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Stress-Strain Behavior of High-Strength Concrete
Confined by Ultra-High- and Normal-Strength Transverse

Reinforcements
by Li Bing, R. Park, and H. Tanaka

When high-strength concrete is used for reinforced concrete mem-
bers subjected to seismic loading, it is more difficult to achieve
ductile behavior of such members than when normal-strength con-
crete is used. In this paper, an experimental study of a number of
quasi-static axial loading tests on high-strength concrete speci-
mens confined by various amounts of transverse reinforcement is
described. The main parameters were concrete strengths ranging
from 35.2 to 82.5 MPa and yield strength of Grade 430 and 1300
transverse reinforcement. A stress-strain relationship for confined
high-strength concrete is proposed that is found to give reasonably
good prediction of the experimental behavior of circular and
sguare specimens with high-strength concrete confined by either
normal- or ultra-high-yield-strength with various configurations.
An empirical formula for the ultimate longitudinal strain of con-
fined high-strength concrete corresponding to the first hoop or spi-
ral fractureis also proposed.

Keywords: column; confinement reinforcement; high-strength concrete;
strains; stresses; tests.

INTRODUCTION

Reinforced concrete buildings are generally designed to
behavein aductile manner under the action of asevere earth-
guake. To achieve such ductile behavior, structural members
of the buildings should be carefully detailed. In the case of
buildings with moment-resisting frames, detailing of trans-
verse reinforcement in the potential plastic hinge regions of
the columns is a major consideration. For many years re-
searchers have been investigating amethod for detailing the
transverse reinforcement to increase strength and ductility
of reinforced concrete columns. It has been demonstrated
that adequate confinement of the core concrete and tying of
longitudinal reinforcement using transverse reinforcement
can improve column ductility most effectively. Past and re-
cent earthquakes have proved the validity of this philosophy.

The gradual development of concrete technology has pro-
moted the use of high-strength concrete in the construction
industry. Concrete technology has developed to an extent
where concrete compressive strengths up to 100 MPaand high-
er can bereached without difficulties. Thereare, however, only
alimited number of studies relating to the confining effects
on high-strength concrete, even though the use of high-
strength concrete has been increasing in recent years. Mean-
while, the strength of reinforcing steel has also been im-
proved markedly. Normally the yield strength of
reinforcement is approximately 300 to 500 MPa. Ultra-high-
strength reinforcement with yield strength over 1000 MPa,
however, has been recently used for transverse reinforce-
ment of concrete columns in Japan. Some research work has
shown that the use of ultra-high-strength steel for transverse
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reinforcement can effectively increase the ductility of rein-
forced concrete columns. Ultra-high-strength transverse re-
inforcement is especially used for columns with high-
strength concrete.

RESEARCH SIGNIFICANCE

The most fundamental issue in predicting the behavior of
reinforced concrete members is the stress-strain behavior of
the constituent materials. Concreteis used to resist compres-
sion and its behavior in compression is important to the de-
signer. If the behavior of concrete subjected to uniaxial
compression is known, the flexural behavior of reinforced
concrete can be estimated. The confinement steel require-
ments for normal-strength concrete are reasonably well es-
tablished in current building codes. In recent years, the
possible use of high-strength concrete for buildings con-
structed using reinforced concrete has been considered. Re-
search findings for high-strength concrete, however, are
relatively scarce in the literature.

SUMMARY OF MODELS
A number of stress-strain models have been proposed in
the past 15 years. A detailed review of existing models was
presented elsewhere.! The following section provides an
overview of these analytical modelsthat cover high-strength
concrete.

Martinez, Nilson, and Slate (1982)

Martinez, Nilson, and Slate? conducted experiments on
several small diameter cylindrical specimens of high-
strength concrete confined by spira reinforcement without
concrete cover and longitudinal reinforcement. The concrete
strength of the specimens ranged from 21 to 69 MPaand the
confining pressure ranged from 1.7 to 2.1 MPa. The yield
strength of the lateral reinforcement was approximately 414
MPa. They proposed a theoretical model for the complete
stress-strain curve of spirally confined high-strength con-
crete columns based on their own test results.

Fafitis and Shah (1985)

Fafitis and Shah® tested a large number of small concrete
cylinderswith practically no cover to the spiral steel and had
no longitudinal reinforcement. The spiral wire was 3.2 mm
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Fig. 1—Short column with axial compressive loading: prin-
cipal dimensions; test setup; instrumentation; and position
of strain gages.

in diameter and had a yield strength of 413 MPa. Variables
investigated in the experiment included the concrete com-
pressive strength, the spiral spacing, and the strain rate effect
(slow and fast). Based on their test results and the results of
Martinez, Nilson, and Slate, Fafitis and Shah proposed athe-
oretical model for the complete stress-strain curve of circular
and sguare confined high-strength concrete.

Yong, Nour, and Nawy£1989)

Yong, Nour, and Nawy™ tested 24 square prisms (152 x
152 x 457 mm) that were made of high-strength concrete
with compressive strengths ranging from 83.6 to 93.5 MPa,
confined with square hoops with a yield strength of 496
MPa. Based on their test results, Y ong, Nour, and Nawy pro-
posed athree-part stress-strain curve for rectilinear confined
concrete.

