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Based on an extensive review of the literature, a state-of-the-art re-
port on concrete confinement is presented. It is aimed at defining the
status of the problem and the future direction of work including re-
vision of the design codes’ provisions. Topics discussed include prop-
erties of confined concrete, behavior of confined sections and col-
umns including plastic hinge regions, and a critical evaluation of the
design codes’ provisions. With the reinterpretation of previous data
in light of the results from recent tests at the University of Houston,
apparent contradictions on the effects of several variables have been
explained. Several areas in which the design codes’ provisions need
revisions have been identified. An extensive list of references on re-
lated topics is also included.
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It is uneconomical to design a structure to respond in
the elastic range to the greatest likely earthquake-in-
duced inertia forces because the maximum response ac-
celeration may be several times the maximum ground
acceleration, depending on the stiffness of the structure
and the magnitude of damping.' This suggests the ne-
cessity to design structures so that the energy can be
dissipated by postelastic deformations of members,
which requires certain elements to be designed for duc-
tility as well as strength. It is well known that the duc-
tile behavior of concrete sections can be attained by
carefully detailed transverse reinforcement, which im-
proves the properties of concrete by confining it.

To discourage plastic hinging in columns, most
building codes?’ have adopted the design concept of
‘‘strong column-weak beam,’’ which is stated in the
form of restricting the ratio of the sum of flexural
strengths of the columns ZM., to that of the beams EM,
at a beam-column joint, or amplifying the column
bending moments found from elastic frame analysis.
Appendix A of the ACI Building Code’ requires that
LM, > (6/5) EM,. The magnitude of the amplification
factor to minimize the possibility of column hinging
during inelastic displacements of a frame has been a
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debatable issue.®® Especially, Paulay® suggests, if all
uncertain features are taken into consideration, the ra-
tio of nominal flexural strengths of columns to those of
beams meeting at a joint may have to be in the range
of 2 to 2.5 to prevent the plastic hinges from forming
in columns.

From the observation of several damaged structures,
it can be seen that in several cases failure of an entire
structure was triggered by the failure of columns'*'? by
chain action. Since effectiveness of the design ap-
proach involving strong column-weak beam concept is
still a controversial matter, it will be dangerous to de-
sign the structures without considering the likelihood of
the formation of plastic hinges in columns. Further-
more, taking into consideration the failure of struc-
tures due to unexpected actions and consequently the
loss of lives, the design on the premise that plastic
hinges may occur in columns may be eventually more
economical, even though the initial cost of detailing will
be higher.

RESEARCH SIGNIFICANCE

The preparedness for the formation of plastic hinges
in columns requires confinement of concrete by trans-
verse reinforcement. There has been extensive research
on concrete confinement recently. However, it cannot
be said that the results of this research have been effec-
tively reflected in codes, as most of the information
obtained from the research was fundamental and frag-
mented and consequently did not significantly influ-
ence the established provisions of codes. A systematic
evaluation of the previous research on confinement and
ductility of reinforced concrete columns and of the
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codes’ provisions is reported elsewhere'* and a sum-
mary is presented here with a view that it will help de-
fine the status of the problem and indicate the direc-
tion of the future work.

HISTORICAL BACKGROUND ON CONCRETE
CONFINEMENT

Spiral reinforcements in concrete columns were orig-
inally introduced by Considere.'* Based on the results of
an extensive experimental program, Richart, Brandt-
zaeg, and Brown's' and Richart and Brown'” proposed
the following relationship for strength applied to both
spirally reinforced and hydraulically confined columns

Jee =Jfo + 410 M

The study on the effects of rectangular transverse re-
inforcement in reinforced concrete columns traces back
to the work by King.'®*® The main purpose of the study
was to establish a formula for ultimate strength of
reinforced concrete columns with single square hoops.
No attention was paid to column ductility. Chan?' pub-
lished his work that aimed at the verification of the va-
lidity of plastic hinge theory in reinforced concrete
frameworks. In this study, the failure mechanism of
core concrete under rectilinear confinement was de-

scribed. In addition to the beneficial effects obtained
from the rotation capacity of the confined plastic
hinges in the design of statically indeterminate struc-
tures, Blume, Newmark, and Corning? pointed out the
advantages of using confined concrete in earthquake-
resistant design.

SCOPE OF PREVIOUS RESEARCH AND
RELATIONSHIP TO CODES

Fig. 1 outlines the scope of research and the relation-
ship to codes. The objectives of the research can be di-
vided fundamentally into four categories: 1) character-
istics of materials; 2) characteristics of cross section; 3)
behavior of reinforced concrete columns; and 4) other
mechanical characteristics and design constraints, such
as structural detailing.

It is well known that the confinement by circular steel
spirals is generally more effective than that by rectilin-
ear hoops. In this paper, mainly the topics on rectan-
gular or square columns will be discussed.

Characteristics of material

To understand the behavior of reinforced concrete
columns, a knowledge of the fundamental properties of
concrete and steel is required. The concrete in columns
with transverse reinforcement consists of cover (un-
confined) concrete and core (confined) concrete. The
load-carrying behavior of cover concrete is generally
different from that of plain concrete cylinders or prisms
because the behavior will be affected by the thickness
of cover and the spacing of transverse reinforcement.
With transverse reinforcement, strength and ductility of
concrete are generally improved depending on the de-
gree of confinement. The stress-strain relationship of
confined concrete is a function of many variables.
Therefore, the main interest of most researchers was to
examine the effects of an array of variables and to pro-
pose analytical models for the stress-strain curve of
confined concrete.
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Characteristics of cross section

The flexural strength of a confined section calculated
according to the ACI Building Code (ACI 318-83)’ pro-
cedure based on unconfined concrete properties will
usually be a conservative estimate of the actual
strength. This conservative prospect is not necessarily
on the safe side for shear design, which is in general
based on the flexural strength. In addition, flexural
failure may occur outside the confined region. The ul-
timate curvature of the section according to the ACI
procedure, which is based on the maximum concrete
compressive strain of .003, will only provide a lower
bound for the confined concrete section. The ductility
of the section, which can be expressed by the ratio of
ultimate curvature ¢, to the curvature at first yield ¢,,
would significantly improve by concrete confinement.
The level of axial load on the section would also affect
curvature and ductility significantly.

