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Abstract. During an earthquake, Reinforced Concrete (RC) building structures should behave in a
ductile manner to prevent the structures from collapse. Therefore, the column element should have
sufficient ductility to sustain an axial load at the post-peak region. Ductility of the RC column can be
sufficiently provided by confinement to the RC column core. Therefore, in this paper, ductility of
square RC columns made of NSC and HSSCR are analyzed using three-dimensional nonlinear finite
element analysis (3D-NLFEA) with various ties configurations. In total, 12 specimens for each
transverse steel rebar configuration were examined. The measurement used for ductility comparisons
is the Lo index (AS 3600-2018) which is compared with the concept of ductility available in the
literature (for example ACI 318-14). The study found that the computed minimum transverse steel
rebar diameter based on ACI 318-14 showed larger diameter than the AS 3600:2018. From the 3D-
NLFEA analysis found that using a confining rebar higher than 700 MPa with the same volumetric

ratio shows lower ductility for the Type I RC column configuration.

1 Introduction

A special resisting moment frames structure should be
designed based on the Strong Column Weak Beam
(SCWB) concept plus specific detailing for each element.
Plastic hinges should be designed properly to occur
mainly on the beam element and at the base of the column.
The purpose of this is to avoid structural collapse and give
people inside a building enough time to save themselves
during an earthquake event. To achieve this, reinforced
concrete columns should be designed properly such that
column strength and ductility meet the minimum
requirements as stated in the building codes. For RC
columns, both strength and ductility can be enhanced by
using transverse steel such as hoops and/or ties [1].

Rebar configuration also plays an important role in the
confinement stress distribution. If the lateral force
produced by the ties or hoops is well distributed around
the concrete core, the confining pressure distribution will
be more uniform and thus the effectiveness of the
confinement increases [2]. On the other hand, the strength
and ductility enhancement of the RC column are strongly
affected by the confining rebar configuration and
characteristics such as the volumetric ratio, the pitch
spacing, the diameter, and the yield strength of the rebar
[3]. The internal confinement of a concrete column
depends on the configuration of lateral reinforcement [4].
A good confining rebar configuration can also prevent the
longitudinal bar from buckling which can also increase
the effective confining pressure [5].
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The ductility of an RC column can be measured using
the ductility index (/19) and as the concrete strength
increases, the [jp ductility index of the RC column
decreases [5]. The use of high strength materials for
confining reinforcing bars can result in larger pitch
spacing and can increase the workability of the member
during concrete casting. Hence, it is expected that the use
of HSSCR in RC columns will further enhance the
strength and ductility of the concrete core [6] and reduce
the material usage to achieve a more economical
structural system [8]. In AS 3600-2018, the maximum
yield stress for the confining rebar is limited to 800 MPa,
while in ACI 318-14, it is limited to 700 MPa. However,
the effect of using this high-strength steel rebar still
requires extensive research. It may not be appropriate to
replace a normal-strength rebar with a high-strength rebar
while maintaining the same volumetric ratio of the
confining reinforcing bar.

In this paper, 12 RC column were modeled and
analyzed using 3D-NLFEA [9, 10]. 3D-NLFEA utilizes
the plasticity-fracture concrete constitutive model which
is restraint sensitive [11, 12] and incorporates the
premature cover spalling due to restrained shrinkage [13].
For each modeled RC column based on ACI 318-14 and
AS 3600-2018, both the /o ductility index and the
displacement ductility level were examined and
compared. This investigation will show that using a
confining rebar with a yield strength higher than 700 MPa
and maintaining the same volumetric ratio yields a lower

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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Lo ductility index and lower displacement ductility level
for a certain type of ties configuration.

2 RC Column Model

2.1. Specimen Geometry Detail

From the previous study [14], the effectiveness of the
confinement of a square column is better than that of a
rectangular column. In the current study, a total of 12
square RC column specimens with a cross-section size of
600 x 600 were investigated. All columns were set to a
height of 1800 mm. As shown in Fig. 1, there are two
types of confining rebar configuration.
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Fig. 1 Specimen confinement configurations (a) Type I and (b)
Type II

The concrete cover (C) was 40 mm. The diameter of
the longitudinal bar was 25 mm for Type 1 and 20 mm for
Type 11 corresponding to 1.09 % (Type I) and 1.05 %
(Type II) longitudinal reinforcing ratios. The pitch
confinement spacing was set to 100 mm.

