R

< P Copyright © 1996 Elsevier Science Ltd
° Paper No. 825. (quote when citing this article)

Eleventh World Conference on Earthquake Engineering
1 WoEE ISBN: 0 08 042822 3

A MODEL OF CONFINEMENT EFFECT ON STRESS-STRAIN RELATION OF
REINFORCED CONCRETE COLUMNS FOR SEISMIC DESIGN

JUN-ICHI HOSHIKUMA ', KAZUHIKO KAWASHIMA *, KAZUHIRO NAGAYA *
and ANDREW W. TAYLOR *

1 Research Engineer, Public Works Research Institute, Ministry of Construction
1 Asahi Tsukuba, IBARAKI, 305, Japan
2 Proffesor, Tokyo Institute of Technology, Department of Civil Engineering
2-12-1 Oh-okayama Meguro, TOKYO, 152, Japan
3 Assistant Research Engineer, Public Works Research Institute, Ministry of Construction
1 Asahi Tsukuba, IBARAKI, 305, Japan
4 Research Structural Engineer, National Institute of Standards and Technology, U.S. Department of Commerce
Building 226, Room B158, Gaithersburg, MD 20899

ABSTRACT

In this paper, a stress—strain model of concrete which takes confinement effects into account is developed, based on
the results of a series of compression loading tests of reinforced concrete column specimens. The stress—strain
model was formulated by evaluating the relationship between several key parameters and the stress—strain behavior
observed in the experiments. It is shown that the predicted stress—strain relation provides better agreement with the
experimental results than previous models.
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INTRODUCTION

Various studies on the confinement effects of lateral reinforcement in column have already been conducted (Kent et
al., 1971, Sheikh et al., 1982, Muguruma et al., 1980, Mander et al., 1988, Fujii et al., 1988a, Saatcioglu et al.,
1992). The focus of the paper is discussed below.

Reinforced concrete bridge piers constructed in Japan have larger concrete sections and thus lower hoop
reinforcement volumetric ratios than those constructed in the United States and New Zealand. In Japan, reinforced
concrete bridge piers generally have a volumetric ratio of 0.3% to 0.5% of hoop reinforcement, and hoops with a
yield stress of 295 MPa or 345 MPa. The models described above were developed based on data from the loading
tests (Muguruma et al., 1978, Sheikh et al., 1980, Park et al., 1982, Mander et al., 1988b, Fujii et al., 1988, Razvi
et al., 1989). Although a few specimens containing a volumetric ratio of hoop reinforcement less than 0.5% have
been tested previously, they must be considered special cases, because high tensile strength steel was used for the
hoop reinforcement, and some of the specimens were subject to eccentric loading. Therefore, the previous models
may not adequately represent confinement effects in the range of low hoop reinforcement ratios. It is also pointed
out that only Mander's and Saatcioglu's models can be directly applied to concrete bridge piers with wall-type cross
sections. It is, therefore, necessary to study the confinement effects for wall-type sections as well.



Table 1 Test specimens

. Dimension |Strength of |Longitudinal Hoop Reinforcement Aspect
Specimen |of Section |Unconfined Reinfor— - - : Ratio
and Height | Concrete cement Material / | Spacing |Volumetric |Anchorage| of
(mm) (MP2) | Ratio (%) |Diameter(mm) | tem) | Ratio (@) | Type ™ |Section
SCo - - - -~
SC1 15 0.39
c lsca] #%0 185 0 10 0.58 _
SC3| | 00 - SR235 ¢6 5 1.17 Weld
SC4 - 25 2.33
S SC5 1.25 4.66
SS0 - — - -
S§S1 200 15 0.39
552 X 10 0.58
S iss3] 200 22 0 SR235 ¢6 5 1.17 Weld -| 10
SS4 h=600 2.5 2.33
S§S5 1.25 4.66
LCO - - — -
LC1 30 0.19
LC2 SD205 D10 LD 0.39
LC3 10 0.58
¢ 500 Weld
LC4 288 101 5 1.16
C |LC5 h=1500 : ! SD295 D13 30 0.34 -
LCé - SD295 D16 30 0.54
LC7 90°' Hook
1LC8 SD295 D10 10 0.58 135' Hook
L LC9 180" Hook
LSO - - - —
Ls1] % SD295 D13 |6 173
S |LS2 500 0.95 SD295 D16 7.5 2.19 1.0
LS3 h=1000 SD295 D13 | . 4 2.60
LS4 B 243 SD295 D16 4 4.10 Weld
LW1{ 350X700 0.97 6.5 1.72 2.0
w {:&ng 300 X900 1.03 SD295 D13 6.7 };; 3.0
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Fig. 1 Construction details of specimens: (a) cross sections; (b) details for specimen LC3




Fig. 2 Experimental setup with 30MN Universal Testing Machine

In this research, a series of compressive loading tests were conducted to study several effects of the confinement on
the stress—strain behavior. In these tests, hoop volumetric ratio, hoop spacing and configuration of the hook in the
hoop reinforcement were varied as parameters. It is the main purpose of this research to propose a stress—strain
model of confined concrete which is applicable to a wider range of hoop reinforcement ratios than previous models.

