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Comparison among different software for the evaluation
of moment-curvature of R.C. columns
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Abstract. The work aims at the comparison among commonly used research programs concerning moment-curvature (M—y)
diagrams of confined R.C. members. The software considered in this work are Sap2000, SeismoStruct and Opensees. The
curves provided by these software, given the same modelling, have been compared to those provided by a theoretical fiber
model. A parametric analysis has been led on rectangular column sections with different level of axial load and different stirrups
spacing. The accuracy of the modelling of the considered structural programs has been investigated by comparing their results

with those obtained by applying the theoretical fiber model.
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1. Introduction

It has long been recognized that strength, as well as
ductility of concrete, substantially increases whenever its
state of stress is a triaxial compression. In practice, a
loading condition equivalent to hydrostatic compression
results when transverse reinforcement in the form of closed
ties (hoops) or spirals, prevent lateral swelling of an
element subjected to axial compression. The concrete which
is affected by this favorable action of the transverse
reinforcement is called confined concrete. It must be noted
that some degree of confinement is contributed from
longitudinal reinforcement bars, especially those of large
diameter and/or with close spacing. The inelastic behavior
of concrete is initiated by the formation of internal bond
cracks at the interface between aggregates and mortar, a
phenomenon which influences the descending branch of the
stress (oc)-strain (ec) diagram. The behaviour of the material
is affected by confinement from the instant that internal
cracking causes an increase of volume in the element
considered. It follows that transverse reinforcement does
not affect the first part of the oc—ec curve, but their
contribution becomes significant as soon as the maximum
strength is achieved.

Confinement offers two main advantages regarding the
seismic behavior of concrete structural elements. In fact, it
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increases the strength of concrete by compensating the
spalling, i.e., the failure of the cover concrete, occurring
when compressive strain in the cover exceed 0,4 % (Mander
et al. 1988) and it reduces the slope of the descending
branch of the oc—e. curve. Therefore, it increases the
maximum strain e, leading to values higher than 0,35 9%,
commonly accepted by codes for members in bending,
widely growing the local ductility of the members. The
main parameters affecting the increase of ductility and
strength are the ratio of transverse reinforcement (pu), the
yield strength of the transverse reinforcement (fy) even if the
increase of stress in the transverse reinforcement due to the
strain hardening is typically ignored, the compressive
strength of concrete (f)), the spacing of transverse
reinforcements (s) and the longitudinal bars pattern.Given
this benefit, the confinement cannot be neglected both in the
design of new building than in the evaluation of the seismic
capacity of existing and aged R.C. buildings.

The first research on this topic was conducted by
Richart et al. (1928), Balmer (1944). Afterwards, the issue
of confinement has been the subject of many studies in
which it has been pointed out that confinement is improved
if 1) the transverse reinforcement is placed at relatively
close spacing; 2) additional supplementary overlapping
hoops or cross ties with several legs passing the section are
included; 3) the longitudinal bars are well distributed
around the perimeter; 4) the volume of transverse
reinforcement to the volume of the concrete core or the
yield strength of the transverse reinforcement is increased;
5) spirals or circular hoops are used instead of rectangular
hoops and supplementary cross ties. These effects of
confinement on the stress-strain behaviour of concrete have
been quantified for the first time by Kent and Park (1971)
for concrete confined by rectangular transverse
reinforcement. The relationship proposed was based on the
test results of Roy and Sozen (1964) and others available at
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that time. Anyway, this model neglects the increase in
concrete strength but considers the increase in ductility due
to rectangular confining steel rebars. Subsequently, Park et
al. (1982), Scott et al. (1982) tested full-size specimens
based on real building columns and modified the Kent and
Park (1971) stress-strain relationship taking in account the
enhancement of both the concrete strength and ductility due
to confinement and the effect of strain rate. Other
monotonic stress-strain equations for concrete confined by
rectangular-shaped transverse reinforcement have been
proposed by Vellenas et al. (1977), Sheikh and Uzumeri
(1980, 1982). In particular, Sheikh and Uzumeri (1980,
1982) proposed a stress-strain model similar to the one
proposed by Park et al. (1982). This model incorporates the
confinement effects by adjusting the peak stress and setting
a confinement effectiveness coefficient. The confinement
effectiveness coefficient depends on the configuration of the
hoop reinforcement. Stress-strain equations for concrete
confined by spiral reinforcement have been proposed by
Park and Leslie (1977), Desay et al. (1978), Ahmad and
Shah (1982, 1985), Dilger et al. (1984), and others.

