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Influence of Tension Strain on Buckling of Reinforcement

In Concrete Columns
by Matthew J. Moyer and Mervyn J. Kowalsky

The research described in this paper presents a hypothesis regarding
the influence of tension strain on buckling in reinforced concrete
columns that is based primarily on the kinematics of member
deformation. This is then followed by a presentation of a series of
four large-scale column tests aimed at investigating the proposed
mechanism. The test columns are of identical proportions and
reinforcement content, with the only variable being the applied
load history. Based on the results, it is apparent that the amount of
tension strain that reinforcing bars within concrete columns are
subjected to directly effects the buckling phenomena upon reversal
of loading.
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BACKGROUND AND INTRODUCTION

Over the last 30 years, significant advances have been
made in understanding the seismic behavior of concrete
structures. Particular emphasis has been placed on developing
detailsthat aim to ensure ductile response in accordance with
capacity design principles.! In the case of bridge columns,
research has resulted in knowledge relating to lap-splice
failures, shear failures, and confinement failures. As these
undesirable modes of deformation have been addressed
through proper detailing of transverse and longitudinal
reinforcement, most well-designed modern bridge columns
are likely to have their ultimate limit state governed by
buckling of longitudinal reinforcement, asall other modes of
failure are protected against.

At the same time that research on seismic behavior was
underway, the concept of performance-based engineering,
where structural systems are designed to achieve predefined
levels of damage for discrete levels of seismic attack, gained
favor. Thisisarguably not anew concept, as good engineers
have sought to achieve such designs for many years. It is
clear, however, that for performance-based engineering to be
applied to itsfullest potential, it is essential to have the ability
to predict performance at various limit states ranging fromthe
serviceability limit state to the survival limit state. Asaresullt,
itisfelt to be essential to have an adequate understanding of
the longitudinal bar buckling failure mode for the design of
concrete bridge columns.

RESEARCH OBJECTIVE

The goals of thisresearch are as follows: 1) re-evaluate
the parameters that influence buckling of longitudinal
reinforcement, focusing on the effects of tension strain,
and hypothesize an aternative mechanism; 2) conduct experi-
mental studies on large-scale bridge columns in an effort to
investigate the hypothesis; and 3) apply the model in a format
that would alow estimation of the column deformation at
which buckling of reinforcement is likely to occur.
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RESEARCH REVIEW

Extensive past research has been conducted in the area of
buckling of longitudinal reinforcement. The majority of that
research has focused on the monotonic behavior of reinforcing
bars subjected to compression. There have also been some
studies relating to the cyclic behavior of reinforcing bars,
most notably work done by Rodriguez, Botero, and Villa®
that concluded that reinforcing bars are most prone to
buckling upon reversal from tension loading. In any case,
the mechanism that is developed for reinforcing bars
alone is quite different from that developed in reinforced
concrete members, and only limited research has focused
on this phenomena.

The connection between tension strain and the buckling
phenomenain reinforced concrete members was first discussed
by Paulay and PriestleyS for structural walls. In their research,
Paulay and Priestley postulated that the region of the wall
subjected to high tension strains due to in-plane lateral load
would be prone to buckle in the out-of-plane direction upon
reversal of loading as the reinforcing bars become the sole
source for compression zone stability until the cracks close
under compression.

A relation was developed (Eq. (1)) between peak tensile
strain eqy,, length of buckled wall | ,, wall widthb, reinforcement
location factor b, and out-of-plane displacement factor z. A
stability criterion was then developed to determine the
maximum permissible out-of-plane displacement factor z
as a function of the mechanical reinforcement ratio m, as
shown in Eq. (2). Taken together, the maximum allowable
tension strain in the in-plane direction can be determined
for a given set of wall details, or vice-versa the required
wall width b to sustain a prescribed tension strain e, can
be determined
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More recently, Chai and Elayer* proposed an alternative
kinematic model for relating maximum tensile strain to out-
of-plane displacement as shown in Eq. (3). The stability factor
z in Eq. (3) is the same as that given by the work of Paulay
and Priestley in Eq. (2); however, Eq. (3) clearly differsfrom
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Fig. 1—Parameters of buckling mechanism.