Fig. 2 shows an example comparing the maximum
design axial loads according to the ACI and New Zea-
land (NZS 3101:1982) codes.*’ The maximum design
axial load in the ACI code comes from the considera-
tion of accidental eccentricities not considered in the
analysis. In this code, there is no additional provision
on the maximum allowable axial load for seismic de-
sign. On the other hand, the New Zealand (NZS
3101:1982) code limitation on the design axial load is
based on the adverse effects of high axial load on the
available curvature ductility. It should be noted that the
axial load limits for nonseismic design in the New Zea-
land code are the same as in the ACI code and are
lower than that for seismic design. As shown in Fig. 2,
the provisions of both codes allow considerably high
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levels of axial load. Furthermore, actual axial load on
columns may be higher than the code-specified loads
due to unexpected actions during an earthquake. Al-
though it is well known that the level of axial load has
a significant effect on the flexural behavior of a rein-
forced concrete section, most of the experimental stud-
ies have been done under comparatively low levels of
axial load.

Code requirements for confining steel

The current ACI code requirements for transverse
reinforcement were derived on the basis of strength en-
hancement of concrete due to confinement as observed
by Richart et al,'”"” with the concept that axial load-
carrying capacity of a column should be maintained af-
ter spalling of cover concrete. The code equations for
the total volumetric ratio of spiral or circular hoop re-
inforcement p, and for the total area of rectilinear
transverse reinforcement are as follows

ps = 0.45 <%i - 1)% @

> o.12fi; &)

A, =03 shc% [(1’:;1) - 1} @
> 0.12 shcf‘; )

From Eq. (2) and (4), it is found that the efficiency
of rectangular transverse reinforcement corresponds to
75 percent of that of the same volume of circular spi-
rals. Similarly, the efficiency of rectangular transverse
reinforcement in Eq. (5) corresponds to 50 percent of
that of Eq. (3). Thus, there is a clear inconsistency.
Furthermore, it is obvious that the philosophy of
maintaining the axial load strength of the section after
spalling of the cover concrete does not directly relate to
the ductility of reinforced concrete column sections
subjected to combined flexural and axial loads. Ideally,
codes should provide the required amount of trans-
verse reinforcement needed for a certain value of cur-
vature ductility. The New Zealand code’ attempts to
achieve this by including the level of axial load in the
confinement equations that are given below for recti-
linear ties

A ! P,
Ay = 0.3 sh, <A—" - 1) = <0.5 + 1.25 < > 6
§ ch f:vh ¢ﬂAg ( )

f;< P, )
> 0.12 sh, 0.5 + 1.25 - 0
j:vh qs.chg

It should be noted that Eq. (6) and (7) are similar to
ACI Eq. (4) and (5) except for the term 0.5 + 1.25 P,/
¢ f. A, which accounts for the effect of axial load.
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Behavior of columns

The displacement ductility factor, commonly used to
assess the behavior of members, can be generally ex-
pressed by the ratio of ultimate displacement A, to the
displacement at first yield A, in lateral load-displace-
ment relationships. The displacement ductility in
columns is closely related to the curvature ductility in
column sections. Fig. 3 shows relationships between
curvature ductility factors and displacement ductility
factors in which the effect due to additional deforma-
tions such as slippage of longitudinal bars and shear
cracking is neglected. For a given displacement ductil-
ity, the required curvature ductility is influenced
strongly by the geometry of the structure and length of
the plastic hinge. The displacement ductility factor is
fundamentally an indication to assess the plastic dis-
placement in a column in which static load less than the
elastic response inertia load is used for design. On the
basis of the assumption of equal maximum deflections,
it can be shown that, for elastoplastic systems, if the
ratio of design load to elastic response load is x, the re-
quired displacement ductility factor is 1/x. For severe
earthquakes, New Zealand (NZS 4203:1984) code?® re-
quires that the building as a whole should be capable of
deflecting laterally through at least eight load reversals
so that the total horizontal deflection at the top of the
main portion of the building under the given loadings
(according to given equations), calculated on the as-
sumption of appropriate plastic hinges, is at least four
times that at first yield, without the horizontal load-
carrying capacity of the building being reduced by more
than 20 percent.

An assessment of the length of plastic hinge region
for certain curvature and displacement ductility factors
is important for confinement. In the ACI code, the
plastic hinge region is taken as not less than: (a) the
depth of the member at the joint face or at the section
where flexural yielding may occur; (b) one-sixth of the
clear span of the member; and (c) 18 in. (457 mm). The
New Zealand code’ requires that for P, < 0.3 ¢ f! A4,,
the plastic hinge region shall not be less than the larger
of the longer cross-sectional dimensions, or the length
where the moment exceeds 0.8 of the maximum mo-
ment at that end of the member, and for P, > 0.3 ¢
fo A,, not less than the larger of 1.5 times the longer
member cross-sectional dimension, or the length where
the moment exceeds 0.7 of the maximum moment at
that end of the member.

Another important function of transverse reinforce-
ment in reinforced concrete columns is to prevent
buckling of the longitudinal bars. The ACI code does
not address this directly and requires that the maxi-
mum spacing be the smaller of: (a) % of the minimum
dimension of the cross section; or (b) 4 in. (102 mm).
The corresponding limits in the New Zealand code are:
(a) ¥% of the minimum dimension of the cross section;
(b) six times the longitudinal bar diameter; or (c¢) 200
mm (7.87 in.). The second restriction is specifically to
prevent the buckling of longitudinal bars when
undergoing yield reversals in tension and compression.
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A review of the previous research indicates that the
codes’ provisions for maximum tie spacing are not
based on any particular experimental or analytical
findings. Although lapped splices in the longitudinal
bars immediately above floor levels have a great ad-
vantage from the viewpoint of construction, most codes
do not permit lapped splices in the potential plastic
hinge region.

