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A B S T RAe T

The behavior of reinforced concrete columns subjected to

cyclic reversed deformations was studied. The results of an

experimental investigation (eleven tests) conducted as part of

the study were combined with the results of tests conducted

elsewhere to provide a basis for the development of a guide for

classifying and predicting the behavior of columns subjected to

load reversals.

The eleven columns tested had one end translated bilater

ally with respect to the other. Both ends were rotationally

restrained. The columns were deflected alternatively along

diagonals to introduce bidirectional forces onto the column. The

test program is the first reported investigation of short columns

in which the specimens were loaded along two orthogonal axes and

in which the amounts of longitudinal and transverse reinforcement

were varied. The variation of longitudinal and transverse rein

forcement, axial load, and loading history provided a test

series in which a wide range of column behaviors were observed.

The wide range of behavior provided a basic understanding of

column response from which other test results could be evaluated.

Based on the test results studied, a predictive guide was

developed. The guide provides a rationale for understanding

column behavior under cyclic loading conditions. The guide,

through the use of several quantitative criteria, permits the user

to understand the parameters which most affect column behavior.

The probable behavior of a column is described for cases where the

column geometry is given. Many concepts regarding column behavior

which appear to be unconnected are presented in an organized
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fashion to illustrate that different behavioral modes are highly

interrelated.
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C HAP T E R I

INTRODUCTION

1. I Overview

The purpose of the investigation is to develop guidelines

for describing and predicting the behavior of short reinforced

concrete columns subjected to cyclic reversed deformations. The

guidelines are presented in the form of a flowchart. The flow

chart encompasses a broad range of behavior and the factors

which influence the behavior. The end result is a unified approach

to classifying and describing the hysteretic behavior of short

reinforced concrete columns.

Eleven short columns were tested in the investigation.

The majority of the columns were subjected to cyclic deformations

applied along two orthogonal axes (bidirectional). A constant

compressive axial load was also applied to the majority of the

columns. The columns were intended to exhibit either a flexure

or shear dominated hysteretic behavior. Flexural behavior in its

best form is characterized by load-deflection loops which are

open and show little loss of load with cycling at peak deflections,

Fig. l.la. Shear behavior is characterized by load-deflection

hysteresis loops which exhibit a narrowing near zero load

(pinching) and show a degradation of load with cycling at peak

deflections, Fig. l.lb. Flexural behavior is the more desirable

type of behavior in earthquake design. It has an almost constant

post-yield load capacity and a larger energy dissipation capacity

compared to shear behavior. The transition from a flexural

I



Flexural Behavior
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DEFLECTION DEFLECTION

Shear Behavior

(b)
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Fig. 1.1 Load-deflection behaviors



3

behavior to a shear behavior in short columns has not been

previously studied, but it is assumed that the transition is

gradual rather than abrupt.

The ratio of the column flexural to shear capacity was

initially used to provide guidance as to the relative dominance of

one type of behavior over another. The capacities were computed

using the provisions of the 1977 ACI Building Code [17], but the

capacities were taken as reflections of probable dominance and not

as direct determinants of behavior. Behavioral characteristics

observed in the eleven column tests could not be categorized

easily using the computed shear or flexural capacity. As a result,

short column tests reported by Japanese investigators were re

viewed to develop quantitative guidelines for determining the

behavioral characteristics of short columns.

1.2 Background

Columns governed by shear behavior should be avoided in

seismic design because of their poor load-deflection characteris~

tics. However, short columns are sometimes incorporated into

structural systems either purposely or as the result of structural

changes not considered in the original design. Post-earthquake

damage reports from several earthquakes have mentioned shear

failures in columns with small clear height-to-gross depth ratios

(1 /h). A small ratio (less than 4) defines the column as short
c

for the purposes of this report.

The short columns in the first three levels of the

Macuto-Sheraton Hotel in Caracas, Venezuela, were an example of

purposely short columns. The columns had a clear height-to gross

depth ratio of about 4, and large framing members at each end.

Several of the columns suffered shear failure in the 1967 Caracas

earthquake [97].
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"Captive" columns are the usual type of unintentional short

column and may occur more frequently than purposely designed short

columns. The term "captive" column is applied to columns where the

bare frame clear height is reduced by structural elements that are

stiff and limit the deformation of the column over a portion of

its length. Figure 1. 2 illustrates a "captive" column. The prin

cipal problem with "captive" columns in the past has been the

tendency to design the column on the basis of bare frame dimensions

and ignoring the effect of stiffening elements which are consid

ered "nonstructural". The design of a "captive" column for a

shear capacity based on bare frame dimensions can be unconserva

tive for the case of a laterally loaded structure (seismic action).

Figure 1.3 depicts a rotationally restrained member subjected to a

lateral translation. The shear force required to equilibrate the

system is proportional to the moment and inversely proportional to

the length. Expressed in another way, the shear introduced into a

fixed end elastic member by a lateral translation is

(1. 1)

where E is the member's modulus of elasticity, I is its cross

sectional inertia, &is its lateral translation, and L is its

length. Thus, a length reduction increases the shear stiffness of

the member resulting in an increased imposed shear force. In a

"captive" column, the length of the column is reduced compared to

its length in the bare frame. The length reduction results in an

increased imposed shear force on the column which is not accounted

for in the design. Shear failures of "captive"'columns were

reported in both the 1968 Tokachi-Oki earthquake in Japan [lOJ and

the 1972 Managua earthquake in Nicaragua [llJ.
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The significant aspect of short columns compared to longer

columns is the high shear forces required to fully develop the

flexural capacity of the member. Past investigations of members

loaded cyclically with high shear forces [4,5,6J show that the

hysteretic load-deflection loops exhibit deterioration of member

stiffness and degradation of load capacity. The previous investi

gations have not developed behavioral models which describe the

cyclic load-deflection relationship of members exhibiting shear

dominated behavior. The study of shear dominated hysteretic

behaviors [5,8,9) has emphasized detailing methods and establish

ing shear stress limits to preclude shear dominated behavior. A

behavioral model for shear dominated behavior is necessary to

properly analyze and design structures which contain members

developing high shear forces.

Analytical studies using behavioral models developed from

unidirectional tests have been done to determine the response of

reinforced concrete frames subjected to two-dimensional ground

acceleration [1,2,3J. Such studies indicate that for ductility

requirements greater than about 2 the effect of bidirectional

excitation was to increase the response displacement of structures

compared to the response from combining the displacement obtained

from unidirectional analyses for each plane. These results point

to the need for behavioral models which account for the effect of

bidirectional deformations. Such models would permit more realis

tic analyses of reinforced concrete structures.

1.3 Outline of Investigation

The current study is part of a larger project investigating

the behavior of reinforced concrete frame elements subjected to

cyclic bidirectional deformations. The emphasis is on the behavior

of frame elements under conditions of high shear stress. Beam

column joints and short columns are the frame elements under study.
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The investigation reported herein is devoted exclusively to short

columns:.

The unique aspect of the project is the inclusion of

bidirectional deformations. Unidirectional deformations have been

used in most past studies. The reversed cyclic deformations

reflect the general nature of seismic action, but the deformations

are applied slowly to obtain a clear picture of member behavior

without introducing the additional complexity of dynamic loading

effects. Ground accelerations are three-dimensional in nature

and their action on a frame member are better represented using

bidirectional rather than unidirectional deformations.

The first investigation on short columns in The University

of Texas at Austin program was reported by Maruyama [14]. The

principal objective was the development of a behavioral model

which accounted for the effects of deformation path on the

response of the column. Deformation paths included in the study

ranged from unidirectional deformations along only one axis to

complex paths involving movement along the diagonals of the column.

No axial load was applied to the columns. The information pro

vided an initial step in the development of the analytical tools

necessary to properly represent the effects of multidimensional

loadings on short column response.

Additional tests were conducted to study the effect of

axial load, especially tensile load, and were reported by

Ramirez [15]. Both unidirectional and bidirectional loadings were

included. The results of the investigation provided insight into

the behavior of short columns subjected to varying axial load.

The applied axial loads ranged from constant tension or compression

to reversals of axial load as the column was deformed laterally.

The columns reported by Maruyama and Ramirez were identical

and purposely underdesigned in shear according to the provisions
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of the 1971 ACI Building Code [16]. The Code was used as a guide

to the design of the specimens. The load-deflection curves for the

test columns revealed a degrading hysteretic behavior. The load

and the stiffness were severely reduced with cycling. For this

reason, the behavior was considered to have been controlled by

shear.

One of the desired objectives of the overall study of short

columns is to develop a behavioral model which encompasses the

range of behavioral modes exhibited by short columns. However,

before a complete behavioral model can be developed, the character

istics of the different types of behavior must be defined. In

addition, the parameters which affect behavior and how they affect

the behavior of short columns must be determined. Using the

results of the previous studies in which shear behavior was pre

dominant, the next step was to expand the study by including

other types of behavior.

The current investigation was initially aimed at obtaining

a response controlled by flexure. Flexural response is produced

if plastic hinges form at each end of the column and the hinges

do not exhibit deterioration with increased deformations and

cyclic reversals. The resulting behavior is represented by

hysteretic loops which exhibit little load loss with post-yield

deformations and cycling (stable hysteretic loops). Such stable

hysteretic behavior is the basis for the current design of columns

subjected to seismic actions. The provisions of design codes

such as ACI 318-77 [17] and the 1976 Uniform Building Code

(1976 UBC) [18] state, explicitly or implicitly, that the under

lying design assumption for columns is a stable plastic mechanism

with high deformational capacity.

Eleven short column specimens were designed and tested to

better define the parameters which determine the boundary between
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flexural and shear dominated behavior. The loading history was

kept constant and the reinforcing details were changed. Shear and

flexural capacity were altered by varying the amount of either the

longitudinal or transverse reinforcement in the columns.

The results of the eleven tests revealed a much wider

range of behavior than expected. The performance of the columns

was influenced by many parameters. Some of the parameters had

been identified in other investigations, but had not been fully

explored in a unified approach. In other investigations, only one

variable was studied and others were ignored. The observations,

conclusions, and recommendations of such programs are limited to

the effect of isolated parameters and, for columns especially,

no systematic categorization of behavior has been reported. The

need for a general approach to the classification of behavior for

short columns was realized after attempting to identify the

behavior observed in the columns of the current series.

Diagonal-tension, bond degradation, flexural distress) and

longitudinal bar buckling were observed in the current investiga

tion. No unified approach based on the characteristics of the

columns was available which adequately determined the factors

influencing behavior or the relative importance of the factors to

the observed column behavior.

1.4 Past Research

A review of previous research is presented in Appendix A.

The review emphasizes research related to the parameters influ

encing short column behavior. The parameters are the shear and

flexural resistance of the column, bond along the reinforcement,

confinement, bar buckling) and loading history. The review empha

sizes the need for a unified method for determining column

behavior. The past research is fragmented into essentially single

variable studies with little or no consideration of the interaction
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of different variables. Pertinent aspects of the previous research

will be discussed in more detail in subsequent chapters.

1.5 Scope and Objective

The purpose of the investigation is to develop guidelines

for describing and predicting the behavior of short reinforced

concrete columns subjected to cyclic deformations.

A series of eleven short columns were tested to explore

the behavioral changes as a result of altering the amounts of

longitudinal and transverse reinforcement. The variation of rein

forcement was undertaken to change the relative dominance of the

flexural resistance characteristic to the shear resistance charac

teristic of the column. The results of the tests showed a wider

range of behavioral characteristics than was expected. Additional

short column test data were obtained from Japanese investigators

and used to more fully define the behaviors exhibited in the

current tests.

1.6 Organization

In Chapter 2, the design of the test specimens used in the

current investigation is discussed. The load history and deforma

tion path are presented. A discussion of nomenclature for specimen

identification is presented.

In Chapter 3, the load system, test equipment (instrumenta

tion), computerized load control system, and data acquisition

system developed in the previous investigations and used in the

current investigation are reviewed. The methods of data reduction

are also discussed.

In Chapter 4, a detailed description of the performance of

each specimen during testing is presented. Pictures of the
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specimens at various stages during the tests are presented. Load

deflection curves for each specimen are also provided.

Comparisons of the results from the tests of the current

investigation are described in Chapter 5.

The predictive guide is presented in Chapter 6. The guide

is quantitative and is based on tests conducted elsewhere in addi

tion to the tests of the current investigation.

In Chapter 7, a summary of the important aspects of the

preceding chapters is presented. The significant conclusions and

a discussion of needed future research is included.



C HAP T E R 2

LOADING HISTORY AND TEST SPECIMEN

2.1 Introduction

The general configuration of the test specimen was identical

to that used in the previous two investigations (Maruyama [14} and

Ramirez [15}). Identical configurations maintained the continuity

between the investigations in the project. Similarly, the choice

of loading history and deformation path was limited to those which

had been previously used in the project. Continuity between

investigations provided an enlarged data base and one in which

parameters were carefully varied.

The specimen designs for the current investigation are

presented. The loading history and deformation path used in the

current investigation are discussed. A system for identifying

the test specimens is presented to aid in the discussion of the

test results. Fabrication details are not presented herein

because they have been fully documented by the previous investi

gators [14,15} and have not been altered for the current invest

igation.

2.2 Loading History and Deformation Path

The current investigation is the third in a series of

studies on short columns. The results obtained from the investi

gation expands the data base created by the previous two investi

gations. In the first investigation [14}, the effect of deforma

tion path was studied. No axial load was applied to the specimens.

13
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In the second investigation [15], the effect of axial load on the

hysteretic behavior of the column was studied. Two of the

deformation paths explored in the first investigation were uti

lized. The selection of loading history, deformation path, and

axial load in the current investigation was limited to cases

which had been explored in the first two investigations.

Loading History--In the investigations conducted by

Maruyama and Ramirez, the deformations were cyclically reversed

between incrementally increasing deflection limits. Within each

deflection limit the specimen was cycled three times. The first

deflection limit was based on the load-deflection response of a

unilaterally loaded specimen tested by Maruyama. The first

deflection limit was the observed deflection at the point of

yielding in the column longitudinal reinforcement. This deflec

tion was then used in all subsequent tests in the previous investi

gations. Higher deflection limits were multiples of the deflec

tion established at yielding in the unilateral test. The deflec

tion limits and number of cycles at each level were not changed

between investigations for reasons of continuity and comparison.

Deformation Path--The principal deformation paths used

by Maruyama are shown in Fig. 2.1. Deformation path d in Fig. 2.1

(diagonal bidirectional) was selected for the current investiga

tion. Maruyama reported that degradation of the load-deflection

response for the diagonal bidirectional deformation path was

greater than that for deformation path c in Fig. 2.1, but much

less than for the excessively severe square path (Case e,

Fig. 2.1). The square deformation path caused such rapid degra

dation of the column response that it would be difficult to

observe behavioral changes as a result of other variables.
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It seemed that the diagonal bidirectional deformation path was

a moderate path, not the least severe but also not the most

severe with regard to degradation of strength and stiffness.

In addition, the diagonal deformation path would cause simul

taneous bending about two axes (bilateral bending) of the

column. Bilateral bending was considered to be a better repre

sentation of the effect seismic action produces on the columns

in a frame structure. Figure 2.2b shows the deformation paths

of a corner column in various structures (Fig. 2.2a) subjected

to a two-dimens ional ground acceleration, [12J. The paths were

determined analytically. The arrows in Fig. 2.2a show the

general direction of the column movements. It is clear that the

movement of the columns does generally involve bilateral effects.

A schematic of the diagonal bidirectional loading history is

shown in Fig. 2.3.

Axial Load--Ramirez [15J examined the effect of constant

tensile or compressive axial load and alternating tensile and com

pressive axial load. Only one compressive axial load (120 kips)

was used. A loading of 120 kips (830 psi on the gross area of

the column) was based on the results of a survey done in Japan

on the mean axial stress in columns of existing buildings [89J.

The mean stress was about 400 psi with a maximum stress of about

1000 psi. Ramirez reported that the effect of compressive axial

load was to accelerate degradation of the load-deflection curve

after the maximum load was achieved. The presence of a compres

sive axial load would appear to be more representative of the

loads generally present on a column in a structure. For these

two reasons the specimens were tested with an applied compres

sive axial load of 120 kips.

Variations--Three of the short columns were tested
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differently than previously described. In one test, the only

difference was that no axial load was applied to the column.

Another test had no applied axial load and was deformed along

a diagonal to a large lateral deflection. It was then returned

to its original position. The test was essentially a half cycle

test with no applied axial load. The third test had an applied

axial load and was cyclically deformed. The cycling, however,

was done between only one very large lateral peak deflection.

These three tests provided useful comparisons to the rest of the

short column tests.

2.3 Series Design

2.3.1 Overview. The overall objective of the investiga

tion (Sec. 1.5) was to develop a gUide to describe and classify

short column hysteretic behavior. A broad range of behaviors

was desired in the test series to make the classification guide as

general as possible. The column behaviors were expected to range

from a nearly flexural behavior (stable, open load-deflection

loops) to an extremely brittle diagonal tension failure. Shear

dominated behavior (pinched, unstable load-deflection loops)

would occur between the flexural behavior and the diagonal tension

failure.

Prior to the investigation it was hypothesized that the

behavioral mode exhibited by a short column was primarily a func

tion of the ratio. of flexural resistance to shear resistance.

If the shear resistance was very much greater than the flexural

resistance then shear effects would be minimal and a predominately

flexural behavior would result. Conversely, if the flexural

resistance was very much greater than the shear resistance then a

predominately shear behavior would result, the extreme being a
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diagonal tension failure. The design of the test series was based

on altering the ratio of the flexural to shear resistance of the

column.

Shear Resistance--The mechanism of shear resistance in a

reinforced concrete member is not well understood. However,

based on past research, it is generally agreed that the ultimate

shear resistance is greatly enhanced by the inclusion of web

(transverse) reinforcement. The shear provisions of the 1977 ACT

Building Code [17J suggest that the increase in ultimate shear

resistance between a beam with and a beam without web reinforce

ment is proportional to the area and yield strength of the rein

forcement crossing the shear cracks. This observation is based

on the results of a large number of monotonic tests on beams.

The beams were largely simply supported and loaded on the compres

sion face. By varying the spacing of the web reinforcement,

the area of web reinforcement crossing a shear crack is varied.

Flexural Resistance--The flexural resistance of a rein

forced concrete member is reasonably well defined. The techniques

for its computation are available and produce results which agree

quite well with test results. The ultimate flexural resistance of

an, underreinforced member is primarily a function of the amount

and strength of the longitudinal tension reinforcement. An

underreinforced member is one in which the tension steel yields

before the concrete crushes. The variation of flexural resistance

can be accomplished by altering the amount of longitudinal rein

forcement.

2.3.2 Specimen Design. Two approaches were used to vary

the ratio of shear resistance to flexural resistance. The first

was to vary the amount (spacing) of transverse reinforcement

while keeping the amount of longitudinal reinforcement constant.

The second approach was to vary the amount (bar size) of
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longitudinal reinforcement while keeping the amount of transverse

reinforcement constant. The test specimens were designed in two

series. The amount of transverse reinforcement in each series

varied, while the amount of longitudinal reinforcement was kept

constant. The two series, however, had a different amount of

longitudinal reinforcement. In one series, the column section

contained eight #6 bars (three in each face) uniformly arranged

around the section (86 series). The other series had eight #4

bars (84 series) rather than #6 bars.

General Specimen Configuration--The geometry of the speci

mens tested by Maruyama and Ramirez is shown in Fig. 2.4. The

column was bounded at each end by large blocks (heads) 'cast mono

lithically with the column. The heads served two functions:

(1) a means of adequately anchoring the column longitudinal bars,

and (2) enabling the column to be attached to the loading system

so that the column could be loaded in three axes simultaneously.

The dimensions of the column represent a 2/3-scale model

of a prototype column. The prototype column had an 18 in. x 18 in.

cross section, eight #9 bars as longitudinal reinforcement, #3 bars

for ties and a cover ,of 1-1/2 in. A 2/3-scale model, thus, gives

a cross section of 12 in. x 12 in., eight #6 bars as longitudinal

reinforcement, #2 bars for ties, and a cover of 1 in. Because it

is a model, the 1 in. cover on the specimen satisfies the cover

requirements of the ACI Building Code. The capacity computations

for the column were based on the actual dimensions of the column

specimen and not the prototype column. The columns tested by

Maruyama and Ramirez had a length of 36 in. and a 12 in. x 12 in.

cross section. The longitudinal reinforcement consisted of eight

#6 bars uniformly spaced around the column section. The ties were

6 rom bars spaced at 2.57 in. along the column length.
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86 Series Specimens--The series of specimens with eight #6

longitudinal bars (86 series) is the basic series and includes a

larger number of specimens than the 84 series, because it is more

directly comparable to the specimens of the previous investigation.

The prime variable is the spacing of the ties in the column. The

principal effect of varying the spacing is to vary the shear

resistance of the specimen. The tie spacing of 2.57 in. used in

the previous investigations is taken as the reference spacing

because the results of tests with such a spacing showed that the

column had degrading hysteretic behavior (shear dominated). Thus,

it is necessary to use a smaller spacing to achieve a flexural or

stable behavior and a larger spacing to produce rapid degradation

as in a diagonal tension failure.

One specimen in the 86 series was deformed through only a

half cycle and had no applied axial load. It,was deflected to a

high peak deflection and then returned to its original position.

Another 86 series specimen was cyclically deflected between a

high peak deflection with no cycling at intermediate deflections.

A 120 kip constant compressive axial load was applied to the

column. Both were deflected along a diagonal of the column and

both specimens had a tie spacing of 2.57 in. The two tests pro

vided useful information for comparing the effect of cycling at

intermediate peak deflections versus cycling at very high peak

deflections. The test with no axial load was directly comparable

to Maruyama's test series, while the specimen with axial load

was directly comparable to the current series. The two tests

were also directly comparable for the effect of axial load.

The tie spacings were selected to obtain as wide a range

of expected behavior with as few tests as possible. Five tie

spacings were considered sufficient to bound the behavior range

of the specimen. Two spacings larger and two spacings smaller
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than the 2.57 in. spacing used previously appeared to provide

sufficient variation. The small tie spacings (less than 2.57 in.)

were selected with the objective of ensuring a flexural failure

of the column. The provisions of Appendix A of the 1977 ACI

Building Code [17] were used as a guide to designing the trans

verse reinforcement.

Most of the columns in the current investigation were

subjected to a constant compressive axial load of 120 kips. The

columns were deflected along their diagonals which introduced

bilateral bending to the columns. A computer program was devel

oped to obtain the axial load versus moment diagram of the bi

laterally loaded column. The program is described in Appendix B.

The results from the program agreed quite well with results ob

tained from other published methods. The interaction curves

for bending about two different axes are shown in Fig. 2.5.

The curves are for an 86 series column because it is used as

the basis for designing the transverse reinforcement. One axis

is perpendicular to the side faces (unilateral) and the other

axis is oriented 45 degrees to the side faces (bilateral).

The axial loads and moments on the curve do not include capacity

reduction factors.

Two sections of the 1977 ACI Building Code Appendix A

(seismic design provisions) were used as a guide to the design of

the transverse reinforcement. One section (A.5.9) requires that

the shear (transverse) reinforcement must be designed to resist a

condition of "plastic hinges at ends of members produced by lateral

displacement." The other section (A.6.5) requires that confine

ment reinforcement be provided if the ratio of the applied axial

load to the axial load at balanced strain conditions exceeds 0.4.

The application of these two provision to the diagonally loaded



p= 120 kips

Moment
@A = 1245 kip-in.
@B = 1355 kip-in.
@C = . 990 kip-in.

BILATERAL

UNILATERAL

86 Series Specimen

",,
\,
I

I

A / B
----Jl-

/
..-:

~
~

a·• •
••

-....--... ....
" ....

~

60 ksif

ff = 5000 psi
c

01 300 660~ 1200 15'00 18'00

MOMENT (kip - in )

900

300

..J« 150
- I
><«

- 600(I)

0
~
- 450
o
<5 300
..J

Fig. 2.5 Axial load VB. moment interaction curve

N
\Jl



26

column is described in Appendix C. The tie spacing to meet each of

the two provisions of Appendix A (ACI Code) was about 0.5 in.

A tie spacing of 0.5 in. was impractical for the fabrica

tion of reinforcement and placement of concrete. A 1-1/8 in.

spacing was selected as the lower limit on tie spacing. Two speci

mens with eight #6 longitudinal bars and a tie spacing of 1-1/8 in.

were tested. One had a 120 kip constant compressive axial load

applied to it and the other did not. By comparing the behavior of

the two specimens it was anticipated that some indication of

the applicability of the Appendix A (ACI Code) provisions would

be obtained.

The upper limit on tie spacing was chosen to be 12 in. A

12 in. spacing provided negligible shear capacity due to trans

verse reinforcement. As a result, the behavior was expected to

be much more brittle than the specimens with the 2.57 in. tie

spacing. The 12 in. spacing met the ACI Building Code provisions

for lateral reinforcement for compression members (ACI Sec. 7.10)

and provided enough ties to fabricate a reinforcing cage which

would hold its shape during construction and casting.

One specimen was fabricated with a 2.57 in. tie spacing

which was based on the previous investigations. Specimens with

a tie spacing of 2.57 in. exhibited a hysteretic behavior which

degraded fairly rapidly. The behavior was taken to represent a

condition between diagonal tension failure and stable hysteretic

behavior. Two additional tie spacings were selected. In one

specimen, a 1-3/4 in. spacing was used to provide a value between

1-1/8 in. and 2.57 in. and another specimen had ties at 4 in. to

provide a value between 2.57 in. and ~2 in.

One additional specimen was tested which contained #6 bars.
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It was a spirally reinforced column with ten rather than eight #6

bars. The reinforcement of this specimen excluded it from con

sideration in the current investigation. A description of its

design, fabrication, testing, and results can be found in

Ref. 91.

84 Series Specimens--The specimens of the 84 series

contained eight #4 bars as longitudinal reinforcement rather than

eight #6 bars as in the 86 series. No.4 bars were used because

they were an even 2/3-scale of a #6 bar in the prototype and bars

larger than a #6 bar provided too large a flexural capacity.

Individual specimens in the 84 series had similar tie spacings to

specimens in the 86 series in order to make direct comparisons of

the effect of flexural capacity on member behavior. Three speci

mens were tested in the 84 series to examine the influence of

reduced flexural capacity. Of most interest was the change in

behavior from degrading to nondegrading hysteretic load-deflec

tion loops. The transition was expected to occur between the

specimens with tie spacings of 2.57 in. and 1-1/8 in. Therefore,

the three 84 series specimens were fabricated using th~. small

tie spacings of the 86 series in order to explore the expected

transition region.

2.4 Description of Test Specimens

Eleven specimens are included in the current investiga

tion; eight specimens in the 86 series (#6 longitudinal bars)

and three in the 84 series (#4 longitudinal bars). The tie

spacings in the 86 series range from a low of 1-1/8 in. to a

high of 12 in., as shown in Fig. 2.6. The specimen with the

12 in. spacing was expected to exhibit an extremely brittle diag

onal tension failure, while the specimen with no axial load and
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a tie spacing of 1-1/8 in. was expected to exhibit much more

stable load-deflection curves than the specimens tested in the

previous investigations.

The tie spacings of the specimens in the 84 series ranged

from 1-1/8 in. to 2.57 in. The three specimens of the 84 series

had the same tie spacing as three of the specimens in the 86

series, so that comparisons for the effect of longitudinal steel

could be made. Details of the 84 series specimens are shown in

Fig. 2.7 and Table 2.1.

A description of the concrete and reinforcing steel prop

erties is given in Appendix D.

2.5 Notation

To simplify discussion of the test specimens, a notation

consisting of a four group code was established. The general form

of the notation is:

T - UV - W - X

T ~ level of axial load.

a no axial load

C ~ 120 axial compression

U number of longitudinal bars in the section

8 - eight longitudinal bars, or

10 - ten longitudinal bars (only used for the spiral)

v = longitudinal bar size

6 - #6 longitudinal bars

4 - #4 longitudinal bars



TABLE 2.1 TEST SPECIMENS

*Specimen Longitudinal Tie Spacing
Identifier Reinforcement (in. )

0-86-l4-DM 8- #6 Bars 2.57

C-86-14-DM 8- #6 Bars 2.57

0-86-32-D 8- #6 Bars 1.125

C-86-32-D 8- #6 Bars 1.125

C-86-21-D 8- #6 Bars 1. 75

C-86-14-D 8- 1f6 Bars 2.57

C-86-09-D 8- #6 Bars 4.0

C-86-03-D 8- #6 Bars 12.0

C-84-32-D 8- 1f4 Bars 1.125

C-84-21-D 8- #4 Bars 1. 75

C-84-l4-D 8- #4 Bars 2.57

Axial Load
(kips)

o
120

o
120

120

120

120

120

120

120

120

**Loading
History

'***Cyclic
***Cyclic

Cyclic

Cyclic

Cyclic

Cyclic

Cyclic

Cyclic

Cyclic

Cyclic

Cyclic

* Ties were 6mm bars.