(e) Stress-strain behavior for Bar 2

Eq. (1). Chai and Elayer conducted experimental studies on
square concrete columns subjected to reversed pure axial
tension and compression. Their tests modeled the critical end
regions of structural walls where out-of-plane buckling is
likely to occur
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Although the buckling mechanisms described by Paulay
and Priestiey® and Chai and Elayer* involve member buckling
rather than reinforcement bar buckling, the basic concept that
reinforcing bars represent the sole source for compression
zone stability will be important in development of the model
proposed in this paper.

DESCRIPTION OF TENSION-BASED BUCKLING
MECHANISM

Preliminary definitions

Consider Fig. 1(a), which represents an idealized reinforced
concrete column subjected to lateral loading. Thebar numbered
1 represents the extreme compression bar upon loading to
the right, while the bar numbered 2 represents the extreme
tension bar upon the loading to the right.

Shown in Fig. 1(b) is an idealized force-displacement
hysteretic response for one cycle of loading with five
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statesidentified as A, B, C, D, and E. A graphical display of
the various states is shown in Fig. 1(c). As the column
approaches State A as shown at the location marked A in
the force-displacement envelope of Fig. 1(b), the stress state
of Bars 1 and 2 are represented by the state marked A on the
stress-strain curves of Fig. 1(d) and (e), respectively. From
Fig. 1(d) and (e), the peak steel compression strain eg;, and
peak steel tension strain ey, are defined.

Upon reversal, the column passes through a state where

the stressin Bar 1 is equal to zero. This point represents the
new origin for the stress-strain curve for the steel, and the
strain at this point is defined as the offset steel strain egy
(Fig. 1(d)). Upon further loading, the column passes through
State B where cracks start to open on the Bar 1 side, as
shown in Fig. 1(c). As the column displacement passes
through zero at State C, the strain in Bar 2 has not yet returned
to zero asshown in Fig. 1(e). Similarly, to ensure compati bility
of deformation, the absolute strain in Bar 1 must be equal
tothestrainin Bar 2, and as such is greater than zero. This
residual growth strain is referred to as egy as shown by
State C in Fig. 1(d) and (e). Asthe column isloaded further,
thecracksclose ontheBar 2 side (StateD inFig. 1(c)), while
the cracks on the Bar 1 side that opened at State B continue
to widen. Upon further loading to State E, the stress-strain
condition in the reinforcing bars is now characterized by
State E in Fig. 1(d) and (e). Bar 1 at this point has been
subjected to a total tension strain ey, which is measured
from the point of zero strain. Thetotal steel tension strain ey,
consistsof threecomponents: onedueto the strain offset eqy,
one due to growth ey, and one due to flexural deformation
as measured from zero column displacement ey, The effective
steel tension strain egeiS acritical parameter that represents
the tension strain induced in the reinforcing bars starting
from the point at which flexural cracks open (State B).
The last variable, ey represents the characteristic
compression strain that abar can sustain on its own before
buckling occurs. Thisvariableislargely afunction of transverse
steel ratio and the stress history that the reinforcing bars have
been subjected to. For example, as the applied total tension
strain eg increases, the characteristic compression strain
capacity decreases eg,.2

In summary, there are eight key strain variables in the
proposed buckling model. They are: (1) peak steel compression
strain ey, 2) peak steel tension strain e, 3) residual steel
growth strain at zero displacement e, ; 4) flexural steel tension
strain induced between zero displacement and maximum
displacement ey ; 5) offset steel tension strain defined as
the strain at zero stress e ;; 6) total steel tension strain after
reversal ey; 7) effective steel tension strain after reversal
€4e; and 8) characteristic steel compression strain capacity
€y |N the subsequent section, these eight strain variables
are used to characterize a tension-based buckling model.