The concrete density, used to compute the modulus of
elasticity of the concrete, was set to 2200 kg/m?. Young’s
modulus for the reinforcing bar was set to 200 GPa. The
concrete compressive strength was taken as 50 MPa. Two
longitudinal rebar yield strengths were examined, 420
MPa and 500 MPa. For the transverse steel reinforcing

bar, four levels of the rebar strength were used: 420 MPa,
500 MPa, 700 MPa and 1,000 MPa. Table 1 shows the
label of the modeled RC column and its configurations.

Table 1. Labeling of the NSC and HSSCR Column Specimens

. (MPa) 50
£, (MPa) 420 500
£ (MPa) 420 700 1000 | 500 | 700 | 1,000

15.L4. 15.L4. 15.L4. I5.L4. |IS.LS.T | IS.L5.
T4 T7" T10" T4* 7" T10"

II5. 115.L4. 1I5. 1I5. 1I5. 1I5.
L4.T4° T7" L4.T10"| L5.T4"| L5.T7" | L5.T10"

* Notes: I5 is Type 1, f =50 Mpa, 115 is Type 11, f; =50 Mpa ; L5 is
longitudinal steel reinforcement strength f;,= 500 Mpa, L4 for 420 Mpa;
T4 is confining steel strength f,,,= 420 Mpa, T5 for 500 Mpa, T7 for 700
Mpa, and T10 for 1000 MPa

2.2. Modeling Technique, Constitutive Law, and
Stress-Strain Behavior of The Reinforcing Bar

The longitudinal rebar was modeled using embedded truss
elements. It was assumed that perfect bonding could be
achieved between the concrete and the rebar. The
constitutive law of the rebar follows a one-dimensional
plasticity model [9].
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Fig. 2 The stress-strain diagram of the lateral confinement.

The elastic-perfectly plastic stress-strain law was used
to model the behavior of the longitudinal bar. For the
confining rebar, the stress-strain models were obtained
from:

Saliem [15] for 420 MPa steel rebar strength;
Nehrp [16] for 500 MPa steel rebar strength;
Chung [17] for 700 MPa steel rebar strength;
Chai [18] for 1000 MPa steel rebar strength.

el

Fig. 2 shows the stress-strain diagram used for the
confining rebar.
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2.3 Minimum Confining Rebar Diameter

The confining rebar diameter for ACI 318-14 was
computed by keeping the volumetric ratio of the confining
rebar the same, while for AS 3600-2018, the confining
rebar diameter was computed by maintaining the same
minimum confining pressure level. In AS 3600-2018, the
confining pressure applied to the core of the column may
be obtained by considering triaxial stresses across all
sections and the effectiveness of fitments in providing the
specified confinement.

The effective confining pressure (frerr) can be
calculated using:

Jrew = ke - 12 O-Olfc' (1)

where ke is the confinement effectiveness, f; is the
average confining pressure on the core cross-section taken
at the level of ties or spirals. The expression for ke is:

PR PURLCAN (U (A )
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In the above equation, n is the number of laterally
restrained longitudinal bars, w is the average clear spacing
between adjacent tied longitudinal bars, s is the center to
center spacing of the ties along the column, b, and d. are
the overall dimensions measured between the center-lines
of the outmost confining bar and 4. is the cross-sectional
area of the core bounded by the center-line of the
outermost confining bars (see AS 3600-2018 for more
details).

For the non-circular section, AS 3600-2018 states that
fr is the smallest of the confining pressures calculated for
each major direction as follows:

m
z Ab.ﬁl sy S 0

Jo= :d—ss 3)

Ay.5it 1s the area of one leg of the ties, fiy r is the yield
stress of the lateral bars, m is the number of tie legs
crossing the confinement plane, 6 is the angle between the
tie leg and the confining plane and ds is the overall
dimension measured between the center-lines of the
outermost confining bars.

