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Abstract 

The paper aims to develop theoretical expressions for the ductility design of very-high strength concrete (VHSC) 
(> 100 MPa) columns using curvature and a new flexural energy-based ductility approach. Eventually, the study aims 
to evaluates the feasibility of VHSC columns for different ductility classes, considering the limitation of providing a 
higher volume of transverse reinforcement due to possible steel congestion in the construction phase. An analytical 
program based on the experimental stress–strain relationship of confined VHSC, which is validated using experimen-
tal programs on VHSC columns, is used to evaluate the ductility of VHSC columns for different parameters such as axial 
load ratio, confinement pressure, longitudinal steel ratio, yield strength of transverse steel, cover area and compressive 
strength of concrete. The theoretical curvature ductility and flexural rotation-based energy ductility of 3200 rectan-
gular columns were evaluated using the analytical program. Using curvature ductility and the new flexural rotation-
based energy ductility for different parameters, a regression analysis is carried out to develop expressions for the 
ductility design of VHSC columns up to 150 MPa. Using the new definition of energy-based ductility, a new expression 
is developed for limited ductility design of VHSC; and it is concluded that the new approach reduces the required 
amount of steel confinement due to an increase in the energy ductility of VHSC at higher axial load ratios and higher 
strengths. The studies show that reinforced VHSC can be used for structures with nominal ductility demands.

Keywords:  very-high strength concrete, ductility design, transverse reinforcement, curvature ductility, energy 
ductility, moment–curvature analysis, tall building
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1  Introduction
Instead of designing structures elastically to withstand 
lateral forces from severe and infrequent earthquakes, 
designing structures for lower force levels and higher 
ductility is a widely accepted practice in performance-
based design. Ductility enables the structure to undergo 
large cyclic deformation whilst sustaining the load car-
rying capacity and dissipating energy in hysteresis 
cycles. However, the formation of hinges in columns is 

undesirable in structural engineering as it can cause a 
weak storey mechanism, as well as instability in grav-
ity retaining structures. In performance-based design, 
hinges are desirable in beams, resulting in a beam-sway 
mechanism. Mixed-sway mechanisms, where hinges 
form in columns and beams, are allowed when struc-
tures are prone to low-seismic conditions. Interestingly, 
some earthquakes (e.g. Kobe, Japan in 1995; and North-
ridge, USA in 1994) and analysis by researchers (Bayrak 
1995; Mitchell and Paultre 1994) showed that the forma-
tion of plastic hinges in columns is possible at locations 
other than the first storey due to higher mode effects. 
Thus, columns should be detailed to ensure plastic hinges 
have at least the minimum of anticipated ductility during 
ground motion.
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Lateral reinforcement being used to for shear resist-
ance, confinement and prevent buckling of longitudinal 
reinforcement. In general, adequate ductility of concrete 
structures can be achieved by confining the concrete core 
using lateral reinforcement. Therefore, in ductility design 
of concrete members, lateral steel is designed to provide 
adequate ductility while considering the parameters such 
as axial-load ratio, longitudinal steel ratio, yield strength 
of transverse steel, cover area and compressive strength 
of concrete. Thus, knowing the amount of ductility for 
the given confinement level, or conversely, the required 
confinement level (i.e. the required transverse reinforce-
ment) for the anticipated ductility level is essential in 
structural engineering.

The ductility of concrete columns is quantified using 
the deformation at the yield moment and the ultimate 
deformation, which is commonly defined as the defor-
mation at 80% of the maximum peak moment. The yield 
moment is defined as the moment at yielding of concrete 
or steel. The type of deformation can be displacement, 
curvature or rotation. Generally, the ductility of struc-
tural members is measured using the curvature ductil-
ity (μφ) and the displacement ductility (μd) (Mendis and 
Kovacic 1999; Park and Paulay 1975; Paultre and Légeron 
2008; Watson et al. 1994), and these definitions are used 
to develop the guidelines for ductility design. Foster 
(1999) proposed an energy-based ductility index (I10) to 
capture the plastic energy of columns subjected to axial 
and flexural deformation. These available energy-based 
ductility definitions have been used in codes of practice 
to develop guidelines for ductility design (AS 3600 2009; 
Foster and Attard 1997; Kristombu Baduge 2016). Kris-
tombu Baduge (2016) proposed a flexural rotation-based 
energy ductility index (Eθ) that can represent the flexural 
energy of structural members because the existing indi-
ces cannot capture the higher flexural rotation energy of 
VHSC members.

The ductility of concrete members can be evaluated 
using analytical nonlinear full-range moment–curvature 
analysis. However, such rigorous analysis cannot be effec-
tively used in structural design practice due to its com-
plexity and computational time. Therefore, it is necessary 
to develop simple design equations to determine the 
required amount of transverse steel for the anticipated 
ductility level whilst considering associated parameters 
such as strength, axial load level, cover and longitudinal 
steel ratio. Codes of practice (AS 3600 2009; CSA 23.3 
2004; EC 8 2004b; NZS 3101.1 2006) and research (Bai 
and Au 2013; Kwan and Ho 2010; Mendis 2001a, b; Paul-
tre and Légeron 2008; Saatcioglu and Razvi 2002; Sheikh 
and Khoury 1997; Watson et al. 1994) have been devel-
oped to calculate the amount of transverse reinforcement 
needed to gain the required ductility level (displacement 

or curvature). The guidelines from the codes of practice 
and the researchers are based on the analytical non-lin-
ear moment–curvature behaviour of reinforced concrete 
members.

A comprehensive literature review on the ductile design 
of high-strength concrete (HSC) concluded that neither 
existing codes of practice nor research methods do not 
provide any ductile design guidelines for compressive 
strengths greater than 100  MPa and 120  MPa, respec-
tively; even though economically and technically feasible 
VHSC with compressive strengths of up to 150 MPa can 
be produced and effectively used in many structures such 
as long-span bridges and columns of tall buildings which 
needs higher compressive strengths (Kristombu Baduge 
et  al. 2013, 2015). Therefore, developing theoretical 
guidelines for economical ductility design of VHSC with 
compressive strengths up to 150  MPa is vital to enable 
using of VHSC columns.

