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&3 Prediction of Stress-Strain Curve for Confined Concrete Based
on Transverse Steel-Concrete Interaction
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ABSTRACT: Constitutive relations for concrete under axial and lateral compressive stresses
are derived based on experimental results of axial loading tests on confined and unconfined
concrete cylinders. An analytical confinement model is applied to cross sections with various
types of transverse reinforcement configuration. Stress and strain at peak load are evaluated by
the constitutive relations obtained and lateral stress calculated. A procedure which can predict a
whole stress - strain curve of confined concrete based on transverse reinforcement and concrete
interaction is proposed. The theoretically obtained results are compared with experimental ones.
KEYWORDS: confined concrete, transverse reinforcement, stress - strain curve, lateral stress,
lateral strain

1. INTRODUCTION

Various kinds of stress - strain curve models for concrete confined by transverse rein-
forcement have been proposed. Some of them focused on lateral expansion of concrete and
reaction of transverse reinforcement to concrete. In this paper, a procedure which can predict a
whole stress-strain curve for confined concrete using transverse steel - concrete interaction is
proposed.

2. CONSTITUTIVE RELATIONS FOR CONCRETE

Uniaxial stress-strain relation of confined concrete can usually be formulated provided
that at least three governing parameters are known; (1) initial tangential stiffness (2) stress and
strain at peak axial load and (3) stress and strain of a point on the descending branch.

By studying in depth the test results of axial loading tests on the confined concrete cylin-
ders reported in the reference [1], it is apparent that the attainable lateral pressure at maximum
axial load is the key factor that determines the maximum stress and strain at peak axial load and
the shape of the descending branch of the axial stress-strain curve. In order to derive a math-
ematical expression for the stress-strain relation, the stress-strain characteristics of confined
concrete are related to the lateral pressure attained at maximum axial load.

2.1 LATERAL STRESS AND LATERAL STRAIN AT PEAK AXIAL LOAD
Based on the experimental results reported in the reference [1] the following expressions
for the lateral stress and strain of confined concrete cylinders are derived.
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in which f,, is the lateral pressure at peak; f, . is
the maximum potential lateral pressure,

Jrmax =2LA,/sD,. f,, A and s are the tensile
strength, the sectional area and the spacing of the
spiral, respectively; D, is the diameter of confined
concrete cylinder; e=2.718 (natural logarithmic num-
ber) and f' is concrete compressive strength in MPa.

The ratio f,,/f, n.x calculated by Eq. 1 is plotted in
Fig. 1 against the one from the experiment.

¥
8'71 =0.21+1.60 fp (2)

c

in which €, is the lateral strain at peak of confined
cylinder in %. Eq. 2 represents the locus of points
having a pair of lateral stress and lateral strain val-
ues that determines the peak load condition for a
given concrete strength. Fig. 2 shows the compari-
son of €, estimated by Eq. 2 with the experimental
results.

2.2 AXTAL STRESS AND AXIAL STRAIN AT
PEAK LOAD

Fig. 3 shows the relations between the mea-
sured maximum stress and the corresponding lat-
eral pressure reported in the reference[1]. Linear
regression analysis of these data results in Eq. 3.
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in which f,_ is the maximum stress of confined con-

crete. The formula was derived based on the pro-
posal by Richart et al.[2] The only difference is the
coefficient of the second term of the right hand side.

The ratio of strain at peak load of confined
concrete, £, to the strain at peak load of the plain
cylinder, €, , was determined by regression as shown
in Fig. 3 and expressed by Eq. 4.
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2.3 STIFFNESS OF CONCRETE IN LATERAL
DIRECTION
For a spirally confined concrete cylinder lat-
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eral strain can be expressed as

f,
£ =V€ —E—(l—v) )

F c
cr

in which v is the Poisson's ratio as a function of axial stress-strain level; €, is the axial strain;
E_, is the tangential modulus of elasticity of concrete in the lateral direction as a function of
lateral stress-strain level. If the first term of the right-hand side is known, the tangential stiff-
ness E_, is determined from the measured lateral stress and strain. Due to difficulties in measur-
ing the lateral strains of plain concrete on the large deformation stage, the secant lateral stiff-

nessupto 1/3- f' of concrete given in Eq. 6 is assumed in this study based on p (=0.17) in the

initial elastic range. In this study the stiffness of concrete element, E_, is needed to determine
the relative confining effect of various configuration of confining steel as shown later. There-
fore, what is essential in the analysis in Section 3 is the relative stiffness between concrete
elements. The error in determination of E_ does not affect the evaluation of confining effect as
long as the same E_, is used in all concrete elements.

100 , .\
E, =W(»fc)12 (6)

3. ANALYSIS OF TRANSVERSE REINFORCEMENT SYSTEM TO PREDICT LATERAL
PRESSURE FOR VARIOUS TYPES OF CONFIGURATIONS

3.1 IDEALIZATION OF TRANSVERSE STEEL - CONCRETE INTERACTION
A reinforced concrete cross section with a peripheral hoop is shown in Fig. 6a. The con-
crete is discretized into a number of segments bounded by the steel bar element and the lines
joining the centre point O and the midpoint between two nodes as shown in Fig. 6b. The lateral
confining steel bars are also divided into a number of finite elements. The interaction of the
concrete segments and the steel bar elements is idealized as shown in Fig. 7a. The concrete
segment is represented by an axial compressive element having axial stiffness k, and zero
tension strength shown in Fig. 7b. The equilibrium and compatibility conditions between con-
crete and steel elements are enforced at all nodes.
In this model, all con-

(a) Concrete-Transverse Steel System depends on the axial com-

crete segments are sub-
Coierits , jected to uniform free lat-
Segment \ ¢ / Steel eral strain. Therefore, each
a\ " Element  concrete element pushes
N\ the lateral steel outwards at
I / \ Conerere  G2Ch node. The restraint

oncrete <
7 | Etement action of the lateral steel

E )

(a pressive stiffness of the
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f: = b‘j compression lateral stiffness and/or flex-
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system at each node.

