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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 a 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 and 

sequence of loading. 

The results of these tests show that (1) increasing 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 

i (e) 
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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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1. INTRODUCTION 

1.1 GENERAL 

In accordance with the recommendations of the Structural 

Engineers Association of California [l]t 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 numerous 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 the 

behavior of reinforced concrete members. Therefore, better knowledge 

of the energy absorbtion and failure characteristics 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 

tNumerals in brackets refer to the corresponding Reference numbers. 
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reinforced concrete frame as shown in Fig. 1.1, localiz,·,1 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 inelastic 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. 
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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, Dr is the most important factor affecting the deformation 

capacity of reinforced concrete columns. Ohno, et ale [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 aiD 
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ratio. Ikeda [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 along 

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. 
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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 earthquake 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-
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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. 
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2. EXPERIMENTAL PROGRru~ 

2.1 TEST SPECI~lliNS 

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 sir~le specimens under double curva

ture (Fig. 2.1.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. 2.1.c) were selected as 

used in previous investigations [8,16,17,21]. This type of specimen 

offers practical advantages for studying 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 :oint area does not reach values 

above yield until after member displacement ductility factors reach 

values around 4 or 5; therefore, the i~terference 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 deflec~ion 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 
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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 deformations 

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 
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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. The 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 

tNumber 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'l ':;. The side 

channels of the forms were removed after 24 hours and the 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 A6l5. 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 f , 
Y 

yield strain, E: and 
y 

Young's Modulus, E are 55.2 ksi., 0.00197 and 28500 ksi., respectively. 
s 

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 requirec 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 quasi-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, f', at test day, strain at 
c 

ultimate stress, E , 
o 

and tangent modulus, E were found to be 4470 
c 

psi, 0.0028 and 3190 ksi, respectively. The mean usable value of strain, 

us 
E (for unconfined concrete) defined as that strain corresponding to 

c 

the strength after it dropped a value equal ·to 0.85 f' was found to be 
c 

0.0040. Although the tensile strength of the concrete, f
t

, could be 

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 quantity was the use of empirically suggested 

relationships. The relationship used herein is f
t 

= 6.8 ~ [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 



12 

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) incorporated 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 Band 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 lOO-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 report 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 rt-'!s j :' I, the maximum 

possible shear force that could be developed (see Tahle 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, E , was defined as the ratio of 
y 

yield strain in tensile reinforcement, E , 
Y 

to the time to yield, 

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

2.5 DATA ACQUISITION 

2.5.1 Instrumentation 

t ; 
y 

The instrumentation was designed to monitor the behavior of 

the specimen during the test by providing continuous 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 loads 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 piston rod 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 

Arnetek 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]. 

Heasurements 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 - Average 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 simultaneously, 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 ampli"fier 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-16l3-1 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, Band 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 0), for purposes of system check and 

determination of elastic properties. Subsequently, lateral Displacement 

Sets land 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 DEFORNATION CAPACITY 
OF SPECH1.ENS 

3.1 FLEXURAL STRENGTH AND FLEXURAL DEFO&~TION 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, 

stage are given by: 

Bending moment, M and curvature, 
cr' 

M 
cr 

(f + 
t 

N 

A 
tr 

= 1'1 IE I 
cr c tr 

z 

at this 

(3.1) 

(3.2) 

where N is the applied axial load, A
tr 

and I
tr 

are the area and 

moment of inertia of the transformed section, and Z is the section 

modulus. Eqs. (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 M 
cr 

and is difficult. 
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Values of lateral load, F inducing the cracking moment, 
cr 

M and lateral displacement 0 generated at this stage can be 
cr cr 

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 

c 
and f , 

Y 
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, N, of the cross section is developed when con
u 

crete and reinforcement are under uniform compressive stresses equal to 

0.85 f' and f, respectively. Balanced point axial force and moment 
c y 

capacities, and ~, are developed when the strain in the tensile 

reinforcement, E, equals the yield strain, E, and simultaneously, 
s y 

the extreme compression fiber strain equals a specified limiting con-

crete strain, E. Only for axial forces below the balanced point 
c 

axial force does the tensile reinforcement yield before the extreme 

compression fiber attains the limiting value of concrete strain. In 

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 , 
Y 

and the strain in the extreme compression fiber equal to an assumed value, 

E. The strains are then converted to forces (Fig. 3.2.a) using the cross 
c 

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 

E Ie. Changing the value for the strain in the extreme compression fiber 
c 

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, E , 
Y 

M 
Y 

it can be shown that 

(3.3) 

where gl = (d - d')/D, is the distance between tension and compression 

reinforcement divided by depth of section, p is the tensile reinforce-

ment ratio, and n = N/(A f'), is the axial compression index. 
o g c 

Curvature at yield of tensile reinforcement can be obtained from 
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= M /0. E I 
Y Y c tr 

(3.4) 

.. where the stiffness reduction factor, a, is empirically defined as 
y 

a 
y 

[0.043 + 0.043 aiD + 1.64 n P + n /3] (d/D) 2 
o 

(3.5) 

iii - Lateral Load and Lateral Displacement at Yield of Tensile 

Reinforcement - Lateral load, F 
Y 

to induce the yield moment M ; 
Y 

and 

lateral displacement, a corresponding to the curvature distribution 
y 

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-a" effect is included in the calculations whereas 

shear deformations have been considered negligible. 