2 � Summary of Ductility Design of Reinforced 
Concrete Columns

Paultre and Légeron (2008) developed mathematical 
expressions for the ductility design of medium and high-
ductile structures using nonlinear moment–curvature 
analysis and experimental results. The design guidelines 
were developed for columns with compressive strengths 
of up to 130 MPa and transverse steel yield strengths of 
up to 1400  MPa. The method proposed by Paultre and 
Légeron (2008) is used in CSA (2004). Kwan and Ho 
(2010) carried out a parametric study on the ductility of 
beams and columns by numerically analysing nonlinear 
moment–curvature curves. The limited ductility level 
is defined as μφ = 3.32, which is equal to or similar to a 
30 MPa Normal Strength Concrete (NSC) beam detailed 
according to the minimum requirements of codes. The 
effects of varying several parameters are studied: con-
crete strength from 40 to 100 MPa; axial load level from 
0.1 to 0.6; steel yield strength from 250 to 600 MPa; con-
finement pressure from 0 to 4 MPa; and compression and 
tension steel ratios from 0 to 2% and 0.4 to 6% of the bal-
anced steel ratio, respectively. Watson et al. (1994) devel-
oped design equations for ductile and medium ductile 
structures, assuming that a curvature ductility of 10 and 
20 is adequate for medium-ductile and ductile structures, 
respectively. The equations are based on analytical full-
range moment–curvature analysis, which considers the 
cyclic effects of steel and concrete. However, the ana-
lytical method is based on the stress–strain behaviour 
proposed by Mander et al. (1988), which is only valid for 
NSC. Therefore, the validity of equations by Watson et al. 
(1994) for strengths greater than 50  MPa is uncertain, 
even though these equations are used by NZS 3101.1 
(2006) for strengths of up to 70 MPa. Mendis and Kovacic 
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(1999) proposed a simple formula for the nominal ductil-
ity design of HSC columns using nonlinear moment cur-
vature analysis.

Even though curvature ductility is generally used to 
develop guidelines for ductility design, Foster (1999) pro-
posed an energy-based ductility index (I10) for ductil-
ity design. The index, which captures the plastic energy 
stored in the structural element, is obtained according to 
the method proposed by ASTM C 1018 (1992). The study 
Foster (1999) suggested that curvature ductility levels of an 
equivalent 50 MPa column detailed according to the mini-
mum requirements of AS (2009) is adequate for nominal 
ductility design due to the fact that AS (2009) does not 
specify any additional confinement to achieve adequate 
ductility for compressive strengths of 50 MPa or less.

Table  1 concludes that researchers have used differ-
ent definitions for ductility and different quantities for 
the ductility design of high strength concrete, which are 
dependent on seismic demands in the region. NZS 3101.1 
(2006) considers three ductility classes: nominal ductile 
structures (NDS), limited ductile structures (LDS) and 
ductile structures (DS). CSA (2004) gives detailed guide-
lines for conventional ductile structures (CDS), moderate 
ductile structures (MDS) and ductile structure (DS). AS 
(2009) provides guidelines for ordinary moment resisting 
frames (OMRF), intermediate moment resisting frames 
(IMRF) and special moment resisting frames (SMRF). 
For SMRF, AS (2009) refers to NZS 3101.1 (2006) to 
determine confinement requirements. EC 8 (2004a) 
defines guidelines for ductility class low (DCL), ductil-
ity class medium (DCM) and ductility class high (DCH). 
The nominal ductility design in AS (2009) is based on the 
energy approach proposed by Foster (1999) and it sug-
gests an energy ductility level of 5.6, which is similar to 
the ductility level of a 50 MPa column detailed according 
to the minimum requirements of AS (2009).

Generally, the ductility of structures or members is 
classified into three categories by codes of practice as 

shown in Table 2: low ductile, medium ductile and duc-
tile structures. Table  2 summarises the required duc-
tility levels specified by major codes of practice around 
the world. However, the ductility levels specified in the 
guidelines do not have any consistency and are depend-
ent on the anticipated seismic levels in the region.

3 � Theoretical Method to Predicting the Ductility 
of VHSC Columns

Curvature and energy ductility of columns can be ana-
lytically predicted using a full-range moment–curvature 
relationship and the material constitutive behaviour and 
incorporating material failure criteria. Researchers (Bai 
and Au 2013; Kwan and Ho 2010; Mendis et  al. 2000; 
Paultre and Légeron 2008) used analytical programs to 
develop guidelines for ductility design. In this study, an 
analytical program, which uses a layered representation 
of the confined core and unconfined cover with relevant 
material models, is developed using MATLAB (MATLAB 
User’s Guide 1998) mathematical software to predict the 
flexural behaviour of columns. The concrete, longitudinal 
steel and transverse steel are assigned to suitable material 
models. The program considers possible spalling of cover 
concrete, buckling of longitudinal steel and hoop frac-
ture in the incremental analysis. The following sections 
explain the material constitutive models, failure criteria 
and the algorithm of the analytical program. Even though 
the study aims on developing ductility design guidelines 
for rectangular column sections the methodology can be 
used for circular columns sections.

3.1 � Algorithm for the Numerical Analysis of Nonlinear 
Moment–Curvature Behaviour

The following basic assumptions are established in the 
analytical program:

1.	 The plane section remains plane throughout the 
loading.

Table 1  Summary of ductile design guidelines for HSC and VHSC.

Researcher Compressive 
strength 
(max), MPa

Ductility class Material model for concrete Curvature/energy ductility

Mendis et al. (2000) 100 Nominal ductility Modified-Scott model (Mendis 
et al. 2000)

μφ = ductility of an equivalent 50 MPa 
column detailed according to minimum 
requirements of AS 3600

Kwan and Ho (2010) 130 Nominal ductility Model by Légeron and Paultre 
(2003)

μφ = 3.14-similar to curvature ductility of 
30 MPa column

Foster (1999) 100 Nominal ductility – I10 = 5.6, similar to energy ductility of 
50 MPa column detailed according to the 
minimum requirements of AS 3600

Paultre and Légeron (2008) 120 Moderate to high 
ductility

Model by Légeron and Paultre 
(2003)

μφ = 10 and 16, respectively
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2.	 There is no bond slip between the rebar and con-
crete.

3.	 Tensile forces in the concrete section are negligible.

Figure 1 illustrates a typical section with a breadth of b 
and width of h, with tensile reinforcement (Ast) and com-
pressive reinforcement (Asc) provided at d2 and d1 from 
the top of the section, respectively. Also, dn is the depth 
of the neutral axis (NA) for a given curvature (φ) at the 
extreme compression fibre. The sign of dn considered as 
positive if dn is below the extreme compression fibre.

The complete nonlinear moment–curvature behav-
iour is analysed by imposing an incremental pre-
scribed curvature starting from zero and predicting 
the moment capacity for the given curvature. For a 
prescribed curvature, an arbitrary neutral axis depth is 
assumed. If x is the distance from the top to any arbi-
trary fibre of the section, the following equation can be 
used to evaluate the strain at any location using strain 
compatibility:

(1)εx = φ(dn − x)

Table 2  Summary of ductile design guidelines in codes of practice.

a  For ductile elements in seismic design.
b  Concrete strength limited in some design equations.

