T, = Té (7.30)

k! .31
v = tl/k] (7.31)
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ki is the stiffness of curve 0A'; a new modified skeleton OA'Bi will be
followed. Path OA' will be taken only when the deformation enters the
third gquadrant for the first time; otherwise a path described in
Figs. 7.24(d) and (e) will be taken.

A gimilar rule is set for the releasing of deformation occurring

in the other direction of deformation, as shown in Fig. 7.24(c). 1In

this case, point F' is defined by

T% =T (7.32)

Yer = rc/kl (7.33)

where kl is the stiffness of curve OA or OA', whichever is smaller.

It should be noted that the rules described above are derived
from the bond mechanism in Figs. 7.11(b) and 7.11{(c). A bond hysteretic
curve corresponding to a Bl full or semi-full load reversal is illustrated in
Fig. 7.24(d). The loading sequence is O-A—B—P—E~F—A'—Bi—P'—E—L—D. As
soon as deformation from point P proceeds beyond point E, new controlling

points Pl, D and L are established. Point Pl’ defined by T _, and Y

pl pl’

is generated from the intersection between unloading curve PE and reduced

skeleton curve BlC,if unloading occurs from stage 3, and AB1 if from stage 2.

Point D and L are related to point Pl by
T4 = Tp1 By (7.34)
= - (1-8)T /% .
Yg = ¥y T BTk (7.35)
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T =T (7.36)

Y, = v, [Yd Y, T (rd - rc)/kl]ocl (7.37)

where rc, 7, and TE are the shearing stress of point C, D and L,

d
respectively; Yar Yor Yq and Y, are the shear deformation of the points

A, C, D and L; and Bl and 0. are the parameters designed to determine what the

1
stiffness of the ascending LD curve will be as shown in Fig. 7.24{d).
The larger the Bl and the smaller the al, the steeper the curve. Note that,

if 81 = 1.0, point P, and P coincide, and if o, = 1 yields YL = v

1 1 d~
(Td"Tc)/kl (from Eq. 7.25), i.e., point L is in the unlocading branch
PE. From reviewing the experimental results obtained, it is indicated
that o equal to .4 and Bl equal to .9 gives a reasonable agreement
with the test data.

The same pattern is applied for unloading from point P' in the
other direction of loading, i.e., new controlling points Pi, D' and L'

are created (see Fig. 7.24(e)). The bond mechanism associated with the
rules in Figs. 7.24(d) and (e) has been described in Section 7.5.

Thus far some of the general rules for cyclic-repeating loading
have been presented. Samples of the effect of full- and semi-full
reversal loading histories on hysteretic rules for bond are illustrated.
The next presentation will concentrate on repeating half-cyecle loading.
Rules applied for one direction of loading as depicted in the first
quadrant of the 1-y curve will be used to describe the entire curve
since, by virtue of symmetry, a similar rule for first quadrant can be

used for the third quadrant (loaded in the opposite direction) with minor
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modifications. A series of figures will be used to demonstrate the
rules.

The rules for repeating half cycle history 0-A-B-P-E-U-V-L-D-R
and 0-A-B-P-E-U-V-D-R are illustrated in Fig. 7.24(f) and 7.24(g).
Unloading from point P, the control points D, L and LL are established.
The coordinates of point D and I are given in Egs. (7.22) to (7.25),

respectively., Point LL is defined by

-

T,, = T (7.38)

and

]

— — ¥
Yoo = ¥y = (Tt /Ky (7.39)

where T, and Té are the shear stresses of pointC and C', respectively.
Note that as the reloading is made, starting from point U whose coordinate
is defined by T, and Yo the stiff slope (kl) of path UV is taken first.

Point V is defined by

L : (7.40)
Yv T Ty + (Tc-Tc)/kl (7.41)

At V there are two possible paths to be taken. If Yu.< ygg, then the VL
path, which is characterized by flat slope, is taken. However, if Yu,i YRQ’

then it is necessary te consider the stiff path VD (see Fig. 7.24(g)) whose
stiffness is
kg~ (rd-rv)/(vd-*rv) (7.42)

where T4 and Y4 are defined in Eqs. (7.34) and (7.35).
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The bond mechanism associated with the establishment of the rules
for either the VL or VD path is dependent on how far the retraction of the
lugs is made before reloading takes place. If sufficient retraction
iz made, a small gap between the steel lug and disrupted concrete (as
denoted by Aul in Fig, 7.24(f1) and 7.24(g1)) is created. Therefore, to
move the bar forward, the force required to overcome the friction
resistance is needed (see Fig. 7.24(f1)). On the other hand, if the
retraction is not far enough, the lugs and the surrounding concrete
remain in contact (see Fig. 7.24(gl)). Therefore, the forward motion
ig met by a stiff resistance.

The rule for unloading from a point of the T-y curve is always
characterized by the steep descending slope of kl. Figures 7.24(h) and (i)
shows another example of reloading and unloading (path 0-A-B-P-FE-D-L-M-N)
where unloading path MN takes place before the reloading path LM meets
the skeleton curve BlCl.

Figure 7.24(j) shows the loadings, unloadings and reloadings
within two friction paths, V=L and U-LL. The friction paths occur only
within the region damaged by path 0-A-B-P. ©Note that the unloading and
reloading paths connected between the path VL and U-LL are characterized

by stiff slope k Zero stiffness results if loading and reloading

1
oceur within the friction paths.

Another possibility of loading and reloading that may occur is
as shown in Fig. 7.24(k). 1In this figure, the loading and unloading
along the path 0-A-B-P-E-U-V-L-M takes place before unloading and re-
loading along the MNST path. Note that point M already is in ascending path

LD prior to unloading. Slope of stiffness kl is assigned to path MN and

ST, while zero stiffness is given to path NS. The rationality behind
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such a rule can be similarly deduced without further explanation from
previous descriptions of the bond mechanism as shown in Figs. 7.24(fl)
and 7.24{gl).

The hysteretic rule for unloading and reloading after the bar is
pulled and pushed until its bond capacity is almost exhausted 1s shown
in Fig. 7.24(%). The path 0-A-B-C-P is imposed prior to the unloading.
Note that point P, where unloading takes place, is already in stage 4 of
the idealized skeleton‘curve. Unloading and reloading after passing
through stage 4 are governed by two friction paths, QR and ST, as shown
in the figure. Slope kl is assigned to connect between the QR and ST
paths. The bond mechanism behind the establishment of the above rules
is rather obviocus, i.e., the steel lug has moved far enough to either
knock off the entire piece of the cracking concrete as might occur in
the unconfined region or completely shear off thé damaging concrete
filled In between the lugs as may occur in the confined and pushing end
regions (see Figs, 7.24(21) and 22). Subsequently, the bar can move
freely onde the force applied is high enough to overcome the frictional
resistance.

The rules for repeating half-cycle loading is shown in Fig. 7.24(m).
The same path for unloading and reloading of stiffness kl is assigned.
As pointed out in section 7.6.4, there is no reduction iﬁ skeléton curve
for this type of loading sequence.

It is believed that tﬁe above presentation includes all the
possible basic stages of leading and unlocading. Any complex loading
history can be broken down into a combination of the above loading and

unloading stages.
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7.7 APPLICATION OF BOND DETERIQRATION MODEL

7.7.1 Idealization of Physical Behavior

As pointed out at the beginning of this chapter, the major ob-
jective of this analytical work is to attempt to predict the force-
displacement relationship of a rebar embedded in a concrete block.
Physically the problem is visualized as a rebar surrounded by a soft
layer (Fig. 7.4 and 7.25), Two types of elements are needed for modeling
the physical behavior of a bar embedded in a concrete block. The behavior
of the soft layer is represented by a string of shear elements which
typically have a dimension of length Le and thickness t (see Fig. 7.25).
An average shear stress and shear deformation at the center of the
element are used to represent the overall behavior of the shear element.
Adopting the average shear and deformation, the degree of freedom of each
element is reduced to one; mathematically the element is equivalent to
a spring, as shown in Fig. 7.26. The other essential component to
simulate the physical problem is the reinforcing bar element. The
reinforecing bar in this case is subjected to axial load only and there-
fore it can be idealized as a one dimension truss element, with two
degrees of freedom as shown in Fig. 7.25.

The material properties of steel needed for the uni-— axial truss
element are given in the stress—strain relation, fsues. The mathematical
model of fs—ss for monotonic as well as cyclic loading used in con-
structing the steel elements is given in Appendix B. Proper assemblage
of the two elements to simulate a reinforcing bar embedded in a concrete
block results in an idealized mathematical layout shown in Fig. 7.26,
i.e., a one degree of freedom spring element directly connected to a

two degrees of freedom steel element,
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To convert the T-Y relation of the shear elements to the force-local
displacement curve, R—§, of the spring elements, the following relations

are established

R=1i L (7.43)

§ = vt (7.44)

where Zo is the effective circumference of rebar, Le is the length of

soft layer element, and t is the thickness of the soft layer.

7.7.2 Subroutines for Steel and Bond Deterioration Elements

With the availability of ANSR-I, a general finite element program
for nonlinear analysis [27], it is relatively easy to incorporate the
steel element and bond element into the program. The steel clement and
bond element are arbitrarily referred to as elements no. 6 and no. 10,
respectively, by the ANSR-I base program. The input instructions and the
Fortran listings of the steel element and the bond element are given in
Appendix C and D, respectively.

Basically, the element subroutines consist of several routines.
INEL, STIF, RESP and REST. The INEL routine accepts input data for all
elements and initializes all the variables used. The function of the STIF
routine is to compute a change in element stiffness and to transfer the
change to the base program for subsequent assemblage into the structural
stiffness matrix. The task of the RESP routine is to perferm the following
functions: compute the element deformations and actions; determine the
change in state, if any; compute equivalent nédal loads in equilibrium

with the current state of stress; accumulate envelope values of element
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deformations and actions; update the element information and print the
stress and strain results. The REST routines provide a mathematical
formulation of hysteretic rules for either steel or bond elements.
Variocus types of solution schemes can be selected from the
package program. These include step-by-step procedures (without itera-
tion), Newton-Raphson iteration, constant stiffness iteration with stiff-
ness reformulation every step, constant stiffness iteration using initial
stiffness throughout, and mixed iteration procedure in which Newton-
Raphson iterations are followed by constant stiffness iterations. Choice
of a particular scheme depends mainly on the characteristics of nonlinear-
ity introduced intec the problem. For the material nonlinearity as in-
troduced in the bond and steel elements, it was found that the Newton~-
Raphson iteration scheme probably was the most effective. Therefore,

this scheme was exclusively used for the analytical prediction.