Model description

The basis of the proposed model relies on the recognition
that reinforcing bars represent the sole source for compression
zone stability in afully cracked section. Consider the following
scenario while again referring to Fig. 1. Upon reversal from
State A, Bar 2, which was subjected to a peak tension strain
of egp (Fig. 1(€)), is subjected to compression stress as it
unloadstowards State B. Similarly, Bar 1, which was subjected
to a peak compression strain of e, (Fig. 1(d)), is placed in
tension as it passes zero stress on the way to State B. Bar 2
must carry the entire compressive strain demand until the
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cracksin the section at the Bar 2 location close (State D), at
which time the concrete contributes to the compression
zone stability and buckling is postponed. Therefore, the
propensity for buckling in areinforced concrete section will be
tied directly to the maximum crack width, and hence the max-
imum tension strain that the critical section is subjected to.
The maximum tension strain, by definition, represents the
strain that the reinforcing bars must sustain upon reversal in
compression that will result in crack closure and the com-
mencement of contribution of the concrete to compression
zone stability. For Bar 2, this is equal to the peak tensile
strain ey, minustheyield strain e . At the same time, the re-
inforcing bars have a characteristic compression strain ca-
pacity ey that they can sustain depending on the
confinement details, axial load ratio, longitudinal steel ratio,
and stress-strain history. As long as the peak tensile strain
minustheyield strainislessthan the characteristic compression
strain capacity e, buckling will not occur on the Bar 2 side.

Upon further loading, the critical side shifts to the Bar 1
side. Referring to Fig. 1(d), Bar 1 is now subjected to a total
tension strain of egy; at State E on Fig. 1. This total tension
strain consists of three components as shown in Fig. 1(d) and
Eq. (4). The component due to the offset, ey, represents the
approximate origin shift due to the cyclic loading and can be
approximated by Eq. (5). The component due to growth, Csgr
which manifests itself as an offset as shown in Fig. 1(d) and
(e), will be a function of the steel constitutive relationship
and the loading history. Asinelastic cycles are accumulated,
the growth strain increases. The component due to bending
represents the tension strain obtained from flexural strength
theory between the point of zero displacement (State C) and
the point of maximum displacement (State E).

estt = esof te r + est (4)

sg
€sof = escp - ey (5)

The effective steel tension strain that represents the
tension strain during which the concrete is cracked on the
tension side is given by Eq. (6). To avoid buckling upon
reversal from State E, Bar 1 must sustain in compression
astrain equal to ey, in much the same way that Bar 2 was
required to sustain a total strain in compression of g, minus
theyield strain during the previous cycle of loading. Even if
the column is displaced to an equal amount in each direction,
the effective tension strain on the Bar 1 side will be greater
than that on the Bar 2 side due to column growth, which only
occurs after reversal of loading. Similarly, if the member
does not experience buckling after one cycle, continued
cycling at the same displacement level will ultimately result in
buckling as the growth strain ey, accumulates. Ultimately,
the effective steel tension strain demand on the extreme
reinforcing bars e, will exceed the characteristic compression
strain capacity of the reinforcing bars eq...

est e

= esgr + esfl (6)
Significant features of proposed model

The proposed buckling mechanism contains four distinct
features that are summarized as follows. First, buckling of
reinforcement requires reversal of loading. If a column is
subjected to a monotonic load, then buckling will not occur
according to the modd described in this paper. Under monotonic
loading, reinforcing bars and surrounding concrete carry the
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compression load, and, as aresult, stability of the reinforcing
barsis assured. It is the expectation that for columns loaded
in this manner, their failure would be governed by rupture of
longitudinal reinforcement on the tension side of the column.

The second feature isthat buckling of reinforcement requires
significant tension strain to be developed in the reinforcing
bars. Thisis afollow-up to the previous statement, and it is
stated qualitatively. For reinforcing barsto buckle, they must
be the sole source of compression zone stability for an
amount of compressive deformation greater than they are
ableto sustain.

The third feature is related to the mechanism by which
tension strainisaccumulated in reinforcing barsin areinforced
concrete section. That is, tension strain is comprised of
components due to strain offset, flexure, and growth. Asa
column is subjected to excursions in the inelastic range, the
residual strain at zero displacement accumulates, and when
added to the tension strain associated with the applied flexural
deformation and the strain origin offset represents the total
applied tension strain. To avoid buckling, the reinforcing
bars must overcome in compression the components that occur
while the section is cracked, namely, the flexural and growth
components that, when taken together, result in the effective
stedl tension strain.

Lastly, buckling in the end occurs under compression, and
existing models for prediction of compression strain capacity
play an integral role in predicting the onset of buckling.
Although the peak tension strain is identified as the key
parameter that determines the stability of the reinforcing
bars, it is only upon reversal when the reinforcing bars are
placed into compression that buckling occurs. To develop a
suitable model for prediction of maximum deformation
capacity associated with buckling of reinforcement, it will be
essential to evaluate existing models for prediction of
compression capacity. The stability criterion developed by
Paulay and Priestley does not apply to this scenario astheir
model relatesto local member buckling rather than buckling
of reinforcing bars.