Mander, Priestley and Park (1988) proposed a unified
stress-strain model for confined concrete, both for circular
or rectangular sections, under static or dynamic loading,
either monotonically or cycling applied. More recently,
Mander and Chang (1994) developed a hysteretic model for
confined and unconfined concrete subjected to both tensile
and compressive cyclic loading. This concrete stress-strain
model is a modern version of the well-known Mander,
Priestley and Park (1988) model and has been enhanced to
predict the behaviour of high strength concrete. The model
is also capable of simulating gradual crack closure under
cyclic loading. However, the monotonic part of the model is
entirely coincident with the Mander, Priestley and Park
model. Even if studies of Razvi (1999), Cusson et al.
(1996), Cusson and Paultre (1995) and more recently of
Dhakal and Maekawa (2002), Shahbeyk et al. (2017), Silva
and Haach (2016) have proposed more appropriate
stress-strain models able to reproduce real case, the unified
model by Mander et al. is still the more widespread and
implemented in common structural programs.

The need to improve the seismic performances of
existing buildings or to retrofit them according to the
new-seismic regulations is a more and more pressing need
in areas subjected to high seismic risk (Formisano 2012,
Nastri et al. 2017, Barbagallo et al. 2016). Among the
newly available technologies, significant attention has
received the confinement of structural members by applying
one or more layers of fiber-reinforced materials in a
polymeric matrix (FRP) bonded to the element’s surface.
The increasing use of confinement by FRP requires
analytical models able to predict the behavior of confined
concrete elements. Many researchers have developed and
proposed different constitutive laws. Some of them require
an iterative procedure or, as collapse condition, the
attainment of the ultimate value of concrete axial strain,
while others refer to the ultimate strain of FRP. Some other
consider only the maximum amount of the lateral confining,
while others its whole development as a function of the
concrete axial strain. Generally, these constitutive laws are
based on the definition of the confined concrete maximum

strength (f,.) and the corresponding maximum strain (e..).
To estimate the ultimate strength of reinforced concrete
elements confined with FRP, several relationships can be
found in the literature (Bisby et al. 2005, Matthys et al.
2005). They are based on the preliminary evaluation of the
ultimate lateral confining pressure, and on the assumption
that concrete collapse occurs when FRP layers reach their
ultimate stress (Karbhari and Gao 1997, Toutanji 1999,
Cavaleri et al. 2017, Campione 2012, Campione et al. 2012,
2014, Saafi et al., 1999, Miyauchi et al. 1999, Fadis and
Khalili 1981, Spolestra 1999, Xiao and Wu 2000,
Motezaker and Kolahchi 2017, Li et al. 2017). An extensive
comparison of this constitutive models is reported in
(Montuori et al. 2014a, 2014b) while in this paper reference
is made to unreinforced sections only. In the following,
among the numerous constitutive models of reinforced
confined concrete available in the literature, only the main
and widespread ones are reported and detailed. Reference is
made to the model by Kent and Park (9171) and the model
by Mander et al. (1988) which are the ones more
implemented in the computer program investigated in the
following. Besides, parametric analyses have been led on
rectangular column sections with different level of axial
load and different stirrups spacing. The accuracy in terms of
modelling of the considered structural programs has been
investigated by comparing their results with those obtained
by applying a theoretical fiber model based on the model by
Mander et al. (1988).

2. Review of two confined concrete models adopted
2.1 Model by Kent, Park et al. (1971-1982)

Kent and Park (1971) presented a piecewise continuous

model composed of an ascending parabola and a linear
descending branch with a slope that depends on the amount
of confinement and finally residual stress of 0,2 f'. where
f'. represent the compressive strength of concrete (Fig. 1).
This model does not reflect any strength enhancement due
to the confinement steel.
Later modifications by Park, Priestley and Gill (1982)
include the effect of confinement upon the strength of
concrete. This model assumes a peak strain of 0,002 for
unconfined concrete. Starting from Richart et al. (1928)
linear relationship, Park et al. proposed the coefficients to
be k1:k2=1.
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Fig. 1 Model by Kent and Park (1971)
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Fig. 2 Stress-Strain Model proposed for monotonic loading
of confined and unconfined concrete
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where f'.. is the compressive strength of confined
concrete, f'. is the compressive strength of unconfined
concrete; f; is the lateral pressure from the transverse
reinforcement; &, is the normal strain corresponding to
the maximum stress of the confined concrete, and &', is the
normal compressive unconfined concrete strain. The
equivalent confining pressure is given by

fi= psfyh (2

where p, is the ratio of the volume of hoop reinforcement
to the volume of confined concrete core measured outside
of the hoops, and f,,, is the yield strength of the transverse
reinforcement.