STRESS-STRAIN RELATIONSHIPS FOR
CONFINED CONCRETE

Numerous studies have been done on the behavior of
concrete confined by transverse reinforcement,'s2 %7
The main factors considered in these studies are: 1) type
and strength of concrete; 2) amount and distributions
of longitudinal reinforcement; 3) amount, spacing, and
configurations of transverse reinforcement; 4) size and
shape of confined concrete; 5) ratio of confined area to
gross area; 6) strain rate; 7) strain gradient; 8) supple-
mentary crossties; 9) cyclic loading; 10) characteristics
of lateral steel; and 11) level of axial load in the case of
flexural behavior.

On the basis of the experimental data, various stress-
strain curves for confined concrete have been pro-
pOSed.ZLZZ. 24,27, 31, 32, 34, 37, 39, 43, 44, 46. 48-51, 54, 55, 57 A comparative
study* shows that most of these analytical models
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are effective only to interpret their own test results or
data used. Thiz may be attributed to the differences in
the details of test specimens used and the variables
considered in the development of the analytical models.
The two models, Sheikh and Uzumeri® and modified
Kent and Park,* which are based on the test results us-
ing large-size specimens with practical detailing of
transverse and longitudinal reinforcements, appeared
most promising. The model by the Sheikh and
Uzumeri*" considers the distribution of both longitu-
dinal and lateral steel in a column and predicted results
of a large variety of tests better than other models. The
modified Kent and Park model® overestimated strength
and ductility of columns in which longitudinal steel
bars were not extensively distributed and supported by
tie bends. Mander*® recently developed a model in
which ultimate strength surface for conecrete under a
multiaxial state of stress and ultimate concreie
compression strain at which first hoop fracture occurs
have been theoretically introduced. Fig. 4 through 6
show comparison of the experimental results with the
predictions of various models for the tests on 12 x 12 x
108-in. (305 x 305 x 2743-mum) columns tested recently
at the University of Houston.” Predictions from var-
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ious models differ significantly because different sets of
variables are considered in differant models. It was ob-
served from the 16-column test program that the pre-
dictions from the Sheikh and Uzumeri model changed
from conservative at low axial load levels to unsafe at
high axial loads. Following an approach similar to that
used by Vecchio and Collins,™ the model was modified
to account for a reduced strength of conerete when it is
subjected to tensile strains in the lateral direction
caused by high axial loads.” Fig. 4 through 6 also show
the results from the modified Sheikh and Uzumeri
model.

Most of the studies on confinement have treated
normal weight concrete, In the special provisions for
seismic design in the ACI code, maximum compressive
sirength of lightweight-aggregare concrete used in de-
sign is restricted to 4000 psi (27.6 MPa). Although sev-
eral studies have been done on spirally reinforced light-
weight-aggregate concrete,”* only limired data is
available for rectangular lightweight concrete columns
with transverse reinforcement.=* Rabbart et al.,” based
on their test data, concluded that the reguirements for
column confinement in the ACI code can be extended
to lightweight concrete columns with concrete strengihs
up to 6000 psi (41.4 MPa). However, it is 1o be noted
that the flexural tests were carried out under axial loads
up to 30 percent of the column design strength. Basset
and Uzumeri,* in their experimental investigation,
found that the existing models for concrete confine-
ment by rectilinear ties gave unconservative resulis for
high-strength lightweight agpregate concrete and over-
estimated the ductility.

The actual rate of application of forces during an
earthquake is considerably higher than that of quasi-
static loading generally used in the tests. With respect
to the effect of strain rates on confinement, a few
studies'*** have been carried out. Scott, Park, and
Priestley,” based on the results in which, for high strain
rate (0.0167/sec), the peak stress and the slope of the
falling branch in the stress-strain curve were increased
by about 25 percent compared with those for the low
strain rate (0.0000033/sec), further modified the modi-
fied Kent and Park model. In deriving the stress-strain
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cutve of confined concrete from the test data, the load-
carrying capacity of the longitudinal steel was based on
the stress-strain curve of steel at low loading rate. More
recently, the model by Mander® considered the effect
of strain rate on both steel and concrete and showed
good agreement with his experimental stress-strain
curves of confined concrete at high strain rate (0.0167/
sec). Fig. 7 shows that the Scott et al. model provides a
very conservative prediction of actual behavior. Dilger,
Koch, and Lowakzyk* have also proposed a stress-
strain curve that includes the effect of strain rate. The
model was derived from the test results in which the
6% 6x 24-in. (152 x 152 x 610-mm) specimens had only
single hoops and no longitudinal reinforcement, and
the behavior of concrete core and cover was not sepa-
rated.

When reinforced concrete columns are subjected to
combined axial and flexural loads, strain gradient ex-
ists in the sections. Chan,* Soliman and Yu,* and Sar-
gin, Ghosh, and Handa™ attempted to include the ef-
fect of strain gradient in the stress-strain models. There
is little data that guantify the effect of strain gradient
in comparison with the stress-strain relationships ob-
tained from concentric compression tests. This may be
attributed to the difficulties in tests and the problems
concerning the method of treatment of test data. From
the comparisons of the measured lpads and moments
and those calculated from the concentric stress-strain
curve, Scott et al.* concluded that the presence of the
strain gradient significantly improved the stress-strain
curve for the concrete by reducing the slope of the fall-
ing branch of the curve. A comparative study of con-
finement by Sheikh* indicated that the application of
the Sheikh and Uzumeri model to the specimens sub-
jected to combined axial and flexural load provided
conservative results at large curvature values. Sheikh®
and Sheikh and Yeh™ attributed the result to the exis-
tence of strain gradient and modified the Sheikh and
Uzumeri model using previous test data, %

Supplementary crossties will be effective in restrain-
ing, directly or indirectly, longitudinal bars that are not
supported by a corner of hoop reinforcement. Some of
the crossties that are encountered in codes are shown in
Fig. 8, It i5 obvious that the installation of Types A and
B crossties is usually difficult. To facilitate the fabri-
cation of reinforcing cages, the ACI code permits the
use of Type D crossties, the effectiveness of which has
been a controversial issue because the 90 deg hook is
not anchored in the confined core. Supplementary
crossties with a 135 deg hook at one end and a 90 deg
hook at the other end were originally presented in the
recommendation by ACI-ASCE Commiltee 352 for the
design of shear reinforcement in beam-column joints.™
Although Sakai, Kakuto, and Nomachi® did not treat
Type D crossties, it was demonstrated that the crossties
in general confine concrete under concentric compres-
sion ag effectively as the closed hoops. Furthermore,
Moehle and Gavanagh™ have observed thal crossties
having 180 deg hooks are effective in confining con-
crete as intermediate hoops, and crossties having 135
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deg and 90 deg hooks are nearly as effective, The ef-
fectiveness of erossties with 135 and 90 deg hooks may
show a different trend under other circumstances, e.g.,
cyclic loading, combined flexure and high axial loads.