3.1.3 Bending Moment and Curvature ~men Extreme Compression Fiber 

Strain e: 
c 

us 
e: 

c 

Bending moments and curvatures inducing a limiting (usable) 

value of strain, 
us 

e: 
c 

in the 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 f', and its value is 0.0040 (Section 2.2.2). As 
c 

shown in Fig. 3.2.b, a linear strain distribution across the cross sec-

tion is used with the extreme compression fiber strain, e:, set at 
c 

0.0040, and the tensile reinforcement strain, e:, assumed at a value 
s 

larger than the yield strain, e: 
y 

(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 

E E 
c C 

Concrete core, under proper confinement, exhibits a stress-

strain relationship as given in Fig. 3.1.c where strains higher than 

E
US = 0.0040 can be reached without considerable drop in strength. 
c 

Bending moments and curvatures inducing ultimate values of strain, 
ult 

E 
c 

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 SHEAR STRENGTH 

Under monotonic loading the ultimate shear strength, v, of 
u 

specimens is composed of contributions from concrete and transverse rein-

forcement, i.e.: 
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v + V 
C S 

Shear resistance provided by concrete, v , 
c 

is known to 

(3.6) 

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 
c = <I> b d rog If' + 2500 p 

c v 
c 

3.5 b d If' 
c 

where ~ is a capacity reduction factor as defined by ACI Code 71. 

(3.7) 

An alternate equation to calculate the shear resistance of concrete has 

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

v 
c [

I>1 I (a-d/2) + 0.6 b d IfIJ cr c 
(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, 

can be calculated from 

v, 
s 

v = A f dis (3.9) 
s v ys 

assuming 45° inclined cracks. A , f and s are the 
v ys 

In Eq. 3.9; 

area, yield stress and spacing of transverse reinforcement, respectively. 

Another means of predicting the ultimate shear strength, v , 
u 

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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~ 
0.23(f' + 180) 

<p b d ku kp c + 1. 4 / p 
aid + 0.23 w 

N 
250 

where k and k are empirical constants depending on d and p 
u p 

(3.10) 

respectively, and p = A Ibs, w v 
is the transverse reinforcement ratio. 

Eq. (3.10) implies that the ultimate shear strength, v , 
u 

is pro-

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

verse reinforcement, /p f 
w ys 

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 

Eqs. (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, M , 
Y 

calculated in Section 3.1. Effect 

of shear reversals on the shear resistance mechanism will be discussed 

later. 

t The numerical coefficients in Eq. (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 O. 

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 Eqs. (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 F /6 , overestimates the actual initial elastic stiffness. 
cr cr 

Equivalent elastic stiffness, K , which is defined as the slope of the 
eq 

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 0.9 kip-in., which is relatively 

small in comparison to energy dissipated at higher lateral displacement 

amplitudes (see Section 4.6). 

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.£. 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 "pinching" 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-o" 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, typical
t

) 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. 

tBecause 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
t 

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 (liN-Oil effect not 

included) is plotted against average curvature measured by LVDTs in 

Zones I 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 absolute value than the average 

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. In 

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 Inclined Shear Cracking 

Inclined cracking shear force, v , 
cr 

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 V , concrete in the critical region provides 
cr 

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 V thus obtained are summarized in Table 4.1, and averages 
cr 

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

(Fig. 4.B.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.B.b and 4.B.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 < N
b

) 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 

region reaches its usable limit, 
us 

and the cover concrete starts E: 
C 

tLateral 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, 

can be calculated. 

us 
E 

C 

Values for lateral displacement amplitudes at the initiation of 

concrete cover spalling and for the usable concrete strain, 
us 

E 
C 

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 E
US = 0.0048 (with a stan
c 

dard deviation = 0.0011) is in fair agreement with the value 
us 

E 
C 

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, is not a determined quantity, but can be estimated by 

assuming 45 0 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, f 
ys 

and yield strain, £ , (see Section 
Y 

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 

n 
v 

s 
A f 

v ys I 
e: . 

sl. (4.1 ) 
i=l e: 

y 

where e:. is the measured strain in the ith tie and where the maximum 
s1. 

value e: ./e: is permitted to take is 1. Variations of applied shear 
S1. y 

force and the shear resistance provided by the transverse reinforcement, 

V, with lateral displacement amplitude for the negative direction of 
s 

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, 

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 

v , 
c 

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. 



39 

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) I (and 2 for Specimens I 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 I 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.d), 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 an 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 observed by com

paring Figs. 4.14.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 ratio of maximum lateral displacement at failure, o , 
max 

to the lateral displacement at yield, 

applied axial load. 

0, decreases with increasing 
y 

The cyclic strain ductility factor, 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 
c 

]..Ie: 

(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, ]..I = e: /e:, with 
e: s y 

lateral displacement ductility, ]..10 0/0 (see Fig. 4.17, typical) is 
y 

linear up to ]..10 = ]..Ie: = 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, ]..I¢, is defined 

(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 

at yield, 

+ 
(max. {¢ 

+ 
<P = (¢ + 

y y 1 ~-1)/2, the ultimate average curvature, ~ = 
~y ~ult 

+ 1 ¢ -I}) /2, and the average curvature ductility factor, ]..I = 
¢ 

¢ult/¢y' indicate (Table 4.4) that, with increasing applied axial load, 

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

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

experimentally obtained values for and with the 
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respective values of ~y' ~ult' and calculatE~d II' Section 3.1 

indicates fair agreement (Fig. 4.8. c). The calcuLI ~t'd values were based 

on the assumption that 
ult 

e: 
c 

0.0100, a value sug(:1('sU:~d by Blume, et.al. 