OVERVIEW OF EXPERIMENTAL PROGRAM
Purpose and overview of experimental program

The primary purpose of the experimental program is to
investigate the hypothesis regarding the influence of tension
strain on bar buckling as described in the previous section.
To accomplish this, a series of four tests on large-scale
reinforced concrete bridge columns were conducted with
the only variable being the [oading history.

The test specimens were circular reinforced concrete
columns 18 in. (457 mm) in diameter with a cantilever
height of 8 ft (2.44 m). Longitudinal reinforcement consisted
of 12 No. 6 (19 mm diameter) Grade 60 (f, = 414 MPa)
reinforcing bars (longitudinal reinforcement ratio of 2.07%),
while transverse reinforcement consisted of No. 3 (9.5 mm
diameter) Grade 60 reinforcing spiral bars at 3 in. (76 mm)
pitch (transverse volumetric steel ratio of 0.93%). Axial load
in the amount of 52 k (231 kN) was applied to the test columns
resulting in an axial load ratio of 5%. A drawing of the test
specimen is shown in Fig. 2. Instrumentation consisted of
strain gages applied to the longitudinal steel from levels4in.
(102 mm) below the footing interface to 24 in. (610 mm)
above the footing interface. Using the footing as a reference
point, gages were placed at —4, 0, 4, 8, 16, and 24 in. (=102,
0, 102, 204, 408, and 610 mm) on the two extreme reinforcing
bars. Gages were aso placed on the transverse steel located at
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Fig. 2—Typical test specimen.

levels of 6, 12, 18, and 24 in. (152, 304, 456, and 610 mm)
above the footing. At each level, two gages were placed on
the column faces experiencing the highest confinement
strains (north and south faces, which represent the direction
of loading). External instrumentation consisted of linear
potentiometers over thefirst 32 in. (813 mm) of the columnsfor
measurement of column growth and section curvature. The
lower 32 in. (813 mm) of the column were divided into four
regions 8in. (203 mm) in length. A string potentiometer was
utilized to measure column top deformation. Load cells for
measurement of axial load and applied |lateral load were also
utilized. A sketch of instrumentation locations is shown in
Fig. 3. Thetest unitswererigidly connected to the laboratory
strong floor through the use of four 1-3/8 in. (35 mm) Dywidag
bars. Figure 4 represents a photo of the test setup.

Loading histories for Units 1 and 2

As previously mentioned, the only variable in the four
testswas theloading history. Before conducting the first test,
theloading historiesfor Tests 1 and 2 were selected, with the
first test identified as the control specimen. The loading history
for Test 1 consisted of reversed single cycles to increments of
25, 50, 75, and 100% of the first yield force F¢ followed
by subsequent three-cycle sets in displacement control to
predefined increments of the equivalent yield displacement Dy,
The equivalent yield displacement D, for these calculations
is obtained by extrapolating the experimentally measured
displacement D¢ at the analytical first yield force F¢;to the
analytical ideal force capacity F;, asin Eq. (7). The loading
history for Unit 1 is shown graphically in Fig. 5(a) and (b).
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For test Unit 2, theforce control portion of the loading history
was the same as Unit 1 (Fig. 5(a)). Beyond the yield point, the
loading history was such that in onedirection, it followed the
same pattern as was applied to test Unit 1. Meanwhile, in the
opposing direction, loading was applied only to thefirst yield
displacement Dg. A figure illustrating the loading history for
test Unit 2 is shown in Fig. 5(c). The purpose of this loading
history is to investigate the fundamental hypothesis of the
proposed mechanism. By subjecting Unit 2 to lower levels of
tension strain in one direction, it was expected that the
displacement to induce buckling in the opposing direction
would be significantly greater than that for test Unit 1. The
following section describestheresults of thesefirst twotests.