7.7.3 Prescription of Loading History for the Analytical Model

In most of the bond experiments, the bar was subjected to
simultaneous pull and push forces, of equal intensity, at the protruding
ends. The same loading history had to be prescribed in the analytical
work. The displacement-controlled loading history is selected for the
analytical model to prevent the occurrence of solution instability at the
pull-through stage. Since the analytical and experimental responses are
matched according to the end displacements, the indication of how good the
agreement is between the two can be judgedlby the discrepancy in the end

resulting forces (or stresses).
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7.8 ASSESSMENT OF ANALYTICAL PREDICTION

7.8.1 Cowmparison with Experimental Results

Several computer runs were carried out to investigate the re-
liability of the proposed bond model. These runs can be classified as
follows:

(1) Monotonic loading

a) pull on one end, #8 bar 25 in. column
b) pull and push simultaneously for
##6 bar, 15 in. column
#8 bar, 25 in. column
#10 bar, 25 in. column
(2) Cyclic loading
b) push and pull simultaneously on
#8 bar, 15 in. columm
#8 bar, 25 in. column
#10 bar, 25 in. column

An example of the information needed for carrying out an analytical
prediction of #8 bar, 25 in. column, push-pull loading is shown in
Fig. 7.27. The soft layer is divided longitudinally into shear elements.
Three types of elements are identified with different regions in the
concrete block (unconfined, confined and pushed end regiomns). Knowing
the length and thickness (t = 3.5 in.) of the soft layer element and
the perimeter of the steel bar (EO = 2.5 in.), an equivalent spring is
derived (see Fig. 7.27(b)). The mechanical properties of the soft layer
element (t—y curves) and their corresponding spring element (R-8 curves)

are given in Fig. 7.27(c).
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Comparison between the analytical and experimental results is
shown in Figs. 7.28 and 7.29, For monotonic loading, the agreement is
gquite good, although in most of the cases the analytical results give
a slightly higher stress (not more than 10 percent higher). A fair
agreement is obtained for cyclic load. The cyclic predictions can re-
produce nearly every aspect of significant response as recorded from
the tests, i.e., stiffness degradation (pinching effect) upon approach-
ing zero stress, degradation in strength for the repeating loops of

the same displacements, and yielding of the rebar,

7.8.2 Computation Cost

Due to the highly nonlinear material properties of bond and
steel elements, the computational procedure had to resort to a step-by-
step load incremental approach. The step size was specified as large
as possible to reduce computation cost while achieving a reasonable
convergence of solution. Experience with the runs showed that even
with the large step size, many steps were necessary to capture all the
essential parts of the responses. Table 7.4 lists the computatiomal
costs for the runs. Note that even with few degrees of freedom, the
calculation cost for cyclic loading can be very high.

Experience with several runs points out the limitation of
employing more elaborate and more realistic idealization for amalysis.
As dindicated at the beginning of Sec. 7.8, the simplified hysteretic
model used had combined the concrete and steel-concrete interaction
responses. Such a model, although very useful in obtaining

the displacement of the rebar at the ends with respect to a
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fixed axis, could not give information regarding cracking behavior of the
surrounding concrete. To obtain concrete cracking response, the concrete
may have to be divided into an element mesh, as shown in Fig. 7.2. The
concrete elements next to the rebar would be connected to the rebar by
bond-1ink elements whose hysteretic rules are similar to what has been
discussed. Many more degrees of freedoms would be necessary with this
approach and, as a result, the computational effort would be excessive.
Therefore, the level of hysteretic model proposed is the only way to
obtain an estimation of load displacement at a reasonable cost at

present.

7.9 REMARKS AND RECOMMENDATIONS FOR FURTHER STUDY

Although the results obtained from the analytical work look very
promising, it should be recognized that the model is still in a develop-
ment stage and requires more test runs. The bond hysteretic model and
fs—ss of steel were developed for generalized loading, but the analytical
works conducted so far were restricted to cases of monotonic and full
or semi~full reversal loading histories, as were the actual tests. How
reliable the predictions of other types of loading histories, such as
repeating half cycle loading or one large excursion (shock load) followed
by a series of small excursions, remains to be seen.

The size of the column in the analysis was 25 in. It will be inter-
esting to see how good an agreement can be achieved between the prediction
and the experimental results for different widths of column. It would be
of help for earthquake resistance design if this developing model could

be used to reliably predict, within acceptable accuracy, the minimum
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anchorage length required for a rebar to be able to develop yield strength
or strain-hardening strength, or even fracture of the rebar before pull-
through occurs.

To be able to predict fsl_él and fs2‘62 with precision is only a
first step. Attention should be placed on extending the procedure for
obtaining the moment fixed-end-rotation which is essential for predicting
the response of a structure. The analytical reproduction of the moment-
fixed-end rotation relation will provide an important tool for pinpointing
the significance of the other parameters impértant in actual beam—-column
joints. For instance, the extent qf possible anchorage of the main bars
in concrete before slippage, or the significance of the beam-column inter-
face shear which intreduces the dowel action on the beam main rebar, can
be investigated.

The parameters o, B, oy and Bl assigned in the generalized bond
model were held constant. More tests are needed to identify how they
are effected by different loading histories.

Lastly, the bond hysteretic rule was developed for a fixed
rebar surface geomefry, 4000 - 5000 psi concrete and no axial load
applied to the column; extension of this model to other rebar surfaces,
different concrete strength range, or even different aggregate (light-

weight) requires further experimental and analytical investigation.
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8. CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

8.1 CONCLUSIONS FROM EXPERIMENTAL STUDIES

Due toc the large number of parameters involved, a comprehensive
study of the deterioration in bond under generalized loading usually re-
quires a wide-range investigation. However, a significant understanding
of the behavior may be obtained from a relatively small investigation, if
it is performed through well-zoordinated experimental and analytical ef-
fort. It is with this belief that the present inﬁestigation was carried
out. From the results obtained in this investigation, the following main

observations are drawn.

8.1.1 Performance of Testing Facility and Instrumentation

In general, the performance of the testing facility was good.
Traclng the prescribed load or displacement histories by continucus
monitoring of fhe force deformation on XY recorders pfoved effective.
MTS controllers used for automatically controlling the pull and push hy-
draulic rams performed adequately throughout the series of tests. The
large amount of instrumentation (mostly electronic transducers) pro-
vided valuable data for obtaining overall response of the embedded bars,
as well as for studying in detail their deformation and bond resistance
mechanisms. Data from the continuously recorded hysteretic force-deform—
ation diagrams provided excellent information on the overall behavior
since the history of stiffness degradation and strength degradation was
easily deduced from such data. The measurement of the strain aleng the

embedded rebar by post-yield gages, specially installed, was reliable,
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8.1.2 Performance of Bars EFmbedded in the Column Block

Some of the most important observations on the performance of
the test bars in elastic and inelastic ranges are listed below.

(1) Stiffness Depradation.—-The observed stiffness degradation

occurring in the response of an embedded bar was very sensitive to the
loading history. Significant degradation in stiffness readily occurred
at stress level in the steel as low as + 24 ksi (working load range).
The response was stable for subsequent repeating cycles at this level,
At stress levels exceeding working stress, the initial stiffness and
energy dissipation per cycle was observed to degrade continuously in
subsequent reversals. Stiffness degradation also occurred due to re—
peated applications of loading reversals at cycles of constant large
displacement.

(2) Mechanism of Failure.—-—-Although all the specimens were

failed in a pull-through mode (bond failure), it is essential to dis-
tinguish the bond of unconfined concrete in the column cover from that
in the confined core which was heavily reinforced and to further dis-
tinguish the region near the pushed end. The bond strengths of these
regions were considerably different. The confined bond strength was
about twice the unconfined strength, while the pushed-end beond strength
could be two to three times that of the confined region. The develop-
ment length for pushed end to resist an applied load is much smaller in

comparison to those of the unconfined and confined regions.

8.1.3 Application for Seismic Design

(1) The assumption that beam-column joints of moment-resisting

R/C frames are rigid needs to be reexamined. The main reinforcing
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bars of the beams do pull out. At yielding stress of the beam bar, it
can amount to 20 to 70 percent of the allowable drift (see Table 4.5),
thereby causing beams to experience fixed-end rotation. The consequences
of this behavior on the overall structural response must be examined.

(2) Under severe cyclic loading, due to the formation of cracks
on both sides of a column, the continuous beam reinforcement can be sub-
jected simultaneously to tensile and compressive forces and therefore may
pull through the column, causing a large decrease in joint stiffness.
This effect may contribute to a loss of the overall stability of a
frame. In seismic resistant design, it is not sufficient to develop the
calculated moment capacity of members; the deformations at which such
moments can be attained must be known.

(3) Presently the ACT [4] and UCB [24] codes have no provision
for computing the development length of main rebars passing through an
R/C interior connection, since it is assumed that ample anchorage length
is provided on the opposite framing beam. However, this is not true for
severe cyclic loading where the concrete in this beam can also be dam=-
aged. Recognition of the formations of cracks at the column surface,
which leads to cyclic push-pull loading of the main beam bars, should be
made, and some modifications of the present code specifications are nec-

essary.

8.2 CONCLUSIONS FROM ANALYTICAL STUDIES

Analytical studies were carried out to formulate a reliable math-
ematical model for predicting hysteretic behavior of a bar embedded in a
well-confined column, Studies were also made on the behavior of an em-

bedded bar and its surrounding concrete. From these studies, the
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following observatiops can be made,

(1) The mathematical model developed for the bond element
offers a reasonably good prediction of the hysteretic force-deformation
of push-pull experiments with moderate effort of computation. The bond
element proved to be effective for both the monotonic and cyclic load-
ing histories. The computer-oriented approach for formulating the hys-
teresis rules for the bond element can be used for any type of loading
history.

(2) Applying an existing non-linear finite—~element method to
the study of the mechanical behavior of the concrete boundary layer
around a reinforcing bar subjected to monotonically-increasing tension
contributed to an understanding of the bond behavior along anchored main
bars. The results indicated that increasing stress transfer from steel
to concrete will cause propagation of internal cracking in the concrete
boundary layer. Alsoc, the formation of a 'cone' in the unconfined
regions could be approximately identified. This cracking could initiate
in the concrete at very low stress level (about 5 ksi). The analysis
shows that internal concrete cracking reduces the stiffness of the
concrete boundary layer, and thus the axial stiffness of the embedded
bar. The analysis results tended to yield a stiffer response than that
of the actual case, and an investigation should be taken to find an

equivalent softer material to improve the prediction of the response,

8.3 RECOMMENDATIONS FOR FUTURE RESEARCH

While the experimental and analytical studies reported herein
have clarified scme aspects of the bond behavior of confined and un-

confined regions subjected to monotonic and cyelic loading, some
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areas have not yet been fully explored and should be the subject of
future research.

(1) Further experiments to supply results for developing a
generalized bond model are needed. Such work must include a broad
range of bar sizes and types of bar deformation (lugs), and use of
specimens with more than one bar {interaction effect) and with different
amounts of confinement.

(2) The implication of the effect of fixed end rotation on the
behavior of an R/C structural system should be studied analytically.