Bjerkeli, Tomaszewicz, and Jansen (1990)

Bjerkeli, Tomaszewicz, and Jansen® tested alarge number
of plain and confined high-strength concrete columns (150
mm diameter x 500 mm high cylinders, 150 x 150 x 500 mm
prisms, and 300 x 500 x 2000 mm prisms) confined with var-
ious volumetric ratios of spira reinforcement. The concrete
compressive strengths ranged from 65 to 115 MPa. The test
specimens contained longitudinal steel but no concrete cov-
er. They proposed a three-part stress-strain curve for con-
fined high-strength concrete based on their test results.

Muguruma and Watanabe (1992)

Mugurumaand Watanabe® tested small square specimens
confined laterally by square helix hoops of different yield
strengths and with various volumetric ratios. The specimens
contained no longitudinal reinforcement and had no cover.
The concrete strength of the specimen was varied from 31.5
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Fig. 2—Test units set up in 10 MN capacity hydraulic uni-
versal testing machine.

to 87.5 MPa. Theyield strength of hoops ranged from 191 to
1397 MPa. Based on their experimental work, they proposed
athree-part stress-strain curve.

Cusson and Paultre (1995)

Cusson and Paultre’ have developed a stress-strain model
and calibrated it against their experimental results from high-
strength concrete tied columns. All the tested specimenswere
235 x 235 x 1400 mm. The concrete strength considered in
the experimental program ranged from 60 to 120 MPaand the
yield strength of confinement steel ranged between 400 to
800 MPa.

Razvi and Saatcioglu (1996)

Razvi and Saatcioglu® developed a stress-strain model for
confined high-strength concrete based on their tests conducted
on alarge number of near-full size circular and square column
specimens. The concrete strength considered in the experimen-
tal program ranged from 60 to 124 MPa and the yield strength
of confinement steel ranged between 400 to 1000 MPa.

Most of the models show very similar trends that indicates
any one of them could be used to generally predict the behavior
of high-strength concrete, if properly calibrated.

EXPERIMENTAL PROGRAM

A totd of 40 reinforced concrete columns 720 mm in length
were tested. They were either 240 mm square or 240 mm diam-
eter circular sections. The arrangement of longitudina bars,
transverse hoops, square hdlices, and spiral reinforcement used
aregivenin Fig. 1. Thereinforcement detailsarelisted in Table
1 and 2. Four different concrete compressive strengths were
used, ranging from 35.2 to 82.5 MPa. Two grades of transverse
reinforcement were used in the test units, namely Grade 430
steel (f,, = 445 MPa) and ultrarhigh Grade 1300 steel (fyp, =
1318 MmPa) The hoop barswere anchored by a 135-degree bend
around longitudina bars. They were extended beyond the bend
of at least eight hoop bar diameters in the concrete core. The
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Table 1—Specimen properties for square test units

Longitudinal reinforcement Transverse reinforcement
Diameter, Diameter, | Spacing,

Unitno. | f§. MPa |No. of bars| mm fy, MPa mm mm fyn MPa | 15, %
1A 60.0 4 12 6.0 20 445 2.63
1B 72.3 4 12 6.0 20 445 2.63
2A 60.0 8 12 6.0 20 445 4.48
2B 72.3 8 12 6.0 20 445 4.48
4A 60.0 4 12 6.0 35 445 1.50
4B 72.3 4 12 6.0 35 445 1.50
5A 60.0 8 12 6.0 35 445 2.56
5B 72.3 8 12 6.0 35 445 2.56
7A 60.0 4 12 6.0 50 445 1.05
7B 72.3 4 12 6.0 50 445 1.05
8A 60.0 8 12 6.0 50 445 1.79
8B 72.3 8 12 6.0 50 445 1.79

10A 60.0 4 12 6.0 65 445 0.80
10B 72.3 4 12 6.0 65 445 0.80
11A 60.0 8 12 6.0 65 445 1.38
11B 72.3 8 12 6.0 65 445 1.38
1HA 35.2 8 12 6.4 35 1318 2.86
1HB 52.0 8 12 6.4 20 1318 5.00
1HC1 825 8 12 6.4 20 1318 5.00
3HA 355 8 12 6.4 53 1318 1.89
3HB1 52.0 8 12 6.4 35 1318 2.86
3HB3 52.0 8 12 6.4 35 1318 2.86
3HC1 82.5 8 12 6.4 35 1318 2.86
3HC3 82.5 8 12 6.4 35 1318 2.86
5HA 355 8 12 6.4 70 1318 143
5HB 52.0 8 12 6.4 50 1318 2.00
5HC 82.5 8 12 6.4 50 1318 2.00

Table 2—Specimen properties for circular test units

Longitudinal reinforcement Transverse reinforcement
Diameter, Diameter, | Spacing,

Unitno. | f§. MPa |No. of bars| mm fy, MPa mm mm fyn MPa | 15 %
3A 63.0 6 12 6.0 20.0 445 153
3B 723 6 12 6.0 20.0 445 153
6A 63.0 6 12 6.0 355 445 0.82
6B 72.3 6 12 6.0 355 445 0.82
9A 63.0 6 12 6.0 50.0 445 1.68
9B 72.3 6 12 6.0 50.0 445 1.68
12A 63.0 6 12 6.0 65.0 445 2.94
12B 72.3 6 12 6.0 65.0 445 2.94