** Deformation path was diagonal bidirectional.

*** Between large peak deflections only

N
\0
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W number of ties within the 36 in. column

3 12 in. spacing

9 - 4 in. spacing

14 2.57 in. spacing

21 1. 75 in. spacing

32 1.125 in. spacing

x loading history

D - cyclic along the diagonal, incrementally increasing
peak deflection limits

DM - cyclic along the diagonal, one large peak deflection
limit only

Example:

The specimen with ties at 2.57 in. and eight #6 longi

tudinal bars, subjected to the cyclic incrementally increasing

deflections, and a 120 kip compressive axial load is

C - 86 - 14 - D

The specimens listed in Table 2.1 are identified using this

notation.



C HAP T E R 3

LOADING SYSTEM, INSTRUMENTATION, AND DATA REDUCTION

3.1 Introduction

A description of the load frame and hydraulic system used

to load the specimens is presented in this chapter. The instru

mentation used to monitor the displacements, loads, and strains is

described. The computer-based load-control and data acquisition

systems is described. The manner in which data were processed and

presented are explained.

Additional discussion of the loading system and instrumenta

tion is presented in Refs. 14, 15, 92, and 93, which reported on

the earlier investigations. Much of the design and fabrication

of the loading system and instrumentation used in the current

investigation was developed in the previous two investigations.

3.2 Loading System

Reaction Frame--The deformation path imposed on the specimen

required the simultaneous action of loading rams acting in three

orthogonal directions (Fig. 3.1). The complexity and capacity of

the loading system necessitated the construction of a permanent

test facility--the reinforced concrete floor-wall reaction system

(reaction wall) shown in Fig. 3.2 and fully described in Ref. 94.

As can be seen, the reaction system consists of a structural tie

down floor and two orthogonal buttressed walls. The walls provide

the reaction to rams loading the specimen horizontally in two

directions while the floor provides a means of anchoring the

33



34

Fig. 3.1 Principal loading directions
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reaction frame for the axial or vertical load applied to the

specimen.

A picture of the actual test frame and hydraulic rams is

shown in Fig. 3.3. The key elements of the loading system in the

picture are the reaction wall, the test frame anchored to the floor

to resist the axial load, and the hydraulic rams.

Hydraulic System--The hydraulic system is made up of two

separate components. The first subsystem is the closed-loop

hydraulic system which controls the three active load components.

The second subsystem is separate from the first and is composed of

interconnected hydraulic rams whose only function is to restrain

the specimen ends from rotating during loading.

The closed-loop hydraulic system has three rams, three

accumulators, and a central hydraulic pump. The rams--one for

axial loading, the other two for lateral loading--are servo

controlled. The feedback to the servo controller is the output of

either a load cellar a deformation transducer. One accumulator

was used for each ram to control oil pressure and reduce oil vol

ume surges in the hydraulic lines. The three loading rams and

their relation to the specimen are shown in Fig. 3.4. The axial

ram has a static load capacity of 300 kips and a piston stroke of

6 in. It was attached to the vertical reaction frame and the upper

loading head on the specimen. The two lateral rams each have a

static load capacity of 150 kips and a piston stroke of 12 in.

The lateral rams were attached to the reaction wall and the upper

loading head of the specimen.

In Fig. 3.4 the specimen is shown to be bounded at each

end by a loading head which is a welded assembly of structural

wide flange members. The specimen was attached to the loading head

and base by passing eight high-strength threaded rods through both



Fig. 3.3 Test setup
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the loading head and the concrete end block. Nuts are threaded on

each end of the rod and tightened, clamping the head to the end

block. A gypsum cement was placed between the loading head and

end block prior to tightening to ensure a smooth bearing surface.

The base head is bolted to the test slab while the upper crosshead

is free to translate in any direction.

The test column represents a column bounded by very stiff

framing elements. It is desired that the column ends only trans

late to better model the condition of a fixed end member. Rotation

of the ends of the member is restrained by a system of cross

coupled hydraulic rams shown in Fig. 3.5. The base very effec

tively restrains rotations of the lower end block of the speci-

men because it is anchored to the test slab. The upper block,

however, requires the positioning rams to restrain its rotation

during loading. The upper loading head acts as a lever to de

crease the load required in the rams to resist the rotation of

the upper end block.

The restraining system is composed of three pairs of rams.

There are two pairs of vertical rams to resist rotation in the

vertical plane and one pair of horizontal rams to resist any

tendency to twist (Fig. 3.5). Each pair is cross-coupled, as

shown in Fig. 3.6. The coupling of opposing cells in the rams

forces the rams to undergo identical movements. Both rams may

extend or retract equally, as in the case of a vertical trans

lation of the upper loading head. However, because of cross

coupling one ram in a pair cannot retract while the other ram

extends. The resistance to differential displacement restrains

rotation of the upper head. The three pairs of restraining rams

restrain rotation in any direction.

3.3 Instrumentation

Three types of measuring devices were used to monitor the

performance of the specimen during testing--Ioad cells, linear
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potentiometers (pots), and s train gages.

Load Cells--Load cells were mounted on each of the loading

rams and on one ram in each pair of restraining rams. The load

cells on the loading rams contained double bridges. One bridge

was used for data acquisition and the other was used as feedback

to the servo controller. Separate bridges were used to elimi

nate the possibility of having the data acquisition system inter

fere with the servo controller feedback signals. The signals from

the lateral loading rams were also plotted on x-y recorders.

Linear Potentiometers--In a potentiometer the output volt

age varies directly with the position of the slide rod. Twelve

potentiometers were used to monitor the deflection and rotation

of the specimen end blocks at the locations shown in Fig. 3.7.

The lateral deflections of the lower block were not monitored be

cause they were found to be neglibible. The method of mounting the

potentiometers is shown in Fig. 3.8. A bolted frame was built

around the specimen and cemented to the test slab and braced

against the axial load reaction frame to prevent movement. Welded

pipes on the frame members provide a means of clamping the potent

iometers to the frame and ensure proper placement of the pots. The

slide rods on the pots were spring-loaded and the rods rested on

metal plates glued to the specimen to allow for specimen movement.

The signals of two lateral potentiometers were used in con

junction with the load cell signals from the lateral loading rams

to drive two x-y recorders and to produce the load-deflection

curves along each of the two loading axes.

Strain Gages--Strain gages were attached to both tie and

longitudinal reinforcement to provide an indication of the effect

of external loading on the performance of the reinforcement.



Fig. 3.7 Linear potentiometer locations [141

43



44

metal
__ strip

pot
I__ J

welded
pipe

pot

angle
j"

30 1/2"

66 1/2"

-l
r

angle
lX21 Xl/4"

~ed
~quare 2"X2"

2

1 n r~'4

,

..---- -J-
~ ,-

specimen

I-!:::=.---==----:-:;:::---- --
loading base

-- --

r
L

Elevation

44"

1= specimen

If

I
1

44"

i
.1..

I metal
angle _ / I strip

I,
I
I

Plan view b) Arrangement of pots

a) Supporting Frame

Fig. 3.8 Linear potentiometer mounting frame [151



45

Strain gage locations are shown in Fig. 3.9 for a specimen with a

tie spacing of 2.57 in. Gages were placed on all four faces of

six ties and on the corner longitudinal bars at the intersection

of the column and the end blocks. As the tie spacing varied, the

ties were not at the same location in the column, so the gages were

attached to the ties closest to the locations described in Fig. 3.9.

The gages on the longitudinal bars were unaffected by tie spacing

and were in the same location for all specimens.

3.4 Computer-based Load Control System

The loading of the specimen and data acquisition are both

controlled through the use of a minicomputer. The operator issues

commands to the computer from a console at the test site. The

computer interprets the user commands and issues the proper instruc

tions to the servo-controllers and a VIDAR data scanner. A schematic

of the system is shown in Fig. 3.10.

The minicomputer acts as the manager of the system in that

it accepts commands, interprets the commands, operates the equip

ment necessary to fulfill the commands, monitors the condition of

the system, and records any data obtained from the VIDAR data

scanner.

The servo-controller acts on command from the minicomputer,

but carries out the command independently of the minicomputer. A

servo-controller directs the ram piston to extend or retract until

the command signal is matched by a feedback signal from the ram.

The feedback may either be load or deformation. A.s an example,

if a command signal is issued to a deformation controlled ram

then the servo controller will move the ram piston until the

feedback signal from the deformation transducer is equal to the

command signal. The servo controller will then keep the piston
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at that deformation until the command signal is changed. The

same concept is true for the case of load controlled rams. In

the current investigation the axial ram was load controlled

because a constant 120 kip load was to be maintained. The

lateral rams were deformation controlled because deflections and

not loads were applied to the column.

The VIDAR data scanner reads the analog signal from each

measuring device and converts it to digital voltage. The digital

voltage is transmitted to the minicomputer which then stores it on

a disk unit for later use. The VIDAR data scanner is started on

command of the minicomputer.

The advantage of the load control system was that precision

control of the ram movements and automatic data acquisition were

possible with very little direct intervention by the operator.

3.5 Data Reduction

Data reduction encompasses the entire process from the raw

digital voltages to finished plots or tables of the data in the

usual engineering units. The number of steps in the process varies

with the complexity of the data and the manipulations required to

arrive at the desired form of the data. In the current investiga

tion, an average of 24pOO,pieces of data were obtained in each

test. In one test alone, over 3~000pieces of data were recorded.

The manipulation and study of such a vast amount of data required

computer-based data reduction techniques. The nature of the tests

prompted an extensive use of plotted data rather than tabulated

data, because trends and characteristics are much easier to see in

plots.

The preliminary step in reducing the data is the conversion

of the digital voltages to more common engineering units such as
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kips and inches. Following this, the load cell readings for the

loading rams are adjusted to account for changes in loading

geometry during movement of the specimen. The rationale for the

adjustment is described in Appendix E. Particular data are then

isolated for additional manipulation and plotting. The most

common and informative plot from a cyclic test is the load versus

deflection relationships. In the current investigation, the

direction of deflection (loading) ~s not coincident with the

direction of data measurement because the specimen is deflected

along the diagonals. As a result, the measured data (load a~d

deflection)are~vectoriallysummed to obtain a load-deflection

relationship along the actual axes of deflection.

Once all the manipulations were done, the data were

plotted using a digital plotter. The load-deflection curves in

Chapter 5 are such plots. It should be noted, however, that the

load-deflection curves are smoothed curves in the regions of low

load. The low level signals of the load cells were disturbed by

interference, making it necessary to smooth the plotted curves

using the load-deflection curves obtained from the x-y recorder

plots. The smoothing was done manually using load values taken

from the x-y recorder curves. The x-y recorder plots were not

affected by the signal interference.





C HAP T E R 4

DESCRIPTION OF SPECIMEN PERFORMANCE

4.1 Introduction

Chapter 4 contains a description of the load-deflection

curves and crack patterns for each of the tests in the current

investigation. The description avoids any comparisons between

tests or explanations for the observed condition of the specimens.

The comparative studies and explanations are presented in Chap. 5.

For each test in the current investigation, load-deflec

tion curves are described and the observed condition of the test

specimen at certain times during the test is described using

pictures of the crack patterns. The strain gage data is not

presented in the descriptions of the column tests. The strain

gage data generally provided information confirming observations

made from crack patterns and load-deflection curves. Particularly

useful strain gage data is presented during comparisons in the

subsequent chapters. In many columns, the gages performed satis

factorily only during the first part of the loading history.

Abrasion of the gages by concrete moving across them and bar

yielding led to the loss of information from many gages. The

values of strain from the ties and longitudinal bar gages are

highly questionable. Bending of the ties due to core expansion

could produce very high strain readings which are not indicative

of the axial strains. Similarly, the longitudinal bar gages may

give readings which are significantly influenced by high shear

transfer forces across the ends of the column.

The measurements of lateral load and lateral deflection

51
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were taken along axes perpendicular to the faces of the column.

However, as shown in Fig. 4.1, the specimens were deflected along

axes parallel with the diagonals of the specimens. In order to

present load-deflection curves that represent the action of the

specimen along its deformation path, it is necessary to transform

the measurements obtained on one set of axes to equivalent values

on the diagonal axes. The required change in axes orientation

was shown in Fig. 4.2. Resultant loads or deflections are deter

mined by taking the square root of the sum of the squares of

the measurements, as shown in Fig. 4.3. The end result of the

transformation is load-deflection curves that represent the

action along the lines of movement. Cycles in the first and third

quadrants are considered to act along the first diagonal and

cycles in the second and fourth quadrants are along the second or

orthogonal diagonal, as illustrated in Fig. 4.4.

The lateral loads used in the load-deflection curves of

the 86 series specimens were normalized to reduce the effect of

differing concrete compressive strength between the tests. The

normalization was done by multiplytng the lateral loads by the

factor

j5000
f'

c

where f' was the concrete compressive strength of the test being
c

normalized. The relationv'fT was used because the 86 series
c

specimens were dominated by shear effects and bond effects.

Both of which are generally considered to be functions of Jf'
c

by the 1977 ACI Building Code [17], the ACI-ASCE Committee 426

report [49], and the ACI Committee 408 recommendations for

development length [84]. The factor (Eq. 4.1) was nondimen

sional and was intended to normalize the lateral loads to

represent a specimen with a concrete compressive strength of
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5000 psi, which was approximately the average strength of the

tests in the current investigation.

The specimens were cycled between the deflection levels

of 0.28, 0.57, 0.84, and 1.13 in. in practically every test. For

some specimens the test was continued to higher deflections. To

denote the four principal deflection levels used during the test,

16, 26, 36, and 46 were used. The symbol 6 represents the initial

deflection level of 0.28 in. and other deflection levels are

multiples of 6. As discussed in Sec. 2.2, the initial deflection

level comes from the investigation conducted by Maruyama [14].

It is the deflection at which first longitudinal bar yielding

occurred in a unidirectionally deflected column. For clarity,

on each load-deflection curve the locations of the four 6 levels

are labeled.

For a given specimen, the pictures of crack patterns are

denoted by a letter from A to E as part of the figure number, such

as Fig. 4.6A. The letters also appear on the corresponding load

deflection curve to pinpoint the stage at which the picture of the

crack pattern was taken.

4.2 Specimen 0-86-14-DM

The specimen had no applied axial load, ties spaced at

2.57 in., and was deformed along the northwest-southeast diagonal

to a peak deflection of 1.4 in., as shown in Fig. 4.5. The peak

lateral load was reached at a resultant deflection of approxi

mately 0.5 in. The lateral load carried by the specimen dropped

as deflection increased past 0.5 in. The lateral load decreased

rapidly between 0.5 and 0.75 in., but then more gradually with

increased displacements to the limits of the test. When the

direction of deformation was reversed to return the specimen to
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its initial position, the specimen exhibited an initially very

stiff unloading curve with a change to a moderate stiffness near

zero lateral load.

The physical condition of the specimen at the point of peak

lateral load and at the peak displacement is shown in Figs. 4.6A

and 4.6B, respectively. The crack patterns consist of large diag-

onal cracks throughtout the length of the column. The major cracks

wrap around a corner and continue on the adjacent face. A major

crack plane oriented along the diagonal can be seen emerging on

all faces of the specimen, as shown in Fig. 4.7, by cutting a box

with an inclined plane.

4.3 Specimen C-86-l4-DM

The specimen had ties spaced at 2.57 in. and an applied

compressive axial load. It was deformed along the northwest

southeast diagonal to a deflection of 1.4 in. The specimen

was then returned to its original position along the same path.

To investigate the effect of one cycle at such a high peak deflec

tion the specimen was deformed along the same diagonal, but in the

opposite direction to the same value of deflection as reached in

the initial direction. The specimen was returned to its original

position and a similar procedure was followed for loading along

the orthogonal diagonal. In effect, the specimen was subjected to

cyclic deformations between very large peak deflection limits.

The initial loading applied to the specimen is shown in

Fig. 4.8. The peak lateral load was reached at about 0.5 in.

The peak lateral load was maintained only up to a deflection of

0.6 in. when a sharp drop in lateral load occurred. After the

sharp drop, the rate of loss of lateral load remained fairly

constant with increased deflection. When the deflection of the
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specimen was reduced as it returned to its initial position, the

load-deflection curve showed a very stiff unloading curve, but near

zero lateral load, the stiffness rapidly approached zero before

increasing agian as the specimen neared zero deflection.

The complete load-deflection curve for the specimen,

Fig. 4.9, showed quite clearly that the specimen deteriorated

very rapidly after completing the first cycle to high peak deflec

tion limits. In the orthogo~al direction very low peak lateral

loads were reached as a consequence of the severe damage to the

specimen during the first cycle.

The crack patterns mirrored the damage indicated by the

load-deflection curves. Figures 4.l0A through 4.l0D show the

specimen at various stages of the test. Figure 4.l0A shows the

east face of the specimen at a deflection of 0.29 in. during the

initial loading towards the northwest. Only a few flexure and

flexure-shear cracks are visible. Figure 4.l0B shows the same

face of the specimen at the peak NW deflection. A number of diag

onal cracks were present, with the major ones being quite wide and

extending the length of the specimen. Figure 4.l0C clearly shows

the tendency of the cracks to wrap around corners of the specimen.

Figure 4.l0D shows the northeast corner of the specimen at the end

of the test when the specimen had suffered severe damage as the

result of cycling between high displacement levels.

4.4 Specimen 0-86-32-D

The specimen had ties at the minimum spacing, 1-1/8 in.,

used in the current investigation and no applied axial load.

The load-deflection curves, Fig. 4.11, revealed that the

behavior of the specimen was not stable. The peak lateral load

occurred at a deflection of about 3~. Cycling between deflection
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limits of 36 produced a noticeable drop in lateral load between

the first and second cycles, but not between the second and

third cycles. The peak lateral load was not achieved again even

with increased deflection, as indicated by the first cycle at

the next higher deflection increment of 46. In fact, the load

was decreasing as deflection approached 46. Cycling between the

deflection limit of 46 produced significant drops in lateral load

with each cycle. The trend of reduced lateral load with cycling

continued at higher deflection levels. It was noticed, however,

that increased deflection brought a limited increase in the

lateral load compared to the last cycle at a lower deflection.

The overall shape of the hysteretic loops changed during

the test, especially upon reaching the peak lateral load. After

the peak was reached, the curves exhibited increasing "pinching"

toward the origin where the stiffness of the specimen was very low.

Figures 4.l2A through 4.l2D show the south face at the

end of cycling between deflection limits of 16, 26, 36, and 46,

respectively. Cycling at 16, which did not yield the longitudinal

reinforcement, did little to the specimen except produce flexural

cracks and some flexure-shear cracks. As would be expected, the

cracking was nearer the ends than the center. By the end of

cycling at 26, well distributed inclined cracks had formed all

along the specimen. The cracks were quite narrow and closed

readily. At the end of cycling at 36 the cover of the specimen

was severely cracked and spalling of the cover concrete at the

bottom of the column was observed. The cycles at 46 caused a

large percentage of the cover to spall off, especially at the

corners. The specimen showed no sign of a major diagonal crack

as had been observed in the previously described tests. Instead,

the cracks penetrated only through the cover. The condition of
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the specimen at the conclusion of the test, Fig. 4.l2E, clearly

showed three major features. The first was the nearly complete

loss of cover. Cover visible in the photo remained only because

it was attached to instrumentation wires and wires tieing the

reinforcement together. The second feature was the relatively

intact core of the column. The third and most interesting

feature was the complete loss of concrete around the longitudinal

bars in the middle region of the column.

4.5 Specimen C-86-32-D

Specimen C-86-32~D had ties at the minimum spacing used

in the current investigation, 1-1/8 in., and an applied compres

s ive load.

The load-deflection curves, Fig. 4.13, show a rapidly

deteriorating specimen. The peak lateral load occurred at a

deflection of 26 during the first cycle at that deflection level.

Subsequent cycles at the same deflection exhibited unstable

characteristics. Of more interest was the first cycle at the next

higher deflection level, 36. There was a sharp drop in both stiff

ness and lateral load after the imposed deflection exceeded 26.

The second cycle showed a marked change in the shape of the curve

and all following cycles at that and higher deflection levels

exhibited similar characteristics--long regions of very low

stiffness. Only near the deflection limits of each cycle did the

lateral load increase significantly.

Figures 4.14A through 4.14D show the west face of the

specimen at the end of cycling at the deflection levels of 16,

26, and 36 and at the end of the test, respectively. Very little

cracking occurred during cycling at 16. Primarily, it was

flexural cracking with a few flexure-~hear cracks. The cycling
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between deflection limits of 26 produced a large amount of crack~

ing, most of which was inclined and not connected to flexure

cracks. Of interest was the cracking along the corner longi

tudinal bars. These cracks started corner cover spalling which

became prominent during the cycling at 36. Also, during cycling

at 36 the coVer at the bottom end of the column spalled off.

By the end of the test, nearly all of the cover had become inef

fective and a great deal had fallen off. The concrete core was

partially fragmented, but the majority of it seemed relatively

intact. The concrete around the longitudinal bars was gone

in the midheight region of the column. There was little evidence

of significant concrete crushing in the core at the ends of the

specimen.

4.6 Specimen C-86-2l-D

The specimen had ties spaced at 1-3/4 in. spacings and an

applied compressive axial load.

The load-deflection curves for this specimen, Fig. 4.15,

illustrated the very rapid deterioration in stiffness and lateral

load after the specimen reached peak lateral load. The peak

lateral load occurred at the deflection of about 26 during the

first excursion to that deflection. The second and third cycles

within the deflection limit of 2~ caused a significant drop in the

lateral load at that deflection. The effect of cycling at 26 was

severe enough to cause the lateral load capacity at the next

higher deflection limit to fall below that obtained during the

third cycle at the lower deflection limit. The degradation

was so rapid that forcing the specimen to a bigger deflection

produced no increase in lateral load.

Figures 4.l6A through 4.l6D show the west face at the end
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of cycling at each of the four deflection limits, 16, 26, 36, and

46. There was a limited amount of cracking at the end of cycling

at 16. Generally it was flexure cracking, but there were a few

flexure-shear cracks. The specimen showed considerable cracking by

the end of cycling at 26. Long inclined cracks formed all along the

length of the column. In addition, the cover at the bottom corners

of the column spalled off, but not the sides. The cycling at 36

caused extensive spalling of the cover at the midheight of the

specimen and cycling at 46 merely continued the process started in

the previous cycles. It was clear that the midheight of the column

was the most severely damaged part of the specimen. The ends of

the column were relatively intact with only minor cracking, spalling,

and damage to the core section. In the middle of the column, however,

long lengths of the longitudinal bars did not have even mechanical

bond to the concrete core, as the concrete around the bars had

been ground away.

4.7 Specimen 0-86-l4-D

This specimen was tested by Maruyama [14J as part of an

investigation into the effect of deformation path on member behavior.

The loading path is the same as that used in the current series and

is included in this discussion. It had no applied axial load and

had ties spaced at 2.57 in.

Figure 4.17 shows the load-deflection curves for the specimen.

The first cycles at a deflection of 16 were nearly elastic. The

first excursion to a deflection of 26 reached the point of peak

lateral load capacity for this specimen. The second and third

cycles at the same deflection both had lower lateral load capacities

than the cycle which preceded it. Of more interest was the reduc

tion in lateral load of the first cycle at 26 along the second

diagonal compared to the capacity along the first diagonal.
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Also, the three cycles along the second diagonal showed more stable

behavior than the three cycles in the first direction at 26. The

first excursion to the next higher deflection level, 36, definitely

showed the reduced peak lateral load as the curve bent over before

reaching the deflection of 36. There was a distinct change in the

shape of the hysteretic loops between the first cycle at 36 and the

subsequent cycles which were quite narrow compared to the first

cycle at 36. Also, there were long regions of very low stiffness

with some lateral load capacity increase at large deflections in the

subsequent cycles.

Figures 4. 18A through 4.18D show the east face at the end

of cycling at each of the four deflection levels. Cycling at the

first deflection level produced flexure and flexure-shear cracks

with the cracking mainly at the ends, but the cracking at the bottom

end extended to the midheight of the column. Cycling at the second

deflection level caused a fairly large number of inclined cracks to

form along the length of the column. None was very wide. Cycling

at the third deflection level did not seem to cause many new cracks

to form, but some of the existing cracks became wider. There was

some spalling of the cover at the bottom corners. Cycling at the

last and highest deflection limit caused a significant amount of

cover loss concentrated primarily around the midheight of the

column. The concrete around the longitudinal bars in this region

of spalling was ground away and the core showed signs of

fragmentation but not much crushing. The ends of the column were

relatively intact.

4.8 Specimen C-86-l4-D

The tie spacing of 2.57 in. used in this specimen was

identical to that used in the previous investigations and except

for the presence of a compressive axial load this test duplicated
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the test done by Maruyama, described in the previous section.

The load-deflection curves, Fig. 4.19, showed a rapid

degradation of both stiffness and lateral load after the peak

lateral load was reached. The cycles at 16 exhibited essen

tially elastic behavior with little loss of stiffness or lateral

load with cycling. The peak lateral load was achieved at the

first cycle to 26. The loss in lateral load was significant

when the deflection reached 26 in the opposite direction. The

loss in lateral load continued with cycling at 26. The lateral

load at the next higher deflection level, 36, was lower than

it was in the last cycle at the previous deflection level. The

loss of lateral load continued as a result of both cycling and

increased imposed deflections. The final attempt to reach a point

where the lateral load increased showed that the stiffness and

lateral were virtually zero.

Figures 4.20A through 4.20D show the south face of the

specimen at the end of cycling at each of the four deflection

levels. There was a modest amount of cracking of the specimen as a

result of cycling at 16. Most of the cracking was in the lower

half of the specimen, indicating the higher stiffness of the lower

end of the specimen relative to the upper end. The cracks were

primarily flexure and flexure-shear. The damage caused by cycling

at a deflection of 26 was quite extensive, with a large number of

inclined cracks along the length of the specimen. Some of the

cracks were quite wide. The corner cover had spalled off, but

little cover spalled off near the ends. Cycling at 36 widened the

existing inclined cracks and furthered cover spalling. The condi

tion of the specimen by the end of cycling at 46 indicated the

inability of the specimen to undergo the deflections imposed on it.

Practically all the cover had spalled off revealing fragmentation
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of the core in the midheight region of the specimen. No concrete

was in contact with the corner longitudinal bars in the midheight

ref ion of the specimen. The core concrete near the ends of the

column was relatively intact, showing no signs of crushing or

fragmentation.

4.9 Specimen C-86-09-D

Specimen C-86-09-D had a tie spacing of 4 in. and an

applied compressive axial load.

The load-deflection curves, Fig. 4.21, exhibited a rapid

deterioration of stiffness and lateral load after the specimen

had reached its peak lateral load. The cycles at 16 did not

measurably affect the mechanical characteristics of the specimen.

The first cycle at 26, the next deflection level after 16,

followed the shape of the curves already produced by the previous

cycles until the lateral load reached its peak. The specimen

held the peak lateral load during the first excursion to 26,

which was a monotonic loading to that deflection level, but on

reversing the deflection the lateral load was sharply reduced at

26 in the opposite direction. Also, the second cycle showed a

large decrease in both the stiffness and lateral load

of the specimen. The damage caused by the three cycles along

the first diagonal of the specimen clearly affected the behavior

of the specimen when it was cycled along the second diagonal

between the same deflection levels. The rapid degradation of

both stiffness and lateral load continued at the 36 deflection

level. The specimen had essentially zero stiffness and zero

lateral load by the end of cycling at 36. An attempt to increase

the lateral load by forcing the specimen through large deflections

failed to produce more than 10 percent of the peak lateral load

of the specimen.
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Figures 4.22A, B, and C showed the northeast corner at the

end of cycling at the deflection limits 16, 26, and 36, respectively.

The condition of the specimen at the end of the test was typified

by Fig. 4.22D. There were few cracks at the end of cycling at 16.

The cracks were primarily flexure with some flexure-shear cracks.

The cracks were more prevalent at the bottom end of the column.

At the end of cycling at 26, inclined cracks were present along the

length of the column. Some of the inclined cracks were quite wide.

The corner cover at some points of the specimen was spalling or had

spalled off. There was little spalling at the ends of the specimens

except for the corners. Cycling at a deflection of 36 caused large

portions of the corner cover to spall off exposing the longitudinal

corner bars. The large inclined cracks seemed to be indicators of

cover spalling and the crack width at the cover was not directly

indicative of the crack width in the core. This was observed

by visually comparing the crack width before the cover spalled

to the crack width after the cover had spalled. There was

considerable damage to the midheight region of the specimen,

but little damage to the ends at the end of testing. The core

concrete in the damaged region was fragmented into large blocks

and inclined cracks penetrated into the core. The concrete

around the longitudinal bars had been ground away leaving the

bars essentially unbonded to the concrete core.

4.10 Specimen C-86-03-D

The specimen had ties at a 12 in. spacing and an applied

compressive axial load. It was expected to fail in a brittle

manner. The load-deflection curves, Fig. 4.23, showed that the

specimen did indeed fail very rapidly. The cycles at 16 did not

seem to affect the behavior as the loops were relatively stable.