[31) for maximum available concrete strainj 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 e: ult = 0.0368 
c 

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 Zones 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 de for-

mations. The variation of the average curvature in Zone 2, ~2' with 

lateral displacement amplitude, 6, 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 

t 
on the amount of flexural deformations is not pronounced 

Displacement component due to flexural deformations, 0flex' 

calculated as proposed above is plotted against the measured lateral 

force (Fig. 4.20.a, typical), and the ratio 0flex/o 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. 4.1S.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.lS.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 

t 
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.IB.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 
y 

superscript* denotes forces adjusted by the "N-o" effect) and the 

lateral displacement, 0, in the form % , equivalent yield stiffness 
y 

can be defined to be equal to unity (Fig. 4.23). of the member, K , 
y 

Omitting 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, 8-/8 ) can be seen to have deteriorated by 

y 

a factor a where 

2 8 
y 

(4.2) 

and where max{8+} and max{i8-i} are maximum absolute values of lateral 

displacements already applied to the specimen in the (+) and (-) directions 

of lateral loading, respectively. 

approximated by 

K 
r 

Returning stiffness, 

a K 
cr 

K , 
r 

can be 

(4.3) 

where K is the cracking stiffness expressed (in the dimensionless 
cr 

form) as (p* /P*)/(8 /8). The agreement between the return stiffnesses 
cr y cr y 

approximated by the above approach and obtained experimentally is 

satisfactory (Pig. 4.24, typical). The conventionally used method [32] 

to predict the stiffness upon return from a displacement level 8 in the 

form K 
r 

K (6/6 )S, where S is an empirical constant varying 
y y 

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, K
I

, can be defined 

as the ratio of bending moment to average curvature at yield of longitu-

dinal reinforcement. Its calculated and measured values 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. 4.2S.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. 

4.2S.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. 4.2S.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 Section 4.2.5). (2) _The degradation (de-

crease of F*/F* ratio) is almost linearly related to the lateral dis
y 

placement amplitude, i.e. the F*/F* vs. 
Y 

approximated by a straight line with a slope 

relationship can be 

S . 
]J 

(3) The negative 

slope, S , 
]J 

increases in absolute value with increasing magnitudes of 

applied axial load and increasing transverse reinforcement spacing. 

The study on strength degradation with cycling at a lateral 

displacement amplitude in the inelastic range indicated (Fig. 4.27) that, 

prior to failure, i.e. for values of F*/F* 
Y 

greater than F* /F* 
failure y' 

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, ~W, 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 



51 

degradation. (4) Transverse reinforcement spacing has no pronounced 

effect on energy dissipation capacity. (5) Measured energy dissipation 

capacity, ~W, of the test specimens at a displacement level can be 

closely approximated by 

2 F* (0-0 ) (4.4) 
y y 

where ~wc 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* 
Y 

o (as reported in Table 4.1) were used in establishing ~Wc as the 
y 

approximating dashed line in Fig. 4.28. 

It was pointed out earlier that the increase in energy 

and 

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, 

c 
~ 4 'IT W. 

~ 

(4.5) 

where W. is an energy measure for the monotonic force - displacement 
~ 

relationship, with its various definitions shown in Fig. 4.29.c. The 

damping factor ~2 (corresponding to the energy measure W
2

) increases 

and approaches an asymptotic upper 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 very 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.I.b. 

In modelling the force-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 
.1-

F I 

Y 

under yielding conditions to point Q, and then will drop off along line 

QS showing a decrease in strength with increasing displacement beyond 

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

tusually there will be an increase in the lateral force beyond Fy due to 
strain hardening of the longitudinal reinforcement. On the other hand, 
if the axial load is very large, a descendent curve will be exhibited 
due to "N-O effect. 
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concre'i:e 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 Q'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 - 0 < 0 < 0 , the 
y y 

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. In Fig. 5.2, the 

yield level is first exceeded at point M' with the displacement con-

tinuing to a value °
1 

as shown at point P'. The displacement then 

reverses and continues to O
2 

along curve pIMP (J = 1) which con-

stitutes the first full half-cycle of deformation following initial 

yielding of the member. Again reversing the lateral displacement and 

continuing to 03 along curve PP'Q'R' (J = 2), the second full half-

cycle of deformation is completed. Had this particular half-cycle 

terminated at point P' rather than R', continuing repeated cycles of 

deformation from 01 to °2 and back to 01 would produce stable 

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

is experienced provided the absolute values of 01' 02' and all 

previous displacements have not exceeded ON and provided the shear 

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

in Fig. 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 0
4

. Note that at deflection 02 along this curve, the lateral 

force is somewhat reduced from the value F experienced on the previous 
y 

half-cycle as represented by point P. Such a reduction at a fixed 

amplitude is experienced when the previous deformation time history has 

exceeded o = ± 0 . 
N 

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, oJ' t
J

, and F
J 

shown in Figs. 5.1, 

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 o = ± 0 , (2) the 
y 

reduction in lateral resistance at a fixed displacement with each 

repeated full half-cycle of inelastic deformation beyond 0 = ± ON' and 

(3) the shape of the hysteretic loops as influenced by certain member 

parameters and loading conditions. It is important when 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 t
J

. 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 (oJ' F
J

) representing t = t
J 

and the previous force-deflection 

time history. 