2HA 35.2 6 12 6.4 35.0 1318 1.68
2HB 52.0 6 12 6.4 20.0 1318 2.94
2HC1 825 6 12 6.4 20.0 1318 2.94
4HA 35.2 6 12 6.4 53.0 1318 1.10
4HB1 52.0 6 12 6.4 35.0 1318 1.67
4HC 825 6 12 6.4 35.0 1318 1.67
6HA 35.2 6 12 6.4 70.0 1318 0.84
6HB 52.0 6 12 6.4 50.0 1318 117
6HC 825 6 12 6.4 50.0 1318 117

spacing of transverse hoops and helices was reduced to 25 mm
within the region of 100 mm from each end of the test unitsto
provide extra confinement and to ensure that failure occurs in
the centrd region.

Concentric vertica load was provided by a 10 MN capacity
hydraulic universal testing machine. The machine can be con-
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trolled by load, displacement, or strain. The stedl reaction col-
umns of the machine are tiff enough to permit the machine to
measure the descending-branch of the load-deformation curve
of the test specimens. Two different methods of recording axial
deformations were used during testing of the specimens. The
first method was to measure the overall shortening of the spec-
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Table 3—Mixture proportions for different
compressive strengths of concrete

Weights, m®
Contents f,¢= 35 MPa| f,¢= 52 MPalf,¢= 75 MPa|f (= 825MPa
13 mm aggregate | 1210kg 1150 kg 1150 kg 1188 kg
Kaiapoi sand 370 kg 600 kg 600 kg 495 kg
Yaldhurst sand 150 kg 150 kg 160 kg 124 kg
Ordinary portand | 308kg | 400kg | 410k | 400kg
r';('jgg‘;g”gg%ﬁﬁ'r'e 15L 20L 25kg 25L
Water 195L 160 L 160 L 138 L
Silicafume solid — — — 40 kg
Water-cement ratio 0.630 0.400 0.390 0.345
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Fig. 3—Typical stress-strain curves for normal-yield-
strength steel and high-yield-strength steel.
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Fig. 4—Comparison of experimental and analytical curves for square cross sections confined by normal-yield-strength steel.

imen between the platen and the crosshead. The second method
used four linear potentiometers of two different gage lengthsto
measurethe axia strain of the specimen. Two 50 mm travel lin-
ear potentiometers were used to measure strains over the antic-
ipated failureregions (central part of the specimen), that is, gage
length of approximately 300 mm. Two other linear potentiome-
ters were used to measure strains over the specimen’s length
from 40 mm from the top to 40 mm from the bottom of the spec-
imen (a 640 mm gage [Fig. 2]). If a diagona shear plane
formed, thislarger gage length could be used instead of the gage
length over the central part of the specimen.
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MATERIALS
A local ready-mix plant supplied the high-strength concrete
used for thetest units. The mixture proportionsareshownin Ta
ble 3. The measured dumps of the concrete were all approxi-
mately 120 mm. A typicd dressstrain curve of the
reinforcement used isshown in Fig. 3.

GENERAL DESCRIPTION OF TEST BEHAVIOR

The measured stress-strain curves of confined concrete are
showninFig. 4to 7. The previoustheoretical curves determined
by Féfitis and Shah,2 Yong, Nour, and Nawy,4 Bjerkdi, To-
maszewicz, and Jansen,® Muguruma and Watanabe,® Cusson
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Fig. 5—Comparison of experimental and analytical curves
for square cross section confined by ultra-high-yield-
strength (fy, = 1318 MPa) steel.

and Paultre,” and Razvi and Saaltcioglu8 were compared with
some experimentally derived stress-strain curves (Fig. 8).
Stress-strain curves predicted by models of Fafitis and
Shah, Yong et al., Bjerkeli et al., Mugurumaet al., Cusson
and Paultre, and Razvi and Saatcioglu are denoted by F& S,
Yong, BJ, MU, C&P, and R& S, respectively. A comparative
study showed that most of the empirical models are effective
only ininterpreting their own test results or selected data. In
comparing these models with experimental results obtained
from this study, it was found that the models could not pre-
dict accurately the descending branch of the stress-strain
curve of confined high-strength concrete. In seismic design,
knowledge of the descending branch is very important to en-
sure proper behavior of columns, which undergo large defor-
mations during an earthquake. The level of strength and
ductility depends very much on the slope of the descending
branch. Effects of concrete compressive strength, transverse
reinforcement strength, and the amount of confining reinforce-
ment on confined high-strength concrete are investigated.

The most significant parameters affecting the shape of the
stress-strain curve of confined high-strength concrete for all
section shapes are the volumetric ratio and the yield strength
of the confining reinforcement. As the yield strength of the
confining reinforcement is increased, both the strength and
ultimate longitudinal strain of the confined concrete in-
creased, while the slope of the falling branch decreased. The
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Fig. 6—Comparison of experimental and analytical curvesfor
circular cross section confined by normal-yield-strength stedl.

ultimate concrete longitudinal strain was defined as the
strain at first hoop or spiral fracture.