The specimen failed suddenly during the first attempt to reach a
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deflection of 26. At no time did the specimen reach the peak

lateral load schieved in the first cycle at 16. Cycling at the

deflection of 26 completely destroyed remaining lateral load

and stiffness. Cycling between deflection limits of 36 was

continued, but there was no resistance to the imposed deflections.

Figure 4.24A shows the east face at the end of cycling at

the first deflection level, 16. The cracking was not widespread;

it was mainly at the ends of the specimens. There were a few

flexural cracks and some inclined cracks, but they were limited

in length and width. Figure 4.24B shows the east face of the speci

men after one cycle at the critical deflection level of 26. There

were large inclined cracks on all four faces which seemed to wrap

around the corners, similar to the pattern shown in Fig. 4.7.

There were not many inclined cracks; instead, a few wide cracks

grew wider as the test continued. Figure 4.24C of the east face

after cycling at 26 shows the loss of large pieces of cover and,

generally, disintegration of the specimen. Figure 4.24D, taken at

the end of the test, shows the severe damage to the concrete core

caused by the test. The core was fragmented into large blocks with

the major cracks observed on the cover penetrating into the core.

The concrete around the longitudinal bars was no longer intact in

the midheight region of the specimen. There was little sign of

concrete compressive crushing near the ends or in the damaged core

region.

4.11 Specimen C-84-32-D

The specimen C-84-32-D and the remaining specimens had #4

bars for the longitudinal reinforcement and an applied compressive

axial load. Specimen C-84-32-D had ties at the minimum spacing

used in the current investigation, 1-1/8 in.
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The load-deflection curves for this specimen, Fig. 4.25,

show that until the specimen reached a deflection level of 46 the

hysteretic loops were quite stable. At the deflection level of 46

the longitudinal bars began to buckle. However, the transverse

reinforcement was sufficient to prevent a sudden loss of lateral

load capacity and axial load capacity. The hysteretic loops were

open and full throughout the test with only a minor amount of

pinching of the loops near the origin. The peak lateral load

was reached at 2L and was maintained through the cycling at 26

and 36.

Figures 4.26A through 4.26D show the west face at the end

of cycling at the first four deflection levels, 16, 26, 36, and 46.

Cycling at 16 produced few cracks on the specimen. The cracks that

appeared were mainly flexural cracks, with a few flexure-shear cracks

principally at the bottom end of the column. Cycling at the next

deflection level, 26, caused cracking at the top end of the

column similar to that at the bottom end. Few new cracks appeared

at the bottom end of the specimen, but considerable compressive

crushing and spalling of the cover at the bottom corners occurred.

Cycling at a deflection level of 36 caused some vertical cracks to

appear along the center longitudinal bars. In addition, spalling

began at the top end of the column especially at the corners.

Cycling at 46 continued the process of spalling at the ends of the

column exposing the core on all four sides at the bottom and top

of the specimen. Vertical cracks formed along some of the corner

longitudinal bars.

Figure 4.26E shows the southwest corner of the specimen

after conclusion of the test. The buckled longitudinal bars can

be seen at the bottom end of the specimen. Most of the damage

occurred at the ends of the specimen. The core was relatively
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intact and did not show signs of fragmentation. The longitudinal

bars, except for those that buckled, were solidly encased in

concrete which appeared to be sound and not pulverized.

4.12 Specimen C-84-2l-D

The specimen had ties at 1-3/4 in. spacings.

The load-deflection curves, Fig. 4.27, showed that the

hysteretic behavior was stable throught the cycling at the 26

deflection level. The peak lateral load was reached during the

first excursion to a deflection of 26. The behavior of the speci

men began to degrade with the first attempt to reach a deflection

of 36. The lateral load at 36 was less than that at 26, but

more importantly, the lateral load at 36 decreased with each cycle.

Both longitudinal bar buckling and inclined cracking occurred

during cycling at 36. The hysteretic behavior of the specimen

deteriorated with cycling at 46 to the point where little stiff

ness or lateral load remained. Buckling of the longitudinal bars

caused the test to be halted and cycles at 46 along the second

diagonal were omitted to protect the instrumentation attached

to the specimen from damage.

Figures 4.28A, B, and C show the west face at the end of

cycling at 16, 26, and 36. Cycling at 16 produced flexure and

flexure-shear cracks in the end regions of the column. There was

more cracking at the lower end of the column than the upper end.

Cycling at 26 caused some extension of the existing flexure-shear

cracks at the lower end of the specimen and caused new cracks at

the upper end. There was some spalling of the corners at the

bottom end of the specimen. Cycling at 36 caused a large number

of inclined cracks to form along the column length. In addition,

vertical cracks formed along the center longitudinal bars and some
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of the corner bars. Spalling of the corner cover was pronounced

at the lower end of the specimen. Figure 4.28D shows the condition

at the end of the test. Of most interest is the loss of core at

a section just above the bottom end of the specimen. A close-up

of this region, Fig. 4.28E, shows the buckled longitudinal bars

and the small amount of core concrete remaining intact. The rest

of the core had been crushed and the concrete was brushed away to

reveal the remaining core. The remainder of the column appeared to

be relatively sound.

4.13 Specimen C-84-l4-D

The specimen had ties spaced at 2.57 in. along its length.

The load-deflection curves, Fig. 4.29, indicate relatively

stable hysteretic behavior through cycling at the 26 deflection

limit. The peak lateral load was achieved at 26 during the first

cycle to that deflection limit. There was a small drop in lateral

load between the first and second cycles at 26, but the second and

third cycles at 26 had nearly the same lateral load. The attempt

to achieve a deflection of 36 caused the specimen to degrade

quite rapidly. The influence of the longitudinal bar buckling

on the degradation was difficult to evaluate. The lateral load

and stiffness dropped with each cycle at 36 and especially with

the cycles along the second diagonal. The failure of the specimen

was an explosive failure caused by the inability of the column

to carry the axial compressive load. The failure did not occur

at the peak displacement of 46, but rather when the specimen was

near zero deflection after the first cycle at 46.

Figures 4.30A, B, and C show the west face at the end of

cycling 16, 26, and 36. The cracking after cycling at 16 was

mainly flexural, but there were a number of noticeable flexure-
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shear cracks. Cycling at 26 caused some spalling at the bottom

corners of the column and extended some of the existing flexure

shear cracks. In addition, several inclined cracks appeared in the

end regions and a vertical crack was noticed along the center bars

at the lower end of the column. Cycling at 36 caused spalling at

both the top and bottom end of the specimen. The cover spalled

in the areas around the longitudinal bars which buckled. Signifi

cantly more inclined cracking occurred throughout the specimen.

Figure 4.30D shows the west face of the specimen after the failure.

The specimen shortened over an inch vertically, which was the limit

of the axial ram extension. The core was fragmented and the longi

tudinal bars were severely bent.



C HAP T E R 5

COMPARISON OF TEST RESULTS

5.1 Introduction

In Chapter 4, the performance of the specimens during

testing was described. In this chapter the results are compared

and reasons for the observed behavior are discussed. In addition,

a qualitative guide to classification of behavior based on the

comparisons of the tests is presented. The guide is in the form

of a flowchart and provides a rational approach to determining

the probable behavior of a short column.

The notation and symbols used to simplify data presenta

tion are explained. The effects of the variables studied in the

current investigation are discussed. The variables include

axial load, deformation history, spacing of the column ties,

and diameter of the longitudinal reinforcing bars. Finally,

a qualitative guide for column behavior is developed.

Chapter 5 is devoted exclusively to the study of the

results of the eleven tests in the current investigation. In

Chapter 6, the results of tests conducted elsewhere are combined

with the results of this investigation to produce an expanded pre

dictive guide which takes into consideration a wider range of

variables and is quantitative rather than qualitative.

5.2 Background and Nomenclature

The specimens, Fig. 5.1, were 36 in. long columns ideal

ized as having fixed ends, except that the upper block of the

specimen was free to translate in space. Most of the specimens

99
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were subjected to constant compressive axial load throughout the

test. The axial load was produced by a load control system,

meaning the load was constant, but the axial deformation varied

to accommodate the necessary applied load. The lateral or hori

zontal translations were applied by a deformation control system

so that the upper block position was maintained at the desired

deflection, while the load to hold it there was free to vary to

accommodate the imposed deflections. After the axial load was

applied, only the lateral deflection of the upper block was

purposely varied.

The deflection paths were imposed on the specimen along

the diagonals shown in Fig. 5.2. The northwest-southeast diagonal

was defined as the first diagonal and it was the diagonal along

which deflections were first applied. The northeast-southwest

diagonal was defined as the second diagonal and was the other

diagonal along which the specimen was deflected.

The hydraulic rams which moved the upper block laterally

were oriented along the east-west and north-south axes of the

specimen. Thus, to deflect the specimen along the diagonal

required simultaneous action by the two rams. More importantly,

the lateral loads and deflections were measured along the same

axes as the rams. In order to simplify presentation of the data,

all applicable data were transformed to axes coincident with the

direction of deflection. As discussed in Chapter 4, the trans

formation was done by taking the square root of the sum of the

squares of the original measurements. In most cases, this was

close to J2 times one of the lateral components. The specimen

movements closely followed the diagonals of the column.

A system was adopted to identify points in the load

history used in the test program. Most of the tests were cycled
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three times along each diagonal between four deflection limits.

The peak deflections were incrementally increased during a test,

but each test used the same four deflection limits. The points

of peak deflections for each cycle are assigned a unique symbol.

The scheme for the symbols is shown in Fig. 5.3. Each deflect

ion limit in the tests is an integer multiple of the first

deflection limit. The nominal deflection limits were 0.28,

0.57, 0.84, and 1.13 in. Thus 16 was the same as 0.28 in., 26

was 0.57 in., and so on. The n6 describes the deflection limit

at which the specimen was cycled. A number is added after n6

to identify which of the cycles the specimen was at within the

n6 deflection limit. The prime indicates that the deflection

occurs along the northeast-southwest diagonal. The positive or

negative sign of the cycle number indicates if the peak is in

the original direction of a diagonal or the reversed direction.

Examples of the symbol system are shown in Fig. 5.4 using a

typical load-deflection curve.

5.3 Computed Lateral Loads.

The ratio of the shear capacity to the flexural capacity

of the columns is an indication of the relative dominance of one

type of behavior over the other. It is useful to compute the

ratios for later comparison with the observed column behavior.

Table 5.1 contains the computed lateral load capacities for

each specimen based on both its flexural and shear capacity.

The methods used to compute the capacities is described in the

following sections.

5.3.1 Flexural Capacity. The lateral load capacity

(along a diagonal) of the short column based on flexure was

derived on the basis of a hinging mechanism forming at the ends
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TABLE 5.1 COMPUTED LATERAL LOAD CAPACITIES FOR TEST SPECIMENS

---
Test V

ff N V V V M Vrf
~

Name c c s rs u Vrf

0-86-14-DM 5950 0 17.8 21.6 39.4 1206 67 0.58

C-86-14-DM 5250 140 19.3 21. 9 41.2 1422 79 0.52

0-86-32-D 4550 0 15.9 49.3 65.2 1152 64 0.98

C-86-32-D 5400 120 18.9 49.3 68.2 1440 80 0.85

C-86-21-D 5750 140 19.7 31.7 51.4 1494 83 0.61

0-86-14-D 5050 0 16.6 21.6 38.2 1134 63 0.60

C-86-14-D 4650 140 18.5 21. 9 40.4 1422 79 0.51

C-86-09-D 5750 140 19.7 14.0 33.7 1494 83 0.41

C-86-03-D 6100 120 19.8 4.6 24.4 1440 80 0.30

C-84-32-D 4850 140 17.0 49.7 66.7 1098 61 1.10

C-84-21-D 4850 140 17.3 31. 9 49.2 1044 58 0.84

C-84-14-D 5450 120 17.5 21. 7 39.2 1008 56 0.70

f' - concrete compressive strength, psic
N - compressive axial load, kips

V - concrete shear strength (ACI3l8-77), kips
c

V - reinforcement shear strength (ACI318-77), kips
s

Vrs - shear strength Vc + Vs ' kips

M - ultimate bilateral moment capacity, kip-in.
u

Vrf - lateral load capacity based on Mu ' kips
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of the column. As shown in Appendix C the lateral load (shear)

required to equilibrate the mechanism is

v 2M
L

(5.1)

where v lateral load (shear force)

M ultimate moment capacity of the section

L length of the column.

The ultimate bilateral moment capacity for each column was

computed using the computer program described in Appendix B.

Measured material strengths were used to compute the moment

capacities. The lateral load required to achieve the flexural

capacity of the column is denoted as V
rf

in Table 5.1. It

should be noted that the actual flexural capacity of the columns

may be affected by the high shear forces present in conjunction

with high normal forces.

5.3.2 Shear Capacity. The 1977 ACI Building Code [17]

shear capacity equations (Chap. 11) are used as the basis for

computing the shear capacity of the columns. The shear capacity

of a member is taken as the summation of a contribution by the

concrete (V ) and a contribution by the
c

The V term is based on a truss analogy
s

and has the form

shear reinforcement (V).
s

(described in Appendix A)

V
s =

A f d
v y

s
(5.2)

A
v

where area of shear reinforcement within a distance s,
sq. in.

f yield strength of shear reinforcement, psi
y

s spacing of shear rein forcement in direction
parallel to longitudinal reinforcement,in.
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d distance from extreme compression fiber to centroid
of longitudinal tension reinforcement, in.

The V term represents a conservative approximation of the shear
c

force required to produce inclined cracking. As discussed in

Appendix A the V term is based on a principal tensile stress
c

criterion, but was fitted to a large amount of experimental data.

The V equation is
c

where V
c

vc = ~' 9.J£: + 2500/~:) bwd
concrete contribution to shear capacity

(5.3)

b = web width of member, in.
w

d

V
u

M
u

p

as above

factored shear force at section

= factored moment at section

longitudinal tension reinforcement ratio, A /bd
s

A = area of longitudinal tension reinforcement, sq. in.
s

b total width of member, in.

The total shear capacity of the member is V +V. This summation
c s

is purposely made to give low estimates of shear capacity to

preclude shear failure when using the ACT Building Code in design.

The applicability of the ACT Code Chap. 11 equations to

the short columns tested in this investigation is uncertain for

a number of reasons; 1. the relatively short length-to-depth

ratio of the columns, 2. the manner in which the loads are

applied to the column, 3. the cyclic reversed loading of the

columns, and 4. loading along the diagonal of the columns.
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Length-to-depth Ratio and Loading Condition--The ACI Code

contains special provisions for deep beams. Deep beams are de

fined by the Code as having a length-to-effective depth ratio of

less than 5 and loaded on the compression face. The effective

depth is the distance from the extreme compression fiber to the

centroid of the longitudinal tension reinforcement. The deep

beam provisions are mainly based on tests of simply supported

beams with one- or two-point loadings on the compression face.

As shown in Fig. 5.5 it is possible for the applied load in such

beams to be transferred to the reaction through a compression

strut. However, in order for the strut to become effective

the proportions of the beam must be such that the ratio of the

length 'a' (Fig. 5.5) to the member effective depth 'd' is less

than about 2.5. The short columns do not have an applied load

on the compression face of the column. The ratio of distance

between load and reaction and the effective depth is 4 (Fig. 5.6).

Loading History--The shear capacity equations in the

ACI Code are based on beams loaded monotonically. The short

columns were loaded cyclically. In the review of past experi

mental tests on beams subjected to reversed loading [49] there

is no clear indication as to the effect of cycling on shear

capacity. Generally, cycling at a very high shear level causes a

loss of shear capacity. Cycling at lower shear loads may not

significantly effect the peak shear capacity of the member.

The results of the current investigation indicate that the

maximum shear resist?nce is not affected by the loading history

used herein. Figure 5.14 shows the first quadrant load

deflection curves from a cyclic test (C-86-14-D) and a load

deflection curve from a test in which no cycling was done at

intermediate peak deflections. Neither specimen achieved its
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computed flexural capacity. It is likely that shear capacity

governed the maximum lateral load achieved by the columns. It

is clear that the cycles prior to achieving the maximum lateral

load did not significantly affect the maximum load (peak shear

force) of the member. Therefore, the ACI Code provisions though

based on monotonic tests are assumed to be valid for the cycli

cally loaded columns in this investigation.

Diagonal Loading--The shear capacity of a diagonally

loaded member is not specifically defined in the ACI Code.

The tests on which the capacity equations are based were done on

members oriented as shown in Fig. 5.7a (unilateral). The

applicability of the provisions to a member loaded along its

diagonal (bilateral), Fig. 5.7b, is uncertain. However, the

results of two tests on short columns provide some guidance

as to the applicability of the provisions to diagonally

loaded members.

One test (120C-U) was a unilateral test reported by

Ramirez [15]. The column was cyclically deflected using incre

mentally increasing peak deflection limits. The other test was

a bilateral test from the current investigation (C-86-l4-DM).

The column was cyclically deflected between a single large peak

deflection limit. Both columns were subjected to a 120 kip axial

compression. Neither column reached its computed flexural capa

city. The maximum lateral load achieved by each was assumed to

be based on its shear capacity. Test l20C-U (unilateral) reached

a maximum lateral load of 63 kips and had a concrete compressive

strength of 4550 psi. Test C-86-l4-DM (bilateral) reached a

maximum lateral load of 68 kips and had a concrete compressive

strength of 5250 psi. Part of the small difference between the

two lateral loads was probably the result of differing concrete

strengths. The results indicate that for a square symmetrical
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section the shear capacity was relatively independent of loading

orientation.

The ACI Code Chap. 11 shear provisions did not provide

specific guidance to the calculation of the shear capacity of

a diagonally loaded member. The provisions were applied in

the manner described below. The sections shown in Fig. 5.7a and

Fig. 5.7b represent an 86 series column section. The location

of the neutral axis at ultimate conditions (peak compressive

concrete strain of 0.003) was found using the section analysis

program described in Appendix B. For the compressive axial loads

considered, the location of the neutral axis caused the lower

five longitudinal bars to be in tension. Using this information,

the distance from the extreme compression fiber to the centroid

of the longitudinal tension reinforcement was calculated. The

distances are labelled d and d ' , unilateral and bilateral, res

pectively. The term for the concrete shear capacity in the

ACI Code can be taken to be

where f'
c

2../7 b d
c w

concrete compressive strength, psi

(5.4)

b web width of member, in.
w

d = distance from extreme compression fiber to centroid
of longitudinal tension reinforcement, in.

The term b d in Eq. 5.4 is taken to represent the shaded area
w

shown in Fig. 5.7a. The shaded area in Fig. 5.7b is taken to

represent b d' for the diagonally loaded member. Calculation of
w

the two shaded areas reveals that they are nearly identical

(103.5 and 107.9 sq. in., respectively). The unilateral concrete

shear capacity can be expected to be nearly equal to the bilateral

concrete shear capacity.
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The total shear capacity of a member is taken by the

ACT Code (Chap. 11) to be the sum of both the concrete capacity

and the capacity contributed by shear reinforcement. For the

unilateral loading case, the shear reinforcement contribution

was

V
s

=
A f d

v y
s

(5.5)

where Vs

A
v

f
Y

s

d

shear reinforcement contribution to the shear
capacity

area of shear reinforcement within a distance s,
sq. in.

yield strength of shear reinforcement, psi

spacing of shear reinforcement in direction parallel
to the longitudinal reinforcement, in.

distance from extreme compression fiber to centroid
of longitudinal tension reinforcement, in.

It was shown in Appendix C that the contribution of the shear

reinforcement in a diagonally loaded member was

V' =
s

A f d 'V Y

sJ2
(5.6)

V' =
s

where shear reinforcement contribution to the shear
capacity (diagonally loaded member)

A as above
v

f as above
y

s as above

d' distance from extreme compression fiber to centroid
of longitudinal tension reinforcement for diagonally
loaded member, in.

Using the values for d and d' shown in Fig. 5.7a and Fig. 5.7b as

a guide, the unilateral shear reinforcement contribution to
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the shear capacity of the section was

v
s

A f (8.625 in.)
v y

s
(5.7)

and the bilateral shear reinforcement contribution was

A f (10.96 in. )
VI = V Y (5.8)s

s/2

A f (7.75 in. )
VI v yor

s s

The ratio of the unilateral to the bilateral shear reinforcement

contribution is 8.625/7.75 (=1.11). On the basis of the test

results and calculations, it can be concluded that for the short

columns in the current investigation the shear capacity was

relatively unaffected by the direction of loading.

In summary, it was found that the ACI Code Chap. 11

shear equations could be applied to the short columns on the

basis of a general approach. However, as will be discussed in

subsequent sections the values obtained from the equations were

very conservative compared to the observed shear resistance of

the members.

An example of the calculations for determining the V and
c

V terms of the ACI Code Chap. 11 shear equations is shown in
s

Fig. 5.8. Because the shear capacity along the diagonal is very

close to the unilateral shear capacity no modifications to the

ACI Code equations were made. The capacities in the equation and

the result of the equation were diagonal capacities.



Specimen C-86-32-D

_r V d
V = ( 1.Wf + 2500p -M

u
) b dc c w, w

u
(ACI318-77 Eq. 11-6)
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f = 5400 psi b = 12 in. d = 8.625 in.
c w

A
_ s = 5(0.44 s9 in.) = 0.021

Pw - bd 12 in. (12 in.)
w

2M 2M M
V u U U

U = L = 36 in. =~
c

(See Fig. 5.6)

Mm replaces M
u

according to ACI318-77 Eq. 11-7.

M = M - N (4h-d)
m u u 8

N
u

= 120 kips

h = 12 in.
Mu = 1440 kip-in.

M
m

= 1440 kip-in. - 120 kips (4(12 in.) ~ 8.625 in.)

Mm = 1440 kip- in. - 590 kip- in.

V = ( 1.9J5400' + 2500(0.021) 1440 (8.625) ) (12)8.625
c 18 ( 1440-590)

V
c

= 18900 Ibs. (18.9 kips)

A f d
V =...:!.....L

s s
(ACI318-77 Eq. 11-17)

V = 0.088(73)(8.625)
s 1.125

A
v

= 2(0.044 sq in.) = 0.088 sq in.

f
y

= 73 ksi

Vs = 49.3 kips s = 1.125 in.

Fig. 5.8 Shear capacity calculation
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5.4 Measured Lateral Loads

The measured peak lateral loads, V , are listed in
rt

Table 5.2. The values of V were taken as the maximum measured
rt

lateral load achieved during each test, regardless of the point

in the load history at which it occurred. Also listed. in Table 5.2

are the normalized peak lateral loads, V , which were obtained
rtn

by multiplying V by the factor
rt

~
j~c

The justification for normalizing in this manner is discussed in

Sec. 4.1. The normalization is applied only to the 86 series

specimens because they were primarily dominated by shear and

bond, both of which are functions of Jrr .
c

One indication of desirable cyclic hysteretic behavior is

the stability of the loops; that is, the tendency for the loops

at a given deflection limit to achieve the same peak lateral

load. The degree of instability is measured by the percentage

loss of lateral load capacity between the first and third cycles

at each deflection limit. The percentage losses are listed in

Table 5.3 for each of the cyclic tests in the current investiga

tion. The table headings use the symbols discussed earlier. As

an example, the first column shows the percentage drop between the

lateral loads at 161 and 163 and the second column between 16-1

and 16-3. Dashes in the table indicated that the test was stopped

prior to those deflection limits.

5.5 Effect of Compressive Axial Load

There were two sets of comparative tests in which axial

load was changed-- 0-86-14-DM versus C-86-14-DM, both monotonic
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TABLE 5.2 COMPUTED AND OBSERVED LATERAL LOAD CAPACITIES

Test V V V
ft N V V

rf
V ....E.£. -E.£. ..£ VName c rs rt V V

rf Vrf rtnrs

0-86-14-DM 5950 0 39 67 55 1.41 0.82 0.58 50

C-86-14-DM 5250 140 41 79 68 1. 66 0.86 0.52 66

0-86-32-D 4550 0 65 64 63 0.97 0.98 0.98 66

C-86-32-D 5400 120 68 80 80 1.18 1. 00 0.85 77

C-86-2l-D 5750 140 51 83 81 1. 59 0.98 0.61 76

0-86-l4-D 5050 0 38 63 60 1. 58 0.95 0.60 60

C-86-l4-D 4650 140 40 79 65 1. 63 0.82 0.51 67

C-86-09-D 5750 140 34 83 67 1. 97 0.81 0.41 62

C-86-03-D 6100 120 24 80 73 3.04 0.91 0.30 66

*C-84-32-D 4850 140 67 61 63 0.94 1. 03 1.10 63

*C-84-2l-D 4850 140 49 58 62 1. 27 1. 07 0.84 62

*C-84-l4-D 5450 120 39 56 61 1.56 1. 09 0.70 61

* Not normalized

f' concrete compressive strength, psi
c

N - compressive axial load, kips

V - lateral load capacity based on shear, kipsrs
Vrf - lateral load capacity based on flexure, kips

V - observed maximum lateral load, kips
rt

V - normalized values of Vrt , kips
rtn



TABLE 5.3 PERCENTAGE LOSS IN LATERAL LOAD BETWEEN FIRST AND THIRD CYCLES

Test
Name 16 16- 11::/ 16-' 26 2D.- 26' 26-' 36. 36- 36' 36.-' 46. 46.- 46.' 46.-'

0-86-32-D 6 7 6 4 10 8 9 5 14 19 12 10 39 33 39 33

C-86-32-D 12 3 3 1 18 16 14 14 29 31 40 38 31 34 37 38

C-86-21-D 3 4 5 5 34 31 27 26 34 32 39 44 38

0-86-14-D 8 3 6 7 29 26 21 19 44 37 32 30 35 34 35 33

C-86-14-D 5 5 4 11 41 29 35 35 42 52 35 41 18 30 16

C-86-09-D 4 2 5 5 47 29 44 42 21 29 14 30

C-86-03-D 2 1 3 7 40 29

C-84-32-D 4 6 3 5 9 3 8 9 8 10 7 9 12 16 17 23

C-84-21-D 6 6 1 5 10 9 10 15 5 6 47 x 41

C-84-14-D 6 0 6 0 4 0 16 10 23 30 41 39

......
N
a
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tests with intermediate tie spacing) and 0-86-32-D versus

C-86-32-D, both cyclic with the minimum transverse reinforcement

spacing used in the test program.

The load-deflection curves for 0-86-l4-DM and C-86-l4-DM

were plotted on the same axes in Fig. 5.9. The presence of a

compressive axial load increased the initial stiffness of the

curve and the maximum lateral load capacity. Both of these

effects were expected, since past research has shown that the

presence of a compressive axial load less than that at balanced

strain conditions increases both the ultimate moment capacity

(and therefore V f) and the shear capacity, V ,compared to the
r rs

same section with no axial compressive load.

It seemed that the presence of a compressive axial load

increased the degradation of the lateral load for imposed

deflections greater than the deflection at which the maximum

lateral load was achieved. This was illustrated in Fig. 5.9 by

the fact that the lateral load capacity at about 0.5 in. was

higher with axial load but the slope of the curve drops sharply

after the peak. The capacity is maintained at a higher level in

specimen 0-86-l4-DM than specimen C-86-l4-DM at large deflections.

The comparison between 0-86-32-D and C-86-32-D reveals the

same effects as discussed for the previous two specimens.

In fig. 5.10 the lateral loads for peaks 161, 261, 361, 461, and

1.4 in. were plotted for both tests to provide an envelope curve

which highlights the trends. As before, the initial stiffness

and maximum lateral load were higher for the specimen with the

compressive axial load. Also, the specimen with the compressive

axial load showed a much faster degradation of stiffness and

lateral load than the specimen without compressive axial load.

An additional comparison was made between 0-86-32-D and C-86-32-D



t-'
N
N

75

2.01.0 1.5

DEFLECTION Un.>
0.50.0

r-,
/ \

I \
I ......

/~..................

a l / '......"~ I ' ......
..::.J I ...

25 I
I
I
I
I

Iii 50
0

:>2

0.51.01.52.0

25

--- MONOTONIC TEST WITH COMPRESSIVE
AXIAL LOAD C-86-14-DM

50~ -- MONOTONIC TEST WITH NO AXIAL LOAD
0-86-14-DM

75

Fig. 5.9 Effect of axial load (monotonic)



FIRST CYCLE PEAKS

20 /.5 1.0 0.5

75

j50
"'"

0.0 0.5 1.0 1.5
DEFLECTION (in.)

2.0

25~ A---A CYCLIC TEST WITH COMPRESSIVE
AXIAL LOAD C-86-32-D

~ CYCLIC TEST WITH NO AXIAL LOAD
0-86-32-D

50

75

Fig. 5.10 Effect of axial load (cyclic tests)

I-'
N
V)



124

to determine the effect compressive axial load had on the angle of

the inclined cracks. The crack patterns for the east faces of

both specimens at peak 26-3 (Fig. 5.11) show no noticeable dif

ference in the orientation of the inclined cracks.

One other indication of behavior is the percentage loss

of lateral load at the cycle peaks. The percentages (Table 5.3)

showed that during the early stages of loading the specimens

without axial load had more stable cyclic loops than those with

axial load. However, in both sets of tests a deflection level

was reached where the percentage losses became about the same.

