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ABSTRACT

Building response caused by moderate to severe earthquake
excitation is often in the inelastic range; thus, to enable reliable
predictions of overall performance, the energy absorption and failure
characteristics of individual components must be established. For rein-
forced concrete frame buildings, the critical or yielding regions may
occur in either or both the girders and columns subjected to various
combinations of bending, shear, and axial load.

To determine the characteristics and modes of failure of
columns under excitations causing degradations in stiffness, strength,
and energy absorption, a series of twelve members simulating é column
between inflection points above and below a floor level were designed
and tested dynamically. The variable parameters introduced were (1)
magnitude of applied axial load chosen to represent lower, intermediate,
and upper story columns, (2) lateral reinforcement percentage chosen to
study the influence of confinement on ductility, and (3) history of con-
trolled lateral displacement chosen to determine the effects of rate énd
sequence of loading.

The results of these tests show that (1) iﬁcreasing the applied
axial load decreases the ultimate lateral displacement capacity, enhances
the degrading mechanisms of strength, and stiffness, and, when the axial
load is sufficiently high, causes changes in the failure modes from
ductile flexure behavior to more brittle shear and buckling behavior, (2)
decreasing the lateral reinforcement percentage decreases the ultimate

lateral displacement capacity and enhances the degrading mechanisms. All

1 ()






experimental data from these tests have been analyzed and correlated to
characterize the energy absorption, stiffness, and strength degradation
mechanisms, the modes of failure, and the ductility capacities.

In addition to discussing the above described test program and
its correlation studies, this report presents a mathematical model for
reinforced concrete columns which predicts force-deformation character-
istics under inelastic cyclic conditions. This model can serve as a sub-

element in an overall mathematical model of a building.
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NOTATION

Length along the longitudinal axis

Area

Force quantity used as coefficient of trigonometric term
Width of compression face of cross-section of member
Transverse distance between instrumentation mounting points
Force quantity used as coefficient of trigonometric term
Distance from extreme compression fiber to neutral axis
Compressive force

Distance from extreme compression fiber

Differential operator

Totalldepth of cross-section

Modulus of elasticity

Stress in concrete or reinforcing steel

Lateral force

Distance between tension and compression reinforcement divided

by total depth of cross-section

Transverse distance between instrumentation mounting points
Moment of inertia of cross-section

Inelastic half cycle number

Empirical constants

Stiffness

Longitudinal distance

Bending moment

Ratio ES/EC

Number of ties crossed by an inclined crack

Spacing of transverse reinforcement






D

vi

Time

Tensile force

Shear force

Work

Distance along the longitudinal axis

Section modulus

Stiffness reduction factor

Empirical constant defined by Timoshenko and Goodier
Parameter used in definition of loss of resistance
Average shear deformation

Lateral displacement

Finite difference operator

Relative displacement measured by instrumentation
Strain

Axial compression index

Ductility

Poisson's ratio
Equivalent damping factor
Reinforcement ratio

Transverse reinforcement ratio, Av/bs

[32]

Ratio of volume of transverse reinforcement to volume of

concrete core
Average curvature

Capacity reduction factor

Slope of the descending branch of stress-strain relationship

for concrete
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SUBSCRIPTS

b Balanced capacity of cross-section

B Bottom

c Concrete

cr Cracking

E Elastic

f,flex. Component due to flexural deformation

g Gross

I Initial

J Inelastic half cycle number

M, max. Maximum

N Corresponding to initiation of loss of resistance
P Due to "pinching" effect

PH Component due to plastic hinge rotation
r Return

rel. Relative

s Steel

S Corresponding to the "skeleton" curve

S, shear Component due to shear deformation

SH Strain hardening

t Tensile

tr Transformed

T Top

u Ultimate force capacity of cross-section
ult Ultimate deformation capacity of specimen
V,W Transverse reinforcement

y Yield

ys Yield of transverse reinforcement
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SUPERSCRIPTS
c Cyclic
c Stiffness degrading model
M Maximum in absolute wvalue
P Present
us Action or deformation when extreme compression fiber strain
equals usable concrete strain
uft Action or deformation when extreme compression fiber strain
equals ultimate concrete strain
- Corresponding to lateral loading in the negative direction
+ Corresponding to lateral loading in the positive direction

Compressive
Confined or pertaining to confinement

Forces adjusted by the "N-6" effect






1. INTRODUCTION

1.1 GENERAL

In accbrdance with the recommendations of the Structural
Engineers Association of California [l]+ and the provisions of the Uniform
Building Code [2], the construction of reinforced concrete moment resist-
ing space frames of height more than 160 feet has been permitted, even in
areas of high seismicity. The recognized philosophy governing the design
of a building against severe earthquakes dictates that it not collapse
even though considerable damage is permissible. To economically behave
in this manner, the structure must be able to absorb and dissipate the
earthquake energy input by undergoing numeroué cycles of deformations
into the inelastic range. Prediction of the inelastic response of
buildings to strong ground motions having a wide range of frequencies
and amplitudes is a complex problem since the post-elastic behavior is
greatly influenced by the interaction of individual components such as
beams, columns, shear walls, etc. Often, typically assumed [3,4,5] elasto-
plastic hysteretic member behavior does not realistically model ﬁhe
behavior of reinforced concrete members. Therefore, better knowledge
of the energy absorbtion and failure characteristic§ of individual
structural components is essential for reliable predictions of overall
building performance during an earthquake.

Inelastic deformations in a reinforced concrete multistory
frame result from a superimposition of gravity and lateral forces and

are concentrated around regions of peak internal forces. Considering a

~l-Numerals in brackets refer to the corresponding Reference numbers.



reinforced concrete frame as shown in Fig. 1.1, localiz.d inelastic
deformations occur at certain overstressed regions designated as

critical regions. These critical regions can be classified according to
the internal force components controlling their behavior as follows:

(1) Moment - These regions have moment as the only important force compo-
nent. They are usually located in the girders of the top stories of a
building as indicated by regions Nos. 1, 2, and 3 in Fig. 1.1; however,
they may also occur in the columns of the upper stories of a frame build-
ing. Region No. 1 can experience reversals of loading due to the
vertical accelerations of ground motions. (2) Moment with High Shear -
These regions, having high shear and moment, are located at the ends of
short girders located in the lower stories of medium or high rise build-
ings; see regions Nos. 2 and 3 in Fig. 1.1 (3) Moment with High Shear
and Axial Force - These regions have relatively high axial forces as

well as moment and high shear and are usually located at the ends of
columns as indicated by regions Nos. 4, 5, 6 and 7 in Fig. 1.1 ({4) Axial
Force and Shear - These regions are located within joints as indicated
by regions Nos. 2 and 8 in Fig. 1.1.

As part of a comprehensive program conducted at the University
of California at Berkeley, inelastic cyclic behavior of reinforced con-
crete members under various loading conditions has been studied. Results
of this investigation have already been reported for critical regions
under combined bending moment with low shear [6,7], and under combined
bending with high shear [8]. Study of the inélastic cyclic behavior of
reinforced concrete members under the combined action of bending moment,
shear, and axial force forms the third phase of the general program of

research and is the subject of this report.



Inelastic deformations under the combined actions of cyclic
bending moment, shear, and axial force occur in the columns of a multi-
story frame when subjected to moderate to severe earthquake ground
motions. Although, this behavior is contradictory with the recently
suggested [3,9,10] strong column-weak girder design philosophy, present
code regulations (Section 2630, UBC) fall short of preventing possible
yielding in the columns of a multistory frame. Inherent in the present
regulations are the assumptions that (1) structural response to earth-
quake excitation is primarily in the first mode, (2) points of in-
flection in columns are located near midheight, and (3) the earthquake
lateral forces act along one of the two principal axes of the frame.
These assumptions are, of course, not necessarily valid for all cases
under generalized earthquake excitations. Yielding and large inelastic
deformations can take place in columns of a reinforced concrete frame
resulting in catastrophic, brittle failure of the member and collapse of
the complete structure [11,12].

Inelastic cyclic behavior of reinforced concrete columns has
been the subject of numerous investigations. Many Japanese researchers
have reported experimental results and suggested empirical relations
based on a statistical analysis of experimental data to describe the
effect of various parameters on member behavior. Yamada [13] and Okamoto
and Hirosawa [14] point out that the ratio of the moment arm, a, to the
depth, D, is the most important factor affecting the deformation
capacity of reinforced concrete columns. Ohno, et al. [15] suggest
empirical values for ultimate shear resistance and deformability at shear
failure for a column based on the results of some 378 tests conducted

by various researchers. They also emphasize the effect of the a/D



ratio. 1Ikeda [16], Yamada [13], and Umemura, et al. [17] point out that
the axial compression force effects the ductility capacity and type of
failure of columns, and that load resistance capacity decreases with
successive cycles of loading to a fixed deflection amplitude and with
successive cycles using increasing deflection amplitudes. Hisada,

et al. [18] emphasize the effect of transverse reinforcement ratio and
detailing on the shear strength and deformation capacities of reinforced
concrete columns. Sugano and Koreishi [19] report empirical relations
to calculate points on the skeleton force-deformation relationship.
Higashi and Takeda [20] suggest several rules to develop hysteretic loops
from such a skeleton relationship.

It is only recently that analytical prediction of the actual
shape of the moment-curvature, and thus of the load-deflection response
has been attempted. These theories have generally been based on an
assumed linear strain profile down the depth of the section and idealized
cyclic stress-strain curves for concrete and reinforcing steel. The
moment-curvature loop has usually been obtained by calculating the
moment and curvature corresponding to a range of strains in the extreme
fiber of the section and taking into account the previous strain history
of the materials. Having determined the curvature distribution alocng
the member, classical moment-area relationships are then used to determine
the load-deflection characteristics of the member. Park, et al. [21]
have applied this method and concluded, in view of the considerable
computer time required, that some simplifications were desirable.
Muguruma, et al. [22] and Wight and Sozen [23] have compared exper-
imentally observed response with the response predicted by such analytical
methods and have concluded that the deformation characteristics of rein-

force concrete columns cannot be estimated by considering only flexural

deformations.



1.2 OBJECTIVES

This investigation is part of an ongoing research program aimed
at evaluating the response of reinforced concrete structures and members
subjected to seismic actions. The present investigation is an extension
of earlier studies and its objectives are: (1) to experimentally
investigate the performance and modes of failure of reinforced concrete
columns under controlled deformation time-histories similar to those
caused by earthguake excitations resulting in degradations of strength,
stiffness, and energy dissipation capacity, and (2) with the guidance
of experimental data, to analytically define the inelastic cyclic
behaviors of the critical region, and overall member in terms of certain

structural parameters.

1.3 SCOPE

To accomplish the above objectives, twelve specimens, each
simulating a reinforced concrete column, were designed, manufactured and
tested. All specimens had an identical length and section geometry, and
therefore an identical moment arm-to-depth ratio which was high enough
to prevent shear type failures. All specimens had identically the same
main reinforcement percentage. No attempt was made to analyze the
effect of the main reinforcement percentage on member behavior since it
was felt that this effect had already been fairly well defined by the
present state-of-the-art. Variable parameters in the experimental
series were the amount of applied axial load, percentage of transverse
reinforcement, and the time-history prescribed for lateral displacement.
The series was designed such that the effect of each of the variable
parameters on member behavior could be isolated. Range of applied axial

loads was below the so-called "balanced-point" axial load for the cross-



section. Transverse reinforcement percentage was varied to investigate
its effects on the degradation characteristics of the member. Lateral
displacements were prescribed not only to truly simulate earthquake type
motions, but also to enable comparisons with the results of previous
tests conducted in the overall experimental program.

Continuous time records of average curvatures, shear defor-
mations in the critical regions, and longitudinal and transverse rein-
forcement strains, as well as applied loads and displacements were
obtained. No direct measurement of slippage of longitudinal reinforce-
ment bars was provided; however, this component of deformation could be
calculated from available data.

Correlation studies to relate certain test variables to the
degrading mechanisms and a method to analytically predict the hysteretic
action-deformation relationships for the member are reported. In
selecting the analytical method, emphasis was placed on reaching a
balance between simplicity and accuracy, since the governing objective
of developing an analytical model for the hysteretic behavior of a
member is to later incorporate it in a general method of analysis for

the inelastic cyclic response of a multistory frame.



2. EXPERIMENTAL PROGRAM

2.1 TEST SPECIMENS

The test specimen was designed to simulate that segment of a
reinforced concrete column located between inflection points above and
below a story level in a multistory frame when subjected to the action of
a constant magnitude axial load and time varying lateral displacements
at the story levels. Several alternatives for the shape of the test
specimen simulating such behavior were considered. Although test speci-
mens of the subassemblage type and sirple specimens under double curva-
ture (Fig. 2.l.b) would have been more realistic, their testing would
have necessitated a complex assembly of equipment and reaction frames.
Simple specimens under single curvature (Fig. 2.l.c) were selected as
used in previous investigations [8,16,17,21]. This type of specimen
offers practical advantages for studyiﬁg the behavior of critical regions.
Celebi and Penzien [8] studied the degree of interference from one side
of the joint area to the other and concluded that the strain in the
longitudinal reinforcement within the Zfoint area does not reach values
above yield until after member displacement ductility factors reach
values around 4 or 5; therefore, the interference from one side to the
other is small in the tests of specimens of this type. Care must be
taken however to account for the deflection component due to slippage of
the longitudinal reinforcement within the critical region of the specimen
being tested. This deflection component would have been considerably
larger had the specimen been under double curvature. However, omission
of study of this effect does not result in a serious violation of the

study of the behavior of the column critical region since, in reality



occurance of inelastic deformations simultaneously above and below a
floor level in a column of a reinforced concrete frame which has been
designed according to the present ductile moment resisting frame philosophy
is highly unlikely.

In determining the geometry and design of the test specimens,
considerations were given to (1) the limitations of the testing equip-
ment and the loading system, (2) the requirements needed to develop the
desired behavior and (3) the desirability of permitting comparisons of
results with previous experimental results obtained in the overall in-
vestigation. Considering these factors, a specimen was selected having
a length of 11 feet and a cross section of 12 in. x 12 in. (Fig. 2.2).
Its longitudinal reinforcement consisted of two #7 deformed bars at the
top and two similar bars at the bottom continuously placed throughout the
length of the specimen. These bars were welded to a 1 inch thick steel
plate at each end of the specimen. These plates were specially man-
ufactured to be bolted to the reaction frame. Transverse reinforcement
consisted of #3 deformed bars placed according to the spacing require-
ments of the particular specimen. Concrete cover was nominally set at
1 1/4 inches. The simulated joint area at the center of each specimen
had a length of 12 inches, and a cross-section of 12 in. x 24 in. To
simplify the interpretation of results obtained, the joint was designed
to suffer only minimal damage throughout testing with its deformafions
remaining small. Therefore, the joint area was enlarged and heavily
reinforced.

Strengths of materials used, dimensions of the cross-section,
and percentages and detailing of longitudinal reinforcement satisfied
the requirements of the ACI Code '71 [24], Appendix A ‘"Special

Provisions for Seismic Design". While the transverse reinforcement was



designed to resist the maximum shear force that could be developed, it
did not satisfy the requirements for confinement of the concrete core
(Sections A.5.9 and A.6.4 of [24];. The effect of spacing of transverse
reinforcement on member behavior was a factor to be studied in this
investigation.

The manufacture of test specimens were carried out in the
laboratory within close tolerance limits. The reinforcement cage was
constructed and strain gages on transverse reinforcement were spot-welded
at their proper locations. Protruding steel stubs, 1/2" x 1/2" x 1 5/8",
were silver soldered at four prescribed locations on the top and bottom
longitudinal reinforcement for later attachment of clip gages to measure
average steel strains. Tﬁe stubs were protected by plastic tubes to
prevent interaction with the concrete cover. Two eye-bolts were attached
to the cages to assist in later handling of the specimen.

Two forms, each made up of 15 inch wide steel channels on both
sides, and another 15 inch wide channel at the bottom, were used in
casting the specimens in pairs. Thus, Specimens 1 and 2, and Specimens
3 and 4, etc., were cast simultaneously. Prepared cages were placed in
oiled formwork with their positions being secured by 1 5/8 inch plastic
chairs. The concrete was placed in the forms and vibrated internally by
a high frequency vibrator. Standard 6 x 12 inch control cylinders were
cast from the same concrete mix according to ASTM Standard C-31, to be
used later to determine the 7, 14, 28 and test day compressive strengths

of concrete. After the initial set, surfaces were finished and the

+Number 3 ties at a spacing of 2 inches or No. 4 ties at 3 inches would
have satisfied the quoted confinement requirements. Such stringent trans-
verse reinforcement detailing would be necessary since the area of the
confined core is relatively small (confined core area-to-gross area
ratio = 0.63).
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specimens were covered with wet burlap and plastic shec!s. The side
channels of the forms were removed after 24 hours and thc specimens were
covered with wet burlap and plastic sheets for 6 more days. After this
time, the specimens were stored at room temperature until the time of

testing.

2.2 MATERIAL PROPERTIES

2.2.1 Reinforcing Steel

Reinforcement used throughout the tests was Grade 40 deformed
bars conforming to ASTM Designation A615. Transverse reinforcement was
No. 3 bars and the longitudinal reinforcement was No. 7 bars. Coupon
samples taken from the same bars used in constructing the specimens were
tested to determine the average properties of the reinforcement.
Unmachined coupons were subjected to quasi-static tensile tests, and
their stress-strain relationships were obtained using a mechanical
extensometer and an X-Y recorder. A typical record of such a stress-
strain curve is given in Fig. 2.3 and the summary of results is given in
Table 2.1. Mean values for yield stress fy' vield strain, Ey and
Young's Modulus, Es are 55.2 ksi., 0.001%97 and 28500 ksi., respectively.
Of primary interest from the point of view of inelastic cyclic behavior
are (1) the values given for strain and tangent modulus at the onset of
strain hardening, and the ultimate stress, and (2) the so-called
"Bauschinger effect", noticeable in the unloading portions of the

diagrams.

2.2.2 Concrete
Concrete used in the tests was designed to have an ultimate
compressive strength of about 4000 psi. at 28 days. The mix, prepared at

the laboratory, had weight proportions of 1 part Type II Cement to 0.39
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parts fine sand (fineness modulus 1.54) to 2.12 parts coarse sand (fine-
ness modulus 3.17) to 2.93 parts coarse gravel in sizes ranging from

1/4 inch to 3/4 inch (fineness modulus 6.70). The water-cement ratio of
the fresh concrete was nominally set at 0.55 and the slump at around 4
inches.

To obtain the reguired information about the mechanical
characteristics of concrete, fifteen 6 x 12 inch control cylinders were
made for each pair of specimens cast. Control specimens were tested in
sets of three at ages 7, 14 and 28 days and at the day of the test of
the specimen. Average compressive strengths obtained as a result of
these guasi-static tests are summarized in Table 2.2. Additionally,
tests to determine the stress-strain relationship of concrete were con-
ducted on the 6 x 12 inch control cylinders. These tests are summarized
in Table 2.3 and a typical stress-strain relationship is given in Fig.
2.4. Mean values for ultimate stress, fé, at test day, strain at
ultimate stress, EO, and tangent modulus, EC were found to be 4470
psi, 0.0028 and 3190 ksi, respectively. The mean usable value of strain,
ezs, (for unconfined concrete) defined as that strain corresponding to
the strength after it dropped a value equal to 0.85 f; was found to be

0.0040. Although the tensile strength of the concrete, £ could be

tl
determined experimentally (through conventional splitting or modulus of
rupture tests), for the purposes of this study an equally reliable means

of obtaining values for this gquantitywas the use of empirically suggested

relationships. The relationship used herein is ft = 6.8 Vfé [19].

2.3 LOADING SYSTEM

The loading system (Figures 2.5 and 2.6) consisted of two-

basic parts i.e., reaction blocks and a loading device which allowed the
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specimens to be tested in a horizontal plane. Reactions to forces
generated by the loading device were transferred to the test floor by
four heavy reinforced concrete blocks, each anchored to the floor by
high strength prestressing rods.

One actuator with a piston area of 78.5 square inches and a
capacity of 235 kips provided the constant magnitude axial load. It can
be noted from Fig. 2.6.b that during the application of the lateral
displacement time history, point B will move on line AB, necessitating a
control mechanism to maintain a constant magnitude of axial load. An
electronic error signal, proportional to the difference between the con-
stant command signal and the signal from the load cell which continuously
measured the actual force was used for this purpose. It controlled a
servo-value which, in turn, directed the flow of hydraulic oil from a
main supply to one side of the actuator piston to achieve the correct
load cell signal.

The force required to generate the prescribed lateral displace-
ment time histories was provided by another hydraulic actuator. This
double-acting actuator was attached to the specimen at its midlength by
a special loading yoke. The actuator had a piston area of 25.4 square
inches, a maximum static load capacity of 76.2 kips, and a maximum stroke
of + 6 inches. It had a pedestal base and a swivel head. The flow of
hydraulic oil to the actuator was again controlled electronically through
the use of a command signal and a servo-valve. The command signal used
represented actuator displacement as generated by an anolog computer.

The difference between this signal and the signal from a linear variable
differential transformer (LVDT) incoréorated into the actuator assembly
controlled a 200 gallons-per-minute servo-valve which directed the flow

of hydraulic oil from the main supply to the side of the actuator. The
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electronic systems controlling the functioning of both actuators were
manufactured by MTS Systems Inc.

The specimen was supported on low friction teflon bearing pads
at points A and B. A rigid link between points B and C, with hinged
connections to the reinforced concrete reaction block at point C and to
the specimen at point B, was used to simulate a roller support at point
B and to transfer the shear force to the reaction block. A 100-kip load

cell was incorporated into this link.

2.4 TEST PARAMETERS

The principal parameters of the experimental program were (1)
magnitude of applied axial load, (2) transverse reinforcement ratio, and
(3) history of prescribed lateral displacements (Table 2.4).