The effect of a change in compressive strength of plain
concrete f.§ on the degree of ductility of columnsis signifi-
cant, particularly for f.¢ exceeding 60 MPa. Regardless of
the concrete compressive strength, an increase in the con-
finement ratio increases the peak stress attained, increases
the ultimate strain at first hoop or spiral fracture, and de-
creases the slope of the descending branch. An increasing
spacing of transverse reinforcement tends to reduce the effi-
ciency of the confinement. The failure of the normal- and
high-strength concrete specimens confined by transverse re-
inforcement with high yield strength steel was sudden, vio-
lent, and explosive. This is because the transverse
reinforcement fractured when the longitudinal bars buckled
at very high strain, and the core concrete was crushed explo-
sively due to a lack of confinement (Fig. 9). Consequently
the specimen lost al of itsload capacity. In contrast, the fail-
ure observed for specimens confined by norma yield
strength steel was usually gradual and quite gentle after the
first transverse bar fractured (Fig. 10). In axial loading tests
of normal- and high-strength concrete cylinders and prisms
confined by spirals or square heliceswith two different yield
strengths of transverse reinforcement, namely, Grade 430
and 1300 steel, the strength and ductility of the confined con-
crete were enhanced when high yield steel was used.
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Fig. 7—Comparison of experimental and analytical curves
for circular cross section confined by ultra-high-yield-
strength (f,, = 1318 MPa) steel.

DISCUSSION OF TEST RESULTS
Effect of concrete compressive strength

Concrete compressive strength is a significant factor on
the behavior of confined concrete, as can been seen in the
test results. For example, comparing 8A and 8B in Fig. 4,
which have the same volumetric ratio of confining reinforce-
ment but with different concrete compressive strengths, the
test results indicated that the confinement effectiveness in
term of axial strains was less with a higher concrete com-
pressive strength. Thisisbecause the lateral dilation of high-
strength concrete was smaller than that of normal-strength
concrete.

Referring to the studies of Mander, Priestley, and Park® for
normal-strength concrete confined by normal yield strength
transverse steel, the equation for design purpose can be ap-
proximated as

fg = fg +55f¢ 1)

In this study, for high-strength concrete confined by recti-
linear or circular normal yield strength confining reinforce-
ment, the equation for design purpose can be approximated
as

f& = fg +40f¢ @

For concrete with typical level of rectilinear or circular ultra
high yield strength confining reinforcement, the following
equations for design purposes can be approximated as:
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Fig. 8—Theoretical normalized stress-strain curves for con-
fined concrete using different models compared with specimens.
Circular confinement— For normal-strength concrete
fg = fg +4.6f¢ ©)
For high-strength concrete
f§& =g +271¢ (4

Rectilinear confinement— For normal-strength concrete

fg = fg +21f¢ ()
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Fig. 9—Specimens with ultra-high-strength (fy, = 1318 MPa)
confining reinforcement after testing.

For high-strength concrete
f& =fg +19f¢ (6)

Effect of yield strength of transverse
reinforcement

In this study, dmost al gages on the Grade 430 stedl spirals
and hoopsindicated that the spiralsand hoops had yielded at the
peak of the load-longitudinal strain curves or shortly after.
This finding is independent of concrete compressive
strength. Hence, it can be concluded that it is reasonable to
take the nominal yield strength of the transverse steel when
calculating the confining stress. Most of the strain gages on
the high yield steel helices or spirals, however, indicated that
the helices and spirals had not yielded at the peak of theload-
longitudinal strain curves. This contradiction may be ex-
plained as follows: the effectively confined area of core con-
crete was significantly reduced due to incipient or serious
buckling of longitudinal reinforcement at or near such a
large longitudinal strain at peak stress where the ultra-high-
strength transverse steel can yield. Also dueto passive con-
finement, the damage of core concrete may have aready
been significant when the lateral pressure reached the max-
imum due to yielding of transverse reinforcement. On the
other hand, in the case of Grade 430 reinforcement, the re-
inforcement can yield at a significantly smaller longitudinal
strain of concrete and hence the effectively confined areawill
be at least as large as that estimated by the Mander, Priestley,
and Park’s method.® Also, additional confinement due to lon-
gitudinal reinforcement may also be expected unless the ax-
ia strain of longitudina reinforcement greatly exceeds the
yield strain. Therefore, the full yield strength of ultra-high
steel cannot be used when cal culating the confining stress.

Effect of confinement reinforcement configuration
The hoop configuration and the resulting distribution of
the longitudinal steel play an important role in the confine-
ment of concrete. In thisstudy, it was possible to observe the
effect of varying the hoop configuration. Comparing the be-
havior of Specimen 4A, constructed using single hoops, and
Specimen 11A, confined using double hoop configuration, it
was observed that Specimen 4A behaved inless ductile fash-
ion with a sharp dropping of load. A similar comparison
was made between Specimen 4B and 11B. In this case, the
effect was even more pronounced, with Specimen 4B
showing a pronounced reduction in load capacity after
maximum |oad had been reached. These comparisons show
that there was an improvement in the strength and ductility
of the specimens as a result of better hoop configurations,
indicating that the hoop configuration and the resulting dis-

ACI Structural Journal/May-June 2001

= ) ..’.-.- & .~ 4 ":L _'I. A eh s
Fig. 10—Specimens with normal yield strength confining
reinforcement after testing.
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tribution of the longitudinal steel play an important role in
the confinement of concrete.