TEST RESULTS FOR UNITS 1 AND 2
Unit 1 observations

Following the applied load history of Fig. 5, test Unit 1
sustained buckling of reinforcement after the third cycle at
displacement ductility 4. For this, and all subsequent tests,
buckling was first identified visually during the loading,
and then confirmed by inspection of the force-deformation
response, which typically indicates a reduction in lateral force
capacity. The displacements reported reflect the maximum
displacement achieved for the loading cycle prior to buckling.
For test Unit 1, the column displacement was 5.9 in. (150 mm),
resulting in a drift ratio of 6.1%. Figure 6 represents photos
of the plastic hinge region at the ductility level that initiated
buckling of reinforcement. The force-displacement hysteretic
response is shown in Fig. 7, where the X marks approximately
where buckling was first noted during the response. Note
that, as expected, the column behaved in a dependable,
flexural manner up to the failure level.

Figure 8 represents the readings of the linear potentiometer
located in thefirst 8 in. (203 mm) of the column. Note the
accumulation of permanent deformation (growth strain)
with increasing cycles of deformation. Figure 9 represents a
plot of the growth strain as afunction of displacement ductility,
with the peak growth strain from this plot nearly 2%. To
determine the total steel tension strain the bars were subjected
to before theinitiation of buckling, the flexural tension strain
is estimated analytically from the applied deformation of
5.9 in. (150 mm). For this level of deformation, a value of
4.5%is estimated (notethat it was not possible to evaluate
the experimental tension strains due to flexure as the
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Fig. 4—Test setup.

strain gages applied to the reinforcing bars ceased operation
at amuch lower level of tension strain). The flexural tension
strain is then added to the experimentally measured growth
strain of 2% to determine the total steel tension strain.

Unit 2 observations

Following the applied load history of Fig. 5(a) and (c), test
Unit 2 first exhibited buckling upon the first return cycle
from a displacement ductility level of 7. The maximum
applied displacement was 10.3 in. (262 mm) (10.7% drift
ratio). Figure 10 represents a photo of the plastic hinge region
at buckling, while Fig. 11 represents the force-displacement
hysteretic response. For thistest unit, buckling of reinforcing
bars occurred on the side of the column that was subjected to
high level of tension strains (north side) and low levels of
compression strains. On the opposing side (south side) of the
column that was subjected only to tensile yield strain, buckling
was permanently postponed, thus, supporting the hypothesis
that the level of tension strain induced in reinforcing bars
correlates directly with propensity for buckling.

TEST UNIT 3

Loading history

In selecting the loading history for test Unit 3, the results
of test Unit 2 were consulted. It was clear from the behavior
of Unit 2 that by subjecting the test column to low levels of
tension strain, buckling was postponed. It was also clear
from the opposing side of the column that under largetensile
strains, buckling occurred under relatively small levels of
compression. In this test, the objective was to determine the
significance of cyclic loading and the accumulation of
growth strain that accompanies it. The loading history,
which is shown in Fig. 12, consists of a single cycle to a
displacement ductility of 7, which represents the maximum
displacement that test column two was able to sustain before
buckling on reversal. Loading was paused during testing at
each ductility increment for test observation. If cyclic loading
and the corresponding growth strain are not critical, thenitis
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Fig. 5—Load history for Units 1 and 2: (a) force control
loading for Units 1 and 2; (b) displacement control loading
for Unit 1; and (c) displacement control loading for Unit 2.

expected that the reinforcing bars would buckle upon reversal
from displacement ductility of 7.

Test observations

Figure 13 contains a photo of thetest Unit 3illustrating the
buckling of the reinforcing bars, while Fig. 14 represents the
force-displacement hysteretic response for test Unit 3. It is
noted that unlike test Specimen 2, buckling did not occur
upon reversal from adisplacement ductility of 7. The column
was able to sustain a deformation of equal amount in the
opposing direction without any signs of buckling. It was
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Fig. 6—Buckling of reinforcement in test Unit 1.

50
1kip =4.45kN
40 11”=254 mm

P T ittt AL &
20
10 1
0
-10 A
-20 -
80 (i T
-40 - T :
50 +——————— T

14 12 10 8 6 -4 -2 0 2 4
Displacement (in)

.................................

Load (kips)

Fig. 7—Force-displacement hysteretic response for Unit 1.

only upon reversal from the return cycle that buckling initiated.
Thistest therefore confirmed that the tensile strain accumul ated
due to cycling must be considered in conjunction with the
flexural tension strain.