The presence of axial load did not appear to cause the initiation

of degradation, since the degradatation also occurred in the tests

with no axial load, but rather the compressive axial load caused

the degradation to begin at a lower deflection.

The study of strains in the tie gages for the four tests

led to an explanation for the increased degradation in the axial

ly loaded columns. F~gure 5.12 shows typical tie strains for the

C-86-32-D and 0-86-32-D tests at the first cycle and third cycle

peaks in the northwest (first) direction. Also shown are the

measured lateral loads at the same peaks. Similarly, Fig. 5.13

shows typical tie strains and lateral loads for the C-86-l4-DM

and 0-86-l4-DM tests at the deflections 16, 26, 36, and 46 along

the initial northwest direction. A feature which stands out

in both figures is that the lateral load degrades only when the

tie strains approach or exceed their yield strains. There is a

large increase in the strain at the 26 deflection limit in all

tests. This is expected because the specimens exhibited a signi

ficant amount of inclined cracking during loading to the 26

deflection level. The manner in which transverse reinforcement

improves shear resistance is uncertain. The usual approach is to

assume a truss action as in the ACT Building Code. However, the
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ACI-ASCE Committee 426 report [49] indicates that some investi

gators have concluded that the primary function of web reinforce

ment is the control of inclined crack width. Such control aids

in maintaining aggregate interlock along the crack. Aggregate

interlock is reported [40] to be a significant shear resisting

mechanism in beams with no web reinforcement. Thus, the lateral

load capacity after inclined cracking is most directly related

to the amount of transverse reinforcement crossed by the cracks.

For the two specimens in each comparison, the amount of

transverse reinforcement is equal and it can be assumed that the

shear capacity after cracking is roughly the same, provided axial

compression does not directly affect the transverse reinforce

ment effectiveness. Reported research [41] suggests that it does

not. The presence of a compressive axial load increases the

imposed shear on the section by increasing the flexural capacity

and the concrete contribution to shear capacity. The higher

amount of shear with axial load requires a larger amount of

transverse reinforcement to maintain crack width control. As

shown in Fig. 5.12 and Fig. 5.13 the tie strain in the specimens

with axial load increase faster than in the specimens with no

axial load. This suggests that the transverse reinforcement is

indeed more highly stressed in the specimen with axial load

causing the ties to yield sooner and thus reduce the effectiveness

of the aggregate interlock mechanism and the confinement.

Based on four tests with two axial load levels, the

effect of compressive axial loads less than the axial load at

balanced strain conditions can be summarized as follows:

1. Axial load increased the stiffness of the load-deflection

curves prior to achievement of the maximum lateral load.
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2. Axial load increased the maximum lateral load attained

by a column.

3. Axial load increased the rate of degradation of both the

stiffness and lateral load after achievement of the maxi

mum lateral load.

4. Axial load had negligible effect on the orientation of

the inclined cracks.

These observations are similar to the conclusions presented by

Ramirez [15J, who conducted an earlier investigation into the

effect of axial load on column behavior.

5.6 Effect of Cyclic Deformations

Specimens C-86-l4-DM and C-86-l4-D are compared to

illustrate the effect of a monotonically applied loading versus

a cyclically applied loading. Load-deflection curves are plotted

in Fig. 5.14. The influence of cycling is readily apparent after

the specimen had achieved its maximum lateral load. Prior to

that point, however, the cyclic loading curves follow the mono

tonic curve very closely. Cycling at or beyond the deflection

at which the maximum lateral load occurred caused a significant

and permanent reduction in the stiffness and lateral load capacity

of the cyclically loaded specimen compared to the monotonically

loaded one. It is important to note that both specimens suffered

loss of lateral load following the peak. Cycling probably was

severe because the specimen had a degrading type of failure even

when loaded monotonically. The effect of cycling may not have

been as pronounced if the specimens had a more flexurally domi

nated monotonic response.

5.7 Effect of Transverse Reinforcement Spacing

The spacing of the ties was one of the two main variables
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in the current test series. The ties were expected to provide

shear capacity and confinement to the core of the column. The

specimens in the previous investigations of this project were

assumed to have exhibited severe degradation of the load-deflect

ion curves because of an insufficient shear capacity. The

increased amounts of transverse reinforcement in several speci

mens of the current investigation was expected to provide enough

shear capacity to cause a more flexurally dominated behavior.

A possible result would be that the specimens would form the

plastic mechanism and exhibit the stable load-deflection curves

of a flexural hysteretic behavior.

A flexural dominated behavior is not merely defined as

the ability to reach the flexural capacity of the member. The

maximum load achieved must also be maintained through increasing

deformations and cyclic reversals of loading. Thus, while a

short column may achieve its computed flexural capacity it may

not exhibit a flexure dominated behavior. The attainment of the

flexural capacity may be a one time occurrence after which

other effects (such as shear) cause degradation of the hysteretic

behavior. However, as a first step in determining the likelihood

of flexural behavior the ratio of flexural to shear capacity may

be of interest. This check would quickly determine if a shear

dominated behavior would occur, but it would not be sufficient

to determine if a flexural behavior would occur. Other require

ments may need to be satisfied in order to assure a flexural

behavior.

Table 5.2 lists the computed capacities based on shear

The ratios of V to V indicated
rt rf

capacity. Specimens

and flexure (V and V f) and the increased maximum lateral
rs r

load (V ) for each specimen.
rt

that a number of specimens achieved flexural

0-86-32-D, C-86-32-D, C-86-2l-D, C-84-32-D, C-84-2l-D, and



132

C-84-l4-D achieved their computed flexural capacity. However,

the comparison of the ratio of V to V for these tests indi-
rt rs

cated that shear capacity should have controlled the maximum

lateral load of the specimens. As an example specimen C-84-l4-D

had a V
rt

to V
rf

ratio of 1.09, but its V
rt

to V
rs

ratio was

1.56. The maximum lateral load was approximately 50 percent

greater than that predicted by the 1977 ACI Building Code [17]

Chap. 11 shear capacity equation. The same result was found in

those specimens which did not achieve their flexural capacity.

The ratios of V to V were significantly greater than 1.
rt rs

Specimen C-86-03-D had a V to V ratio of 3.04.
rt rs

Figures 5.15 and 5.16 illustrate the relationship between

the computed flexure and shear capacities and the measured maxi

mum lateral loads. The general form of the plots is maximum

lateral load versus tie spacing. The average values for the

ACI Building Code terms V and V + V for the axially loaded
c c s

specimens of each series are plotted. Also plotted is the average

computed flexural capacity of the columns in each series.

Figure 5.15 shows the data points for the 86 series specimens

and Fig. 5.16 shows the data points for the 84 series. It

is quite clear that the ACI Code shear capacity equations are

conservative for the short columns. In addition, the trend of

the shear equations is not reflected in the data. The data from

the 86 series indicates that the shear capacity of the short

column does not continuously vary with the amount of transverse

reinforcement provided. Instead, there is a basic strength which

is independent of the transverse reinforcement until the amount

of transverse reinforcement is sufficient to allow the column to

reach its flexural capacity. A possible explanation of this

phenomenon is presented in Chap. 6.
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The attainment of flexural capacity is a necessary, but

not sufficient condition of flexure dominated behavior. If the

column can not maintain the maximum lateral load (degrading

hysteretic behavior) it is not considered to be a flexure domi

nated behavior. A measure of the columns ability to sustain its

maximum lateral load during cycling at a peak deflection is the

percentage loss in lateral load between the first and third

cycles. The percentage losses are shown in Table 5.3. Specimens

C-86-l4-D, C-86-09-D, and C-86-03-D all had large losses beginning

at the 2~ deflection level. These specimens also had very

similar maximum normalized maximum lateral loads. Specimen

C-86-2l-D had the next largest losses at the 2~ level, while

specimen C-86-32-D had the lowest losses among the five axially

loaded 86 series cyclic tests. Comparison of the actual load

deflection curves for the five specimens showed a distinct

decrease in the rate of overall degradation with decreased tie

spacing. Figure 5.17 shows envelopes of the peaks at l~l, 2~1,

3~l, and 4~l for each specimen and illustrates that increased

amounts of transverse reinforcement does cause a more flexurally

dominated behavior.

There was an improvement in hysteretic behavior with

decreased tie spacing, but in none of the 86 series specimens

was stable hysteretic behavior (flexure dominated) observed.

Specimen 0-86-32-D exhibited the most satisfactory behavior and

yet, as the losses in Table 5.3 and the envelope of peaks in

Fig. 5.10 showed, it did not exhibit stable behavior after the

36 deflection level was reached. The deflection level 36

was where the maximum lateral load was reached. Specimen

0-86-32-D did not maintain its flexural capacity after achieving

it. By comparison, specimen C-84-32-D showed stable loops

through the 3~ deflection limit and even though its longitudinal



ENVELOPE OF FIRST
QUADRANT PEAKS ONLY

S.
:>t

o

9

75

25

t-'
W
0"1

2.0 1.5 1.0 0.5 0.0 0.5 1.0

DEFLECTION ( inJ
1.5 20

~ C-86-03-D
25~ __ C-86-09-D

~ C-86-14-D
0--0 C-86-21-D
0---0 C-86-32-D

50

75

Fig. 5.17 Effect of tie spacing on hysteresis degradation



137

bars were buckling showed less percentage load loss at the 46

deflection limit than 0-86-32-D. More importantly, C-84-32-D

maintained its flexural capacity from the 26 deflection limit

to the 46 deflection limit at which point longitudinal bar

buckling reduced its lateral load capacity. The computed

flexural and shear capacities (Table 5.2) were about the same

for the C-84-32-D and 0-86-32-D specimens, but the load

deflection curves for C-84-32-D were more open and stable than

those for 0-86-32-D.

The differences between the behavior of specimens

0-86-32-D and C-84-32-D raised questions as to the cause of

degradation in the specimens of the 86 series. It did not seem

to be solely a function of the amount of transverse reinforce

ment. There was a noticeable difference in behavior between

0-86-32-D and C-84-32-D and even more so between C-86-32-D and

C-84-32-D The parameter which seemed to most directly relate

to the discrepancy was the other principal variable in the

test series--the size of the longitudinal bars.

5.8 Effect of Longitudinal Bar Diameter

There was a significant difference in observed behavior

between the 86 and 84 series other than the differences related

to longitudinal bar buckling in the 84 series. From the rather

poor hysteretic behavior exhibited by all of the specimens in

the 86 series, it was concluded that the size of the longi

tudinal bars influenced the flexural capacity and the develop

ment length required for bond.

At the beginning of the current investigation it was

hypothesized that the ratio of shear capacity to flexural

capacity determined the probable mode of failure. The ratio
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of computed shear to flexural capacity for each specimen is listed

in Table 5.1. The ratio for 0-86-32-D was 0.98. A flexural

dominated behavior was expected. However, as illustrated by

the load-deflection curves (Fig. 4.11), the specimen did not

exhibit stable hysteretic behavior. There was a degradation of

load even at the deflection level where the maximum lateral load

was achieved. The specimen could not maintain its maximum load,

even if the deflection was not increased. The degradation of

load and stiffness with increased deflection was pronounced and

it would seem that the specimen did not exhibit the characteris

tics of a flexurally dominated behavior. Thus, it is likely that

the ratio of shear to flexural capacity is only one criterion

for determining the failure mode and that some other factor is

also responsible for the degrading hystersis load-deflection

loops of specimen 0-86-32-D and the other 86 series columns.

Based on the results of earlier Japanese investigations,

bond degradation was a possible reason for the poor performance

of the 86 series specimens compared to the specimens in the 84

series. There were several features about the observed behavior

of the specimens which suggested bond degradation. The first

was the location of maximum damage to the specimen. Each of the

86 series specimens exhibited more damage to the core and cover

loss in the middle third of the column, while the specimens of

the 84 series, especially C-84-21-D, showed more damage at the

ends of the column. It was observed that the concrete surround-

ing the longitudinal bars in the 86 series was ground away in

the damaged area destroying the composite action. The 14 longi

tudinal bars were embedded in sound concrete in the middle region

of the specimen throughout the test.

Another factor which suggested bond degradation was the
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change in shape (pinching) of the hysteretic loops in the 86

series specimens during the tests, as illustrated in Fig. 5.18

for specimen 0-86-32-D. The load-deflection curves show a change

at the 36 deflection limit at which the maximum lateral load was

achieved. The deflection at which the maximum lateral load was

achieved was the critical point where the characteristics of

the load-deflection curve changed in all the 86 series tests.

Cycling to deflections less than the critical deflections caused

minor, if any, lateral load degradation, but some stiffness degra

dation. By contrast, cycling at or beyond the critical deflection

caused significant losses in lateral load and stiffness. In

addition, the shape of the curve changed. Shown in Fig. 5.19 is

a typical example of the observed change. The shape of the curve

prior to cycling at the critical deflection limit is indicated

by line AB, which had a constantly negative curvature with a

zero slope as the peak is reached. In the next cycle, the shape

is changed, as shown by the curve between C and D, which had a

negative curvature during loading from C and tended toward a

zero slope or low stiffness near zero deflection. After passing

zero deflection, the stiffness increased with a positive curva

ture rather than the negative curvature of line AB. At approxi

mately point D, the curvature changed from positive to negative

and the slope tended towards zero as the lateral load peaked.

Point E was drawn as being below point B. This was generally

true of the 86 series tests, since point B in the tests was the

maximum lateral load reached by the specimens.

Pinching is not only caused by bond degradation along

the longitudinal bars. Sliding shear at the ends of the member

can also contribute to the pinching. Sliding shear is the

relative movement between a member and a joint caused by a

flexural crack which penetrates the total depth of the member.
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Shear is transferred across such a crack (Fig. 5.20) by doweling

action of the longitudinal bars and aggregate interlock along

the crack surfaces. Another possible contributor to pinching

is the effect of flexural cracks formed by tension steel yielding

which do not close until compression yielding when the load is

reversed. Until the crack closes to permit the concrete to

act in compression only the tension and compression steel act

to resist the moment. The stiffness of the steel couple is much

less than the combined concrete and steel couple. The reduced

stiffness is the pinched portion of the hysteresis loops.

The relationship between bond degradation and loss of

load capacity and stiffness was suggested by Hassan and Hawkins

[90], who observed rapid degradation of bond in specimens where

the reinforcement was subjected to load reversals which caused

the bar to have alternating compressive and tensile yielding.

In the current series the longitudinal steel reached its peak

stress when the specimen achieved its maximum lateral load

capacity. According to an analysis of the section the majority

of the longitudinal bars were yielded at ultimate conditions.

Because of the loading condition, the longitudinal bars,

especially at the corners, were subjected to reversed yielding as

the deflections were cycled. Cycling between deflections

corresponding to maximum load would produce the same kind of

rapid degradation observed by Hassan and Hawkins.

The development length in tension for the column longi

tudinal bars using the ACI Building Code provisions and the pro

posed recommendations of ACI Committee 408 [84] are listed in

Table 5.4. The two approaches gave similar results and an average

development length (tension) for the 1~ bar was taken to be

20 in. and 13 in. for the #4 bar. If the inflection point of the

specimen was approximately the midheight of the column, the
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TABLE 5.4 COMPUTED LONGITUDINAL BAR

DEVELOPMENT LENGTHS (Tension)

Test i- t
Name d1 d2

in. in.

0-86-32-D 20.6 18.6

C-86-32-D 20.6 17.1

C-86-21-D 20.6 16.5

0-86-14-D 19.6 16.4

C-86-14-D 20.6 18.4

C-86-09-D 20.6 22.9

C-86-03-D 20.6 22.3

C-84-32-D 13.7 12.3

C-84-21-D 13.7 12.3

C-84-14-D 13.7 11.6

t d1 - based on ACI318-77

t d2 - based on Committee 408
recommendations [84]
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maximum length available for development was 18 in. The actual

point of inflection could not be determined because strains

(stresses) along the longitudinal bars were 'not measured. The

nature of the loading on the columns caused every corner bar to

be highly stressed in tension repeatedly during the loading

history. A shift of the inflection point from midheight would

cause a more severe development length requirement as the shift

would shorten the development length available for at least one

bar (Fig. 5.21). It is clear that bond degradation is an import

ant reason for the observed differences in hysteretic behavior

between the 86 series and the 84 series specimens when the

available development lengths are compared to that required.

It should be noted that development length recommendations are

based on monotonic tests, further aggravating anchorage problems

for the 16 bar.

5.9 Summary of Observations

From the results of the test program, several interest

ing observations on the behavior of short reinforced concrete

columns can be made. The observations are based on twelve tests.

All were deformed along the diagonals of the specimen and the

cyclic deformation histories were identical. The main variables

in the test program were the spacing of the column ties and

the size of the longitudinal reinforcing bars. Secondary

variables were axial load and deformation history.

The presence of a compressive axial load less than the

load at balanced strain conditions increased the initial stiff

ness of the specimen and increased the maximum lateral load car

ried by the specimen. However, the compressive axial load in

creased the rate of degradation of both the lateral load and

stiffness after the specimen reached its maximum lateral load.
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Cyclic reversed deflections caused the specimen to

degrade faster than if the specimen had been monotonically

deflected. The effect of cycling was most significant if the

specimen was cycled at deflections equal to or greater than

the deflection at which the maximum lateral load was achieved.

The spacing of the column ties varied from 12 in. to

1-1/8 in., but it did not significantly affect the maximum

lateral loads applied to the test specimens. If the tie spacing

was small, there was sufficient transverse reinforcement to

allow the specimen to reach its flexural capacity. If there

was not enough transverse reinforcement, the tie spacing did

not affect the maximum lateral load achieved by the specimen.

The spacing of the column ties did affect the rate of degra

dation of lateral load following the achievement of the maximum

lateral load. Decreased tie spacing decreased the rate of

degradation.

In the current test series, the longitudinal bar

diameter was the parameter which most affected the character

istics of the load-deflection curves, such as pinching.

The bars were required to undergo cycles at high stress reversal.

At best, the bars had only one-half of the column length for

anchorage, because the column was bent in double curvature with

a point of inflection near midheight.

5.10 Classification Guide

5.10.1 Overview. The points listed in the summary

provide the basis for formulating a qualitative decision tree

to guide the designer to the kind of behavior a column would

exhibit if subjected to cyclic lateral deflections. The decision

tree was developed in the form of a flowchart with branches
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dependent on the characteristics of the column. The criteria

for branch selection were qualitative because the data from the

one test series were inadequate to give quantitative criteria.

Thus, the predictive guide was developed to give indications

of the effect and significance of various parameters on column

behavior subjected to conditions similar to those used in this

investigation. An approach is presented in Chap. 6 which incor

porates the concepts presented herein with quantitative guidance

based on Japanese test data.

5.10.2 Principal Criteria. The framework of the decision

tree, Fig. 5.22, incorporates four principal capacities or criteria

related to the section shear capacity, the section flexural capa~

city, the capacity to transfer shear between the longitudinal

steel and the concrete, and the efficiency of transverse rein

forcement for inclined crack width control. The shear capacity,

V ,is probably affected by the same variables used in the ACI
csc

Building Code provisions for the V term but not in the propor-
c

tions or significance indicated in those provisions. The flexural

capacity, as computed in this chapter (Sec. 5.2) gives a good

indication of the maximum lateral load capacity of the column and

is used to calculate the V
rf

term in the decision tree. The cur

rent test series did not provide enough data to even suggest the

form of the term for bond capacity. The qualitative criterion,

V
BS

' was included to emphasize the need to consider development

length in column design. For the purpose of the flowchart, the

bond criterion is expressed as a lateral load capacity.

The fourth capacity is a measure of the effectiveness of

the transverse reinforcement in permitting the column to maintain

the lateral load at inclined cracking and, if necessary, to achieve

the flexural capacity of the columno The transverse reinforcement
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criterion is V in the flowchart. V initially represented
acc acc

the force that the transverse reinforcement was expected to carry

if crossed by cracks. In its simplest form this action of the

transverse reinforcement is idealized, as shown in Fig. 5023,

where a specimen split from corner to corner relies on the trans

verse reinforcement to carry the lateral load. Ideally, the amount

of lateral load the reinforcement carries is the total area of

transverse steel crossed by the crack times the yield strength of

the steele If the transverse reinforcement capacity to carry shear

is less than the shear corresponding to the flexural capacity,

then at some point the transverse reinforcement will yield and

limit the maximum lateral load capacity. The load-deflection rela

tions for specimens C-86-03-D and C-86-09-D (Figs. 4.23 and 4.21,

respectively) show large drops in lateral load capacity and an

inability to maintain a lateral load capacity at least roughly

equal to the yield force of the ties. Both of these observations

led to the conclusion that it is not the force in the ties which

equilibrates the applied shear, but the shear transferred through

the section by aggregate interlock. Aggregate interlock is most

effective when the crack widths are small. If the transverse

reinforcement yields at the onset of inclined cracking, then the

cracks open unrestrained, which drastically reduces the effective

ness of the aggregate interlock and as a result the lateral load

capacity also decreases. The V term still holds significance
acc

as a criterion which determines whether or not there is sufficient

transverse reinforcement to prevent its yielding at the onset of

cracking. If the reinforcement does not yield, then the aggregate

interlock remains effective. If enough transverse reinforcement is

provided to keep the crack widths sufficiently narrow, then the

aggregate interlock mechanism may be capable of permitting the

V is taken to repre-
acc

sent the required transverse reinforcement force necessary for
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the column to reach its flexural capacity.

5.10.3 Initial Steps. The initial steps of the flow

chart, Fig. 5.22, are the computation of the criteria Vcsc ' Vrf '

and V
BS

. The bond criterion, V
BS

' is computed at the outset

because it can be a factor in either shear dominated or flexure

dominated behaviors. Except for Vrf ' the criteria represent

concepts. Quantification is done in Chap. 6.

The first branch of the flowchart compares the lateral

load capacity based on shear and flexure. The comparison of

the two capacities divides the behaviors into two broad cate

gories--shear dominated and flexure dominated. The terms do not

define the actual cause of degradation, but point to the initial

characteristics of behavior. Thus, for a shear dominated

behavior the shear capacity is less than the flexural capacity

and inclined cracks form in the section. The extreme case of

shear dominated behavior is a diagonal tension failure, but

less rapid degradation could occur and still be a shear dominated

behavior. The same idea applies to flexure dominated behavior.

The flexural capacity is less than the shear capacity and few,

if any, inclined cracks form. The extreme case of flexure

dominated behavior is the formation of two hinges in the column

and very stable load-deflection curves. The comparison generally

separates the columns into two groups, those in which inclined

cracking exclusive of flexure-shear cracks occur (shear domi

nated) and those in which inclined cracking does not occur

(flexure dominated).

5.10.4 Shear Dominated Behavior. If the lateral

load capacity based on shear is less than the lateral load

capacity based on flexure, then the behavior is shear dominated

and follows the NO branch of the V to V f comparison in
csc r
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the flowchart, Fig. 5.22. A shear dominated behavior is chara

cterized by the formation of inclined cracks along the column

length. These inclined cracks separate the column into multiple

sections and, in order to transfer shear through the column,

it is necessary to rely on aggregate interlock along the

cracks. The term V is a measure of the transverse reinforce-
acc

mentIs effectiveness in providing restraint against crack width

opening. If V is insufficient, which is taken to be less
acc

than V
rf

, then the reinforcement is unable to restrain crack

width growth at initial crack formation and the column suffers

a rapid failure similar to a diagonal tension failure. An

example of such a failure is specimen C-86-03-D whose load

deflection curves are shown in Fig. 4.23 and Fig. 5.24a.

If V is sufficient to at least initially restrain
acc

the crack widths, then the hysteretic behavior will show some

stability. The number of cycles or deflection levels for which

the column will remain stable is uncertain, but if the bond

criterion is inadequate- (V
BS

< Vrf)' then the hysteretic loops

will show instability sooner than if the bond criterion was

adequate. An example of a moderate shear behavior made worse

by bond degradation is specimen C-86-32-D, whose load-deflection

curves are shown in Figs. 4.13 and 5.24b. The rate of

hysteretic degradation is determined by the amount of transverse

reinforcement provided and the presence of bond degradation.

If large amounts of transverse reinforcement are provided and

little or no bond degradation occurs, then the hysteretic load

deflection curves can be quite stable.

5.10.5 Flexure Dominated Behavior. If the maximum

lateral load based on shear is greater than that based on flexure,

then the column failure is a flexure dominated behavior and the
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flowchart follows the YES branch at the V ~ V f comparison.csc r
It is assumed that because the lateral load will not exceed that

which would cause inclined cracking, transverse reinforcement

for additional capacity is unnecessary. The comparison of V
BS

to V
rf

serves as the indicator to the possibility of bond degra

dation. If V
BS

< V
rf

' then bond degradation will occur and

cause the hysteretic load-deflection loops to become unstable

with both the load and stiffness degrading with cycling and

increased deflections. If the bond capacity is greater than the

flexure capacity (V
BS

~ V
rf

), then the hysteretic loops will

exhibit stable characteristics unless longitudinal bar buckling

should occur during the loading history. An example of a column

exhibiting stable hysteretic behavior until bar buckling

causes behavior deterioration is specimen C-84-32-D. Its load

deflection curves are shown in both Figs. 4.25 and 5.24c.

5.10.6 Summary. Section 5.10 described the classifi

cation guide for short column behavior. It was qualitative and

based solely on the results and observations of the tests

conducted in the current investigation. Chapter 6 presents an

expanded guide based on additional data from tests conducted

elsewhere. The guide in Chapter 6 includes a wider class of

columns and uses quantitative rather than qualitative classi

fication criteria.
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C HAP T E R 6

EXPANDED GUIDE TO BEHAVIOR CLASSIFICATION

6.1 Introduction

The predictive guide presented in Chapter 5 was based only

on the results of tests in the current investigation. Because of

the limited amount of data (12 tests) the guide was qualitative in

nature. The present chapter continues the development of a guide

to behavior by using test data from several Japanese investigations

to expand the scope of the guide. The expansion includes a broaden

ing of the class of columns considered in the guide and the inclu

sion of quantitative criteria to replace the qualitative concepts

presented in Chapter 5.

The Japanese tests used as supplemental data in the chapter

are discussed. The specimen characteristics, loading conditions,

and major parameters for the tests are presented with the emphasis

being on the relation of the Japanese tests to the tests of the

current investigation. An overview of the expanded predictive

guide is presented. The criteria used in the predictive guide are

discussed individually. For each criterion the development of the

quantitative expressions is presented. A description and discussion

of the predictive guide is included and examples of the various

kinds of predicted behavior are presented including load-deflection

curves and crack patterns. A brief discussion of the application

of the predictive guide to the tests of the current investigation

and the guide's implication to design concludes the chapter.
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6.2 Japanese Investigations

The 1968 Tokachi-Oki earthquake in Japan caused numerous

column failures and as a result an extensive research program was

undertaken to study the behavior of columns, especially short

columns, subjected to cyclic reversed deformations. The additional

test data used to expand the predictive guide came from several of

the Japanese investigations in this program [58,60J. The load

deflection curves and crack patterns for the Japanese specimens

used as illustrative examples in this chapter were also taken

directly from Refs. 58 and 60.

One of the prime reasons for using the Japanese investiga

tions was the completeness of the presented data. The material

properties of the specimen, load-deflection curves, crack patterns,

and description of failures were needed in order to use the results

for a quantitative study of behavior. The typical Japanese test

specimen, Fig. 6.1, was very similar in overall shape to the

specimens used in the current investigation. The major differences

were that the column cross section was smaller, 9.8 in. versus

12 in. square, and the Japanese specimens used six rather than

eight longitudinal bars. The loading system was similar to that

used in the current investigation. In fact, the loading system

developed by the Building Research Institute in Japan, shown in

Fig. 6.2, provided the model for the system constructed for the

current investigation. There were no major differences in the

action of the two loading systems on the test specimen, except

that the Japanese system could only apply unilateral deformations.

The concern for the similarity of specimen geometry and

loading system was prompted by the importance of bond degradation

on the observed behavior of the tests in the current investigation

(Sec. 5.8). Bond was known to be affected by many variables and

it was considered necessary that as few variables as possible be
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introduced into the comparisons. The test specimen configuration

and loading system in the current investigation were considered to

better model an actual column subjected to cyclic reversed def

ormations than other types of specimen, such as cantilever beams,

especially with regard to the bond requirements of the longitudinal

reinforcing bars.

The Japanese test program included variations in concrete

compressive strength, clear height of the column, diameter of the

longitudinal bars, diameter and spacing of the column ties, and

axial load. The loading history was not varied and consisted of

unilateral reversed cyclic deformation of the column using incre

mentally increased deflection limits with ten cycles at each limit.

The size of the column cross section and number of longitudinal

bars were also kept constant.

The variation of parameters in the Japanese tests was not

as systematic as expected. Generally, the parameters were altered

in an attempt to obtain desirable behavior (flexure dominated)

rather than a wide range of behavior, both brittle and ductile.

The emphasis on achieving acceptable performance resulted in more

of the tests exhibiting satisfactory rather than unsatisfactory

behavior. However, there were a sufficient number of tests

which exhibited less satisfactory behavior and could be used to

expand the predictive guide. Over ninety tests were studied

in which concrete strength, column clear height, longitudinal

bar diameter, tie diameter and spacing, and axial load were varied.