To accomplish this, a function FJ(O) will be written which 

passes through the known initial point (oJ' F
J

>, 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 = t
J

. The deflection 

at point B, designated as is the maximum deflection which occurred 

prior to t = t 
J 

for half-cycles of increasing deflection and is the 

minimum deflection which occurred prior to t = t
J 

for half-cycles of 

decreasing deflection, i.e. 

[J 
3,5,7, ... ; Fl = F 

Max. o (t) 0 < t < t
J

; 
y 

! J 2,4,6, ... ; Fl + F .. Y 
oM = (5.1) 

J 

rJ = 2,4,6, ... ; Fl = F 
Min. o (t) 0 t 0 Y < < tJi h 

! J = 3,5,7, ... ; Fl = + F 
Y 

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

( + 

~ 
i -

o 
y 

o 
y 

- F 
Y 

+ F 
Y 

The lateral force at point B, designated as 

(5.2) 

is given by 
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r J = 3,5,7, ... ; Fl = F 
P 

!::.F !::.F Y F
J 

- - I J 
J-l J 

2,4,6, ... ; F Fl + 
Y 

M 
(5.3) F 

J 

I : = 2,4,6, ... ; Fl F 
P 

!::.F !::.F Y F
J 

+ + 
J-l J 

3,5,7, ... ; F = Fl + 
Y 

where 
p 

is equal instantaneous lateral force which was present F
J 

to 

when 8 (t) last reached the value 8
M 
J 

as defined by Eq. (5.1) and 

where !::.F 1 and !::'F
J 

are positive quantities representing resistance 
J-

losses due to possible unstable hysteretic behavior during half-cycles 

J-l and J, respectively. Each of these losses exist only if the 

deflection time-history during or prior to the half-cycle represented 

The value of F~ for the first inelastic - 8 . 
N 

has exceeded + 8
N 

or 

half-cycle is given by 

F 
Y 

F 
Y 

- F 
Y 

+ F 
Y 

(5.4) 

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 F
J

(8), 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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= F
J 

+ K (0-0 )+ A cos __ --=J __ =-J - B
J 

(-21 + 
.!!.. (20 - OM - 0 ] 

J J J 2 OM _ 0 

OpJ < 0 

OpJ < 0 

FJ(O) F + 
J 

OpJ < 0 

opJ < 0 

OpJ > 0 

opJ > 0 

OpJ > 0 

OpJ > 0 

OpJ > 0 

OpJ < 0 

OpJ < 0 

0<0 
PJ - < - opJ 

OpJ ~ 0 < - OpJ 

K
J (0-0 J) + A

J 
cos 

0 < 0 
- PJ 

0 ~ OpJ 

0 < 0 
- PJ o ~ opJ 

; - CX> < 0 < CX> J = 

- co < 0 < CX> J 

; - 0<0 < 0 
PJ - - PJ 

< - 0 

J J 

J 1,3,5, ... ; F1 - F (a) 
Y 

J = 2,4,6, .•. ; Fl + F (b) 
y 

'Tf ro 
- o~ - OJ] -

2 oM - 0 
J J 

; J = 1,3,5, ... ; Fl - F (a) 
Y 

J = 2,4,6, ... ; F1 = + F (b) 
Y 

1,3,5, ... ; Fl - F (c) 
y 

2,4,6, ... ; Fl = + F (d) 
y 

OJ] (1 1 + B - + - cos 
J 2 2 

J = 2,4,6, ... ; Fl = 

J = 1,3,5, ... ; F1 

- F 
Y 

+ F 
Y 

= 

(a) 

(b) 

- F 0 opJ > 0 J 2,4,6, ... ; Fl (a) 
- PJ Y 

0 < - 0 0 > 0 J = 1,3,5, ... ; Fl + F (b) 
PJ - PJ Y 

- CX> < 0 < CX> J 2,4,6, ... ; F1 - F (c) 
y 

_ CX> < 0 < CX> J 1,3,5, ... ; Fl + F (d) 
y 

(5.6) 

(5.7) 

(5.9) 
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Quantities A
J 

and. B
J 

appearing in Eqs. (5.6) - (5.9) are positive 

coefficients. Quantity opJ appearing in Eq. (5.6) and the conditional 

relations for both Eqs. (5.6) and (5.7) is that value of 0 which yields 

a zero value for FJ(O) using Eq. (5.7). Likewise, the quantity opJ 

appearing in Eq. (5.8) and the conditional relations for both Eqs. (5.8) 

and (5.9) is that value of 0 which yields a zero value for FJ(O) 

using Eq. (5.9). 