Effect of confining reinforcement spacing

To prevent early loss of strength of high-strength con-
crete columns, caused by both buckling of reinforcing bars
and excessively deep arching of the confined concrete be-
tween the spirals or hoops, all columns should have suffi-
ciently close spacing of transverse reinforcement. In this
study, spacing of hoop or spirals varied from 1.66d, to
5.83d,,. Comparing the behavior of Specimen 2B (s= 1.66d},)
and Specimen 11A (s = 5.14d,), the stress-strain curves of
2A and 11A (Fig. 4) show that as the hoop spacing was in-
creased, the behavior became less ductile, the enhanced
strength became smaller, and the longitudinal strain at the
first hoop fractured decreased. Based on the test results of
this study, the maximum pitch should not exceed 4d,, for nor-
mal yield strength steel if satisfactory behavior is to be
achieved. A pitch of 6d,, however, will result in reasonable
ductility. The same trend was observed for the high-strength
concrete column confined by ultra high yield strength steel.
It isrecommended, therefore, that the maximum pitch should
not be more than approximately 5dy, if satisfactory behavior
isto be achieved.

Effect of volumetric ratio of confining
reinforcement

From Fig. 4to 7, the effect of the volumetric ratio of confin-
ing reinforcement on the behavior of the specimen is demon-
strated. As expected, the larger the volumetric ratio of
confining reinforcement, the more ductile the behavior of the
specimen. For the confined specimen using high yield strength
of transverse sted, the strength and ductility of the concrete
were remarkably enhanced. This can been seen by comparing
the test results of three specimens (1HA, 3HB1, and 3HC1)
with the same volumetric ratio of confining reinforcement but
with different concrete compressive strengths; the peak stress
enhancements due to confinement were 2.04, 1.57, and 1.28,
respectively. When the volumetric ratio was reduced to 1%
level, the behavior of a high-strength concrete specimen was
similar to that of an unconfined specimen. The test resultsin-
dicted that a limitation on the minimum volumetric ratio of
confining reinforcement is necessary to ensure ductile behav-
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Fig. 11—Sress-strain relationship proposed for confined
high-strength concrete.

ior of confined high-strength concrete, as was evident by the
behavior of Specimens 10A, 10B, and so on.

Effect of amount of longitudinal steel

The confinement effectiveness is more dependent on the
spacing of confining reinforcement than on the amount of
longitudinal reinforcement. Thus, while doubling of the
amount of longitudinal reinforcement improvesthe descend-
ing part of the curve, theimprovement isnot as significant as
that obtained by decreasing the hoop spacing and volumetric
ratio of confining reinforcement or changing the hoop con-
figuration. Thus, it isapparent that the distribution of thelon-
gitudinal reinforcement in the column is more important for
confinement effectiveness for a given amount of reinforce-
ment. Also, there seemsto be alimit on the amount of longi-
tudinal reinforcement necessary for ductile behavior of
confined high-strength concrete. There must not be less than
eight longitudinal bars distributed along the perimeter of the
column.

MODELING OF STRESS-STRAIN RELATIONSHIP
OF CONFINED CONCRETE

The modeling of materia stress-strain relationships is a
basic requirement for the prediction of the behavior of struc-
tural elements. Theoretical moment-curvature analysis for
reinforced concrete structural elements, indicating the avail-
able flexural strength and ductility can be constructed pro-
viding the stress-strain relations for the concrete and steel is
known. The formulation of mathematical stress-strain rela-
tionships involves alarge number of factors, particularly for
high-strength concrete.

The principal factors considered in modeling the stress-
strain relationships are as follows:

1. Type and strength of concrete;

2. Amount, pitch, and configuration of transverse rein-
forcement;

3. Amount and distribution of longitudinal reinforcement;

4. Mechanical properties of transverse and longitudinal re-
inforcement;

5. Ratio of confined areato gross area;

6. Monotonic and cyclic loading; and

7. Size and shape of confined concrete.

Monotonic loading curve

In the case of monotonic loading, it was not easy to find or
derive a single polynomial function that fits well with all
types of the stress-strain curves observed in tests described
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herein. The reason can be explained asfollows: the confining
effects are negligible in the initial part of the ascending
branch of the stress-strain curve due to passive confinement
of transverse reinforcement and small transverse strain. This
means that the model curve needs to be changed little in the
initial part of ascending branch but significantly altered near
and after peak stress regions depending on the magnitude of
confinement. It is hard to find a single polynomial function
to satisfy such a condition.

In the case of amodel that consists of several branches de-
fined by different functions, it is easier to adjust the model
curve to the experimental curve because the characteristics
of ascending and descending branches can be controlled in-
dependently. Hence, the authors decided to establish amodel
by modifying the model proposed by Muguruma and Wa-
tanabe,® as shown as follows. The model consists of three
branches expressed by Eq. (7) to (9) and atail with aconstant
stress of 0.4f ¢ .