The Japanese data available for study consisted of load-deflection

curves and crack patterns at selected points during the loading

history.
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6.3 Outline of Predictive Guide

Figure 6.3 is a schematic of the expanded predictive

guide. It is brief and provides an outline of the guide which

will serve as a framework on which the discussion of the criteria

governing behavior will be based.

The skeletal guide is composed of two primary stems: one

for shear-dominated behaviors and the other for f1exure-

dominated behaviors. It must be remembered that these terms do

not necessarily identify the mechanism responsible for the final

behavior, but delineate the two stems according to the general

behavioral characteristics of the member. The branches (junctions)

in the skeletal guide are identified with letters. Note that the

branches for bond, core loss, and bar buckling are labeled the

same for both the shear and flexure-dominated behaviors. The

common labeling emphasizes the observation that the phenomena

mentioned are dependent on the same parameters regardless of the

final behavioral modes.

The key junction is at A, which divides the behavior of

columns into two groups, those in which degradation is inevitable,

i.e., shear-dominated, and those in which stable flexural behav

ior is a possibility, i.e., flexure-dominated. From the study

in Chapter 5, the criteria that decide the stems are the concrete

shear capacity, V ,and the flexural capacity, V
rf

(Sec. 5.10.2).
csc

Junction B divides the shear-dominated behavior into essen-

tia11y rapidly failing or gradually degrading mechanisms. The

division is strictly a function of the amount of transverse rein

forcement provided. The quickly failing columns do not have

sufficient reinforcement to restrain the inclined cracks from

widening after initial formation. The criteria governing

junction B are the after cracking capacity, V ,and the flexural
acc
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capacity, V
rf

(Sec. 5.10.2).

Junction C provides an indication of the need for a minimum

amount of transverse reinforcement in a column which is subjected

to severe loading conditions, especially cyclic reversed loadings.

In deformation controlled loadings, it is possible to open cracks

not merely as a function of the applied loads, but also as a func

tion of strain level. Cyclic loadings at high deflection levels

open cracks which then propagate through the column. A certain

amount of transverse reinforcement is necessary to control these

cracks. The branch criteria for junction C are the after cracking

capacity, V , because it is a direct function of transverse
acc

reinforcement and the flexural capacity, V
rf

.

Junctions D, E, and F are related to detailing requirements

rather than load capacities. The bond criterion is a function of

development length (in tension), £d' The core loss criterion is

a function of the effectiveness of the transverse reinforcement

to confine the core and the criterion is given the label, Z .
n

The buckling criterion is a function of the tie spacing, sh' in

the column.

The table in Fig. 6.3 summarizes the criteria associated

with each junction and branch. In the following section the

development of the quantitative expressions for each criterion

is presented. Finally, the expanded predictive guide is presented

and discussed.

6.4 Predictive Guide Criteria

The six criteria governing behavioral modes in the expanded

predictive guide are:

V - lateral load capacity based on flexure
rf

V - lateral load capacity based On shearcsc
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v - after cracking lateral ID~d capacity
acc
£d - longitudinal bar development length (tension)

Z - confinement of the core
n

sh - column tie spacing

Comparisons of these criteria at the junction determine which

branch to follow in the predictive guide. The development of the

criteria was empirical and the comparisons were selected to best

represent observed behavior. Therefore, the criteria best repre

sent the behavior of the columns tested by the Japanese.

Each criterion is discussed individually in the subsections

which follow. The expanded guide and the applicability of the

guide to the tests of the current investigations will be dis

cussed afterwards.

6.4.1 Flexural Capacity - Vrf . The flexural capacity of

the section is expressed as a lateral load. The derivation of the

flexural capacity was discussed in Chapter 5 but will be reviewed

briefly here. As shown in Fig. 6.4, the column is assumed to be

fixed at each end. One end is translated relative to the other

and hinges form at both ends of the column. The hinge capacity

is the ultimate moment capacity of the section. The lateral load

to equilibrate the system is:

v = 2M
rf L

(6.1)

The flexural capacity is taken to be the design capacity

of the column. Following normal design recommendations, the

flexural capacity is generally established as the limiting

capacity. The concept of flexure dominating behavior is the basis

for the seismic provisions of most design codes. The ultimate

moment capacity and thus the flexural capacity is the most easily

defined capacity for a reinforced concrete flexural member. The
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computation is well-documented and reliable methods are widely

available. With proper detailing, the ultimate moment capacity

is also stable under cyclic conditions. Therefore, it is not

suprising that the flexural capacity is taken to be the limitng

capacity with all other capacities purposely overdesigned to force

a flexural hinging mechanism.

A comparison of the computed flexural capacities (V
rf

)

using the standard ACI Building Code [17] approach and the maxi

mum lateral loads (V ) attained in the Japanese tests showed a
rt

very high degree of agreement (average ratio of V f to V was
r rt

0.97). Based on this, it is suggested that V
rf

be computed by

Eq. 6.1 and that M be computed using any experimentally verified

method. Strain hardening of the longitudinal reinforcement and

any other effects which tend to increase the flexural capacity

should be included in the compu~ation of M.

6.4.2 Concrete Shear Capacity - V The concrete shearcsc
capacity is perhaps the most important value used in the predictive

guide. If it is less than the flexural capacity, the column will

follow in the shear-dominated branch which inevitably leads to a

degrading behavior.

The concrete shear capacity is solely dependent on the

capacity of the concrete section to transfer shear and is unaf

fected by the amount of transverse reinforcement in the column.

The idea of a basic concrete capacity is not new. The early

investigations into shear strength of simply supported beams

revealed that the load at which the first diagonal tension crack

occurred was independent of the amount of shear reinforcement in

the beam. Formation of the diagonal tension crack in beams with

medium to long shear spans and no shear reinforcement was a

failure condition. The concept of a basic concrete capacity is
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incorporated in the ACI Building Code Chapter 11 provisions for

shear strength. The V term in the ACI Code is based on the
c

concept that there is a concrete capacity which is independent

of shear reinforcement, as shown by the form of the equation

A /b d
s w

area of nonprestressed tension reinforcement, sq. in.

web width, in.

distance form extreme compression fiber to centroid
of longitudinal tension reinforcement, in.

where V
c

f'
c

V
u

M
u

,ow
A

s
b

w
d

Vo = (1.9 H; + 2500pw V~jbwd
shear strength provided by concrete

= concrete compressive strength, psi

shear force at section

= moment at section

(6.2)

The V, term is very similar in concept to the ACI Building Code
csc

term. A lateral load applied to the column which exceeds Vcsc
causes inclined cracks to form in the column. Inclined cracking,

as used in the current investigation, defines cracks which are

inclined to the transverse axis of the member and form indepen

dently of flexure-shear cracks. An illustration of the difference

between flexure-shear and inclined cracks is shown in Fig. 6.5.

The difficulty arises not in the concept of V ,but in
csc

finding a suitable equation for estimating the concrete shear

capacity of a column. It was pointed out in Chapter 5 that the

term V as used by the ACI Code gave consistently low estimates
c

of shear capacity. It was not expected that the ACI equations

would agree well with the current specimens because they were

based on monotonic tests of specimens with significantly different

loading conditions. In addition, the ACI Code V term was purposely
c
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formulated to be conservative. As a result, an equation for Vcsc
was developed. Two approaches were taken to developing an equation.

The first approach was based on a principal stress criterion.

The second approach was based on a modified shear-friction concept.

Principal Stress Concept--The possibility of a compression

strut forming between the upper and lower corners of the column

(Fig. 6.6) was explored. A principal stress criterion was used as

the basis for a capacity equation. The general form of the

principal stress equation was

ax +a Ax 2 a~2 2y ± + (6.3)al 2 2 ~xy,

where al 2 the principal stresses,
ax x axis normal stress

ay
y axis normal stress

T shear stress
xy

Two approaches were considered. One approach assumed that the

shear and compression forces could be combined to represent

a uniaxial thrust on the strut. The other approach looked at the

stress state in the concrete compression zone near the end of the

column.

Figure 6.7a shows an idealized short column. At each

end of the column there is a shear force (V), a compressive force

through the concrete compression zone (C), and a tension force

from the longitudinal reinforcement (T). The resultant of the

shear and compression forces are taken as a unaxial thrust

on the compression strut. The angle of the resultant force is

assumed to coincide with the angle of the strut for simplicity.

The area of the strut is taken to be the area of the compression

zone in the absence of better information. The attempt to adjust
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the equation to fit the available data revealed that there is at

present an .insufficient amount of data on which to develop an

equation which properly represents the case of a short column.

The lack of data can be directly attributable to the avoidance of

diagonal-tension (brittle) failures in past research programs

on short columns.

The other approach (Fig. 6.7b) substitutes the concrete

compression zone normal stress for the V
x

term and the shear

stress on the concrete compression zone for the ~ term in Eq. 6.3.
xy

The shear stress is taken to be V divided by the compression zone

area. However, as with the other approach there is an insufficient

amount of data on which a suitable equation can be based.

Shear-Friction Concept--The modified shear-friction approach

was motivated by the results of experimental tests reported by

Mattock and Hawkins [6~. The thrust of their investigation was a

study of the shear transfer capacity across a crack in concrete.

Most of the specimens had preformed cracks, but some tests were

conducted on uncracked sections. Three different specimen configura

tions were tested, Fig. 6.8, and each had a well-defined plane of

shear weakness with transverse reinforcement across the crack. The

most interesting result of their work for the current investigation

was the fact that the maximum shear transfer capacity across the

shear plane was the same for both initially cracked and uncracked

sections. This result suggested that it was possible to use a

shear-friction equation for concrete shear capacity. Based on the

experimental evidence, the proposed equation by Mattock and Hawkins

was considered suitableo The equation was an expression for the

shear stress which can be transferred across a crack
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where

V =: 200 ps i + O. 8 (pf + a )
u y nx

V =: shear stress, psi
u
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(6.4)

p

f
y

crnx

=: total area of transverse reinforcement divided by
area of the cracked plane

=: yield strength of transverse reinforcement, psi

=: externally applied normal stress on the cracked area,
positive if compressive, psi

The limits on the shear stress were

v
u

v
u

::;; 0.3f'
c

:2: 360 psi

and

Equation 6.4 was modified to account for differences between the

columns and the,simple specimens tested by Mattock and Hawkins.

Modified Shear-Friction Concept--The motivation for

considering a shear-friction approach came from the observation

that the Japanese tests could be grouped according to the amount

of significant inclined cracking exhibited by the columns. The

division was important because it suggested that the external

shear was resisted initially by shear stresses acting on a plane

parallel with the shear force. Inclined cracks formed after the

external shear force exceeded the capacity of the shear-friction

mechanism. The inclined cracks caused a change in the manner in

which the shear was transferred in the column. The shear force

was transferred across the inclined cracks by aggregate inter

lock rather than parallel to the applied lateral load. It was

first necessary to determine the area of the section initially

resisting shear parallel to the applied load.

Figure 6.9 shows an idealized column cracked in flexure

due to monotonic loading. Sections which had no flexural cracking

would have low concrete shear stresses compared to the shear
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Fig. 6.9 Deflected column

FIGURE 6.10
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stresses in the compression zone concrete at the cracked sections.

The concrete in the compression zone of the cracked section

would be expected to carry most of the shear acting at the

cracked section. It can be visualized that the uncracked com-

pressive zone, Fig. 6.10, is similar to the uncracked specimens

tested by Mattock and Hawkins. Under cyclic loading reversals,

the plane at the end of the column would be fully cracked by

reversals of moment. Instead of the shear transferring across

an uncracked section, the shear must be transferred across a

precracked section. However, as noted earlier, Mattock and

Hawkins showed that if the normal stress was high the shear

transfer capacity across the crack would be similar to the shear

transfer capacity across an uncracked section. The normal stress

in the.compressive zone was the stress required for equilibrium of

the section and near ultimate conditions might be quite high.

Using the Whitney stress block as a guide, the average stress on

the compressive block would be about 85 percent of the concrete

compressive strength. Therefore, if the section was cracked, the

normal stress was high enough to ensure that a portion of the

cracked surface was in contact and that the shear transfer capacity

would be mobilized.

Mattock and Hawkins' equation was changed very little in

applying it to the column tests. The term for transverse rein

forcement was dropped because the effect of a large longitudinal

steel area on a small concrete compression zone carrying shear was

unknown and it was, therefore, conservative to eliminate p from

the equation.

V
csc

The suggested equation for V is
csc

200bc + 0.8C
F

(6.5)

but 360bc < V < 0.3bc ff
csc c
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v = concrete shear capacity
csc

Any force in

The limits on

and Hawkins.

b

c

width of column, in.

distance from extreme compression fiber to the
neutral axis, in.

normal force on only the concrete in the compressive
block

V were taken to be the same as proposed by Mattock
csc

The term C
F

was defined as the force on the concrete.

the compression steel would not be effective as a

normal stress acting on the concrete. The computation of C
F

is

straightforward and comes directly from the usual flexural analysis

of a section, as shown in Fig. 6.11.

6.4.3 After Cracking Capacity - V It was noted in
aCC

Sec. 6.4.2 that there was a drastic change in the shear resisting

mechanism if the concrete shear capacity was exceeded. The

change was the result of the formation of inclined cracks that

destroyed the integrity of the concrete section. The shear could

no longer be carried across a section parallel to the applied

shear force and had to be transferred from one end of the column

to the other across the inclined cracks that developed. The key

differences between transferring shear across inclined cracks and

across flexure cracks is that the flexure crack affected only a

short length along the column and, in addition, the crack in

the compression zone had a significant amount of normal stress

to keep the crack width small. Increased deformation of the

column widened the inclined cracks and there was little normal

external stress across the crack length. Instead, the restraint

to inclined crack widening was almost exclusively a function of

the amount of transverse reinforcement crossing the cracks.

Shear Transfer Across Inclined Crack--The nature of the

shear transfer suggested a shear-friction approach. The use
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of Mattock and Hawkins' Eq 6.4 was considered. However, its

application to the inclined cracks was felt to be unconservative.

Equation 6.4 was based on monotonic loading and test specimen

conditions which did not adequately reflect the conditions in

the columns. Although the ACI Code provisions for shear-friction

were also based on monotonic tests, the results were more conserva

tive than the values given by Mattock and Hawkins' equation. A

conservative approach was selected and therefore the ACI Code

provisions were used as the basis for the equation for V .
acc

The ACI Building Code provisions for shear-friction con

sist of a coefficient of friction times the force normal to the

crack. The equation is

V = A f u
n vf y- (6.6)

where V
n

AVf
f

y

shear force transferable across the crack

area of shear-friction reinforcement, sq. in.

yield strength of shear-friction reinforcement, psi

~ = coefficient of friction (taken as 1.4)

The application of Eq. 6.6 to the column tests is described in

Figs. 6.12 and 6.13.

Derivation of V --Figure 6.12 shows the basic assump
acc

tions made about the column and the inclined cracks. The column

has a total depth of h. The column ties are spaced along the

column at sh intervals. A crack is assumed to form at an angle

of 45~ across the entire column. The crack orientation is roughly

the angle observed in the current investigation of short columns.

Figure 6.13 describes the application of the ACI Code shear

friction equation to the column with inclined cracks. Figure 6.13

is not a freebody of the column. The tension longitudinal steel

is not considered as shear reinforcement because it may already
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Sh =SPACING OF TIES

h = DEPTH OF SECTION

Fig. 6.12 Assumed cracking
of column
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be yielded in tension as a result of bending. The compression

longitudinal steel is not considered as shear reinforcement

because it is at the periphery of the section and it is not known

how effective it would be to the interior area resisting shear.

Similarly, a compressive axial load is transferred through the

concrete compression zone and how its effect .could be averaged

over the area is not well defined. The effect of longitudinal bar

dowel action is neglected because the amount of shear resistance

it provides is uncertain. Thus, the effect of longitudinal steel

and axial load are omitted and it is conservative to do so.

Step a shows a portion of the column which includes an inclined

crack. As the two sections of the column override each other,

the ties yield exerting atensile force of F, as shown in step b.

The ACI Code equation uses only the normal force, so F for each

tie is divided by JZ to obtain the component of force acting

normal to the crack, F' (step c). The action of the tie forces is

to keep the two surfaces in contact so that a compressive stress

ia applied to each section as illustrated in step d. The shear

force that can be transferred parallel to the crack is the

coefficient of friction (1.4) times the restraining force normal

to the crack as given by V in step e. The component of V'

parallel to the applied lateral load is V and obtained by dividing

V by JZ (step f). Step g describes the replacement of the sum~

mation of tie forces by its geometric equivalent based on the

assumed orientation of the crack to arrive at the final form of

.V . (V) which is
acc

V =
acc

O.7hf A
yv v

(6.7)
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where V after cracking shear capacity
acc

h gross section depth, in.

sh tie spacing, in.

f yield strength of tie bars, psi
yv

A = twice the area of one tie bar, sq. in.
v

The upper limit on V was taken to be
acc

V ::;; 0.2A f'
acc c c

where A
c

f'
c

core area of column, out-to-out of ties, sq. in.

concrete compressive strength, psi

Mattock and Hawkins suggested a limit of 0.3f' for the shear stress
c

parallel to the crack. The value of 0.3f' is divided by J2 to
c

obtain the horizontal component of the limit, 0.2f , similar to
c

obtaining V from V in steps c and f of Fig. 6.13. The stress

of 0.2f' is multiplied by the core area to obtain the horizontal
c

force limit. The core area was adopted to recognize the likeli-

hood of cover spalling in specimens with a large number of ties.

The limit of 0.2A f' cannot be verified by experimental evidence
c c

because none of the reported specimens had enough transverse

reinforcement to approach the limit.

In reality, V is a measure of the effectiveness of the
acc

transverse reinforcement in restraining cracks from widening

thus reducing aggregate interlock along the inclined cracks.

Because the aggregate interlock provides the principal shear

resistance, it is imperative that the inclined crack widths remain

as narrow as possible, which implies that the transverse rein

forcement should not yield because the restraint to crack opening

would be negligible following yielding. It is also true that the

more transverse reinforcement crossing a crack, the greater the

restraint to crack widening. Thus, V represents the trend
acc
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observed in the test programs because V is directly propor-
acc

tional to the amount of transverse reinforcement crossing a crack.

6.4.4 Core Confinement - Z. Confinement of the core is
n

necessary to maintain the flexural capacity of column hinging

regions. In the columns under consideration, confinement is pro-

vided by ties spaced along the length of the column. The principal

objective of the criterion for confinement is the determination of

the amount of transverse reinforcement (diameter of tie and spacing)

to adequately confine the core.

The first attempt at developing a criterion for confine

ment was based on the confinement specified for spirally rein

forced columns by the ACI Building Code. The amount of spiral

reinforcement is given as a volume of reinforcement per volume of

concrete confined. The ACI equation is

f'
c

f
y

(6.8)

where

A
g

A
c

f
y

ratio of volume of spiral reinforcement to volume of
core (out-to-out of spirals) of a spirally reinforced
compression member

gross area of section (sq ino)

area of core of spirally reinforced compression
member measured to outside diameter of spiral (sq in.)

yield strength of spiral reinforcement (psi)

The values of p computed for the tests conducted here and in
s

Japan did not provide a clear indication of the value for 0. s

needed for adequate confinement. While the Japanese specimens

were not spirally reinforced, it was hoped that the values of p
s

would provide a useful indicator of confinement effectiveness.

Therefore, other approaches which offered a more realistic assess

ment of confinement were considered.
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It was concluded that the equation for p was not
s

suitable for the conditions imposed on the test columns. Equation

6.8 is based on the condition that the core of a spirally reinforced

column have the same concentric axial load capacity as the gross

section before the cover spalls. The loading condition imposed on

the hinging regions of a column is not similar to the conditions

assumed for Eq. 6.8. The hinging regions are subjected to cyclic

conditions of high shear forces, and large strain gradients along

both the depth and the length of the column.

The function of confining reinforcement in the columns was

to prevent the compressive concrete block from losing load capacity

at high deformation levels. The idea of limiting the loss of

capacity led to an examination of the descending branch of the con

crete stress-strain curve. The slope of the descending branch is

an indicator of the effectiveness of the confinement. The better

confined a section, the more gradual is the slope of the descending

branch. Kent and Park [77] proposed a concrete stress-strain curve

for concrete sections confined by rectangular ties. The curve,

shown in Fig. 6.14, is composed of three segments" The segment of

interest is the descending branch idealized as a straight line.

The slope of the straight line descending branch is denoted by Z

and given by the equations

z O.S (6.9)
E:SOc

- 0.002

3 + 0.002f'
3 )b"c +E: SOc

::=
f' ,os- 1000 4 shc

where volume of transverse reinforcement divided by volume
of concrete core measured to outside of hoops

b ff confined core width measured to outside of hoop (in.)

sh tie spacing (in.)
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As the confinement became more effective, Z approached zero.

The Z values for the reported tests reflected the broad trend

of the test results. The effect of compressive axial load,

however, was not adequately represented by the Z term. The

Z term was modified to incorporate some effect of axial load.

The modification was straightforward and was intended only to

reflect the trend of the observed influence of axial load on

short column hysteretic behavior. The presence of an axial

load required a larger amount of confinement steel and so the Z

term was multiplied by the factor

where

1

1 _ N
p

o

N ~ the applied compressive axial load, considered
positive

(6.10)

p
o

the concentric compressive axial load capacity of
the section

The modified Z term was denoted as Z and was expressed as
n

Z
n

1 -

Z
N
P

o

(6.11)

6.4.5 Longitudinal Bar Buckling. Buckling of the longi

tudinal bars was common in the Japanese tests which had bar

diameters less than about 0.5 in. In the current investigation,

all three of the specimens with #4 bars, 0.5 in. diameter,

exhibited longitudinal bar buckling. Small diameter bars are more

likely to buckle than large diameter bars and it does not seem

possible to prevent such buckling using practical reinforcing

details..
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However, the number of times the bar is subjected to

reversals of deformation which cause yielding may be as sig-

nificant a parameter as the diameter of the bar. At or beyond

yielding a reinforcing bar has very low stiffness and is very

likely to buckle. The premise that the number of cycles pro

ducing yielding is a major parameter in bar buckling is sup

ported by the test results. Small diameter bars exhibited a

greater tendency to buckle than larger diameter bars. A column

with small longitudinal bars is much more likely to achieve

flexural hinging because its flexural capacity is lower than the

same section with larger bars. With flexural hinging and cyclic

reversed loadings, the longitudinal bars will undergo cyclic

reversed yielding. On the other hand, if flexural hinging can not

be maintained because of degradation due to some other effect such

as bond or shear, the bar will not be subjected to the same number

of reversed cyclic yieldings, thus making it less susceptible to

buckling. An example of the above idea is illustrated by the

results of specimens C-84-32-D and C-86-32-D of the current

investigation. Shown in Fig. 6.15 are plots of the stresses in

the northeast corner longitudinal bar at the intersection of the

column and lower block. The stresses were obtained from the

measured strains using a computer program developed by Longwell

[95J. The bar stress is plotted against the lateral deflection of

the column for cycles along only the northeast-southwest diagonal

of the column. It is quite obvious that the longitudinal bar in

specimen C-84-32-D was subjected to repeated reversed yieldings

while the longitudinal bar in C-86-32-D only had three cycles at

yielding before degradation reduced the need for the bars to

develop high stresses. In C-84-32-D the longitudinal bars buckled

while in C-86-32-D they did not.
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The cases of buckling observed in the current investigation

illustrates the practical impossibility of preventing bar buckling.

In specimen C-84-32-D the ties were spaced at about twice the longi

tudinal bar diameter and still the bars buckled. In can be said,

however, that decreased tie spacings can and do restrain the bars

more effectively, delaying the onset of buckling. The interesting

feature of buckling in the columns is that the bars not only

buckled outwards, but inwards and sideways as well. It is very

difficult to conceive of a realistic reinforcing detail which would

prevent the bar from buckling sideways along the face of the column.

An example of the bar buckling sideways is the corner bar of speci

men C-84-l4-D (Figo 6.16), which buckled along the face of the

specimen.

Buckling probably cannot be prevented, but it can be

restrained so that under moderate cyclic loading it will not be a

factor. Based on the results of specimen C-84-32-D, it is sug

gested that, within the hinging regions of the column, the tie

spacing be no greater than twice the longitudinal bar diameter,

and outside the hinging region no greater than four times the

longitudinal bar diameter o These recommendations should be con

sidered as guides to illustrate the severity of the requirements

needed to restrain longitudinal bar buckling.

6.4.6 Bond Degradationo Bond degradation is the most

difficult aspect of the column behavior to understand. It is not

possible to develop a quantitative criterion for bond degradation

which accounts for the effect of the important parameters because

of the limited amount of data and the complexity of the phenomena.

However, a broad discussion of the observed effects of various

parameters on bond degradation is presented. The discussion is

primarily based on the results of the Japanese tests, but some

additional insight to the problems of bond were obtained from the
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current investigation. In addition to discussing the effect of

parameters on bond, a criterion is presented to determine if bond

degradation can occur or not. An explanation of the reasons that

the midheight region of the column was the most damaged region in

the 86 series of the current investigation will be given.

Test Results--Twenty-four of the tests in the Japanese

program exhibited bond distress. These tests constitute the data

base for examining the effects of various parameter changes.

Seven tests provide illustrative examples of the observed trends

and are listed in Table 6.1 along with specimen characteristics.

The load-deflection curves and selected crack patterns for each

test are given in Figs. 6.18 through 6.24. Each crack pattern

for a given test is labeled with a letter. Those letters appear

on the load-deflection curves at the deflection level at which

the crack patterns were drawn. The crack patterns were drawn

at the end of cycling at the denoted deflection level.

Test Parameters--The parameters varied in the Japanese

tests were concrete strength, longitudinal bar diameter, per

centage of transverse reinforcement, and axial compressive load.

Table 6.1 lists the above parameters for each test as well as

several others, including the percentage that the applied axial

compressive load was of the axial load at balance, the diameter

and spacing of the column ties, the ratio of clear height to

gross depth of the column, the pseudo-rotation of the column, and

the figure number of the load-deflection curve. The pseudo

rotation of the column (drift angle), labeled R, was defined as

the lateral deflection of the column divided by its clear height

as shown in Fig. 6.17. The use of drift angles avoided the con

fusion of differing lateral deflection levels because of different

column clear heights. For example, a lateral deflection of 0.4 in.

for a 36 in. column represents a more severe condition than the



TABLE 6.1 SPECIMEN CHARACTERISTICS FOR BOND COMPARISON

Test
Name

f
c db N -% ba 1 ¢ - s n 70

w
L
~

h
R Load-Dp.f1ection

Figure No.

3

3

4

4

4

4

4

LSIAH 2750

LSOBB 2750

LM27B 3500

LM28A 3500

LM28B 3500

FC7B 6400

WS7B 3900

13

16

16

16

16

16

16

66 - 64

33 - 32

66 - 51

33 - 26

33 - 26

66 - 33

66 - 46

9 - 47

9 - 47

9 - 42

9 - 40

6 - 37

9 - 67

10 - 67

1.08

1.08

1. 22

1. 27

0.61

0.76

0.83
-----=-==

0.024

0.011

0010

0.028

0.016

0.039

0.019

6.18

6.19

6.20

6.21

6.27

6.23

6.24

f' - concrete compressive strength, psi
c

db - diameter of longitudinal bar, mm

N - compressive axial load, kips

% bal - (N/balance axial load) x 100%

¢ - s - diameter and spacing of transverse reinforcement, nnn

P
w

% - percentage of transverse reinforcement (Av/shh)

Lc/h - column length / column depth

R - psuedo-rotation of column (ML
c

) at first bond cracking

i\ - latet:al deflection of column end

t-'

'"V1
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l1R=Lc

T

Fig. 6.17 Definition of
pseudo-rotation
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same lateral deflection for a 108 in. column. The severity is

reflected in the drift angles, 0.011 and 0.004, respectively. The

R values listed in Table 6. 1 represent the drift angles at which

bond cracking along the longitudinal bars was first observed.

Concrete Strength--Increased concrete compressive

strength increased the drift angle at which bond distress occurred.

Such an effect was expected since research into required develop

ment lengths showed a tendency for the required development length

to decrease with increased concrete strength. Specimens FC7B

(Fig. 6.23) and WS7B (Fig. 6.24) illustrate the impact of concrete

strength. FC7B with a concrete strength of 6400 psi reached an R

of 0.039 while WS7B with a concrete strength of 3900 psi reached

an R of 0.019 before significant degradation of capacity due to

bond occurred.

Axial Load--Increased compressive axial load caused a

decrease in the pseudo-rotation at first bond cracking. The

effect of increased axial compression was shown by specimens

LM27B (Fig. 6.20) and LM28B (Fig. 6.22). LM27B had twice the axial

load of LM28B, though both axial loads were less than balance.

LM27B reached a pseudo-rotation of 0.010 before first bODd cracking,

while LM28B with half the axial load reached a pseudo-rotation of

0.028 before first bond cracking appeared along the longitudinal

bars.

