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SUMMARY

The use of high-strength concrete (HSC) is still not common in seismic zones since it is considered
as a fragile material. However, earlier experimental investigations have shown that HSC columns
may behave in a ductile manner when subjected to moderate axial compression and reversed cyclic
bending. For high axial compression, ductility is achieved with the use of a greater amount of
confinement steel. In this case, high-yield-strength steel (HYSS) may be used to decrease the
lateral steel content. However, the effectiveness of HYSS depends on many parameters. In a first
part, this article presents design equations for the determination of confinement reinforcement for
reinforced concrete columns that are related to the seismic demand. This approach is valid for any
strength of lateral steel and concrete. In a second part, some elements pertaining to the use of HSC
and HYSS are discussed for real structures subjected to seismic action.

INTRODUCTION

High-strength concrete (HSC) is now readily available on construction sites. However, engineers are still
reluctant to use this material in seismic zones as it is considered brittle. In the past ten years, extensive
experimental and analytical research have been conducted on HSC columns in Canada as well as in other
countries. Models have been proposed in order to predict the behaviour of HSC columns [Légeron and Paultre,
1999]. It has been shown that for HSC columns, a good confinement is necessary to reach sufficient
displacement capacity. This could lead to the congestion of the reinforcing cages, in certain cases. Hence, high-
yield strength steel (HYSS) has been used to decrease the amount of lateral steel. This was been found to be very
effective, in certain cases, while totally inefficient in some others [Cusson and Paultre, 1994]; [Li et al., 1994];
[Azizinamini et al., 1994]. It is not possible to fully understand the effectiveness of HYSS, used as confinement
reinforcement, based solely on experimental results. However, with a more rational approach, Cusson and
Paultre [1995] were able to explain the effectiveness of HYSS on columns subjected to concentric compression.
Légeron and Paultre 1999] extended the approach to columns subjected to constant axial compression and
reversed cyclic flexure. It is now possible to predict fairly well the behaviour of HSC columns subjected to
earthquake type loadings [Légeron and Paultre, 1999]. A practical approach to choose the concrete strength and
yield strength of confinement steel on sound bases is still needed. This is the main objective of this article. In a
first part, after a brief presentation of the confinement model used, new equations relating sectional ductility to
geometry and material characteristics of the columns will be introduced. A strategic approach to the use of high-
strength materials will then be discussed.

CONFINEMENT OF CONCRETE COLUMNS

Seismic design of concrete structures is based on dissipation of earthquake input energy through inelastic
deformation. The seismic demand is then represented by a couple of values (S, D) where S is the required
strength of the member and D is the displacement demand. S increases when D decreases and vice versa. D is
related to the displacement capacity of each member which is a function of the available sectional ductility of
each section of the member. Seismic design is a trade-off between ductility and strength. Once the required
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sectional ductility, µφ , for each section of the structure has been determined, the confinement steel has to be
computed accordingly.

The confinement reinforcement is not related to the seismic demand in the ACI code [ACI:389-95] and the
Canadian Standard [CSA A23.3-94]. It was stated [Sheikh et al., 1994] and [Bayrak and Sheikh, 1998] that this
amount of confinement could be very conservative for low axial load level, and non-conservative for high axial
load level as well as for HSC columns. It was suggested that confinement steel should be related to seismic
demand as it is implicitly the case in the New-Zealand Standard [NZS 3101, 1995]. The right approach is to
compute the transverse steel required to meet the seismic demand. The applicability of this method is
conditioned to the availability of an accurate confinement model. It was demonstrated by Cusson and Paultre
[1995] that the current confinement models developed for NSC were not adapted for HSC and they proposed a
model calibrated on a large number of experimental results. Légeron and Paultre [1999] extended the model to
all strengths of  concrete and all yield strengths of lateral steel. Based on this model, a procedure to compute
lateral steel related to the seismic demand, µφ , is proposed.

Confinement Model

The passive confinement provided by transverse hoops and ties is progressive, starting from zero when there is
no transverse strain to maximum when transverse strains reach yielding strain of the reinforcement. Earlier
confinement models developed for NSC were based on the assumption that yielding of transverse steel is always
reached at the peak of the confined concrete stress-strain curve. The key parameter in the proposed confinement
model is the determination of the actual stress level in the transverse reinforcement. To simplify the presentation,
we consider a square section with concrete confined core sides equal to c. The approach can be extended to
rectangular columns. The volumetric ratio of transverse reinforcement is defined as:

cs

Ash
s

2
=ρ (1)

where Ash is the total area of lateral steel and s is the spacing of ties. The confinement stress, fl , is determined by
equilibrium consideration [Cusson and Paultre, 1995]:

hccsl ff ρ
2

1= (2)

where fhcc is the stress in the steel at peak strain, which is assumed to be equal to the yield strength, fyh , in
traditional models for NSC. To account for the so-called arching effect, Sheikh and Uzumeri [1982] introduced
the effective confinement pressure fle  defined as folllows:

lele fkf =

where ke is the geometric coefficient of effectiveness [Mander et al., 1988]:
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where wi is the clear spacing between tied longitudinal bars, s’ is the clear spacing between ties, and ρg is the
volumetric ratio of longitudinal reinforcement. Defining the effective lateral steel content as

sese k ρρ = (4)