When O£ e, £ g
f. = Ese + (feh ~Eceoo) _2E°e°°) ef (7
eCO
when ey £ e, £ e,
f
f=rg - JEZIB) o o )2 ®)
(e.c—ec; )
whene> e,
b e _eys
f. =f,—b . (e.—ey) % 0.4 ¢ 9

CcC

A typical stress-strain curve of confined concrete deter-
mined by the model is schematically shown in Fig. 11. To
draw the stress-strain curve of confined concrete using the
previous equations, the maximum strength of confined con-
cretef g, theaxial strain at maximum strength e.., and the b
value, which controls the slope of the descending branch,
need to be determined. The stress-strain curve is terminated
at the ultimate compressive strain e, where the first hoop
fractures due to serious buckling of longitudinal bars. These
variables are determined as follows.

Maximum strength of confined concrete f & —In the last
several decades, failure criteria associated with a maximum
stress surface have been established for concrete under triax-
ia states of stress. Several numerical models, based on test
results, have been proposed to represent this failure surface.
In thls study, the method used by Mander, Priestley, and
Park® was employed. Theflve-parameters multiaxial failure
criteria of William and Warnke'® were used to describe the
theoretical ultimate strength surfacein thisstudy. Thetensile
and compressive meridians are expressed as follows

t _oct _ OCt

fc% - aO alf g éOCtO (10)

a2ef £ 9
at q = 0 degrees (tensile meridian)
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Loct Soct a8 octdy’
== =by+b b 11
fcg lf g + Zef % '] ( )

at q = 60 degrees (compressive meridian)

Because attention is paid only to the compressive meridian,
the equation of compressive meridian can be transformed as
follows

— _S;*+s,+s; & B 2f|¢
Soct T TU3re C 3fg 3 (12)
f,C;
toot = J:B (f& - ﬁa% oct ¥ g;g (13)
C
For triaxial case s, = s, =f¢ then
toet = Do+ Dy(Soet) * Da(S oe)” (14)
Substituting Eq. (12) into Eq. (14)
aB(b, + /2
fg = f§e—Hp—* (15)
e 2

A/ae;(bl+ﬁ)o 9, 9.2fi¢, 2f,¢0-

g 2b2 (%] b2 b2 c% fcg g

Mander, Priestley, and Park® determined f £ using thetest
results of Schickert and Winkle!! (b, = 0.12229, b, = —1.15,
and b, = -0.315)

6 _f¢
fg =f / 2 5 (16
¢ Cq{ 1.254 + 2.254 1+794c$ zc%] (16)

Inthisstudy, using thetest results of K haloo and Ahmad2 for
high-strength concrete, by = 0.113, b; =—1.26, and by = -0.559,
and f¢ for high-strength concrete was proposed as follows

f¢ _f¢
f¢ =f = _p - 17
& cg;{ 0.413 + 1.413 /1+114c$ c%] (17)

Inthisstudy, f ¢ wasestablished using theresults of active
confinement. The peak stresses of concrete under passive
confinement with different stiffness, however, were always
around the failure envelope of active conflnement and the
differences were found to be msgnn‘lcant Therefore, it
seems reasonable to consider that the difference between the
active and passive confinement fracture envelopeisnegligible.
In effect, the failure envelope could be considered to be
stress path independent. Comparison between the previous
equationsisshowninFig. 12. It isevident that the octahedral
shear stress of high-strength concrete is smaller than that of
normal-strength concrete at a given octahedral normal stress.
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Fig. 12—Ultimate strength surfaces on octahedral plane.

For the properties of concrete confined by high yield
strength stedl, it should be noted that fi¢defined by Mander,
Priestley, and Park® was based on the yield strength of the
confining strength of the confining steel. The comparison
between Mander, Priestley, and Park’ smodel and thetest re-
sults, however, show that the former model generally over-
estimated f.¢ for concrete confined by high yield strength
steel. Thisis because the ultra high yield strength of steel is
not devel oped until a high transverse strains, hencethereisa
delayed confining effect on the concrete relative to that pro-
vided by normal yield strength steel.

In this study, a regression analysis was conducted using
the test results to modify the fi¢f ¢ value used to calculate
fof . Because the test results cover both confined normal- and
high- strength concrete, Eq. (18) proposed by Mander, Priest-
ley, and Park® was adopted for modification. The modifica
tion factor was found to be

f, f,
fg =fg {—1.254+2.254 /1+7.94asf ; 2a; ;] (18)
Ci

f
When f g £52MPaag = (21.2—0.35f )f'—(t (19)
C

f
When f§ >52MPaa, = 31ng¢ (20)

c

where f|¢is the effective lateral confining pressure, calcu-
lated using the equations proposed by Mander, Priestley,
and Park, given as follows:

For circular confined section

fi¢ = 0.5Kr ofy (22)
For circular hoops

_ (1-05s¢ed)”

 pr (22)