Code Ductility index Compressive 
strength 
limit

Ductility LEVEL Lateral reinforcement requirement 
for ductility

Category 1 Category II Category III Category 1 Category II Category III

AS 3600 (2009) Energy-based ductility 100 MPa OMRF IMRF – Yes Yes No

2.0 3.0 Refer to NZS 
1170.5 
(2004)

CSA (2004) Curvature and displace-
ment ductility

80/80a MPa CDS MDS DS No Yes Yes

1.5 2.5 4.0

ACI 318 (2011) Curvature and displace-
ment ductility

No limitb OMRF IMRF SMRF Yes Yes Yes

1.0 1.7 2.7

NZS 3101.1 (2006) Curvature ductility 100/70a MPa NDS LDS DS Yes Yes Yes

1.25 3.0 6.0

EC 8 (2004a) and EC 2 
(2004)

Curvature and displace-
ment ductility

100 MPa DCL DCM DCH No No Yes

1.5 3.0 4.5

Fig. 1  Section, strain and stress diagram for moment–curvature analysis.



Page 5 of 23Kristombu Baduge et al. Int J Concr Struct Mater           (2019) 13:37 

Using Eq. (1), strains developed in the different mate-
rials are calculated. Dependent on the location of the 
NA, the strain can be positive or negative. Consequently, 
stress and forces will be positive and negative. Even 
though Fig.  1 shows a typical case where NA is within 
the section, the equation valid where NA outside the 
NA. For example, the compressive strain at the extreme 
compression fibre (εce), the compressive strain at the top 
reinforcement (εsc) and the tensile strain at the bottom 
reinforcement (εst) can be written using the following 
equations, respectively:

Then, the corresponding stress distributions through-
out the section for confined concrete, unconfined con-
crete, tensile steel and compression steel (σcc, σcu, σst, 
and σsc, respectively) are calculated using the respective 
material stress–strain behaviours. The total force from 
confined (concrete core), unconfined concrete (cover 
concrete) and steel are evaluated by numerical integra-
tion as follows:

where c1 and c2 are lengths of cover, as defined in Fig. 1.
Using force equilibrium for the section, the validity of 

the assumed neutral axis depth is evaluated such that the 
resultant force (P) is zero. An iterative solver is used to 
find the accurate neutral axis depth under the condition 
that force equilibrium is established. Having determined 
the neutral axis depth, the moment capacity (M) is evalu-
ated using the moment equilibrium of the section about 
the centroid (dc) as follows:

The prescribed curvature and the corresponding 
moment capacity is a point on the full-range moment–
curvature curve. This method is repeated with incre-
mental curvature until the following conditions are 
encountered:

1.	 The moment is less than 25% of the peak moment 
capacity, or

(2)εce = φdn

(3)εsc = φ(dn − d1)

(4)εst = φ(dn − d2)

(5)

P =
h

∫
0

σcu(x)bdx +
h−c1

∫
c1

[σcc(x)− σcu(x)]

(b− 2c2)dx + Ascσsc + Astσst

(6)

M =
h

∫
0

σcu(x)b(dc − x)dx

+
h−c1

∫
c1

[σcc(x)− σcu(x)](b− 2c2)(dc − x)dx

+ Ascσsc(dc − d1)+ Astσst(dc − d2)

2.	 Load carrying capacity of the longitudinal steel drops 
by 25% due to buckling of the longitudinal steel, or

3.	 Fracture of lateral or longitudinal steel.

3.2 � Material Constitutive Behaviour
For VHSC, the following models are used in the analyti-
cal program.

3.2.1 � Unconfined Concrete
Previous studies shows that unconfined VHSC behave 
different to Normal Strength Concrete (NSC) (Kris-
tombu Baduge et al. 2018; Lee et al. 2018). Even though 
researchers have proposed various types of stress–strain 
models for unconfined HSC based on extensive experi-
mental programs, only a few stress–strain models, such 
as those proposed by (Attard and Setunge 1996; Can-
dappa et  al. 1999; Légeron and Paultre 2003; Razvi and 
Saatcioglu 1999; Samani and Attard 2012) can predict the 
constitutive behaviour of concrete with strengths greater 
than 100  MPa. The stress–strain model developed by 
Légeron and Paultre (2003) is valid up to 130  MPa and 
Kristombu Baduge (2016) used this model for uncon-
fined VHSC up to 150  MPa with some modifications. 
Thus, the model proposed by Légeron and Paultre (2003) 
is selected to model the unconfined behaviour of VHSC 
with a modified peak strain and modulus of elasticity.

3.2.2 � Confined Concrete
The stress–strain models for confined VHSC proposed 
by researchers such as (Attard and Setunge 1996; Cus-
son and Paultre 1995; Razvi and Saatcioglu 1999) are 
valid up to compressive strengths of 125–130 MPa, and 
are developed assuming that the behaviour is governed 
by the confining effects from lateral reinforcement only. 
Previous experimental studies (Kristombu Baduge et  al. 
2018b, c) showed that the confined behaviour of VHSC 
is dependent on confinement from the lateral reinforce-
ment, dowelling action of the lateral and longitudinal 
reinforcement, and the concrete shear force at the fail-
ure plane, as shown in Fig. 2. However, existing models 
are derived considering confinement effects only and 
the experimental program by Kristombu Baduge (2016) 
showed that incorporating the doweling action and shear 
force at the failure plane (Fig. 2) due to cohesion and fric-
tion can predict the results more accurately.

The model is developed for compressive strengths 
in the range of 120–160  MPa and is validated using 
experimental results (Kristombu Baduge 2016). The 
stress–strain model proposed by Kristombu Baduge 
(2016) was used in the analytical program (see Fig.  3b). 
Further details of the new stress–strain model can be 
found in elsewhere (Kristombu Baduge et al. 2018a). The 
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stress–strain model for confined concrete is valid for cir-
cular sections so that the method proposed in the study 
can be used to predict the moment–curvature relation-
ship of circular columns. The parameters for the mate-
rial constitute models can be found in Kristombu Baduge 
et al. (2018).

3.2.3 � Steel
The stress–strain model proposed by Samra (1990) is 
used for the analysis of the steel reinforcement. The 
experimental program by Kristombu Baduge (2016) on 
confined VHSC samples showed that the stress–strain 
behaviour of the confined core is related to the buckling 
of longitudinal steel and hoop fracture. Similarly, Mendis 
et al. (2000) showed that it is important to consider hoop 
fracture and buckling of longitudinal reinforcement in 
the prediction of accurate moment–curvature behaviour.