COMPRESSION TEST OF CONFINED CONCRETE COLUMNS

The test specimens are described in Table 1. Thirty one specimens, with circular, square and wall-type sections as
shown in Fig. 1, were constructed to evaluate the confinement effect in terms of volumetric ratio, spacing and
configuration of the hook of the hoop reinforcement. The strength of unconfined concrete is usually determined by
uniaxial loading test for a concrete cylinder with 20cm height and 10cm diameter. On the other hand, it is often
pointed out that the scale effect on the strength of unconfined concrete can be considerable. To avoid such an effect,
the strength of unconfined concrete was determined from tests of Specimens SCO, SSO, LCO and LSO, with the
same geometry, size, and concrete casting practice as those of the confined concrete columns, as given in Table 1.

Portland cement and aggregates with maximum size of 13mm were used in the specimens. The water/cement ratio
was set as 0.50 to 0.65. Round bars were used for hoop reinforcement in the SC and SS Series, and deformed bars
were used for longitudinal and hoop reinforcement in the LC, LS and LW Series. The yield stress of the bars was
235 MPa for round bars and 295 MPa for deformed bars. Only hoop reinforcement was provided in the SC and SS
Series, so that the effect of confinement could be isolated. The longitudinal reinforcement ratio was set at
approximately 1% in the LC, LS and LW Series, because that is the typical value for bridges in Japan. The
volumetric ratio of hoop reinforcement was varied in the range of 0.19% to 4.66%. The hoop reinforcement was
anchored by hooks or by welding, and the joints were staggered over the specimen height as illustrated in Fig. 1.
Specimens LC7, LC8 and LCY used hoop reinforcement with 90, 135 and 180 degree hooks, respectively. In the
remaining specimens, the hoop reinforcement was anchored by a fillet weld, as illustrated in Fig. 1.

To examine the effect of cross sectional shape on confinement, specimens of various shapes were tested. In the
wall-type piers, it may not be possible to achieve effective confinement with hoop reinforcement alone. Therefore,
four cross ties were installed across each hoop in Specimen LW4. The volumetric ratio of hoop reinforcement in
Specimen LW4, including the cross ties, is 2.45%.
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Fig. 3 Comparison of stress-strain relation from test results, and from predictions by (7)
and (9): (a) SC Series; (b) SS Series; (c) LC Series; and (d) LS Series

Figure 2 shows the experimental setup in a 30MN capacity universal testing machine at the Public Works Research
Institute. All specimens were subjected to uniaxial compressive loading under displacement control, at a rate of
Imm/min. The axial deformation of the specimen, between the top and bottom load heads, was measured by two
linear potentiometers placed on opposite sides of the specimen. The longitudinal strain was calculated by dividing
the measured axial deformation by the total height of the specimen. Because failure of the concrete did not occur
over the whole height of the specimen, but only over part of the height, the question is raised as to what length
should be assumed in calculating the longitudinal strain. One option is to use the height over which the failure of
the concrete occurs. However, measurement of this height may be made only after the failure of the concrete is
initiated. On the other hand, before concrete failure occurs, the total height contributes to the deformation. Thus, it
is difficult to evaluate the appropriate total height for whole loading sequence. Based on these considerations, it was
decided to use the total height of the specimen to evaluate longitudinal strain over the entire loading sequence.

OBSERVED STRESS-STRAIN RELATION

Figure 3 shows stress—strain curves for circular and square cross sections with various volumetric ratios of hoop
reinforcement. A predicted relation, which will be described later, is also presented for comparison in Fig. 3. It
should be noted that the initial stiffness is independent of hoop reinforcement ratio. As the volumetric ratio of hoop
reinforcement increases, both the peak stress and the strain at the peak stress increase, and severe deterioration of
concrete after the peak stress is prevented. It is also clear that the confinement effect is highly dependent on the
cross sectional shape.
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Figure 4 shows the effect of the confining reinforcement hook configuration on the stress—strain curve. Similar
stress-strain curves were observed regardless of the anchorage type. In all specimens, failure of the hoop
reinforcement did not occur near the hook. It may be said, therefore, that for the three types of hooks in cirtular
cross section the stress—strain behavior was insensitive to hook configuration.