FLEXURAL STRENGTH

Recently, Priestley and Park™ observed from the test
results that the moment capacity of sections, confined
according to the New Zealand code’ provisions, was
considerably larger than the capacity predicted by the
ACI method, particularly for columns subjected to
large axial loads. It was suggested that the increased
capacity was caused by the enhancement in concrete
strength due to confinement and the increased strength
of steel in the strain hardening region, which is ignored
in the ACI method. Fig. 9 shows the suggested curves
along with the test data by Priestley and Park,™
Soesianawati™ and Sheikh, Yeh, and Menzies.™ The
amount of transverse reinforcement in the test speci-
mens used by Soesianawati ranged between 16.7 and
45.% percent of that required in the curreni New Zea-
land code.” The flexural strength enhancement in the
test results by Sheikh et al. is much lower than that
suggesied by Priestley and Park. In fact, four columns
did not even reach the ACI moment capacities. The
amount of transverse reinforcement in these four col-
umns was about half that required in Appendix A of
the ACI code. Only one data point, in which the axial
load was 0.46 f! A, and steel configuration involved 12
laterally supported longitudinal bars, was within the 135
percent of the suggested value. It appears that at high
axial load levels, when flexural capacity is strongly in-
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fluenced by the strength of concrete, the enhancement
in flexural capacity can be expected only if a large
amount of lateral reinforcement is used in a well-dis-
tributed configuration. The amount of reinforcement
required in the ACI code is not enough to produce the
strength enhancement of the magnitude as suggested in
Fig. 9. In addition, the presence of heavy stubs near the
test regions of the columns tested by Soesianawati” and
Priestley and Park’ are believed to have contributed
significantly toward the strength enhancement of the
column sections. Early start of strain-hardening of lon-
gitudinal steel in the case of cycling loading™’ may also
be partially responsible for additional flexural capac-
ity. It should be strongly emphasized that an accurate
prediction of flexural strength is important to assess
reasonably the curvature or displacement ductility and
to design the member safely for shear.

MOMENT.-CURVATURE RELATIONSHIPS

The object of early research on moment-curvature
relationships concerning the members with confined
concrete was mainly beams.?346¢ [n 1972, Park and
Sampson® provided comprehensive descriptions on the
displacement ductility and curvature ductility of rein-
forced concrete columns for seismic design. It was sug-
gested that the columns capable of reaching a curva-
ture ductility factor ¢,/¢, of at least 15, with ¢, de-
fined as the curvature when the moment has reduced to
80 to 90 percent of the maximum moment, would ap-
pear to have adequate seismic resistance. From the mo-
ment-curvature analyses of confined concrete sections
based on the Kent and Park® model in which no con-
crete strength enhancement due to confinement was
considered, it was concluded that the amount of trans-
verse reinforcement specified by the ACI and Struc-
tural Engineers Association of California (SEAOC)
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equations was conservative for low axial load levels and
unconservative for high axial load levels. It should be
emphasized that the theoretical moment-curvature
curves were not compared with tests because of lack of
such data. Based on this work, the SEAOC equations
were modified to the present New Zealand code’ provi-
sions in which the adverse effects of axial load are
taken into account. The present New Zealand code’
provisions, although more comprehensive than those of
other codes,>*® do not take all the important variables
into account. In addition to the work already men-
tioned, a number of studies®#.45:49.50.55.56.38.70.71 o mo-
ment-curvature relationships have been carried out.

To examine the validity of the provisions for trans-
verse reinforcement in the draft of the present New
Zealand code,” Park, Priestley, and Gill** conducted
four tests under combined axial load and flexure. The
main variable in the tests was the level of axial load ap-
plied (0.214 A4, f! ~ 0.6 A, f) that caused the volu-
metric ratio of the transverse reinforcement to vary be-
tween 1.5 and 3.5 percent. The ACI Building code re-
quires about 1.5 percent lateral reinforcement in these
columns. Lower ductility was observed under high ax-
ial loads even when a larger amount of transverse rein-
forcement was used.

From the comparisons of the experimental data due
to Park et al.®? with the analytical results from various
models, Sheikh* concluded that for low to moderate
levels of axial loads, the envelope moment-curvature
curve for reinforced concrete section under cyclic
bending can be determined with reasonable accuracy by
using the Sheikh-Uzumeri model.* Recently, Mander®
used his model to predict the results of column tests by
Park et al.*? and found reasonably good agreement for
specimens tested under combined axial load and cyclic
flexure. Fafitis and Shah*® also made a comparison of
the test results due to Park et al.** and the analytical re-
sults using their own model for confined concrete.
Soesianawati” carried out tests to investigate the appli-
cability of a modified New Zealand code equation’ in

MOMENT
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Fig. 10—Comparison of experimental and analytical
moment-curvature relationship”
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which the numerical coefficient of 0.12 in Eq. (7) is re-
placed by 0.08 to eliminate the inconsistency in the
confinement effectiveness between rectangular and cir-
cular transverse reinforcement required in the code.
Fig. 10 shows a comparison of experimental and ana-
lytical moment curvature relationships for a specimen
tested under an axial load of 0.3 f; A, The amount of
transverse reinforcement in this specimen was only 16.7
percent of that required in the current New Zealand
code.” The comparison indicates that Mander’s model
under certain circumstances may not predict the results
well. The applicability of the Mander model in another
specimen, in which the amount of transverse reinforce-
ment is 43 percent of that required in the current New
Zealand code’ and the level of axial load is 0.1 f{ A,, is
good. The M-¢ curve from the modified Sheikh-
Uzumeri model®’ approximates the envelope curves
quite well.