First, hoop fracture can be associated with the ultimate 
strain of confined concrete due to an abrupt reduction in 
the capacity and subsequent failure of hoops due to sud-
den load transfer. Equation (7) proposed by Wei and Wu 
(2014) is used to calculate the ultimate strain.

where εcc and εco are the peal strain of confined and 
unconfined concrete, respectively, fr is effective confine-
ment pressure, fco is compressive strength of concrete.

(7)εcu = εcc + 900εcoεsu

(

fr

fco

)

Buckling of longitudinal steel bars can occur due to 
higher axial compression after the spalling of cover con-
crete (Bae 2006, Chapter 6; Bayrak and Sheikh 2001; Kris-
tombu Baduge 2016; Mander et al. 1984). The tensile and 
compressive behaviour of a steel bar is different when the 
steel is subjected to buckling. Therefore, accurate model-
ling of the buckling and stress–strain behaviour of steel 
is important to predict the post-peak behaviour of the 
moment–curvature relationship. Researchers such as 
(Bae et al. 2005; Bayrak and Sheikh 2001; Bresler and Gil-
bert 1961; Mau 1990; Mau and El-Mabsout 1989; Papia 
and Russo 1989; Scribner 1986) developed the stress–
strain behaviour of steel under compression and incor-
porated inelastic buckling. The method proposed by Bae 
et al. (2005) is used in the analytical program.

Figure  3c presents the nonlinear full-range moment–
curvature behaviour predicted with the MATLAB ana-
lytical program for a square column under axial load 
ratios corresponding to 0.1 to 0.5. For this column, the 
following parameters were used: ρl = 0.17, fr = 4  MPa, 
fc = 130  MPa: ρl is longitudinal steel ratio, fr is confine-
ment pressure and fc is compressive strength of concrete.

3.3 � Method to Calculate Ductility of VHSC Columns
3.3.1 � Curvature Ductility of VHSC Columns
Using the full-range moment–curvature diagram, the 
curvature ductility can be evaluated. Figure  4 illustrates 
the curvature ductility curve of VHSC columns with a 
similar geometry to that shown in Fig. 3a. The columns 
have a compressive strength of 130  MPa, different axial 
load levels (P/fcAc = 0.1, 0.2, 0.3, 0.4 and 0.5), and differ-
ent confinement levels (fr = 1, 2, 3 and 4 MPa).

3.3.2 � Energy‑Based Ductility of VHSC Columns
Kristombu Baduge (2016) showed that the curvature duc-
tility cannot represent the increase in the plastic energy 
of VHSC columns along with an increase in the peak 
moment (Fig.  5) due to the confinement effect, higher 
strength and higher axial load levels. Plastic energy is 
related to the energy dissipation characteristics during 
cyclic deformation in an earthquake event. Incorporating 
the plastic strain energy into ductility indices is vital for 
VHSC members because they dissipate relatively large 
energy compared to a normal strength concrete mem-
ber of the same ductility (Elmenshawi 2008) as shown 
in Fig. 5, and can thereby have higher energy dissipation 
characteristics.

Considering the importance of incorporating plastic 
energy into the ductility index, the importance of flexural 
deformation in an earthquake event and the load sus-
taining capacity of columns, (Kristombu Baduge 2016) 
proposed the flexural rotation-based energy ductility 
index (Eθ) to evaluate the ductility of VHSC columns. 

Fig. 2  Failure modes of confined VHSC (Kristombu Baduge 2016).
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The expression given by Eq. (8), based on the rotational 
energy of flexural deformation, is proposed for the flex-
ural rotation-based energy ductility index, Eθ:

where M and θ are the moment and rotation of the 
moment–rotation graph, respectively; θy is the yield rota-
tion; and θu is the rotation at φu. The moment–rotation 
behaviour can be predicted using the moment–curvature 
relationship once the plastic hinge length and height of 
the column are known. The moment–rotation graph can 

(8)Eθ =
∫
θu
0 Mdθ

∫
θy
0 Mdθ

be generated using the moment–curvature graph for a 
double-curvature column. The total rotation due to flexure 
deformation can be calculated by adding elastic rotation 
and plastic rotation as given in Eq. (9) and Eq. (10), respec-
tively which proposed by Elmenshawi (2008): for θy ≥ θ

where θ is rotation of a prismatic element with double 
curvature, φ is curvature, and L is length of the column.

Assuming the plastic curvature is constant and uni-
formly distributed over the plastic hinge length, Lp: for 
θy < θ

(9)θ = φL/6

(10)θ = (φ − φy)Lp

Fig. 3  Moment–curvature analysis: a Geometry of the column, b stress–strain relationship for confined and unconfined concrete, c nonlinear 
moment–curvature behaviour for different axial load levels ρl = 0.17, fr = 4 MPa, fc = 130 MPa.
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where Lp is the plastic hinge length and φy is yield curva-
ture. The method proposed by Park et al. (1982) for plas-
tic hinge lengths of HSC columns is used to calculate the 
plastic hinge length of VHSC columns. The yield rotation 
is defined as the rotation related to the yield curvature 
(φy). The ultimate rotation for the index is taken as the 
rotation at 0.8 times the peak moment at the post-peak 
branch. Thus, the index has a provision for sustaining 
the load carrying capacity beyond the peak moment. 

Therefore, the new index gives better insight for ductility 
by considering energy dissipation characteristics, as well 
as the ability of VHSC columns to deform while sustain-
ing its load carrying capacity.  In order to calculate the 
rotational energy due to flexural rotation, rotation due   
to bond slip and shear deformation were  not included in 
the calculation.

Figure  6 indicates the flexural rotation-based energy 
ductility (Eθ) for the column illustrated in Fig. 3a, with a 
compressive strength of 130 MPa, an axial load ratio var-
ying from 0.1 to 0.5, a height of 3.3 m and confinement 
pressures in the range of 1  MPa to 4  MPa. The energy 
ductility values are higher than the curvature ductility 
for columns. Similarly, the curvature and energy ductil-
ity of columns with different geometries, compressive 
strengths, steel ratios and axial load levels can be evalu-
ated using the analytical program. Subsequently, using a 
regression analysis on different parameters, the relation-
ship between ductility and governing parameters can be 
established.