Figure 5 shows the effect of aspect ratio of the cross section for 5 specimens with the same volumetric ratio of hoop
reinforcement of 1.75%. It can be seen that when a constant amount of hoop reinforcement is provided, the peak
stress and the ductility deteriorate as the aspect ratio of the section increases. The stress—strain relation of Specimen
LW3 is quite close to that of unconfined concrete. It is apparent that confinement can not be effectively achieved
using rectangular hoop reinforcement in a section with an aspect ratio of the section of 4.0. On the other hand, the
stress—strain relation of Specimen LW4, with cross ties, shows significantly improved performance over Specimen
LW3. Therefore, the effect of cross ties is significant in increasing the ductility of concrete piers with wall-type
cross sections.

MODELING OF STRESS-STRAIN RELATION

It can be seen in Fig. 3 that the stress-strain curve consists of three parts, i.c., an ascending branch, falling branch
and sustaining branch. In most of the stress—strain models proposed previously (ex. Kent et al., 1971), the ascending
branch has been formulated by a second order parabola. This is because a second order parabola is a simple
mathematical expression and it represents well the stress—strain relation. However, it should be noted that the second
order parabola can reflect only three boundary conditions, even though the stress—strain model for the ascending
branch of confined concrete should reflect the following four boundary conditions.

a) initial condition : f . =0 at € .=0 (1)
b) initial stiffness condition : d f ./d e .=E. at € .=0 ?)
c) peak condition: f .= f .. ate.=¢€. 3)
d) peak stiffness condition :d f ./d e .=0 at e.=¢€.. 4)

where, f .. = peak stress; € .. = strain at peak stress ; and E . = initial stiffness.
By disregarding (2), the second order parabola is expressed as

V2
fc=fcc{26c—< = }
€ cc €cc | )
The initial stiffness 2 f ../ € . in (5) is an implicit function of the volumetric ratio of hoop reinforcement, since
both f.. and €.. depend on the hoop reinforcement content. However, test results show that the initial
stiffness is essentially independent of the volumetric ratio of hoop reinforcement, as illustrated in Fig. 3. To avoid
such an inconsistency, Mander et al. (1988) adopted a fractional function, which includes the initial stiffness as one

of four boundary conditions. Muguruma et al. (1980) and Fujii et al. (1988) considered (2) as well as (1) and (3) in
their second order parabola expressions. However, they needed to use two equations to represent the stress—strain




relation of the ascending branch.

To include (2), and avoid having to adopt two equations for the ascending branch, it is proposed here to assume that
the stress of concrete is represented by the function

f.=C,e."+C.e.+C; 6)
in which Ci, C2, Cs and n  are constants to be determined from (1) to (4). Eq.(6) enables simplification of the
stress—strain expression, while at the same time satisfying the four boundary conditions. By substituting (1) through

(4) into (6), one obtains
1 ec i)
fczEcec{l————( ' }

n E ezl (7)
where, 1 is a coefficient, and is given as
0= Ece..
Ececo—f .o 8)

A standard values of E . , provided by Japanese Specifications (Japan Road Association 1991) is used here. It is
assumed E . s not influenced by confinement.

The falling branch of the stress—strain curve is idealized here by a straight line, as indicated by the test results
shown in Fig. 6, and is formulated as

fe=fcc—EBaeslec—€cc) )
where, E 4cs = deterioration rate, which is developed from regression analysis of test data in the range of € ..
to € cu . The definition of ultimate strain, € cu , is important. In the tests, crushing of core concrete and buckling
of longitudinal reinforcement were observed when the compressive stress dropped to less than 0.5 f .. . Because
such damage is excessive and unrepairable, the strain corresponding to 50% of the peak stress f .. is assumed as
the ultimate strain € <. . By substituting £ . =0.5f .. into (9), the ultimate strain € cu is obtained as

fec

ZEdes (10)

5cu=ecc+

Kent and Park, Sheikh et al., Saatcioglu et al., and Fujii et al. considered the sustained stress after the falling branch
to be 20% or 30% of the peak stress. In the proposed model, a special effort was not made to develop a formulation
of the sustaining branch, since that region is not critical in the seismic design of bridges.

EVALUATION OF CONFINEMENT EFFECTIVENESS
Parameters for Confinement Effect

In the proposed model, expressed by (7) and (9), factors for controlling the stress—strain relation of confined
concrete are the peak stress, the strain at the peak stress and the deterioration rate. The effect of confinement on
these three parameters is determined based on the test results, as described below.

Figures 7 to 9 show the effet of the confinement on above three parameters. Results of the statistical approximation
are also presented in those figures. The test results indicate that the confinement effectiveness for circular and
square sections may be represented as

e 0438022t
f<:o fco (11)
e..=0.002+0.033 8 2=tn
feo (12)
£
Eaea=11. 9—5>—
psfyh (13)

in which @ and B are modification factors depending on cross sectional shape: for circular sections @ =1.0
and B =1.0; for square sections @ =0.2 and S =0.4.
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Estimation of Stress—Strain Relation

Based on (11) to (13), the stress—strain relation was computed for the test specimens shown in Table 1. Analytical
results are compared with the test data in Fig. 3. The computed stress—strain relations are in good agreement with
the test results.