Using Eqn.(1), the uniform confining pressure can be
calculated with:

_0.01f, @

I=

eff

By rearranging Eqns.(3) and (4), the area of one leg
confining rebar can be obtained as:

ds
Ay = Jd, (5)

m
S z sin @
i=1

In ACI 318-2014 [19], for a concrete compressive
strength lower than 70 MPa, the confining rebar ratio must

be higher than:
A A4, X
o =0.3(—5—1J /. ©)
s'bc Ach f;y,f
A _ 0097 7
S'bc f;y.f
A
Ab,ﬁt == (3
m

Where Ay, is the total cross-sectional area of the
transverse reinforcement, 4, is the gross area of the
concrete section and A, is the cross-sectional area of a
member measured to the outer edge of the transverse
reinforcement.
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Fig. 3 Effect of Confining pressure for each tie configuration (a)
Type I and (b) Type II

The required confining rebar was computed from the
free body diagram of the rectangular section, as shown in
Fig. 3.

The diameter for the confining rebar using ACI 318-
14 is shown in Table 2 while the one using AS 3600-2018
is shown in Table 3. Tables 2 and 3 show that the
minimum lateral bar diameter given by ACI 318-14 was
larger than that yielded by AS 3600-2018.
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Table 2. Minimum lateral bar diameter of specimen according
to ACI-318 2014

Column
No Type Ps1 Ps2 Ash ns Ds

1 15.L4.T4 0.012  0.011 557.4 18.3

2 15.1L.4.T7 0.007 0.006  334.44 14.1

4 15.L5.T5 0.010 0.009  468.21 16.7

2
2
3 15.L4.T10 0.005 0.005  234.11 2 11.8
2
2

5 I5.L5.T7 0.007 0.006  334.44 14.1

6 I5.L5.T10 0.005 0.005  234.11 2 11.8
7 115.1.4.T4 0.012  0.011 563.31 4.67 10.5
8 115.L4.T7 0.007  0.006  337.99 467 817
9 II5.L4.T10  0.005 0.005 236.59 4.67 6.8
10 1I5.L5.T5 0.010 0.009 473.18 4.67 9.7

—_

1 1I5.L5.T7 0.007  0.006 337.99 4.67 8.2

—_

2 IIS.L5.TI0  0.005 0.005 236.59 4.67 6.8

Table 3. Minimum lateral bar diameter of specimen according
to AS3600-2018

No Column Type mp  Kett  frer fr Abfit Ds

1 15.L4.T4 8 062 05 0.804 49.17 791
2 15.L.4.T7 8 062 05 0.804 2951 6.13
3 15.L4.T10 8 062 0.5 0.804 20.65 5.13
4 I5.L5.T5 8 062 05 0.804 4131 7.25
5 15.L5.T7 8 062 05 0.804 2951 6.13
6 I5.L5.T10 8 062 0.5 0.804 20.65 5.13
7 115.L4.T4 12069 05 072 16.64 4.60
8 115.L4.T7 12 069 05 072 998 3.57
9 II5.L4T10 12 069 05 072 699 2.98

10 II5.L5.T5 12 069 05 072 1398 421

11 1I5.L5.T7 12069 05 072 9098 3.57

12 II5.L5.T10 12 069 05 072 699 2.98

2.4 3D Model and Boundary Conditions

Fig.4 shows the 3D model of the specimen mesh rendered
using SALOME 9.2.0. In Fig.4 (a), the cover and core
concrete elements are depicted with a different color to
differentiate between them. The boundary conditions at
both ends were fixed in all directions. The load was given
using displacement control at the top of the columns. The
reinforcing bars were modeled using 3D truss elements;
the model for Type I is shown in Fig. 4(b) while that for
Type 1I is shown in Fig .4(c).

3 Results and Discussion

3.1 3D-NLFEA Stress-Strain Results

The axial load-deformation curve can be obtained using
3D-NLFEA. The axial stress was further computed by
dividing the axial load by the cross-sectional area of the
RC column. The axial strain was obtained by dividing the
axial deformation with the total height of the RC column.
The final axial stress versus the axial strain of the modeled
RC column are shown in Fig. 5, Fig. 6, Fig. 7 and Fig. 8.