3.4 � Validation of the Analytical Program Using 
Experimental Results for VHSC Columns

The flexural behaviour of HSC and VHSC columns has 
been studied by many researchers (Ho 2012; Li et al. 1991; 
Paultre et  al. 2001; Saatcioglu and Razvi 1998). However, 
experimental results for VHSC columns are scarce in the 
literature. Experimental programs for columns with com-
pressive strengths of around 100 MPa or more were con-
ducted by (Azizinamini et  al. 1994; Bayrak and Sheikh 
1998; Paultre et al. 2001; Paultre and Légeron (2008)) and 
the results are given in Table 3. Figure 7 shows the compar-
ison between analytical and experimental moment–curva-
ture behavior. The secondary moment due to P − Δ effect at 
testing conditions is considered to calculate total moment.

Fig. 4  Curvature ductility of VHSC columns (µφ) (ρl = 0.17, fc = 130 MPa).

Fig. 5  Higher plastic energy in VHSC columns relative to NSC 
columns.
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Paultre and Légeron (2008) developed ductility guide-
lines using moment curvature analysis which is used by 
the CSA 23.3 (Canadian Code). The method used cur-
vature ductility of experimental programs to validate 
the analytical program [Fig.  13 of Paultre and Légeron 
(2008)]. Similarly, Kwan and Ho (2010) used the same 
methodology for validating the analytical program and 
develop ductility design guidelines. Figure  8 shows a 
comparison between the theoretical curvature ductil-
ity and the experimental curvature ductility values. The 
developed stress–strain model for confined VHSC is not 
valid for confinements where the residual stress (fres) is 
greater than the confined peak strength (fcc). Thus, some 
of the columns that do not agree with the above crite-
ria are omitted in the comparative study. The regression 
line is aligned with the y = x line. The strong correlation 
between the theoretical prediction and the experimen-
tal results is indicated by a coefficient of correlation of 
R2 = 0.94. Hence, the analytical method can sufficiently 
predict the curvature ductility of VHSC columns with 
strengths of around 100–110  MPa. Considering the 
validity of the stress–strain model up to 150  MPa, it is 
expected that the developed analytical program can pre-
dict the curvature ductility of concrete columns with a 
strength of up to 150 MPa with acceptable accuracy.

4 � Method for Parametric Study and Developing 
Expressions for Ductility

According to the parametric study using analytical pro-
grams and as confirmed by many researchers, ductility 
is mainly governed by the axial load ratio, confinement 
pressure, compressive strength of concrete, section 
area ration and longitudinal steel ratio. Axial load ratio 

affects the failure of concrete and steel. Accordingly, it 
affects the ductility dependent on material ductility of 
failing material. Confinement pressure provides hoop 
stress and constrain shear failure plane of the concrete. 
Thus, increase material ductility of post-peak branch 
of concrete which subsequently increases the ductil-
ity of column. Section area ratio which related to cover 
area of the column indicate the spalling of VHSC. Sud-
den reduction in the area due to spalling affects the 
moment–curvature behaviour of the column. In addi-
tion, longitudinal steel act as dowels for shear failure 
plan of concrete and increase the ductility.

Researchers (Bai and Au 2013; Kwan and Ho 2010; 
Mendis et  al. 2000; Paultre and Légeron (2008)) devel-
oped analytical equations and design charts including 
these parameters. In this study, equations and param-
eters are proposed similar to the form of the equation 
suggested by Watson et  al. (1994) because the equation 
consider the major parameters affect the ductility. The 
equation suggests four dimensionless parameters with 
different coefficients as outlined below.

4.1 � Governing Parameters
4.1.1 � Axial Load Level Ratio (P/Agfc)
Axial load level ratio is the ratio of the applied axial load 
(P) to the axial compression capacity of the column (Agfc). 
The full axial compression capacity is calculated by tak-
ing the product of the gross cross-sectional area (Ag) and 
the compressive strength of concrete (fc). The contribu-
tion to the load carrying capacity from the longitudinal 
steel is neglected. This factor represents the effect of axial 
load level on the ductility of columns.

Fig. 6  Flexural rotation-based energy ductility index (Eθ) (ρl = 0.17, fc = 130 MPa).
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4.1.2 � Confinement Pressure (fr)
Confinement pressure represents the amount of con-
finement given to the core. In addition, it represents the 
transverse steel requirement (ρs) to obtain a particular 
curvature ductility. In this dimensionless parameter, the 
volumetric ratio and effective transverse steel strength 
is included, which improve the ductility due to confine-
ment effects and the dowelling action of transverse steel 
against relative sliding of the failure planes. The confine-
ment pressure is calculated using the method proposed 
by Mander et al. (1988).

4.1.3 � Section Area Ratio (Ag/Ac)
This ratio represents the effect of early spalling of cover 
concrete. The section area ratio is given by the ratio of 
the gross area (Ag) to the core area (Ac).

Fig. 7  Analytical versus experimental moment–curvature behavior.

Fig. 8  Comparison of experimental and analytical behavior.
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4.1.4 � Longitudinal Steel Ratio (ρsfysl/fc)
Even though many researchers have not considered the 
effects of longitudinal steel, the experimental results 
showed that longitudinal steel improves the descend-
ing branch of core concrete due to dowelling action and 
constrains the movement of concrete. Thus, the material 
ductility of the confined core is enhanced, which results 
in improved column ductility. The dowelling action is 
related to the longitudinal steel ratio (ρs), compressive 
strength of concrete (fc) and yield strength of longitudinal 
steel (fy). In addition, the longitudinal steel ratio relates 
to the confinement effectiveness coefficient so that it is 
related to confinement pressure.

4.2 � Proposed Expression for Curvature‑Based Ductility 
Design

The following equation format, Watson et  al. (1994) is 
proposed to develop mathematical expressions for curva-
ture ductility:

where k1 to k4 are unknown coefficients, and α1 to α3 are 
indices that will be determined by regression analysis. 
Dimensionless parameters are used to establish the non-
linear relationship between curvature ductility. The equa-
tion can be further simplified into the following formats 
once the coefficients are known from regression analysis:

where β1 to β3 are new coefficients. Using Eq. (12), the 
required confinement level to achieve a given curvature 
ductility can be calculated. The required confinement 
level can be determined by selecting a suitable trans-
verse reinforcement arrangement and spacing using the 
method proposed by Mander et al. (1988).

Around 3200 rectangular columns with different sec-
tion sizes and ranges of parameters, as shown in Table 4, 
are considered in the analytical study, and curvature duc-
tility is evaluated from the full-range moment–curvature 
curves. Nonlinear regression analysis for the predicted 
ductility and dimensionless parameters is carried out to 
derive the prescribed mathematical expression.