(3) Additional research effort should be devoted to developing
a concrete cracking model under cyclic loading. The model must be able
to keep track of crack widths so that opening and closing of cracks can
be simulated. Such a model is necessary to gain a better insight of the
bond deterioration mechanism in a beam column joint.

(4) The redﬁction in anchorage performance due to disruption
of bond as a consequence of the shear that develops in the bar due to
dowel action at the interface cracks should be considered.

(5) Finally, a comparison of the results obtained herein with
other bond research should be made so that a more precise identification

of the effect of each parameter can be achieved.
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TABLE 2.1 MECHANICAL PROPERTIES OF CONCRETE

Specimen % f; E & fsp
No. {in./in.) (psi) (ksi) {psi) (ps3)
2 .00265 4,910 3,158 520 449
3 .0026 4,720 3,265 585 509
4 .00258 3,890 3,047 540 377
5 .00285 4,130 3,098 536 513
6 00285 4,790 3,251 600 467
7 .00265 4,680 3,453 608 504
8 .00265 4,640 3,455 571 499
9 0025 4,700 3,583 580 490
10 .0028 4,410 3,177 572 454
11 .00255 4,230 3,313 504 478
12 .0025 4,470 3,495 501 392
13 .0026 4,700 3,524 541 419
14 .00275 4,740 3,558 548 510
15 .0022 3,900 3,113 508 498
16 .0022 4,270 3,490 450 418
17 .0026 4,290 3,326 534 496
18 .0025 4,320 3,443 590 479

Avg. .002601 4,471 3,319.5 584.4 470

Standard

Deviation .00018 300 177 16 43

Notes: f; denotes maximum concrete strength in compression

&  is the strain at £
[ c
Ec is the secant tangent modulus at the early part of fc- GC curve.

£ 18 the tensile strength of concrete, obtained from the
flexural test of a prism. It is usually referred to as
madulus of rupture.

£ 1s the temsile strength of concrete obtained from split

sp
tension.
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TABLE 3.1

OF GROOVED AND UNGROOVED SECTIONS

Ungrooved Section®* | Ungrooved Section Grooved Section
Nominal Measured Measured
Bar Size Effective Effective
Area Circum. Area + Circum. Area + Circum. A
(in.2) | (in.) (in.2) | (in.) (in.%) | (in.)
#6 442 2.36 .438 2.13 371 1.62
# 8 .785 3.14 74 2.94 .700 2.50
#10 1.227 3.93 1.223 3.98 1.173 3.49
* The norminal area and circumference of an ungrooved section are
computed according to'JTD2 and TD, respectively,.
+ The areas are cobtained from calculation and measurement. Pieces of

rebars, 10 in. in length, are carefully weighed.

Knowing the

specific gravity of the steel and weight of rebar, an average

volume of the steel can be computed. The measured area is
from dividing the volume by 10 in. length.

Carbon dye then smeared over the surface.

obtained

A rebar was cut and trimmed to obtain a smooth section surface.
Subsequently, the section

was duplicated on a piece of white paper where its circumference

can be traced and measured.

Note that the effective circumference

for grooved and ungrooved are defined according to the figures
below, i.e., deducting the groove widths from the total circum-
ference for a grooved section and the longitudinal ribs for an

ungrooved section.

| i SI<§IIII|I!B, 2

+ s

The effective circumference is sl 2
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TABLE

302

TEST SPECIMENS

Block + A
Specimen Bar Width Sections Loading
No. Size {in.) of Bars History

2 #6 15 G M

3 # 8 25 G M

4 # 6 15 G c

5 # 6 15 U M

6 # 6 15 U c

7 # 8 15 G M

8 # 8 15 G C

9 # 8 15 U C

10 # 6 20 G M

11 #6 20 G [¢

12 #6 20 u C

13 # 8 25 G M

14 # 8 25 G C

15 # 8 25 U C

16 #10 25 G M

17 #10 25 G G

18 #10 25 U C
Note: Except Specimen No. 3, which was subjected to pull only, the rest

were under pull and push with pull equal to push.

Grooved

Ungrooved

A

M

C

1

Monotonic

Cyclic
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TABLE 4,1

IMPORTANT STAGES OF CRACK DEVELOPMENT
(PUSH-PULL TESTS)

(a) Momotonic Loading

First Appearance of

Specimen Average Depth
No. Split Tenmsiond Longitudinal Radius of | of
Crack Crack Cone Formation | Cone Cone
(ksi) (ksi) (ksi) (in.) (in.)
2 49 46 46 4.0 3.0
3 50 52 48 3.8 3.5
5 48 51 45 3.6 3.0
7 40 40 48 5.0 3.3
10 45 45 54 3.5 3.2
L3 40 40 56 5.0 3.4
16 36 45 54 5.0 3.2
(b) Cyclic Loading
Spacimen First Appearance of Average Depth
No. Split Tension | Longitudinal Radius of] of
Crack Crack Cone Formation | Cone Cone
(ksi) (ksi) (ksi) (in.)} {(in.)
4 51 50 48 4.0 3.0
6 53 55 50 3.6 2.8
8 42 43 43 3.4 3.2
9 40 40 40 3.0 3.5
11 55 55 50 4.3 2.9
12 55 55 48 4.0 2.7
14 40 40 47 4.0 3.2
15 40 40 46 4.0 3.3
17 40 40 48 4.0 3.2
18 40 40 46 4.0 3.4
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TABLE 4.2 STRESSES AND END DISPLACEMENTS

(a) Monotonic Loading*

Displacement at
Maximum Stress

Block Maximum Average
Specimen  Bar Width  Stress Bond Stress  Pulling End  Pushing End

No. Size {in.) (ksi) (ksi) (in.)} {in.)
2 #6 15 77 2.42 104 -.037
3 #8 25 102 1.4 .98 -.065
5 #6 15 80 2.19 .123 -.052
7 # 8 15 56 2.09 .06 -.048
10 t 6 20 89 } 2.10 .35 -.035
13 # 8 25 _ 95 2.13 .45 -, 096
16 #10 25 87 2.34 .169 -.060

*Except for specimen no. 3 which is subjected to pull on one end only,
the rest are under pull and push with pull equal to push.

(b) Cyclic Loading
For pull equal to push.

End Displacement at
Max. Stress (ip.)

Block Average
Specimen Bar Width Max. Stress Bond Stress s 5
No. Size (in.) (ksi) (ksi) 1 2
4 # 6 15 55 1.73 067 -.065
6 # 6 15 64 1.6 .048 -.041
8 # 8 15 51 1.52 .Q3¢ -.034
9 # 8 15 50 1.67 -040 -.031
11 # 6 20 67 : 1.58 -062 -.027
12 #16 20 72 1.35 .054 -.025
14 # 8 25 72 1.283 -060 -.030
15 # 8 25 74 1.49 .071 -.032
17 #10 25 68 1.62 .052 -.033

18 #10 25 66 1.86 -054 -.038
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(a) Monotonic Loading
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STRAIN AT PULLED THROUGH STAGE

Block Strain in Micro In./In.
Specimen Bar Width
No. Size (in.) Pull End Push End
2 # 6 15 24,000 -12,000
3t # 8 25 61,000 0
7* # 8 15 1,860 -1,800
10 # 6 20 51,000 -20,000
13 # 8 25 42,000 -21,000
16 ##10 25 24,000 -8,000

* Pull-through at a stress smaller than the yielding stress of rebar.

A Subjected to pulled on one end only.

(b) Cyclic Loading

Block Strain in Micre In.In.
Specimen Bar Width
No. Size (in.) Pull End Push End
4 6 15 1,900 -1,850
8&% # 8 15 1,800 -1,500
11 # 6 20 10,000 -3, =3,000
14 # 8 25 11,000 -7,500
17 #10 25 9,000 -6, 000

%#Pull-through strength is 55 ksi less than yield strength of rebar.

*%Pull-through strength is 50 ksi.
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TABLE 4.4

ESTIMATED MAXIMUM BOND STRESSES IN DIFFERENT REGIONS

(a) Monotonic Loading

Maximum Bond Stress (ksi)

Block
Specimen Width Unconfined Confined Pushed
No. {(in.) Region Region End Region
2 15 1.05 2.3 5.3
3% 25 1.1 2.2
7 15 1.02 1.9 2.8
10 20 0.95 2.2 4.8
13 25 1.2 2.3 7.0

16 25 0.9 2,3 6.3

% Subjected to pull on one end only. There 1s no push end region in
this test.

(b) Cyclic Loading

Maximum Bond Stress (ksi)

Block
Specimen  Width x Unconfined Confined Pushed
No. (in.) Region Region * End Region
4 15 0.9 1.9 4.3
8 15 0.7 1.7 4.5
11 20 0.9 2.0 4.9
L4 25 0.9 1.9 7.0

17 25 0.8 1.9 4.8

#Note: The unconfined, confined and pushed end regions are defined
according to the figure shown.

UNCONFINED | CONFINED REGION J g#USHEND

REGION t‘\—’ ™ REGION

3

245°0]

R =

C

Where s is the space between transverse or longitudinal reinforcement,
whichever is narrower, and ¢ is the cover thickness of column.
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TABLE 4.5: APPROXIMATED FIXED END ROTATION AT YIELD

(a) Monotonic Loading

Block Width

Fixed End Rotation
at Yield

Specimen No. Bar Size (in.) {rad.)
2 # 6 15 .0018
2 # 8 25 L0010
10 6 20 .0014
13 # 8 ’ 25 .00135
16 #10 25 .0026

(b)Y Cyclic Loading

Block Width

Fixed End Rotation
at Yield

Specimen No. Bar Size (in.) (rad.)
11 6 20 .0028
12% # 6 20 .0030
14 # 8 25 .0022
15% # 8 25 .0026
17 #10 25 .0030
18% #10 25 L0034

*Ungrooved Bar

Note: An effective depth (d-d') of 20 in. is assumed in the estimation

of the fixed end rotation.



TABLE 5.1: COMPARISON OF CYCLIC AND MONOTONIC LOADING

Max. Strength

%

at Max. Strength

8

2

at Max. Strength

Block Size Strength Ratio (kst) (n.) (n.)
Bar Size (in.) Cyclic over Monotonic Mono  Cyclic Mono Cyclic Mono Cyclic
# 6 15 .71 77 55 104 .067 ~,037 -, 065
# 6 20 .15 89 67 .35 062 ~.035 -.027
# 8 15 .91 56 51 .06 .039 ~-.035 -.034
# 8 25 .76 85 72 <45 .06 ~.0%6 -.030
#10 25 .78 87 68 .169 .052 -.060 -.033

0ct
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TARLE 5.2: ©PROPORTION OF DEFORMED BAR DIMENSION
(#8 BAR AS BASIS)
Proportion of
Bar
Size Bar Diameter Lug Height Lug Spacing
# 6 .75 .58 .75
#10 1.27 1.08 1.23
TABLE 5.3(a): EFFECT OF GROOVES ON BEARING FAILURE MODE
( AT ) Ratio of
Grooved to
Bar Ungrooved Grooved Ungrooved
Size Bar Bar Bearing Area
# 6 .206 .229 1.11
# 8 .263 .280 1.07
#10 .307 .336 1.09

*AS and ZO is the measured area and the perimeter of a bar.