Bar Diameter--Based on the equations for development length,

it was expected that the diameter of the longitudinal bars was an

important parameter in the bond cracking mechanism. Specimens

LSIAB and LSOBB in Table 6.1 demonstrate how significantly bar

diameter affects bond distress. Specimen LS1AB had a smaller bar

diameter, 13 rom (0.51 in.), than specimen LSOBB, 16 rom (0.63 in.),

but LSIAB had twice the axial load of LSOBB. The effect of

increased axial load was to decrease the pseudo-rotation at first
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bond cracking, but the decreased bar diameter was expected to

compensate for the effect of axial load. However, comparison of

the values of pseudo-rotation pointed out the major significance

of bar diameter on bond characteristics. Specimen LSlAB (Fig. 6.18)

reached a pseudo-rotation of 0.024, while LSOBB (Fig. 6.19)

reached a pseudo-rotation of 0.011 at the first sign of bond

cracking. Obviously, the smaller bar diameter of LS1AB was a much

more important parameter determining bond distress than the amount

of axial load.

Transverse Reinforcement-- The effect of increased per

centages of transverse reinforcement was to increase the value

of pseudo-rotation at which the first bond cracking appeared.

Specimens LM28A and LM28B illustrated the effect of transverse

reinforcement. Specimen LM28A (Fig. 6.21) had double the per

centage of transverse reinforcement of specimen LM28B (Fig. 6.22),

1.27 percent to 0.61 percent, and reached approximately double the

pseudo-rotation of LM28B, 0.028 to 0.016.

The load-deflection curves and crack patterns for the

specimens listed in Table 6.1 illustrate the degrading effect of

bond distress on the member hysteretic behavior. In addition,

the load-deflection relationships point out the difficulty in iso

lating the influence of individual factors causing hysteretic

degradation, since several factors or combinations of factors

cause the same general effect.

Minimum Development Length-Bond Degradation--It was not

possible in the current investigation to develop an equation to

predict or describe bond degradation. Because of the number of

parameters influencing bond degradation, a large amount of experi

mental data are needed to define quantitatively the mechanism of

bond or stress transfer under cyclic loading. Such a volume of

data is not available. However, a criterion suggested by
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Japanese investigators [96J is examined. The criterion is based

on the required development length of the reinforcing bar, t d , and

is as follows:

and

h

L /2
c

(6.l2a)

(6. l2b)

where h gross section depth

L clear height of column
c

This criterion is based on the observed performance of the tests

and is not a descriptive criterion which models the effect of

various parameters on bond degradation. It is a conservative

guide which gives reasonable assurance that bond distress will not

occur. The criterion expressed in Eq. 6.12 does not offer any

indication of the likelihood of bond distress if the criterion is

not satisfied.

The results of the tests of the current investigation,

especially the 86 series, suggest an explanation for the reaSOns

the criterion given by Eq. 6. 12 gives a bound on bond degradation.

Consider first the observed condition of the specimens at the end

of testing. It was noted in Chapter 5 that the damage to the

specimens in the 86 series consisted of severe cracking and cover

loss, which was concentrated in the middle third of the column

length with the end regions exhibiting much less cracking by Com

parison. Also, specimen C-84-2l-D suffered an almost complete loss

of the core concrete about 8 in. from the end of the column, not at

the end as might be expected. In all probability the large blocks

at each end of the column restrained the concrete near the blocks

in a manner very similar to the effect observed in concrete com

pressive cylinder tests using solid steel platens at the ends.

How far along the column length the restraint was effective is
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open to question, but based on the observed specimen condition it

is reasonable to assume that the restraint extended about a dis

tance equal to the column total depth, h. Within a distance h

form the ends, the concrete remained relatively intact and able

to develop bond stresses and to limit bond degradation. Thus,

the criterion £d ~ h provides that the bar will be embedded in

concrete expected to remain intact.

The criterion £d~ L
c

/2 was based on the loading imposed

on the column. A longitudinal bar in a column experiences com

pression yielding at one end of the column and tension yielding

at the other. The stresses in the bar are zero near midheight,

because a point of inflection occurs near midheight. With load

reversal the upper and lower halves of the bar transfer tensile

stress to the concrete over a distance of one-half the clear

height of the column.

The criterion for bond given in Eq. 6.12 is intended to

prevent the occurrence of bond distress and its validity was

observed in many Japanese tests and in the current investigation.

Failure Patterns--The physical condition of the 86 series

specimens suggests that bond degradation was not only a function

of development requirements. In many of the 86 series specimens,

no concrete remained around the longitudinal bars near the mid

height of the columns. The concrete was ground away in a region

in which low bar stresses were expected. Such distress was

expected to occur at the endso However, the Japanese tests also

showed the same tendency for bond cracks to first appear away

from the ends of the column. Bond degradation occurs with the

loss of composite action between the reinforcing steel and the

concrete surrounding it. Shown in Fig. 6.25 is an idealization

of the effect of bending the longitudinal bar. Fig. 6.25a shows

a simple cantilever reinforced concrete beam with no transverse

reinforcement. A pure moment is applied to the free end of the
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beam (Fig. 6.25b) producing the usual deflected shape. Figure

6.25c shows a possible failure mechanism. The cover is insuf

ficient to force the bars to deflect in the same manner as the

beam. As a result, the section splits across the line of bars,

releasing the bars, splitting the cover, and totally destroying

composite action. The beam would then fail since the concrete

section alone could not carry the applied force. This phe

nomenon has not been reported in previous research reports.

The loading conditions and test specimens precluded a failure

of the type. In monotonic tests, the load is applied directly

on the tension face of the beam, as shown in Fig. 6.26a. Obviously,

the presence of the loaded bearing plate precludes the possi

bility of the cover spalling and destroying composite action

between the concrete core and the tension steel. In cyclic tests,

a load may be applied through a pin passing through the beam,

as shown in Fig. 6.26b. However, to reduce shear problems at

the point of load application, reinforcement is provided near

the end of the beam. The transverse reinforcement may effectively

restrain the tendency of the bars to split away from the concrete.

In the columns used in the current investigation and in

the Japanese tests there were no external restraints to the bar

prying the concrete cover off near the midheight of the column.

In the column the only restraint to the bars is the ties. The

ties hold the bar against the core concrete so that even as the

cover spalls away, the bars cannot separate from the core. How

ever, if the only means left to transfer stress is on the surface

between the core and the bar, it will not require many cycles to

crush the concrete ahead of the lugs of the bar. In addition,

as the ties yield the bar separates from the core, making it

easier for the concrete to be ground away by the lugs. It

becomes clear that increased amounts of transverse reinforcement
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Fig. 6.26 Test conditions masking cover
restraint
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are beneficial to bond because they provide greater restraint to

maintain the bar against the core.

It is interesting to note that the cover was not pried off

in specimen C-84-32-D as it was in specimen C-86-32-D, even though

both tests had the same number of ties. Referring again to the

cantilever beam in Fig. 6.25, the reason for the different behavior

may be traced to the diameter of the bar. The larger the diameter

of the tension bar, the stiffer it is in bending. The stiffer

the bar, the more restraint the cover must develop to prevent

spa~ling due to prying of the bar. With a given cover and amount

of transverse reinforcement, it is more likely that spa11ing

will occur with larger bar diameters.

6.5 Expanded Predictive Guide

The final form of the predictive guide for behavior

classification is shown in Fig. 6.27. The general outline of the

guide is based on the results of the current investigation dis

cussed in Chapter 5. The quantitative criteria in the expanded

guide are based primarily on the data from the Japanese tests.

The criteria that determine branch selection in the flowchart are

empirical in nature and reflect the trends observed in the tests.

The principal objective of the predictive guide is to present a

unified, rational approach for behavior classification and an

indicationof the effect of key parameters on column hysteretic

behavior.

Primary Branches--The flowchart in Fig. 6.27 is shown in

two parts; however, the part on the right is the continuation of

the part on the left. The first five steps in the flowchart

indicate criteria--V f' V ,V ,Z, and td--which must ber csc acc n .
computed The equations for the criteria are listed in Fig. 6.28.
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After computing the criteria, a comparison is made of the ratio of

lateral load capacity based on shear to lateral load capacity based

on flexure (V to V f)' The value of 1.0 for the ratio V Iv
csc r csc rf

is taken to be the dividing line between shear-dominated and

flexure-dominated behaviors. The ratio of V to V
rf

provides
csc

a good indication of the likelihood of inclined cracking, the

condition necessary for a shear-dominated behavior.

Diagonal Tension Failure--If the ratio of V to V
rf

is
csc

less than 1.0, the behavior is termed shear-dominated and the col-

will exhibit inclined cracking. At inclined cracking the shear

resisting mechanism relies on aggregate interlock along the cracks

to transfer shear. It is natural to expect that the effectiveness

of the aggregate interlock mechanism is dependent on the amount

of transverse reinforcement and the ratio of V (after cracking
acc

capacity) to V
rf

gives an indication of the effectiveness of aggre-

gate interlock. If the ratio V Iv f is less than 1.0, the
acc r

transverse reinforcement is inadequate and the column will fail

in a brittle manner following the formation of one or two large

inclined cracks. A test specimen which exhibited such a failure is

LE23BCL. The specimen is noted below the description of behavior

in the flowchart. Examples illustrating different kinds of

behavior are noted at other points in the flowchart. The informa

tion required to compute the criteria and the values of the criteria

are listed in Table 6.2 for each example. In addition, the load

deflection curves and selected crack patterns for each example

specimen are shown in Figso 6.29 through 6.36. The load-deflection

curves for LE23BCL are shown in Figo 6.29. Note that the crack

patterns are labeled and that the labels appear on the load

deflection curves to denote the deflection level at which the

crack patterns were drawn. The crack patterns were drawn follow

ing completion of all cycles at the denoted deflection level.



TABLE 6.2 EXAMPLE SPECIMENS IN EXPANDED GUIDE

..:.:~--_.-=-_-=.=---=-::=: -=======--===--==--===--:-~-::.=::..======-=---------- - -----:.==-=--::.-:=--:====:.:...::_==---======
Test L e f' sl A P "/, f db II f M P N Ce e 1 v s yv b y u 0 F

-----------------
LE23BCL 19.7 2.6 2100 1. 97 0.09 0.45 56700 0.39 0.12 58700 265950 212300 32800 38000

WS6R 39.4 2.0 3900 3.94 0.09 0.26 49600 0.51 0.20 60900 394000 389000 32800 53000

LM25A 19.7 2.0 3500 1.81 0.41 2.23 47100 0.51 0.20 56200 394000 353700 32800 51000

LS1BA 29.5 2.3 2750 2.28 0.20 0.61 51000 0.51 0.20 51700 354000 287500 32800 43000

AF/,2CB 39.4 4.3 2700 1. 73 0.41 2.35 45300 0.75 0.44 50400 709200 349200 79200 79000

FC7A 39.4 2.3 6400 1.30 0.20 1.53 49800 0.63 0.31 52800 630400 615300 65600 82000

LS2AA 29.5 3.4 2750 1.65 0.20 1.22 51000 0.39 0.12 54300 368750 264800 65600 67000

LS3BB 59.1 2.4 2750 1.57 0.04 0.25 55200 0.63 0.31 50700 472800 316300 32800 46000
•.._------_ .._-------------- ..__._---------------. ----.--._ _--_ .•. __ ..

V V
ese aee

Test V V V z 1 -V- -V-
rf esc ace n d rf rf

-L-~23;;-C-~-;~00~;-Z~;~* 8000 51 9.2 0.59 0.67

WS6B 20000 23000* 8000 119 12.4 1.15 0.40 For eaeh test

LM25A 40000 21000* 73000 14 11.5 0.53 1.83 b = 9.84 in.

LS1BA 24000 19000'" 31000 47 10.6 0.79 1.29 h = 9.84 in.

AF42CB 36000 34000* 74000 IS 17.1 0.94 2.06 h" = 8.46 in.

Fe7A 32000 43000'" 53000 19 13.5 1.34 l.n6 Ae = 71.57 sq in.
"k

LS 2AA 25000 28000 113000 28 8. 5 1. 12 1. 72
LS3BB 16000 19000* 10000 77 12.8 1.19 0.63 Units are inches and pounds
.-- - ----_._. -.---------~._--_."- _.._- ---_.----_._-------

-------~_._._._~----

* N
Upper bound on V contro 11 ed. ~eSC ..... ,
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Figure 6.29 clearly illustrates the rapid degradation of the hys

teretic loops and the large diagonal crack on specimen LE23BCL.

Minimum Transverse Reinforcement--If the ratio of V to
csc

V
rf

is at least 1.0, then the behavior is flexure-dominated. It

is necessary to provide a minimum amount of transverse reinforce

ment even for flexure-dominated behavior, because of the effect

that cyclic reversed loading has on a column. Concrete has an

extremely low tensile strain limit. Under cyclic deformations,

flexure-shear cracks will widen and with continued cycling will

eventually cause deterioration of the section. The transverse

reinforcement restains the cracks to prevent a rapid breakdown.

In Japanese tests in which the ratio of V to V f is greateracc r
than 0.5 no specimen exhibited degradation of the hysteretic loops.

Therefore, the minimum amount of transverse reinforcement is

specified by requiring the ratio of V to V
rf

to be at least
acc

equal to 0.5. If the ratio is less than 0.5, a premature degra-

dation of the column behavior may occur as a result of excessive

crack widths and core degradation. It is not possible to

determine the point in the loading history at which degradation

may occur and it is possible that under moderate loading

degradation due to insufficient transverse reinforcement may not

occur. For this reason, the NO branch of the V to V f com-
acc r

parison rejoins the YES branch. An example of a f1exura11y

dominated behavior that changed as a result of insufficient trans

verse reinforcement is shown in the results of specimen WS6B, for

which load-deflection curves are shown in Fig. 6.30. Notice that

the hysteretic loops are stable for a large number of cycles

until there is rapid drop in the lateral load and stiffness.

The crack patterns indicate the widening of the flexure-shear

cracks and the formation of inclined cracks when the drop occurred.
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The YES branch of the V to V
rf

comparison for shear-
acc

dominated behaviors and both branches for flexure-dominated behav-

iors lead to a common point in the flowchart. It is important to

realize that while a behavior may be shear-dominated, the specimen

may still undergo bond degradation, core loss, and longitudinal

bar buckling, just as in flexure-dominated behaviors. The perfor

mance of a specimen with a large amount of transverse reinforce

ment may be stable because aggregate interlock can be an effective

shear resisting mechanism. Even though inclined cracks may occur,

the shear-dominated degradation is gradual enough to permit other

degrading effects to corne into play.

Secondary Branches--The criteria common to both shear or

flexure-dominated behaviors are those which pertain to bond degra

dation, core integrity or confinement, and longitudinal bar

buckling. Each of these effects can produce degradation at differ

ent points in the loading history of a short column. Depending

on the severity of the loading all, none, or some of the effects

may corne into play. It is not possible to predict exactly when

in the loading history they will occur, but it is possible to

identify the columns which are susceptible to such degradation.

As a result, the criteria provide guides as to the conditions

which will prevent the degrading effects from being a factor.

Because the effects mayor may not result in degradation, the

NO branch following each comparison rejoins the YES branch.

The criteria for confinement, Z < 15, should not be con-
n

sidered exact, as there is considerable uncertainty in defining

the effect of confinement because it is so directly related to

the role transverse reinforcement plays in inclined crack re

straint.

The flowchart divides again into shear-dominated and
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flexure-dominated behaviors after the comparisons are made for

bond, confinement, and bar buckling. The same criterion used

initially,

vcsc ~ 1.0 is considered again at this point.
Vrf

The examples of behavior for both shear-dominated and flexure

dominated behaviors are divided into two groups. One group is

columns which did not suffer from the effects of bond, core loss,

or bar buckling. The other group contains examples of columns

which suffered from one or more of those effects.

Shear Behavior--In shear-dominated behaviors, where none

of the other effects are critical, the column will have inclined

cracks distributed along its length. The hysteretic loops will

be unstable and the peak lateral load cannot be maintained. The

rate of degradation of the lateral load is dependent on the amount

of transverse reinforcement present in the column. The more

transverse reinforcement, the slower the rate of degradation. An

example is specimen Lt~5A, shown in Fig. 6.31.

For shear-dominated behaviors, where any of the other

effects are critical, the column will still have inclined cracks

distributed along its length and the hysteretic loops will be

unstable, but the rate of lateral load degradation will increase.

If bond degradation is present, the hysteretic loops will contain

less area (narrow or pinched loops near origin). If other effects

are present, then increasing the amount of transverse reinforce

ment will not improve the behavior as much as if the other effects

were not present. The effect of transverse reinforcement on the

other effects is secondary compared to its effect on aggregate

interlock. Two examples of shear-dominated behavior in which

other effects are critical are LSlBA and AF42CB. Load-deflection
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curves are shown in Figs. 6.32 and 6.33. Notice that specimen

LSIBA did not develop inclined cracks along its length, but instead

two large inclined cracks formed at the ends at an angle of about

45°, which is consistent with the assumption of crack orientation

used in the development of the equation for V Bond cracks
acc

along the line of the longitudinal bars are present in the crack

patterns for both specimens. In specimen AF42CB, which had 0.75

in. diameter longitudinal bars the effect of bond degradation is

very pronounced at deflection level A. The loops are no longer

stable with the onset of bond degradation.

Flexural Behavior--In flexure-dominated behaviors in which

no other effects are critical, the hysteretic loops are very stable

and the behavior can be characterized as a flexural hinging behav

ior. Generally, in this kind of behavior the cracking is limited

to flexure and flexure-shear cracks. A typical example of the

kind of behavior exhibited by a specimen developing flexural

hinging is FC7A, shown in Fig. 6.34. The loops are pinched, but

very stable even at high deflection levels. The pinching is to

be expected because of sliding shear at the column ends and the

phenomena is typical of the observations made by other investi

gators [4,5J studying cantilever beams subjected to cyclic

reversed loadings.

In flexure-dominated behaviors in which other effects are

critical, the hysteretic loops become unstable at some point in

the test. Initially, the cracking is typical of flexure-dominated

behavior without other effects, but as the deflection and number

of cycles increase so does the likelihood of the other effects

becoming a factor. An example of a flexure-dominated behavior

in which bar buckling caused degradation is LS2AA, Fig. 6.35.

It is clear that longitudinal bar buckling can have a serious
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detrimental effect on stiffness and lateral load resistance. It

is interesting to note that even though the bars buckled the

loops remained open in shape. Specimen LS3BB exhibited bond

degradation and its load-deflection curves are shown in Fig. 6.36.

Note that at the deflection level B the bond cracks appeared and

the hysteretic loops became unstable. With increased deflection

the remaining lateral load resistance was rapidly lost.

The predictive guide illustrated in Fig. 6.27 offers a

rational, unified apprcach to both describing the effects of

various specimen parameters on behavior and predicting the probable

behavior of a column subjected to cyclic reversed deformations.

6.6 Predictive Guide Applied to
Current Investigation

The numeric comparisons in the predictive guide presented

in the last section are based primarily on the results of the

Japanese tests, because a large number of short columns were tested

and the results are available for study. It is felt that while

the concepts embodied by the predictive guide are general, the

quantitative formulations require additional study before they

can be applied to all cases. In particular, the effect of load

history on the various capacities is unclear except for the case

of unilateral cyclic loadings.

The values of the predictive guide criteria for each of

the specimens in the current investigation are listed in Table 6.3.

The predicted and observed specimen behaviors are also shown.

The guide generally provides a good indication as to the hysteretic

behavior. In most cases, the predictive guide adequately predicts

the reasons for the degradation. For the 86 series specimens with

axial load, the behavior is predicted to be flexure dominated.

Thus, degradation is partially attributable to excessive crack



TABLE 6.3 GUIDE CRITERIA FOR TEST SPECIMENS
----=::::-:=:::-.7.--:~-_==___:::-. ----------_-.-.

Test
Name

0-86-32-D

C-86-32-D

C-86-2l-D

C-86-14-D

C-86-09-D

C-86-03-D

C-84-32-D

C-84-21-D

C-84-14-D

0-86-14-DM

C-86-14-DM

V
rf

kips

64

80

83

79

83

80

61

58

56

67

79

vcsc
kips

32

85

93

71

93

98

59

63

73

51

85

vcsc
Vrf

0.50

1. 06

1.12

0.90

1.12

1. 23

0.97

1. 09

1. 30

0.76

1. 08

V
acc

kips

46

46

30

20

13

4

46

30

20

20

20

V
acc

Vrf

0.72

0.58

0.36

0.25

0.16

0.05

0.75

0.52

0.36

0.30

0.25

Z
n

10

17

37

65

120

420

17

37

65

50

63

t d sh

in. in.

20 1. 125

20 1.125

20 1. 75

20 2.57

20 4.0

20 12.0

13 1. 125

13 1. 75

13 2.57

20 2.57

20 2.57

Predicted Behavior

Diagonal Tension

Degrading (B)

Degrading (I, B)

Diagonal Tension

Degrading (I,B)

Degrading (I,B)

Diagonal Tension

Degrading (Bu)

Degrading (Bu)

Diagonal Tension

Degrading (I,B)

Observed Behavior

Degrading (5,B)

Degrading (5,B)

Degrading (5,B)

Degrading (S, B)

Degrading (5,B)

Diagonal Tension

Degrading (Bu)

Degrading (Bu)

Degrading (Bu)

Degrading (S)

Degrading (S,B)
___ ..:-='=:-"::::::::"-==~:';'-":-'::'7=.::'::::=.:::":'::_,":',.-::~ __---='::'=":"'__=---- ~ ~:::...:.......:.:..:..... ....::..:....:..:..-_;.-..:::..:...~..=~.:...:.:...._._~_.~_ ..

B - Bond S - Shear I - Crack Width Control Bu - Longitudinal Bar Buckling

V
rf

- lateral load capacity based on flexure, kips

V
csc

- concrete shear capacity, kips

V
acc

- after cracking shear capacity, kips

Z - core confinement criterion
n

t
d

- longitudinal bar development length (tension), in.

sh - tie spacing, in.

N
N
'!l



For specimen C-84-32-D, a diagonal
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widths due to an insufficient amount of transverse reinforcement.

However, the specimens actually exhibited degradation due to

excessive shear on the section. The distinction between the two

behaviors is dependent on the V to V
rf

ratio. In the axially
csc

loaded 86 series specimens the ratios are close to 1.0 which

makes the predicted behavior sensitive to the inaccuracies in

either the V or V
r

.
f

term.
csc

tension failure is 'predicted because the ratio of V to V f iscsc r
0.97. If the ratio had been greater than 1.0, the predicted

behavior would have agreed with the observed behavior.

The predicted behavior of specimen 0-86-32-D indicates

that the V term does not adequately reflect the effect axial
csc

load has on member behavior. The calculated V term is quitecsc
low compared to the capacity the specimen achieved in flexure.

The V term overemphasizes the contribution of axial load.
csc

The reason n~y in part be due to the use of the area of concrete

in compression as the area initially resisting shear. The area

increases markedly with increasing compressive axial load.

There may be a lower bound on the area actively engaged in the

aggregate interlock shear resisting mechanism.

In summary, the specimens of the curn~nt investigation

had capacity ratios which were close to the values determining the

branches of the behavior in the predictive guide. For this

reason, it was difficult to make clear predictions as to causes

of behavior, but the general type of behavior could be predicted

in most cases. It was clear from the comparisons that when a

sufficient number of tests becomes available in which bidirectional

deformations and variable load histories are applied, the quanti

tative criteria will have to be modified to account for loading

history.
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6.7 Implications of Guide to Design

The guide described in Fig. 6.27 is based on the criteria

outlined in Fig. 6.28. The criteria are directly related to the

design of columns and for this reason the implications of the

criteria warrant discussion.

Naturally enough, reinforced concrete members exhibit the

most desirable behavior if the member remains uncracked during

any given loading history. However, it has been generally accepted

for quite some time that such a requirement is unrealistic and

uneconomical. Cracking of the member is accepted and with it the

consequences to behavior which results, such as reduced stiffness.

What is not accepted, however, is cracking which results in sig

nificant losses of load-carrying capacity. The objective of design

is to design a member which carries a given load economically.

Flexural cracking is accepted because by permitting it the load

capacity of a reinforced concrete member is greatly increased com

pared to the same member uncracked. Current design practice neces

sitates that the design capacity of a member be maintained to

provide some assurance against structural collapse and loss of

life.

The criteria described in Fig. 6.28 provide the designer

with a rationale which incorporates the concepts discussed in the

preceding paragraph. The lateral load capacity based on flexure

(V
rf

) uses the ultimate moment capacity of the section which is the

most load the section can carry with any degree of long term stable

hysteretic behavior. The ultimate moment should be calculated

using reinforcement strain-hardening effects and realistic material

strengths. V
rf

is used as the design load and the other criteria

provide recommendations on what must be done to avoid effects

causing degradation of the load-carrying capacity of the member.
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The load capacity based on the shear capacity of the concrete

(V ) gives an indication of the likelihood that inclined crack
csc

ing and thus shear degradation will occur. The after cracking

capacity (V ) provides guidance to an amount of transverse rein-
acc

forcement necessary to restrain the degrading effects of flexure-

shear or strain capacity cracks which tend to propagate with

cycling and increased deformations of the member. V f' V ,andr csc
V serve as the fundamental capacity criteria and ensure that for
acc

the short term the flexural load capacity of the member can be

reached and maintained. However, even for flexural failures

(characterized by the formation of plastic hinges) the stability

of the hysteretic behavior at the hinge locations must be ensured

by careful attention to detailing. The load capacity of the core

concrete must be maintained through cyclic reversed loadings by an

adequate amount of confinement. The effectiveness of transverse

reinforcement as confining steel is indicated by the Z criterion.
n

Cyclic reversed loadings have a very d~trimental effect on the

bond characteristics of reinforcing bars. Satisfaction of the

criteria for development length will provide assurance that the

degrading effects of bond loss will not occur. Buckling of the

longitudinal reinforcement can have a degrading effect on load

capacity and the provisions for tie spacing provide an indication

of the requirements for reducing the effects of bar buckling on

the load capacity of the member.

The predictive guide because it encompasses a broad

range of behavior also includes the behavior most desired in

seismic design. Figure 6.37 shows the path in the predictive

guide which leads to a predominately flexural behavior. All

other paths have been omitted to emphasize the conditions which

must be satisfied in order to achieve a stable hysteretic behavior.
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In summary, V f' V ,and V describe the requirementsr csc acc
to achieve the capacity based on flexure while the criteria for

confinement, development length, and bar buckling provide guidance

to the proper detailing to maintain the flexural capacity.

6.8 Summary

A quantitative predictive guide for column behavior has

been developed in Chapter 6. The criteria in the guide were based

on the observations from both the current investigation and numerous

Japanese tests used as supplemental data. The numerical comparisons

in the guide were developed by using values which best represented

the trends in the large number of Japanese tests reported.

The predictive guide uses six criteria to classify

behavior. They are the concrete shear capacity, V ,the flexural
csc

capacity, V f' the after cracking capacity, V ,the development
r acc

length required for the longitudinal bar, t
d

, a confinement index,

Zn' and the s'pacing of the column ties for buckling, sh' The

critical comparison is that of V to V f' because it determines
csc r

whether the column will be dominated by shear effects and exhibit

a degrading behavior or whether it will be dominated by flexural

effects and exhibit stable flexural behavior. The guide offered a

means to evaluate the importance of various parameters such as

concrete strength on the probable behavior of a column. In addi

tion, the guide offered a unified approach to behavior classification.

The predictive guide is best suited to unilateral cyclic

reversed loadings of columns subjected to imposed deflections,

since these were the conditions imposed on the columns in the

Japanese tests. Comparisons between the predicted behavior based

on the guide and the observed behavior in the tests of the current

investigation revealed that load history and deformatton path seem

to playa significant role in determining the column behavior.
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However, there is insufficient data to quantify these effects,

so they are omitted in the predictive guide.





C HAP T E R 7

SUMMARY AND CONCLUSIONS

7.1 Summary of the Investigation

The objective of the study was to develop a rationale for

the classification and prediction of the behavior exhibited by

reinforced concrete short columns subjected to cyclic lateral

deformations. An experimental investigation was conducted on a

series of short columns which provided the foundation for a

further study using results reported in the literature.

7.1.1 Experimental Investigation. Eleven reinforced

concrete columns were tested in the current study. The test

specimens represented a column bounded by large framing members

which restrained rotation. The columns were subjected to slowly

applied cyclic translations of the upper end of the column rela

tive to the bottom end to simulate the action of a building

column subjected to seismic excitation.

The main variable in the test series was the ratio of

shear resistance to flexural resistance of the columns. The

ratio was altered in order to obtain a wide range of member

behavior. Two other variables were also included in the investi

gation--(l) axial load and (2) loading history. The resistance

ratio (shear to flexure) was varied by altering the amounts of

longitudinal and transverse reinforcement relative to each other.

Test Specimen--The overall geometry of the specimen was

not varied. The column was a 2/3-scale model of a prototype

column 54 in. long with a cross section 18 in. X 18 in. and

1-1/2 in. clear cover. The resulting test column was 36 in. long
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with a 12 in. X 12 in. cross section and a 1 in. clear cover.