Fafitis and Shah* conducted a parametric study to
assess the influence of concrete strength, degree of
confinement, level of axial load, and the shape of the
section on the capacity of columns subjected to large
deformations. It was concluded that the ACI method of
accounting for the influence of compressive strength or
the amount of confinement seemed adequate for high-
strength concrete columns. Sheikh and Yeh* also car-
ried out moment-curvature analyses using the Sheikh
and Uzumeri model which includes the effect of strain
gradient. Based on their analyses, it was concluded that
the ACI requirements may be either too conservative
for columns with well-distributed steel or unsafe for
columns with only four corner bars fully supported by
a tie or both. It was suggested that confinement re-
quirements should be a function of axial load level on
the column. It has also been pointed out that the max-
imum tie spacing limit of 4 in. (102 mm) in the ACI
code may be relaxed, and it should be related to the size
of the confined core and the diameter of the longitudi-
nal steel bar. Zahn™ conducted cyclic moment-curva-

ture analyses based on the model by Mander® and pre-
pared curvature ductility charts. However, it should be
emphasized that experimental verifications for a wide
range of variables have not been adequate on the appli-
cability of the model used.

Experimental and analytical studies have shown that
moment-curvature behavior of columns depends on the
amount of transverse reinforcement and the level of
axial load. However, most of the experimental studies
on moment-curvature relationships have been carried
out at relatively low levels of axial load. The P./f A,
values were 0.214, 0.26, 0.42, and 0.6 in the tests by
Park et al.”2 and were 0.1 and 0.3 in the tests by Soesi-
anawati.” As shown in Fig. 2, codes allow considerably
higher than tested levels of axial load. Sheikh et al.***
conducted an experimental study involving high axial
loads. Fig. 11 shows the relationship between the test
parameters and the ACI code, Appendix A, require-
ments on the level of axial load and the amount of
transverse reinforcement. The test specimens which fall
in the shaded portion satisfy the ACI code require-
ment. The details of the test specimens, moment capac-
ities, and the curvature ductility factors (uy = ¢,/¢,)
obtained are given in Table 1. The value ¢, is the cur-
vature corresponding to the maximum moment on a
straight line joining origin and a point corresponding to
about 65 percent of the maximum moment on the as-
cending part of the M-¢ curve. The curvature ¢, cor-
responds to about 90 percent of the maximum moment
on the descending part of the curve. The required
transverse reinforcement ratio for these specimens ac-
cording to the ACI code is approximately 1.5 percent.

The test specimens strictly under the ACI code re-
quirements have shown satisfactory curvature ductility
factors (22.0 ~ 40.0) except for Specimen E4MH-2 in
which p4 was 10. The specimen E4MH-2 had single
hoops that supported only the four corner bars. The
middle four longitudinal bars were not laterally sup-
ported by a bend of the hoop or crossties. In the ACI
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Fig. 11—Relationships between the test parameters*** and the ACI Code
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code the use of such a single hoop has been allowed.
The amount of transverse reinforcement in Specimen
E4MH-2 is more than that required in the ACI code,
and the axial load is approximately 88 percent of the
maximum design axial load. The results suggest that the
column sections with single hoop and laterally unsup-
ported longitudinal bars may not have adequate ductil-
ity even if the code requirements are satisfied. On the
other hand, Columns A3MH-3 and FAMH-4 with the
same amount of reinforcement as Column E4MH-2 and
tested under similar conditions showed better ductility.
The column with Configuration A performed in a more
ductile manner than Column F in which 90 deg hooks
were used. With respect to the ductility under reversed
cyclic loading, however, further tests are required.

The second group of test specimens satisfied the ACI
requirements on the amount of transverse reinforce-
ment but exceeded the allowable design axial load limit
by up to 11 percent. The curvature ductility factors
ranged from 3.0 to 9.5 except for Specimen DIMH-7,
which had the tie spacing of 2% in. (54 mm) in which
pe = 14.0. On the basis of these test results, it can be
concluded that columns designed according to the ACI
code and tested under axial loads equal to or only
slightly larger than the maximum allowable design ax-
ial load do not exhibit satisfactory ductility. It should
be noted that the limit on the axial load set by the code
is quite arbitrary considering the uncertainty of forces
during an earthquake. The third group of the test spec-
imens, in which the amount of transverse reinforce-
ment is about half that required in Appendix A of the
ACI code, also did not indicate adequate ductility.
However, these tests results indicate that even if the
amount of transverse reinforcement required in the

ACI code is reduced to half, appropriate ductility may
be obtained if the axial load is small and steel is de-
tailed appropriately. Another important observation
can be made for this group of specimens with respect to
the moment capacity. Except for Column 14, no speci-
men reached the theoretical section moment capacity
calculated according to the ACI procedure for uncon-
fined concrete. It should be noted that these four col-
umns satisfy the nonseismic design requirements of the
ACI code.

BEHAVIOR OF COLUMNS

As an extension of the studies on the characteristics
of cross sections, research on the general behavior as a
member has begun recently. Park et al.,* from their
tests on four full-size reinforced concrete columns un-
der reversed cyclic lateral load and constant axial
compression, concluded that the amount of transverse
reinforcement according to the draft of the current New
Zealand code’ enabled columns of the type tested to
reach a curvature ductility factor of approximately 20
and a displacement ductility factor approaching 10. The
displacement ductility was assessed on the basis of the
yield displacement that was obtained from the intersec-
tion point of the horizontal line at the theoretical ulti-
mate load and the straight line from the origin passing
through the point on the measured load-displacement at
0.6 of the theoretical ultimate load, based on the ACI
method. In the Moment-Curvature Relationships sec-
tion, it has been shown that the actual flexural strength
is considerably larger than the theoretical strength, es-
pecially in the case of high axial load if the section is
heavily confined (Fig. 9). Due assessment of the dis-
placement ductility factor, which is based on the actual