TABLE 5.3(b):

EFFECT OF GROOVES ON DIRECT SHEAR FAILURE MODE

Ag(in.?) Ratio of
Grooved to
Bar Ungrooved Grooved Ungrooved
Size Bar Bar Shear Surface
# 6 438 371 .B47
# 8 774 .700 904
#10 1.223 1.173 .959
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TABLE 7.1 MONOTONIC SKELETON CURVE FOR DIFFERENT

BAR DIAMETERS

(a) #6 BAR
T

Regions TA YA B 5 TC Ye
Unconfined N4 .00069 1.1 .0083 0. .011
Confined ) .00069 1.9 .0084 .05 0772
Pushed End 5 .00069 3.2 L0110 .1 .083
(b) #8 BAR

7
Regicns A YA Tﬁ g TC Tc
Unconfined -4 .00071 1.3 007141 0. ,012
Confined .5 .00071 2.1 .0086 .05 .0857
Pushed End .5 .00071 3.07 | .0086 .10 .10
(c) #10 BAR
Regions Ta | Ya | s g Te e
Unconfined A .00071 | 1.3 L0101 0. L012
Confined .5 .00074 2.6 .0104 .05 .0889
Pushed End .5 .00074 4.3 .01511 .10 .1289
Note: T in ksi unit

Y

in Rad.
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TABLE 7.2 EXPRESSIONS OF 71—y RELATION FOR MONOTONIC SKELETON CURVES

(a) UNCONFINED REGION

‘EA—_— A
Y= .00008D* ~ .00006D + .00069
r, = -1.6D° + 3.6D - .7

Y, = -0330° - .0623D + .0365
. = 0.

Yg = -.008D% + .018D + .002

(b) CONFINED REGION

TA=.5
Y, - ,00008D> - .00006D + 00069
TB = 2.4D2 - 3.4D + 3.1
Yg = .0128D% — .0216D + .0174
1, = .05
Y, = ~.0424D% + .1082D + .0199
{c) PUSHED END REGION
TA=.5
v, " .00008D% — .00006D + .00069
T, - 10.88D° - 19.56D + 11.75
Yy = .0713D° - .1343D + .0717
1C= .10
.0952D% - .0986D + .0104

-2
Q
H



TABLE 7.3:

CYCLIC PARAMETERS

(a) {#8 BAR

Reglons 1:’b Fpr Fe P b tie ch e e gyc'
Unconfined 9.47 3.53 7.10 2.38 .20 .6 e .64 .6 .543
Confined 6.63 6.63 3,05 3.05 43 .50 .333 <43 .5 .333
Pushed End 9.47 3.53 2.38 7.10 .64 .6 «543 .20 .64 543
(b) #10 BAR
Reod

cgLons By Py e c' S e gyc S e Eyc'
Unconfined 9.47 3.53 7.4 3.25 .20 .6 0 32 .40 .56
Confined 6.63 6.63 3.56 3.56 40 40 .333 .40 40 .333
Pushed End 3.53 9.47 3.25 7.4 .32 .40 .40 .20 6 .0

Rl
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Table 7.4 COMPUTATION COSTS IN ANALYTICAL PREDICTIONS

Type of No. of No. of * o
Loading Bond Steel No. of Time Cost
History Elements Elements Steps (sec.) ($)
MONO-Sp.3 12 11 35 87.5 D $18
MONO-SP.10 11 9 48 65.0 D $§12
MONO-SP.13 11 9 52 75.8 D $13
MONO-SP .16 11 9 80 86.7 D $15
CYC~SP.8 8 6 253 23.8 D $43
CYC~SP.14 8 6 635 65.0 I $60
CYC-SP.17 8 6 601 54.1 D $99

*  Estimated effective time, including printing costs.

%% The estimated cost of a run was charged according to CDC 6400 computer
D and I denote the priority of the job run.

Table.
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Fig. 2.12 Specimens Curing
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Fig. 4.2 Cone Formation at Pull End Fig. 4.3 Seat of Cone Formation
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Fig. 4.4 Geometry of Cone
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Fig. 7.8 Mechanism of Bond Resistance in Unconfined Region
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Successive Reduction in Shear Area

Fig., 7.9 Mechanism of Bond Resistance in Confined Region
(for Monotonic Loading)
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Fig. 7.10 Mechanism of Bond Resistance in Pushed End Region
(for Monotonic Loading)
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Fig. 7.11 Bond Mechanism of Unconfined Region for Cyclic Loading
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Fig. 7.19 Definitjon of Effective Past History, Yi and yi
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APPENDIX A

DESIGN OF TEST SPECIMENS

A.1 GENERAL

In order to simulate the anchorage conditions in the interior
beam-column connections observed in the tests [4] where practically no
cracks appeared, three design criteria must be met. The column must
have its concrete well confined and must be strong enough to prevent
failure in shear, and must limit the size and propagation of cracks
caused by flexural bending. With a sufficient amount of transverse rein-
forcement and column thickness, the shear mode of failure of the column
can be suppressed. Acceptable limits for size and extension of flexural
cracks can be contrelied by providing enough longitudinal steel,

A trial and error approach was used to arrive at an acceptable
column thickness. Before computation for a required transverse and
longitudinal reinforcement was made, various arbitrary thicknesses were
assumed for the column depths which varied from 15 in. to 31 in. After
lengthy computations, it was found that the thickness of 10 in. gave
a reasonable balance for the required longitudinal and transverse rein-
forcement.

In the following sections, a computation for the reinforcement
is described in detail, This computation was made after arriving at a

10 in. thickness.

A,2 TEST SPECIMEN FOR A #6 BAR IN A 15 IN, COLUMN

A.2.1 Design for Shear

The critical loading condition to be designed for is when the

embedded bar is simultaneously pulled and pushed. Calculation for the
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shear reinforcement of grade 60 steel, fy = 60 ksi, and concrete strength
fé of 4,000 psi, is given below. Figure A.l shows the external forces
applied to the test specimen.
The ultimate shear capacity of concrete allowed by code [23]
is given by
v, = 2(1 + .0005 Nu/Ag) /?Z (11-6)*

However, v shall not exceed:

v, = 3.5 /fT': /I ¥ 0.002 Nu/Ag (11-7)%

When Nu is assumed to be zero, Eq. (11-6) gives a conservative

estimate of vC.

v, = 2 /fé = 2v4000 = 126.5 psi

C

The ultimate shear force, VC, can be computed as

v = v bd
[nd c
where
b = 104in., d = 13.5 in.
3
VC = 126.5%x10x13,5 = 17 x 107 1b
v 3
¢ = % - 26.5x107 _ 194 pgq
u bd 10x13.5

The maximum possible shear stress which can be developed by the

shear reinforced section is:

8Vf' +v_ = 10VYTT =632,5 > 196 psi
C C C

*These equations are numbered according to ACI 1971 Code [23].
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Computing the required shear reinforcement (Section 11.6.4 of ACTI 1971

Code)s (v. - v )bS
u Cc

v £
vy

(196 - 126.5) 10 § = 0.0125 §

60 x 103
Using two #3 bars 5 .
A = 2{(0.11 in.*) (provided)
v
S =2(O'll) = 18 in.
0.012

A.2.2 Design for Confinement

Referring to section A.6.42 of ACI 1971 Code [23] and Fig. A.2,

Ag fé fé f;
‘ps = 0.45(}: - l)? = 0.138?~> 0.12‘f—
c y y ¥y
_ 0.138x4
P, = 50 0.0092
L
A - hPs °n
sh 2
13.5x%.0092
- 22 XLV = %
5 Sh .0622 Sh (A.6.3.2)

Maximum center-to-center spacing between hoops shall not exceed 4 in.
Ash = .0622 x 4 (one leg)

= ,249 in?

Using a #4 bar

A = 0.20 din. (Ash provided)
sh
0,20
*h 0622 A

*The equation is numbered according to ACI 1971 code [23].
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A #4 bar at 3.2 in. center-to—center provides a more than adequate

shear reinforcement.

A.2.3 Design for Longitudinal Reinforcement

In order to confine crack propagation and limit the crack size
caused by the external flexural bending moment, adequate longitudinal
reinforcement must be provided. The amount of strain induced in the
longitudinal bars must be well within the elastic limit and therefore
the elastic theory is directly applicable for the design.

k is computed by including the contribution of the compression
steel as follows.

1

1
5
1 1

k = }‘2(2n—l)p'-§é—+2pn+n2(2p'+p—%—1—}21 -n (2p' +p —E)

i — n
E = 29x 100 ksi , E = 33w3/2 JF

s c ¢
For
w = 150% ,  f' = 4000 psi
C
£t
B~ 33(150)1°° /4000 = 3.83 x 10° kel
3

n = ._gglilg_g = 7.56

3.83x10
d = 13 4in. , d' = 2 in.

A

_ s _ 2x0.785 _ ' -
P T 4 0513 0.012 s D P 0.012

K = 2(2x7.56-1)xo.012x%+2x0.012x7.56+(7.56)‘

- % 0.012

(2x0.012+0.012—07'.05162)2‘} ~ 7.56(2x0.012+0.012 - <55

k = 0,289, hence kd = 3.8 in.
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jd = (d-2z) = 13 -1.50 = 1L.5
M = ASUSJd
oM B )
s T G 7x.785x11.5 ~ 0 M (A.1)

Note that ES = fS/ES and M can be related to pulling stress fs by
M = AfL {A.2)

(See Fig. A.1.)

OS and ES, at different levels of loading, are computed from
Eq. (A.1) and listed in Table A.1,

The compression strain in concrete, Ec’ can be expressed as

£ k
S
€ =

c ) (A.3)

If the concrete displaced is neglected

1
“

l»Zn(p'—daL+p) +n2(p' +p)2‘} - a(p +p'")

=
]

1.
[z x7.56Q=912%2 4 010y 4 (7.56)2(0.012+0.012)ﬂ| :

13

- 7.56x2x0.012 = 0.311

The distance from top fiber te the center of compression force,

Z, as shown in Fig. A.3, is

(@/6)k% +p' (2n-1) (1 -d' /kd)d"
§+p' (2n ~1) (1 - d' /kd)

13 2 2
(6 Y (0.289) -+O.012(2:x7.56-—1)(1-—3-70):{2

0- 8 .
289 - 2 = 1.52 .
+0.012(2x7.56~1)(1 3.7 )] in
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The values of z given by the twe formulas do not differ significantly.