The first two terms on the right hand side of Eqs. (5.6)-(5.9) 

express the equation of the straight line passing through points A and B 

while the remaining two terms in Eqs. (5.6) and (5.8) and the remaining 

single term in Eqs .. (5.7) and (5.9) represent the deviation of the 

function FJ(O) from this straight line. The last term in Eqs. (5.6) 

and (5.8) containing the coefficient B
J 

represents the pinched form of 

the hysteretic loop. Implicit in the form of this last term is the 

simplifying assumption that ~he pinched form is symmetric with respect 

to 0 = O. This assumption is, of course, not strictly true. 

Function FJ(O) as defined by Eqs. (5.6)-(5.9) can represent 

the entire Jth half-cycle only when it stays within certain bounds of 

the skeleton curve FS(O); i.e. the function FJ(O) must never be 

extended across the skeleton curve for 101 > o. For example in 
y 

Fig. 5.2, while half-cycles J=4 through J=8 can be represented 

entirely by Eqs. (5.6)-(5.9), half-cycles J=l through J=3 can only 

be partly represented by these equations. Function FJ(O) as defined 

by Eqs. (5.6)-(5.9) represents half-cycles J=l, J=2, and J=3 from 

their initial points to points M, pI, 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(O) as defined by Eqs. (5.6)-(5.9) satisfies the condition 
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8 < - 8 
y 

a > a 
y 

J 1,2, ... (5.10) 

it is applicable. However, when Eqs. (5.6)-(5.9) do not satisfy Eq. (5.10), 

it is not applicable in which case FS(o) should be used for FJ(o). 

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 
-La - a < a < a a y - y 

Y 

F a < a < c 
y Y N 

FS(O) = F - 8 < a < - a (5.1I) 
y N y 

F [1 - B (~- +)] a > a 
y s N 

- F [1 - Bs (~+ +)] a < - oN Y 

where Bs is a positive scalar factor. 

Parameters oN' Bs' 6F
J

, A
J

, and B
J 

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 F and 0, the Jth inelastic half-cycle is 
y y 

completely defined. Once the Jth half-cycle is complete, its terminal 

point becomes the initial point for the J+l 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 MATHEMATICAL MODEL 

The parameters of the mathematical model presented in the 

previous section can be identified as Fy ' 0y' oN' SS' ~FJ' A
J

, and 

B
J

. Based on experimental data, empirical relations have been formulated 

for their numerical evaluation. 

5.3.1 Factors F and ° y y 

Numerical values for lateral force and displacement at initial 

yield, F and 0 , would normally be obtained through the analytical 
y y 

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, ° , y 
slightly underestimates the true value. 

The numerical values for F and 0 used in the subsequent 
y y 

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. 

5.3.2 Factor oN 

The lateral displacement at initiation of loss of lateral 

resistance, oN' is an inverse function of the magnitude of applied 

axial load, N. Although the numerical values of ON 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 

= 0.05 + 2.58 110 (5.12) 
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where n = N/bD fl is an axial compression index. This relation agrees 
o c 

quite well with the experimental data. 

5.3.3 Factor Ss 

Factor Ss 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 Ss as used in the subsequent 

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

using the empirical relation 

0.27 - 0.045 

5.3.4 Factor ~FJ 

d 
s 

+ (2.92 - 0.49 ~)n 
s 0 

(5.13) 

For displacement amplitudes less than ± oN' there is no loss 

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

a max. {I ° (t) /} < oN (5.14) 

For displacement amplitudes greater than ± oN a loss in resistance 

does occur which can be approximated by the relation 

S F 
Y 

0H > max. {/o (t) I} > oN (5.15) 

where S is a constant for a given test specimen but does depend upon 

magnitude of axial load and, spacing of transverse reinforcement. 

Displacement 0H is that value of 6 beyond which the loss in resist-

ance per full half-cycle ~FJ 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 n~ + 0.002 (3.33 - ~) (5.16) 

5.3.5 Factors A
J 

and B
J 

Numerical values for A
J 

and B
J 

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 Eqs. (5.6) through (5.9). This least-squares 

fit shows that simple empirical relationships can be used in the 

estimation of factors and namely: 

and 

l-l > 1 
J 

l-l > 1 
J 

(5.17) 

(5.18) 

The quantity l-lJ appearing in Eqs. (5.17) and (5.18) is the cyclic 

lateral displacement ductility factor defined as: 

10 M 
_ oM I 

J J-l 
20 

(5.19) 

Y 

The experimental relationships (AJ/F
y

) vs. l-lJ and (B IF ) vs. 
J Y 

l-lJ for the test series parameters n and dis are shown in Figs. 5.4 
o 

and 5.5, respectively. 
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Factor B
J 

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 aiD, the moment arm-to-depth ratio. Since in 

the present experimental investigation only one aiD ratio (fairly high 

to prevent shear type failures) was used, the effect of this ratio is 

not apparent in Eq. (5.18); therefore it is suggested that the quantity 

B /F be increased properly for decreasing and critical values of a/D. 
J y 

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. ~agnitudes 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, liN-oil effect included) with 

the measured lateral force-displacement relationships (Fig. 4.2, liN-Oil 

effect not included) is generally not possible, except when the measured 

lateral force-displacement diagrams are adjusted by the liN-a" effect 

(as in Figs. 4.2~ for Specimen 12, and in Fig. 5.6b for Specimen 5). 

The mathematical model reproduces satisfactorily the important response 
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characteristics pertinent to inelastic cyclic bchdvior. As evidence of 

its simplicity it is worth noting that the calculations required 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; 

(1) 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. 