Fig. 4 Modeling of Specimens (a) Concrete, (b) Confinement
Type I (c) Confinement Type II
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Fig. 5. Specimen stress-strain Diagram Type I according to
ACI318-2014

Fig. 5 to 8 show that the peak stress of the RC column
was affected by the yield strength of both the
longitudinal and confinement reinforcing bar. From
Table 4, it can be seen that an increase in the yield
strength of the longitudinal bar increases the RC column
peak stress while increasing the yield strength of the
confining bar reduces the peak stress of RC column.
Furthermore, ACI 318-2014 gives higher values of the
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peak stress of the RC Column than AS 3600-2018 60 7 AS 115.L4.T4
does.Table 4. Peak stress of RC column (Type.I and IT) with 5 A AS I5.L4.T7
constant Asn/s (ACI 318-14) and constant confining pressure : —AS 1I5.L4.T10
(AS3600-2018) e AS_IIS.L5LTS
_ 40 1 AS_TI5.L5.T7
I -
No Column Type Jee See E AS_TI5.L5.T10
(ACI318-14)  (AS3600-2018) < 301
1 15.L4.T4 54.93 52,53 &
& 20
2 15.L4.T7 54.10 52.11
10 4
3 15.L4.T10 53.58 52.27
4 15.L5.T5 56.57 53.12 0 w w w w w w w
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
5 15.L5.T7 55.06 52.84 Strain
6 15.L5.T10 5438 51.89 Fig. 8 Specimen stress-strain Diagram Type II according to
AS3600-2009
7 115.L4.T4 58.00 52.03
8 115.L4.T7 55.35 51.68 . ‘s
3.2 Strain Ductility (u)
9 115.L4.T10 53.47 51.55
o 515715 =12 12 Displacement ductl!lty is relgted to a structura}l systerpior
member configuration and its section behavior/ductility
11 I5.L5.T7 56.20 52.37 [20]. The strain ductility («) is measured as a ratio of the
12 15.L5.T10 5407 5221 maximum strain recorded after the peak load drops at 85%
of the peak stress to the strain at the first yield [21] which
is:
60 1 —-AS 15.L4.T4
—-AS_I5.L4.T7 €,
50 - X —AS I5.L4.T10 == ©
» 0 - AS_I5.L5LTS &y
40 A —AS 15.L5.T5
g " ﬁg‘gﬁg% The first yield strain is measured by extending the
g3 . i'&\\\ﬂ - line from the origin crossing to the 75% of the peak load
g e as shown in Fig.9.
2 20 ) Q
Opeak [~----7>
10 4
0.75 Cpeak [~~~ *: ****** 0.85 Opeak
0 T T T T 1 / :
0 0.002 0.004 0.006 0.008 0.01 / !
Strain /o
Fig. 6 Specimen stress-strain Diagram Type I according to 1
AS3600-2009 1
‘ €
ey eu

—ACLIIS.L4.T4 Fig. 9 Strain ductility scheme by Ravzi and Saatcioglu (1994)

70 1 —ACI 1I5.L4.T7

60 ﬁg:ﬂg%g%o Table 5 shows the strain ductility computed for each
EEEIEEE ---ACI_II5.L5.T7 modeled column (Type I and Type II) based on ACI 318-

301 Rz - ACLIIS.L5.T10 14 and AS 3600-2018; the confining bar ratio A/s for

ACIT 318-14 was kept constant while for AS3600-2018,
the minimum confining pressure was maintained constant
From Table 5, the strain ductility of Type I RC column
based on ACI 318-14 is affected by the yield strength of

Stress (MPa)
w s
(==} (=}

20 -
the transverse steel rebar. As the yield strength of the
10 4 confining bar increases from 420 MPa to 700 MPa, the
0 ‘ ‘ ‘ ‘ ‘ ‘ strain ductility increases. However, when the yield
0 0002 0004 0006 0008 001 0012 strength of the confining bar increases from 700 MPa to
Strain 1000 MPa, the strain ductility decreases.
Fig. 7 Specimen stress-strain Diagram Type II according to For Type I,I RC columqs which comply.w1th the. ACI
ACI318-2014 318-14 confining bar requirement, the strain ductility of

the column significantly increases as the yield strength of
the transverse steel rebar increases. This shows that the
equation used in ACI 318-14 with Type II configuration
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can increase ductility even when the yield strength of the
transverse steel rebar is improved to 1000 MPa.
Therefore, a high-strength rebar for Type II RC columns
can be used to replace mild steel rebar without limitations
on the yield strength up to 1,000 MPa which is greater
than yield strength determined in the codes. The strength
limitation specified in the codes is purely intended to deal
with construction difficulties in bending high-strength
steel to form a tie.