The magnitude of applied axial load was chosen to simulate the
actual condition in a lower, medium or upper story column of a multistory
frame. This axial load was below the "balanced-point" axial load
capacity of the cross-section, consistent with standard earthquake
resistant design philosophy. Otani and Sozen [25] have carried out a
nonlinear response analysis of a 3-story, l-bay reinforced concrete
structure subjected to a typical ground motion and réport an axial force
equal to 12% of the balanced point axial force in a first story column.
Bouwkamp and Kustu [26] have designed a ten-story reinforced concrete
building in accordance with the current code provisions and report design
axial loads equal to 52%, 31% and 11% of the balanced point axial load
at the first, fifth and tenth story columns respectively. In the present
study, axial forces equal to approximately 25%, 50% and 75% of the
balanced point axial force capacity for the cross-section were chosen

for investigation.
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Transverse reinforcement was designed to resi: it the maximum
possible shear force that could be developed (see Table 3.2, column (6),
for shear resistance provided by the transverse reinforcement). Design
details to meet confined concrete requirements for the columns as would
apply to ductile moment resistant frames were disregarded for purposes
of investigating the effect of transverse reinforcement spacing on mode
of failure of specimen, and on the strength, stiffness and energy
dissipation degradation characteristics.

Prescribed lateral displacements, applied at specimen mid-length,
were chosen to generate low or high strain rates of lateral loading. It
has been shown, in the previous phases [7,8] of the overall program,
that increasing rates of loading cause increases in yield strengths and
yield stiffnesses of test specimens. It was again decided to study the
effects of this parameter on member behavior.

The maximum ratio of high-to-low strain rate that could be
generated by the available experimental equipment was 10. Strain rate
at yield of tensile reinforcement, éy' was defined as the ratio of
vield strain in tensile reinforcement, Ey’ to the time to yield, ty;

and its values for all specimens are given in Table 2.4.

2.5 DATA ACQUISITION

2.5.1 Instrumentation

The instrumentation was designed to monitor the behavior of
the specimen during the test by providing continucus time records of
applied loads, displacement, and resulting rotations, curvatures, strains
in longitudinal and transverse reinforcement, and shear deformations.
Figs. 2.7 and 2.8 show some of the instrumentation. A brief description

of the types and operation of the instrumentation is given below:
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i - Load Cells - Three load cells were incorporated into the test
system to measure the applied lcads and resulting reactions. A 200 kip
load cell, placed on the longitudinal axis of the specimen, between the
235 kip actuator and the specimen, measured the applied axial load. A
100 kip load cell built into the 70 kip actuator generating the pre-
scribed lateral displacements measured the lateral load. A third load
cell placed in the link BC (Fig. 2.6.b) measured the generated reaction

taken by the link.

ii - Linear Variable Differential Transformers (LVDTs) - An LVDT
was attached to the end of the actuator pisten réd to sense the lateral
displacement.

Fourteen other LVDTs were attached to four instrumentation
frames to monitor average curvatures, shear deformations and relative
displacements within the critical regions. Twelve of the LVDTs were
Ametek Type 500-~3K-9EL, the remaining two Daytronic type. All fourteen
LVDTs had a displacement range + 0.5 inches. A typical instrumentation
frame, designed specially to take into account any vertical expansion of
the specimen, was mounted at a cross-section perpendicular to the longitu-
dinal axis of the specimen, by screwing the tips of four screws into four
reference points which were epoxied to the side of the specimen (Fig. 2.9).
The frames were attached 5 inches apart, a distance estimated to be the
distance between major flexural cracks.

A pair of LVDTs measured the relative displacements at the top
and the bottom of adjacent frames {or a frame and the side of the joint
area). Assuming that plane sections remain plane, relative rotations and
average curvatures within four zones, two at either side of the joint

area, could be obtained (Fig. 2.10). These rotations and average
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curvatures included effects of deformations due to slip of longitudinal
reinforcement.

A measure of shear deformations in the critical regions at
either side of the joint area was obtained through the use of two sets
of two LVDTs diagonally crossing each other. Each LVDT provided a
measure of the relative displacement of two diagonally positioned points.
Average shear deformation within the critical region could then be
calculated (Fig. 2.11) from these measurements. Calculated deformations
obtained in this manner should be used only as a qualitative index
however, since the method is valid only for the uncracked range when
there is some interference of flexural deformations [27].

Measurements of relative displacements in two zones, both at
the same side of the joint area, were obtained using two Daytronic LVDTs.
These units were clamped to an angle section which was attached to the
top plate of the lateral loading yoke. One relative displacement was
obtained for the zone between the face of the joint area and the first
instrumentation frame while the other was obtained for the zone between
the face of the joint area and the second instrumentation frame. These
relative displacements included contributions from both flexural and
shear deformations. Shear deformations could then be calculated by
deducting the flexural deformations as measured by the average curvature

LVDTs from these relative displacements (Fig. 2.12).

iii - Clip Gages - Averagdge strains in the top and bottom reinforce-
ment steel in the critical region were measured utilizing two clip gages.
These gages which were attached to stubs silver-soldered to the rein-
forcement measured the relative displacements between the stubs over

their known length (Fig. 2.13), hence providing values for average
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strains. Average curvatures could also be calculated from the measured

relative displacements.

iv - Strain Gages - Micro-dot strain gages were spot welded on

transverse reinforcement bars according to the schedule. shown in Fig. 2.14.

2.5.2 Calibration

The instrumentation was calibrated using conventional methods.
Through the use of a calibration jig which utilized a dial-gage, known
relative displacements were imposed between the attachment points of the
LVDTs and clip gages, and simultaneocusly, the output of the recorders were
observed; thus, establishing the scale sensitivities. For the same pur-
pose, known shunt resistances were introduced into the bridge circuits
for the load cells and the strain gages on the transverse reinforcement,

and again the output of the recorders were observed.

2.5.3 Data Acquisition Equipment

The signals from the instrumentation had to be conditioned and
amplified before being fed into the recording equipment. The conditioners
for actuator load cells and lateral displacement LVDT were built into the
MTS Control Consoles. The twelve Ametek type LVDTs were conditioned by
Honeywell Model 119 amplifiers, each a carrier amplifier supplying a
5000 Hz. excitation voltage and providing controls for balancing the
resistance and capacitance of the bridge. Signals from the Daytronic
LVDTs were conditioned by two Daytronic amplifiers. Signals from the
strain gages on the transverse reinforcement, the reaction load cell,
and the clip gages were input into Burr-Brown Model 3088/16 differential
amplifiers. Bridge completion and balance for these signals were

achieved by B&F Model IC-1613-1 signal conditioners.
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The dynamic nature of the test program necessitated the use of
special recording equipment. Most experimental data were recorded by two
Honeywell Visicorders, Models 1508 and 906. Each visicorder employed
light beam oscillographs to trace continuous records of the total of 23
signals on fast developing photographic paper. Both visicorders were
supplied with timing pulses from a single time-mark-generator, so that
signals from the two visicorders could later be matched in time.

A Varian Model F-80 X-Y Recorder was used to display and record
the lateral force vs. lateral displacement relationship during the
execution of the test. The writing speed of this X-Y recorder was
limited however. Therefore, it was usefull only for the quasi-static
tests.

The various conditioners, amplifiers, and recording units are

illustrated in Fig. 2.15.

2.5.4 Data Reduction

The bulk of the data that was recorded on visicorder papers
was digitized and processed after the tests for easier interpretation.
A Calma Model 685 Graphic Data Digitizer converted the graphical data to
digital forms on computer compatible magnetic tape. An operator manually
traced the data with a moveable stylus-carriage assembly. Stylus move-
ments were detected by optical encoders and the ordinates of the
particular signal were converted to digital signals at chosen intervals
of the abscissa which in this case happened to be the time axis. Thus,
the resulting coordinates were stored on magnetic tape. The data were
later recovered through a computer program which applied the proper
calibration factor to each signal; thus, establishing the time-history

variations of forces, moments, lateral displacement, average curvatures,
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shear deformations, average steel strains, and transverse reinforcement
strains from the digitized raw data. The time histories of these various
actions and deformations were then used as the input to another computer
program. This latter program was developed using the University of
California Computer Center's Graphical Display System (GDS), and

automatically produced the various hysteresis curves presented later.

2.6 TESTING PROCEDURE AND LOADING PROGRAM

After curing, the specimens were prepared before being placed
in the test frame. Basic preparation for each specimen was similar, and
the purposes were to provide visual aid in detection of cracking through
whitewashing the surfaces of the specimen and marking the positions of
transverse reinforcement on the whitewashed surfaces. To provide for
mounting the instrumentation frames, small (1/4 inch x 1/4 inch) aluminum
plates were epoxied to the surfaces of the specimen at their exact pre-
scribed locations, and the instrumentation frames were then installed in
their proper positions. The specimen was then positioned in the test
set-up, lining up the pins at points A, B and D (Fig. 2.6.a), to assure
the application of the axial load through the longitudinal axis of the
specimen. To achieve a uniform distribution of the axial load, hydro-
stone was applied at both ends of the specimen, between the 1 inch steel
plate and the bracket that connected the specimen to the loading system.
The loading yoke used with the lateral load actuator was also hydrostoned
to the specimen at midlength, to assure proper distribution of lateral
load. External instrumentation was installed and the lead wires were
connected to the recording equipment. Bridges for each signal were
nullified to position the instruments at the center of their displacement

capacities. Visicorder paper speeds, time mark generator period, scales
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for X-Y recorder coordinates, and controls defining the velocity and the
amplitude of the lateral displacement time history were set at their pre-
selected values.

The constant magnitude axial load was applied, and then the
specimen was subjected to a series of small amplitude (less than 0.2
inches), constant velocity lateral displacement cycles (hereafter
referred to as Displacement Set 0O), for purposes of system check and
determination of elastic properties. Subsequently, lateral Displacement
Sets 1 and 2 were applied to Specimens 1 through 8, and lateral Displace-
ment Set 1 to Specimens 9 through 12. Lateral loading was discontinued
as soon as a considerable drop in member strength was observed from the
lateral force-lateral displacement curve being drawn by the X-Y recorder.

Each lateral displacement set nominally contained 20 cycles
with successively proportional increase in amplitude and constant
velocity (Fig. 2.16). Four cycles were applied to each displacement
amplitude to establish the effects of cycling at an amplitude on the
degrading mechanisms. This is in accordance with earlier findings [6]
that inelastic hysteresis loops tend to stabilize, for specimens with
low shear stresses, after a few repititious of loading to the same
displacement amplitude. Cycles with displacement amplitudes 0.8 inches
and 1.6 inches were incorporated into both Displacement Sets 1 and 2,
to establish the effects of previous strain history on the resistance
mechanisms.

The sequence, time variation, amplitude and velocity of lateral
displacement time histories prescribed were selected to meet the test
objectives rather than to simulate structural response to any hypothet-
ical seismic excitation. It would have been desirable to subject the

specimens to a deformation history that might be realized in a typical
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structure during an extreme earthquake. However, at present, neither the
future extreme earthquake ground motion can be predicted with great
accuracy nor can the seismic response of reinforced concrete buildings
even with the simplest of mechanical models. Inelastic behavior of rein-
forced concrete members is highly path-dependent [28,29], and the selec-
tion of the loading program would have to be an iterative process where
analytical results would suggest test programs and the resulting experi-
mental data would be used to improve analytical modeling. This procedure,
due to the complexities it presents, was considered to be beyond the

scope of the study reported herein.
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3. FLEXURAL AND SHEAR STRENGTHS, AND DEFORMATION CAPACITY
OF SPECIMENS

3.1 FLEXURAL STRENGTH AND FLEXURAL DEFORMATION CAPACITY

Under monotonic loading, the action of bending moment will
progressively cause flexural cracking, yielding of tensile reinforcement
and inducing limiting (usable) and ultimate concrete strains in the
extreme unconfined and confined compression fiber of the cross section
of a reinforced concrete column. Such bending moments and corresponding
deformations are functions of applied axial load and can be calculated

through the procedures outlined below:

3.1.1 Bending Moment and Curvature at Flexural Cracking

Flexural cracking occurs when the stress in the extreme tensile
fiber of the cross section reaches a value equal to the tensile strength
of concrete, ft' Bending moment, Mcr' and curvature, ¢cr' at this

stage are given by:

M o= (£ + X g (3.1)
cr t A
tr
= 1 E I 3.2
¢cr 1\cr/ c tr ( )
where N 1is the applied axial load, Atr and Itr are the area and

moment of inertia of the transformed section, and 2 1is the section
modulus. Egs. (3.1) and (3.2) are strictly true only if the specimen is
free of initial stresses induced by shrinkage and creep of concrete or
temperature changes. However, since in reality these stresses are pre-

sent, proper estimation of Mcr and ¢cr is difficult.
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Values of lateral load, Fcr inducing the cracking moment,
Mcr and lateral displacement Gcr generated at this stage can be
calculated using conventional methods of structural analysis and are

tabulated in Table 3.1.

3.1.2 Bending Moment and Curvature at Yield of Tensile Reinforcement

i - The Interaction Diagrams - Bending moments and curvatures

corresponding to yielding of tensile reinforcement can be obtained from
axial force - moment and axial force - curvature interaction diagrams.
The first step in developing the interaction diagrams is
defining the plastic centroid, and the ultimate and balanced point axial
load capacities of the cross section. The plastic centroid is the
location of resultant of stresses such that concrete and reinforcement
are under uniform compressions of 0.85 f; and fy, respectively, and
coincides with the geometric centroid for cross sections with symmetric
geometry. Axial forces and moments act at the plastic centroid. Ultimate
axial force capacity, Nu' of the cross section is developed when con-
crete and reinforcement are under uniform compressive stresses equal to
0.85 f; and fy' respectively. Balanced point axial force and moment
capacities, Nb and Mb' are developed when the strain in the tensile
reinforcement, Es' equals the yield strain, Ey' and simultaneously,
the extreme compression fiber strain equals a specified limiting con-
crete strain, .- Only for axial forces below the balanced point
axial force does the tensile reinforcement yield before the extreme
compression fiber attains the limiting value of concrete strain. 1In

this case, the cross section exhibits so-called ductile behavior.
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To calculate the bending moments causing yielding of the tensile
reinforcement, for a range of axial forces below the balanced point axial
force, a linear strain distribution across the cross section is used with
the strain in the tensile reinforcement equal to the yield strain, e ,
and the strain in the extreme compression fiber equal to an assumed value,
€. The strains are then converted to forces (Fig. 3.2.a) using the cross
section geometry and idealized stress-strain relationships of the materials
(Fig. 3.1), and the summation of forces gives values for the bending
moment and axial force corresponding to the assumed strain in the extreme
compression fiber. Corresponding value of curvature is given by ¢Y =
ec/c. Changing the value for the strain in the extreme compression fiber
provides additional points on the interaction diagrams, and the process

is repeated until enough points are obtained to adequately define the

entire relationship.

ii - Relationships Suggested by Sugano and Koreishi [18] - Bending

moments and curvatures causing yielding of the tensile reinforcement in
reinforced concrete columns can also be calculated through use of the
relationships suggested by Sugano and Koreishi which are reproduced below.
Assuming both tensile and compressive steel attain strains equal to the

yield strain, Ey' it can be shown that

£ n (1 -n)
- ¥ 4 o o [ 2
My [gl o 3 fc b D (3.3)
c
where 9, = (d - 4')/D, is the distance between tension and compression

reinforcement divided by depth of section, p is the tensile reinforce-
ment ratio, and no = N/(Ag f;), is the axial compression index.

Curvature at yield of tensile reinforcement can be obtained from
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= M E I .
¢y Y/OLy e Ler (3.4)
where the stiffness reduction factcr, ay, is empirically defined as

ay = [0.043 + 0.043 a/D + 1.64 n p + no/3] (d/D)2 (3.5)

iii - Lateral Load and Lateral Displacement at Yield of Tensile

Reinforcement - Lateral load, FY to induce the yield moment My; and

lateral displacement, Sy corresponding to the curvature distribution
shown in Fig. 3.3 can be calculated using conventional methods of
structural analysis and are tabulated in Table 3.1. Displacement induced
by the so-called "N-8" effect is included in the calculations whereas

shear deformations have been considered negligible.

3.1.3 Bending Moment and Curvature When Extreme Compression Fiber

Strain € = ¢
c c

Bending moments and curvatures inducing a limiting (usable)
value of strain, Ezs, in thHe extreme compression fiber of a reinforced
concrete column cross section can be calculated in a manner similar to
that outlined in Section 3.1.2.i. The usable strain chosen here for
analysis corresponds to that strain when unconfined concrete strength
has dropped to 0.85 fé, and its value is 0.0040 (Section 2.2.2). As
shown in Fig. 3.2.b, a linear strain distribution across the cross sec-
tion is used with the extreme compression fiber strain, ec, set at
0.0040, and the tensile reinforcement strain, ES, assumed at a value
larger than the yield strain, Ey (for axial forces below the balanced
point axial force). Assumed strain distribution is converted to stresses

and forces through the use of idealized stress-strain relationships for
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the materials and the cross section geometry. Summation of forces gives
values for bending moment and axial force corresponding to the assumed
tensile reinforcement strain. Corresponding value of the curvature is
¢us = 0.0040/c. Changing the value of the tensile reinforcement strain
results in additional points on the interaction diagrams, and the process
is repeated until enough points are obtained to define the interaction
diagrams.

3.1.4 Bending Moment and Curvature when Extreme Compression Fiber Strain
ult

C C

Concrete core, under proper confinement, exhibits a stress-
strain relationship as given in Fig. 3.l1.c where strains higher than

Egs = 0.0040 can be reached without considerable drop in strength.

. . . . . ult
Bending moments and curvatures inducing ultimate values of strain, ac ’
in the extreme compression fiber of the core section can be calculated

through a procedure similar to that outlined in Section 3.1.3, and shown

in Fig. 3.2.c.

3.1.5 Summary of Results

Interaction diagrams developed for strain distributions
described in Sections 3.1.2 through 3.1.4 are shown in Fig. 3.4. Moments
and curvatures corresponding to the loading conditions described in
Sections 3.1.1 through 3.1.4, and for the axial forces under study are

summarized in Table 3.1, and illustrated graphically in Fig. 3.5.

3.2 GSHEAR STRENGTH

Under monotonic loading the ultimate shear strength, Vu' of
specimens is composed of contributions from concrete and transverse rein-

forcement, i.e.:
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v = Vv + Vv (3.6)

Shear resistance provided by concrete, V , is known to
c
increase with increasing axial forces acting on the specimen, and is

limited by Equation 11-4 of ACI Code '71 which can be rewritten as:

v d
c

v,=¢bd|l.9 /fé + 2500 p < 3.5b 4d /f; (3.7)

4D—d>

v a—N(
c 8

where ¢ 1is a capacity reduction factor as defined by ACI Code 71.
An alternate equation to calculate the shear resistance of concrete has

been suggested by Olesen, et. al. [30], i.e.

C

vV = [Mcr/(a—d/z) +0.6bd /f_c:ﬂ (3.8)

The first term of the above equation, derived from the statics of the
specimen, represents the shear required to produce inclined cracks. The
second term is added simply as a correction to make the results consistent
with experimental data.

Shear resistance provided by the transverse reinforcement, VS,

can be calculated from

v = A f d/s (3.9)

assuming 45° inclined cracks. 1In Eg. 3.9; Av, fys and s are the

area, yield stress and spacing of transverse reinforcement, respectively.
Another means of predicting the ultimate shear strength, Vu,

of specimens is through the use of the empirical relationship given below,

as suggested by Ohno, et. al. [15], after an analysis of the data obtained

from some 175 tests conducted on reinforced concrete columns.
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.23(f; + 180)
a/d + 0.23

0 +
N
v = Y . —_— .
,=¢ba [ku kp + 1.4 v fys](o 9 + o= Ag) (3.10)

where ku and kP are empirical constants depending on d and p

respectively, and pw = Av/bs, is the transverse reinforcement ratio.

Eg. (3.10) implies that the ultimate shear strength, Vu, is pro-

portional to the square root of the ratio and yield stress of the trans-

verse reinforcement, /5;—§;;} an empirical finding contradictory to

equilibrium requirements for the critical region as set forth in Eq. (3.9).
Results of calculations for the specimens under study based on

Egs. (3.6) through (3.10) are summarized in Table 3.2. Also included

in Table 3.2, for purposes of comparison, are the shear forces required

to produce the yield moments, My' calculated in Section 3.1. Effect

of shear reversals on the shear resistance mechanism will be discussed

later.

+The numerical coefficients in Eqg. (3.10) are consistent with the metric
system of units.
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4. EXPERIMENTAL RESULTS

4.1 GENERAL

The objective of the experimental investigation is to identify
and to characterize the effects of relevant parameters on the inelastic
cyclic behavior of reinforced concrete members subjected to combined
moment, shear, and axial force. Response quantities of importance from
the point of view of inelastic cyclic behavior are identified as (1)
forces and deformations on the monotonic loading curve ("skeleton" curve)
where stiffness and strength properties of the member change, and (2)
deformation capacity, strength and stiffness degradation characteristics
and energy dissipation capacity of the member under cyclic loading.

Results pertaining to the skeleton curve are presented and
discussed first; then the deformation capacity, strength and stiffness
degradation characteristics, and energy dissipation capacity are each
considered. Experimentally obtained response characteristics are com-

pared with the respective values calculated in Chapter 3.

4.2 OVERALL BEHAVIOR

4.2.1 Elastic Behavior

Although it is not strictly true, a specimen will be called
elastic until the main (longitudinal) reinforcement yields. Inferences
on the elastic properties of the specimens are made from lateral force -
displacement diagrams obtained during the execution of Displacement Set 0.
Three such diagrams are reproduced in Fig. 4.1, one for each of the
three axial loads used in this investigation. Amount of applied axial
load is the only variable parameter controlling behavior in this small

displacement amplitude range. Also shown in the figure are the values
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of cracking and yield lateral forces and displacements that were obtained
in Section 3.1. Since Egs. (3.1) and (3.2) are true only for monotonic
loading and do not account for the stiffness degradation exhibited even
under small amplitudes of cyclic excitation, the initial elastic stiff-
ness, KE = Fcr/ﬁcr’ overestimates the actual initial elastic stiffness.
Equivalent elastic stiffness, Keq' which is defined as the slope of the
straight line joining the two extreme points on the lateral force -
displacement diagrams, can be seen to increase with increasing applied
axial load.