TABLE A.1
% * N
M 0s €s ‘ Gc

Level of Loading (k~in) (ksi) (in/in) (in/in)
Working load fs==24 ksi | 116.2 6.43 . 0002 .00010
Yielding of rebar

fS==68 ksi 329.1 18.22 .0006 .00028
Fracture of reinforcing

bar fS==100 ksi 484 26.79 .00092 . 00042

GS and Es are stress and strain, respectively, in longitudinal bar

ec is compressive strain of concrete at top fiber

Ultimate strength capacity of the section can be estimated by

2

-— ' —
Mu bhd fC q{1-0.59q)
A f
- -8 v _ 0.01x60 _
q = 7 0.180
[
Mu = 101{1327141:0.18(1-0.59}{0.18) = 1087 k—-in. > 484 k-in.

Therefore the assumption of elastic behavior of the longitudinal steel

bars is justified.

A.2.4 Length of Longitudinal Bar

Adequate anchor length must be provided for the longitudinal
steel to ensure that maximum steel stress, fs, can be developed, The
maximum stress in the bar is found to be 26.8 ksi, The development

length, Qd, needed can be computed as follows using ACT 1963 code [29].

u (allowable bond stress) = 4.8 Vfé = 304 psi < 500 psi
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A f
g = 22 = 22.1 in.
d (rd)u

The detailing of the specimen shown in Fig. 2.1 satisfied this

anchoring requirement.

See Fig. 2.1 for details of specimen reinforcement.

A.3 TEST SPECIMEN FOR A #8 BAR IN A 15 IN. COLUMN

The same procedure outlined in section A.2 is employed in
designing a test specimen for a #8 bar, 15 in. column as shown below.

(See the forces applied to the designed specimen in Fig. A.4.)

v = 2/f' = 126.6 psi
c c
. 47.12 .
V. T T0%13 0.393 ksi
AV - (393-l26.6; 108 _ 0.044351n.2

60 » 10

For S = 4 in., AV = 0.177 in?

A.3.2 Design for Confinement

The procedure is the same as that outlined in section A.2.2,

i.e., ##4 bar, Sh = 3,2 in. center—to-center.

A.3.3 Design for Longitudinal Reinforcement

The following quantities are obtained:

i}
#

T %
k 0.311 , =z = 1.498 in.,LoS O.OSSMW

{M 8.635¢ |5 M = 1087 > 863.5 k-in.
s_J u

* Ts is in ksi, and M is in K-in.
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TABLE A.Z2
M Gs Es Ec

Stage of Loading (k~in) (ksi) (in/in) (in/in)
Working Load

fs==24 ksi 207.24 11.39 . 0004 .00018
Yielding of the pulling

rebar fy==68 ksi 587.2 32.3 L0011 .0005
Fracture of the pulled

rebar fs==100 ksi 863.5 47.5 L0016 .00074

The test specimen for the #8 bar is identical to that for the

#6 bar. (See Fig. 2.1 for details of the specimen.)

A.4  TEST SPECIMEN FOR #6 BAR IN A 20 IN. COLUMN

The same procedure outlined in section A.2 is employed in
designing a specimen for a #6 bar, 20 in. column. See Fig. A,5

for the external applied forces.

A.4.1 Design for Shear

v, = 2 Vfé = 24000 = 126.6 psi
v 3
- .u _ 26.5x%107 _
vy bd 1oxi8 147.22 psi
b = 10 , 4 = 18 in,
(v ~v )bS
A, - uf c _ (147.2-—126.2 Y108 _ 00343 S

v 60 x 10

For § = 4 in., A= 0.0137 in®

A.4.2 Design for Confinement

Refer to Fig. A.6 for the cross section of the 20 in. column,
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A £! £1

_ -2 e 2 10x20 _c
b, = 045G - 1) % 0.65( 2% - 1) %
c y y
£ £
_ c ¢ _ 0.193x4 _
- 0.193 £ > 0.122% = 2E2ED g 019
y y
Lo wPsth
sh 2
Lh = 8.75 in.
_8.75 x 0.0129 _
A, - . s, = 0.0563s
s, = 4 in A = 0.234n° (f Leg)
h - . Sh . n. or one eg
2
Ash = 0.20 1in.
_ 0.20 .
5, < 0.0563 ~ 3-6 in.

If a #4 bar is used at 3.6 in. center—-to-center, this provision is

adequate for shear requirement.

A.4.3 Design for Longitudinal Reinforcement

1
. s
k = [:Qn(p'%§ﬂ+p)-kn2 piJ - n(p +p")
ES = 291{103 , EC = 33W3/2 vfé = 3.83}{103 ksi
n = 7.56 y, d = 18 in. s 4 = 2 in.
- 2x.785 _ y -
P = J0x1s .00872 s D = P -00872
1e
2 2 Ak
k = 21{7.56(.008721¢Ig4~.00872)-+(7.56) (2 % .00872) |

- 7.56x2x.00872 = 0.273



274

kd = 4.91 in.
. - (d/6)k2+p‘nd'(l-d'/kd)
%+p'n(1—d‘/kd)
18 2 2
_ C?;)(.273) 4—.00872357.56:c2(l-ZT§E? _ 0.3018 _ L4l in
0.273 2 0.215 ) '
> +.00872 x 7'56X2(1_4.9l)
j@ = 18 - 1.41 = 16.60 in.
M
% T 2%.785x16.60 0.0384 M
M = 0.44f x11 = 4.84F
s S
TABLE A.3
M 0S ES €c
Level of Loading (k-in) {ksi) (in/in) {(in/in)
Working load fS==24 ksi 116.2 446 .00015 . 00006
Yielding of rebar
fS==68 ksi 329.1 12.63 . 00044 .00016
Fracture of pulling
rebar fsleOO ksi 484 18.57 . 00064 .00024

The approximate yield capacity of the

.59q)

0872 x 60

M = bd2£'q(l-0
u c
_ fif}z - -0
4 bd £
C
M =

= 1567 k~in.

A

>> 484 k-in.

section is:

- 0.131

10x182x4 x0.131(1 -0.59x1.31)
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See Fig. 2.2 for details of specimen reinforcement.

A.5 TEST SPECIMEN FOR A #8 BAR IN A 20 IN. COLUMN

A.5.1 Design for Shear

Refer to Fig., A.7 for the externally applied at yielding

forces on the designed specimen.

v, = 126.6 psi
3
_ A712x10’ Lo
Va 10 x 18 P
A = 281121 15 5 - 0.02238
v 3
60 x 10

For S = 4 din., Av = 0.0893 in?

A.5.2 Design for Confinement

Using the same procedure employed in the design for confinement

of a #6 bar in a 20 in. column yields

Sh = 3.6 in. , #4 rebar

It is evident from a comparison of the transverse reinforcement required
for shear and for confinement that the confinement requirement governs

the design.

A.5.3 Design for Longitudinal Reinforcement

Refer to 20 in. column #6 bar in section A.4.3.
k = 0.273 R kd = 4.91 in. s z = 1.41 in.

o, = 0.03841 M, M = O.785x11fS = 8.635 fS
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TABLE A.4
M Os s 8c

Level of Loading (k~in) (ksi) (in/in) {in/in)
Working load level fs==24 ksi | 207.2 7.96 . 0003 . 00007
Yielding of rebar

fy==60 ksi 518.1 19.9 . 0007 .00019
Fracture of pulling rebar

fs==100 ksi 863.5 33.16 L0011 . 00031

The approximate yield capacity of the section 1s:
Moo= 1567 k-in. > 863.5 k-in.
The reinforcement detailing is identical to that for the #6 bar,

20 in. column specimen shown in Fig., 2.2,

A.6 TEST SPECIMEN FOR A #8 BAR IN A 25 IN. COLUMN

Following the same procedure as presented in section A.2 yields

the design requirements detailed below.

A,6.1 Design for Shear

Based on the design of the 20 in. column, the shear requirement
will not govern the design of the transversed reinforcement. See

Fig. A.8 for the external applied forces.

A.5.2 Design for Confinement

Refer to Fig, A.9 for the cross section of the 25 in. column.

A, K 10 x 25 £
Py = 043GT- Dy = 0.0GFTE - D
c v v
' f!
_ ¢ ¢ _ 0.,16l4x4
= 00,1614 E;* > 0.12 E;- = %o = 0.0108
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A - thssh
sh 2
Lh = 8 in. , Sh = 4 in.
A, = 8"0'2108}‘4 0.172 in®  (one leg)
Using a #4 bar, ASh = 0.20 with 4 in. center-to-center.

A.6.3 Design of Longitudinal Reinforcement

Refer to Section A-A of the column illustrated in Fig. A.10.

£
- _c _ - (kd -2)
£ = 13 (kd - 2) €5 123 = k)
g
£, = m (9.5 -kd)
s
83 = W (15.5 - kd)
g
e T @ai-w)
L L e kd L Eces(kd)z
C = 5bkde B = $bME 3y = 3P s-kd)
Es(kd-Z)
! bt e "
Cs ZASES (23 - kd)
_ (9.5 -~ kd)
Tl B AsgsEs (23 - kd)
_ (15.5 - kd)
Ty = AEEe (03— %a)
T3 N ASESES
T _
C + CS T1 + TZ + T3
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2
e (kd)
i s 7 kd-2) _ . (9.5-kd)
7 PE 3 TRy 2 AE s T3 k)~ 2s%sTs T(23 k)
(15.5 - kd)

+ ASESSS (23 -~ kd) +As€sEs
%b(kd)2+2ASn(kd—2) = A n(9.5-kd) +A n(15.5~kd) +4_ n(23-kd)
%b(kd)2+Asn[de~4—9.5+kd—15.5+kd—23+kd] -~ 0
1 2
Sb(ka) 4 a_n[Skd-52] = 0

. T ,7.2
Substitute b = 10, d = 23, AS = 22(5) = 1,203, n = 7,56,
1 2 2
2x10K7(23)7+ 1,203 7,56 [Skx23-52]1 = 0
2645k +1045.6k -~ 472.8 = 0
2
K” +0.395k - 0.178 = 0
/ 2
. . 0.395+ /0.395°44x0.178 _ ~0.395 t 0.933
7 2
k = 0.27
kd =  6.20 in.
M = %deJrCé(kd—Z)+Tl(9.5—kd)+T2(15.5—kd)+T3(23-—kd)
= (9.319+2.509 + .785 +6.202+20.225)E ¢ _
M = 35.9 Ec¢ = 35.9 g k-in.
s 8 S
e k
M = -

8.64 £ k=in. & = T
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TABLE A.5
M ] os 8s €c

Level of Loading (k-in) (ksi) (in/in) (in/in)
Working load

fS==24 ksi 207.3 5.77 .0002 ,00010
Yielding level

fy==68 ksi 587.5 16.35 .0006 .00021
Fracture of pulling rebar

fs==100 ksi 863.9 22.12 .0008 .00028

|

Yield capacity of the heavily reinforced section proceeds

as follows:

Assume that € > g while £ < €y. From this

€ £
2° 73 g =7y 1
assumption the equilibrium of the section can be expressed as

(see Fig. A.11):

(0.85 £7) (0.85)b + 9—‘99—3-:52-1-21

EA = 3Af (A.4)
5 s sy
Recognizing that b = 10 in., AS = 1.203, fy = 60 ksi and

ES = 29};103 ksi, Eq. (A.1) can be rewritten as

28.9(:;2 - 111.84¢ - 209.3 = O

or

2 3.87¢ - 7.243 = 0 (A.5)

The solution of Eq. (A.2) yields,
c = 5.25 in.