Richart et al. =

M

2.2 Model by Mander, Pristley and Park (1988)

Mander et al. (1988) proposed a unified stress-strain
approach for confined concrete applicable to both circular
and rectangular shaped transverse reinforcement. The
stress-strain model is illustrated in Fig. 2 and is based on an
equation suggested by Popovics (1973). For a slow
(quasi-static) strain rate and monotonic loading, the
longitudinal compressive concrete stress f, is given by

f’CCT‘x
fe = r—1+x" )
where f'.. = compressive strength of confined concrete
and x is the ratio between the longitudinal compressive
concrete strain ¢, and the longitudinal compressive
confined concrete strain computed according to the
following relationship

Ece = Eco [1 +5 (f - 1)] (4)
f co

as suggested by Richard et al. (1928). The terms f’., and

&, are the unconfined concrete strength and corresponding

strain, respectively (generally &, =0,002 can be
assumed), and
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Fig. 3 Effectively confined core for rectangular hoop
reinforcement

where the tangent modulus of elasticity of the concrete is
expressed as

E. = 5,000y/f"., MPa (6)

and the secant modulus of elasticity of the concrete is
expressed as

fec

SCC

Esec = (7)

To define the stress-strain behaviour of the cover
concrete (outside the confined core concrete) the part of the
falling branch in the region where &, > 2¢,, is assumed to
be a straight line which reaches zero stress at the spalling
strain, &,. An approach similar to the one used by Sheikh
and Uzumeri (1980) is adopted to determine the effective
lateral confining pressure on the concrete section.

The maximum transverse pressure from the confining
steel can only be exerted effectively on that part of the
concrete core where the confining stress has fully developed
due to arching action. Fig. 3 shows the arching action that is
assumed to occur between the levels of transverse
rectangular hoop reinforcement. The area of ineffectively
confined concrete will be largest and the area of effectively
confined concrete core A, will be smallest. It is considered
that the effective lateral confining pressure is

fv = fike 8)

where f; is lateral pressure from the transverse

reinforcement, assumed to be uniformly distributed over the

surface of the concrete core, and k, is the confinement
effectiveness coefficient, which is determined by

Ac

=— 9

ke =" ©)

where A, (Equation is the area of effectively confined

concrete core; A, = A.(1 — p..) is the area of concrete

core enclosed by the perimeter hoops; A, is the area of

core of section enclosed by the center lines of the perimeter

hoop and p.. is ratio of area of longitudinal reinforcement
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to area of core of section Ac. The arching action is assumed
to act in the form of second-degree parabolas with an initial
tangent slope of 45°. Arching occurs vertically between
layers of transverse hoop bars and horizontally between
longitudinal bars. The effectively confined area of concrete
at hoop level is found by subtracting the area of the
parabolas containing the ineffectively confined concrete.
For one parabola, the ineffectual area is (w';)?/6 where
w'; is the ith distance between adjacent longitudinal bars.
Thus, the total plan area of ineffectually confined core
concrete at the level of the hoops when there are
n longitudinal bars is

_ N (w')?
A,-_; x (10)

Incorporating the influence of the ineffective areas in
elevation, the area of effectively confined concrete core at
midway between the levels of transverse hoop
reinforcement is

o W2 s s
A, = (bcdc —; ; )(1 _Z—bc><1 _2_dc> (11)

where b, and d, are the core dimensions to centre lines of
perimeter hoop in x and y directions, respectively, and s’
is the wvertical spacing between hoops. Hence, the
confinement effectiveness coefficient is for rectangular

hoops
(122 28 (1 55) (1~ 2) (12)
(1 - pcc)

It is possible for rectangular reinforced concrete
members to have different quantities of transverse confining
steel in the x and y directions. These may be expressed
as

k. =

A A
Px = ﬁ and py = % (13)
where A,, and Ay, are the total area of transverse bars
running in the x and y directions, respectively, and s is
the vertical center to center spacing between hoops. The
lateral confining stress on the concrete is given in the x
and y directions as

foe = 22y = (14)
Ix Sdc yh xJyh
Asy
fly = Tfyh = pyfyh (15)
SDc¢

and f,, is the yield strength of the transverse
reinforcement. Therefore, considering the confinement
effectiveness coefficient, the effective lateral confining
stresses inthe x and y directions are

f,lx = kepryh f,ly = kepyfyh (16)