The longitudinal reinforcement was either eight 16 bars or eight

#4 bars uniformly arranged around the section (three per face).

The transverse reinforcement consisted of 6 mm perimeter ties.

The tie spacing in the test series varied from 1-1/8 in. to 12 in.

The column was rotationally restrained at each end and

the lower end was held stationary. The upper end of the column

was translated laterally relative to the lower end in a hori

zontal plane producing reversed curvature conditions in the

column.

Deformation Path and Loading History--The same deformation

path and loading history were used to test the majority of the

eleven columns. The columns were deflected along their diagonals

producing bilateral column deflections and forces. Three cycles

of reversed deflection were applied along each diagonal at each

deflection limit. A constant 120 kip compressive axial load was

applied to the column during testing. The axial load was approxi

mately 50 percent of the axial load at balanced strain conditions.

Of the eleven columns, three were subjected to different

loading conditions. Two of the three columns were cyclically

deflected between a single high deflection level. One column

had no applied axial load and the other the 120 kip. constant

compressive axial load. The third specimen had ties at the mini

mum spacing and was cycled using incrementally increasing deflec

tions, but had no applied axial load.

Instrumentation--Load cells, linear potentiometers, and

strain gages were used to monitor the performance of the specimen.

The linear potentiometers measured the deflections imposed on the

specimen both vertically and laterally. The strain gages were

bonded to various locations on both the transverse and longitudinal
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reinforcement.

The acquisition of data and loading of the specimen were

controlled through a computer based load control system. The

data were reduced using computer based software which included

digital plotting capabilities.

7.1.2 Supplemental Research. Additional data for devel

oping the predictive guide was obtained by studying numerous

tests conducted in Japan. The results were from short columns

similar in geometry, but with a smaller cross section than

that of the column specimen used in this experimental investi

gation. The columns were subjected to cyclic unilateral reversed

deflections. A large number of parameters were varied in the

Japanese tests, making them very useful in extending the results

obtained from the experimental investigation.

7.2 Observations--Experimental Investigation

Axial Load--The presence of a compressive axial load

(less than that at balanced strain conditions) on specimens

exhibiting degrading behavior with no axial load produced the

following effects on the load-deflection curves:

1. The axial load increased the initial stiffness of the

lateral load-deflection curves.

2. The axial load increased the maximum lateral load

achieved by the column.

3. The axial load increased the rate of both load and stiff

ness loss with cycling at deflections equal to or greater

than the deflection at which the maximum lateral load

occurred.
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4. The axial load increased the amount of cover spalling

and caused spalling to occur at a smaller deflection than

in specimens with no axial load.

The presence of an axial load had no noticeable effect on the

orientation of the inclined cracks which formed along the column

length.

Loading History--In columns underdesigned for shear

according to the 1977 ACI Building Code [17J, the effect of

cyclic loading versus monotonic loading was to significantly

increase the degradation of both the stiffness and the lateral

load. The degradation occurred with cycling at deflections

equal to or greater than the deflection at maximum lateral load.

Prior to reaching the deflection at maximum load, the load capa

city was unaffected by cycling, but there was a small amount of

stiffness deterioration.

Transverse Reinforcement--A short column with ties

at a 12 in. spacing exhibited a very brittle diagonal tension

failure. The maximum lateral load attained by the specimen was

taken to be a result of the concrete shear capacity only. The

maximum load achieved by the column was substantially (about

3 times) higher than the concrete shear capacity predicted by

the 1977 ACI Building Code Chap. 11 shear capacity equations.

The short column with ties at a 12 in. spacing had

practically the same observed shear capacity as a short column

with ties at 2.57 in. spacings. The observed shear capacity was

80 to 90 percent of the computed flexural capacity. Columns with

smaller tie spacings (1.75 and 1.125 in.) achieved computed

flexural capacity. There was only a small difference between

the shear capacity of the section with negligible transverse

reinforcement and the computed flexural capacity. This made
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it difficult to observe the amount of shear capacity attributable

to the transverse reinforcement.

The columns with smaller tie spacings exhibited a more

stable hysteretic load-deflection relation. However, because of

sliding shear at the ends of the column it may be extremely

difficult to achieve a true flexural hysteretic behavior.

Longitudinal Reinforcement--Two different amounts of

longitudinal reinforcement were used in the experimental investi

gation. The longitudinal reinforcement was either eight 16 bars

or eight #4 bars. The most significant difference was the occur

rence of bond degradation in the specimens with the #6 bars.

The specimens with the 1~ bars exhibited loss of concrete around

the longitudinal bars primarily in the midheight region of the

column.

The specimens with #6 bars exhibited more inclined

cracking than the specimens with 14 bars. The increased amount

of inclined cracking was the result of a higher flexural capacity.

The increased flexural capacity led to a higher imposed shear

force on the specimens with #6 bars as compared to the specimens

with 14 bars.

The specimens with #4 longitudinal bars exhibited a more

stable hysteretic behavior than the specimens with #6 bars.

The load-deflection curves for the 1M bar specimens exhibited less

pinching and did not exhibit the severe loss of stiffness

that was common in the specimens with #6 longitudinal bars. The

improved behavior was attributable to less bond degradation

along the 1M bars and a lower imposed shear force on the column

as the result of a smaller flexural capacity in the 1M bar speci

mens.
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The specimens with eight 14 longitudinal bars all

exhibited longitudinal bar buckling. The #4 bar specimens with

ties at 1-3/4 in. and 1-1/8 in. showed a restrained degradation

of the load-deflection curves. The #4 bar specimen with ties at

2.57 in. failed explosively. The longitudinal bars buckled

and transferred the axial load onto the concrete section. The

concrete section then reached a stage where it could no longer

carry the axial load and as a result failed.

7.3 Needed Future Research

The study of the test data from the current investigation

and research conducted elsewhere pointed to the areas which

require additional study.

Loading History--The study of the effect of cycling on

short column behavior needs considerable more study. The bulk

of the research on member capacities have been done using mono

tonic loadings. The effect of cycling on capacities, especially

shear and bond, requires a great deal of research in order to

define the limits which cycling places on the capacity which a

member can sustain. It is clear that loading histories other

than increasing incremental deflections need to be considered.

An example is large deflection cycles followed by small deflection

cycles.

Specimen Geometry--The short columns tested were square

and doubly symmetric. The behavior of a rectangular section may

not be adequately represented by the results obtained from a

square section. This is especially true for the shear capacity

of a rectangular section which is loaded along some arbitrary

angle. There is presently no guidance as to the shear capacity

of a rectangular member loaded along a skewed axis.
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Axial Load--The effect of much higher axial compression

loads (near the axial load at balanced strain conditions) on the

hysteretic behavior of short columns requires study. Such axial

loads may cause a much more severe deterioration of the section

because of a higher imposed shear on the member.

Confinement--The effectiveness of transverse reinforce

ment as confining steel in members subjected to conditions of

high imposed shear and normal forces needs additional study.

The influence of such confinement on the deformation and load

capacity of a member is especially important when considering

cyclic reversals of loading.

Bond--Bond degradation along the longitudinal bars was an

important cause of degrading hysteretic behavior in short columns.

The development length required by a bar subjected to load rever

sals requires additional study. Such effects as peak stress in

the bar, confinement of the surrounding concrete, and bending

of the bar in conjunction with an axial load all need further

study in order to reflect the conditions in a short column.

Shear Capacity--The manner in which a short column

resists shear forces seems to differ from that suggested for

beams. The effect of the loading condition needs further study

in order to determine its influence on the shear resisting

mechanism. The shear capacity of columns loaded along an arbi

trary axis requires further study to determine the effect of

loading direction on capacity.

7.4 Conclusions

The following conclusions are based on the experimental

investigation of eleven short reinforced concrete columns. The

columns had a clear height-to-depth ratio of 3. The columns were
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cyclically deflected along their diagonals. All but two of the

columns had an applied compressive axial load.

1. In columns with degrading hysteretic behavior without an

axial load, the presence of a compressive axial load less

than the axial load at balanced strain conditions in

creases both the initial stiffness of the column and

the maximum lateral load attained by the column. How

ever, the axial load significantly increases the degrada

of both column stiffness and strength if the specimen

is deflected past the deflection at which the maximum

lateral load occurred.

2. The transverse reinforcement must be designed to resist

the additional shear force introduced onto the member

by the application of a compressive axial load. A.

compressive axial load increases the concrete contri

bution to shear capacity, but after inclined cracking

the axial load causes a higher stress condition in the

transverse reinforcement. Unless accounted for, the

combination of axial load and shear force can cause

the transverse reinforcement to yield and drastically

reduce the shear resistance of the short column.

3. In short columns exhibiting a degrading behavior under

monotonic loading, cycling of deformations results in a

significant increase in the rate of degradation of both

the lateral load and stiffness of the column.

4. In the short columns tested, there was a lower limit on

the amount of transverse reinforcement which was required

before an increase in the maximum lateral load of the

column was observed. Varying the amount of transverse
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reinforcement while still below the limit did not cause

a proportionate increase in the shear capacity of the

short columns.

5. The shear capacity of a short column is most dependent

on the capacity of the concrete to resist shear before

inclined cracking. After cracking, the shear resistance

of the column is strongly related to the effectiveness

of aggregate interlock along the inclined cracks. The

primary function of the transverse reinforcement is to

control the widths of the inclined cracks so as to

maintain the effectiveness of the aggregate interlock.

6. The concrete contribution to the shear capacity of a

short column is conservatively estimated by the shear

provisions of the 1977 ACI Building Code (17]. The

shear provisions of the C0de give a conservative

estimate of the ultimate shear capacity of the short

columns. However, the calculated values from the shear

provisions do not follow the trend of the short column

test data.

7. The flexural capacity of the short columns computed

using actual material strengths gave a reliable upper

bound on the maximum lateral load that the columns

can reach.

8. Bond degradation along the longitudinal bars is strongly

affected by the boundary and loading conditions imposed

on the test specimen. Double curvature and the lack of

positive restraint to the sides of the member seemed to

have a detrimental effect on bond conditions. Bond

degradation has a significant detrimental effect on the

short column load-deflection hystersis loops.
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9. Buckling of the longitudinal reinforcement is likely

when the bars have repeated cycles of both tension and

compression yielding. Small diameter bars are most

susceptible to this conditon because of the ususally small

flexural capacity associated with columns reinforced with

small diameter bars. Buckling is difficult to prevent

as shown by the buckling of #4 bars restrained by ties

at 1-1/8 in.

10. No single parameter uniquely determines the behavior a

member will exhibit, but there does seem to be a hier

archy of parameters which do define the member behavior.

11. In columns which exhibit degrading hysteretic behavior,

the degradation begins with cycling at the deflection

where the maximum lateral load is achieved and continues

with both cycling and increased deflections.

12. In cyclically loaded columns which exhibit shear distress

or serious bond degradation, increasing the deflection

of the column does not necessarily cause the load

deflection curves to reach the monotonic load-deflection

curve.

7.5 Predictive Guide

The guide to column behavior classification and prediction

(predictive guide) is the culmination of the current study. It is

primarily directed to columns which are subjected to cyclic reversed

deformations. The guide is based on the observations and conclu

sions from both the current experimental investigation and the

results of tests conducted in Japan (Sees. 7.2 and 7.4).

The predictive guide is in the form of a flowchart and pre

sents an orderly, rational approach to defining the types of
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behavior a column may exhibit and the parameters which most

directly affect the kind of behavior exhibited. The guide encom

passes a broad range of behaviors from stable flexural hinging

mechanisms to brittle diagonal tension failures. Effects of bond

degradation and bar buckling are also included.

The guide is composed of criteria which can be compared to

each other or to a given limit to determine behavior characteris

tics of the column. The criteria included in the predictive guide

reflect the concrete shear capacity of the section, the flexural

capacity of the section, the effect of transverse reinforcement on

shear capacity and core confinement and the susceptibility of the

longitudinal bars to bond degradation and buckling.

The guide is both a research tool and a design tool. For

researchers it provides guidance on the effect of certain parameters

on behavior. For designers the criteria provide checks or limits

that may be used to ensure that the column will exhibit the desired

stable flexural hysteretic behavior.
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APPENDIX A

REVIEW OF RELEVANT RESEARCH

A.l Shear

The shear resisting mechanism in a reinforced concrete

member is a very complex phenomenon dependent on many inter

related variables. Most of the past investigations of shear

capacity have been on simply supported beams monotonically loaded

to failure and so the bulk of the following review will reflect

those conditions.

Monotonic Tests--Hognestad, in his excellent paper [19],

traces the historical development of shear capacity equations from

before 1900 to about 1950. The most interesting points are the

early recognition of key variables and the adoption of a design

philosophy for shear still used in the current design recommenda

tions of the ACI Building Code. However, itwas in the 1950's that

the systematic investigation of shear capacity of reinforced con

crete beams began.

The bulk of the tests conducted in the period 1950-1960 was

simply supported beams with either one or two point loadings on the

compression faces of the beam. There were, however, some notable

exceptions.

-
Clark [20] was the first investigator to systematically vary

the shear span of the beams. In addition, he studied the effect of

the concrete strength, percentage of longitudinal reinforcement,

and the percentage of transverse (web) reinforcement. Clark's

primary contribution was the recognition of shear span as a major

parameter in the shear capacity of a section. Like later investiga

tors, Clark adopted the expression
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(A. 1)

where b is the beam width and jd is the internal moment arm as a

representation for the diagonal tension stress in a beam and used

it in the development of his proposed design recommendation.

Hognestad states that the form of Eq. A.l was originally proposed

by Morsch [19]. Talbot [20] adopted Eq. A.l and offered the

justification that if diagonal tension stress is the criterion of

cracking and the concrete is assumed to carry no longitudinal

tension stress, then the result of the formula for principal stress

is simply

a = v (A. 2)
t

where v is the shear stress and at is the diagonal tension. Talbot

then suggests that v can be taken as

V
bd' (A.3)

where V is the shear force, b is the beam width, and d' is the

internal moment arm.

Laupa [21] suggested that the criterion for shear capacity

is crushing of the concrete compressive block. He based this idea

on the assumption that shear can only be resisted by the concrete

surfaces in contact in the compressive block. Laupa also presented

the conclusion that diagonal tension cracks were responsible for

failure because they caused a reduction in the depth of the com

pression block. Other investigators continued Laupa's line of

reasoning [22,23] but modified it to apply only to shear compression

failures which were classified as crushing failures of the

compressive block in combination with diagonal tension cracks.

Moody, et al [24,25,26,27] reported an extensive series of

tests on simply supported beams. Their results pointed to percentage
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of longitudinal reinforcement, percentage of transverse reinforce

ment, concrete strength, and shear span as being the most important

variables affecting shear capacity. They reported, as did Clark

previously, an increase in the load at first diagonal tension

cracking with decreasing shear span and noted that the beams with

small shear spans carried shears greater than that which caused

first diagonal cracking, while beams with large shear spans failed

suddenly with the formation of the first diagonal tension crack.

An interesting observation was made to the effect that web rein

forcement did not affect the load at which diagonal tension crack

ing first occurred, but did increase the shear carried

after formation of the crack.

Baron and Siess [23] continued the work started by Laupa

by looking at the effect of compressive axial load on shear

capacity. They reported that axial lOad increased the diagonal

tension strength, but that the increase was small in beams with a

high steel percentage or long shear span.

Ferguson [28] in a series of beam tests investigated the

effect of shear span ratio to determine the influence of boundary

conditions. This paper convincingly pointed out that the major

reason for the importance of shear span ratios in beam tests was

the method of support and load application. Ferguson found that

the significant increase in shear capacity with decreasing shear

span was the result of applying loads through bearing plates on

the compression face of the beam. In tests where the load was

transferred to the beam through side stubs, Fig. A.I, he found that

the effect of the shear span ratio was not significant.

Viest and Morrow [29] conducted a series of tests on knee

beams and center stub beams, Fig. A.2. No web reinforcement was

used in any of the beams. The knee beams were a way of introducing

axial loads into the beam. The authors suggested that
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KNEE BEAM

CENTER STUB BEA M

Fig. A.2 Knee beam and center stub beam
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(A.4)

represented a lower bound to the shear stress capacity of a

section, shear stress being computed in the manner of Eq. A.3.

The authors proposed that axial load only affects the diagonal

tension strength of a member insofar as it affects the static

equilibrium of the member. The axial load does not increase the

capacity by changing the properties of the material itself.

Taub and Neville [30,31,32,33,34] in their investigation

of shear capacity reported that the effect of p, percentage of

tension reinforcement, was to increase the shear strength in beams

with shear span ratios greater than 3. If the shear span ratio

was less than 3, p did not seem to affect the strength. The

authors suggested that beams differing only in the percentage of

web reinforcement exhibit the same diagonal tension cracking load.

An interesting point made by the authors was that while spacing

of the ties was a significant factor the diameter was not.

Taylor [35] reported on the results of his investigation

of beams without shear reinforcement using both indirect and

direct loading. Indirect loading was applied in a manner similar

to that used by Ferguson while direct loading was the conventional

direct bearing on the compression face. He found that indirectly

loaded beams failed with occurrence of the first diagonal tension

crack, while directly loaded beams could attain a higher load than

that at first diagonal cracking. The tests had shear span ratios

between 1.5 and 5.5.

The report in 1962 of the ACI-ASCE Committee 326 [36] was

a comprehensive review of the past investigations on shear and

diagonal tension in reinforced concrete members. The recommenda

tions that developed from the review formed the basis for the shear
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provisions of the 1963 ACI Building Code [37] and current ACI

Building Codes. Since the shear provisions of the ACI Building

Codes were used as a guide to the design of the shear reinforce

ment in the University of Texas investigations, a closer examina

tion of the specifications is warranted. ACI-ASCE Committee 326

adopted the truss analogy to represent the action of the shear

reinforcement. The truss analogy for a reinforced concrete beam

transforms the beam into a truss, Fig. A.3, where the compression

chord of the truss is the concrete compressive block, the tension

chord is the tension reinforcing steel in the beam, the posts are

the transverse reinforcement, and the compression diagonals are

compressive concrete struts. The shear resistance of the beam

can then be determined using yielding of the transverse reinforce

ment as the upper limit on capacity. It did so primarily because

(1) it was easy to use, and (2) it seemed to reflect the trend of

the experimental data. However, it was suggested that the truss

analogy be adjusted to include a contribution to shear capacity

due exclusively to the concrete. By doing this, better agreement

was found with the experimental data. The concrete contribution

was taken to be the amount of shear carried by a beam at the

formation of the first diagonal tension crack. This is a con

servative assumption, since only in beams with medium to long

shear spans would the first diagonal tension crack represent a

failure condition. At the limit, a beam without any web reinforce

ment should be able to carry at least the load required to cause

diagonal tension cracking.

The concrete capacity equation presented by ACI-ASCE

Committee 321 was primarily developed by Viest, based on the work

by Morrow. The final form of the equation was the same equation

as in the current ACI Building Code.
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v
c

bdK
c

1.9 + 2500 P V d s 3.5
M ,jf'

c

(A.5)

The general form of the equation was derived on the basis of a

maximum principal tensile stress criterion. A modification to

Eq. A.5 was necessary if an axial load was acting on the section.

The modification to the equation was a simple reflection of the

altered stress state in the beam as a result of the axial load.

The term

N(¥ -~) (A. 6 )

was subtracted from the moment acting on the section. In Eq. A.6,

N is the applied compressive axial load, h is the total depth of

the section, and d is the effective depth of the section. Effec

tive depth is the distance from the extreme compression fiber to

the centroid of the tension reinforcement.

The final form of the shear equation presented by the

Committee was

V
bd

Krf + v
y c

(A. 7)

where Krf was the contribution of the shear reinforcement based
y

on the truss analogy, v was the contribution of the concrete,
c

b was the total width of the section, and d was the effective

depth.

Moe [38] in his discussion of the ACI-ASCE Committee 326

report first introduced a contribution to shear resistance by

aggregate interlock along the flexural crack. He mentioned this

effect when he suggested that the reason the ratio of shear span

to effective depth (a/d) had an effect on shear strength was that

it affected the width of the flexural cracks. The width of flexural

cracks influenced the effectiveness of aggregate interlock to

transfer shear.
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Based on the results of twelve beam tests. Bresler and

Scordelis [39] questioned the use of the simple addition of the

web reinforcement term in Eq. A.7. They suggested 2~ as a
c

simple replacement for the more complicated equation for the con-

crete shear capacity. v • presented by Committee 326. This was
c

found to be a lower bound to the concrete shear stress capacity

in experimental tests.

Fenwick and Paulay [40] concentrated on identifying the

mechanisms by which shear was resisted in beams without web rein

forcement. They proposed that the principal shear resisting

mechanisms were aggregate interlock along the flexural and diagonal

tension cracks. dowel action of tension reinforcement. and the

flexural resistance of concrete cantilevers between cracks. These

three elements are shown in Fig. A.4. Based on their investiga

tion. the authors proposed that the contribution to the total

shear resistance by each element was about 60 percent. 20 percent.

and 10 percent. respectively. The remaining 10 percent was not

specifically related to any particular mechanism. The importance

of this paper was the recognition that shear stresses were trans

ferred across cracks. The mechanism of aggregate interlock was

not included in shear strength considerations previously.

Haddadin. et al [41] reported on the results of an

investigation into the effect of axial load on the capacity of

shear reinforcement. The authors concluded that the effectiveness

of web reinforcement was unaffected by the presence of either a

compressive or tensile axial load. The authors also suggested

that while the shear provisions expressed in the 1963 ACI Building

Code were conservative. they did not accurately represent the

trends of behavior observed as the parameters were varied. The

shear provisions of the 1977 ACI Building Code were almost identi

cal to the 1963 ACI Building Code for the calculation of the con

crete shear capacity term.



260

~
I[ gIl \ \

::JL::zs:::

\

Ci=========p -....
1.-..__----1 ~ Vd

Fig. A.4 Contributing actions to beam
shear resistance



261

Zsutty [42,43J in his two statistical analyses of existing

experimental data suggested a different form of the equation for

the diagonal tension cracking strength of beams. He divided the

beams into two categories based on loading conditions and shear

span ratios because such a division gave the best correlation with

the experimental data. Zsutty proposed that for beams with a

shear span ratio greater than 2.5 or any beam loaded indirectly,

such as done by Ferguson, the diagonal tension cracking stress was

v
(, dr3

c
v bd = 60 f c P ~c

where v = concrete shear stress capacity, psic
V = concrete shear force capacity, Ibsc
b total width of member, in.

d effective depth of member, ino

f' = concrete compressive strength, psic
() tension reinforcement ratio, A /bds
A area of tension reinforcement, sq. in.s
a shear span, in.

(A. 8)

For directly loaded beams with a shear span to effective depth

ratio (a/d) less than 2.5, Zsutty proposed that

"if
c

V
~ = l50(f' p)1/3 (d/a)4/3
bd c (A. 9)

Nielsen, et al [44J and Thurlimann [45J presented formula

tions based on plasticity theory for the shear capacity of a beam.

The equations presented by Nielsen, et al required calibration

with experimental test results. The approach offered by Thurlimann

appears promising but requires additional research to increase its

generality. Along the same line is the solution offered by

Rabbat [46J, which presented a rationale using a variable angle

space truss to model the action of reinforcement and concrete. It
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was developed primarily for torsion and has not been fully extended

to the case of just vertical shear.

Additional sources which proved helpful to the understand

ing of the present philosophy of the shear resisting mechanisms

were papers by Bresler and MacGregor [47], MacGregor and Hanson [48],

and the report of the ACI-ASCE Committee 426 [49]. The ACI-ASC?

Committee 426 report is a comprehensive review of the research in

the area of reinforced concrete shear resistance.

Review of Monotonic Tests--Thus far, the review of previous

studies has been devoted to investigations of simply supported beams

which provided the experimental basis for the current shear recom

mendations of the ACI Building Code. In these tests, primarily in

the decade between 1950 and 1960, monotonic static loadings to

failure were applied. A few of the major points of interest to

this study were:

1. Effect of boundary conditions such as method of loading on

the shear capacity of a section.

2. Acceptance of the truss analogy despite the physical dis

crepancies between observed failures and assumed action

of the truss analogy.

3. Aggregate interlock along crack surfaces resisting a major

part of the shear in beams with no web reinforcement.

4. suggestions that the equation for concrete capacity in the

ACI Building Code did not properly reflect the trend of

behavior.

Cyclic Tests--The study of shear failures in members sub

jected to cyclic reversed loadings has not been of much interest in

the United States. Primarily because the design philosophy dis

courages reliance on a shear failure and stresses the desirability

of flexural failures characterized by the formation of plastic



263

hinges which have stable load capacity at high deformations and the

ability to absorb a large amount of strain energy. The result has

been a relatively modest effort to observe the effect of high shear

on the hysteretic behavior, but little emphasis on developing a

predictive behavioral model to describe the phenomena.

Brown and Jirsa [4] in one of the first investigations in

the United States on the effect of high shear stresses described

the adverse effect on the hysteretic behavior. They concluded that

the degradation was initiated by shear forces which led to large

shear deformations as a result of sliding along vertical cracks

not crossed by stirrups. Their specimen was a cantilever beam

with no applied axial load and the cyclic loading was unilaterally

applied between quite high deformation limits.

Wight and Sozen [50] in a later study also used cantilever

beams, but applied an axial compressive load to the beam as well.

The authors presented the following observations:

1. The shear resisting mechanism changed at the onset of

spalling cracks in the compressed concrete.

2. Progressive strength and stiffness degradation occurred

unless the transverse reinforcement was designed to carry

all of the shear.

3. Compressive axial load slowed the degradation in strength

and stiffness with cycling.

The authors suggested that the spacing of stirrups not exceed one

fourth of the effective depth, but pointed out that, even so, shear

failures may still occur in members subjected to large load

reversals.

Tests conducted at the University of California at Berkeley

[5,6,51] on cantilever beams concluded that in order to prevent

degradation of hysteretic behavior the shear stress in the beam
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must be less than 3.5~. In addition, they emphasized the need
c

for closely spaced ties and the importance of properly restraining

the longitudinal bars by having each bar enclosed by a bend in a

tie. Special methods of web reinforcing were suggested to better

resist the effects of shear stresses.

The emphasis in the Japanese investigations has been on

short columns and the prevention of shear failures and other

degrading type failures. The emphasis was prompted by the column

shear failures in the 1968 Tokachi-Oki earthquake in Japan.

Ohno, et al. [52] reported the results of an investigation

on short columns in a two-story, one-bay frame shown in Fig. A.5

They observed that the crack pattern in axially loaded specimens

was no different than that of specimens with no axial load. Also,

the cracking was generally limited to the end regions of the column

until failure, when a large diagonal crack formed in the midheight

region of the columns.

Higashi and Ohkubo [53] reported that the behavior of short

columns could be determined simply by considering the clear height

to-depth ratio (L /h). This was the primary variable in their
c

tests, shown in Fig. A.6. The authors reported that for L Ih less
c

than 2 the failures were primarily diagonal tension, for L Ih between
c

2 and 4 the failures were a combination of shear and flexure, while

for L Ih greater than 4 the failures were flexural. The authors
c

also compared dynamic to static loading and found that the hysteretic

characteristics were similar.

Kokusho and Ogura [54] presented the results of cyclic

tests which were demonstrative of the effects of certain parameters.

In Fig. A.7, the load-deflection curves for specimens identical

except for the amount of longitudinal steel illustrated the impact

of increasing the flexural capacity of a section while holding the

shear capacity approximately the same. The specimen with a longi

tudinal column reinforcing ratio (p) of 1.94 percent, Fig. A.7 (b),
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Fig. A.5 Test setup of Ohno, et al. [52]
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suffered a rapid degradation in lateral load capacity with cycling,

while the specimen with 1.43 percent, Fig. A.7(a), did not.

Figure A.8 showed the difference in the hysteretic behavior for

specimens with different amounts of transverse reinforcement. The

specimen shown in Fig. A.8(b) had twice the amount of transverse

steel as the specimen in Fig. A.8(a), and demonstrated stable

hysteretic loops, while the specimen in Fig. A.8(a) exhibited

degrading hysteretic loops. The effect of axial compressive load

versus no axial load was demonstrated by the specimens in Fig. A.9.

Figure A.9(a) shows the results for a specimen with no axial load

and Fig. A.9(b) for a specimen with axial load. Notice that the

loops for the specimen with no axial load were more pinched toward

the origin than those with axial load.

Minami and Wakabayashi [55J tested specimens shown in

Fig. A.IO. The authors were particularly interested in the effect

of beam stiffness on the column behavior, but they also varied the

amount of web reinforcement, the axial load, and the L /h ratio.
c

The authors reported that increased compressive axial load increased

the maximum strength of the frame, but it also caused much more

deterioration of the load capacity after attainment of the maximum

capacity. The authors reported that increased beam stiffness

resulted in an increased amount of energy absorbing capacity.