Also notable in these diagrams is the energy dissipating
characteristic of the specimens in the "elastic" range. As a measure of
the energy dissipation capacity, the area inside the lateral force-
displacement loop at a lateral displacement amplitude of 0.2 inches was
calculated and found to be approximately 0.2 kip-in., which is relatively
small in comparison to energy dissipated at higher lateral displacement

amplitudes (see Section 4.86).

4.2.2 General Characteristics of Hysteretic Action - Deformation
Diagrams

i - Lateral Force - Displacement Diagrams - Lateral force-displacement

curves, corresponding to Displacement Set(s) 1 (and 2, if applicable) and
measured by the load cell and the LVDT on the actuator generating the
lateral load, are reproduced in Figs. 4.2.a through 4.2.2. These dia-
grams provide the most important data for evaluation of specimen behavior
in terms of strength and stiffness degradation characteristics and
energy dissipation capacity.

The general shape of the typical lateral force-displacement
curve reflects the relative contributions of flexural and shear deforma-

tions on the total specimen deflection, with the magnitude of each
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contribution changing with the test series variables. When high applied
axial loads cause closing of inclined cracks and diminish the effect of
shear deformations, the shape of the lateral force-displacement diagrams
is similar to that of the moment - average curvature diagrams (Specimens
9 through 12); whereas, when the applied axial load is relatively low,
considerable effect of "pinchiﬁg" deformations becomes noticeable
(Specimens 1 through 4).

The strength and stiffness degradation characteristics, and
the variation of these with the test series variable parameters can also

be observed from these diagrams.

ii - Moment-Longitudinal Reinforcement Strain Diagrams - Bending

moment at specimen centerline (bending moment due to "N-8" effect not
included) is plotted against average strain measured over 5 inches of
one of the top and bottom longitudinal bars.

Shapes of these experimental bending moment-strain curves
(Fig. 4.3, typicalT) closely resemble Ramberg-Osgood type stress-strain
diagrams which are conventionally used to predict inelastic behavior of
(reinforcing) steel: Upon reversal of applied bending moment, the moment-
strain relationship is linear with a slope close to that of the elastic
portion. However, as the sense (sign) of applied bending moment changes,
pronounced Bauschinger effect causes the bending moment-strain relation-

ship to become nonlinear.

+Because considerable amount of data in the form of hysteresis loops
have been generated as a result of the experimental investigation and
because of space limitations, only typical relationships are reproduced
herein. For a complete catalogue of the hysteresis loops obtained see

Appendix.
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Magnitude and sense of net permanent strain+ are functions of
previous loading history and magnitude of applied axial load. Compressive
net permanent strains are exhibited and accumulated, as concrete in the
critical region loses its compressive resistance because of cycling well
in the inelastic range or because of high magnitudes of applied axial

load.

iii - Moment-Average Curvature Diagrams - Bending moment at specimen

midspan as generated by the applied lateral load ("N-8" effect not
included) is plotted against average curvature measured by LVDTs in
Zones 1 through 4, and by clip gages mounted on the longitudinal rein-
forcement (Fig. 4.4, typical). Average curvatures measured by the LVDTs
include effect of rotations due to slip of longitudinal reinforcement,
and therefore are generally greater in absclute value than the averagde
curvatures obtained from measurements made on the longitudinal reinforce-
ment (compare Fig. 4.4.b with Fig. 4.4.e). However, the hysteresis
loops obtained through either measurement are similar in shape, with the
implication that after several inelastic cycles causing the concrete in
the critical region to be throughly cracked, flexural behavior is
essentially controlled by the inelastic cyclic characteristics of

longitudinal reinforcement.

iv - Shear Force-Relative Displacement Diagrams - Relative displace-

ments measured by the two Daytronic LVDTs both in the same critical
region in one half of the specimens, are plotted as functions of the

measured shear force (Fig. 4.5, typical). These relative displacements

TNet permanent strain is defined as the irrecoverable strain induced in
the compression reinforcement (see Fig. 4.3.b).
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include contributions of flexural and shear deformations, and the
hysteresis loops they generate are similar in shape to the lateral force-

displacement diagrams.

v - Shear Force - Shear Deformation Diagrams - Average shear deforma-

tions measured in two critical regions, one in each half of the specimens,
are plotted as functions of the measured shear force (Fig. 4.6, typical).

Inspection of these diagrams reveal increases in average shear
deformation under cycling at a fixed lateral displacement amplitude, with
the implication that shear stiffness degradation is a direct function of
cyclic loading. Moreover, this degradation appears to be enhanced with
increasing lateral displacement amplitudes, and with decreasing magni-
tudes of applied axial load.

Also noticeable in these diagrams is the so-called "pinching"”
effect, a range of considerably low shear stiffness near zero loads. 1In
this range, flexure and shear cracks formed during the previous half
cycle are open, especially if the applied axial load magnitude is
relatively low; therefore, aggregate interlocking and friction along the
cracks are ineffective in the shear resistance mechanism. After the
open cracks are closed, the instantaneous shear stiffness starts in-
creasing with the contribution of aggregate interlocking and friction.
The "pinching" effect, therefore, becomes a more significant factor
controlling inelastic cyclic behavior with increasing lateral displace-

ment amplitude and with decreasing magnitudes of applied axial load.

vi - Shear Force - Transverse Reinforcement Strain Diagrams - Strains

measured by gages attached to the transverse reinforcement ties are

plotted against measured shear force (Fig. 4.7, typical).
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Strains in the ties are small prior to occurrence of inclined
shear cracks when almost all the applied shear is resisted by concrete.
However, as the inclined cracks form, a corresponding increase occurs in
the strain rate in the tie (Point 1 on Fig. 4.7). Upon reversal of the
applied shear, closing of cracks causes decreases in the tensile strain
existing in the tie, until formation of cracks in the opposite direction
imposes an additional tensile strain (Point 2 on Fig. 4.7). Before
spalling of concrete cover, transverse reinforcement strain is inversely
related to magnitude of applied axial load, since under high magnitudes
of applied axial load, crack widths are relatively small and aggregate
interlocking and friction along the cracks are effective in the shear
resistance mechanism. However, further increases in the transverse
reinforcement strain occur as the concrete cover spalls off, and, thus,
the resistance of the cross section against transverse expansion is

reduced.

4.2.3 1Inclined Shear Cracking

Inclined cracking shear force, Vcr, is considered to be a
good measure of the shear resistance provided by concrete, and its value
can be inferred from the experimentally obtained shear force - transverse
reinforcement strain diagrams (Fig. 4.7, typical). Until the applied
shear force reaches vcr' concrete in the critical region provides
almost all the shear resistance, and the transverse reinforcement strains
are small. Upon further increase of the applied shear force, inclined
shear cracks form causing abrupt increases in transverse reinforcement
strains and thus the detection of the inclined cracking shear load.
Values of Vcr thus obtained are summarized in Table 4.1, and averages

of Vcr for the (-) and (+) directions of loading are compared
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graphically with the concrete shear capacity calculated in Section 3.2

(Fig. 4.8.a).

4.2.4 Yield of Longitudinal Reinforcement

Yield of tensile longitudinal reinforcement is probably the
most important response characteristic. As yielding occurs stiffness
characteristics of the reinforced concrete member change drastically,
and deformation and energy dissipation characteristics and strength

degradation mechanism are conventionally presented and discussed in terms

of actions and deformations ' at yield of longitudinal reinforcement.
Measured values of lateral force, lateral displacement, bending
moment at specimen midspan and average curvature for both the negative (-)
and positive (+) directions of lateral loading are tabulated in Table 4.1.
Averages of (-) and (+) responses, and the values calculated in Section
3.1 are presented graphically in Fig. 4.8.b and 4.8.c. The test series
parameter mainly controlling actions and deformations at yield of tensile
reinforcement is the magnitude of applied axial load: Increasing
applied axial load, N (within the range 0 < N < Nb) results in in-
creasing values for actions and deformations at yield. Actions and
deformations at yield of tensile reinforcement as calculated in Section

3.1 are in fair agreement with measured actions and deformations.

4.2.5 Spalling of Concrete Cover

As lateral displacement amplitudes increase beyond the yield

displacement, compressive strain in the concrete cover within the critical

. . .. us
region reaches its usable limit, Ec , and the cover concrete starts

+ . . .
Lateral force, shear force, and bending moment are defined as actions.
Lateral displacement, average shear deformation, and average curvature
are defined as deformations.
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spalling off. This point in lateral loading corresponds to the
initiation of considerable strength degradation and therefore is a
significant index of inelastic behavior. Values for lateral displacement
amplitudes which cause the cover to spall off can be obtained through an
inspection of the history of compressive strain in the longitudinal rein-
forcement. At the instant the cover starts spalling distinct increases
in the compressive strain are observed, since compressive stresses
induced by the applied bending moment are now resisted essentially by the
compression reinforcement (Fig. 4.3 and Fig. 4.9, typical). Since the
strains in the compressive and tensile reinforcement are measured

known quantities at that instant of lateral loading, by assuming a

linear strain distribution across the depth of the section, the limiting
value of usable concrete strain in the extreme compression fiber, ezs ’
can be calculated.

Values for lateral displacement amplitudes at the initiation of
concrete cover spalling and for the usable concrete strain, ezs,
obtained in the manner just outlined are tabulated in Table 4.1. Lateral
displacement amplitudes causing initiation of cover spalling and thus the
initiation of strength degradation are inversely related to the magnitude
of applied axial load. The average value of ezs = 0.0048 (with a stan-
dard deviation = 0.0011) is in fair agreement with the value ezs = 0.0040

which was obtained in Section 2.2.2 from the stress-strain tests on

concrete cylinders.

4.2.6 Shear Resistance Mechanism

After the formation of inclined flexure-shear cracks, applied
shear force is resisted by contributions from compressed concrete above

the crack, ties crossed by the crack, aggregate interlocking and friction
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along the crack, and the dowel action of the longitudinal reinforcement
(Fig. 4.10).

In the experimental investigation conducted, no measurements
were made to obtain information on shear resistance provided by aggregate
interlocking and friction forces or by the dowel action. The combined
contribution of aggregate interlocking and friction forces along cracks
should be expected to increase with increasing applied axial load (at
low displacement amplitudes, as long as abrasion of core concrete is not
instigated) because of the narrowness of inclined cracks. The contribu-
tion of dowel action of longitudinal reinforcement should be expected to
increase with decreasing transverse reinforcement spacing because of
increased lateral support of longitudinal reinforcement, but to decrease
with increasing lateral displacement amplitudes because of spalling of
cover concrete and loss of lateral support of longitudinal reinforcement.

Contribution of concrete can be estimated as proposed in
Section 3.2, but equations suggested there are relevant only for mono-
tonic loading and do not reflect the likely degradations cyclic loading
would induce.

The contribution of ties crossed by the inclined crack can be
closely estimated by calculations based on strain measurements made on
the transverse reinforcement. The number of ties crossed by the inclined
crack, n, 1is not a determined quantity, but can be estimated by
assuming 45° inclined cracks. This assumption is less valid for in-
creasing applied axial load, when the inclined cracks become steeper with
respect to the longitudinal axis of the specimen. Assuming further, an
elasto-plastic stress-strain relationship for the transverse reinforce-
ment with the yield stress, fys, and yield strain, ey, (see Section

2.2.1), and a uniform strain distribution along the height of the tie
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(that is, assuming the measured strain to be equal to the strain where

the inclined crack crosses the tie), then

<
It
b2
H
Il o~18

S (4.1)
[
Y

where €.y is the measured strain in the ith tie and where the maximum
value esi/ey is permitted to take is 1. Variations of applied shear
force and the shear resistance provided by the transverse reinforcement,
Vs’ with lateral displacement amplitude for the negative direction of
loading of Specimens 5 (applied axial load = 120 kips) and 9 (applied
axial load = 180 kips) are shown in Fig. 4.11. The shaded portion
corresponds to shear resistance provided by concrete, aggregate inter-
locking and friction, and dowel action. Shear capacity of concrete, VC,
as calculated for monotonic loading (Section 3.2) accounts for most of
the total shear resistance prior to occurrence of inclined cracking.
Upon inclined cracking (see Section 4.2.3), resistance provided by the
ties starts increasing. At low displacement amplitudes high axial loads
keep cracks closed, transverse reinforcement strains and, therefore, the
resistance provided by the ties are relatively low. However, as the
displacement amplitude increases, high axial load enhances the degrada-
tion of shear resistance provided by the concrete, aggregate interlocking
and friction; and therefore the shear resistance provided by the ties
increases.

An analysis of experimental data obtained reveals that (see
Table 4.2) while no ties attained yield strains in tests of Specimens 1
through 4 (applied axial load = 60 kips), high magnitudes of applied
axial load caused yielding in some ties in tests of Specimens 5 through

12.
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4.2.7 Cracking Pattern

The observed cracking pattern is closely related to the stresses
generated at the critical region by the applied bending moment, shear and
axial forces, with the direction of cracks formed perpendicular to the
direction of principal stresses. Flexural cracks originate at the ten-
sion side of the cross section and are perpendicular to the longitudinal
axis of the specimen. Upon further increase of lateral load, when shear
stresses induce high enough principal tensile stresses, inclined cracks
form,usually originating from the flexural cracks. Dowel action causes
splitting cracks. Deterioration of bond between tensile reinforcement
and concrete causes bond cracks. Axial force and compressive stresses
combine to cause spalling cracks in the compression side (Fig. 4.12.a).
Upon reversal of the direction of the applied lateral load, the cracking
sequence repeats itself as a mirror image (Fig. 4.12.b). Cracks thus
formed propagate under cyclic loading. Spalling and splitting cracks
accumulate and cause eventual loss of concrete cover and inclined cracks
fracture the concrete in the critical region into a mesh of concrete
blocks.

High axial loads help keep inclined crack widths narrow at low
lateral displacement amplitudes, but enhance the spalling of concrete
cover (Fig. 4.15). Increasing transverse reinforcement spacing causes
increases in length of region of inelastic behavior. The length of
region where concrete cover spalled off was approximately 10.5 inches for
Specimen 9 (transverse reinforcement spacing = 3 inches), whereas the
same length was more than 20 inches for Specimen 10 (transverse rein-
forcement spacing = 5 inches) (Fig. 4.15.a and b). Decreasing trans-
verse reinforcement spacing causes the inclined cracks to be more closely

clustered in a shorter critical region with the slopes of inclined cracks
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steeper with respect to the longitudinal axis of the specimen (Fig.

4.13.c).

4.2.8 Modes of Failure

Test specimens were nominally subjected to Lateral Displacement
Set(s) 1 (and 2 for Specimens 1 through 8). However, loading, lateral
and axial, was discontinued when a specimen was considered to have failed.
Failure was assumed to have taken place if either there was a con-
siderable degradation of lateral load resistance capacity as observed
from the X-Y recorder during the execution of the test, or the observed
damage to the specimen was severe enough to indicate that further
lateral loading would cause lateral instability of the specimen (under
moderate-to-high applied axial loads). The number of lateral displace-
ment cycles and the maximum lateral displacement that each specimen could
endure are listed in Table 4.3.

Specimens 1 through 3 (applied axial load = 60 kips) withstood
the prescribed lateral displacement time histories without failing.
Additional lateral loading until failure was not stipulated because it
was felt that sufficient experimental data had been obtained. However,
there was considerable damage in the forms of crushed and spalled con-
crete cover (with the length of spalled region directly related to
transverse reinforcement spacing), and wide flexure and inclined flexure-
shear cracks (Fig. 4.13.a, b, and c). Specimen 4 (applied axial load =
60 kips, transverse reinforcement spacing = 5 inches) failed due to
buckling of longitudinal compression reinforcement (Fig. 4.13.4), as the
lateral support provided by the ties proved insufficient. Concrete in
the core, not confined adequately, was subjected to severe abrasion and
a plastic hinge had formed by the propagation(due to cycling at large

displacement amplitudes)of the intersecting inclined cracks.
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Specimens 5 through 8 (applied axial load = 120 kips) exhibited
similar plastic hinges. For Specimen 5, closer spacing of transverse
reinforcement (at 3 inches) prevented buckling of longitudinal rein-
forcement. Damage observed in the critical regions at either side of the
joint area was of similar magnitudes (Fig. 4.14.b). Specimen 7 (trans-
verse reinforcement spacing also at 3 inches) failed due to lateral
instability one of its halves (under a moderately high applied axial
load). Concentration of accumulated damage only on one critical region
was the result of probable slight unsymmetry in the lateral load applica-
tion mechanism or of non-uniformity in the properties of the specimen
along its length. Buckling of longitudinal reinforcement was observed
upon inspection of damage to Specimens 6 and 8 (transverse reinforcement
spacing = 5 inches) at a lateral displacement amplitude of 3.2 inches.

The high magnitude of the axial load applied to Specimens 9
through 12 enhanced the abrasion of core concrete and thus the trans-
formation of the critical region into practically a plastic hinge (Fig.
4.15). (Note that maximum lateral displacement applied to Specimen 11
is 2.4 inches, compared to 2.0 inches for Specimens 9, 10, and 12).

Under high compressive stresses, even at relatively low displacement
amplitudes, severe spalling cracks formed inducing aﬁ accumulation of
compressive strains in the longitudinal reinforcement and in the concrete
core. Closer spacing of transverse reinforcement (at 3 inches) for
Specimens 9 and 11 provided lateral support sufficient to prevent buck-
ling of longitudinal reinforcement. The effect of the applied axial load
on the amount of damage to the critical region can be cbserved by com-
paring Figs. 4.l14.a and 4.15.a, from Specimens 5 and 9, respectively, at

a lateral displacement amplitude of 2.0 inches.
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In summary, the failure mechanism exhibited by each specimen
was similar with the mechanism enhanced by increasing magnitudes of
applied axial load, lateral displacement amplitude, and transverse rein-

forcement spacing.

4.3 DEFORMATION CAPACITY

4.3.1 Ductility

Deformation capacity of specimens are discussed in terms of
various ductility factors. While the term ductility may often be used
loosely in literature and practice, distinctions should be made with
reference to the deformation component used as the basis of the defini-
tion, and also with reference to the nature of loading, i.e. cyclic or
monotonic. Because generalized earthquake-like excitations (and the
excitations used in this investigation) contain reversals of deformation;
the displacement, strain, and average curvature ductility factors that
are discussed herein are defined as the ratios of maximum cyclic usable
displacement, strain, and average curvature to the displacement, strain,
and the average curvature at the first yield of longitudinal reinforce-
ment, respectively. Further, maximum usable deformation is defined as
that deformation beyond which there is considerable loss of strength or
stiffness.

The lateral displacement ductility factor (Table 4.3), cal-
culated as the ratioc of maximum lateral displacement at failure, Smax'
to the lateral displacement at yield, 6y, decreases with increasing
applied axial load.

The cyclic strain ductility factor, uz, is defined as the
ratio of maximum usable total (summation of tensile and compressive)

strain in the longitudinal reinforcement to the summation of tensile and
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compressive strains at yield (Fig. 4.16.a). Calculated values of uz
(Table 4.4) indicate a decrease in the cyclic strain ductility factor
with increasing applied axial load. Average values of cyclic strain
ductility factors are 7.8, 4.8, and 3.8 corresponding to applied axial
loads of 60, 120, and 180 kips, respectively.

Variation of tensile strain ductility, uE = es/ey, with
lateral displacement ductility, Hg = 6/6y (see Fig. 4.17, typical) is
linear up to Hg = U, = 1. At this point there is a sudden jump in
recorded strains (corresponding to strains in the yield plateau), and
beyond it the strains increase almost linearly with increasing lateral
displacement ductility factor, but with a slope greater than unity; that
is, strain ductility factors are generally larger than lateral displace-
ment ductility factors (with the ratio of the two factors close to 2.5).

The cyclic average curvature ductility factor, is defined

¢I
(Fig. 4.16.b) in a manner similar to the cyclic strain ductility factor.
The average curvatures used in the calculations will be the average

curvatures obtained from strain measurements made on the longitudinal

reinforcement. Experimentally obtained values for the average curvature
+

+
Y

+ -
(max. {¢ + |¢ I})/2, and the average curvature ductility factor,

at yield, ¢y = (¢ |¢;|)/2, the ultimate average curvature, ¢ 1t =

ult

U¢ =

[0} /¢y, indicate (Table 4.4) that, with increasing applied axial load,

ult

the average curvature at yield increases, the ultimate average curvature
and the cyclic average curvature ductility factor decrease. Average

values of ¢ are 0.00395, 0.00263, and 0.00189; and average values

ult
of u¢ are 14.0, 6.7, and 4.0 corresponding to applied axial loads of

60, 120, and 180 kips, respectively . Furthermore, a comparison of

and u¢ with the

experimentally obtained values for ¢y, ¢u1t'
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respective values of ¢y, ¢ult' and u¢ calculated 11 Section 3.1
indicates fair agreement (Fig. 4.8.c). The calculutad values were based

. ult
on the assumption that ec = 0.0100, a value suggcsted by Blume, et. al.

[31] for maximum available concrete strain; and the agreement of cal-
culated values with the experimental results is a verification of this
assumption. Use of ultimate strains that can be developed by confined
concrete as suggested by Park, et. al. [21] (also see Fig. 3.l.c) would,

on the other hand, have led to an overestimation of ultimate average
curvatures and average curvature ductility factors available. (Application
of equations suggested by Park, et. al. yields values for ezlt = 0.0368

and 0.0194 for transverse reinforcement spacing s = 3 and 5 inches,

respectively).

4.3.2 Components of Lateral Displacement

i - Lateral Displacement due to Flexural Deformations - Measured

average curvatures in 2Zones 1 and 2 of the specimens are used to arrive

at an estimate of the lateral displacement component due to flexural
deformations (Fig. 4.18.a). Deformations outside the critical regions
covered by Zones 1 through 4 are assumed to be in the elastic range,

and to be negligible in the calculation of lateral displacement components
in the inelastic range. Values of average curvature in Zone 2 are of a
higher magnitude than those in Zone 1, and therefore contribute to and
affect more strongly the displacement component due to flexural defor-
mations. The variation of the average curvature in Zone 2, ¢2, with
lateral displacement amplitude, ¢, indicates (Fig. 4.19, typical) that

flexural deformations increase with increasing magnitudes of applied
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axial load. However, the effect of transverse reinforcement spacing
on the amount of flexural deformations is not pronouncedT.