The assumption that €,, €,, € > ¢_ while £, <¢_ 1s proved to
2 3 s — 'y v

1

be correct when ¢ = 5.25 in.
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'FO.OOifC-_Z)

=
I

a
(.85x4x.85 xlOc)(c—z) ASES(c—Z)

+ Asfy(9.5-—c)-+Asfy(15.5-c)-FASfy(23-c)

457.95+210.53 +306.8 +739.87 +1281.22

2996.4 k-in. 863.9 k—~in.

Therefore, there is no danger of yielding in the section.
The dimensions and reinforcement detailing of the specimen for a

#8 bar, 25 in. column are given in Tig. 2.3.

A,7 TEST SPECIMEN FOR A #10 BAR IN A 25 IN. COLUMN

Following the same procedure as presented in section A.2 yields:

A.7.1 Design for Shear

Refer to Fig. A.12:

vc = 2V fé = 2v 4000 = 126.5 psi
73.8 x10°
vy = 0% 23 320.87 psi

For S = 4 in. spacing, the reguired AV isg

(v. -v)
Av - uf ¢ pg = {320.9 l§6.5) % 10 x 4
y 60 x 10

0.1296 in? (two legs)

A.7.2 Design for Confinement

Refer to the previous calculation in section A.6.2.

. 2
Ash = 0.172 4in. (one leg)
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For a #4 bar, ASh = 0.20 in? at 4 in. center-to-center will be adequate.

A.7.3 Design of Longitudinal Reinforcement

Using the same calculation as presented in section A.6.3 yields

M = 39.04FE ¢ = 35.93¢ k-in.
5 8 s
M = 1.23x11 fs k~in.
_ 1.23x11 o
% T T35.93 g ksl

For a fracture of the rebar (fs = 100 ksi), the maximum moment induced

is 1353 k-in.

Where TS, fs are in ksi

and M is in k-in.

0.368 fs ksi

TARLE A.6
¢] £ €
s 5 c
Level of Loading (ksi) {(in/in) {(in/in)
Working stress fs==24 kei 8.84 .0003 .00008
Yielding fs==68lksi 25.04 .0009 .00023
Fracture of rebar fS==lOO ksi 36.83 .0013 .00034

The yielding capacity of the test specimen section is 2996.4 k~in.
(from section A.6.3), which is larger than the maximum moment of

1353 k-in. Therefore, there is no danger of yielding the longitudinal

bar.

From above results, the dimensions and reinforcement detail of

the test specimen shown in Fig. 2.3 are adeguate.




265K

4
=265K = 265K . '
- e 85" 10 T

— — i —p
26.5K J
- 15" —— —
Fig, A. i . A.3 TForce
g. A.l Forces in Test Specimen at Fig. A.2 Cross Section of 15 in. Col. Flg. A.3 Diagram

Yield of #6 Bar

4712 K
—
Asty Asfy A f& 265K As fy
=4712 K | =47.12 K =26.5 226.5K
— T — =3~
265K
—
47.12K |
20—
5
Fig. A.4 Forces in Test Specimen Fig. A.5 Forces in Test Specimen

at Yield of #8 Bar at Yield of #6 Bar



17.5-

&

N

875"

875"~

Fig. A.6 Cross Section of 20 in. Column

As fy
24712 K

B —

4712 K

———

4712 K

——————

20" ]

As fy
= 4712 K

e == I

Fig. A.7 TForces in Test Specimen
at Yield of #8 Bar

I O\l

—

Asty
=47.12 K

47.12K

P E'—— - ]

47.12K

= 4712 K

le— 25—

Fig, A.8 Forces in Test Specimen
at Yield of #8 Bar

7T 76 7.7

Fig. A,9 Cross Section of 25 in. Column

£82



- ?«—-c 2Ac e,
=1/2 bkd €,

SECTION A-A STRAIN STRESS
DIAGRAM DIAGRAM

e

Fig. A.10 Free Body Diagram of Section A-A ¢, = k~§ (kd - 2)

1

8T



kd

€
_ 003(c-2) (‘,‘-‘

c

L— 003 (95-¢)

€

S

62——"‘5 C
3
003 (I55~c)
- c
_ 003 (23-c)
C

¥
(3=O.85c

4\ L1M

— AS fy

’AS fy

’Asfy

Fig. A.11 Calculation of Ultimate Moment

73.8K
As fy -_
=73.8K__|
738K
R et

—25"—

AS fy
=73.8K

e

Fig. A.12 Forces in Test Specimen at Yield of #10 Bar

<8¢






287

APPENDIX B

MATHEMATICAL MODEL OF STRESS-STRAIN RELATION OF REINFORCING STEEL

B.1 GENERAL

The purpose of developing fs—ﬁs of reinforcing steel is to meet
the following needs:

(1) To determine the steel stress corresponding to the measured
strain. Once the steel has yielded and strain reversal has taken place,
the stress—strain relationship becomes history dependent. Since there
is no direct way of measuring steel stress in the bond tests, the
corresponding stress is computed from the measured strain value.

(2) To establish the hysteretic behavior of reinforcing steel
for the analytical prediction of the inelastic behavior of push-pull

specimens,

B.2 MATHEMATICAL MODEL FOR fs—ES OF STEEL

The hysteretic fS—es of steel used herein is adopted from the one
developed by Ma et. al. [9] with the following modifications:

(1) HMonotonic skeleton curve under tension after yielding.
Instead of supplying enough data points on post-yield range, curve BC
of Fig, B.1--a cubic polynonial curve like the one used by Ma et. al. [9]--
is employed with the following constraints:

At the onset of strain hardening, point B in Fig. B.1, the
f(esh) = fy

' = ;
and f (ash) Esh %

5 _
f (Esh) denotes df/de at & £ sh
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At point C
f(esmax) T Y smax
and
f'(esmax) =0

where f(as) is the proposed cubic polynomial function, €.y, is strain at

onset of strain hardening, f 1s yielding stress in tension, E is

sh

the tangent stiffness of strain hardening, and £ and ¢ are the
smax smax

stress and strain at maximum stress. The equation for BC is given by

3.3 A 5,2
fs = [Eshr - Z(fSmax - fy)] (¥) + 3 (£ - f) E . rl (r) +

r: — = —
where “smax T Ssp 204 S T eg7egy
(2) Monotonic skeleton curve under compression after yielding.
According to experimental data, the fsﬁgs curve for axial
compression in the post yield range is significantly different from that
in tension. A more accurate mathematical expression is prescribed in

parabolic form,

This curve satisfies the following constraint conditions;

At point B'
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At point C

f(e ) = £

maxc maxe

where ¢
5

he and Eshc‘are the strain and tangent stiffness at strain

hardening in compression, respectively: as shown in Fig. B.2 € naxc

and

fmaxc are the strain and stress at maximum compressive load from test.

Further loading lead to the buckling of the test specimens.
According to the experimental data, the equation of BC is

1]
' ' s'.2 t
= - = +
fs [T Eshcr ] (r') + Eshc ° fyc (B,2)

where T = £ -f , r'=¢ - ¢ and s" = ¢ - ¢
maxc ~yc maxc shc s she

(3) Parameters for fs—es curve under cyclic loading.

A Ramberg Osgood equation was used in modeling the cyclic fsﬁgs relation

(see [9]). Mathematically, it is

o |
i

= ey n
o = BU_ * o | f (™)
where
£ f
s = ;——' and E; = ;%f
£
y y

It was found that g8 = 1.0, o = .6 and v = .9, and n = 8 gave

good agreement with the experimental results.

B.3 ACCURACY QF THE PROPOSED MATHEMATICAL MODEL

A comparison of analytical predictioh and experimental results
for #8 bar are shown in Fig. B.3 and B.4. An excellent agreement is

observed for monotonic loading and reasonably good agreement for cyclic

loading.
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APPENDIX C

INPUT INSTRUCTION AND
COMPUTER PROGRAM LISTING OF STEEL ELEMENT

APPENDIX D

INPUT INSTRUCTION AND
COMPUTER PROGRAM LISTING OF BOND ELEMENT

APPENDIX E

DATA REDUCTION PROGRAMS

The reader is referred to the doctoral dissertation of
S. Viwathanatepa on which this report is based for Appendices C,
D, and E, which contain detailed information on the above topics.
These have been omitted from the present volume due to limitations

on length.
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E. L. Wilson ~ 1971 (PB 211 396)A06

"Inelagtic Behavior of Steel Beam-to-Column Subassenblages,” by H. Krawinkler, V.V. Berterc and E.P. Popov
1971 (PR 211 335}Ald

"Modification of Seismograph Records for Effects of Local Seil Conditions,” by P. Schnabel, H.B. Seed and
J. Lysmer - 1971 (PB 214 450)A03
"Static and Carthquake Analysis of Three Dimensional Frame and Shear Wall Buildings," by E.L. Wilson and

H.H. Dovey - 1972 (PB 212 904}A05

"Accelerations in Rock for Earthquakes in the Western United States,” by P.B. Schnabel and H.B. Seed - 1972
(PB 213 1l00)A03

"Elastic~Plastic Earthaquake Response of S0il-Building Systems," by T. Minami - 1972 {PR 214 868)A(SB

"Stochastic Inelastic Response of Offshore Towers to Strong Motion Barthquakes,” by M.K. Kaul - 1972
{(PB 215 713)A05

"Cyclic Behavior of Three Reinforced Concrete Flexural Members with High Shear,” by E.P. Popov, V.V. Bertero
and H. XKrawinkler - 1972 (PB 214 555)}A0D5

"Ezrthquake Response of Gravity Dams Inciuding Resetrvoir Interactlon Effects,” by F. Chakrabarti and
A.K. Chopra - 1972 {ab 762 33D)A0S8

"Dynamic Properties of Pine Flat Dam,” by D. Rea, C.Y. Liaw and A.K. Chopra - 1972 (AD 763 928}A05
"Three Dimensional Analysis of Building Systems,” by E.L. Wilson and H.H., Dovey - 1972 (PB 222 438}A06

"Rate of Loading Effects on Uncracked and Repaired Reinforced Concrete Members," by S, Mahin, V.V. Bertero,
D. Rea and M. Atalay - 1972 (PB 224 520)A08