Evaluation of Effect of Cross Ties
To evaluate the confinement effectiveness in wall-type columns with cross ties, Mander ef al. (1988) reported a
theory that accounts for the horizontal arching action of the concrete, which occurs between longitudinal reinforcing
bars. In Mander's model, the arches were represented by second order parabolas with an initial tangent slopes of 45° .
To study the confinement effect of cross ties, Specimen LW4 was analyzed. It is assumed herein that the whole
section with cross ties can be divided into five confined areas, and that each confined area is equivalent to a
concrete column of 25cm x 25cm square cross section as shown in Fig. 10. The volumetric ratio of hoop
reinforcement, O s , in the equivalent confined section is thus calculated as 2.85%. Therefore, the relations between
the confinement effectiveness and three factors f cc , € cc , Eaes  are obtained as shown in Figs. 7 to 9. It is
apparent that the test data of f cc , €cc ,and Eqes  in Specimen LW4 are very close to the prediction by (11),
(12) and (13) for square sections. Therefore, based on the test results, the confinement effect for wall-type sections
with cross ties may be simply evaluated using equivalent confined sections, as illustrated in Fig. 10.
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CONCLUDING REMARKS

To propose a reliable and practical stress—strain model for confined concrete, which includes the effects of low
confining reinforcement ratios, a series of loading tests were conducted for 31 concrete column specimens. The
conclusions from the study are as follows.

1) The formulation of (7) and (9) is proposed for the stress—strain relation of confined concrete.

2) The ultimate strain € .. is defined in this study as the strain corresponding to 50% of the peak stress, since
knowledge of behavior beyond € <. is not significant in the seismic design, due to excessive and unrepairable
damage. "

3) It is proposed to evaluate the peak stress, the strain at the peak stress, and the deterioration rate according to (11)
to (13). These expressions were derived based on the test results for specimens with a cross sectional dimension
of 20 to 50cm and a volumetric ratio of hoop reinforcement of 0.19 to 4.66%.

4) Cross ties in the wall-type section have a significant effect on increasing ductility. The confinement effectiveness
of cross ties can be evaluated by assuming an equivalent confined section, as shown in Fig. 10.

REFERENCES

"Part IV, Design of Foundations, Design Specifications of Road Bridges." (1991). Japan Road Association

Fujii, M. et al (1988). "A study on the application of a stress-strain relation of confined concrete." JCA Proceedings
of Cement and Concrete, Japan Cement Association, Vol.42, Tokyo, Japan, pp.311-314

Kent, D. C. and Park, R. (1971). "Flexural members with confined concrete.", Journal of the Structural Division,
ASCE, Vol.97, No.ST7, pp.1969-1990

Mander, J. B., Priestley, M. J. N and Park, R. (1988a). "Theoretical stress—strain model for confined concrete."
Journal of the Structural Division, ASCE, Vol.114, No.ST8, pp.1804-1826

Mander, J. B., Priestley, M. J. N and Park, R. (1988b). "Observed stress—strain behavior of confined concrete."
Journal of the Structural Division, ASCE, Vol.114, No.STS, pp.1827-1849

Muguruma, H. ef al. (1980). "A stress—strain model of confined concrete." JCA Proceedings of Cement and
Concrete, Japan Cement Association, Vol.34, Tokyo, Japan, pp.429-432

Muguruma, H. et al (1978). "A study on the improvement of bending ultimate strain of concrete." Journal of
Structural Engineering, JSCE, Vol.24, Tokyo, Japan, pp.109-116

Park, R. et al (1982). "Ductility of square—confined concrete columns." Journal of the Structural Division, ASCE,
Vol.108, No.ST4, pp.929-950

Razvi, S. R. and Saatcioglu, M. (1989). "Confinement of reinforced concrete columns with welded wire fabric." ACI
Structural Journal, 86(6), pp.615-623

Saatcioglu, M. and Razvi, S. R. (1992). "Strength and ductility of confined concrete." Journal of the Structural
Division, ASCE, Vol.118, No.ST6, pp.1590-1607

Sheikh, S. A. and Uzumeri, S. M. (1980). "Strength and ductility of tied concrete columns." Journal of the
Structural Division, ASCE, Vol.106, No.STS, pp.1079-1102

Sheikh, S. A. and Uzumeri, S. M. (1982). "Analytical model for concrete confinement in tied columns." Journal of
the Structural Division, ASCE, Vol.108, No.ST12, pp.2703-2722