(2) 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. 

(3) Ultimate deformation capacity of a specimen decreases with 

increasing magnitudes of axial load and increasing transverse 
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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. 

(4) 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. 

(5) 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. 

(6) 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 N
b

) 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. Its application to 

structural modelling 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 
-I-

OF LOADING DISPLACEMENT, IN. REINFORCEMENT NO. 
I 

1 

r 2 NO TRANSVERSE REINFORCEMENT YIELD OBSERVED 

3 

1 4 

- -

5 - 38 4.00 3 

- 32 2.07 2 6 - 35 3.30 1 

7 NO TRANSVERSE REINFORCEr-lENT 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 ~ 

tSEE FIG. 2.14 
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TABLE 4.3 LATERAL DISPLACEMENT CAPACITY OF SPECIMENS 

SPECIMEN 8 - AVE. {8 + ,18 - I} 
°MAX TOTAL NO. OF CYCLES ].JO=OMA~Oy Y Y Y 

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 ~ 5.48 

5 0.875 4.0 40 4.57 

6 0.900 3.2 34 ~ 3.56 

7 0.945 3.2 35 ~ 3.39 

8 0.890 3.2 32 \ 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 

tAFTER ADDITIONAL LATERAL LOADING NOT REPORTED HEREIN 



T
A

B
L

E
 

4
.4

 
C

Y
C

L
IC

 
S

T
R

A
IN

 
A

N
D

 
A

V
ER

A
G

E 
C

U
R

V
A

TU
R

E 
D

U
C

T
IL

IT
Y

 
FA

C
T

O
R

S 

--
-

-
- -

=
=

-
=

 
-

-
-

-

T
O

P 
L

O
N

G
IT

U
D

IN
A

L
 

B
A

R
 

B
O

TT
O

M
 

L
O

N
G

IT
U

D
IN

A
L

 
B

A
R

 
M

A
X

. 
U

SA
B

L
E

 
L

A
T

E
R

A
L

 

S
P

E
C

IM
E

N
 

t
t
 

c
t
t
 

{<
1>

++
I<

1>
-I}

 
D

IS
PL

A
C

E
M

E
N

T
 

(<
1>

+
+

I<
1>

-I
)t

tt
 

11<
1>

 
M

A
X

. 
U

SA
B

L
E

 
c 

M
A

X
. 

U
SA

B
L

E
 

Y
 

Y
 

l1
E 

11
 

{
E

+
+

IE
-I

}
 

{
C

+
+

IE
-I

l 
E

 
A

M
PL

IT
U

D
E

 

-
-

-
-

R
A

D
/I

N
. 

IN
. 

R
A

D
/I

N
. 

-

1 
0

.0
3

2
3

 
8

.0
8

 
0

.0
3

5
5

 
8

.8
8

 
0

.0
0

8
8

0
 

4
.0

 
0

.0
0

0
6

4
 

1
3

.7
5

 

2 
0

.0
3

2
2

 
8

.0
5

 
0

.0
2

3
8

 
5

.9
5

 
0

.0
0

7
0

0
 

3
.2

 
0

.0
0

0
5

2
 

1
3

.4
6

 

3t 
J
. 

0
.0

0
4

3
0

t 
0

.0
1

8
1

' 
0

.0
0

0
5

7
 

4 
0

.0
3

1
1

 
7

.7
8

 
0

.0
3

2
5

 
8

.1
3

 
0

.0
0

7
9

0
 

3
.2

 
0

.0
0

0
5

3
 

1
4

.9
1

 

5
t 

0
.0

1
2

4
t 

0
.0

0
0

7
9

 

6 
0

.0
2

6
9

 
6

.7
3

 
0

.0
1

5
9

 
3

.9
8

 
0

.0
0

5
8

0
 

2
.4

 
0

.0
0

0
8

6
 

6
.7

4
 ,

 

7-1
-

0
.0

0
0

7
4

 

8 
0

.0
2

0
4

 
5

.1
0

 
0

.0
1

4
0

 
3

.5
0

 
0

.0
0

4
7

0
 

2
.4

 
0

.0
0

0
7

1
 

6
.6

2
 I

 

9 
0

.0
1

5
7

 
3

.9
3

 
0

.0
1

0
2

 
2

.5
5

 
0

.0
0

3
4

0
 

1
.6

 
0

.0
0

0
9

1
 

3
.7

4
 I I 

1
0

 
0

.0
0

9
4

 
2

.3
5

 
0

.0
1

8
9

 
4

.7
3

 
0

.0
0

3
9

0
 

2
.0

 

1
1

 
0

.0
2

1
1

 
5

.2
8

 
0

.0
1

7
0

 
4

.2
5

 
0

.0
0

4
2

0
 

1
.8

 
0

.0
0

0
8

9
 

4
.7

2
 

1
2

 
0

.0
1

3
4

 
3

.3
8

 
0

.0
1

4
7

 
3

.6
8

 
0

.0
0

3
6

0
 

1
.6

 
0

.0
0

1
0

3
 

3
.5

0
 I 

-
-
.-

-
'
-
~
~
-
F
-
-
=
~
-

: 
--

-=
-=

--
=

-

tD
A

M
A

G
E 

A
C

C
U

M
U

LA
TE

D
 

A
T 

C
R

IT
IC

A
L

 
R

E
G

IO
N

 
A

T 
SO

U
TH

 
H

A
L

F 
O

F 
S

P
E

C
IM

E
N

; 
S

T
R

A
IN

 
R

E
A

D
IN

G
S 

M
A

D
E 

A
T 

C
R

IT
IC

A
L

 
R

E
G

IO
N

 
A

T 
N

O
R

TH
 

H
A

LF
 

O
F 

S
P

E
C

IM
E

N
. 