The regression analysis gives a coefficient of determina-
tion R2 of 0.85. Thus, the analytical data fits the statistic 
model well. The root mean squared error is low relative 
to the maximum and minimum values of the dependent 

(11)

µφ = k1

(

Ag

Ac

)α1
(

k2
ρsl fysl

fc
+ k3

(

fr

fc

)

+ k4

)

(

P

Ag fc

)α2
(

fysh

fc

)α3

(12)

fr =
fc

k3




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�β2
�

fysh
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�β3

−

�

k2
ρsl fysl
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+ k4

�





variable; 18.9 and 2.5, respectively. P-values of the regres-
sion analysis for the coefficients are zero. Therefore, the 
null hypothesis, which is that the parameters do not 
relate to the dependent variable, can be neglected. This 
means that the parameters considered in the analysis 
are likely to be meaningful and have a relationship to 
the dependent variable. P-value analysis supports that 
parameters established from the parametric study have 
an effect on the ductility of VHSC columns.

The regression analysis gives Eq. (13) with the following 
coefficients and indices.

The equation can be further simplified into the follow-
ing expression in order to find the required confinement 
for given ductility demand:

Figure  9 shows the comparison between Eq. (13) and 
the analytical predictions. It can be concluded that the 
new expression given by Eq. (13) has a very good correla-
tion with the analytical results. Thus, Eq. (14) can be used 
to find the required confinement level for the required 
ductility level. Since the equation targets the confinement 
pressure instead of the volumetric ratio of transverse 
steel, the proposed equation can be used for both circular 
and rectangular columns.

The regression equation has 50% probability of over-
estimation or underestimation. Though economically 
unacceptable, overestimation can be accepted because 
it results in higher ductility. However, underestimation 

(13)

µφ = 3.64

(
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)

(
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(
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(
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)−0.7
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

Table 4  Range of parameters for regression analysis.

Parameter Unit Range

Column size

 B mm 500–2000

 D mm 500–2000

fr MPa 1–4 MPa

ρsl – 1–4%

fc MPa 100–150 MPa

Ag/Ac – 0.96–0.99

P/Agfc – 0.1–0.5

fsyl MPa 250–500

fsyh MPa 250–800
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can cause severe failure in the structure during an earth-
quake event. Thus, the design equation should limit the 
probability of underestimation to an acceptable range. 
Therefore, the design equation should comply with a 95% 
confidence limit philosophy so that only 5% underestima-
tion is possible. The following linear equation is proposed 
to satisfy the 95th percentile concept:

Using this method, Eq. (16) with 95% confidence is 
derived for designing confinement for ductility:

Once the required curvature ductility level is known, 
the structural members can be designed for anticipated 
curvature ductility using Eq. (16). Figures  10 and 11 
show the steel confinement requirements for different 
ductility levels, µφ= 4 and 6 for typical 1500 × 1500 mm 
VHSC columns with compressive strengths in the range 
of 100 to 150  MPa; axial load ratios of 0.1, 0.3 and 0.5; 
and longitudinal ratios of 2.0 and 4.0% with 500  MPa 
transverse and longitudinal steel reinforcement. The first 
and second columns compared the required volumetric 
ratio and spacing of transverse steel to the compressive 
strength of concrete, respectively. Generally, very low 
confinement levels are given for lower axial load levels 
and lower longitudinal steel ratios because steel yields 
prior to the crushing of concrete. Therefore, it must be 

(15)y = mx + c

(16)

fr =
fc

26

[

1

3.64
µφ

(

Ag

Ac

)(

P

Ag fc

)0.7( fsyh

fc

)0.5

−2.9
ρsl fysl

fc
+ 0.0065

]

≥ 0

noted that if the confinement requirement for ductility 
is less than the transverse reinforcement requirement 
to prevent buckling and spalling, then transverse steel 
reinforcement design is governed by the anti-buckling or 
spalling requirement.

The analysis shows that the required confinement lev-
els to gain curvature ductility of 4 and 6 are very high for 
higher axial load levels and higher strengths. Therefore, a 
large amount of transverse steel is required. However, pro-
viding a transverse steel ratio of more than 4% causes con-
gestion in the reinforcement and is not practical (Paultre 
et al. 2001). The spacing to gain the above curvature ductil-
ity levels is very low and difficult for construction. There-
fore, gaining such ductility is not practical using normal 
yield strength steel (less than 500 MPa). Therefore, using 
high yield strength steel (greater than 500 MPa) can be an 
alternative to gaining a higher confinement pressure whilst 
increasing the spacing and reducing the transverse steel 
ratio. Curvature ductility levels of 10 and 16 are proposed 
by CSA (2004) for moderate ductile and ductile structures, 
respectively. NZS 3101.1 (2006) proposes curvature duc-
tility levels of 11 and 19 for nominal ductile and ductile 
structures/hinges, respectively. However, the study implied 
that even using very-high yield strength steel is onerous to 
gain such high ductility levels at higher axial load levels.

4.3 � Limited Ductility Design of VHSC Columns
4.3.1 � Proposed Expression for Curvature‑Based Nominal 

Ductility Design of VHSC Columns
Based on studies by Foster (1999), the limited ductile 
design in AS 3600 (2009) suggests that the ductility level 
of a 50  MPa column detailed according to the minimum 

Fig. 9  Comparison of analytical and regression results.
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Fig. 10  Required volumetric ratio of transverse steel for different ductility levels (µφ = 4 and 6) (ρsl = 4.0%) 1500 × 1500 mm, fysh = fysl = 500 MPa: a 
P/fcoAc = 0.1, b P/fcoAc = 0.3, c P/fcoAc = 0.5.
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Fig. 11  Required volumetric ratio of transverse steel for different ductility levels (µφ = 4 and 6) (ρsl = 2.5%) 1500 × 1500 mm, fysh = fysl = 500 MPa: a 
P/fcoAc = 0.1, b P/fcoAc = 0.3, c P/fcoAc = 0.5.
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requirements of AS 3600 (2009) is adequate for ordinary 
moment resisting structures. This is due to the fact that an 
equivalent 50 MPa column has adequate ductility and the 
code does not specify any additional confinement to achieve 
ductility. In this study, a similar approach is suggested for 
nominal ductility design with low-seismic demands. The 
basis for curvature-based nominal ductility design is to pro-
vide similar curvature ductility to a 50  MPa column with 
equivalent geometry and axial load level, detailed according 
to the minimum requirements specified in AS 3600 (2009). 
Thus, the required nominal ductility levels of Eq. (16) shall 
be similar to the curvature ductility level of an equivalent 
50 MPa column. Using the analytical program, the curva-
ture ductility of 50 MPa rectangular columns with different 
geometries and detailed according to the minimum require-
ments of AS 3600 (2009) is evaluated at different axial load 
levels; for a 50  MPa concrete column, the stress–strain 
behaviour of confined and unconfined concrete proposed 
by Mendis et al. (2000) is used in the analytical study. The 
columns with compressive strengths of 50 MPa used in the 
present study have different ductility levels which depend on 
the axial load level. Thus, the required nominal ductility lev-
els in Eq. (16) for VHSC columns must be modified accord-
ing to the different axial load levels of a 50  MPa column. 
The expression given by Eq. (17) is derived using regression 
analysis for the ductility of a 50 MPa column with different 
axial load levels. Thus, Eq. (17) is proposed for determining 
the nominal curvature ductility level of VHSC columns with 
different axial load levels.