TEST UNIT 4

Loading history

Theloading history for Unit 4 (Fig. 15) wassimilar to Unit 3,
except that the final displacement ductility level wasincreased
from 7 to 9. By applying a deformation consistent with a
displacement ductility of 9, the tension strain in the extreme
reinforcing bar due to flexure alone exceeds the combined
flexure and growth from the previous test specimen. As a
result, if the hypothesis is correct, it would be expected
that the reinforcing bars would buckle upon reversal from
a displacement ductility of 9 without any further cycling.

Test observations

Figure 16 represents the force-displacement hysteretic
response for Unit 4. As expected, buckling of reinforcement,
which is shown in Fig. 17, occurred upon reversal from a
displacement ductility of 9 prior to the point at which the
cracks closed. This test illustrated that the most important
parameter is total tensile strain, and that the strain may be
accumulated due to growth and flexure as in Tests 1, 2,
and 3, or due to flexure alone asin Test 4.

SUMMARY OF EXPERIMENTAL PROGRAM
A series of four tests were conducted with their results
summarized in Table 1. The interested reader is referred to
reference 5 for more details. Based on the experimental
results, the following observations are offered:
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1. The hypothesis that buckling of reinforcing barsis directly
related to the pesk tensile strain applied seems to have been
confirmed. The mechanism recognizes that reinforcing bars
placed in tension represent the sole source for compression
zone stability upon reversal due to cracks in the concrete on
the tension side. Until the cracks close in compression, the
reinforcing bars are vulnerable to buckling; and

2. The peak tensile strain that may be sustained prior to
buckling upon reversal can be accumulated through extensive
cycling at low levels of response, or from only onecycleat very
high levels of response. As a result, predicting the onset of
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Fig. 10—Buckling of reinforcement for test Unit 2.
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Fig. 11—Force-displacement hysteretic response for Unit 2.

buckling for a particular column will require some knowledge
of the expected response history.

ASSESSMENT OF REINFORCEMENT BUCKLING
LIMIT STATE

The model described previoudly in this paper was presented
by considering one complete cycle of loading to a fixed
deformation in the inelastic range. This, of course, does not
represent a typical earthquake loading history. Many of the
variables of the model will be largely afunction of the applied
load history, particularly the offset steel strain ey and the
growth strain egq,. In turn, the growth strain will directly
impact the effective steel tension strain ey, To formulate
expressionsfor prediction of bar buckling, it will be essential
to develop models for prediction of these variables. Discussed
in this section is a graphical application of the proposed
mechanism, as well as some preliminary models for the
variables that comprise the mechanism. It is important to
note that preliminary models for the key variables in the
mechanism may be updated or changed without affecting the
basic premise behind the model.

Basic expression for proposed mechanism

The variable that is ultimately of interest from a design
perspective is the flexural tension strain as measured from
the point of zero column displacement eg;. Once the allowable
€& is obtained for a specific load history and column
configuration, the allowable lateral deformation can be

readily evaluated using the plastic hinge method for member
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deformation. As such, eg; can be thought of as the tension
strain limit to avoid buckling of longitudinal reinforcement.
Referring to Fig. 1(d), Eq. (8) represents the expression for
e . The criteria for buckling can be expressed as Eq. (9).
Substituting Eqg. (9) into Eg. (8) results in Eg. (10)

€t = este_esgr (8)
€ste = €scc (9)
€11 = escc_esgr (10)

Growth strain at zero displacement (%gr)
It is expected that the column growth strain isdirectly related
to the peak tensile strain demand placed on the reinforcement
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in the column. Asthe peak strain increases, the growth strain
increases in proportion. To develop a suitable model for
prediction of growth strain, two aspects must be considered:
1) the proportionality between peak and residual strain; and
2) the dependence of peak strain on axial load ratio, longitudinal
steel ratio, and curvature ductility ratio.

Considering the second point first, using the parametric
studies conducted by Kowal sky,6 figures depicting the
relationship between curvature ductility (defined as the
inelastic curvature divided by the yield curvature), peak
steel tension strain, axial load ratio, and longitudinal stedl ratio
can be developed as shownin Fig. 18. These charts, which were
developed from a suite of moment curvature analysis on
circular column sections, can then be used to determine
the peak tension strain as afunction of curvature ductility for
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Fig. 17—Buckling of reinforcement in Unit 4.