For spirals
K, = e @)
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For rectangular confined section:;
Theeffectivelatera pressureisgiven with good accuracy by

fie = 05K (r +r)fy, (24)
where
n 2
C.
1-8 |- [1— o.si‘ﬂ ‘ [1— 0.520'1
|: ?‘ 6bcdc:| bc dc
Ke = izl - (25)

cc

Axial strain at maximum strength e,.—For circular con-
finement with ordinary-strength steel

f,672
See - 1.0+384[ng} (26)
C

(o{0)
For rectilinear confinement with ordinary-strength steel

£ ¢0.7
Sec = 10+ 11.3[L¢} @7)
({0) f g

C
For circular confinement with ultra-high-strength steel

.
Sec = 1.0+ (120 15541 )gfelgg when f, £ 50 MPa(28)
C

Co

D

£ ¢
E—CC = 1.0+ (71.4—0.623f ¢ )g%fg whenfg, >50 MPa(29)
Ci

Co

For rectilinear confinement with ultra-high-strength steel

Cou = 20+ (87-1.06fg ) /% when f., £ 50 MPa (30)
C

eC (o]

eC (o]

Sou = 20+ (534-042fg) /f'%; when fg >50 MPa (31)
Ci

Factor to control the slope of the descending branch b—
For concrete confined by circular confinement

b =0.2whenf,, £ 550 MPaand f§ £80MPa  (32)
b = 0.08 when f,;, > 1200 MPaand f§ £80MPa  (33)
b = 0.2 when ,, > 1200 MPaand f§ >80 MPa  (34)

For concrete confined by rectilinear confinement

o %6t
b = (00481 ~214)~ (00981 ~45NELL (39

When f, £ 550 MPaand f§ > 75 MPa (36)
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b = 0.07 when fy, > 1200 MPaand f§ £ 80 MPa  (37)
b = 0.1 when f, > 1200 MPaand f§ >80 MPa  (38)

For rectilinear confinement with ordinary yield strength
(fyn £ 550 MPa), it was not possible to determine a uniform
coefficient to fit all experimental curves. Therefore, the b
value for each experimental curve was found using a trial-
and-error method. The b values previously recommended do
not cover all ranges of material strength with continuity, and
hence, improvement in future research is expected.

Maximum concrete strain e;,—The maximum concrete
strain e, has often been used in ductility calculations.
Scott, Park, and Priestley!* observed that it is reasonably
conservative to define the limit of useful concrete compres-
sive strain as the strain at which fracture of a hoop first oc-
curs. In this study, the following empirical equations were
proposed to estimate the ultimate compressive strain e,
where the first hoop fractures occurs due to serious buckling
of longitudinal bars.

For circular confinement with normal-strength steel

f
Sou = 24 (1435- 1481 ¢) /f% when fg <80 MPa (39)
Ci

(o]0]

eC (o]

Cou = 2+ (80.8-074fg) /% whenfg 3 80 MPa (40)
C

For rectilinear confinement with normal-strength steel

2 = 24+ (1225-0.92f ¢ ) /f%p when f <80 MPa (41)
C

2+ (82.75-0.37§ ) E when f§ @ 80 MPa (42)
Ci

For circular confinement with ultra-high-strength steel

f
— = 20+ (86.7—1.06f§) /% when fg £ 50 MPa (43)
Ci

U = 20+ (53.5-0.42f ¢ ) /f% when f g, > 50 MPa (44)
C

Co

For rectilinear confinement with ultra-high-strength steel

Seu = 20+ (70.0- 0.6 ¢) /%; when f., £ 50 MPa. (45)
C

eC (o]

f
—U = 20+ (49.0-0.2f§) /% when f§ > 50 MPa (46)
C

Figure 4 to 7 show comparisons between the experimental
curvesand theoretical curves determined using the previously
described method. Overall the stress-strain model of con-

ACI Structural Journal/May-June 2001



;g- 3HB1 e ‘V_\V
g sy 1
$ s HEAH -
& e T ]
ol
NN AN

[/] 0.b1 002 003 004 005 006 007 008
Axial Strain mm/mm

Fig. 13—Stress-strain curves of specimens under cyclic and
monotonic loading conditions.

fined high-strength concrete proposed herein isquite close to
the tested data, especialy in the descending branch of the
stress-strain curve.

It was aso evident that none of the available high-strength
concrete models are able to predict satisfactorily the measured
stress-strain behavior of high-strength concrete confined by
circular or rectangular transverse reinforcement with different
yield strength. All the models predict the ascending branch
of the stress-strain relationship fairly well, whereas the pre-
dicted descending branch of the curve is not consistent. All
the model's underestimated the maximum concrete strength,
thus giving a very conservative stress-strain prediction for
concrete confined by ultra high yield strength steel. More
attention must be given to the following aspects, especially
for the case of high-strength concrete.

1. It is notabl e that the magnitude of the compressive con-
crete strain measured in the postpeak stress region depends
significantly on the gage length and location of strain mea-
surement. This aspect does not relate directly to the confin-
ing effect but influences their assessment. Because the gage
length and the location of strain measurement are different
among researchers, it isdifficult to compare datafrom differ-
ent sources;

2. In the past tests on confined high-strength concrete,
small scale models with less than 150 mm square section
were used due to the limit of loading capacity of the testing
machine. The difference in specimen size may also lead to
difficulty in comparing test results from different sources;
and

3. The relative stiffness of the testing machine and the con-
crete specimen is one of the key points, particularly for high-
strength concrete. A flexible testing machine used close to its
upper capacity will tend to snap back once peak |oad isreached,
giving nonrepresentative results. Thisfactor will make compar-
ing the test results from different sources difficult.