Therefore, combining Eqs. (16) and (17), the following 
equation can be derived for the minimum ductile design 
of VHSC columns:

For lower axial load levels and lower longitudinal steel 
ratios, steel yields prior to the crushing of concrete and 
can sustain large deformation. Therefore, columns sub-
ject to the above criteria have higher curvature ductility 
levels. Thus, the required confinement level to achieve 
nominal ductility is less, and the equation may give 
negative or very low confinements for nominal ductil-
ity. As such, the transverse requirement for anti-buck-
ling or spalling must be set as the minimum transverse 
reinforcement.

(17)µφ,nominal = 1.757

(

P

Ag fc

)−0.4

(18)

fr =
fc

26

[

0.676

(

Ag

Ac

)(

P

Ag fc

)0.3( fsyh

fc

)0.5

−2.9
ρsl fysl

fc
+ 0.0065

]

≥ 0

4.3.2 � Proposed Expression for Energy‑Based Nominal 
Ductility Design

As discussed previously, considering the drawbacks 
of curvature ductility in capturing the enhanced plas-
tic energy of VHSC columns at higher axial load levels 
and higher strengths, this study suggests that the flex-
ural rotation-based energy ductility (Eθ−) as the ductil-
ity index, and the ductility level of an equivalent 50 MPa 
column with similar geometry and axial load levels as 
the nominal ductility level of VHSC columns, consider-
ing the fact that a 50 MPa column has adequate ductility 
for limited ductility demands; This is somewhat similar 
to the approach of AS (2009) which proposed by Foster 
(1999).

A parametric study showed that axial load ratio, con-
finement pressure, compressive strength, cover and lon-
gitudinal reinforcement ratio have effects on flexural 
rotation-based ductility index, Eθ. An equation format 
that is similar to Eq. (11) with similar dimensionless 
parameters is used in the regression analysis, consider-
ing the similarity of parameters for the curvature ductil-
ity index and energy ductility index. The energy ductility 
index is calculated for the range of parameters given in 
Table 4. Nonlinear regression analysis, similar to the pre-
vious analysis, is carried out for the prescribed equation 
and analytical results. Excluding the outliers, regression 
analysis is carried out for a better statistical fit of the ana-
lytical data. The regression analysis gives Eq. (19), with the 
following coefficients and indices, and the equation has a 
very good agreement with the analytical results. Once the 
outliers are removed, the coefficient of correlation of the 
proposed equation is 0.90, which is acceptable to predict 
the flexural rotation-based energy ductility (Eθ) of VHSC 
columns.

The equation can be further simplified into the follow-
ing equation to find the required confinement level:

Figure  12 shows a comparison between the design 
equation and analytical predictions. It can be concluded 
that the new expression given by Eq. (19) has a very good 
correlation with the analytical results. Thus, Eq. (20) 
can be used to find the required confinement level for 
a particular energy ductility level. Since the equation is 

(19)
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developed to target the confinement pressure instead of 
the volumetric ratio of transverse steel, the equation can 
be used for both circular and rectangular columns.

The following equation, which satisfies the 95th per-
centile, can be proposed for the confinement pressure 
versus the energy ductility index. Thus, Eq. (21) can be 
used to determine the required confinement level for 
energy-based nominal ductility design.

The energy ductility of 50 MPa columns detailed accord-
ing to the minimum requirements of AS 3600 (2009) is 
suggested for nominal ductility design. Using regression 
analysis, the expression given by Eq. (22) is proposed for 
the energy ductility levels of 50  MPa columns, with the 
minimum detailing requirements specified in AS 3600 
(2009). Thus, the nominal energy ductility level of VHSC 
columns is given by Eq. (22) for different axial load levels.

Combining and simplifying Eqs. (21) and (22), the 
required transverse steel quantity can be found for 
energy-based nominal ductile design, which is repre-
sented by the following expression:

(21)

fr =
fc

35





1

5.04
Eθ

�

Ag

Ac

��

P

Ag fc

�0.7
�

fc

fysh

�0.5

−3.33
ρsl fysl

fc
+ 0.0076

�

(22)Eθ ,nominal = 2.12

(

P

Ag fc

)−0.4

4.3.3 � Comparison Between the Proposed and Existing 
Confinement Design Equations

The curvature-based method and energy-based method 
for nominal ductility design are compared with the exist-
ing expression proposed by CSA (2004), ACI 318 (2011) 
and EC 8 (2004a). However, it must be noted that these 
methods are not applicable or developed for strengths 
up to 150  MPa, and the results have been extended/
extrapolated for strengths up to 150 MPa though it is not 
appropriate-The strength limits of guidelines and codes 
are given in Tables 1 and 2. The results are extended over 
the material strengths limits of codes and guidelines just 
to give an indication on confinement requirement of the 
new methods if strength limits can be extrapolated. For 
nominal ductility levels, NZS 3101.1 (2006) specified a 
70% transverse reinforcement requirement of ductile 
design (with µφ = 19) due to anticipated higher seismic 
demands in the region, and regions with low-seismic 
demands may not require much ductility. Thus, NZS 
3101.1 (2006) gives a large amount of transverse steel for 
nominal ductility design. Unrealistic volumetric ratios 
that cannot practically be provided for columns are given 
by NZS 3101.1 (2006). Therefore, NZS 3101.1 (2006) is 
excluded in the following comparison.

(23)

fr =
fc
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�

Fig. 12  Comparison of analytical and equation results for the energy-based approach.
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Figures  13, 14, and 15 compare the transverse steel 
requirements for a typical nominal ductile VHSC column 
with a square cross-section of 1500 × 1500  mm, com-
pressive strengths of 100 to 150 MPa, axial load levels of 
0.1, 0.3 and 0.5, and longitudinal ratios of 1.0%, 2.5% and 
4.0%, with 500 MPa transverse and longitudinal steel. The 
first and second columns of graphs show the variations 
in the required volumetric ratio and spacing of trans-
verse steel with the compressive strength of concrete, 
respectively. As mentioned previously, for lower axial 
load ratios, the required confinement level to gain nomi-
nal ductility is low and can be negative in some instances. 
Therefore, a minimum transverse steel amount is set to 
satisfy the requirement for anti-buckling as specified in 
AS 3600 (2009).