AComputer Program for Static and Dynamic Analysis of Linear Structural Systems,” by E.L. Wilson, K.-J. Bathe,
J,E. Peterson and H.H.Dovey - 1972 (FB 220 437}A04

“Literature Survey - Seismic Effects on Highway Bridges," by T. Iwasaki, J. Penzien and R.W. Clough - 1972
(BB 215 613}Al9

"SHAKE-A Computer Program for Earthguake Response Analysis of Horizontally Layered Sites,” by P.B. Schnabel
and J. Lysmer - 1972 (PB 220 207)A06
"oOptimal Seismic Design of Multistory Frames,” by V.V. Berterc and H. Kamil - 1273

"Analysis of the Slides in the San Fernande Dams During the Earthquake of February 9, 1971," by H.B. Seed,
K.L, Lee, I.M, Idriss and F. Makdisi - 1973 (PB 223 402}Aal4d
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"Computer Aided Ultimate Load Design of Unbraced Multisbtory Steel Frames,” by M.B. El-Hafez and G.H. Fowell
1973 (PB 248 3153}A09

"Experimental Investigation into the Seismic Behavior of Critical Regions of Reinforced Concrete Components
as Influenced by Moment and Shear," by M. Celebi and J. Penzien - 1973 (PB 215 884)209

"Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams,” by M, Celebi and J. Penzien - 1973
(PB 239 568)A03

"General Purpose Computer Program for Inelastic Dynamic Response uf Plane Structures,” by A. Kanaan and
G.H, Powell - 1973 (PB 221 260)A08

"A Computer Program for EBarthguake Analysis of Gravity Dams Including Reserveir Interaction," by
P. Chakrabarti and A.K. Chopra- 1973 (AD 766 271}A04

"Behavior of Reinforced Concrete Deep Beam-Column Subassemblages Under Cyclic Toads,” by 0. Xusti and
J.G. Bouwkamp - 1673 (PB 246 117)al12

“Earthguake Analysis of Structure-Foundation Systems," by A.K. Vaish and A.K. Chopra - 1973 (AD 766 272)A07
“Deconvolution of Seismic Responge for Linsar Systems,” by R.B. Reimer - 1973 (PB 227 179)a08

"SAP IV: A Structural Analysis Program for Static and Dynamic Responsce of Linear Systems,” by K.~J. Bathe,
E.L. Wilscen and F.E. Peterson ~ 1973 (PB 221 967)A09

"analytical Investigations of the Selsmic Response of Long, Multiple Span Highway Bridages,” by W.S5. Tseng
and J. Penzien - 1973 (PB 227 816)Al0

"Earthquake Analysis of Multi-Story Buildings Including Foundation interaction,” by A.K. Chopra and
J.A. Gutierrez -~ 1973 (PB 222 970)A03

"ADAP: A Computer Program for Static and Dyramic Analysis of Arch Dams," by R.W. Clough, J.M. Raphael and
5. Mojtahedi - 1973 (PB 223 761}A09

"Cyeclic Plastic Analysis of Structural Steecl Joints,” by R.B. Pinkney and R.W. Clough - 1973 (P8 226 242)A08

"QUAD-4: A Computer Prodram for Evaluating the Seismic Response of Soil Structures by Variable Dawmping
Finite Element Pracedures,” by I.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed ~ 1973 (PB 229 424}A05

“"Dynamic rohavior of a Multi-Story Pyramid Shaped Building,” by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp - 1973 (PB 240 71B)A06

"Effect of Different Types of Reinforcing on Seismic Behavior of Short Concrete Columns,” by V.V. Berterc,
J. Hollings, O. Kustii, R.M. Stephen and J.G. Bouwkamp - 1973

"Olive View Medical Center Materials Studies, Phase I,” by B. Bresler and V.V. Berterc - 1973 (PR 235 9861206

"Linear and tonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridqes,"” by
W.E. Tseng and J. Penzien - 1973

"Constitutive Models for Cyclic Plastic Deformation of Engineering Materials,” by J.M. Kelly and P.P. Gillis
1873 {PB 226 O24)AL3

“DRAIN - 2D User’'s Guide," by G.H. Powell - 1873 (PB 227 0186)A05
"Barthaquake Ingineering at Berkeley - 1973," (PB 226 0O33}AlL
Unassigned

"Earthquake Response of Axisymmetric Tower Structures Surrounded by Watex," by C.Y. Liaw and A.K. Chopra
1273 {(pD 773 0S52)A0%

"Investigation of the Failures of the Olive View Stairtowers During the San Fernando Earthguake and Their
Implications on Seismic Design," by V.V. Bertero and R.G., Collins -1973 (PB 235 1l06)A13

YFurther Studies on Seismic Rehavior of Steel Beam-Column Subassemblages,” by V.V. Bertero, H. Krawinkler
and E.P. Popov -1973 (PB 234 172)A06
"Seismic Risk Analysis,” by €.S. Oliveira - 1974 (PB 235 92031306

"Settlement and Liguefaction of Sands Under Multi~Directicnal Shaking," by R. Pyke, C.K. Chan and H.B. Seed
1974

"Optimum Design of Earthquake Resistant Shear Buildings,"” by D. Ray, K.S8, Pister and A.K. Chopra - 1974
{PB 231 172)ADA

"LUSH - A Computer Program for Complex Response Analysis of Soil-Structure Systems,"” by J. Lysmer, T. Udaka,
H.B. Seed and R, Hwang - 1974 (PB 236 798)A05
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"Sensitivity Analysis for Hysleretic Dynamic Systems: Applications to Earthquake Engineering,” by D. Ray
1974 {(PB 233 213)A06

"soil Structure Interaction Analyses for Evaluating Seismic Response,” by H.B. Seed, J. Lysmer and R. Hwang
1974 (PB 236 519)AC4

Unassigned
“chaking Table Tests of a Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PR 240 869)A02

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement," by
V.V. Bertero, E.P. Popov and T.Y. Wang - 1974 (PB 236 797)A07

“applications of Reliability-Based, Global Cost Optimization te Design of Earthguake Resistant Structures,”
hy E. Vitielle and K.8. Pister - 1974 (PB 237 231)AC6

"Liquefaction of Gravelly Soils Under Cyclic Loading Conditions," by R.T. Wong, H.B. Seed and C.K. Chan
1974 {PB 242 042)A03

"Site-Dependent Spesctra for Farthquake-Resistant Design,® by H.B. Seed, C. Ugas and J. Lysmer - 1974
(PB 240 953JA03

"Earthquake Simulator Study of a Reinforced Concrete Frame," by P. Hidalgo and R.W. Clough - 1974
(PB 241 9¢4)A13

"Nonlinear Barthguake Response of Concrete Gravity Dams," by W. Pal - 1974 (AD/A 006 583)}A06

"Modeling and Identification in Nonlinear Structural Dynamics - I. One Degree of Freedom Models,” by
N. Distefano and A. Rath - 1974 (PB 241 548)A06

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.I: bescription,
Theory and Analytical Modeling of Bridge and Parameters," by F. Baron and S.-H. Pang - 1875 (PB 259 407)Al5

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.Il: Numerical
Studies and Establishment of Seismic Design Criteria,” by F. Baron and S.-H. Pang - 1975 (FB 259 408)ALL
(For set of EERC 75-1 and 75-2 (PB 259 406))

"Seismic Risk Analysis for a Site and a Metropolitan Area,” by C.S. Oliveira - 1975 (PB 248 134)209

"Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges,"” by
M.-C. Chen and J. Penzien - 1975 (PB 241 454)n09

"An Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings," by S.A.
Mahin and V.V. Berterp - 1975 (PB 246 306)Al6

"Earthgquake Simulator Study of a Stecl Frame Structure, Vol. I: Experimental Results," by R.W. Clough and
D.T. Tang - 1275 (PB 243 981)A13

"Dynamic Praperties of San Bernardino Intake Tower,” by D. Rea, C.-¥. Liaw and A.K. Chopra - 1975 (BD/A0Q0B 406}
A0S

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. I: Description,
Theory and Analytical Modeling of Bridge Components," by F. Baron and R.E. Hamati - 1975 (PB 251 532)A0D7

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, vel. 2: Numerical
Studies of Steel and Concrete Girder Alternates," hy F. Baron and R.E. Hamati - 1975 {PR 251 540)Al0

"Static and Dynamic Analysis of Nonlinear Structures,"” by D.P. Mondkar and G.H. Powell - 1975 (PB 242 434)A08
"Hysteretic Behavior of Steel Columns," by E.P. Popov, V.V. Bertero and $. Chandramouli - 1975 (PB 252 365)All
"Earthquake Engineering Research Center Library Printed Catalog,”™ - 1975 (PB 243 711)A26

"Three Dimensional Analysis of Building Systems (Extended Version)," by E.L. Wilson, J.P. Hollings and
H.H. Dovey - 1975 {PB 243 989)A07

“Determination of So0il Liquefaction Characteristies by Large-Scale Laboratory Tests,” by P. De Alba,
C.K. Chan and H.B. Seed - 1975 (NUREG 0027)A08

"A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonry,” by R.L. Mayes and R.W.

Clough = 1975 (PB 246 292)Al0

"Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components," by V.V. Berterc and
E.P. Popov - 1975 {(PB 248 388)A0%

"Relationships Between Maximum Acceleration, Maximum Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakes," by H.B. Seed, R. Murarka, J. Lysmer and I.M. Idriss -1975 (PB 248 172)A03

“The Effects of Method of Sample Preparation on the Cyclic Stress-Strain Behavior of Sands,” by J. Mulilis,
C.K. Chan and H.B., Seed=- 1975 (Summarized in EERC 75-28)
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"The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force," by M.B. Atalay and J. Penzien~ 1975 (PB 258 B42)All

"Dynami¢ Properties of an Eleven Story Masonry Building," by R.M. Stephen, J.P. Hollings, J.G. Bouwkamp and
D, Jurukovski - 1975 (PB 246 945)A04

“State-of-the-Art in Seismic Strength of Masonry - An Evaluation and Review." by R.L. Mayes and R.W. Clough
1975 (PB 249 040}AD7

"Freguency Dependent Stiffriess Matrices for Viscoelastic Half-Plane Foundations,” by A.K. Chopra,
P. Chakrabarti and G. Dasgupta - 1875 (PR 248 121}A07

"Hysteretic Behavior of Reinforced Concrete Framed Walls," by T.Y. Wong, V.V. Berterc and E.P. Popov ~ 1975
"Testing Facility for Subassemblages of Frame-Wall Structural Systems," by V.V. Bertero, E.P. Popov and
T. Endo - 1975

"Influence of Seismiec History on the Ligquefaction Characteristics of Sands,” by H.B. Seed, K. Mori and
C.¥. Chan - 1975 (Swmmarized in EERC 75-28)}