Table 1 — Details of test specimens and some results®*

Longitudinal Transverse Axial Curvature M
L, steel ratio, | Spacing, | steel ratio, | load ratio, | ductility factor,
Specimen | ksi percent in. percent P, fA, o M,
E4MM-1 4.45 2.08 4.00 1.74 0.40 * 1.08
E4MH-2 4.55 2.44 4.50 1.69 0.61 10.0 1.23
A3MH-3 4.61 2.44 4,25 1.68 0.61 40.0 1.22
F4MH-4 4.67 2.44 3.75 1.68 0.60 30.0 1.26
D3IMM-5 4.53 2.58 4.50 1.68 0.46 22.0 1.15
F4AMH-6 3.95 2.44 6.81 1.68 0.75 3.5 1.15
DIMH-7 3.80 2.58 2.13 1.62 0.78 14.0 1.22
E4SH-8 3.76 2.44 5.00 0.84 0.78 3.0 0.96
F3MH-9 3.84 2.44 3.75 1.68 0.77 5.0 1.25
EIMH-10 3.81 2.44 2.50 1.68 0.77 4.5 1.10
A3SH-11 4.05 2.44 4.25 0.77 0.74 8.5 0.97
F2SM-12 4.86 2.44 3.50 0.82 0.60 8.0 0.98
E3MH-13 3.95 2.44 4.50 1.69 0.74 8.0 1.01
D3SH-14 3.90 2.58 4.25 0.81 0.75 3.0 1.01
D3MH-15 3.80 2.58 4.50 1.68 0.75 9.5 1.17
A3SH-16 4.92 2.44 4.25 0.77 0.60 10.5 0.95

*Not available due to lack of control of loading.
1in. = 25.4 mm; 1 ksi = 6.9 MPa.
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flexural strength, will reduce considerably the value,
particularly when the actual strength is significantly
larger than the ACI theoretical strength. Therefore, a
definition of yield displacement based on the actual
moment capacity rather than on the ACI moment ca-
pacity appears more appropriate and is applicable to
both cases of high and low axial load levels.

Mander® carried out tests on four hollow columns
that had an overall height of 4.1 m (161 in.) and a 750
mm (29.5 in.) square hollow cross section with a 120
mm (4.72 in.) wall thickness. The axial load applied to
the specimen was 0.1 f] A,, 0.3 fi A,,and 0.5 f] A,. It
was concluded that the provisions of the New Zealand
code can be used to detail the transverse reinforcement
in the flanges of hollow columns in the same manner as
for solid column members. It was also suggested that
the full quantity of hoop steel according to the New
Zealand code may be excessive if only limited ductility
is required. Because of the reduced weight, hollow col-
umns may be advantageous for bridge piers that are
usually subjected to low axial loads.

Zahn™ conducted tests on six 16 in. (400 mm) square
reinforced concrete columns to investigate the effects of
the direction of flexural load and the strength of lateral
steel on the column behavior. The axial load in the col-
umns loaded along the section diagonal ranged from
0.23 f! A, to 0.42 f] A,. It is difficult to assess the ef-
fect of the direction of applied load on ductility be-
cause of a lack of data from similar specimens loaded
in the direction of a section principal axis. Results,
however, indicated that smaller quantities of higher
strength steel can be used without adversely affecting
the column behavior.

Soesianawati” tested four 16 in. (400 mm) square
reinforced concrete columns under cyclic lateral load
with axial load ranging between 0.1 A, and 0.3f, A,.
It was stated that the specimens with 43.1 and 45.8 per-
cent of the amount of transverse reinforcement recom-
mended by the New Zealand code’ achieved a displace-
ment ductility factor of at least 8 without significant
strength degradation and the specimens with 30.4 and
17 percent of the code-required amount of transverse
steel were capable of reaching a displacement ductility
of 6 and 4, respectively. The ductility factors were
based on the theoretical capacity of the column
section, ignoring the effect of confinement. As stated
earlier, this would overestimate the ductility factors
compared with the ones based on the actual capacity.
Unlike curvature ductility factors, displacement ductil-
ity factors may not provide a common indication to as-
sess the ductility of columns in various situations. In
the column subjected to high axial load, the P-A effect
is large. With the increase of secondary moment, the
external horizontal force A must be reduced because of
the limited cross-sectional strength. In this case, the
commonly used definition of displacement ductility
factors may not have any significance.

To examine the effectiveness of supplementary
crossties under cyclic lateral loading, Tanaka, Park,
and McNamee” conducted tests on four 16 in. (400
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mm) square reinforced concrete columns. The axial
load was 0.2 f 4,. Lateral steel arrangements involved
perimeter hoops with 135 deg hooks, crossties with 90
and/or 180 deg hooks, and crossties and perimeter
hoops with tension splices. Although the effectiveness
of crossties with 90 deg hooks under reversed cyclic
loading was found satisfactory in this study, it should
be noted that the axial load level was very low. Col-
umns with crossties having 180 deg hooks at both ends
or “‘J” ties also showed satisfactory behavior. How-
ever, the columns with tension splices and ¢‘J*’ ties ex-
hibited inferior behavior compared with other col-
umns.

Rabbat et al.* carried out tests on 16 lightweight and
normal weight concrete specimens that represented a
portion of the building frame at the joint between col-
umns and beams. The columns were 15 in. (381 mm)
square and 15 x 20 in. (381 x 508 mm) in section. The
cyclic loading was applied to the columns by the rever-
sal of the moments in the beams. The supplementary
crossties with a 135 deg hook at one end and a 90 deg
hook at the other end were used. It was suggested that
current confinement requirements of ACI 318-83? for
normal weight concrete columns can be extended to
lightweight concrete columns with axial loads up to 30
percent of the column design strength. It was also con-
cluded that supplementary crossties engaging the col-
umn steel bars performed very satisfactorily in confin-
ing the column core. Test results indicated that strength
degradation became larger with the increase of column
axial load suggesting that, for columns subjected to
high axial loads, these conclusions may not be valid and
the columns may show unacceptable behavior.

