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Abstract
This paper presents the relevance of using various material models to represent the inherent 
material non-linearity of the cross-section in generating moment curvature relationship. Further, 
confinement effects are imposed on geometry and P-M diagram is constructed of typical cross-
section of column adopted in Nepal. Also, the modelling capability and user defined modelling 
aspects in terms of section, material behavior is assessed and suitability of modelling criteria to 
depict the actual displacement capacity is studied. It was observed the ultimate curvature of the 
un-confined concrete section considered was obtained approximately to be 0.16 per m while for 
studied confined material models the curvature was obtained approximately to be 0.66 per m. This 
increase in curvature is due to the confinement effect of the lateral ties. It was observed that the loss 
of strength of concrete in cover is compensated by use of the confinement since gain in axial and 
bending capacity of the confined concrete in comparison to unconfined one in compression control 
region. Hence, it is suggested to adopt the confined material model as user-defined for generating 
hinge property for non-linear analysis of the structures. 
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1.   Introduction 
Columns are the primary structural members 
in structure designed to resist the imposed 
loading of any nature. Being major component 
for strength and ductility enhancement of the 
structure modelling of such members should 
be performed with due care. Since inelastic 
behavior is inherent in most of the structures 

so structural engineering has been adopting 
nonlinear static analysis procedures for 
analyzing such structures. Modelling non-linear 
is not a handy job so development of the several 
advance modelling tools for numerical analysis 
of structures have helped researchers to predict 
the complex non-linear behavior of the R.C 
structural system numerically. While adopting 
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these platforms users should be aware of the 
modelling capabilities of the tool without being 
completely dependent on the software. Since, 
numerical modelling for non-linear analysis 
includes the non-linear material behavior of 
the members as depicted by moment curvature 
relationship and interaction curves (Kwak 
and Kim, 2002), (Hede and Narayan, 2015) 
so an attempt is done to assess the modelling 
criteria for reinforced concrete column. A 
simple Methodology of construction of moment 
curvature relationship and interaction curves 
for the typical column section is proposed. A 
study of various confined material model to 
depict non-linearity of material in the form 
of post peak response and geometric non-
linearity in the form of hinges and inherent 
plastic behavior of the section is performed. 
Various documents including ATC-40 (Applied 
Technology Council, 1996)and FEMA 356 
(Federal Emergency Management Agency, 
2000) is widely adopted and researchers 
have been following the non-linear analysis 
provision as per these codes. Also, since 
analysis package SAP 2000 (SAP-2000, 2016) 
developed from Computer and Structures also 
adopt these guidelines so users usually adopt 
the default modelling approaches. Contrarily, 
the researcher might be fully dependent on the 
default modelling considerations of the tool 
and might be far off from the real response of 
the existing structure. So, a clear understanding 
of the numerical model its capability and 
procedure should be done to perform the 
nonlinear analysis (Zendaoui et al., 2016). This 
research paper focuses on the evaluation of 
behavior of a typical column cross-section for 
moment-curvature and interaction diagrams 
for various codal provisions using various 
material models. 

2.   Geometry of Column Section
To investigate the effect of material model in 
obtaining the effect of confinement on stress-
strain curve a typical cross-section of column 
was considered. The adopted column consists 
of the column section usually used in residential 
building as depicted in Figure 1.
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Figure 1: Cross-section of column

The column consists of size 300mm (12 in.) 
by 300mm (12 in.) with reinforcement details 
comprising of 4 corner bars of 16mm and 

diagonal 12mm  and transverse 
8mm ties @125mm c/c .
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3.   Material Model
Concrete is brittle material and behaves as 
unconfined concrete for low level of stress with 
no role of the transverse rebar and when the 
stress reaches the uniaxial strength the lateral 
ties acts so they are usually termed as passive 
confinement (Park, R., and Paulay, 1975). 
Confinement by lateral ties have less or no effect 
on the stress-strain curve until concrete reaches 
maximum stress level. As strain increases the 
stress-