-I-
i"l

1c 
=

 (
M

A
X

. 
U

SA
B

L
E

 
{

E
+

+
IE

-I
}

)/
(E

+
 

+
 

Ie
-I

) 
E

 
y 

Y
 

tt
tS

E
E

 
T

A
B

L
E

 
4

.1
 

+
 

W
H

ER
E 

E
 Y

 
E

 Y
 

E
 Y

 
0

.0
0

2
0

0
 

00
 

I-
' 



.-
-i 8 w
 

(J
) 

8 z ~ w
 

u o:I
! 

H
 

0.
. 

(J
) 

H
 C
l 

N
 8 w
 

(J
) 

8 z ~ w
 

u o:I
! 

H
 

0.
. 

(J
) 

H
 

C
l 

T
A

B
L

E
 

4
.5

 
C

O
N

T
R

IB
U

T
IO

N
 

O
F 

FL
E

X
U

R
A

L
 

A
N

D
 

SH
E

A
R

 
D

E
FO

R
M

A
T

IO
N

S 
TO

 
L

A
T

E
R

A
L

 
D

IS
PL

A
C

E
M

E
N

T
 

SP
E

C
IM

E
N

 
3 

SP
E

C
IM

E
N

 
4 

N
O

M
IN

A
L 

L
A

T
E

R
A

L
 

°
fl

e
x

/O
 

o 
/0

 
(0

 
+

8
 

)/
0

 
<5 

/0
 

D
IS

PL
A

C
E

M
E

N
T

 
A

M
PL

IT
U

D
E

, 
IN

. 
s
h

e
a
r 

fl
e
x

 
sh

e
a
r 

sh
e
a
r 

0
.4

 
0

.7
8

0
 

0
.0

2
9

 
0

.8
0

9
 

0
.0

3
7

 

0
.8

 
0

.9
0

1
 

0
.0

4
4

 
0

.9
4

5
 

0
.0

5
3

 

1
.2

 
0

.9
0

5
 

0
.0

4
8

 
0

.9
5

3
 

0
.0

6
0

 

1
.6

 
0

.9
8

9
 

0
.0

5
4

 
1

.0
4

3
 

0
.0

8
0

 

2
.0

 
0

.9
7

0
 

0
.0

5
3

 
1

.0
2

3
 

0
.0

8
0

 

0
.8

 
0

.9
2

6
 

0
.0

5
2

 
0

.9
7

8
 

1
.6

 
0

.9
5

6
 

0
.0

5
5

 
1

.0
1

1
 

2
.4

 
0

.9
3

4
 

0
.0

5
4

 
0

.9
8

8
 

3
.2

 
0

.8
4

5
 

0
.0

5
3

 
0

.8
9

8
 

-

CD
 

N
 



83 

TABLE 4.6 LATERAL DISPLACEMENT COMPONENT DUE TO PLASTIC 
HINGE ROTATION 

LATERAL DISPLACEMENT °pH 
t 

SPECIMEN 
AMPLITUDE 

IN. IN. 

0.4 0.023 

0.8 0.053 

0.91 (=0 ) 0.068 
10 Y 

1.2 0.225 

1.6 0.630 

2.0 0.885 

0.6 0.030 

0.83 (=0 ) 0.045 
Y 

11 1.2 0.105 

1.8 0.705 

2.4 1.463 

(see Fig. 4.18.b) 

x = 60 inches 
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TABLE Sol EXPERIMENTALLY MEASURED VALUES OF THE 
PARAMETERS IN MATHEMATICAL MODEL 

TRANSVERSE 

AXIAL LOAD, N REINFORCEMENT F 0 ON Ps y y 
SPACING, s 

KIPS IN. KIPS IN. IN. -

3. 0.24 

60. 27.7 0.69 2.39 

50 0.36 

3. 0.36 

120. 35.5 0.90 1. 70 

5. 0.54 

3. 0.48 

180. 39.8 0.91 1.18 

5. 0.72 

S 

-

0.00l3 

0.0038 

0.0063 

0.0088 

0.0115 

0.0140 
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FIG. 1.1 CRITICAL REGIONS THAT MAY BE 
DEVELOPED IN A REINFORCED 
CONCRETE FRAME [6] 
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(a) UNLOADED SPECIMEN 

(b) POSSIBLE TEST SET- UP FOR THE SPEC~MEN 

(C) IDEALlZED TEST SET - UP 

FIG. 2.1 POSSIBLE AND ;DEAL~ZED TEST SET-UPS 
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7
1
6"--1116" TYpr 

I . 