Johal, Musser, and Corley™ summarized test results
from 18 in. (457 mm) square specimens tested under
cyclic flexure while simultaneously subjected to axial
loads in the range of 20 to 40 percent of the cross-sec-
tional strength. Five transverse reinforcement detail-
ings were used: Detail A = peripheral and inner hoops
with 135 deg hook bends; Detail B = peripheral hoop
with 135 deg hook bend and inner hoop with 90 deg
hook bend; Detail C = overlapping peripheral hoop
with 135 deg hook bend and inner hoop with 90 deg
hook bend; Detail D = peripheral hoop with 135 deg
hook bend; Detail E = peripheral hoop formed with
four identical ties with 45 deg bends at both ends. The
following observations were made from the tests: flex-
ural capacity of a column increased with axial load but
ductility reduced substantially; use of almost S0 per-
cent less transverse reinforcement resulted in slightly
lower ductility; flexural capacity and ductility were not
reduced by the use of overlapping peripheral hoops, 90
deg hooks on inner hoops, or special hoops (Detail E);
and the use of single peripheral hoops resulted in lower
flexural strength.

Ozcebe and Saatcioglu” recently reported test results
of four 13.8 in. (350 mm) square columns that repre-
sented a portion of a first-story column between the
foundation and the inflection point and were subjected
to constant axial load (20 percent of column design
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strength) and lateral load reversals. Three tie configu-
rations were used: (A) perimeter hoop only with 135
deg hooks; (B) perimeter hoop and crossties with 135
deg hooks at both ends; (C) perimeter hoop and cross-
ties with a 135 deg hook at one end and a 90 deg hook
at the other. From the results of the two specimens
shown in Fig. 12, it is obvious that the column with pe-
rimeter hoops only behaves poorly compared with the
column with the perimeter hoops and crossties. Test re-
sults indicated that the ACI detailing requirements are
not adequate for columns with unsupported longitudi-
nal bars, although the ACI requirements for the
amount of confinement reinforcement appear ade-
quate. The crossties with 90 deg hooks performed as
well as those with 135 deg hooks.

A few experimental studies involving crossties with
90 deg hooks presented a positive view on their effec-
tiveness under combined axial load and flexure. How-
ever, it should be noted that the axial load levels were
relatively low in all these tests, mostly in the range be-
Iow the balanced load. The experimental study by
Sheikh, Yeh, and Menzies*® and Yeh and Sheikh¥* ex-
hibited the apparent inferiority of crossties with 90 deg
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hooks under high axial loads. Fig. 13 compares the re-
sults of two columns to highlight this point. Since cages
with 90 deg hooks are easy to fabricate, their use is be-
coming popular. However, conditions under which 90
deg hooks can be used reliably should be clarified
through further research.

In general, the loading (or displacement) histories
used in the tests are different from those caused in an
actual earthquake. The load-carrying capacity of a sec-
tion or a column at a certain displacement decreases
with an increase in the number of cycles, i.e., cyclic
loading causes stiffness degradation. Therefore, in as-
sessing the displacement ductility or the curvature duc-
tility, the cycle number at the same displacement may
have a significant effect. Nevertheless, no data is avail-
able on this aspect. The relationships between the load
history due to an actual earthquake and the static sim-
ulation must be investigated.

The plastic hinge length is related directly to the ex-
tent to which a member should be confined and is
needed to assess the relationships between curvature
ductility and displacement ductility. Generally, in rein-
forced concrete columns, the equivalent plastic hinge
length is calculated from the curvature distribution and
deflection measured in the tests. Therefore, the effects
of yield penetration along the longitudinal bars and the
cracking due to the shear are included in the plastic
hinge length. On the basis of their test resuits, Priestley
and Park” suggested the following equation

L,=008L + 6d4d, 8)

Test data from square, circular, and square hollow col-
umns were used to derive Eq. (8). It was shown that the
average plastic hinge length for all tests was close to 0.5
D (or 0.5 h). Fig. 14 plots the experimental plastic hinge
length against the axial load levels for columns tested
by various researchers. It is obvious that the plastic
hinge length tends to increase with the increase of the
axial load levels. The plastic hinge length obtained from
Soesianawati’s tests’' ranged between 46 and 73 percent
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of that calculated using Eq. (8). Larger plastic hinge
lengths were observed for larger amounts of transverse
reinforcement. With the small amount of transverse re-
inforcement, the flexural strength enhancement is
small, and hence the spread of the plastic hinge region
is small. Zahn™ suggested the following equations for
plastic hinge lengths based on his own test data

P
For £ < 0.3
fIA,

P,
L,=(0.08L + 0. 1.67 —=
», = (0.08 6d,) < S+ 7 Ag> 9

P,

For -
fiA,

=03

L,=008L + 6d, (10)

Fig. 15(a) and (b), drawn from the data in Reference
72, indicates that the plastic hinge length increases with
an increase of column aspect ratio. However, it seems
that there is a limitation on this proportionality at the
column aspect ratio of approximately 4. Bilinear curves
were also included in Fig. 15 to suggest such a trend.
Thus, it may be concluded that the plastic hinge length
is affected by the amount of transverse reinforcement,
the axial load level, and the column aspect ratio. Fur-
thermore, available test data suggests that the current
code provisions for the extent to be confined are con-
servative.