strain curve of confined concrete depends on the 
volumetric ratio, strength of concrete and rebar, 
diameter and spacing of the stirrups etc. Since 
non-linear analysis of the structural frames 
includes the non-linear material behavior of the 
members and depicted by moment curvature 
relationship and interaction curves (Kwak and 
Kim, 2002), (Hede and Narayan, 2015). Several 
confined and unconfined concrete material 
models have been proposed for concrete 
including Mander et. al., 1988 (J. B. Mander, 
1988) , Kent and Park, (1971) (Kent, D.C., and 
Park, 1971), Cusson-Paultre, 1995 (Cusson, 
D., and Paultre, 1995) and Hong-Hang Model 
(Suzuki et al., 2004).etc., and for steel (Indian 
Standard, 2000), (CP 110, 1972). In various codal 
provisions ((ACI Standard, 2014), (Thomas, 
1990)) stress-strain curve of the concrete material 
has an initial parabolic ascending portion until 
strain of 0.002 followed by linearly descending 
portion which is sometimes even idealized as a 
straight line until the ultimate strain of 0.0035 
(Indian Standard, 2000). 

(a) Concrete confined and unconfined material 
model

(b) Steel material model

Figure 2: Stress-strain curve of concrete and 
reinforcement

Kent and Park, (1971) (Kent, D.C., and Park, 
1971) provided the stress-strain curve of the 
unconfined concrete consisting of ascending 
part (2nd degree parabola) until peak depicting 
no role of confining steel until this point and 

equal to cylinder strength, . Later during 
1982, Kent and Park (Park, R., Priestly, M.J.N., 
and Gill, 1982) further modified the stress 
strain model of concrete which depicts the 
enhancement of the strength of concrete with 
confinement effect

Cusson-Paultre, 1995 (Cusson, D., and Paultre, 
1995) and Hong-Hang Model,2005 (Suzuki et 
al., 2004).proposed stress-strain model for high 
strength concrete. Cusson-Paultre, 1995 further 
divided confinement into 3 classes of low, 
medium and high confinement. Hong-Hang 
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Model,2005 was performed his experiment 
procedure for high strength concrete (40 to 
130MPa), yield strength of tie (320 to 1300MPa) 
and volumetric ratio of tie (0.32 to 1.92%). 
Hence, four confined material models were 
considered comprising of (2-NSC and 2-HSC) 
for modelling of concrete and in developing 
the moment curvature relationship of studied 
column cross-section. 

Generally, the stress strain curve of 
reinforcement steel consists of elastic until , 
yield plateau (plastic), followed by curvilinear 
strain hardening until tensile stress reaches its 
maximum value and finally descending curve 
in strain softening until necking and fracture (P. 
Sunitha, 2016). 

As depicted in Figure 2 the stress-strain curve 
of Hong Han model overestimates the actual 
unconfined compressive strength which might 
be due to the fact that this material model was 
developed for high strength concrete. Also, due 
to confinement effects the compressive strength 
of all confined models are higher than 20MPa.

The concrete and reinforcement properties 
for the numerical study was adopted as per 
the actual testing parameters. Concrete was 
adopted of strength 20 MPa (2900psi) and stress 
strain curve as per the various material models 
and properties of reinforcement was taken as 
shown in Table 1.

Table 1: Material Parameters for reinforcement steel bars (Indian Standard, 2000)

Bar.  (mm)
 

(MPa)
 

(MPa)
 

(GPa) (MPa)
Longitudinal/

Transverse
4-16,4-12, 
6@125mmc/c

500 545 200 382 0.0025 0.12 0.14

The curve beyond ultimate strain varies linearly 

and further drops to breaking strain ( ) with 
stress equal to 90 MPa as per codal provision 
(Indian Standard, 2000).

4.   Moment curvature Relationship
Moment curvature relationships are essential 
during non-linear analysis of the reinforced 
concrete structures since it represents the 
sectional behavior under combined axial and 
bending moments. For any particular cross-
section of the member the idealized M-phi 
diagram consists of three characteristic points. 
The first point depicts the tensile strength 
of concrete with start of cracking decreasing 
the moment of inertia of the cross-section. 
Second point represents the yielding point of 

the tensile reinforcement. The third point is 
the point of collapse due to either yielding of 
tensile reinforcement, compression failure of 
concrete or very rare but probable mechanism 
of collapse of both. 

For concrete compressive force and its 
location from extreme compressive fiber, 
, equivalent rectangular stress block was used 
having width of mean stress of  and depth 
of  with considering the total compressive 
force and location being similar for actual and 
equivalent stress block. 
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Figure 3: Development of Moment curvature relationship 

For any strain 𝜀𝜀𝑐𝑐𝑐𝑐 of extreme compression 
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First moment of area was evaluated 
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Finally, compressive force in 
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Figure 4: Development of Interaction Curve

5.   Interaction Diagram
Columns being vertical members are  subjected 
to combined axial load and bending moments 
due to external loads.