0-0-0 

I ! I 
0- 0 - 0 --li15EEtaE2t1I!EEB£ITZ3ffi~~~E~fi- 0 - 0 - 0 

I I 
/ D 

-..... 
HYDRAULIC 
ACTUA70R 
ASSEMBLY 

0-0-0 

I / 

! L 235 K. ACTUATOR 
L28::J K. L8AD CELL 

0-0-0 

: I 
0-0-0 

I 

jREINFORCED C8:~CRETE 
BLOCK 

0-0-0 ~ 

LSlhl TYPJ 
(0) THE TEST SET - UP 

LATERAL FORCE, F AND 
LATERAL DISPLACEMENT, 8 

I ~ t. 
AX IAL FORCE, N 

(b) SCHEMATIC REPRESENTATION OF SPECIMEN LOADING 

FIG. 2.6 TEST SET- UP AND SCHEMATIC 
REPRESENTATION OF SPECIMEN LOADING 
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FIG. 2.7 INSTRUMENTATION 

I I 

I" 5' 5' 
-----j -- ---t-- =---------j 

I 

~VDT 4 I 
, 

LVDT 2 I LVDT B LVjT 6 

LVjT 10 

i 
, I ~ 18" 

I 
L LVDT 9 

1 CLIP~' 0 

GAGE 1. '~ 

CLIP // 
GAGE 2 0 0 

.-/ 

LV:>T 7 ~VDT 5 ~VDT 3 

ZONE 4 ZONE 3 

ZO.'IIE 2 ZONE I 

FIG. 2.8 NOMINAL LOCATIONS OF INSTRUMENTATION 



1/2")( 1/2")( 2" STUD 
FOR MOUNTING LVDT'S 

93 

o 

~----12"----~ 

FIG. 2.9 INSTRUMENTAT!ON FRAME 

l"xl"xl/8" 
ALUMINUM 
TUBE 



94 

h 

B= (L-LT)-(L-L a) 
r 

,+.. _ e 
~AVE. - T 

FIG. 2.10 MEASUREMENT OF RELATIVE 
ROTATION AND AVERAGE CURVATURE 

YAVE. 

-~----
f 
h 

1 
2bh 

(6. 1+6. 2) j b 2: + h2 

YAVE. = 

FIG.2.11 MEASUREMENT OF AVERAGE: 
SHEAR DEFORMATION 
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b = 12" 
D = 12" 
d = 9.94" 
d ' = 2.06" 
As= A~= 1.2 SQ. IN.; P = p'= 0.01 
b"= 9.5"; p": 0.0154 FOR S: 3" 

fy : 55200 PSI 
Ey : 0.00197 
E s : 28500 KSI 
E SH : 0.01390 
ESH : 915 KSI 
f MAX : 85600 PSI 

.......... --'------- E S 
Ey ESH 

( b) 

f I 
C 

_ ,[ 2EC (EC)2] 
fc -fc E;-- 70 

UNCONFINED 
SECTION fc :f~[I-.uc(EC-Eo)] 

0.85 f ~ ~-+------'I 
CONFINED 
CORE-SECTION 

0.50 f ~ ~~-----..,-------........ 

~------~-~------~~~----- Ec 

( C) 

fc: 4470 PSI 
f t : 455 PSI 
EC=3190KSI 
EO: 0.0028 
E~s = 0.0040 
EULT = 0 0100 

* c ES:Jc= 0.0236 
*.u e = 23 FOR S=3" 

* AS DEFINED BY PARK, 
ET. AL. [21] 

FIG. 3.1 CROSS-SECTION GEOMETRY a IDEALIZED 
MATERIAL PROPERTIES USED IN DEVELOPING 
THE INTERACTION DIAGRAMS 
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STRAINS FORCES 
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~~~------~+-----------~-+-N 

(0) CONDITIONS AT YIELD OF TENSILE REINFORCEMENT 

us I Ec= E c = 0.0040 
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-1~--------~~--·C~ 

~~~-------F+-----------~~N 

,.+.,US 
't" = 0.0040 IC 
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(b) CONDITIONS WHEN E = E US 

c c 
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~~~ ________ ~~C~ 

(c) CONDITIONS WHEN £ = E ULT 
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FIG.3.2 DEVELOPMENT OF THE INTERACTIONS 
DIAGRAMS 
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FIG. 3.3 CALCULATION OF LATERAL LOAD AND 
DISPLACEMENT AT YIELD 
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(b) CYCLIC AVERAGE CURVATURE DUCTILITY FACTOR 

FIG.4.16 DEFINITIONS ON CYCLIC DUCTILITY FACTORS 
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(a) INCREASE IN fj,w 
DUE TO STRENGTH 
DEGRADATION (AI >A 2 ) 

DiSPLACEMENT 

By 

(b) ENERGY DISSIPATED BY 
STIFFNESS DEGRADING 
MODEL [33] 
fj,w c = 2 F; (8-8 y ) 

D ~ 5 P l A'C E MEN T 

8, S 
DISPl ACE lO1ENT 

(c) ENERGY MEASURE OF THE 
MONOTONIC LOADING FORCE
DISPLACEMENT RELATIONSHIP [34] 
WII:F;8

2
/28 y 

W2 = F: 8/2 

W3 I: F;(8 - 8'1/2) 

FIG.4.29 VARiOUS DEFINITIONS ON THE STUDY OF 
ENERGY DISSIPATION CAPACITY 
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APPENDIX 

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