Concrete Segment Steel b ks AL
. Node ¢
(b) Assumption of Stress State terision 3.2 STIFFNESS OF CON-
in Concrete Segment (b) CRETE ELEMENT
An idealized axial con-
Fig. 6 Basic concept of Fig. 7 Modeling of steel- crete element is shown in
confining mechanism concrete system Fig. 8. The lateral com-
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pressive stress is assumed to be uniform along the
steel element and along the boundary lines of the con-
crete segments. Nodal force F is given as

E=fLs )

The axial compressive deformation of the segment,
Ar, is given by Eq. 8.
rO

r, Fr
Aro = -[() £,(r)dr:m (8)

(3 cr

The stiffness of the concrete element k_is de-
fined as F,/Ar,. Therefore,

k s F;— _LeSEcr
‘T Arr ®

0 0

Concrete Segment

Concrete Element

<

Fig. 8 Idealization of concrete
element

3.3 FORMULATION OF STEEL FINITE ELEMENT

Fig. 9 shows a beam-column finite element with a number of monitoring sections. The
reference system of coordinate for the element is the local coordinate system X , ¥, which does
not coincide with the global reference system. The longitudinal axis X is taken at the geometric

centroid of the section shown in the figure. The
load-deformation behavior of the element is deter-
mined by the behavior of the monitoring sections.
Each section is discretized into fibres defined with
respect to the member axis. The contribution of
stress gradient within each layer to the bending mo-
ment is considered. Each fibre follows the uniaxial
stress strain relations of reinforcing steel. The ide-
alized stress-strain curve under monotonic loading
derived by Yokoo and Nakamura [3] was used in
this study.

4. NUMERICAL EXAMPLES

Six configurations of transverse reinforcement
shown in Fig. 10 were analyzed. The transverse steel
with yield strength of 1300MPa and the concrete
with compressive strength of 34.1 MPa were used
for all types. The spacing of the transverse rein-

volumetric ratio and spacing were assigned to all
types although the bar diameters were different.
The peripheral hoop is divided into 24 elements.

forcement was 70mm and therefore the volumet-
ric ratio to the concrete core was 2.15%. The same Q I}w .

63 M;

X
Steel Element

Fig. 9 Steel finite element

300 mm

Spiral or Circular Hoop Type 1

The analysis was proceeded to obtain nodal force %" ey

increment AF, corresponding to the small incre-

ment of the lateral strain in the plain concrete.

}wmm/ N
N

The lateral stress-lateral strain relations are plot-
ted in Fig. 11a. The lateral stress and strain plot-
ted in this figure are obtained by averaging the
lateral stress and strain values at all nodes. The
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spiral is the most effective and the simple tie (Type 1) is the least. Fig. 11b shows an example
of the distribution of lateral stresses along one side of the peripheral tie at the lateral strain of
3.0%. The lateral stress provided by the spiral is uniform, while the distribution of lateral
stresses in the other configurations depends on the number of cross-ties.
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Fig. 11 Theoretically predicted lateral stress for various types of configurations

5. DETERMINATION OF STRESS-STRAIN VALUES AT PEAK LOAD AND STRESS-
STRAIN CURVE FOR CONFINED CONCRETE COLUMN

The relationship between the lateral strain and lateral stress at peak axial load can be
expressed in Eq. 2. This equation gives the peak load condition of confined concrete, hence
referring herein to Peak Load Condition of Confined concrete as PLCC line, that is a boundary
between the pre-peak and post-peak state for a given concrete strength. If the observed lateral
strain and stress coordinate is located above this line, the corresponding axial stress-strain point
is located on the ascending branch of the stress-strain curve. If the observed lateral strain and
stress coordinate is located below this line, the corresponding point is located on the descending
branch.

On the other hand, the lateral stress-lateral strain relations of the transverse steel system
obtained from the computer analysis depict the potential of the transverse reinforcement in
providing the lateral pressure to concrete. By enforcing compatibility in the lateral deformation
between concrete and the transverse steel system, the lateral stress and lateral strain at peak load
may be determined from the intersection of the PLCC line and the lateral stress-lateral strain
curve of the transverse steel system. In order to follow the form of PLCC line equation given by
Eq. 2, the lateral stress is normalized by con-

crete cylipder strength £ as illustrated in Fig. . U‘ - Computatinnal

12. Having obtained the frp/ f. value at the * I~ /— at peak Results

intersection, the lateral pressure f,, at peak 8 =

axial load can be calculated and the axial stress E

/.. and strain €, at peak may further be deter- § "

mined from Eqs. 3 and 4. b g
Twenty one column specimens were cho- S .

sen for the comparison; one circular column 3 Lateral strain, €

labelled 30-M-25 in the reference [1] and Z_ ot peak =

twenty square columns tested by other re- p 4P

searchers. The peak stress of the twenty square Fig. 12 Determination of lateral stress

columns predicted using the proposed method at peak load
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are compared in Fig. 13 with the experimental results.

Fig. 14 shows one of the examples in which a stress-strain curve predicted by the above
method is compared with the experimental results. To obtain a complete stress - strain curve the
equations proposed by Popovics [3] was used. The figure indicated that the proposed method
has capability of predicting the stress-strain curve of confined concrete with enough accuracy.

6. CONCLUSIONS

A prediction procedure of stress-strain
curves of confined concrete based on lateral
stress and strain was proposed. The predicted

curves agreed well with the experimental re-
sults.
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