The effective confinement stress is
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hccsele ff ρ
2

1= (5)

The stress-strain curve should be capable of replicating the progressive action of lateral steel. Assuming yielding
of transverse steel was well adapted to NSC columns tested in the past. However, Cusson and Paultre [1995]
showed that this is not the case for HSC columns and tests by Li et al. [Li et al., 1994] proved that this
assumption was not adapted to NSC columns confined by HYSS as well, since yielding of lateral steel is not
always reached at peak of confined concrete stress-strain curve. The basic idea that was introduced in the Cusson
and Paultre confinement model [1995] is to calculate the effective confinement stress, fle , at peak of the stress-
strain curve of confined concrete, accounting for the actual stress, fhcc , in the transverse steel at this point. This is
achieved by both equilibrium and strain compatibility considerations. The effective confinement index is defined
as [Légeron and Paultre, 1999]:
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Further details on the model can be found in Légeron and Paultre [1999]. Predictions made with this model on
140 large-scale columns tested in compression, or in compression and reversed cyclic flexure, compared very
well with the experimental results [Légeron and Paultre, 1999]. The model is also able to predict when lateral
steel yields at peak stress of confined concrete and hence can predict when HYSS will be effective.

Relation between ductility and the effective confinement index

The relation between required ductility and the effective confinement index depends on many variables. In order
to investigate the influence of each variable, a parametric study on 120 columns subjected to constant axial load
and flexure was conducted. The behaviour of the columns was predicted with the model presented. The
investigated variables were:

•  The axial load level, n, defined as the ratio between the axial compressive load and Ag f’c , where Ag is
the gross concrete cross-section.

•  The effective confinement index Ie

•  The concrete strength f’c

•  The mechanical longitudinal reinforcement ratio 
'

c
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w ρ= , where fy is the longitudinal steel yield

strength

Based on this study, it was possible to relate the required effective confinement index to the sectional ductility
demand and the level of axial load as follows:

n
e eI 30018.0 φµ= (7)

This equation highlights the preponderant influence of axial load level. Also, for a given ductility and axial load
level, the required confinement index is constant regardless of the concrete strength. However, it has to be
emphasized that this results in a very different confinement pressure. If concrete strength is doubled, the required
confinement stress will also be doubled, resulting in a higher demand for confinement steel. This fact is
confirmed by experimental evidence.

The lateral reinforcement provided should ensure the development of the confinement pressure. This is usually
achieved by a trial and error procedure. However, this is not very practical. For design purposes, direct equations
relating the effective confinement index to the lateral steel are needed. It can be shown from the preceding
equations that the effective lateral steel content is given by:
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Further simplification may be achieved by decomposing the geometric coefficient of effectiveness in two parts:

vhe kkk = (9)
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For usual column size and geometry, it is possible to further simplify the procedure as:

h
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Noting that c and kh are usually known, one has to find a couple of values (Ash,s) that satisfy Equation (10).
Usually, Ash is known and one has to finds:
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The procedure can then be summarized as follows:

•  Determine the sectional ductility demand on the section, µφ

•  Determine Ie with Equation (7)

•  Determine ρse with Equation (8)

•  Determine Ash and s with Equations .(10) and (11).

USE OF HIGH-STRENGTH MATERIALS

Two important questions in the seismic design of reinforced concrete columns using high-strength materials are:
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Figure 1: Moment-axial load interaction curves

•  Is it economically worthwhile to use HSC to reduce the size or the number of columns?

•  What is the maximum effective yield strength of steel that can be used?

There is no clear answer to the first question, as it depends on the type of project involved. However, some
guidance is given regarding the use of HSC in the following paragraph. As for the second question, an equation
and a design graph are presented and provide the maximal effective yield strength of confinement steel that may
be used, given the effective confinement index and the concrete strength.