Displacement component due to flexural deformations, aflex'
calculated as proposed above is plotted against the measured lateral
force (Fig. 4.20.a, typical), and the ratio 6flex/6 is tabulated in
Table 4.5.

The method proposed above to calculate the contribution of
flexural deformations is valid only prior to formation of a plastic hinge.
However, when a plastic hinge forms at either one of the two critical
regions, because of probable non-uniformity in the properties of the
specimen along its length, flexural deformations at the two halves no
longer have similar magnitudes (see Fig. 4.21), and a curvature distri-
bution such as one shown in Fig. 4.18.a can no longer be used to
estimate the displacement components. Plastic hinge rotations can be
calculated from a typical diagram like Fig. 4.21 by multiplying the
ordinate of the shaded portion of the diagram by the length over which
the average curvature measurement is made. One half of the specimen
undergoes practically no bending, while the plastic hinge rotation at
the other half accounts for almost all the lateral displacement (Fig.

4.18.b). Plastic hinge rotations thus calculated and their contribution

to the lateral displacement are tabulated in Table 4.6.

ii - Lateral Displacement due to Shear Deformations - Calculation

of contribution of shear deformations on the lateral displacement were

based on relative displacements measured in Zones 1 and 2 of the

Most of the analytical methods proposed to generate cyclic moment -
average curvature relationships require the curvature values to have
assigned values corresponding to which a bending moment is calculated.
However, studies as above can be used to relate the expected value of
average curvature to the displacement amplitude.
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specimens. The contribution of flexural deformations to the relative
displacements are accounted for as shown in Figs. 2.12 and 4.18.c. The
calculated displacement component due to shear deformations are plotted
as a function of the measured lateral force (Fig. 4.20.b, typical). A
study of the variation of this displacement component with lateral dis-
placement amplitude indicates (Fig. 4.22) increasing contributions of
shear deformations with increasing transverse reinforcement spacing and

decreasing magnitudes of applied axial load (see also Table 4.5).

iii - Estimation of Lateral Displacement from Flexural and Shear

Deformations - The displacement components due to flexural and shear

deformations, as calculated above, were combined and plotted as a func-
tion of measured-lateral force (Fig. 4.20.c, typical). Comparison of
this diagram with the diagram showing the measured lateral displacement
as a function of measured lateral force (Fig. 4.2.c) indicates fair
agreement, with the implication that internal deformation components,
once defined in terms of test parameters and mathematically generated,
can be combined to yield a method of predicting the member force -

displacement relationship.

4.4 STIFFNESS DEGRADATION

4.4.1 Stiffness Characteristics of the Overall Specimen

By adopting a dimensionless coordinate system, i.e. expressing
the lateral force, F*, in the dimensionless form F*/F; (where the
superscript* denotes forces adjusted by the "N-8" effect) and the
lateral displacement, 6, in the form 6/6y, equivalent yield stiffness
of the member, Ky' can be defined to be equal to unity (Fig. 4.23).
Oomitting the effect of strength degradation - which will later be treated

separately - equivalent stiffness for a half cycle in the inelastic range
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+
starting from a point (+ 1, 6'/6y) can be seen to have deteriorated by

a factor a where

234

o = Y T (4.2)

max{6"} + max{|s”|}

+ —
and where max{8 } and max{|6 |} are maximum absolute values of lateral
displacements already applied to the specimen in the (+) and (-) directions
of lateral loading, respectively. Returning stiffness, Kr' can be

approximated by

K = a K (4.3)

where Kcr is the cracking stiffness expressed (in the dimensionless
form) as (Fzr/F;)/(Gcr/éy). The agreement between the return stiffnesses
approximated by the above approach and obtained experimentally is
satisfactory (Fig. 4.24, typical). The conventionally used method [32]
to predict the stiffness upon return from a displacement level ¢§ in the
form Kr = Ky (6/6y)8, where B 1is an empirical constant varying

between 0.3 and 0.6, has the disadvantage of neglecting the effect of

previous loading history.

4.4.2 Stiffness Characteristics of the Critical Region

The initial cracked sectional stiffness, KI' can be defined
as the ratio of bending moment to average curvature at yield of longitu-
dinal reinforcement. Its calculated and measured valﬁes can be obtained
from calculated and measured values of bending moments and average
curvatures already reported in Sections 3.1.2 and 4.2.4, respectively.
Upon yield of tensile reinforcement, when strain in the tensile rein-

forcement is in the yield plateau, instantaneous bending stiffness {(slope
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of the bending moment vs. average curvature diagram) is virtually
reduced to zero. However, as unloading starts, instantaneous stiffness
is restored to a value close to the initial cracked sectional stiffness.
As the applied bending moment is reduced to zero, instantaneous bend-
ing stiffness starts degrading considerably due to the Bauschinger
effect; and the amount of the degradation is directly proportional to
the lateral displacement amplitude and inversely proportional to the
magnitude of applied axial load (Fig. 4.25.a). The variation of in-
stantaneous bending stiffness from this point of zero lateral load
(where the instantaneous bending stiffness has the value shown in Fig.
4.25.a) to the point of maximum lateral displacement in the reversed
direction (where the instantaneous bending stiffness equals approximately

zero) is almost linear.

Of particular interest from the point of view of instantaneous
shear stiffness is the range of low stiffness exhibited in the shear
force - average shear deformation diagrams. Lateral force -~ displacement
diagrams reflect the effect of this range of low stiffness by exhibiting
a "pinched" portion, beginning at about zero lateral load when cracks
are open. Degradation of instantaneous shear stiffness (slope of the
shear force - average shear deformation diagram) at such a point in
lateral loading seems to be enhanced with increasing lateral displace-
ment amplitudes (Fig. 4.25.b). However, such a pronounced range of low
instantaneous shear stiffness cannot be detected in tests of specimens
under high magnitudes of applied axial load, since the axial load tends

to keep the inclined cracks narrow and increase the shear stiffness.
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4.5 STRENGTH DEGRADATION

Lateral force - displacement diagrams obtained experimentally
are studied to extract information on the mechanism of strength (lateral
load resistance capacity) degradation. A preliminary analysis of
experimental data indicates strength degradations with increasing lateral
displacement amplitudes and with cycling at a displacement amplitude in
the inelastic range.

The study on strength degradation with increasing lateral
displacement amplitudes indicated (Fig. 4.26) the following. (1) Strength
degradation starts at lower displacement amplitudes for increasing
magnitudes of applied axial load, and the displacement amplitude at the
initiation of strength degradation approximately corresponds to the
displacement amplitude when the concrete cover starts spalling off (as
has already been reported in Secticn 4.2.5). (2) The degradation (de-
crease of F*/F; ratio) is almost linearly related to the lateral dis-

Hs relationship can be

placement amplitude, i.e. the F*/F; vs.
approximated by a straight line with a slope Su. {3) The negative
slope, SU' increases in absolute value with increasing magnitudes of
applied axial load and increasing transverse reinforcement spacing.

The study on strength degradation with c¢ycling at a lateral
displacement amplitude in the inelastic range indicated (Fig. 4.27) that,
prior to failure, i.e. for values of F*/F; greater than F;ailure/F; .
the degradation is almost linearly related to the number of inelastic
cycles applied after the initiation of the degradation. Further, the

negative slope of the approximating straight line, SJ, exhibits in-

creasing absolute values with increasing magnitudes of applied axial
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load and increasing transverse reinforcement spacing. After the strength
drops below the failure load, the absolute value of this slope increases

noticeably.

4.6 ENERGY DISSIPATION CAPACITY

A measure of energy dissipated by a test specimen during a
cycle of lateral loading is the area enclosed within the lateral force -
displacement hysteresis loop. This area can be expressed as the alge-
braic sum of areas underneath lateral force - displacement curves cor-
responding to consecutive half cycles of lateral loading. The area is
calculated by a numerical method employing a three-point Gauss-Legendre
quadrature and Lagrangian interpolation at the three integration points,
implemented in a computer program.

The study of the variation of areas enclosed within the lateral
force - displacement diagrams (i.e. of energy dissipated, AW, per cycle
by the specimen) with the test parameters indicated the following results
(Fig. 4.28). (1) Energy dissipated increases almost linearly with in-
creasing lateral displacement amplitudes. (2) Increasing magnitudes of
applied axial load cause increases in energy dissipated at a lateral
displacement amplitude; and this increase is mainly attributable to the
increase in lateral yield force due to increasing axial load. (3) Energy
dissipation capacity deteriorates because of cycling at a lateral dis-
placement amplitude (two values shown in the figures at a displacement
amplitude correspond to first and last cycles of loading at that ampli-
tude); except that at lateral loading stages of imminent failure there
is an apparent increase in energy dissipation capacity due to cycling.
This increase is the reflection of shaded portion (Fig. 4.29.a) of

lateral force displacement diagrams resulting from considerable strength
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degradation. (4) Transverse reinforcement spacing has no pronounced
effect on energy dissipation capacity. (5) Measured energy dissipation
capacity, AW, of the test specimens at a displacement level can be

closely approximated by

AWC = 2 F* (8-6) (4.4)
Y Y

where AWC is the area enclosed within a cycle of a hysteresis loop

generated by the stiffness degrading model suggested by Clough and

Johnston [33] (Fig. 4.29.b). Experimentally obtained values for F*

and
5y (as reported in Table 4.1) were used in establishing AwS  as the
approximating dashed line in Fig. 4.28.

It was pointed out earlier that the increase in energy
dissipation capacity with increasing magnitudes of applied axial load was
mainly attributable to increases in lateral yield force due to increasing
axial load. To isolate this effect and to render the study on energy

dissipation capacity dimensionless, a definition of equivalent damping

factor, §, as suggested by Jennings [34] is adopted herein. Accordingly,

Ei = ZTé?%?T _ (4.5)
i
where Wi is an energy measure for the monotonic force - displacement
relationship, with its various definitions shown in Fig. 4.29.c. The
damping factor 52 {(corresponding to the energy measure W2) increases
and approaches an asymptotic wupper limit for increasing lateral dis-
placement amplitude (Fig. 4.30). The effect of increasing magnitudes
of applied axial load (with the effect of increasing lateral yield load

now removed from consideration) is to increase the energy dissipation

capacity at a given lateral displacement amplitude.
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Energy dissipated within a unit length of the critical region
can be inferred from the areas enclosed within the bending moment -
average curvature diagrams obtained experimentally. Areas within these
diagrams are calculated by the method used to calculate the areas inside
the lateral force - displacement diagrams. Most of the energy dissipated
within the critical region is attributable to the work done by the forces
in the longitudinal reinforcement undergoing strains. At a given lateral
displacement amplitude, energy dissipated per unit length of the critical
region increases with increasing magnitudes of applied axial load and
with increasing transverse reinforcement spacing (Fig. 4.31), since the
response of the longitudinal reinforcement is intensified under such

conditions.
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5. MATHEMATICAL MODEL

5.1 INELASTIC HYSTERETIC BEHAVIOR

To formulate an appropriate mathematical model for reinforced
concrete members subjected to cyclic inelastic deformations under com-
bined moment, shear, and axial force, the lateral force-displacement
behavior must be modelled realistically; i.e. one must be able to obtain
the lateral force time history corresponding to a controlled lateral
displacement time history.

Suppose for example, the lateral displacement time history of
a member is that function shown in Fig. 5.la. The corresponding lateral
force-displacement relation will be wvery similar to that shown by the
solid line in Fig. 5.2. Knowing these two relations, the lateral force
time history can be obtained as shown in Fig. 5.1.b.

In modelling the fprce-displacement relation of a member under
constant axial load, one should first establish the so called "skeleton"
curve. This curve is defined as the lateral force-displacement relation
under separate but independent positive and negative monotonically
increasing lateral displacements. Referring to Fig. 5.2, if the member
under constant axial load is initially subjected to a positive mono-
tonically increasing lateral displacement, the lateral load will increase
"elastically" to point M, remain at essentially a constant value F T
under yvielding conditions to point Q, and then will drop off along line
QS showing a decrease in strength with increasing displacement beyond

GN. This decrease is due primarily to crushing and spalling of the

+Usually there will be an increase in the lateral force beyond Fy due to
strain hardening of the longitudinal reinforcement. O©On the other hand,
if the axial load is very large, a descendent curve will be exhibited
due to "N-§ effect.
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concrete on the compression sides of the member in the critical region.

If instead the member under the same axial load had initially been sub-
jected to a negative monotonically increasing lateral displacement, the
lateral load would change along curve OM'Q' and then drop off with further
increases in lateral displacement along line @'S'. The force-displacement
relations under these two monotonic conditions combine to form the basic
skeleton curve S'Q'M'OMQS.

Let us now examine in more detail the force-displacement
relation shown in Fig. 5.2 for cyclic loading. If initially, cyclic
loading should take place at amplitudes in the range - 6Y < 4§ < Gy, the
member will remain "elastic" and the corresponding force-displacement
time history will be along line MM'. However as soon as the lateral
displacement exceeds the yield level, hysteretic inelastic response
follows with each subsequent cycle of deformation. 1In Fig. 5.2, the
yield level is first exceeded at point M' with the displacement con-
tinuing to a value § as shown at point P'. The displacement then

1

reverses and continues to 62 along curve P'MP (J = 1) which con-

stitutes the first full half-cycle of deformation following initial
yvielding of the member. Again reversing the lateral displacement and
continuing to 63 along curve PP'Q'R' (J = 2), the second full half-
cycle Qf deformation is completed. Had this particular half-cycle
terminated at point P' rather than R', continuing repeated cycles of
deformation from 61 to 62 and back to 61 would produce stable

hysteretic loops connecting points P and P'. Such stable behavior

is experienced provided the absolute values of § 62, and all

1I
previous displacements have not exceeded GN and provided the shear

stresses are relatively low. The third full half-cycle of deformation

in FPig. 5.2 starts at point R', proceeds along curve J = 3 to point T,
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and then follows the skeleton curve to point R where the deflection
equals 64. Note that at deflection 62 along this curve, the lateral
force is somewhat reduced from the value Fy experienced on the previous
half-cycle as represented by point P. Such a reduction at a fixed
amplitude is experienced when the previous deformation time history has
exceeded § = # 6N. This represents unstable hysteretic behavior which

follows with each subsequent half-cycle as shown by curves J = 4,5,6,7

and 8. ©Note that quantities J, d&_, t

3 and FJ shown in Figs. 5.1,

3’
5.2, and 5.3 refer to the number of inelastic half-cycles following
initial yielding, the displacement at the initial point of the Jth
inelastic half-cycle, time at the initial point of the Jth inelastic
half-cycle, and the lateral force at the initial point of the Jth
inelastic half-cycle,respectively.

Three important characteristics of inelastic cyclic behavior
become apparent (1) the reduction in overall (or average) stiffness with
increasing amplitudes of inelastic deformation beyond § = ¢ Gy, (2) the
reduction in lateral resistance at a fixed displacement with each
repeated full half-cycle of inelastic deformation beyond 6§ = = GN' and
(3) the shape of the hysteretic loops as influenced by certain member
parameters and loading conditions. It is important Qhen formulating an
appropriate mathematical model that these characteristics be represented
in a realistic manner. To be practical however this model must be

easily adapted to numerical procedures. Therefore, a proper balance

must be maintained between simplicity and accuracy.

5.2 FORM OF MATHEMATICAL MODEL

To formulate an appropriate force-deflection mathematical

model, an analytical expression must be developed which will characterize
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the Jth inelastic half-cycle (J = 1,2,...}) starting at time tJ. Since
in applications, the extent of the Jth half is not known prior to its
occurrence, this expression must be formulated knowing only the initial
point (GJ, FJ) representing t = tJ and the previous force~deflection
time history.

To accomplish this, a function FJ(G) will be written which
passes through the known initial point (GJ, FJ), designated here as point
A, and an index point B whose location reflects the influence of the
member's force-deflection time history prior to t = tJ. The deflection
at point B, designated as 6? ; 1s the maximum deflection which occurred
prior to t =t for half-cycles of increasing deflection and is the

J

minimum deflection which occurred prior to t = tJ for half-cycles of

decreasing deflection, i.e.

EJ=3,5,7,.., F =-F

Max. 6(t) 0 <t <t Y

iy =2,4,6,...; F_. =+F

o 1 Y
85 = (5.1)

[g=2,4,6,...; F,=-F

Min. 6(t) 0 <t <t | Yy

{J = 3,5,7,...; P+

The first inelastic half-cycle is one exception however in which case

f+8§ ; F, =-F
8} -]y 1 Y (5.2)
-6 ;i F. =<+ F
i Y 1 Y
M . .
The lateral force at point B, designated as FJ ; 1s glven by
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J=23,57,...; F. = - F

Fi-AFJ_l—AF ; l 1 b4

IJ=2,4,6,. . F. =+ F

1 Y

M

M 5.3
7 ( )

J=2,46,...; F = ~F

F_ o+ AF . + OF_ ; Y

J=123,5,7,...; F. = + F

1 y

P . .
where FJ 1s equal to instantaneous lateral force which was present

when §&(t) 1last reached the value 6? as defined by Eq. (5.1) and

where AFJ_ and AFJ are positive quantities representing resistance

1
losses due to possible unstable hysteretic behavior during half-cycles
J-1 and J, respectively. Each of these losses exist only if the
deflection time-history during or prior to the half-cycle represented
has exceeded + § or - GN. The value of F? for the first inelastic

N

half-cycle is given by

o= b4 1 Y (5.4)

1
o]
)

1]
+
o]

The inelastic half-cycles for J =1 through J = 8 in Fig. 5.2 are
separated and shown again in Fig. 5.3. The initial point A, the index
point B, and the terminal point C is shown for each half-cycle.

In formulating function FJ(G), it is convenient to use the

slope of the straight line passing through points A and B, i.e.

J=1,2,3... (5.5)

This function, with certain restrictions on its use, can be expressed

by the following approximate empirical relations:
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FJ + KJ(G—éJ)+ AJ

cos —

2

cos

< <
0 ; SPJ <6 <
<0 ; GPJ <8<
+ -
FJ KJ (S GJ) + A
<0; § f-GPJ ;
< -

0; § j_GPJ ;
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+ - -
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M
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J J
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M
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GJ GJ
7 J o= 13,5, =
1 1
7 J = 214r6l 1 =
113151- ; F = F
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J J
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(a)

(b)

(c)

(d)
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(5.9)
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(b)
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Quantities AJ and BJ appearing in Egs. (5.6) - (5.9) are positive
coefficients. Quantity GPJ appearing in Eq. (5.6) and the conditional
relations for both Egs. (5.6) and (5.7) is that value of § which yields
a zero value for FJ&G) using Eg. (5.7). Likewise, thg gquantity GPJ
appearing in Eq. (5.8) and the conditional relations for both Egs. (5.8)
and (5.9) is that value of § which yields a zero value for FJ(S)
using Eq. (5.9).

The first two terms on the right hand side of Egs. (5.6)-(5.9)
express the equation of the straight line passing through points A and B
while the remaining two terms in Egs. (5.6) and (5.8) and the remaining
single term in Egs. (5.7) and (5.9) represent the deviation of the
function FJ(G) from this straight line. The last term in Egs. (5.6)
and (5.8) containing the coefficient BJ represents the pinched form of
the hysteretic loop. Implicit in the form of this last term is the
simplifying assumption that +the pinched form is symmetric with respect
to &§ = 0. This assumption is, of course, not strictly true.

Function FJ(G) as defined by Egs. (5.6)-(5.9) can represent
the entire Jth half-cycle only when it stays within certain bounds of
the skeleton curve Fs(é); i.e. the function FJ(6) must never be
extended across the skeleton curve for |61 > 6y. for example in
Fig. 5.2, while half-cycles J=4 through J=8 can be represented
entirely by Egs. (5.6)-(5.9), half-cycles J=1 through J=3 can only
be partly represented by these equations. Function FJ(G) as defined
by Egs. (5.6)-(5.9) represents half-cycles J=1, J=2, and J=3 from
their initial points to points M, P', and T, respectively. The
remaining portions of these half-cycles, namely portions Mp, P'Q'R',

and TQR, must follow the skeleton curve. Mathematically this means that

when FJ(G) as defined by Egs. (5.6)-(5.9) satisfies the condition
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IFJ(5)| < IFS(6)| § < - sy i 8 >8 ;3 J=1,2,... (5.10)

it is applicable. However, when Egs. (5.6)-(5.9) do not satisfy Eq. (5.10),
it is not applicable in which case FS(G) should be used for FJ(G).
Obviously therefore, the skeleton curve must be represented in mathe-
matical terms. Referring to Fig. (5.2), this relation can be expressed

in the form

[ F
e -5 <8§<38
v Y Y
F § < § < §&
% y— — N
F  (8) =<-Fy —GNisi—csy (5.11)
i fl il.
Fyl—BSG -3 6_>_6N
e N il
e (e
L-FY |-1—85 6N+6 5i‘5N

where BS is a positive scalar factor.

B

Parameters GN' S’

AFJ, AJ, and BJ appearing in the above

relations which formulate the overall mathematical model must be obtained
from experimental evidence. Having their numerical values along with

the numerical values for FY and éy' the Jth inelastic half-cycle is
completely defined. Once the Jth half-cycle is complete, its terminal
point becomes the initial point for the J+1 half-cycle. One defines
this half-cycle in exactly the same manner used for the Jth half-cycle.

By this method, one can obtain the entire force-displacement time history.
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5.3 EVALUATION OF PARAMETERS IN MATHEMATICAI, MODEL

The parameters of the mathematical model presented in the

previous section can be identified as Fy' 6y, 6N, 3

BJ. Based on experimental data, empirical relations have been formulated

g’ AFJ, AJ, and

for their numerical evaluation.

5.3.1 Pactors Fy and ¢

Numerical values for lateral force and displacement at initial
yield, Fy and dy, would normally be obtained tbrough the analytical
method presented in Section 3.1. Because this method is for monotonic
loading, and does not take into consideration stiffness degradations
induced by cycling in the "elastic" range, the calculated lateral
displacement at yield, Sy' slightly underestimates the true value.