Yamada [56] proposed that reinforced concrete member behavior

could be classified into two principal types, one being predominantly

shear in short members and the other being predominantly bending

in long members. He suggested that the parameter which best

determined the kind of behavior a member would exhibit was shear

span ratio. Yamada presented an equation which indicates the shear

span ratio at which the transition between predominantly shear and

predominantly flexure dominated behavior occurs. The variables in

the equation were primarily axial load and the amount of longitudinal

steel in the section.
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Hirosawa, et al. [57] reviewed a large experimental research

program on reinforced concrete columns conducted in Japan. The

authors described the loading system and test specimen developed

for the investigation at the Building Research Institute of Japan,

Figs. A.II(a) and A.II(b), respectively. Little data were presented

but the authors concluded that if the shear stress in the column

was more than 425 psi the column would fail in a brittle manner

despite heavy web reinforcement.

References 58, 59, and 60 provide a valuable source of

e~erimenta1 data on short columns subjected to cyclic reversed

lateral loadings. The material in the references are load

deflection curves and crack patterns from a number of unidirec

tional short column tests. The tests were done at several Japan

ese research facilities. No conclusions or descriptions of

particular tests were presented.

The two investigations in The University of Texas at

Austin research program which preceded the present investigation

were unique in that they were the first to investigate short

columns (or columns under high shear stresses) subjected to cyclic

bidirectional deformations. In addition, much of the loading

system, test apparatus, and test specimen configuration used in

the current investigation was developed in these studies.

In both investigations the same specimen, Fig. A.12, and

loading system, Fig. A.13, was used. The specimen was purposely

designed to have a shear capacity less than that required to

develop full plastic hinging at the ends. The effect of high

shear stresses on behavior would then be more apparent. The gen

eral shape of the specimen and loading system were modeled on

those used by the Building Research Institute in Japan, except

that the current loading system can apply bidirectional deforma

tions as well as an axial load.
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Maruyama [14] conducted a series of tests in which the only

variable was the deformation path imposed on the specimens. Some

of the deformation paths are shown in Fig_ A.14 in schematic form.

Figure A.14 shows the paths of the top of the specimen (in a hori

zontal plane) as seen from above the specimen. The loading history

consisted of the deformation path repeated three times at each

deflection level. A typical loading history is shown in Fig. A.1S

(case (a) in Fig. A.14). Based on a series of ten tests, the

following conclusions were presented:

1. Deformation path was relatively unimportant as long as the

deflection level imposed on the specimen was less than

the deflection at which the maximum shear capacity was

reached in a monotonic test.

2. Deformation paths which involved reversals along the same

line such as cases c and d in Fig. A.14 caused the same

response if the axes of the load and deflection measure

ments were along the line of deflection.

3. Deformation paths which involved a grinding motion on the

column, case e in Fig. A.14, caused severe and rapid

degradation of the lateral load capacity of the column.

Ramirez [15] investigated the effect of both compressive

and tensile axial load on the behavior of short columns. Two

deformation paths were used, one unidirectional and the other

bidirectional (cases a and c in Fig. A.14). One value of axial

compression was used, but three different tensile axial loads were

used corresponding to 1/4, 1/2 and full tensile yielding. In addi

tion, tests using an alternating tension and compression axial

load were conducted. Based on a series of ten tests, Ramirez pre

sented the following conclusions:
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1. Constant compressive axial load accelerated shear

degradation and reduced the energy dissiptation capacity

of the column.

2. Constant tensile axial load drastically reduced the

maximum shear capacity of the column, but the deterioration

of the capacity was reduced.

3. The confinement and shear strength provided by the ties

dictated the overall response of the column.

4. Lateral deflections applied in an orthogonal direction,

cycling, and compressive axial load all tended to reduce

the efficiency of the ties to confine the core.

Shear Friction Concept--A supplemental mechanism for

resisting shear is shear friction or the ability to transfer shear

across a crack in concrete. The concept comes into play for both

the contribution of aggregate interlock to the shear resistance of

beams and the shear resistance across construction joints in walls

and other primarily vertical elements.

Birkeland and Birkeland [6lJ presented a discussion on

shear friction as a possible analytical tool for the proper design

of connections such as corbels. The authors presented the follow

ing equation for the ultimate shear capacity at a section:

v
u

T tan(!)::: A f tan<,CJ
u s y

(A. 10)

where A
s

total cross-sectional area of reinforcing across
interface

f = yield strength of reinforcing (:5: 60 ksi)y
tan(C' 1. 7 for monolithic concrete

tanw = 1.4 for artificially roughened construction joints

ta~p = 0.8 to 1.0 for ordinary construction joints and for
concrete to steel interfaces
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The form of the equation is very similar to the equation adopted by

the ACI Building Code in its provisions for shear-friction. The

concept of shear-friction is straight-forward and is described in

Fig. A.16, taken from Ref. 61. In the absence of reinforcement

across the crack, the shear which can be transferred is a function

of the externally applied compressive axial load. The stress

transfer concept is identical to Newtonian friction. If reinforce

ment crosses the crack and the two surfaces move laterally, the

surfaces separate as they ride over the roughened surface. The

separation elongates the reinforcement, stressing it and thus

applying the normal compressive force on the cracked surface.

Hofbeck, et al [62] reported an experimental investigation

of the shear transfer capacity across cracked and uncracked concrete

planes. The specimen used in the investigation is shown in Fig. A~l7.

The authors found reasonable agreement between the test results and

the general concept outlined by Birkeland and Birkeland, though the

authors gave more substantiated recommendations as to the limits

on the equation than did Birkeland and Birkeland.

Mattock and Hawkins [63] continued and expanded the work

done by Hofbeck, et al Three types of specimens, Fig. A.lB, were

used in the investigation to more fully explore the effect of both

parallel and normal external stresses on the shear transfer capacity

of the cracks. A hypothesis for the behavior was presented and a

more general equation for the ultimate shear transferable across

the section was given. The equation included both the effects of

externally applied compressive stresses and reinforcement crossing

the crack.

The preceding papers were concerned with the monotonic

ultimate shear capacity of cracked concrete. Obviously, these

conditions do not directly reflect the conditions imposed on the

test specimens of the current investigation. Laible, et al [64]
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Fig. A.16 Shear-friction concept [61J
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reported a study of the effect of cycling on the shear transfer

capacity across a crack. Other parameters were varied, but for the

current investigation the effect of cycling is the most important.

The specimen and loading system is shown in Fig. A.19. The con

crete test block was cast monolithically and then prior to testing

a crack was formed by using wedges in v-notches on the sides of

the block. One-half of the block was then moved across the other

during loading. Axial compression was applied to the block through

external restraining rods to simulate the action of reinforcing

steel crossing the crack. The observed behaviors were highly

dependent on a number of variables, such as initial crack width,

but the effect of cycling was to cause rapid degradation of both

the stiffness and shear capacity. The specimens in the investiga

tion were cycled between shear stress levels rather than between

deflection levels, but an indication of the effect of cycling is

given in Fig. A.20, which shows a typical shear stress versus slip

curve.

1.4.2 Flexure. The computation of the flexural capacity

of a column for a static, monotonic loading is well-documented and

no discussion of it will be given. Any reference on reinforced

concrete design (such as by Park and Paulay-[65J) will provide a

satisfactory approach to the problem. The flexural mechanism,

unlike the shear mechanism, is a relatively well-understood

phenomenon. Because the flexural capacity is well-defined and

reliable, it has generally been used as the controlling capacity

in design for both monotonic and cyclic loading conditions. The

flexural capacity is used because it can be made stable even at

high member deformations as typified by a bilinear or trilinear

moment-curvature relation for a reinforced concrete section.

Numerous research projects have been reported in which the

flexural characteristics of the hysteretic loops of reinforced
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concrete members subjected to cyclic reversed loadings were

examined. Generally, the investigations studied the development

of an hysteretic model or the examination of the effect of variable

changes on the behavior for the purpose of developing design

recommendations.

Takeda, et al. [7] conducted a series of tests on medium

length cantilever beams representing columns. The main thrust of

the experimental research was to provide data on which a hysteretic

model could be developed. The test specimens, Fig. A.21, were sub

jected to quasi-static load reversals. The analytical hysteretic

model was based on a trilinear skeleton curve and subsequent load

ings and unloadings were described by a set of empirical rules.

The skeleton curve and an example of an analytical hysteretic curve

are shown in Fig. A.ZZ. A major consideration in the analytical

model was that while provisions were included to model the experi

mentally observed stiffness degradation, it was assumed that the

curve would always reach the skeleton curve at the peak displace

ment. There was no provision for load degradation because in a

specimen dominated entirely by flexure, such load losses were very

small.

Penzien, et al. [66] discussed the results of a test program

which examined several aspects of cyclic behavior in reinforced

concrete members. The authors reported that in a doubly reinforced

symmetric beam, cyclic reversed loadings reduced the instantaneous

stiffness of the beam, but the ultimate strength, curvature,

ductility, and energy absorption were increased compared with a

nonreversing cyclic loading. The desirable nature of such flexural

hysteretic characteristics is illustrated in Fig. A.23. The

authors suggest that in critical regions under reversed cyclic

loading beyond initial yielding, the behavior was controlled by

the mechanical characteristics of the reinforcing steel and that
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changes in these characteristics result from Bauschinger's effect

and bond deterioration between the flexural cracks.

Figure A.24 depicted the first half-cycle of two beams

loaded at different rates. The authors concluded that increased

rates of loading only had a significant effect on the characteris

tics at and prior to first yielding of the reinforcement.

Figure A.25 illustrated the observed effect of compressive

axial load. Figure A.25(a) had a lower level of axial load than

the specimen in Fig. A.25(b). The effect of higher axial load was

to increase the initial stiffness and peak load capacity, but to

cause a deterioration in behavior at high displacement levels.

Figure A.26 depicted the effect of shear span ratio on the observed

behavior with the load-deflection curves shown in Fig. A.26(a) for

a specimen having a higher shear span ratio than the one in

Fig. A.26(b). The effect seems to be a significant pinching of

the hysteretic loops.

Atalay and Penzien [67) presented an analytical model for

the hysteretic characteristics of reinforced concrete members

which included provisions for load degradation with cycling. An

example of the results of their model is shown in Fig. A.27.

Notice the degrading skeleton curve and the reduction in load

capacity with cycling at the point marked A on the curve. The

authors reported good agreement between their model and test

results obtained using a center stub beam subjected to reversed

loadings. The authors did not discuss the reason for degradation.

It should be noted that the beams tested were quite long to limit

shear stresses and only one beam configuration was used.

Otani, et al [68) reported a series of tests on cantilever

beams subjected to cyclic bilateral loadings. The beams exhibited

a flexural failure mode and the authors concluded that a degrading

trilinear model gave analytical hysteretic curves which fairly

closely modeled the observed hysteretic loops.
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1.4.3 Confinement. A number of investigators have studied

the effect of confinement on the behavior of reinforced concrete

members [69,70,71,72,73,74,75,76J. Most of these investigations

studied prisms or short members subjected to a concentric mono

tonically applied axial compressive load. A few have studied the

effect of web reinforcement on the rotational capacity of the com

pression block in a monotonically loaded beam. Research into the

effect of confinement on members similar to those used in the

current investigation which involves both axial loading and bending

is limited.

The research to date has been somewhat contradictory

regarding the effect of confining steel. All investigators agree

that confinement significantly improves the deformation capacity of

concrete; however, there is disagreement as to whether confinement

increases the compressive strength of concrete. Sheikh [69J pre

sented an extensive review of the literature on confinement in

addition to reporting on his own investigation on concentrically

loaded columns. He suggested that many of the discrepancies in

previous test results came from the fact that widely varying speci

men types were used in the investigations. He especially pointed

to specimens which were quite small and specimens without cover as

reasons for the differences in conclusions. Sheikh proposed that

confinement increases the compressive strength of concrete above

the value obtained from cylinder tests, ff. He proposed that con-
e

finement is a function of both the longitudinal steel and the

transverse steel and that single ties were not nearly as effective

as multiple ties (shown in Fig. A.28) because single ties did not

effectively restrain the center longitudinal bars on each face.

Kent and Park [77J suggested a stress-strain curve for con

crete in flexural members based on experimental investigations of

confinement by rectangular ties. The form of the curve is shown

in Fig. A.29. The curve accounts for confinement by adjusting the
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Fig. A.28 Tie arrangement
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Fig. A.29 Kent and Park's concrete
stress-strain curve [77]
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slope of the descending branch of the curve and setting a minimum

value of concrete stress equal to 20 percent of the concrete com

pressive strength. The slope of the descending branch is primarily

related to the percentage of transverse reinforcement.

Sheikh [69], based on a detailed review of previous data

and the results of his own investigation, proposed a stress-strain

curve similar to that shown in Fig. A.30. The quantitative expres

sions which define the curve are fairly complex and account for a

larger number of variables than other stress-strain curves. The

maximum stress attainable by the section can be greater than the

value of f' and depends on the amount of confinement provided.
c

Sheikh reported good correlation between test and computed results,

but he considered only concentrically loaded axial specimens.

1.4.4 Buckling of Reinforcement. The buckling of rein

forcement has been a fairly common occurrence in cyclic reversed

loading tests. The recommendations for preventing it usually have

been empirical, though some analytical justification is sometimes

offered.

Ruiz and Winter [78] discussed bar buckling in their report

on a test series of cyclically loaded simply supported beams. The

approach used by the authors was to consider the stability of the

bar neglecting any restraint of concrete above the bar. The bar

was modeled as an axially loaded continuous strut with the stirrups

acting as elastic supports. The authors assumed buckling could

only occur outwards and used an energy method to find the buckling

load. The result of their study was that buckling could not be

predicted using the above approach and the authors concluded that

random variations in tie and concrete restraint must have been

responsible for bar buckling.

Brown [79] used a similar approach to Ruiz and Winter

except that he used the tangent modulus theory to predict buckling
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and assumed that buckling of the bar would occur in the first mode

between two ties. No comparisons were made between the test

results and the predictive equation.

Bertero and Collins [80] based on observations of failures

and analytical studies not described suggested that the spacing of

the lateral support (ties) should be no more than 6 to 8 diameters

of the bar being restrained.

It is clear that there is no reliable criterion which will

assure the designer that buckling will not occur. The previous

investigations have generally looked at the elastic solution to

buckling making a number of simplifying assumptions.

1.4.5 Bond.

Monotonic Tests--Lutz [81] investigated the mechanism of

bond both experimentally and analytically using a finite element

method. In addition, he reviewed and incorporated the experimental

results of past investigations on bond. A brief summary of the

major points presented by Lutz are listed below:

1. While the ultimate bond capacity of a deformed bar was

not independent of bar diameter, it was not a linear func

tion of bar diameter as assumed in the 1963 ACI Building

Code.

2. The bar diameter influenced the ultimate bond capacity

in about the same proportion as longitudinal tension

steel affects shear capacity of a beam without web

reinforcement.

3. Transverse binding reinforcement around the bars

significantly improved the bond strength.

In a state of the art paper, ACI Committee 408 [82J reviewed

the results of research prior to 1966. The paper stated that in
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pullout tests using deformed bars the failure was almost always

a splitting failure where the concrete developed cracks radially

outward from the bar which split the concrete into two or more

sections. An example of splitting is shown in Fig. A.31. The

exceptions were usually small diameter and top bars where the

failure was shearing of the concrete by the bar lugs. In discussing

splitting, Committee 408 stated that clear cover over a bar and

stirrups were significant parameters in the ultimate bond capacity.

In beams, Committee 408 reported that the stirrups must be in excess

of the amount necessary for shear reinforcement before they improve

the ultimate bond strength.

Orangun, et al [83], in their examination of existing

test data, developed an equation for development length which has

been incorporated into a recommendation for the ACI Building Code

by ACI Committee 408 [84]. In the paper by Orangun, et aI, the

basis for the current equation for development length was described

as being an adoption of the ultimate bond stresses in ACI 318-63,

with the assumptions that the bond stress was uniform along the

bar and the bar had to develop at least 125 percent of the yield

stress of the bar. The authors found poor agreement between the

results of the ACI Building Code equation and the test results.

The authors presented an equation which accounted for cover around

the bar, the number of bars in a layer, and the effect of reinforce

ment crossing the splitting cracks. Primarily, the development

of the equation was based on experimentally observed crack patterns

at failure, shown in Fig. A.32, taken from Ref. 83. The equation

proposed by the authors for bars with a nominal yield of 60 ksi was:

10200d
b

(A. II)
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where £d

db
f'

c
C

C
b

=
C

s

K
tr

A
tr

f
yt

s

~

development length of the bar (tension), in.

nominal diameter of bar, in.

concrete compressive strength, psi

the smaller of C
b

or C
s

' in.

clear bottom cover to main reinforcement, in.

half clear spacing between bars or splices or half
available concrete width per bar or splice resisting
splitting in the failure plane, in.

an index of the transverse reinforcement provided
along the anchored bar, A f 1500sd

btr yt
area of transverse reinforcement normal to the plane
of splitting through the anchored bars, sq. in.

yield strength of transverse reinforcement, psi

spacing of transverse reinforcement, center-to-center,
in.

reduction factor

The authors recommended that C/db be less than 2.5 and £d be at

least 12 in.

Cyclic Tests--The recommendations made above were based on

monotonic tests of pullout specimens and beams. The effect of

cyclic reversed loading has been widely reported to create severe

bond conditions leading to bond degradation [52,57,80,85,86,87,88,

891. Hassan and Hawkins [901 reported the results of a test

series in which reinforcing bars were loaded cyclically. Figure

A.33 shows the testing method which they employed and was taken

directly from the reference. The authors concluded from the exper

imental investigation that:

1. There was progressive bond deterioration in bars sub

jected to cyclic reversed loadings.

2. Loading history was a significant parameter in bond

degradation.
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3. Cycles with equal displacements in both directions caused

significantly more bond degradation than cycles with

larger displacements in one direction than the other.



A P PEN D I X B

FLEXURAL CAPACITY COMPUTER PROGRAM

A computer program was developed to analyze the axial

load and moment capacities of reinforced concrete sections for

any imposed linear strain profile. The neutral axis can be trans

lated and rotated to any given location.

The program divides the section into a number of elements

and assumes that the strain at the centroid of the element is

uniform over the element. The stress on the element is deter

mined on the basis of user defined stress-strain relationships

for both the concrete and reinforcing steel. The force on each

element is summed to calculate the axial load. The force times

a moment arm for each element is summed to calculate the moment.

The stress-strain relationship for concrete used by the

program is the Kent and Park [77] stress-strain curve for confined

concrete. It is shown in Fig. B.I. A bilinear stress-strain

curve is used for the reinforcing steel.

The results obtained from the program agree reasonably

well with the Portland Cement Association (PCA) design charts [13]

for bilaterally loaded columns. An example is given below for

a column section identical to an 86 series column with a 120 kip

compressive axial load and nominal strengths of 5000 psi for the

concrete compressive strength and 60000 psi for the steel yield

stress.
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peA Unilateral M = 1380 kip-in.

Bilateral (45°) M = 1210 kip-in.

Program Unilateral M = 1355 kip-in.

Bilateral (45 0
) M 1245 kip-in.

The differences are most likely the result of discretization meth-

ods and assumed concrete stress-strain relations.
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TRANSVERSE REINFORCEMENT CALCULATIONS

C.1 Shear

Section A.5.9 of the 1977 ACI Building Code [17] requires

that the web reinforcement be designed to resist the shear pro

duced by moments acting at the ends of the member. The moments

are taken to be the ultimate moment capacity of the section.

The system described by Section A.5.9 is shown in Fig. C.1.

The shear force is

2M
V =

L
(C .1)

The column length is taken as the clear height of the test speci

men which is 36 in. The test specimen is deflected along its·

diagonal and the ultimate moment capacity is taken from the bi

lateral axial load-moment interaction curve (Fig. 2.5). The

axial load is 120 kips (compression). The ultimate moment capac

ity of an 86 series column based on a concrete strength of

5000 psi and a reinforcement yield strength of 60 ksi is 1245

kip-in. The shear force is

V = 2(1245 kip-in.)
36 in.

V = 69 kips

(C.2)

The ACI Building Code equation for the transverse rein

forcement contribution to shear resistance is based on the truss

analogy (described in the review of past research, Appendix A).
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M

2M
v=

L

Fig. C.l Column hinging mechanism
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The equation is

V
s

=
A f d

v y

s
(C.3)

where V
s

A
v

f
y

d

s

the shear force carried by the transverse
reinforcement, lbs.

area of shear reinforcement within a distance s,
sq. in.

yield strength of transverse reinforcement, psi

distance from extreme compression fiber to
centroid of longitudinal tension reinforcement, in.

spacing of transverse reinforcement in direction
parallel to longitudinal reinforcement, in.

The equation is based on a member whose transverse reinforcement

is parallel to the direction of loading as shown in Fig. C.2a.

The application of the equation to a section oriented as shown in

Fig. C.2b (diagonally loaded) is uncertain and there are no report

ed shear tests on members loaded diagonally.

Equation C.3 was applied to the diagonally loaded member

in the following manner. The location of the neutral axis at

ultimate moment conditions (peak compressive strain of 0.003)

for the diagonally loaded member was found using the computer

program described in Appendix B. The neutral axis location

(distance c in Fig. C.2b) showed that the five shaded bars in

Fig. C.2b were in tension. The distance to the centroid of the

tension reinforcement for the diagonally loaded column (d') was

computed to be 10.96 in. The value of d' was used in Eq. C.3

in place of the value of d. Figure C.3 shows an idealized

cracked section where the transverse reinforcement has a force

of T acting along its axis. The vertical component of the tiev
force (T' ) is taken as T (..fi. T is taken to be the yieLd forcev v v
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of the bar

and so

T
v

A f
..2J..

2
(C.4)

area of two legs of a perimeter tie, sq.where

A f

T~ = trf
A

v
f = yield strength of perimeter tie, psi.

y

in.

(C .5)

The final form of the equation for the transverse reinforcement

contribution to the shear resistance of a diagonally loaded

column is

2T'd'
Vi v (C.6)

s s

A f d'
V' 2 ii (C.7)

s s

A f d l

V t =T (C .8)
s

The shear force to be resisted (Eq. C.2) is 69 kips. The

area of the transverse reinfOrcement is based on two legs of a

6 rom bar and is 0.088 sq. in. The yield strength is assumed to

be 60 ksi. The value of d t is 10.96 in. The required transverse

reinforcement spacing to resist 69 kips is computed by rearrang

ing Eq. C.8. The required spacing is

= (0.088 sq. in.)(60 ksi) (10.96 in.)
s (69 kips) J2

s = 0.59 in.

(C.9)
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C.2 Confinement

Section A.6.5 of the 1977 ACI Building Code [17] requires

that if the ratio of applied compressive axial load to the axial

load at balanced strain conditions is greater than 0.4 then con

finement of the core must be provided. The ratio for the test

specimens is 0.46 (120 kips f 260 kips).

The transverse reinforcement required for confinement is

given in Sec. A.6.5.3 of the ACT Code •

.thPssh
2

where ; area of transverse hoop bar
(one leg), sq. in.

; maximum unsupported length of rectangular hoop
measured between perpendicular legs of hoop or
supplementary cross ties, sq. in.

; ratio of volume of spiral reinforcement to total
volume of core (out-to-out of spirals)

= center-to-center spacing of hoops, in.

,0 is the volumetric ratio required by Sec. A.6.5.2, which is
s

O.4{~ -~ ff
c

,os f
y

or ,os ;:0: 0.12 ff If
c y

Equation C.11 gives ps

~2 in. (12 in.)
- 1)

5 ksi
,os 0.45 10 in. (10 in.) 60 ksi

,os 0.0165

(C .11)

(C.12)
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Equation C.12 gives 0. s

2 (0.12) 5 ksi
Ps 60 ksi

2 0.0100

Ps = 0.0165

Rearranging Equation C .10 gives

2(0.044 Sq. in.)
(10 in.)(O.0165)

= 0.53 in.

The tie spacing cannot exceed 0.53 in. in order to meet the

requirements of Sec. A.6.S (confinement) of the ACT Code.
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MATERIAL PROPERTIES

Concrete

The concrete for each cast was obtained from the same local

ready mix plant. To minimize concrete strength variations, two

specimens were cast at a time. Three cubic yards of concrete were

ordered for each cast. The mix proportions as ordered from the

plant were:

250 fi:1 cu. yd.

517 lieu. yd.

1500 l:jcu. yd.

1800 if/cu. yd.

Water

Cement

Fine Aggregate

Coarse Aggregate
(max. size 5/8")

Airsene L (water 25 oz/cu. yd.
reducer)

5-1/4 sacks of cement per cu. yd.

A relatively high slump concrete was necessary because of

congestion of reinforcment in the form and the need to ensure

proper placement of the concrete without excessive vibration. The

concrete was purposely ordered with a slump less than the desired

7 in. and water was added on site prior to casting to achieve the

required slump.

Six standard 6 in. X 12 in. control cylinders for were cast

for each specimen. The cylinders were tested on the day of testing

to determine the compressive strength of each specimen. Table B#l

lists the compressive strengths obtained for each specimen. The

compressive strengths are averages of at least five cylinder tests.
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Reinforcing Steel

Three sizes of reinforcing steel were used in the fabrica

tion of the column cages: #6 bars, #4 bars, and 6 ~ de£or~d bars.

Two different lots of both #6 bars and 6 rum bars were used.

Specimens were taken from bars in each lot and tested to

determine yield stress, ultimate stress, and the stress-strain

relationships. The #6 and #4 bars were tested using an electronic

extensometer which automatically plotted the stress-strain curve

on an x-y recorder. Average stress-strain curves for the #6 and

#4 bars are shown in Fig. n.l. The stress-strain curves for the

6 mm bars were obtained using the load indicator on the test

machine and monitoring a strain gage bonded to the test coupons.

The curves for the two lots of 6 nun bars are shown in Fig. tJ. 2.

The yield stresses and ultimate stresses are listed in Table D~2.

The lot number of the bars used in each specimen is listed in

Table n.. 1.



318

TABLE D.1 SPECIMEN CONCRETE STRENGTHS

/* Slump fl6 bar 6mm barTest Date Date f
c

Specimen Cast Tested psi in. lot 'lot

0-86-14-DM 10/23/78 12/12/78 5950 5 1 1

C-86-14-DM 2/ 8/79 3/30/79 5250 8 2 2

0-86-32-D 12/11/78 3/ 3/79 4550 8 1 1

C-86-32-D 11/27/78 1/11/79 5400 8 1 1

C-86-21-D 1/30/79 3/29/79 5750 7 1 1

C-86-14-D 12/11/78 3/ 7/79 4650 8 1 2

C-86-09-D 1/30/79 3/17/79 5750 7 1 2

C-86-03-D 10/23/78 12/22/78 6100 5 1 1

C-84-32-D 1/18/79 3/ 9/79 4850 7 1

C-84-21-D 1/18/79 3/13/79 4850 7 1

C-84-14-D 11/27/78 1/27/79 5450 8 1
,b,(

3/31/78 5/ 5/780-86-14-D 5050 8 3 1

* Average of at least 5 cylinder tests.

*"k
Tested by Maruyama [141.



TABLE D.2 REINFORCEMENT PROPERTIES

Nominal Yield Ultimate

Bar Bar Area Stress Stress

sq in. ksi ksi

6mm - 1 0.044 73 102
-'(

6mm - 2 0.044 74' 131

1f4 0.20 70 105

If6 - 1 Q.44 70 101

1f6 - 2 0.44 66 no

1f6 - ** 0.44 653 109

* Taken as the proportional limit.

** Used only in specimen 0-86-14-D
tested by Maruyama (14].
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A P PEN D I X E

GEOMETRY CORRECTION

The deflection measuring devices (potentiometers) monitor

the movement of the specimen along the north-south, east-west, and

vertical axes of the specimen. The orientation of the potentiom

eters does not vary during the test. The load cells, however, are

attached to the rams so that they measure load along the axes of

the rams. During movement of the specimen, the axes of the rams

also move. Thus, the load values read from the load cells are not

oriented along axes coincident with the axes of deflection measure

ment. In order to have values of load which act along the axes of

deflection measurement, the load cell readings are adjusted to

account for the geometry change of the loading system. The method

is to simply break the load cell reading into components along the

desired axes and then sum the components in each direction to

obtain the corrected value of load.

The process is straightforward, but because it must be

done three-dimensionally, it is somewhat difficult to visualize.

Figure E.l shows a coordinate system in which the original position

of the specimen is shown as point O. A movement of the specimen

shifts its position to point 0'. The components of deflection are

6
8

along the north-south axis, 6
E

along the east-west axis, and

6v along the vertical axis. Figure E.2 shows the components of

load for each of the load cells. The values of load as measured

by the load cells are denoted by NM, HSM' and HEM for the axial

load cell, south lateral ram load cell, and east lateral ram load

cell, respectively. The components of load for each load cell are
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shown as well as the original length of the rams LV' L
S

' and LE
(axial, south lateral, and east lateral). The resolution of the

load cell readings to their components is quite simple and the

equations are presented in Fig. E.3. The final step is the alge

braic sum of the components with due regard to sign conventions.

The geometry correction was applied to each test and all

reported values of load include the correction. An example of

the effect the correction had on load-deflection curves is illus

trated in Fig. E.4, which is the resultant load versus resultant

deflection of a monotonic test with a compressive axial load.
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Fig. E.2 Load components
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