Use of High-Strength Concrete

HSC  may be 2 to 3 times more expensive than NSC to produce and, when casting price is considered (including
casting manpower), the difference is usually reduced to less than 50% for strength up to 100 MPa. Reducing the
size of members, or reducing the number of members, is therefore necessary to lower the cost of the structure
such as high-rise buildings, long-span bridges and high bridge piers. Usually, economic gain is reached by
reducing (i) the size of the members; (ii) the construction cost, specially in bridge construction; and (iii) the cost
of foundation. Figure 1 shows the interaction diagrams for columns with a 500x500-mm cross-section made with
40 and 100 MPa concrete and a 1.6% ratio of longitudinal reinforcement. The interaction diagrams are computed
with the program MNPhi [Paultre, 1997] using the rectangular block of the Canadian Standard for Design of
Concrete Structures [CSA A23.3-94], which has been modified to account for high-strength. When the column is
subjected to only a small axial load, the flexural strength is not much enhanced by using HSC. Hence, NSC is
more justifiable than HSC for a low level of axial load. For columns subjected to a high axial load, the use of
HSC results in a significant increase of flexural strength. Figure 1 also presents the interaction diagram for a
600x600-mm column with 40 MPa concrete and 1.67% of longitudinal reinforcement The flexural strength of
this column is about equal to the flexural strength of the HSC column, at an axial load of about 6200 kN which
corresponds to axial load levels n=0.45 and n=0.25 for the columns made with 40 MPa and 100 MPa concrete,
respectively. Hence for high axial load, the use of HSC leads to a significant reduction in concrete cross-section
and a substantial increase in usable floor area. For a 45% axial load level in a 40 MPa column, it is possible to
reduce the size of the section by about 30%, with a corresponding reduction of longitudinal steel if 100 MPa
concrete is used.
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Figure 2: Moment curvature response

Hence, the effective confinement index requirement for the HSC column is also lower at a constant ductility
demand, since the axial load level is reduced. Obviously, the HSC column is more flexible due to a smaller
cross-section and hence, the seismic load will usually be lower on the HSC structure. The complete design of the
columns, with the procedure described earlier, shows that the total lateral steel volume is constant for the two
columns, due to a lower demand of effective lateral pressure on the HSC columns. The resulting sectional
behaviour of the two sections is presented in Fig. 2. The prediction of the moment vs. curvature response of the
two sections was made with the MNPhi program, using the confined stress-strain relationship developed by
Légeron and Paultre [1996] The 40 MPa column exhibits a higher strength gain due to confinement, because the
axial load ratio being higher in this case, the NSC column is therefore more confined. Even though confinement
is quite different for the two sections, they however display comparable ductility. A series of designs carried out
with different parameters showed that the use of HSC is competitive when the axial load level is above 20%. For
an axial load level of about 45%, the cost of NSC and HSC elements may be similar due to a reduction of
quantities and seismic loads on the HSC member. In this latter case, the use of HSC is generally economical
even if the lateral steel content may have to be increased slightly.

Use of High-Yield-Strength Steel

In the example described earlier, the quantity of lateral steel in the case of HSC is very high, that is approaching
5%. In practical applications, this results in a congestion of the reinforcing cage and the casting of concrete is
difficult. In this case, the first solution is to increase the size of the column but this results in higher costs. It has
been suggested that HYSS may be used to decrease lateral steel content. However, earlier research suggested
that HYSS is not always fully effective [Cusson and Paultre, 1994]; [Li et al., 1994] [Azizinamini et al., 1994]. A
recent study by Saatcioglu and Razvi [1998] suggested some criteria to account for the use of HYSS, and some
restrictions on the effective yield strength that may be used to compute confinement pressure from 600 to
800 MPa. Engineering judgement is also requested to use higher values of  yield stress. However these values
are based on a small number of tests and are not supported by analytical work. The procedure proposed earlier
fully accounts for such restrictions on the effective yield strength of lateral steel. Therefore, it is possible to
predict when higher yield strength may be used effectively. The maximum effective yield stress of  the
transverse steel is obtained from Equation (8):
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Figure 3: Effective lateral steel yield strength as a function of concrete strength
and effective confinement index
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This equation is plotted in Fig. 3 for different concrete strengths. Using this equation, one may compute the
maximum yield strength of transverse steel that may be used in the column in order to be fully effective. This is
of very practical interest as engineers can select the yield strength of lateral steel to be more effective. For
example, for Ie = 0.05 and f’c = 100 MPa, yield strength steel up to about 500 MPa may be fully effective, for Ie

= 0.10, steel up to 800 MPa may be used, and 1200 MPa may be fully effective for Ie = 0.15. A graph such as the
one presented in Fig. 2 is of great help to design engineers to select optimal yield strength of lateral steel.

CONCLUSION

An up-to-date and simplified uniaxial confinement model for RC columns has been presented. Calibration on a
large number of experimental results allowed the development of equations relating the seismic ductility demand
to the lateral steel content. The adopted approach, based on performance demand, is well adapted to new
methods of  seismic design i.e., performance-based and displacement-based designs. The approach is
straightforward and can easily be adapted to design code formulations. Analysis of some simple design cases
allowed us to express some practical considerations on the use of HSC and HYSS. Although the successful use
of these high-strength materials depends on each project, the availability of materials at a competitive cost, and a
knowledgeable manpower, it is believed that the considerations presented are as essential as these factors. The
use of HSC in projects located in seismic zones is a viable alternative as opposed to more traditional materials.
The key parameters to a successful design is the expected performance of the members, the axial load level and
the effective confinement index.
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