Table 5. Strain ductility of RC column (Type I and II) with
constant Asn/s (ACI 318-14) and constant confining pressure
(AS3600-2018)

No Column Type HACI318-2014 AS3600:2018
1 15.L4.T4 2.388 1.864
2 15.L.4.T7 2.392 1.860
3 15.L4.T10 2.204 1.911
4 I5.L5.TS 2.270 1.837
5 I5.L5.T7 2.363 1.813
6 15.L5.T10 2.190 1.812
7 115.1L4.T4 3.497 1.858
8 115.L4.T7 3.806 1.838
9 115.L4.T10 4.466 1.831
10 115.L5.T5 3.420 1.840
11 115.L5.T7 3.739 1.852
12 115.L5.T10 4.489 1.850

Unlike ACI 318-14, the AS 3600-2018 uses the
minimum confining pressure. Hence, the computed strain
ductility does not alter much as the yield strength of the
steel rebar changes. Furthermore, the slight changes in the
strain ductility for column designs based on AS 3600-
2018 can be attributed to the different lateral modulus of
the internal confining device (confining bar).

3.3 Ductility Index (/10)

The 11 ductility index measures the ductility of the RC
column based on the energy ratio. This energy is
computed as the area beneath the axial load (P)-nominal
strain (&) curve. The nominal strain for concentrically
loaded RC column is equal to the axial strain. The /jo
ductility index was proposed by Foster and Attard [22].
Further, Samani et. al [5] also used this /;o ductility index
to evaluate the ductility of RC columns.

Fig. 10 shows the [ ductility index proposed by
Foster and Attard [22]. In Fig. 10, the nominal strain
considered when computing the /1o ductility index (Point
C) is equal to 5.5 times the nominal yield strain (Point A).
An elastic-perfectly brittle material has an /;o index equal
to one, while for an elastic-perfectly plastic model, /9 is
equal to ten (see Fig. 11) [23]. The ;o ductility index can
be computed by taking the ratio of the area OEF to the
area of OAB and is:

_ Areay,,

(10)

0
Area,,,

AS 3600-2018 uses the /o ductility index equal to 5.6
as an appropriate baseline for proportioning concrete
columns with confinement reinforcement [5]. It should be
noted that the structural frame design in AS 3600-2018 is
intended only for structural systems with ordinary to
intermediate resisting moment frames (OMRF to IMRF).
On the other hand, the ACI 318-14 confinement equation
is intended for structural systems with special resisting
moment frames (SRMF). Hence, it is expected that the 7o
ductility index of the columns designed using ACI 318-14
confinement requirements should be one magnitude
higher than those designed with AS 3600-2018.
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Fig. 10 /10 ductility index proposed by Foster and Attard [22]
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Fig. 11 [10ductility index for (a) elastic-perfectly brittle material
and (b) elastic-perfectly plastic material.

Table 6 shows the value of the /iy ductility index for
all columns. The findings are the same as the strain
ductility measurement for Type I RC columns, where the
Ip decreased as the yield strength of the confining bar
increased from 700 Mpa to 1000 Mpa. For Type II RC
columns, the /o ductility index evaluation is similar to the
strain ductility index; that is, using a Type II configuration
means /o increases even though the yield strength of the
transverse steel rebar is increased to 1000 Mpa. Table 6
also shows that the /9 value for RC column design with
ACI 318-14 was higher by about one magnitude
compared to the RC column design with AS 3600-2018.
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Table 6. [10 ductility index of RC column (Type I and II) with
constant Ash/s (ACI 318-14) and constant confining pressure
(AS3600-2018)