Table 1—Summary of experimental results

Maximum displacement

Test unit Load history prior to buckling
One Full cyclic in both directions. | 5.9in. (150 mm) (mp = 4)
Two Full cyclic in one direction. 10.3in. (262 mm) (M= 7)

Cyclictoyield in other direction.

Cyclic at a constant 10.3in. (262 mm) (my=7)

Three displacement of 10.29in. Two half-cyclesat thislevel
(262 mm) prior to buckling.

Cyclic at a constant 13.23in. (336 mm) (mp=9)

Four displacement of 13.23in. Two half-cyclesat thislevel
(336 mm) prior to buckling.

aspecific axial load ratio and longitudinal steel ratio. Instead
of using the graphs in Fig. 18, Eq. (11), which attempts to
capture the trends shown in Fig. 18, can be used. Note that
Eq. (11) should only be used for axial load ratios between 0
and 0.4 and longitudinal steel ratios between 0.5 and 4%.
The sted ratio r in Eq. (11) must be expressed as a percent,
while the axial load ratio ALR is defined in Eq. (12)

e, = i (11)
(260 + 325ALR) + (20— 25ALR)(r —0.5)
ALR = —— (12)
fea,

Estimation of the relationship between peak steel tension
strain and growth strain can be accomplished by referring to
the experimental results of the previous section. Figure 19
represented the growth strain as a function of column ductility
for Tests 1 and 2. Beyond a curvature ductility of 4, the growth
strain was determined to be approximately 50% of the peak
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steel tension strain. It is clear that validation of this trend
should be accomplished using a combination of experimental
studiesand cyclic section analysis; however, for the purposes of
this paper, it is proposed that the growth strain be evaluated
with Eq. (13) for curvature ductility factors equal to or greater

ACI Structural Journal/January-February 2003

than 4. Linear interpolation is proposed for evauation of the
growth strain between a curvature ductility of 1 (where the
growth strain is zero), and 4 where it is given by Eq. (13).
Further studiesin the future may, of course, result in a different
relationship than that shown in Eq. (13)
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_1 m
®sar = 5(260 + 325ALR) + (20— 25ALR) (r —0.5

(13)

Characteristic compression strain capacity (€scc)

There are several existing models for assessment of
compression strain capacity for reinforcing that are based
on avariety of gpproaches ranging from empirical formulations
to classica buckling approaches to nonlinear finite element
analysis. A thorough review of these models can be found
in Hose.” For this paper, a simple approach based on a
modification of the secant-stiffness double modulus approach
is used. It is noted that other models for compression strain
capacity can be used if desired.

The basis of the double modulus approachisareductionin
elastic stiffness of reinforcing bars that is then incorporated
into the traditional Euler buckling expron.8 The reduction
in elastic stiffness has been accomplished in the past by use of
either the tangent® or secant modulus.? The double modulus
expression is shown in Eq. (14) where E; represents the initial
modulus, and E represents the secant modulus. Note that Eg
can be replaced with E; when using the tangent modulus. The
double modulus can then be evaluated as afunction of strain,
and the required spacing of transverse steel obtained with
Eq. (15)'! where s is the transverse steel spacing, dy, is the
longitudinal bar diameter, kisthe effectivelength factor, and
fnax the steel stress.

E, = 4EE;

(JE+ JE)

(14)
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clbl 4K 1:max

For this paper, these calculations were obtained by using
an experimental stress-strain reversal curve from areinforcing
bar initially subjected to atension strain of 6%. Previous
research by Hose’ has shown that the stress versus strain
reversal curve is not influenced significantly by the level of
tension strain induced in the reinforcing bars. To verify this,
a series of tests on reinforcing bars were conducted where
eight equivalent specimens were subjected to tension strains
of 0.5, 1, 2, 4, 6, 8, 10, and 12% prior to reversal. A clear
length of 3 in. (76 mm) was used between the heads of the
220 kip (979 kN) MTS universal testing machine. The reversal
curves were then plotted together where the origin of all
curvesistaken asthe maximum tension strain prior to reversal.
The results are shown in Fig. 20 where little difference is noted
in compression behavior.