The numerical values for Fy and 6y used in the subsequent
calculations were obtained by averaging the experimentally measured
values (Table 4.1) for specimens under the same axial load. These

values are reproduced in Table 5.1.

.3.2
5.3 Factor GN

The lateral displacement at initiation of loss of lateral
resistance, GN' is an inverse function of the magnitude of applied
axial load, N. Although the numerical values of 6N used in the
calculations herein were obtained by averaging the experimental values
(Section 4.5; Table 5.1), they could be evaluated using the empirical

relation

8
4

S

= 0.05 + 2.58 5 (5.12)
N
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where N, = N/bD fé is an axial compression index. This relation agrees

guite well with the experimental data.

5.3.3 Factor BS

Factor BS is a measure of the loss of lateral resistance due
to increasing lateral displacement and, as shown by experimental results,
is a function of applied axial load, N, and transverse reinforcement
spacing, s. Experimental values of BS as used in the subsequent

calculations are shown in Table 5.1. These values can be estimated

using the empirical relation

B. = 0.27 - 0.045 d + (2.92 - 0.49

S

w |

)n (5.13)
(o]

5.3.4 Factor AFJ

For displacement amplitudes less than = GN, there is no loss

in resistance over a full half-cycle of deformation; therefore,

AF_ =0 max. {[8(t)[} <8, 0<t<t (5.14)

For displacement amplitudes greater than + 6N a loss in resistance

does occur which can be approximated by the relation

AFy =8 F 8, > max. {ls(t)]} > Sy 0 <t <t (5.15)

where B 1is a constant for a given test specimen but does depend upon
magnitude of axial load and, spacing of transverse reinforcement.
Displacement GM is that value of & beyond which the loss in resist-
ance per full half-cycle AFJ becomes significantly larger than that

given by Eq. (5.15).
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The numerical values of B obtained from experimental data
are shown in Table 5.1. These values can be estimated using the empirical

relation

B = 0.15 ni + 0.002 (3.33 - %) (5.16)

. 3. d B
5 5 Factors AJ an 3

Numerical values for AJ and BJ were obtained by a least
square fit of the experimentally obtained lateral force displacement
relationships (Figs. 4.2a through 4.2%) using the polynomials appearing
on the right hand side of Egs. (5.6) through (5.9). This least-squares
fit shows that simple empirical relationships can be used in the

estimation of factors AJ and BJ, namely:

A

3 2

—_—= - . + . + . - . + . > 1 .

= 0.17 +(0.27 + 0.30 n_Ju_ -(0.02 + 0.04 n_jul  u_ > (5.17)

y

and

i (o 245 - 0.284 0.008 d)( 1)1/2 > 1 (5.18)
P,V I S VA Hy = '

The quantity Mg appearing in Egs. (5.17) and (5.18) is the cyclic

lateral displacement ductility factor defined as:

W, = ——x——— (5.19)

The experimental relationships (AJ/Fy) vS. uJ and (BJ/Fy) vSs.

i for the test series parameters no and d4d/s are shown in Figs. 5.4

J

and 5.5, respectively.
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Factor BJ reflects the amount of "pinching", or the reduction
of instantaneous shear stiffness near zero lateral load. It is well
established (see, for example [8]) that this reduction in stiffness is
an inverse function of a/D, the moment arm-to-depth ratio. Since in
the present experimental investigation only one a/D ratio (fairly high
to prevent shear type failures) was used, the effect of this ratio is
not apparent in Eg. (5.18); therefore it is suggested that the quantity

BJ/Fy be increased properly for decreasing and critical values of a/D.

5.4 CALCULATED LATERAL FORCE-DISPLACEMENT RELATIONSHIPS

The mathematical model presented in the preceeding sections
can be checked against the experimental test data using a specially
developed computer program. The input to the program is summarized in
Table 5.1. Magnitudes of applied axial load, and transverse reinforce-
ment spacing, and the number of cycles at each lateral displacement
amplitude must also be input. Lateral force-displacement relationships
calculated through the use of the mathematical model are presented
graphically in Figs. 5.6a through 5.6d, each corresponding to a
different set of test series variables. Only the relationships
corresponding to the first and last half cycles of lateral loading at a
lateral displacement amplitude in the inelastic range are duplicated
(except in Fig. 5.6d). A direct comparison of the calculated lateral
force~-displacement relationships (Fig. 5.6, "N-8” effect included) with
the measured lateral force-displacement relationships (Fig. 4.2, "N-&"
effect not included) is generally not possible, except when the measured
lateral force-displacement diagrams are adjusted by the "N-§” effect
(as in Figs. 4.2% for Specimen 12, and in Fig. 5.€b for Specimen 5).

The mathematical model reproduces satisfactorily the important response
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characteristics pertinent to inelastic cyclic bchavior. As evidence of
its simplicity it is worth noting that the calculations reguired to
generate the lateral force-displacement diagrams for 6 specimens, each
with a different combination of applied axial load and transverse rein-
forcement spacing and each containing about 40 half cycles of loading,
requires about 3 seconds of central processor time in the CDC-6400

computer.
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6. SUMMARY AND CONCLUSIONS

6.1 SUMMARY

On the basis of the experimental results and analyses carried

out, inelastic cyclic behavior of the test specimens can be summarized

according to the following observations:

(13

(2)

(3)

Monotonic loading force-deformation relationships can be pre-
dicted by defining the forces and deformations corresponding

to flexural cracking, yield of tensile reinforcement, spalling
of concrete cover and yield of transverse reinforcement. Each
of these factors brings about a change in the strength and/or
stiffness characteristics of the overall specimen. Forces and
deformations at flexural cracking and yield are directly pro-
portional to the magnitude of axial load. Lateral displace-
ments corresponding to initiation of spalling of concrete

cover (and the degradation of strength) and yield of trans-
verse reinforcement are inversely proportional to the magnitude
of axial load. A monotonic loading force-deformation relation-
ship showing the above characteristics can be used as a basis

in the prediction of inelastic cyclic behavior.

Degradation of strength and member stiffness with cyclic
loading are enhanced with increasing magnitudes of axial load,
transverse reinforcement spacing and lateral displacement
amplitude. Degradation of instantaneous stiffness in the

critical region is due to Baushinger and "pinching"” effects.

Ultimate deformation capacity of a specimen decreases with

increasing magnitudes of axial load and increasing transverse



(4)

(5)

(6)
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reinforcement spacing. Lateral displacement is composed of
flexural (the rotations due to slip of longitudinal reinforce-
ment included) and shear deformations taking place in the
critical regions. The length over which inelastic deformations
take place increases with increasing magnitude of axial load

and increasing transverse reinforcement spacing.

Energy dissipation capacity increases with increasing magnitude
of axial load due to more contact friction along cracks, but
decreases with repeated cycling at a fixed displacement
amplitude. Transverse reinforcement spacing has no significant

effect on the energy dissipation capacity.

Strain measurements made on the transverse reinforcement
provide reliable indications of inclined cracking and of the
changes in the shear resistance mechanism. Shear resistance
capacity of concrete deteriorates considerably and eventually

diminishes to zero under cyclic loading in the inelastic range.

Failure of a specimen is the culmination of all degrading
mechanisms. First, accumulation of damage in the form of
spalled cover concrete, intersecting inclined cracks, and
abrased concrete core transforms the critical regions into
"plastic hinges", and then lack of lateral stability of the
longitudinal reinforcement brings about ultimate failure. This
lateral instability, naturally, is directly related to
increasing magnitudes of axial load and transverse reinforce-

ment spacing.
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6.2 CONCLUSIONS

(1) Axial force can significantly affect and alter the behavior
of critical regions and members subjected to inelastic cyclic loading.
Stiffness and strength characteristics and deformation capacity of
critical regions deteriorate with increasing axial force. Therefore,
extreme care should be taken in the design of critical regions which may
be subjected to substantial axial force (> 0.4 Nb) and inelastic
deformations.

(2) The effect of transverse reinforcement spacing on member
behavior was found to be minimal. This lack of significant influence is
undoubtedly due to relatively large shear span to depth (a/D) ratio used
for these tests. Realizing the detrimental effects of combined high
shear and axial forces, care must be exercised in using the results
reported herein for applications where the shear force is a potentially
controlling factor of the behavior. It is quite apparent that further
experimental research is needed to characterize inelastic cyclic behavior
of critical regions under moment, high shear and axial forces.

(3) Rate of loading as observed in the overall investigation
has no significant effect on inelastic cyclic behavior [7,8].

(4) The proposed mathematical model adequately reflects the
important characteristics of the inelastic cyclic behavior of members
under combined flexure, shear and axial force. 1Its application to
structural medelling under more general loading conditions needs further

investigation.
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TABLE 4.2 YIELD OF TRANSVERSE REINFORCEMENT

SPECIMEN DIRECTION CYCLE NO. LATERAL TRANSVERSE -
OF LOADING DISPLACEMENT, IN. REINFORCEMENT NO. '
|
1
2 NO TRANSVERSE REINFORCEMENT YIELD OBSERVED
3
5 - 38 4.00 3
6 - 32 2.07 2
- 35 3.30 1
7 NO TRANSVERSE REINFORCEMENT YIELD OBSERVED, DAMAGE TO SOUTH HALF OF
SPECIMEN ; STRAIN GAGES ON TRANSVERSE REINFORCEMENT IN NORTH HALF.
8 - 33 3.10 2
+ 18 1.92 1
9 - 19 1.88 2
- 17 1.89 3
10 = 17 1.56 2
11 T
STRAIN GAGES ON TRANSVERSE REINFORCEMENT NOT OPERATIVE
12

+SEE

FIG. 2.14




TABLE 4.

3

LATERAL DISPLACEMENT CAPACITY OF SPECIMENS

80

+ -
SPECIMEN = AVE. {8 .8 ) =
5, { yl yl} 8yay | TOTAL NO. OF CYCLES | GMAX/Gy
IN. IN.
1 0.700 4.0 38 5.71
2 0.680 3.2 36 4.71
3 0.655 3.5t 36 5.34
4 0.730 4.0 37 4 5.48
5 0.875 4.0 40 4.57
6 0.900 3.2 34 % 3.56
7 0.945 3.2 35 4 3.39
8 0.890 3.2 32 4 3.60
9 0.915 2.0 20 2.19
10 0.905 2.0 19 2.21
11 0.830 2.4 16 2.89
12 0.935 2.0 20 2.14
-I.

AFTER ADDITIONAL LATERAL LOADING NOT REPORTED HEREIN
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TABLE 4.6 LATERAL DISPLACEMENT COMPONENT DUE TO PLASTIC
HINGE ROTATION

+
LATERAL DISPLACEMENT
SPECIMEN LITUDE PH
IN. IN.
0.4 .023
0.8 .053
0.91 (=8 ) .068
10 Y
1.2 .225
1.6 .630
2.0 .885
0.6 .030
0.83 (=8 ) .045
y
11 1.2 .105
1.8 .705
2.4 .463

KN
PH PH

X = 60 inches

oy = (4, — ¢3)

5. =8 %‘ (see Fig. 4.18.Db)

2 (see Fig. 4.21)
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TABLE 5.1 EXPERIMENTALLY MEASURED VALUES OF THE
PARAMETERS IN MATHEMATICAL MODEL

TRANSVERSE
AXIAL LOAD, N | REINFORCEMENT Fy dy 6N BS B
SPACING, s
KIPS IN. KIPS | IN. IN. — —
3. 0.24 | 0.0013
60. 27.7 | 0.69 | 2.39
5. 0.36 | 0.0038
3. 0.36 | 0.0063
120. 35.5 | 0.90 | 1.70
5. 0.54 | 0.0088
3. 0.48 | 0.0115
180. 39.8 | 0.91 | 1.18
5. 0.72 | 0.0140
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(a) UNLOADED SPECIMEN

1 y
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~— I I~
A st

(c) IDEALIZED TEST SET-UP

FIG. 2.1 POSSIBLE AND (DEALIZED TEST SET-UPS
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(b) SCHEMATIC REPRESENTATION OF SPECIMEN LOADING

FIG. 2.6 TEST SET-UP AND SCHEMATIC
REPRESENTATION OF SPECIMEN LOADING
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APPENDIX

A complete catalogue of the hysteresis loops obtained
as the result of the experimental investigation 1s presented
in Figs. A.1l through A.5. These figures should be viewed
within the context of the remarks in Sections 4.2.2.ii through
L.2.2.vi.



165

I NIWID3dS ‘SWVHOVIQ NIVYLS LNIW3DHOINI3Y TVNIGNLIONOT - INIWOW DI’V OId

CNIZTNI “NIVYLS 133Ls CNI/NI ‘NIVHLS 13731S
. 0e0-" R 0 510 - 0E0Q " - 0£0" s510- o S10° - 0Co " -
. 0041 - , , —_— — — 0051 -
2 13S IN3W3OVdSIa 2 135S IN3IW30vdsia
0s¢- 0s¢ -
o =1
E E
Z 3
+ 0 } } 0
z - P— z
- NOISN3L o
! _ - _i. Z | -
7/.__7 e _g NOISNAL [, f 1os¢
| \beé_ AN |
AT L
_ _ 1
A 0051 0051
NI/ NI ‘NIVAHIS 1331S NI/ NI “NIVHLS 1334S
zo- 10° 0 1o - 20 - ¢o" 1o- 0 1o - zo -
7.1 T T T T T T + T ¥ T v - r - 004 I - v T v T T T T y T T T T T T 00ST1-
T 135S IN3IW3JdvdSIa T F T 13S 1LN3W3dvdsig
0s¢- lose-
3 2
o + E o
3 I
z z
- -
0 ) —t 0
NOISN3L v NOISN3L v
i = j :
0S¢ Iy 7 + 0S¢
INE
e — 00t

" . " " 0041



166

2 N3WIO3dS ‘SWVHOVIQ NIVYLS LNIW3IDHOINIIY TVYNIGNLIONOT = LINIWOW q°I'V 913

NI/ NI
Z0° 10°

"NIVYLS 1331S
0 10" - z0

¢ 13S IN3IW32vdSIa

NOISN3L

TN/ NI
ca’ 10°

"NIvdLls

1331s

T 135S IN3IW32vdsia

—t——t —————

ot

NOISN3IL |

00S1-

0s¢L-

0s¢

0o0st

nost-

[

0S¢

‘LN3IWOW

"NI-<IX

“INIWDL

P-dI

N

CNLI/TNL “NIVELS 1331S
z0-° 10° 0 10" - 20
¢ 135S LN3W3dvdsia
i
—f -
o
-
_ i
CNL/TNL ‘NIVHLS 133LS
e0” 10" 0 10" - ¢0"
1 13S LN3N30vdSIa
ot o - } +
i
NOISN3L
- ]

0S¢

0051

0est-

{1042

{10s¢

00sSt

“LN3IHOW

"NI-dI

CLNIWDW

TNI-dIX



167

¢ NIWIO3dS ‘SWVHOVIA NIVHLS LNIW3JHOINI3Y TVNIGNLIONOT - LNIWOW 21’V 'Old

"NI/Z'NIT ‘Nlvdls 143LS “NI/*NI “Niwd¥dls 133LS

20" 10° 0 10" - 20" 20" in- . 1] 10 ° - 20" -
T T T 0o0s51 - T nos 1 -
2 13s IN3IW32vdsia 1 | 2 135 IN3IW3IVdSIa
0St-
= £
| o it
t : :
L . S N ————t— o N
- v ®
il | 4.‘ T = =
i s : :
LR =
AN Y !
Co
———— —_— CQF_— S N — —_— A ' DQm—
"NI1/"NT ‘NIVILS 13315 “NI/"N] *Nlvdls 1331Ls
20" 1o- 0 10" - 20° - z0" 10" 0 o " - 20 " -
onsit - T v T — ons -
T 13S IN3W3DVdSIa
0s¢- 10S6¢-
X ¢
S 2
A A
- - - 4 0 - —t 1] =
- ] >
L | - _ . L
g = W s b SR z
L J_Mﬂ_ 05¢ > MﬂMr_-_ {os:¢
. . /_u.." ;\E/
. T _ |
_I._V,z ' _ _s_.‘
o L
o0s1 o0&t




le8

¥ N3WIOIdS "SWVYYOVIA NIVHLS LINIW3IJHOANIZY TYNIGNLIONOT = LNIWOW PI'V Old

‘0c0

NI/ TN

‘NIVHIS 13315

0

S10 " -

¢ 13S IN3W3D2VvIdSsia

0S¢~

0S¢

¢0 "

NI/ NI

‘“NIvyls 133ls

z0

T 13S 1IN3W32vdsia

onss

0051t -

1067 -

10s8¢

00ST1

“INIWOW

TNI-dIXN

CINIWIW

NI-dIX

0e0"

‘NI/Z NI

‘NIvHYLlSs 133Ls
0

S10°-

2 13S IN3W3oVdsIa

NOISN3L

At

0e0 -

00s1-

05¢-

10S5¢

z0 "

z0

00ST

00S71 -

10s¢-

10S¢

0051

CINIUWCK

NI-dIN

CINIWODW

TNI-dIX



169

1500 —
DISPLACEMENT SETS 1AND 2 ©
750
* o}
o
=z
T .
-750 ¢} il
N
=% T
~-i1500 -
-.012 006 0 DOB 012
STEEL STRAIN, 1IN,/IN.
1500
| DISPLACEMENT SETS 1 AND 2 | l
b ' + !
750 "," Yy, ;-‘5—. 4
: | Tension W gz I
— <— - & "":’(’
o — 2
= = ///—/}/r;f:/
* 0 0z = ://,A,.'//I// / y .
= ﬂ,,f///// el
c 2,/ .
750 1 g ——f“‘f N
N O
Ny — T
1500

-.012 -.0086 0 .0086 .0t12
STEEL STRAIN, IN./IN.

FIG. A.l.e MOMENT- LONGITUDINAL REINFORCEMENT
STRAIN DIAGRAMS, SPECIMEN 5



170

9 N3IWIO3dS ‘SWVYHOVIA NIVYLS LIN3WIDHOINIZY TVNIGNLIONOT - LN3WONW 41V 91d

N1/ N1 SNIvHLY 1331 NI/ N1 "NIvVHLS 71331
o0~ S10° 0 S10° - e D" - oe0 " sSto-° 0 S10° 0e0 "
= - —= — o041 - [
2 135 LN3IW3IOdVdSIa ] ] | 2 13S IN3W3DVdsIa
—— {0s¢ 10s¢-
T u 3
2 2
NOISN3L it %
—+ — } 0 ’ 0
kY =
T T
|z = i o <
T ——— JV_.__ 061 / 1{os:e
N N
N r Iy
- R 0051 - e o00st
N1/ NI ‘“NlIvdLsS 1331s NI/ NI "NIvdls 1331
oEO0 " Sto°’ 0 S10°- neo - - oeco "’ Sst1o0° 4] S10° 0go0°
oost ao0sS ¢y -
f
1 135 IN3W3DV1dSId T 135 LN3IW3OVIdSIA
{0s¢- 3 061~
1 X
o o
£ 0 4
z z
- -
— + 0 — + —+ 0
o ~— =
° NOISN3L T
z z
ns¢ + 10%¢
_ - | ﬁ
oGt 00S1




Z N3WIJ3dS ‘SWYHOVIAQ NIVHLS LNIWIJHOINI3Y TUNIGNLIONOT - LNIWNOW 6°1'V 914

3718V IVAV LON
‘2 138 LINIW3OVdSIa

3718V IVAV 1ON
-2 13S LN3IW3OVdSIa

171

$t00"

TNI/Z NI
200"

“NIvVYls 1331s
n

200"~

T 13S 1N3W3ovdSia

0S¢ -

+00°

SNI/*N1 “NIVHLS 133ls
z00°" 0 200 ° - $00 " -
+ 00571 -

T 135 1IN3IW3DVd4Sta

0S¢

=2 X
o o
3 X
m m
z z
~4 -
- +—+ +——+ 0 ) —+ +— 0 )
= =
o 5
1 |
ﬁ.!.!. z b z
e — . .
- \A. \ " Jose. 0S¢
L. '
HNLMU v
oost - st —— 00St




172

8 NIAWIDIS "SWVHOVIA NIVYYLS LNIWIDYOANIIY TYNIGNLIONOT - INJWOWN Y'I'V 914

010"

N1/ Nl *NIVY¥LS 133LS
S00° 0 S00 " - 010" -
0081 -
2 135 IN3W3OVdsIa
0SL-
+—— 0
NOISN3L
:MJMﬁu _ 0S¢
- 1 -
= i 00sSt
NI/ NI NIvdis 11311S
S00 0 SQ0 * - [ 0
00ST -
T 135S LNIW3DOVdSIg
4140S¢.-
4 t +—o
—_—
NOISN3IL 1
o A 0S¢
o - PR ’ '
=] R
o

00St

‘INIAOA

TNI-d I

CLN3WOW

TNI-dIN

TNI/*NI ‘NIvVHLS 1341S

0S10° SL00° 0 S400 "~

2 135S 1IN3W3dVvIdSIa

@

0st10°" -

0051~

10S¢-

0S¢
0051
NI/TNT ‘NIvidls 1331s
0s10- SL00 " 0 SL00"- 0sto0”
. . . 00s1-
T 13S LN3W3dVdSIa
{ose-
+——— 0

0&¢

00Ss1

“ANIWOW

TNI-dIX

“IN3WOW

TNI-dIX



173

Ol NIWIJ3dS ‘SWVHOVIA NIVYLS IN3IW3IDHOINI3Y TVYNIGNLIONOT -LINIWOW ['I'V o1d

6 N3WIJ3dS ‘SWVYHOVIQ NIVH1LS IN3W3DJHOANI3Y TVNIGNLIONOT -INIWON 1'I'V .0_..___
Vi 1 %v_

i S 7 ‘\ o
.\\\“& \ NOISN3L 5 ,‘ :
e =T e - .m

— A T

4i _,m\_v _Lu__
‘ i




174

21 NIWIO3dS ‘SWVHOVYIAQ NIVYLS LNIWIOHOSNIAY TYNIGNLIONOT -LNIWOW 71’V Oid

N1/ NI ‘“NIvdls 133Ls "N1/°ND ‘NIVHELS 133LS
20" 10" [l o= 20" - z0 " ) 20" -~
- v r 0061~ 0041 -
o097 - 0s¢-
2 3
=} o
X A
m m
z =
- -
-—_— D * o -
= =
> 5
' '
: :
0S¢ 05¢
o N N " - s N 00G1 * [ — T T
(] . -
Il N3WIO3dS SIWVHOVIQ NIVY1LS LNIW3DHOINIZY TVYNIGNLIONOT -LN3WNOW X'I'V 9Ol1d
NI/ NI "NIVYLS 1331S NI/ NI O NIVYLS 133LS
20" [N 0 <1g - k20" - ¥zZ0 " N 210" - bz0 " -
T - 0051 - [ R
05~ 06~
3 3
(=] (2]
=4 3
m m
z z
-1 -
{0 : 0 )
= =
= s
1 1
- -
g, 05, 0S¢
00sS1 00S1