Cyclic loading curves

For ordinary strength concrete confined by ordinary
strength steel, it is normally assumed that the monotonic
loading curve corresponds to the envelope curve of the
stress-strain curves under cyclic loading. In this study, it
was found that the assumption that the monotonic loading
curve represents the skeleton curve of the stress-strain
curves under cyclic loading is till valid, regardless of the
concrete compressive strength and the yield strength of
transverse reinforcement. Figure 13 shows the results for
two specimens with the same confinement and nearly the
same compressive strength of concrete tested under cyclic
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Fig. 14—Comparison of experimental and analytical cyclic
stress-strain curves.

and monoatonic loading conditions. Comparison between the
experimental results and those predicted using thecyclic stress-
strain mode! proposed by Mander, Priestley, and Park’ s? mod-
e modified by Dodd and Cooke'® showed very good agree-
ment (Fig. 14).

CONCLUSIONS

Based on the results of this investigation, the following
conclusions can be drawn.

1. The most significant parameters affecting the shape of
the stress-strain curve of confined high-strength concrete
for all section shapes are the volumetric ratio and the yield
strength of the confining reinforcement. As the yield
strength of the confining reinforcement increases, the
strength of the confined concrete also increases. The ulti-
mate longitudinal strain was defined as the strain at first
hoop or spiral fractured;

2. Theinfluence of concrete compressive strength on the
degree of column ductility is significant, particularly for
concrete compressive strengths exceeding 60 MPa. Re-
gardless of the concrete compressive strength, however, an
increase in the confinement ratio increases the peak stress
attained, increases the ultimate strain at first hoop or spiral
fracture, and decreases the slope of the descending branch-
ing branch. An increase in the spacing of transverse rein-
forcement tends to reduce the efficiency of the
confinement;

3. A stress-strain model for high-strength concrete confined
using different types of normal-strength and high-strength
confining reinforcement is proposed. The model is found to
give reasonably good predictions of experimental behavior of
circular and square specimens with high-strength concrete
confined by either normal or high yield strength confining re-
inforcement with various configurations;

4. In axial loading tests on normal- and high-strength con-
crete cylinders and prisms confined by spiralsor heliceswith
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two ultrahigh and normal strength transverse reinforcement,
the strength and ductility of the confined concrete was sig-
nificantly enhanced when the ultra-high yield strength of
steel was used. The expected general improvement of the be-
havior of confined high-strength concrete with confining re-
inforcement was observed in the tests;

5. To prevent a relatively early loss of strength of high-
strength concrete caused by both buckling of reinforcing
bars and excessively deep arching of the confined concrete
in between the spirals and hoops, all specimens should have
sufficiently close spacing of transverse reinforcement. A
maximum pitch of 4d, for Grade 430 transverse reinforce-
ment or 5dy, for ultra-high-strength steel is recommended.
For rectilinear confinement in high-strength concrete, the
number of longitudinal bars must not be less than eight and
those bars should be distributed along the perimeter of the
column;

6. Theanalytical stress-strain model proposed in this paper
was found to give reasonably good predictions of the exper-
imental behavior of circular and square specimenswith high-
strength concrete confined by either normal or high yield
strength confining reinforcement with various configura-
tions; and

7. When cyclic and monotonic loading were applied to
prisms and cylinders confined by transverse reinforcement
with yield strength less than 500 M Pa, the envel ope skel eton
of stress-strain curves coincided closely with the stress-
strain curve obtained from amonotonic |oading test, even for
high-strength concrete specimens.
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NOTATION
d, = nomina diameter of longitudinal reinforcing bar
d. = diameter of confined concrete core of circular column section,
measured to center-line of spiral or circular hoop
ds = effective core diameter between circular hoop or spiral bar centers
E. = Young'smodulus of elasticity for concrete
Es = Young'smodulus of elasticity for steel
fo = concrete stress
f¢& = specified concrete compressive strength
f# = confined concrete compressive strength
fo§ = in-place unconfined concrete compressive strength
fi = transverse confining stress
fit = effectivetransverse confining stress
fy = yield strength of steel in tension
fyh = yield strength of transverse reinforcing steel
Ke = confinement effectiveness coefficient, based on arearatio
s¢ = clear spacing between circular hoops or spirals
S, = Ccenter-to-center spacing of spiral or hoop sets
€ = concrete compressive strain
406

€c = strainat maximum confined strength of concrete f ¢

6o = compressive strain at maximum in-place unconfined concrete
strength f.§

€y = ultimate concrete compressive strain

g = yield strain of steel

lec = volumetric ratio of longitudinal reinforcement in confined core
concrete

r¢ = volumetric ratio of confining reinforcement to core concrete

ry = lateral confining steel parallel to x-axis

ry = lateral confining steel parallel to y-axis
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