"The Generation and Dissipation of Pore Water Pressures during Soil Liguefaction,” by H.B. Sead, P.P. Martin
and J. Lysmey - 1975 (PB 252 648)A03

"[dentification of Research Needs [or Improving Aseiswmic Design of Building Structures," by V.V. Berterc
1375 (PB 248 136}A05

"Evaluation of Soil Liguefaction Potential during Earthquakes," by H.B. Seed, 1. Arango and C.XK. Chan - 1975
{NUREG 0026)A713

"Representation of Irregular Stress Time Histories by Eguivalent Uniform Stress Series in Liquefaction
Analyses,” by H.B. Seed, I.M. Tdriss, F. Makdisi and N. Banerjee - 1975 (PB 252 £35)A03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems,” by
J. Lysmer, T. Udaka, C.-F. Tsal and H.B. Seed ~ 1975 (PB 259 332)A07

"ALUSH - A Computer Program for Seismic Response Analysis of Axisymmetric Soil-Structure Systems,"” by
E. Berger, J. Lysmer and H.B. Seed - 1975

"TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analysis with Horizontally Travelling
Waves," by T. Udaka, J. Tvamer and {.B. Seed - 1975

"Predicting the Performance of Structures in Regions of High Seismicity.” by J. Penzien - 1975 {PB 248 130)A03

"BEfficient Finite Element Analysis of Seismic Structure - Soil - Direction,” by J. Lysmer, H.B. Seed, T. Udaka,
R.N. Hwang and C.-F. Tsai - 1975 (PR 283 570)AC3

"The Dynamic Behavior of a First Story Girder of a Threa-Story Steel Frame Subjected to Farthquake Loading,”
by R.W. Clough and L.-¥. Li - 1975 (PB 248 841}A035

"Barthquake Simulator Study of a Steel Frame Structure, Volume II -Analytical Results," by D.T. Tang - 1975
{(PB 252 926)31C

“YANSR-I General Purpose Computer Program for Analysis of Non-Linear Structural Response,” by D.P. Mondkar
and G.H. Powell - 1975 {PR 252 386JA0B

"Nonlirear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concrete
Structures." by M. Murakami and J. Penzien - 1975 (PB 259 530)A05

"Study of a Method of Feasible Directions for Optimal Llastic Design of Frame Structures Subjected to Earth-
quake Loading,” by N.D, Walker and K.S, Pister - 1975 (PB 257 781)A06

"An Alternative Represcntation of the Elastic-Viscoelastic Analogy,” by G. Dasgupta and J.L. Sackman - 1975
{PR 252 173)A03

"Effect of Mulri-Directional Shaking on Liguefaction of Sands,' by H.B. Seed, R. Pyke and G.R. Martin - 1975
(PR 258 781)A03
"Strength and Ductility Evalnation of Existing Low-Rise Reinforced Concrete Buildings - Screening Method,”™ by

T. Okada and B. Bresler - 1976 (PB 257 90s)All

"Experimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Beams," by S.-Y.M. Ma, E.P. Popov and V.V. Bertero - 1976 (PB 260 843)Al2

"Dynamic Behavior of a Multistory Triangular-Shaped Building,” by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. bouwkamp - 1976 (PB 273 279)A07

“Earthgquake Induced Deformations of Earth Dams," by N. serff, H.B. Seed, F.I. Makdisi & C.-Y. Chany - 1976
(PB 292 065)A08
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EERC 76-5 “Analysis and Design of Tube-Type Tall Building Structures,” by H. de Clercq and G.H. Powell - 1976 (PB 252 220)
AlQ

EERC 76-6 "Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthguake,” by T. Xubo
and J. Penzien {PB 260 556)3l1

EERC 76=7 "Expected Performance of Uniform Building Code Design Masonry Structures,” by R.L. Mayes, Y. Omote, S.W. Chen
and R.wW, Clough - 1976 (PB 270 G98)A05

EERC 76-8 "Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results," by R.L. Mayes, Y, Omote, R.W,
Clough - 1976 (PB 264 424)A06

EERC 76-9 "A Substructure Method for Farthguake Analysis of Structure - Soil Interaction,™ by J.A. Gutierrez and
A.¥, Chopra - 1976 (PB 257 783}A08

EERC 76-10 "Stabilization of Potentially Liguefiabkle Sand Deposits using Gravel Drain Systems,” by H.B, Seed and
J.R, Booker - 1976 (PB 258 B20)A04

EERC 76-11 "Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames."” by
G.H. Powell and D.G. Row~ 1976 (PB 271 409)A06

EERC 76-12 “Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications,” by D. Ray, K.S. pister and
E. Polak - 1976 {(PB 262 853)A04

EERC 76-13 "Coupled Lateral Torsional Response of Buildings to Ground Shaking," by C.L. Kan and A.K. Chopra -
1976 (PB 257 3S07)A09

EERC 76-14 "Seismic Analyses of the Banco de America," by V.V. Bertero, S$.A. Mahin and J.A. Hollings - 1976

EERC 76-15 “Reinforced Concrete Frame 2: Seismic Testing and Analytical Correlatrion,” by R.W. Clough and
J. Gidwani - 1976 (PB 261 323)A08

EERC 76-16 "Cyelic Shear Tests of Masonry Piers, volume 2 - Bnalysis of Test Results," by R.L. Mayes, Y. Umote
and R.W. Clough - 1976

EERC 76-17 “Structural Steel Bracing Systems: Behavior Under Cyclic Loading,” by E.P. Popov, K. Takanashi and
C.W. Roeder — 1976 (PB 260 7151A05

EERC 76-18 "Experimental Model Studies on Seismic Response of High Curved Overcrossings,” by D. Williams and
W.G. Godden — 1276 (PB 269 548)ACE

EERC 76-13 "Effects of Non-Uniform Seismiec Disturbances on the Dumbarton Bridge Replacement Structure,” by
F. Baron and R.E. Hamati - 1976 {PB 282 981)alé6

EERC 76=20 ‘"Investigation of the Inelastic Characteristics of a Single Story Steel Structure Using System
Identification and Shaking Table Experiments.” by V.C. Matzen and H.D. McNiven - 1976 (pB 258 48533407

EERC 76-21 "Capacity of Columns with Splice Imperfections," by E.P. Popov, R.M. Stephen and R. Philbrick - 197¢
(PB 260 378)204

EERC 76-22 '"Response of the Olive View Hospital Main Building during the San Fernando Earthguake," by £. A. Mahin,
V.V. Bertere, A.K. Chopra and R. Collins - 1976 (pB 27) 425)al4

EERC 76-23 "A Study on the Major Factors Influencing the Strength of Masonry Prisms," by N.M. Mostaghel,
R.L. Mayes, R. W. Clough and 5.W. Chen - 1976 {Not published)

EERC 76-24 "GADFLEA - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation during
Cyelic or Earthquake Loading," by J.R. Booker, M.S. Rahman and H.B. Seed - 1976 (PB 263 947)A04

EERC 76-25 “Seismic Safety Evaluation of a R/C School Buillding,™ by B. Bresler and J. Axley ~ 1976

EERC 76-26 “Correlative Investigations on Theoretical and Experimental pynamic Behavior of a Model Bridge
Structure,"” by K. Kawashima and J. Penzien - 197& (PB 263 388)All

EERC 76-27 "Earthquake Responge of Coupled Shear Wall Buildings," by T. Srichatrapimuk - 1376 (PB 265 157)AC7
EERC 76-28 "Tensile Capacity of Partial Penetration Welds," by E.P. Popov and R.M. Stephen — 1976 (PR 2&2 899)A03

EERC 76-29 "Analysis and Design of Numerical Integration Methods in Structural Dynamics," by H.M. Hilber - 1976
(PB 264 410}106

EERC 76-30 "Contribgtion of a Floor System to the Dynamie Characteristics of Reinforced Concrete Buildings," by
L.E. Malik and V.V. Bertero — 1976 (PR 272 247)a13

EERC 76-31 The Effects of Seismic Disturbances on the Golden Gate Bridge by F. Baron, M. Arikan and R. amatl —
. ¥ i d E. Hamat
1376 (PB 272 279)AC9

EERC 76-32 "Infilled Frames in Earthquake Resistant Construction,” by R.E, Klingner and V.V. Bertero - 1976
(PB 265 892)A13
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“"PLUSH - A Computer Program for Probabilistic Finite Element Analysis of Seismic Soil-Structure Inter-
action," by M.P. Romo Orqganista, J. Lyzmer and H.B, Seed - 1277

"Soil-Structure Interacticn Effects at the Humboldt Bay Power Plant in the Ferndale Earthquake of June
7, 1975," by J.E. Valera, H.B. Seged, C,F. Tsal and J., Lysmer - 1977 {(PB 265 795)A04

"Influence of Sample Disturbance on Sand Response to Cyclic Ioading,” by K. Mori, H.B, Secd and C.X.

Chan = 1977 (PB 267 352)A04
"Selsmolegical Studies of Strong Motion Recorxds," by J. Shoja-Taheri - 1977 (PB 269 655)a10

"Testing Facility for Coupled-Shear Walls," by L. Ti=Hyung, V.V. Berterco and E.P. Popaov - 1977

"Developing Methodologies for Evaluating the FRarthquake Safety of Existing Buildings,” by NWo. 1 -

B. Bresler; No. 2 = B. Bresler, T. Okada and D. Zisling; No. 3 - T. Okada and B. Bresler; No. 4 - V.v.
Berterc and B. Bresler - 1977 (FB 267 354)A08

"A Literature Survey - Transverse Strength of Masonry Walls,”" by Y. Omote, R.L. Mayes, S.W. Chen and
R.W. Cleough - 1977 (PB 277 933)A07

A Computer Program for Inelastic Earthquake Response of Three Dimensional Buildinas," by
1977 (PB 270 693)A07

"DRAIN-TABS:
R. Guendelman-Tsrael and G,H. Powell -

"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Design
of Structural Walls with Substructure Cption," by D.Q. Le, H. Peterson and E.F. Popov - 1977
(PB 270 567)A05

“Experimental Evaluation of Seismic Design Methods for Bread Cylindrical Tanks,” by D.P. Clough
(PB 272 280)Al3

“"Earthquake Engineering Research at Berkeley - 1976," - 1977 (PB 273 507}209

“"Automated Design of Farthquake Resistant Mullistory Steel Building Frames,™ by N.D. Walker, Jr. - 1977
(PB 276 526)A09

"Concrete Confined by Rectanqular Hoops Subjected to Axial Loads," by J. Vallenas, V.V. Bertero and
F.P. Papov - 1977 (rB 275 1651206

"Seismic Strain Induced in the Ground During Earthquakes,” by Y. Sugimura - 1977 (PB 284 201l)A04

“"Bond Neterioration under Generalized Teoading," by V.V, Bertero, E.P. Popov and §&. Viwathanatepa - 1977/
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