175

[N

I N3WIO3dS ‘SWVHOVIA JYNLVAYUND 3IOVH3IAV -IN3IWOW DP'2'V "9ld

*NI/savy “3¥N1IvAHEN] FIVHIAY

200’

0

$#00 -

¢00 " -

0ost-

0S¢

200"

"NI/Qvd "330LVAYND 3IVHEHIAY

1oo-

100" -

200

oos1

00S1 -

|

T 13S IN3W3DOvdsSia

106¢-

0S¢

00st

CANIWCW

“NI-dIX

“LN3ADH

NIl=-clX

TNI/O0VH ‘3¥NLVvAY¥ND 3O0VHIAYV

200 0

z00 " -
— 1 T

rD0

200"

T 135

1N3IW3OvIdSIa

0051 -
4
2 135 LN3IW32VdSia {os¢
0
_ 0S¢
L
- - oos1
NI/QVY “3UNLYAYEND JIVHIAY
100" 0 100"~ zoD " -
— . . . v . , . 00S1

USsL-

106¢

00S1I

CAN3WCW

SNI-dlX

FW0H

‘LN

"NI-dI



176

| N3WIDO3AdS ‘SWVYOVIA NIVHLS
INIWN3DHOINIZY TTVNIANLIONOT-1LNIWOW (A3NNILNOJ) 02’V 9Id

"NIZOVYY “38NLYAYNI 39VHIAY "NIZ/ZOVY “3¥YNLYA¥ND 3IVHIAY
900 £00 " 0 £00 " - 300" - zo- 10° z0
. . . -- - 0061 — o —— - .
b
{os¢-
; x
o
X
m
z
3
0
=
-
1
z
ne¢ _ !
| !
J 3
e _a . . , N C 0041 N . N . . A .
‘NI/OVY ‘3UNLVYAUND 3IIVHIAY TNL/OVY "AHNLVAEND JUVHIAV
0E0D " s100-" 0 S100° - 0£0D " - 900" £00 " 0 £00 - 900
. . . v v 0051 - : v . . y
T 135S LN3W3IVvdSIa 05¢- T 13S LN3IW3OV1dSia
£
o
x
:_
™
3
0 ——
Py
s
1
........ : espyel
,
{oc, ,%\__“
N
| L]
A
:
0061

00ST -

1042~

05¢

00s1

0o0s1

0S¢~

0S¢

onst

CLNIWIW

TNI-dIXN

CANZHOW

TNI-dIy



177

v00 "

2 N3WIJ3dS ‘SWYHOVIA JYNLVAHND 3OVHIAV - LNIWOW q'2'V "91d

"NIl/OvVY
200"

‘3YNLVAYND FIVHIAY

0 £00° -

) $00 " -

al T T +

¢ 135S IN3W3JVdsIa

z00"

TNI/avA
100 °

‘3dnlvaydn) J19VvY¥IAY
0 100"~

00

T 135S LN3W3IVdSIa

oasf -

0S¢ -

105¢

00S1

00S 1 -

106¢-

P 405¢

00S1

CLN3WOW

TNI-dIX

SLN3UWOW

TNI-=dIN

¥0

20

NI/OVY “3¥NLYAYND 39VHIAV
0" 200" 0 200" - k0O " -
F

"NI/zavy “3dnlvadnd 3ovedav
0" 100" 1} 100" - 200

T 135S LN3IW3IOVIdSIa

00ST -

0SsL-

0041t

00ST -

{10S¢L-

105¢

00St

CNIHOA

TNI-dIX

‘LN3WOW

CNI-dIX



178

2 NIWID3dS ‘SWVYHOVIAQ NIVYLS
INIW3IOHOANIIY TVNIGNLIONOT -1LNIWOW (Q3NNILNOD) 9'2'V 9ld

“NIZGVY "IYNLYAYND 3avyaav "NI/OVH CINNIVANND 10VHIAY
¢oo- 0 200" - yOO - Zio- 900" ] 900" - Z10 " -
T T - v - ¥ — 00s 1 - L e e — T T L - post-
{0ac- 2 135S IN3W3D2VvdSIa 05/ -
3 e
o
3
m
z
4
0 0
=
] B
1
. z
{05 06 ¢
| 2 135 IN3W3DvdSIia
S a a aa R [P A 00s
TNI/OvVH CI¥NLVANND JOVHIAY ‘NI/QvY T3UNLVAEND FOVHIAV
z200 " 0 zno " - bNO0 " - 900" t00" 0 £00 " - 900 -
0041 - . — — 0051~
05 - T 135 INIW30VdSIa = {ese-
£
o 1
3
m g
-
4
0 . Loy o+ 4 oz . % —1+ 40
= y/
o
; g
. 1
0s¢ . {0s¢
ot . R - 0ost

"LINIWCH

"NI-dI

"ANINOW

‘NI - diX



179

oeon”

¢ N3INWIDJ3dS ‘SWYHOVIA IYNLVAEND IOVYIAVY - LNIWOW 3°2°V "9Id

NI/ovd “Jdnlvaund 3JWVYIAY

S100°

1]

S100° -

0c00 " -

¢ 135S IN3W3DVvdSIa

00ST -

{o0s¢-

¢00 "

"NI/Qgvy ‘JYnAlvadnd JovE3IAv
) 100° -

‘i Jose

061t

00s1

CINIWIW

TNI-dIX

“LN3WOW

"NI-=dIX

1e00°

zo0°

"NI/OVY “3¥dnLvAadn] 1avAIAY

6100° 0 S100° -

100" -

T 13S IN3IW3D2vdSIa

00571

'
io.q0s¢

0051

{106¢-

CLNIADW

TNI-dIX

“LNIWOKW

CNI=cTIX



180

800"

¢ 135 LN3IW32vIdsia

$00

"NI/0vd “dJddnivadny Yaviadayv

1 13S LN3IW3dvdSIa

910" -

oD& 1L -

1052~

S00sT

00ST -

ooNt

fLN3IWCW

CNI-dI X

ToNIWIW

"NI-cIX

¢ NIWIOIHS ‘SWYHOVIA NIVYLS
INIWIOHOINIFY TVYNIANLIONOT-LNIWOW (Q3INNILNOD) 922V 9Id

"NI/dvd "3dnlvAadnd 3aVHIAY "NIl/avd ‘“3dnlvadnd 39vydav

910" 400"’

2 13S IN3IW30VdSia

1 13S LN3W3DV1dSIg

910" -

00sSTt

00ST

1062~

6041

CLNIWOW

TNI-dIX

CLNIADW

TNL-2I A



181

tsoo —
e el l 0.00029 {
75t L EED | )
: |
a 4
<
0 SUNE—
.
z
w
z
(=]
z
750 1
DISPLACEMENT SET 1
1500 L
-.0030 -.00:5 0 .C01S .3613¢C
AVERAGE CTLRYATURE, RAD/IN,
1592
750
z
i
a
~
0
-
z
W
I
(=
T
750} ]
DISPLACEMENT SET 2
[
b
-15¢C¢C .
-.0030 -.co01s 0 .G01s .3Jdc3c

AYERAGE CURVATURE, RAD/IN,

FIG. A.2.c (CONTINUED) MOMENT- LONGITUDINAL
REINFORCEMENT STRAIN DIAGRAMS,
SPECIMEN 3



182

¥ N3WIO3dS ‘SWVYHOVIQ JUNLVAHND 3OVY3IAV -LIN3WNOW P2V '91d

TNI/Oovd “J3dnlvadny 3avydav

€00 "

2 13S 1IN3W3DOv1dsia

"NI/O0VY ‘3¥NLVAYND AIVYIAY

S100°

T 13S 1IN3IW3OVdSIa

00sS1-

ns«s -

10s5L-

0S¢

00sSt

‘INIWOW

"NI-dI X

CANZWOW

TNI-dIN

TNI/0vd ‘3dnilvadnd Juvidav

£00°

¢ 135 IN3W32vadsia

"NI/UvY “3dnlivaynld Javy3dav

Sstoo0*

T 13S LN3IW3OVdSIA

00s1 -

1054~

{10S¢

00GT

DeEno " -

00571~

05¢-

106¢

S008T1

“LN3WDW

TNI-dIX

“LIN3WDA

NI -=dlIX



183

90

90

 NIWIOIdS ‘SWVYHOVIA NIVYHLS
INIWIOHOANIIY TYNIANLIONOT-LNIWOW (Q3INNILNOD) P2’V 9l

"NIl/sgvy ‘3dnlvadnd 30vidav "NI/O0vH "JdNLVANNT 3IVHIAVY

n- Lon 0 coo" 400" - 20" 10° 0 10" - 20" -
. v 0057 - 0051 -
2 13S LN3IW32Vd4SIa
3
3
.
— 1 t
i
2 135 1IN3IWIAOVvdSIa
] R r
— - - . 00ST — . 0ost
“NI/0vY “I¥nLvA¥N] 39vHIAV “N1/0vY *JENLYANN] 3OVAHIAV
0" £oo0" ) £on" - 900" - 900" €00 " 0 £00° - 900"
- 0051 - — —- 0051 -
1
T 135S LN3IWAOVIJSIA 10S8¢- T 13S IN3W32vdSia p . N
I y A Z i 74
3
3
0 - 0
.a_.\._“_..,._ ..,.“.. ..._ “Jose " otdose
0051 00S1

CAINIWIW

NI-dlx

IX “LNIWOW

NI -e



184

1500

KIP-IN.

MOMENT,

DISPLACEMENT SET 1 "

-.0030 -.GC15 a .CcCts .cczoe
AVIRAGE CURVYATURE, RAD/IN,

KIP-1IN.

MOMENT.,

FIG. A.2.d (CONTINUED) MOMENT-LONGITUDINAL

REINFORCEMENT STRAIN DIAGRAMS,
SPECIMEN 4



G N3WID3dS ‘SWVHOVYIA JUNLVAYND 3OVYIAV -INIWOW @2V "9Id

185

“NI1/GvVH ‘I8NLVA¥ND 10VHIAV “NI/0vd ‘IHNLVAEND 3avHdav
10° ) 107 - 20" - Voo zo00 - 0 zao - - b00 -
— 0041 - 00s&t
¢ ANV L S13S LNIW3AOVdSIa
2 ONV | S13S LN3W3Jvdsid f\\\!..“ _
i
AT
= 3 71 7
f \\\ 1A m vy =4
Mo : e Y
s=iiE = g R {os:
=)
0051 L LT 005t
"NI/OVH “3dNLVAYND 39VY¥IAV "NI/7Uuvd "3dnLlvadn) 3J9vidav
vo- 0 10" - 20" - voo - z0o - 0 zoo* b0O -
— 0051~ . - 0051 -
4
2 NV | S13S LNJW3IOV1dSIa
i 051~ Josc-
X
2
A
——— 1 = 0 . 0
go: 05¢
00s 1t

00S1

“INZWOW

TNl-dl

TIN3WIW

~dIa

TN



186

9 N3WIO3dS ‘SWVYYHOVIA JYNLVAYND JOVYIAV -INIWOW 42V 914

"NI/sovd ‘3anl
zon* 100"

YAHND]Y 1VvHIAY
0 100" -

zoon - -

¢ 13S LN3JW3OVvdSIa +

0041 -

1052

106¢

"Nlsavd “3dnl
200" 00"

1] 100" -

004 T

I 135 LIN3IW3IIVIdSIa

10s8¢

0S¢

005t

“INIWCH

SNI-dIA

Al

<

TINIW

TNI-dIA

"NI/OvH “JHNLvAdN) I03VHIAVY

v00 zo0" 0 200" bOO -
- 0057 -
1
2 13s IN3IW3DVIdsIa T .
L {o0sc-
\i\\ﬂl — 0
T e e 1
_F.h..g... -
.. . N 1 [
e = . L
. fﬂf%. .
T
00s1
*NI/avyd “2¥nivadnd 33vHalav
¢00 - 100" 0 100" z00"
00S1 -

I L3S IN3W3OVdSIa

oost

SLININDA

“Nl-clIM

fAN3WHOW

NIl-d!IM



187

9500 °

L0D " 0

9 N3INWID3dS ‘SWVHOVIAQ NIVYHLS
INIWIDHOINIFY TYNIANLIONOT =LN3IWOW (G3NNILNQD) 4'2'V 914

"NI/Ovd "38N1lVA¥N) JOVAHIAY
EDO " - 900 -

400"

0051 -
2 13S LIN3IW3OVvdSIa {ose-
0
.ﬁ%ha: ! 0s¢
HL_. oL
0051
"N1/Ovyd ‘3ENALVAEN] FIVHIAY
L00" 0 €00 - g00" -
0041

T 13S 1IN3IW3OVdSIa

410S¢

04t

0051

“AININDW

"NI-dIM

SLNIWCW

TNl -dIMd

CNI/OVY "JdNLVASND ADVHIAY

900’ €00’ 0 €00 " - 900" -
00S7V1 -
4
2 13S IN3IW3DVdSIa {ose-
0
T ]
N {os¢
0061
TN1/dvy "3¥N1lvVAYND JIVEIAV
a00" L0D" n eEnn - - 900"
00§71 -

T 135S 1IN3W3DVdSia

{105¢-

0s¢

006G

"LN3IWOW

TNI-=dI A

‘INIWNOW

TNI=dI



188

MOMENT, KIP-IN.

-1500
-.002 -.001 0 .00t . 002
AYERAGE TJRVATURE, RAD/IN,

1500

L DISPLACEMENT SET 2

MUOMENT, KIP-IN.

-1500
-.00512 -.002s c .002s .0050

FIG. A.2f (CONTINUED) MOMENT-LONGITUDINAL

REINFORCEMENT STRAIN DIAGRAMS,
SPECIMEN 6



189

L N3IWIO3dS ‘SWVHOVIA JUNLYAHND IOVHIAY - INJNOW 6'2'V "91d

"NI/dvd ‘23¥Nn1lvAy¥dnd 39VHIAV

800" €00 "

0

€00 -

9Inn

¢ 135 1N3W30vdsia

900" £00 "

“NI/dvy “3dnlvadnd 30vaiav

900"

T 135S LN3W3D2vdSIa

0061~

qose-

..cr\

0051

00S T

0S¢L-

TLNIWIM

TNI-g[X

“LNIWOL

TNL-dI

TNI/O0VY “3¥nLlvAY¥Nd JVVHIAY

0100° 000" 0 G000 - 0100 "
- +- q0081-
2 135S IN3IW3IOVdSIa {o0se-
+ +——+ 0
0st
00s I
TNI/OVYY "3¥nLvA¥N] 30VHIAY
nioo" S000° 0 S000 ° - niIon "’ -
v 004T -
T 135 LN3IW3dvdsIia 0ScL-
| i
—]
b loas

00St

TLNIAOH

CNI-=dIX

“INIWCW

TNI-dI



190

L N3WID3dS ‘SWVHOVIA NIVYLS
INIWIOHOANI3Y TYNIGNLIONOT-LNINWOW (A3NNILNOD) 62V 9l

‘NI/Zavd ‘3d4n1lvAadNd HOVHEIAY

annon- €000 " 0 €000 - 9000 " -
v - 00S1 -
T 135S 1IN3W3d0vdsIa 052~
+ 0
] e sy
-- J00S§1
‘“NI/O0vYd ‘33nLlvadnd 3aVHIAV
010 S00° 0 S00° - 010"~
r 0051 -

T 135 1IN3W30vdsSia

0Ss¢L-

05¢

LR

CLNIWOW

TNI-dIX

CINIWOW

TNI-dI[A

‘NI/dvYd "3¥nivAdn) J19vH3IAV
00" 200 ° 0 200"~ 00" -
. DOGT -
¢ 13S IN3W32vdsia 0se -
- 0
Ao .@; __ H 0S¢
R ' T b
R - L
. v Wi
00S |
*NI/dvy “3dnlvadnd 3avidav
+00 " zZno- 0 ¢c00 "' - +00° -
0051~
T 135S IN3W32vdsia 10sc-
= 0
L
0S¢

[LNORTR

CLNIHCW

NI -=-dIX

TAN3UWDW

TNI-=dIX



1901

8 NIWIOAdS ‘SHYHOVIA JUNLVAYND IOVHIAY - LNIWOW U2’V "91d

"NI/OVYH "JYNLVAEND 3IVYIAY "NI/OYY “3JHNLVAYND 3OVHIAYV

o100 S000° 0 S000 -~ 0100 " - 800" +00 " 0 $00 " - BOO " -
-+ v 005 (- r r T r v r 00GST1 -
¢ 135 IN3W3IVIdLSIa
{05 - b 08—
3
o 3
3
™m
z
-
S 0 0
=
5
'
z
0S¢ 0S¢
€ 13S IN3W3ov1dSia
00St * * * * . - L 00St
SNI/0VYE “3dnlvadnd 39vHIAY TNI/avd “3HNLVAYND 3oVHIAV
0100~ SpDo00* 0 S000° 0100~ - 0e00 - S100° 0 sr1oo0° 0£00 "
T T T —— - — ———— 00571 - T T T Y T T v 00571 -
T 135S LN3IW3IOVdSIa 0S¢~ T 13S 1N3W3DVdSIQ 108¢-
3
o
I
m
z
i
= t- —+ —-t- -4 0
=
B
1
z
0S¢

00s1 00STtI

CLNIWIMW

TNI=dIX

CINIWOW

NI =dIX



192

8 N3WIO3dS ‘SNVYHOVIQ NIVHLS
AIN3IW3IOHOANIZY TYNIAGNLIONOT-=LNIWOW (Q3NNILNOJ) Y'2'v 9ld

"NI/Gvd ‘4HNLVA¥ND 1aVHIAV "N1/0VH ‘IUNLVANND 3IvHIAV
800 b0o - 0 v00 " - 800" - 210" 900" 0 900" - 1o -
0061 . . v - . nost-
2 135 IN3W32v1dsIa
1os.- 0SL-
X
o ]
=X
-
=z
z
- o 0
x
] >
1
=
M {os: 1 _;omh
I - _
"
T P 00sT
“NI/OVH "IUNLVAUND JOVHIAY “N1/0VH ‘34NLVAEND JOVEIAV
800" v00 " 0 boo- 800" - 800 v00- 0 v00 - - 800" -
—_— 0051 - — . , 00s1
4
T 135 IN3IW3OVIdSIa loe,- 1 135 INIW3OVIdSIa loc.-
3
o
X
m
4
i
0 0
x
3
1
z
{104 ' iJose
0051 00S 1

"ANIWDA

TNI-dIX

TINIAWIW

NI-dIN



193

1500

KX N T AN
.

MOMENT, KIP-IN.

-750 ¢}
DISPLACEMENT SET 1

-1500 A
-.0030 -.CC15S ] .0C15 .0030
AVERACGE CURVATURE, RAD/IN,

1500 ——r—

750t
]

MOMENT, KIP-1IN.

-750

T DISPLACEMENT SET 2
.

-t500 = A
-.0030 -.0015 0 .0015 .J3G6130

AYERAGE CURVATURE, RAJ/IN.