CSA 23.3 (2004) and EC 8 (2004a) standards do not 
give any guidelines for nominal ductility, and transverse 
steel requirements are governed by the anti-buckling 
condition. Thus, Constant volumetric ratios are given by 
these codes for nominal ductility design, regardless of 
different axial load levels, compressive strengths and lon-
gitudinal steel ratios: In order to calculate transverse steel 
requirement for anti-buckling, the diameter of longitudi-
nal steel is considered as greater than or equal to 25 mm. 
AS 3600 (2009), which is based on an energy-based 
method (I10), gives a volumetric ratio of transverse steel, 
considering the effects of axial load ratio and the com-
pressive strength of concrete. The code has not included 
the effects from the dowelling action of longitudinal and 
transverse steel, although it considers the effects of steel 
configuration on the confinement pressure.

According to Figs.  13, 14, and 15, transverse steel 
requirements for curvature ductility-based design and 
energy-based design are increasing with the increase of 
strength and axial load levels. The material model used 
for confined VHSC considered the contribution of dow-
elling effects of longitudinal and transverse steel on the 
plastic behaviour of confined concrete. Thus, the longi-
tudinal steel ratio has a contribution to the ductility of 
the material, and consequently, to the ductility of the col-
umn. The comparison between Figs.  13 and 15 showed 
that increasing the longitudinal steel ratio decreases the 
transverse steel quantity. The gap between curvature-
based design and energy-based design is increasing with 
the increase of strength and axial load level. It can be 
concluded that the increment of transverse steel required 
for an increase of strength and axial load are not similar 
for curvature- and energy-based ductility design. The 
transverse steel requirement for curvature-based design 
is much higher than that for energy-based design when 
the strength of concrete and axial load levels increase. For 
higher compressive strengths and axial load levels, VHSC 
columns have higher peak moments relative to the yield 

moments. Therefore, it results in higher plastic energy 
in the moment–curvature graph. Thus, energy ductility 
is relatively high, requiring a lower amount of transverse 
steel relative to curvature-based design. However, the 
enhancement in energy is not captured by the curvature 
ductility index and gives higher confinement relative to 
the energy-based method. Therefore, the energy-based 
approach provides an economical design for VHSC col-
umns. The comparison shows that VHSC columns can 
obtain nominal energy and curvature ductility levels 
using practical stirrup spacing and can be used in struc-
tures located in low-seismic regions with nominal ductil-
ity demands.

5 � Conclusion
The paper presents an algorithm to predict the ductility 
of VHSC columns using a novel confined concrete model 
that is valid up to 160 MPa. Approximately 3200 columns 
with different parameters were analysed using the analyt-
ical program proposed in the study. The parametric study 
and the literature review on ductile columns concluded 
that the following parameters govern the ductility of 
VHSC columns: (1) axial load ratio (P/Agfc), (2) confine-
ment effectiveness factor (ρsfys/fc), (3) section area ratio 
(Ag/Ac), and (4) longitudinal steel ratio (ρsfy/fc). Using 
the analytical results, new expressions are developed to 
predict curvature ductility and energy ductility of VHSC 
columns.

Considering the fact that VHSC columns have higher 
plastic energy at higher axial load levels and higher 
strengths, the flexural energy-based ductility index is 
proposed for the nominal ductility design for VHSC col-
umns. Curvature ductility and flexural rotation-based 
energy ductility of an equivalent 50  MPa column with 
similar axial load levels detailed according to the mini-
mum reinforcement requirements in AS 3600 (2009) are 
proposed as the nominal ductility level for curvature and 
energy-based design approaches, respectively. Theoreti-
cal expressions for the nominal ductility design of VHSC 
rectangular columns are developed using curvature duc-
tility and the new energy-based ductility approach. Com-
parisons between the new methods for nominal ductility 
design and existing codes of practice showed that the 
new energy-based definition requires lower confinement 
levels with respect to the method based on curvature 
ductility.

Analysis on confinement requirements for differ-
ent curvature ductility levels (µφ = 4 and 6) concluded 
that obtaining higher ductility levels is not practical for 
higher axial load levels using normal strength steel (less 
than 500 MPa) as the transverse steel. Therefore, the use 
of high yield strength steel (greater than 500 MPa) could 
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Fig. 13  Required volumetric ratio of transverse steel and stirrup spacing (ρsl = 1.0%) 1500 × 1500 mm, fysh = fysl = 500 MPa: a P/fcoAc = 0.1, b P/
fcoAc = 0.3, c P/fcoAc = 0.5.
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Fig. 14  Required volumetric ratio of transverse steel and stirrup spacing (ρsl = 2.5%) 1500 × 1500 mm, fysh = fysl = 500 MPa: a P/fcoAc = 0.1, b P/
fcoAc = 0.3, c P/fcoAc = 0.5.
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Fig. 15  Required volumetric ratio of transverse steel and stirrup spacing (ρsl = 4.0%) 1500 × 1500 mm, fysh = fysl = 500 MPa: a P/fcoAc = 0.1, b P/
fcoAc = 0.3, c P/fcoAc = 0.5.
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be an option to gain some moderate ductility. The anal-
ysis concludes that even if high yield transverse steel is 
used, it is onerous to provide the required volumetric 
ratios and spacings for higher ductility demands in mod-
erate and high ductile structures. Therefore, VHSC col-
umns in seismic regions, where columns can have plastic 
hinges with moderate ductile demands and high ductile 
demands, should be used with special care; and alter-
native passive techniques such as steel jacketing, fibre 
reinforced polymer (FRP) wraps, and steel/concrete com-
posite columns should be considered as alternatives.

Using a new energy-based ductile design for VHSC col-
umns with nominal ductility demands, where the struc-
ture or columns are subject to low-seismic events and the 
columns are specially designed with sufficient strength to 
provide a high degree of protection to avoid plastic hing-
ing, ductility can be achieved using practical transverse 
steel ratios and spacings using normal yield strength 
steel. However, more experimental programs includ-
ing columns with compressive strengths up to 150 MPa 
and subject to lateral loading are preferred by authors to 
further validate the analytical study and the new energy-
based approach as a basis for the nominal ductility design 
of VHSC columns.
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