Interaction diagram displays the axial and 
moment capacity which are acceptable for the 
studied cross-section of the structural members. 
Any value of load and moment outside the 
curve leads to failure of the column which 
further might be brittle or ductile depending on 
the location of the point. As depicted in Figure 
4 the curve consists of several points with 
concentric until pure flexure (beam). Hence, in 
order to consider column as safe (adequate), 
combination of design strength (M, P) from the 
curve should be greater than the combination of 
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the action effects (M, P).

Using the theoretical formulations of IS 
(Indian Standard, 2000) and ACI codal (ACI 
Standard, 2014) provisions interaction curves 
were developed of studied column section. 
Interaction curves were generated for various 
confined material models by Microsoft Excel 
(Visual Basic Application). 

6.   Results and Discussion 
The moment curvature relationship of column 
for various confined material models with axial 
load (Axial Load = 0, pure bending) is depicted 
in Figure 5. 

Figure 5: Moment curvature relationship of various 
material models (Axial load= 0KN)

Figure 6: Moment curvature relationship of 
various material models (Axial load =200KN)

The difference in curvature among unconfined 
and confined material models is shown in 

Figure 5. Hence, the presence of transverse 
reinforcement in confining the core concrete 
enhances the ductility property of reinforced 
concrete member with increase in strength. The 
ultimate curvature of the un confined concrete 
section considered was obtained approximately 
to be 0.16 per m while for studied confined 
material models the curvature was obtained 
approximately to be 0.66 per m. Hence, sufficient 
amount of transverse reinforcement should 
be provided in structural member to enhance 
the capacity as well as ductility requirements 
which is essential for earthquake resistance 
philosophy. Similarly, for axial compressive 
load of magnitude 200KN the moment 
curvature curve was plotted as shown in Figure 
6. From the Figure the ultimate curvature of the 
unconfined concrete material model was seen 
to be significantly less as compared to confined 
concrete model. 

The interaction curves as per IS Code and ACI 
code using finite element application SAP 
2000 section designer (Figure 1.) and manual 
calculation were plotted in Figure 6. It was 
observed that the plot was almost similar for 
the studied column section which justifies the 
mathematical calculation procedure adopted 
for the study. 

Figure 7: Interaction curve for various codal 
provisions
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Figure 8: Interaction curve for various material 
models

For the studied column section, the use of both 
the codal provision estimated almost similar 
P-M response. Hence, users can adopt any 
codal provision to design the column section 
using respective interaction diagram Hence, 
further study for various material models 
were performed manually using similar 
mathematical calculations as shown in Figure 7. 

The interaction curves of column for various 
unconfined confined material model and codal 
provision (IS) is depicted in Figure 7. It can be 
clearly observed gain in capacity of axial and 
bending of the confined concrete in comparison 
to unconfined one in compression control 
region. 

It is due to the effect of lateral ties which 
confines the concrete within. Apart from 
Hong Han model use of other stress-strain 
concrete material models does not demonstrate 
significant difference of strength. 

7.   Conclusions
This paper focuses on the evaluation of 
behavior of a typical column cross-section for 
moment-curvature and interaction diagrams 
for various confinement material models and 
codal provisions. To investigate the effect 
of material model in obtaining the effect of 
confinement on stress-strain curve a typical 

cross-section of column was considered. The 
results of this study clearly depicts that the 
major parameter to affect the stress-strain curve 
of concrete is ultimate strain, maximum stress 
and corresponding strain. Also, the presence 
of transverse reinforcement in confining the 
core concrete enhances the ductility property 
of reinforced concrete member with increase 
in strength. The ultimate curvature of the un 
confined concrete section considered was 
obtained approximately to be 0.16 per m 
while for studied confined material models 
the curvature was obtained approximately to 
be 0.66 per m. It was observed that the loss of 
strength of concrete in cover is compensated by 
use of the confinement since gain in axial and 
bending capacity of the confined concrete in 
comparison to unconfined one in compression 
control region. Further detailed 3D numerical 
study is required to be carried to be sure that 
the confinement results in gain of capacity of 
RC structures. Last but not least it is strongly 
recommended to use the user defined options 
available in the code of the numerical tool rather 
than using default properties while adopting 
the lumped plasticity model in obtaining the 
response of the structures. 
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