FIG. A.2.h (CONTINUED) MOMENT - LONGITUDINAL
REINFORCEMENT STRAIN DIAGRAMS,
STRAIN 8



194

200"

6 N3INWIO3dS ‘SAYHOVIA JUNLVAHND FOVHIAV - INIWOW

100

TNI/0VY “3UNLVAYND 12VHIAV
' 0 [0o - -

¢00

0o0St -

105~

104¢

bo”

"N1l/dvd
200"

"JYNnLlvAadnd 39VHIAY
n zno - -

00S1

[

0051

0S¢L

00st

CoNIWOW

“NIl-dalX

CINIWIW

NI -dIXM

800" v0o0

0

"2’V "9ld

"NI/O0vd “3dNLvAdND 3IVHIAY

— — ———— - S—

vyo00 ' - 800" -

"NIl/dvd

B0O * +00°

‘3YnLvAdNd JOVHIAY
voo - 800" -

00STI -

{os:¢-

0s¢

00ST

00ST1 -

1067 -

0S¢

005

CINIWIW

SNI-dIX

CLNIWIW

TNI-dIX



195

ocoo-

"Nl/avy

‘JYdnivaAadnd 3avadav
0 S100° -

0€00 " -

ocao”

"NI/avy

00S1 -

DSt

‘JdNLVAEND JIVAIAYV
0 S100° -

0ost

0L 00" -
oo0st-

0S¢ -

0S¢

00st

“LN3WOW

CNI=-cTX

“AINIWOW

CNI-dIN

"NI/OVY ‘3dnlvadnd
0zZ10°" asan- 0

Ol N3WIJ3dS ‘SAVYHOVIA JYNLVAYND 3OVHIAV - LNIWOW (2'V "9

A2vHdAY

0800 "' -

0z10 " -

g

i

gy _‘\\ i
) N /]

SNl/avd ‘3J¥dnivadng
0z10" 0900 0

Javy3dav

0400 "~

|||||||

00571 -

05z~

0

0051
0z10"
—- q00657-
{ose-
+ o
05t
0051

“LN3WOL

"NIl=dl

CLNIWOW

"Nl=-elx



196

11 NIWIJ3dS ‘SWVHOVIQ JHNLVAUND IOVYIAV - LNIWON %2V 914

TNI/OvY f3Y¥NnLlvAadn) J0VHIAV “NI/Qvy “3HNIvAdND FIIVEIAY

00"~ 800 — 20" " -
— 00ST - 00ST1-
0S¢~ 0Sc-
4 <
=
=
m
=z
-
0 + {0
=
-
I
=z
o
L 0S¢ 0S¢
.
S 00ST nost
TNI/O0VY CJYNLVAYND 39VHIAVY TNIZUVY "JdnivAadnNd Javiiav
0r00 " si100° 0 5100 ° - 0E0O " 010" S00° 0 500" 010"
70051~ -1 00570 -
06/~ {05¢-
z
=
3
m
z
5
0 0
=
o
[
z
0S¢ 0s¢
0051t

nost

*INIAL0A

TNI-dIX

“INIWIW

"NI-dIX



197

2l N3WIJ3dS "SWVHOVIA JHNLVAYND 3DVYIAV - LNIWOW 72V 914

TNI/s7OvE "38N1VAYND 3IVEIAV TNI/OVH "380LVAEND 3IVHIAY
+00 " zZoo - 0 zZ00 "~ $00 " - ) t=
v T T 00St1 -~ co0s1
] H\H\u\\ 1
. = == Do - 05L-
T X
— o
~ 3
m
\ z
[
S 1 t——+—— 0 0
=
v
1
.
R 11062 {os¢
- !
. 0041 00S I
TNI/O0VY ‘adnivAdNd 3aVHIAV TN1/OVHE “3dMNLYAYND 3IVHIAY
ocou " ST100° 0 S100 " - 0eaQo " nro- s00° 0 S00 " - [ 1
v - 00671 - T T T v 00S7T -
064 - 0S¢~
X
=)
2
m
z
-1
0 40
=
hY
1
=
0S¢ 0S¢
0061 00S¥

CLINIWIW

CINIWOW

"NI=dI



198

I N3WIO3dS *SWVYH9VIAQ LNIWIOVIdSIA JAILYI3Y-30H0d HV3IHS D€'V 'Ol

‘Nl “LN3IW3DVIdSIO JAILVIIY NI 'INIW3OVIdSIO 3AILVIIY
80 v 0 vo o - 80 - v’ e’ o e~ v-
A — . . . . . . . . . 0z - , . r . . . . . . . . —— .- q02-
2 13S IN3AW3JV1dSIa
1ov 2 13S LN3W3OVvdSIa 01 -
] S
- , . o = yd . 0
] - o1 7 : y S
.. ,“ _. +
‘_—1" 4 F
ﬁ Lk
e e T e g 0z
‘NI "IN3IW3IDVIdSIO IAILYVIIY ‘NI
) 10 0 1o - zo0 - i so’ b=
. . T . . - ] . — nz- . . v . . . . , , . , , , —— 02 -
1 W30V 14SI \
— 135 LNIW3IV4SIA T o T 13S LN3W3OVdSia o1 -
4 N l 0
— < oo

30403 HVIHS

SdIM

‘33804 ¥VIHS

Scl>



199

2 N3WID3dS ‘SWVYHOVIA LNIWIIVIdSIQ JAILYTIH ~3IOY04 ¥VIHS a'¢'V 'Old

‘NI " LN3IW3ADVYdSIO 3AILVI3Y NI "IN3IN3DIVI4SIQ 3AILVIAN
0§’ ce’ [¢] se - 0% - ose’ sz

- T T — —— T T T T T T T T 0z -

2 135 ININIOVIESIO  t A | 1o1- 2 13S IN3IW3OV1dSIO

334804 dY3HS

=
=
(%]
oz Lo . U
NI "LIN3W3OVI4SIO 3AILVIIN NI “LIN3W3OV1dSIa 3AILYIIY
os’ st 0 s - og - osl” $20° Q SL0°- ocy -
. — . ———— 0z- ——— , — — 02—

T 13S LN3IW32vdSIa T 13S LN3IW3DvdSIa t 101~

g VN

oe

14

‘33804 HYIHS

SdIX

“3)804 ¥VIHS

SdIX



200

¢ N3IWIO3dS "SWYHOVIQ LN3IW3OVdSIQ 3AILVI3Y -30H04 ¥VIHS o€V 'Old

NI “IN3IW3OV1dSIQ 3AILYI3Y

g’

2 135 LN3W3dvdsia

"Nl “1IN3W3JV1dSIa 3AlivIIY

T 13S LIN3IW3OVdSIA

“Jo

0c

14

“3I83a EVIHS

SdlA

‘3080d HYVYZIHS

cdlix

“NI

0620 S210

"AINIW3OVdSIQ 3AILVIIY

0 5210 -

I

¢ 13S 1N3IW3OVIdSId

4
t

“NI
0 s00

"LN3IN3IOVILSIO 3AILVI3Y
] Gn o-

T L3S IN3W32v1dsida

052 0-

02

a1 -

0¢

32804 YVIHS

SdlX

“3JY04 ¥VIHS

]

]



¥ NIWIOIdS "SWVHOVIA LNIWIOVIdSIA IAILYIIY~3FJH04 YVIHS P'E'V 94

‘NI "1IN3IW3OVI4SIQ 3AILVIIN "Nl “LN3W3IOVIdSta 3A1lvI3y

201

vy

2 135 IN3W3dovdsia

og”’

st 0 g1 -

og’

T 135S LIN3IW3DOvdSIa

101

0¢

“3JH04 ¥VIHS

Scl>

‘33904 ¥YVIHS

Salx

osL’

‘Nl “IN3IW30VdSIQ 3AIlv3Y
L0 o] €L0 '~

[o2-1 I

"3J0EQ0d YVIHS

ox

Sd

374804 HV3IHS

SdlX



202

G N3WIO3dS ‘SWYYHOVIAQ LN3W3OVdSIQ IAILYIIY -3DH0d HVIHS 9'¢'V 9l

NI “IN3IW3I2VIdSIO 3AI14VI3N

37189V 1IVAV 1ON
-1 135S LIN3W30VvdSlia

£ o £ - 9 -
0z-
R{R
.iW?VH_I_ 1o1-
1 1 - ) . 4 0
=7
—= ‘\\\\\\\
- \\
ot
0t
¢ 135S IN3IW3DvdsIa
- = — 0z

"IIN¥04 ¥Yv3IHS

Scdi

og”

"Nl “IN3IW3OVIdSIaO IAILVIIY
1% o s - og -

¢ 135 1N3W30v1dSIa

---——oz

3718V 1IVAV LON
-1 13S LIN3IW3OvdsIda

‘32804 EVYIHS

SdiX



203

9 NIWIOIAS ‘SWYHOVIA INIWIOVIdSIA IAILYTIIY -30804 ¥V3IHS '€V Old

NI
og¢’ se’

‘IN3IW3OV1dSIg 3AILVII3IY

"N "LINIW3IOVIdSIQ 3AILYIIY

s$2t’

¢ 135 IN3W3d2vdsia

‘3J¥C s HYIRS

sdilA

‘NI

“33¥0:= bV3IKS

Sdl A

T 13S IN3W3DOvdSIa

oge -
0z

0¢

oL -
0z

(4

“3J&0C4 ¥VYIKS

Sdi A

“33¥C: HY3IRS

SclA



204

. N3IWIO3IdS ‘SWVYHOVYIAQ LNIWIIVIdSIQ 3AILY 138 -30H804 dv3HS b'¢e'v ol

NI "IN3IN3IOVIdSIO 3IAILVIIY NI 'AN3IWIOVI4SIQ IAILYIIY
2L 90" o 90 - 2k - 90"
. — . 0z-
w
x
e
>
n
ul
[=)
o
s
-
=
-
w
2L 90"
0T -
v |
i
>
o
m
o
0 .
a
pis
=
5
w
ot
— - 0¢

“3JY¥0S4 ¥VY3IWS

SdlX

"3)4804 HVIHS

Sdil



205

8 NINWID3IS ‘SAVHOVIA LNIWIOVIdSIQ JAILYVI3Y -3JH04 HV3IHS U'e'v 'Old

NI "LNIW3AOVIdSIQ 3AILVI3N

NI "1INIW3IVdSIa 3AILVI3Y

T 135S IN3IA3DVdSIa

ne

“3J0Y¥Cd4d Y¥YV3IAS

SdlA

‘20804 YW3IHS

Sdlx>

"Nl "INIWIDIVI4SIQ 3AlLvIIY
e’ 1]

2 -

oV’

— 0z-
¢ 13S IN3IW3IVdSIa at-

t 0

01

= r— 02

NI "IN3IW3IOVIASIQ 3AILvI3Y

so0° o $0° - oL -

. 2 0¢-

T 135S LIN3W3dVdSIQ

0¢

"3JY8345 ¥VIHS

SeId

‘33804 ¥VIHS

SelX



206

Ol N3WIJ3dS ‘SWVYOVIA LNIW3IV1dSIQ JAILYVI3Y -30804 ¥VIHS ['¢Vv 9

NI "IN3W3IOVIdSIO 3IAILVIIY Nt

o0¢

o1 -

“2J804 YVIES

SdlX

"IN3IW3OVIdSIG 3JANLVIIN

4

2 -

0¢-

N . ) 0

6 NIWIDIJS ‘SWVHOVIQ LNIWIOVIdSIA IAILYI3Y -30H0d YVIHS '€V 9l

NI "LN3IW3IOVI4SIa 3IAILVYIIN

v’ e o e - |

0¢-

L
o
|

o

101t

0z

"3J804 HVYIHS

SdlX

v-

“NI
2

“IN3IW3I2VYdSI0 3AILVYI3IY

4

‘32804 d¥V3IHS

SclX>

*3J404 ¥VIHS

Sdi X



207

21 N3WIJO3dS ‘SWVYOVIAQ LNIW3OV1dSIA IAILYTI3Y-30404 HV3HS T'¢'V 9l

_ .,\_-_ 1o~
Il N3WIO3dS ‘SWYHOVIA LNIWIDVIdSIQ 3AILVI3IY -32H04 ¥VIHS A'E'V 9Old

NN "LIN3IW3DOVdSI0 3AILVI3Y Nt LN3IW3OVv1dSIO 3A11lvI3Y
s 0 2 - v - 0§’ 't

30804 HYIHS

SdI»

2,

A oy =
1

Jl

“3JY¥04 dV3IkS

Sd X

30404 HVYIHS

SdIX



208

I NIWIOIJS “SWVYHOVIA NOILYIWHO043Q HVIHS - 30804 ¥YIHS v’V "9id

‘0VH CNOILYWHO0430 8V3IHS
z0- 1o0° 0 1o - 20" -

2 135S IN3W3dvdSia

‘32d04 YYIFS

Sel>

3719V 1IVAV LON
1 135S INIW3IOVdSIa
‘HLNOS A 'SA A

379V 1IVAV LON
2 13S LN3IWw3ovdsia
‘HLYON £ 'sA A

3719V 1IVAV 1ON
1 135 LN3W3ovdsia
‘HLYON A 'sA A



209

20

2 NIWIJ3dS ‘SWVYHOVIQ NOILVAYO043Q ¥VIHS -30804 ¥VIHS d'v'V "9Id

"OVY NOTLIVHH0410 ¥YVIHS

107

2 135 1N3IW3dvdSIa

0z -

‘avd

s00°"

T 13S 1N3IW3OVdSIa

LS00 ° -

‘30804 Y¥YV3HS

SdI

"3ICH04 HVIHS

Sdil>

‘gvY "NOI1lvwWHO0430 dV3IHS

20" 1o a rTo- 20"
2 13S 1IN3W3dvdsia
]
b
‘dvd ‘NOILYWYO0JIO HVYIHY
010" S00 " 0 SO0 ° - 010

T 13S IN3W3D2vdSIa

02z-

0f1-

01

0z

407

0¢

Sdix 32804 ¥VIHS

30804 dv¥IHS

SalX>



210

¢ N3WIO3dS ‘SWVYHOVIA NOILVYIWHO043Q HYIHS -30H04 ¥VIHS 9%’V "9ld

‘ovd ‘NNl LvWd0ddad YdvIHS

a00 " -

410 " -

nz-

800"

"Uvy ‘NUNLvWdod3Id HVYIHS

Lon-”

¥00 " -

T 13S 1IN3IW3DOVIdSIA

"3I¥34 9wvIHS

Salx

“3JHI4 TVIHS

SdlIX

B0

‘Uvy ‘NOllvuWdodin dvIdsS
910" BNn " 0

8400 " -

.......ﬁ ....-J.

2 135S IN3W32v1dSia

"ovd ‘NOlLlvWdod3o ¥v3IHS

0- v 00 0 v 00

T 13S LN3W32vdSia

‘33804 YVIHS

SclX

‘33804 H¥YIHS

Sd X



211

.008

.004

RAD

SHEAR DEFORMATION,

-.004

-.008

. 030

.018s

RAD.

SHEAR DEFORMAT]ON,

-,015

FIG. A.4.d SHEAR FORCE-SHEAR DEFORMATION DIAGRAMS, SPECIMEN 4

@
f=1
=]
- N
E &
. @ n
[ -
z Y z
w 1S w
2 |7 :
Q 1 2 8
< | 2
-
o . a
24 iz 24
& , ° o
N — [
= R ———_— | <
N —— oz
A\ RN | 3
\ [ ;=
a
x
<
w
.I =
! e
. by
] =
1
1
+
@
(=)
(=]
o > = [=] o - o o o o o
~ - — o~ o~ — - ~
! 1 I
SdIX “3J804 ¥V3IkS S4dIX “3J¥0J Y¥YvwiHS
o«
o
b -
- [aY]
-
" W
n ] 0
= [ 'z-'
Z
W o = | o
I = o i 1 s
' Y 8 ) S
- 1
\\ a « ' a
\\ ) - %
=) z b i o
| *:E!nS&\-_‘ :
e — - - !
-4
N e
('
=
3 |
<
w
p =
'_V‘
(=)
(=]
|
-
|
-
i 4
@
(=]
o
o o o (=) o -
o~ - - ol -
1 1

o [=] o o
o~ -
1

SIdIX “32¥04 HVIHS SdIX “37804d mV3IHS

-.030

-20



212

20
(%] 10 I
3 ] ——
<
Y _:o
DISPLACEMENT SETS 1 AND 2!
_20 L — J
-.02 -, 01 o] .01 .02
SHEAF 2ESEFCRMATIIN, RAD.
20 - l
- 10
= ¢
o
pt
T
o
1
DISPLACEMENT SETS 1 AND 2
-20 ——

-.02 -.0: g .2 .22
SHEAR GCEFORMATION, RAC.

FIG. A4.e SHEAR FORCE - SHEAR DEFORMATION
DIAGRAMS, SPECIMEN 5



213

aon -

9 N3IWIJOAdS ‘SWVYOVIAQ NOILVWHO43A HVIHS -30H04 YV3IHS v’V '9ld

"0vYd ‘NOJLVWHO43I0 dAvIHS

0

$00 "~

eoo "

I
2 13S IN3W32vdSIa

;

gnn’

‘avy
00"

NOTLVYWHOJIO ¥VIHS

$00 " -

S

1 L3S LN3IW32v1dSId

0z-

0z

‘33403 dv3IKS

T

Sd

32434 tvidAS

SelX

‘Ovd ‘NNl LlvudUJ3I0 ¥4V3IAHS

0

800 " -

2 135S 1N3W32VdSIa

800"

"OVY ‘NOllvuwHOd4dn HV3IHS

k00"

$00° -

T 135 LN3W30vdSia

02

0z

‘33804 dVIHS

Sdl A

“3380Cd dV3IHS

SdlX



Z NINWIOIJS ‘SWVYHOVYIA NOILYWYHO043A HVIHS - 30404 ¥Vv3HS D'v'v "9id

379V 1IVAV 1ON 37189V 1IVAV LON
2 13S IN3W3oVdSia 2 135 IN3IW3DOV1dSIa
‘HLNOS A 'SA A HLYON £ 'SA A

T 13S LN3W30v1dSIa

T 13S 1IN3W3dvdSia

‘32804 ¥VIHS

Sdil

0¢

30804 HVIHS

SdilXx



215

20

.008

.004

.004

20

“3JY¥04 ¥VIHS

"37¥04 MVIHS

-
[
w
[72]
-
z -
w =
= >
5|0,
a
< ;
@ I
[72] -
1=} z
o
-
<
oL
«
o
w
w
a o
« =
< i
w [72]
z
- [
o -4
o w
: =
w
Q
L=
-
Y
4
o
@
o
=)
o - =) o
o~ ~ -
1
‘32434 EV3IHS ‘33804 HVYIHS
©
1)
)
—i
-
w
w
'_ -«
z |
s °
o .
a
S 2
5 x
[N .
(2] z
o [=)
<
o L
x
o
‘; o
[
z w
o [
S
—
s’ Z
° s
| w
(&)
<
-
o
2]
o
@
=3
o
o - o
-— I o~
1

-20

.008

-.00¢4

.008

-.004

-.008

RAD.

RAD.

SHEAR DEFORMATION,

SHEAR DEFORMATION,

FIG. A.4.h SHEAR FORCE-SHEAR DEFORMATION DIAGRAMS, SPECIMEN 8



216

O! NIWID3dS ‘SWVYHOVIQ NOILYWYHO430 YVIHS - 3040 ¥V3IHS

379V 1IVAV LON
HL1NOS A 'SA A

"AvH ‘NOILVYHWANIIO HVYIHS

200 "' - L

a0z-

oz

‘32804 YVIHS

Scl>

eno "

‘avy ‘NOllvHd0d43da HvIHS
+00°

[V 914

[

379V 1IVAV 10N
HLYON A 'sA A

{101

0e

‘33804 HYIHS

Sall



217

2l N3WIO3dS ‘SWVYHOVIQ NOILVINHO43Q ¥VIHS -30H0d ¥V3IHS 7T¢'V '9Old

gvy ‘NOILVYWYO0IIO HVIHS *gvd ‘NOILVWHO43I0 dv3IHS
0s00 " szoo0 " 0 s200° - 0Ss00 " - 06500 " §z00 " Q S200° - 0500 ° -
Y T v - 02- —_ v T B ] T - —r—— 02-

101 -
»
1
m
>
» .

/h
n M
' 0 < | .\\&a '

a \
m
x
5

| «»

[P
1
|

02z " P Sy

|1 N3WIO3dS “SWVYHOVIQ NOILYWHO043Q YV3HS -30404 ¥V3IHS A'¢'V 9l

‘ovd 'NDILvwy04I0O YYIHS
+0Q " z200 " (] 200"~ $#00 " -
T v i3 4

379V 1IVAV 1ON
HLYON A 'sA A

“30¥0d H¥YVYIHS

Sd10

"3J48034 H¥vIHS

SclX



218

I NIWIOIdS ‘'SWVYOVIA INIWIOYOANI3Y ISYIASNVYHL—~3IDHO04 HVIHS PGV "9Id

2100 °

TNI/TNI
S000 "

‘“N1VYLS dnyylIlLs
0 9000 " -

2 135 IN3W32vdsIa

+ S
—

NOISN3L

NI/ NI
Si00

‘NIVH1S dNYHILS

o]

T 13S IN3W3DOVdSIQ

NOISN3L

101

ne

TEZZY04 dVIES

SdI

0¢

‘32804 ¥V3IES

SdX

NI/ NI
S000°

“NIVdLS dNn¥yILS

2 135 1IN3IW3OVdsia

+

NI/ NI “Nivd1S dNnYdiLsS
G2100 o] 62100 -
T — 02Z-
|
T 13S 1 o
[ INJIW3IVIdSIO |
-t 0
—_—
NOISN3L
o1

14

“3JeC=z ¥V3IHS

oA

Sd

o

101

0¢c

‘3305 HYIHS

HER |



219

2 N3WIJ3dS *SWVYHOVIAQ LNIWIOYOINIIY ISYIASNVYL-30H04 ¥VIHS 4'G'V '9ld

‘NIVHLS dNYYILS

0100 "

NI/ NI
000"

. —

¢ 135S 1IN3W3dvdsia

PR

NOISN31

0100°

NI/ NI
so000 "

5 dNYAILS

S000 -

T 135 1IN3IW3OVdSIa

——t

-4

=

—

0¢

0z

324804 dVvIHS

Sdil>

‘32804 ¥w3IHS

Sdilx>

"NI/NI

0100 * So000 "

“NIVYLS dnddllLs
0 000" -

-+

2 135S 1IN3W32VdSId

r r\L r\ 0z
"NIZ*NL “NIVHLS dnddlls
0100" s000" 0 S000° - 0100 " -
——— . 0z-
T 135 LN3W32vdsIa
—t —————

0¢

‘30304 HVIHS

SdlId

"3J¥804 dV3IHS

LA

Sd



220

¥ NIWIDAdS ‘SWYHOVIA LNIW3OYOINIIY ISYIASNVYHL-30H0 ¥VIHS PGV "91d .

000" L0000

‘NI/ NI

‘“NIvHdLS dnddlls
0 LO0ODOD " -

+ ¢ 13S IN3W3IVvdSIa

8000 °
0z

0z

23804 ¥VIHS

SdiI

8000 "

CNI/J'NT ‘NIVvYLs Jdnydlls
¢b000 " o] $000 " 8000 ‘-
— 0z -
T 13S IN3W3OVdSIa
Joi-
—~————
NOISN3IL
F———- Y +——t 10
E
TFI
. [
| D ]
/ —; 1 _
02z

‘304805 YVIHS

S4IA

¢ NINWIDICS ‘SWVHOVIA LNIWIOHOANI3Y ASYIASNVYL-3IOHO04 HVYIHS 2°G'V "9ld

z100° 9000 "

NI/ TNIT

‘NIVYLS dndylis

0 9000

¢ 13S LN3IW3OVIdSIa

2100

0z

D1

s-Jdge

‘3802 HVYIFS

SdiIX

z100°

“NI/°NT "NIvHLS dnddlls
9000 " 0 9000 " 2100 -
A= s——o02-
T 13S 1N3W3dvdsia o
— 0
—~||t
A: q: Jy n1
1 P

0z

“3J80as H¥VIHS

SdlM



221

20
[
L
10 <L ' @b: LS
? S Bttt
= 0 — .
<
Y 1o} /~
DISPLACEMENT SETS 1 AND 2 |
-20 .
~ootis ~-.o0cee 0 .o0cs .0016
STIRRUP STRAIN, IN.ZIN.
2¢

KIPS

SHEAR FORCE.