Using the 6% reversal curvefrom Fig. 20 for the calculations,
Eg. (14) and (15) were evaluated at reversal strains ranging
from 0.003 to 0.15 with the results shown as Fig. 21.
Equation (16) represents apower best-fit equation to the data
of Fig. 21 (assuming avalue of K = 1) and allows evaluation
of the characteristic compression strain capacity asafunction of
longitudinal bar diameter, transverse steel spacing, and
effective length. As noted previously, Eq. (16) represents
a suggested expression. Other expressions may be used
within the mechanism described in this paper. Furthermore,
the value of K will ultimately depend on whether reinforcing
bars buckle between layers of transverse reinforcement or
over several layers of transverse reinforcement. A study is
currently underway by the second author that aims to evaluate
the parameter K asafunction of column details by analyzing
the existing database of cyclic experimental test results on
circular reinforced concrete bridge columns

e, = 3L (16)
bl

Graphical representation for allowable flexural
tension strain (ess)

Given that the growth strain ey, isafunction of curvature
ductility and that the flexural tension strain e isalsoafunction
of curvature ductility, plotting both of these variables along
with the characteristic compression strain capacity allows for
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adirect solution for the tension strain and hence curvature
ductility to initiate buckling of the longitudinal reinforcement.

Consider Fig. 22, which represents a plot of tension strain
e versus curvature ductility ny . The stepsto construct such
agraph for a column of given geometry are as follows:

1. Plot aline to represent the allowable effective tension
strain ey, From Eq. (9), ey = €5.. A proposed expression
for ey Was presented in the previous section (Eqg. (16));

2. Plot aline to represent the growth strain e, asafunction
of m. A relationship for thisexpression was shownin Eq. (13);

3. Following Eq. (10), plot the allowable flexural tension
strain ey as afunction of m;

4. Plot acurve representing thetension strain versus curvature
ductility behavior of the cross section. Eq. (11) provides such
an expression; and

5. Determine the design flexural tension strain and corre-
sponding curvature ductility by intersecting the line from
Step 4 with the ey line from Step 3.

Alternatively, the calculation can be solved for numerically
by setting Eq. (10) equal to Eqg. (11) and solving for the
curvature ductility factor m. The resulting expression is
shown as Eq. (17) and represents the curvature ductility factor
at the onset of buckling. Given the column axial load ratio,
longitudinal steel ratio, spacing of transverse steel, effective
length factor, and longitudinal bar diameter, the curvature
ductility factor at the onset of buckling isthen readily obtained.

_ KO
m = Zéa_t; oz (17)

Z = ([260 +325ALR] + [20—25ALR][r —0.5) (18)

CONCLUSIONS AND FURTHER STUDIES

Presented in this paper was a hypothesis regarding the influ-
ence of tension strain on buckling in reinforced concrete col-
umns that is based primarily on the kinematics of member
deformation. Through aseriesof large-scaletestsonreinforced
concrete bridge columns, it was shown that the propensity for
buckling of reinforcement under compressive stressis directly
tied to the level of tensile strain the bars areinitially subjected
to. A model was proposed that can be used to determine the
maximum tensile strain due to flexural deformation areinforc-
ing bar can be subjected to prior to initiation of buckling upon
reversal of loading. Column displacement prior to initiation of
buckling can then be obtained through the use of the plastic

ACI Structural Journal/January-February 2003

hinge method for member deformation. Future studies should
focus largely on two aspects. 1) further evaluation of the
growth strain ey, as afunction curvature ductility for avariety
of column details; and 2) further evaluation of the characteristic
compression strain ey, asafunction of column details.

The growth strain will be difficult to evaluate experimentally
from the existing database of test results dueto the lack of avail-
ability of reliable strain gage data. As a result, the emphasis
should be placed on an analytical study using fiber models
where a variety of reinforced concrete column configurations
could be analyzed under cyclic loads and the level of growth
strain identified. Alternatively, this may aso be accomplished
through the use of cyclic moment curvature analysis.

The characteristic compression strain model used in this
paper isleft as afunction of the effective length factor K, as
shown in Eq. (17). The value of K will depend on whether
longitudinal reinforcing bars buckle between layers of
transverse steel or across several layers of transverse steel.
An evaluation is currently underway that aims to assess the
velue of K from the large database of existing tests on circular
reinforced concrete bridge columns.
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