No C;l;l[:zn T10_aci318-2014 T10_as3600:2018
1 15.L4.T4 7.520 6.390
2 15.L.4.T7 7.619 6.491
3 15.L4.T10 7.078 6.761
4 I5.L5.T5 7.534 6.354
5 I5.L5.T7 7.552 6.355
6 15.L5.T10 7.185 6.360
7 115.L4.T4 8.690 6.352

115.L4.T7 8.941 6.413
9 115.L4.T10 9.081 6.947

10 115.L5.T5 8.671 6.361
11 II5.L5.T7 8.891 6.437
12 II5.L5.T10 9.281 6.552

4 Conclusions

This paper presented the parametric studies on RC column
confined with varying steel yield strength for both the
longitudinal and the transverse steel rebar. One of the
major findings was that the ACI 318-14 equation for
confinement does not give the same level of ductility
when steel of different yield strengths was used. On the
other hand, the AS 3600-2018 equation for the confining
rebar shows an almost similar ductility level for any value
of the steel yield strength. This similar ductility level can
be obtained by keeping the minimum confining pressure
the same. Slight variation in the ductility level was
encountered which is believed to be due to the differences
in the stiffness of the confining rebar when a high strength
confining rebar is used.

Further research can consider more parametric
studies with numerous variations in the RC column
configurations. Moreover, other combinations of external
and/or internal confining devices, as well as different
loading conditions, should be investigated to further
understand the ductility behavior of RC columns.

References

1. Thorhallson, E.R. and P.V. Bjarnason, /5 WCEE
(2012)

2. Taheri, A., A.S. Moghadam, and A.A. Tasnimi, Int.
J. Adv. Struc. Engg. 9(4): p. 325-340 (2017)

3.  Sheikh, S.A., SM. Uzumeri, and M. ASCE J. of
Struct. Div. 1079-1102 (1980)

4. Karabinis, A. and P. Kiousis, J. Struc. Engg. 122(3)
267-274 (1996)

5. Samani, AK., MM. Attard, and S.J. Foster,
Australian J. Struc. Engg. 16(3) 237-250 (2015)

6. Parvez, A., et al., Finite element analysis of HSC
column confined with HSS ties.

7.  Mander, J.B., M.J. Priestley, and R. Park, J. Struc.
Engg. 114(8)1804-1826 (1988)

8. Alavi-Dehkordi, S. and D. Mostofinejad, Mat and
Struc. 51(6) 145 (2018)

9. Piscesa, B., Modeling confined concrete using
plasticity formulation, in School of Civil and
Environmental Engineering. 2018, The University
of New South Wales, Sydney, Australia.

10. Piscesa, B., M.M. Attard, and A.K. Samani,
Composite Struc. 194 478-493 (2018)

11. Piscesa, B., etal., ACI Struc. J. 114(2) 361 (2017)

12. Piscesa, B., M.M. Attard, and A.K. Samani,
Composite Struc. 158 160-174 (2016)

13. Piscesa, B., et al., Engg. Struc. 196 109336 (2019)

14. Shanan, M.A., A.H. El-Zanaty, and K.G. Metwally,
Int. J. Civil, Env. Struc. Const. and Arch. Engg.
10(7) 955-963 (2016)

15. Saliem, HM., et al., ACI Struc. J. 530-539 (2009)

16. Venture, N.C.J., <Nerhp-GCR 14-917-30 Use of
High-Strength Reinforcement.pdf>. US: National
Institute of Standards and Technology.

17. Hung, C.-C. and C.-Y. Chueh, Engg. Struc. 122 108-
120 (2016)

18. Cai, Z.-K., Z. Wang, and T. Yang, Const. Build.
Mat. 166 945-955 (2018)

19. Institut, A.C., Building Code Requirements for
Structural Concrete (ACI 318-14). American
Concrete Institute America.

20. Duan, L. and T.R. Cooper, Concrete Int. 17(11) 61-
65 (1995)

21. Razvi, S.R. and M. Saatcioglu, ACI Struc. J. 678-
687 (1994)

22. Foster, S.J. and M.M. Attard, Struc. J. 94(3) 295-303
(1997)

23. McFarlane, A., Struc. Eng. 85(6) 31-37 (2007)