1
-20 |
-.00:16 -.0228 0 .0008 .0018

FIG. A.5.e SHEAR FORCE-TRANSVERSE REINFCRCEMENT
DIAGRAMS, SPECIMEN 5



222

9 NIWIJIdS ‘SWVHOVIO LNIWIDYOANITY 3ISYIASNVHL-3IOY0J ¥VIHS 4GV "Sid

TNI/°NT “N1VdLS dnEstls "NI1/TNI CNIVHLS dn¥ylls
Y100 " 8000 " 0 6000 - 9100 " - 3100 8000 " 0 gonn " - q100 " -
. n¢- o 0z
—_—
NOISN3L
2 13S LIN3IW3dvdsia 1 2 13S IN3IW3DVIdSIa 1
1 > >
w — i — i ”
NOISN31
nz R 0¢
N1/ 7N "NIvHLlS dniylls N1/ Nl “NIVdLlS dnyylls

3100" 4000" 0 A000 " - 9100 - 9100" 8000 " 0 8000 - 9100 -

0z- 0z-
T 135S 1IN3IW3DVdSIQ or- T 135 IN3W3OVIdSIa or-,
> >
—_—l kel o
NOISN3 L - -
— [ —t } 0 - ; = , ; : 0 =
- — -
g : NOISN3L .
ﬁ {o1 1ot @

. —dygg 0z




223

@ w
o o
o r r — (=] —
o o
F <
o - L o~
L @ Tt % - -
z = " : 4
= G T @ @ o
- . s b s
o S w g w
- o E w
-~ o ﬁ = [$] w
- N E . .
< p N | a
. a . a
z |>]L [ z ?.; ﬁ [2]
- a - ] a
- z
—] o« (ST 4 —t }-— -
I « -
- -
v “
] - > >
- w w -2
| I “-n. s o o
- s —- e T
@ [ = =
sl z 2 5" .
o o
= o o g
w ‘ zZ ! =z
3 S o
a w wn
A - B 4 P4
o (1] 1 w
= -
@ w
[=] o
L © —_——h —_ nd - P . 1
(=] o o o 00- o o o o Uﬁ.u o o (=) o o
~ - 7 Vi - ; o - 7 .
SdIX °"33404 YVIHS SdIA 13404 HVIHS SdIX “J2H04 ¥Y3IHS

. 0008

.0003

.J3C03

-.00058

IN./IN.

STIRRUP STRAIN,

5.9 SHEAR FORCE-TRANSVERSE REINFORCEMENT

FIG. A.

DIAGRAMS, SPECIMEN 7



224

2C

@
o
o
(=)
-
Z
- [
L 5
7] ”n
X = Z
z ey -
1 w o
= °
w .
1 2 =
] Z ”
a . Z
LA @ it i
a - -
R X
o« ! + + ;
-4
b
w +
o -
2 —
x U
x n
- —<g -
© 2
o = w
o H—-— M
_. W
0
Z <<
(o] |
pry a
(7] v wn
P P-4
w (&)
T @
o
i o i —
o
=] o o oo, o o o o
it it ~, ~ ot it
] i I
SdiX '3J¥04 HVIHS SAdIX '4J804 8VIHS

-20

.0008

.0004

-.000+4

-.0008

IN./IN.

STIRRUP STRAIN,

TENSION

——

DISPLACEMENT SET 2

o

10}

‘1201 HVYIHS

-20

.gc1z

.0006

-.0006

-.0012

FIG. A.5.h SHEAR FORCE-TRANSVERSE REINFORCEMENT

STIRRUP STRAIN,

DIAGRAMS, SPECIMEN 8



225

Ol N3WIJ3dS 'SWVHOVIA LNINIOYOANIIY ISYIASNVYL -3DH04 ¥VIHS

NI/ NI

9100 ° fR000°

“NIvVYls dnyddlIls

0 8000 " -

9100 °
o

—

NOISN3L

— —
T
A
&

R

| p—

NI/CNIT
$00° z00°

"Nlvdls dnddlls

n z00 " -

z

02

6 N3IWID3dS *SWVYHOVIA LNIW3IJHOINIIY ISYIASNVHL~3IDHYO4 HVIHS

$00

—_
NOISN31

0z-

‘30804 UVY3kS

SdilX

“324J34 ¥YVIHS

Sdi

9100 °

‘e v "old

¢00 "

"NI/*N1 “NIVHLS dnddlls
8000 " 0 8000 " - 9100 -
y 0z-
{oi-
x
™
»
x
-
a
P —t T— 0 =
a
b
% IEL =
z o
<« F 101 @
(D )
0z
. L ] .
I'G°V "Old
‘NI/Z°ND1 ‘NIvdls dnddlls
z0o0 " 0 200" - y00 " -
0z-
—_— ]
NOISN3L ]
- {or-
P X
m
1 >
] Pl
4 m
o
—t } ; S ¥ ESSPR E —— 0 =
»
b m
=
>
«
o1

0z



226

2l N3WID3dS *SWVYOYIQ LN3W3OHOINIZY JSHIASNYYHL-I2¥0L YV3IHS 7°6'V "9id

NI/ NI *NIVHLS dNudlLs “NI/'NI ‘NIVHLS dnudIlLs

9100" ¥o00" 0 8000 " - ato0g- - 0100" S000 " 0 5000 - 07100 " -

— v . —— — 0z . , — —0z-
AD—|_.\4 O—'r\-
T T
- -
>» >
o o
-n -n
(=] (g]
— 0 = bt — 0 =
a a
m m
[ = A
= == === .d
o1 7 < o1 7

I ; ]
1 A I
NOISN3L NOISN3L
0z R AR

11 NIWIO3dS *SWVHOVIQ LNIWIOHO4NIY ISYIASNVYL-3IDHO4 YVIHS 'SV "9ld

TNI/ND ‘NIVYLS dnyddlls
+000° 2000 0 z2noo " - 000" -

ﬁ

3AILvHd3d0 1ON
€ ANV 2 'SON S3IL NO S39V9 NIVHLS

“3J)H04 HVY3IAS

SdiI




227

EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS

EERC 67-1 "Feasibility Study Large-Scale Earthquake Simulator
Facility," by J. Penzien, J. G. Bouwkamp, R. W. Clough
and D. Rea - 1967 (PB 187 3905)

EERC 68~1 Unassigned

EERC 68-2 "Inelastic Behavior of Beam-to-Column Subassemblages
Under Repeated Loading," by V. V. Bertero - 1968
(PB 184 888)

EERC 68-3 "A Graphical Method for Solving the Wave Reflection-

Refraction Problem," by H. D. McNiven and Y. Mengi
1968 (PB 187 943)

EERC 68-4 "Dynamic Properties of McKinley School Buildings,” by
D. Rea, J. G. Bouwkamp and R. W. Clough - 1968
(PB 187 902)

EERC 68-5 "Characteristics of Rock Motions During Earthquakes,"”
by H. B. Seed, I. M. Idriss and F. W. Kiefer - 1968
(PB 188 338)

EERC 69-1 "Earthquake Engineering Research at Berkeley," - 1969
(PB 187 906)

EERC 69-2 "Nonlinear Seismic Response of Earth Structures," by

M. Dibaj and J. Penzien - 1969 (PB 187 904)

"EERC 69-3 "Probabilistic Study of the Behavior of Structures
During Earthquakes," by P. Ruiz and J. Penzien - 1969
(PB 187 886)

EERC 69-4 "Numerical Solution of Boundary Value Problems in

Structural Mechanics by Reduction to an Initial Value
Formulation," by N. Distefano and J. Schujman - 1969
(PB 187 942)

EERC 69-5 "Dynamic Programming and the Solution of the Biharmonic
Equation," by N. Distefano - 1969 (PB 187 941)

Note: Numbers in parenthesis are Accession Numbers assigned by the
National Technical Information Service. Copies of these reports may
be ordered from the National Technical Information Service, 5285

Port Royal Road, Springfield, Virginia, 22161. Accession Numbers
should be guoted on orders for the reports (PB --- --- ) and remittance
must accompany each order. (Foreign orders, add $2.50 extra for
mailing charges.) Those reports without this information listed are
not yet available from NTIS. Upon request, EERC will mail inquirers
this information when it becomes available to us.
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"Stochastic Analysis of Offshore Tower Structures,"
by A. K. Malhotra and J. Penzien - 1969 (PB 187 903)

"Rock Motion Accelerograms for High Magnitude
Earthquakes," by H. B. Seed and I. M. Idriss - 1969
(PB 187 940)

"Structural Dynamics Testing Facilities at the
University of California, Berkeley," by R. M. Stephen,
J. G. Bouwkamp, R. W. Clough and J. Penzien - 1969

(PB 189 111)

"Seismic Response of Soil Deposits Underlain by
Sloping Rock Boundaries," by H. Dezfulian and
H. B. Seed - 1969 (PB 189 114)

"Dynamic Stress Analysis of Axisymmetric Structures
under Arbitrary Loading,” by S. Ghosh and E. L.
Wilson - 1969 (PB 189 026)

"Seismic Behavior of Multistory Frames Designed by
Different Philosophies,"” by J. C. Anderson and
V. V. Bertero - 1969 (PB 190 662)

"Stiffness Degradation of Reinforcing Concrete
Structures Subjected to Reversed Actions," by

V. V. Bertero, B. Bresler and H. Ming Liao - 1969
(PB 202 942)

"Response of Non-Uniform Soil Deposits to Travel
Seismic Waves," by H. Dezfulian and H. B. Seed - 1969
(PB 191 023) :

"Damping Capacity of a Model Steel Structure," by
D. Rea, R. W. Clough and J. G. Bouwkamp - 1969
(PB 120 663)

"Influence of Local Soil Conditions on Building
Damage Potential during Earthquakes," by H. B. Seed
and I. M. Idriss - 1969 (PB 191 036)

"The Behavior of Sands under Seismic Loading
Conditions," by M. L. Silver and H. B. Seed - 1969
(aD 714 982)

"Earthquake Response of Concrete Gravity Dams,” by
A. K. Chopra - 1970 (AD 709 640)

"Relationships between Soil Conditions and Building
Damage in the Caracas Earthgquake of July 29, 1967," by
H. B. Seed, I. M, Idriss and H. Dezfulian - 1970

(PB 195 762)
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"Cyclic Loading of Full Size Steel Connections," by
E. P. Popov and R. M. Stephen - 1970 (PB 213 545)

"Seismic Analysis of the Charaima Building,
Caraballeda, Venezuela," by Subcommittee of the
SEAONC Research Committee: V. V. Bertero, P. F.
Fratessa, S. A. Mahin, J. H. Sexton, A. C. Scordelis,
E. L. Wilson, L. A. Wyllie, H. B. Seed and J. Penzien,
Chairman - 1970 (PB 201 455)

"A Computer Program for Earthquake Analysis of Dams,"
by A. K. Chopra and P. Chakrabarti - 1970 (AD 723 994)

"The Propagation of Love Waves across Non-Horizontally
Layered Structures," by J. Lysmer and L. A. Drake -
1970 (PB 197 896) '

"Influence of Base Rock Characteristics on Ground
Response," by J. Lysmer, H. B. Seed and P. B.
Schnabel - 1970 (PB 197 897)

"Applicability of Laboratory Test Procedures for
Measuring Soil Liquefaction Characteristics undeg
Cyclic Loading," by H. B. Seed and W. H. Peacock -
1970 (PB 198 016)

"A Simplified Procedure for Evaluating Soil '
Liquefaction Potential," by H. B, Seed and I. M.
Idriss - 1970 (PB 198 009)

"S0il Moduli and Damping Factors for Dynamic Response
Analysis," by H. B. Seed and I. M. Idriss - 1970
(PB 197 869)

“Koyna Earthquake and the Performance of Koyna Dam,"
by A. K. Chopra and P. Chakrabarti - 1871 (AD 731 496)

"Preliminary In-Situ Measurements of Anelastic
Absorption in Soils Using a Prototype Earthquake
Simulator,”" by R. D. Borcherdt and P. W. Rodgers -
1971 (PB 201 454)

"Static and Dynamic Analysis of Inelastic Frame
Structures," by F. L. Porter and G. H. Powell - 1971
(PB 210 135)

"Research Needs in Limit Design of Reinforced Concrete
Structures," by V. V. Bertero - 1971 (PB 202 943)

"Dynamic Behavior of a High-Rise Diagonally Braced
Steel Building," by D. Rea, A. A. Shah and J. G.
Bouwkamp = 1971 (PB 203 584)
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"Dynamic Stress Analysis of Porous Elastic Solids
Saturated with Compressible Fluids," by J. Ghaboussi
and E. L. Wilson - 1971 (PB 211 396)

"Inelastic Behavior of Steel Beam—-to-Column
Subassemblages," by H. Krawinkler, V. V. Bertero
and E, P. Popov - 1971 (PB 211 335)

"Modification of Seismograph Records for Effects of
Local Soil Conditions," by P. Schnabel, H. B. Seed
and J. Lysmer - 1971 (PB 214 450)

"Static and Earthquake Analysis of Three Dimensional
Frame and Shear Wall Buildings," by E. L. Wilson and
H. H. Dovey - 1972 (PB 212 904)

"Accelerations in Rock for Earthgquakes in the Western
United States," by P. B. Schnabel and H. B. Seed -
1972 (PB 213 100)

"Elastic-Plastic Earthquake Response of Soil-Building
Systems," by T. Minami - 1972 (PB 214 868)

"Stochastic Inelastic Response of Offshore Towers to

‘Strong Motion Earthquakes,” by M. K. Kaul - 1972

(PB 215 713)

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

"Earthquake Response of Gravity Dams Including
Reservoir Interaction Effects," by P. Chakrabarti and
A. K. Chopra - 1972 (AD 762 330)

"Dynamic Properties on Pine Flat Dam," by D. Rea,
C. Y. Liaw and A. K. Chopra - 1972 (aAD 763 928)

“Three Dimensional Analysis of Building Systems," by
E. L. Wilson and H. H. Dovey - 1972 (PB 222 438)

"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)

"Computer 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
(PB 220 437)
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"Literature Survey - Seismic Effects on Highway
Bridges," by T. Iwasaki, J. Penzien and R. W. Clough -
1972 (PB 215 613)

"SHAKE-A Computer Program for Earthquake Response
Analysis of Horizontally Layered Sites," by P. B.
Schnabel and J. Lysmer - 1972 (PB 220 207)

"Optimal Seismic Design of Multistory Frames," by
V. V. Bertero and H. Kamil - 1973

"Analysis of the Slides in the San Fernando 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)

"Computer Aided Ultimate Load Design of Unbraced
Multistory Steel Frames," by M. B. El-Hafez and
G. H. Powell - 1973

"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)

"Hysteretic Behavior of Epoxy-Repaired Reinforced
Concrete Beams," by M. Celebi and J. Penzien - 1973

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

"A Computer Program for Earthquake Analysis of
Gravity Dams Including Reservoir Interaction," by
P. Chakrabarti and A. K. Chopra - 1973 (aD 766 271)

"Behavior of Reinforced Concrete Deep Beam—Column
Subassemblages under Cyclic Loads," by O. Kustu and
J. G. Bouwkamp - 1973

"Earthquake Analysis of Structure-Foundation Systems,"
by A. K. Vaish and A. K. Chopra - 1973 (AD 766 272)

"Deconvolution of Seismic Response for Linear
Systems," by R. B. Reimer - 1973 (PB 227 179)

"gaP IV: A Structural Analysis Program for Static and
Dynamic Response of Linear Systems," by K.-J. Bathe,
E. L. Wilson and F. E. Peterson - 1973 (PB 221 967)

"Analytical Investigations of the Seismic Response of
Long, Multiple Span Highway Bridges," by W. S. Tseng
and J. Penzien - 1973 (PB 227 816)
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“Earthquake Analysis of Multi-Story Buildings
Including Foundation Interaction," by A. K. Chopra
and J. A. Gutierrez - 1973 (PB 222 970)

"ADAP: A Computer Program for Static and Dynamic
Analysis of Arch Dams," by R. W. Clough, J. M.
Raphael and S. Majtahedi - 1973 (PB 223 763)

"Cyclic Plastic Analysis of Structural Steel Joints,"”
by R. B. Pinkney and R. W. Clough - 1973 (PB 226 843)

"QUAD-4: A Computer Program for Evaluating the

Seismic Response of Soil Structures by Variable
Damping Finite Element Procedures," by I. M. Idriss,
J. Lysmer, R. Hwang and H. B. Seed - 1973 (PB 229 424)

"Dynamic Behavior of a Multi-Story Pyramid Shaped
Building," by R. M. Stephen and J. G. Bouwkamp - 1973

"Effect of Different Types of Reinforcing on Seismic
Behavior of Short Concrete Columns," by V. V.
Bertero, J. Hollings, O. Kustu, R. M. Stephen and

J. G. Bouwkamp - 1973

¥Olive View Medical Center Material Studies,
Phase I," by B. Bresler and V. V. Bertero - 1973
(PB 235 986)

"Linear and Nonlinear Seismic Analysis Computer
Programs for Long Multiple-Span Highway Bridges,"
by W. S. Tseng and J. Penzien - 1973

"Constitutive Models for Cyclic Plastic Deformation
of Engineering Materials," by J. M. Kelly and
P. P. Gillis - 1973 (PB 226 024)

"DRAIN - 2D User's Guide," by G. .H. Powell - 1973
(PB 227 016)

"Earthquake Engineering at Berkeley - 1973" - 1973
(PB 226 033)

Unassigned

"Earthquake Response of Axisymmetric Tower Structures
Surrounded by Water,"” by C. Y. Liaw and A. X. Chopra -
1973 (AD 773 052)

"Investigation of the Failures of the Olive View
Stairtowers during the San Fernando Earthquake and
Their Implications in Seismic Design," by V. V.
Bertero and R. G. Collins - 1973 (PB 235 106)
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"Purther Studies on Seismic Behavior of Steel Beam-
Column Subassemblages," by V. V. Bertero,
H. Krawinkler and E. P. Popov - 1973 (PB 234 172)

"Seismic Risk Analysis," by C. S. Oliveira - 1974
(PB 235 920)

"Settlement and Liquefaction of Sands under
Multi-Directional Shaking," by R. Pyke, C. K. Chan
and H. B. Seed - 1974 '

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

"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 236 796)

"Sensitivity Analysis for Hysteretic Dynamic Systems:
Applications to Earthquake Engineering," by D. Ray -
1974 (PB 233 213)

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

Unassigned

"shaking Table Tests of a Steel Frame - A Progress
Report," by R. W. Clough and D. Tang - 1974

"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)

"Applications of Reliability-Based, Global Cost
Optimization to Design of Earthquake Resistant
Structures,"” by E. Vitiello and K. S. Pister - 1974
(PB 237 231)

"Liquefaction of Gravelly Soils under Cyclic Loading
Conditions," by R. T. Wong, H. B. Seed and C. K. Chan -
1974

"site-Dependent Spectra for Earthquake-Resistant
Design," by H. B. Seed, C. Ugas and J. Lysmer - 1974
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"Earthquake Simulator Study of a Reinforced Concrete
Frame," by P. Hidalgo and R. W. Clough - 1974
(PB 241 944)

"Nonlinear Earthquake Response of Concrete Gravity Dams,"
by N. Pal -~ 1974 (AD/AC06583)

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

"Determination of Seismic Design Criteria for the
Dumbarton Bridge Replacement Structure, Vol. I:
Description, Theory and Analytical Modeling of Bridge
and Parameters," by F. Baron and S.-H. Pang - 1975

"Determination of Seismic Design Criteria for the
Dumbarton Bridge Replacement Structure, Vol. 2:
Numerical Studies and Establishment of Seismic
Design Criteria," by F. Baron and S.-H. Pang - 1975

"Seismic Risk Analysis for a Site and a Metropolitan
Area," by C. 8. Oliveira - 1975

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

"An Evaluation of Some Methods for Predicting Seismic
Behavior of Reinforced Concrete Buildings," by Stephen
A. Mahin and V. V. Bertero - 1975

"Earthquake Simulator Study of a Steel Frame Structure,
Vol. I: Experimental Results," by R. W. Clough and
David T. Tang - 1975 (PB 243 981)

"Dynamic Properties of San Bernardino Intake Tower," by
Dixon Rea, C.-Y. Liaw, and Anil K. Chopra =~ 1975
(AD/A008406)

"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

"Seismic Studies of the Articulation for the Dumbarton
Bridge Replacement Structure, Vol. 2: Numerical Studies
of Steel and Concrete Girder Alternates," by F. Baron and
R. E. Hamati - 1975
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"Static and Dynamic Analysis of Nonlinear Structures,"”
by Digambar P. Mondkar and Graham H. Powell - 1975
(PB 242 434)

"Hysteretic Behavior of Steel Columns," by E. P. Popov,
V. V. Bertero and S. Chandramouli - 1975

"Earthquake Engineering Research Center Library Printed
Catalog" - 1975 (PB 243 711)

"Three Dimensional Analysis of Building Systems,"
Extended Version, by E. L. Wilson, J. P. Hollings and
H. H. Dovey - 1975 (PB 243 989)

"Determination of Soil Liquefaction Characteristics by
Large-Scale Laboratory Tests," by Pedro De Alba, Clarence
K. Chan and H. Bolton Seed - 1975

"A Literature Survey -~ Compressive, Tensile, Bond and
Shear Strength of Masonry," by Ronald L. Mayes and
Ray W. Clough - 1975

"Hysteretic Behavior of Ductile Moment Resisting Reinforced
Concrete Frame Components," by V. V. Bertero and
E. P. Popov - 1975

"Relationships Between Maximum Acceleration, Maximum
Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakes," by H. Bolton Seed,
Ramesh Murarka, John Lysmer and I. M. Idriss - 1975

"The Effects of Method of Sample Preparation on the Cyclic
Stress-Strain Behavior of Sands," by J. Paul Mulilis,
Clarence K. Chan and H. Bolton Seed - 1975

"The Seismic Behavior of Critical Regions of Reinforced
Concrete Components as Influenced by Moment, Shear and
Axial Force," by B. Atalay and J. Penzien - 1975