It was a general understanding in the 1956 ACI
Building Code™ that ties should be provided to reduce
the possibility of local buckling of the longitudinal bars
under the load approaching the ultimate strength of the
column. The 1956 ACI code required tie spacing not to
exceed 16 longitudinal bar diameters, 48 tie bar diame-
ters, or the least dimension of the column. This provi-
sion has been used in the current ACI code? for col-
umns not designed for seismic loading. For seismic
loading, a maximum limit of 4 in. (102 mm) or one-
quarter of the minimum section dimension has been
added to these restrictions. A few studies”® to exam-
ine the 1956 ACI code requirements were carried out.
Bresler and Gilbert™ theoretically studied the effect of
tie spacing on the buckling of longitudinal bars at a
stress below yield and the effect of the ratio of tie bar
diameter to longitudinal bar diameter on the buckling
strength of the longitudinal bar. Pfister® concluded
from the experimental observations that the main func-
tion of ties is to restrain the concrete laterally rather
than to prevent the buckling of longitudinal bars.
Hudson®' carried out the tests to investigate the effect
of tie spacing on ultimate strength. It was suggested
that when designing for seismic loads, it is probable
that the code requirements are too liberal.
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Scribner®? conducted a theoretical and experimental
study to examine the relationships of the flexural stiff-
ness of a confining tie to the inelastic buckling of lon-
gitudinal reinforcement in a beam subjected to re-
peated reversed inelastic flexure. The buckling of lon-
gitudinal bars not supported by the corners of
transverse reinforcement was treated. From the theo-
retical analysis, it was shown that the buckling of lon-
gitudinal bars can be influenced by tie size and spacing.
Furthermore, on the basis of the test results, it was
stated that even large, closely spaced ties provide no
guarantee against the buckling of unsupported bars in
a beam subjected to very large flexural displacements.
The tests suggest that from the viewpoint of buckling,
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the columns with only four corner bars fully supported
by a single hoop are undesirable. On the basis of the
test results in which most of the specimens had the tie
spacing less than 6 d,, Priestley and Park™ have con-
tended the appropriateness of 6 d, as a maximum tie
spacing.

Lukose, Gergely, and White® carried out tests to
evaluate the effects of transverse reinforcement, splice
Iength, bar spacing, bar size, and loading history on the
performance of lapped splices in beams and column-
type specimens subjected to high-level repeated or re-
versed cyclic flexural loads. The motivation behind this
study was to investigate the code provision in which
Iapped splices are not allowed at locations of inelastic
deformations. It was shown that to achieve satisfactory
performance of the lapped splices under repeated and
reversed cyclic loads amounting to at least 80 percent of
the monotonic failure load, stirrup areas close to twice
the maximum effective amount specified in the pro-
posed ACI Committee 408 report®*® are needed. Fur-
thermore, it was concluded that lapped splices can be
designed under most conditions in regions where flex-
ural yielding or severe stress reversals are anticipated.
Sivakumar, Gergely, and White* presented a design re-
commmendation for lapped splices in which a mini-
mum of 15 to 20 reversing load cycles beyond yield and
a maximum strain of at least 2.5 times the yield strain
were considered as an indication of satisfactory perfor-
mance of the member. Paulay, on the basis of the test
results, concluded that although plastic hinges can be
developed with excessive transverse reinforcement
around lapped splices, splices should not be used in the
potential plastic hinge region of columns, since yielding
of the reinforcement would be restricted to a very small
length that causes extremely large steel strains, local
buckling, and in some cases fracture of the main bars.

The difference in the conclusions of the two
studies®® on the use of lapped splices at locations of
inelastic deformations may be attributed to that of the
type of test specimens and the amount of imposed de-
formations. In fact, the tests by Lukose et al.® suffered
the stroke limitation on the loading actuators; while in
the tests by Paulay,” the displacements corresponding
to the displacement ductility factors of +2, +4, and
+ 6 were imposed.

CONCLUSIONS

A comprehensive review on confinement of rein-
forced concrete columns has been presented. Several
debatable issues were identified systematically, ranging
from the effects of different variables on the mecha-
nism of confinement to the behavior of a section and
that of the column to the possibility of plastic hinging
in columns.

The present ACI code’ provisions for confining steel
are based on the philosophy of maintaining the axial
load-carrying capacity of a column section. In practice,
the confinement is required to produce ductile behavior
of the structural members subjected to a combination
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of forces. The performance in terms of strength and
ductility, expected of a column during a severe earth-
quake, is not well defined in the literature. Lacking this
information, it is difficult to propose a specific design
for concrete confinement. An approach that relates the
behavior of a column to the parameters comprising the
lateral confinement seems more appropriate so that an
individual designer can choose the extent to which the
members need confinement. Based on the review of the
previous research, it appears that a reexamination of
the ACI code provisions for confinement will be needed
at least in the following five areas: 1) distribution of
longitudinal and lateral steel, particularly keeping in
view the undesirable behavior of columns with single
peripheral hoops; 2) amount and spacing of transverse
reinforcement; 3) level of axial load; 4) crossties with 90
deg hooks; and 5) zone of inelastic deformations (plas-
tic hinge length). The current ACI code provisions gov-
erning these areas may result in insufficient ductility in
columns under certain situations, especially under the
high levels of axial load that are within the permissible
limits.

Experimental evidence suggests that columns with
single hoops and 90 deg hooks may not provide suffi-
cient ductility, particularly when they are subjected to
high axial loads and cyclic flexure. These reinforce-
ment details have obvious advantages for ease of con-
struction. Therefore, the usage of such transverse rein-
forcement might be allowed in sections where only lim-
ited ductility is required under low-to-moderate levels
of axial load.

Further research is needed to study the performance
of columns with crossties with 90 deg hooks under
cyclic flexure and high axial load. Several variables,
such as steel configuration, amount of tie steel, spacing
of ties, and level of axial loads, have been studied re-
cently for their effects on the behavior of normal con-
crete. Similar investigations for high-strength and
lightweight concretes are also needed. Effects of these
variables on the length of plastic hinges also need
investigation. Along with the fundamental study of
several issues discussed in this paper, a comprehensive
experimental study is needed that aims at the develop-
ment of a rational procedure for the design of confine-
ment required for a certain performance of a section
and the column.
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NOTATION

area of core of spirally reinforced column

gross area of section

area of core bound by rectilinear ties

total area of rectilinear transverse steel at a section
longitudinal bar diameter

diameter of circular column

compressive strength of concrete in a standard cylinder

ACI Structural Journal / March-April 1989

-

oot

a
3

SENN NN
Hou

o




by
|

= compressive strength of confined concrete

f, = compressive strength of plain concrete

fi = lateral pressure

J, = yield stress of steel

h = lateral dimension of rectangular column section

h. = cross-sectional dimension of core

L = column length between point of contraflexure and the point
of maximum moment

L, = plastic hinge length

P, = axial force on the column

s = spacing of ties

p, = volumetric ratio of lateral steel-to-concrete core

] = capacity reduction factor
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