The evaluation of f’,. (compressive strength of
confined concrete) can be performed by means of the

1.0 1.5 2.0
0 L ’
N
AN |
\\\\\\ ]
N |
o1 TN
N
| WAUA AL\ f =t
e ———— {l--l‘x‘\n\\
8z | IARAVA\ N
IVA)
| Biaxial 11\
i \
03 FITERIIWY
0 0.1 02 03

Fig. 4 Confined strength determination from lateral
confining stresses for rectangular sections (redrawn from
Mander et al. 1988)

abacus depicted in Fig. 4, which requires the knowledge of
the confining stresses f';; and f',, provided by

fu=min(ff) flo=max(f,f,) @7

In addition, aiming at a complete description of the
constitutive law, it is necessary to determine the ultimate
strain &, which can be estimated employing the following
relationship

1'4’fyhpsgsu
f’CC

where &, represents the ultimate steel strain and p, is the

volumetric ratio of confining steel which is equal to

px t py. Finally, regarding the tensile strength of concrete,
both for confined and unconfined concrete, it is taken as

fe =0,5\fe [MPa] (19)

The modulus of elasticity in tension is assumed equal to
the one in compression.

ey = 0,004 + (18)

3. Moment-curvature of reinforced concrete columns

In this work, the moment-curvature of reinforced
concrete columns affected by confinement has been
provided employing three  software:  SAP2000,
SeismoStruct and Opensees programs which can simulate
the inelastic response of structural systems subjected to
static loads. Non-linear static analyses on a simple
cantilever scheme have been carried out to obtain the plastic
response. Results have been compared with those provided
by a research software based on a home-made fiber
modelling  computer  program called MCCRCCS
(Moment-Curvature Confined Reinforced Concrete Column
Sections). MCCRCCS is a software able to provide the
moment-curvature diagrams for confined and unconfined
concrete for square or rectangular column sections and for
sections reinforced with angles and battens.

The philosophy which the fiber hinge model is based on
subdivides the cross section of the structural element in
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Fig. 5 Cross section of column specimens

Table 1 Mechanical properties of steel and concrete

Unconfined Concrete Steel

S E. Jee fe Eec Ecu fer €co Esp Ey fyk
[cm][MPa] [MPa] [MPa] _[-] [l [MPa] [1 [] [MPa] [MPa]

6 2500038375 25 0.00735 0.02554
12 2500031.375 2.5 0.004550.017173 25
24 25000 275 25 0.03 0011514

Confined Concrete

0.002 0.01 210000 450

three types:

1) fibers used for modelling the longitudinal steel

reinforcing bars;

2) fibers used to define the nonlinear behavior of

confined concrete

3) fibers used to describe the nonlinear response of

unconfined concrete which includes cover concrete.

For each fiber, the stress-strain (o-¢) constitutive law is
determined.

The geometry, dimensions and reinforcing details of the
specimens are shown in Fig. 5. Each sample represents a
cantilever column whose length is 3.00 m. The samples
have rectangular cross-sections with dimensions 0.40x0.60
m?. The longitudinal reinforcement of the columns in both
lateral faces is composed of sixteen bars of 20 mm
diameter. The shear reinforcements in the columns are
constituted by 10 mm diameter stirrups spaced at 0.06 m,
0.12 m and 0.24 m. The concrete material is a C25/30, and
the reinforcement material is B450C steel.

Table 1 summarizes the mean values of the material
properties used in the construction of the samples, where
fo is the cylindrical concrete compressive strength and
£, 1S the corresponding strain; f.. is the compressive
strength of confined concrete, and €. is the corresponding
strain; &, is the ultimate strain; &, is the concrete spalling
strain; f; is the tensile strength of concrete; E. is the
Young modulus of concrete; f,, is the yield strength of the
reinforcement; E,, is the Young modulus of steel. The Eq.
(5) proposed by Mander et al. (1988) has been applied to
define the stress-strain constitutive model of both confined
and unconfined concrete according to the mechanical
properties reported in Table 1. In Fig. 6 the three
constitutive laws referring to confined concrete for the
specimens with stirrups spaced at 0.06, 0.12 and 0.24 m and
the constitutive law of unconfined concrete are reported. In
particular, the distance b, and d, are taken to center lines

45
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o (MPa)

35
30
25
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15

Uncenfined
concrete

10

€

0 0.005 0.01 0.015 0.02 0.025 003

Fig. 6 o-¢ constitutive law for concrete with different
amounts of horizontal bars

of perimeter hoop in x and y directions as suggested by
Mander et al. (1988).

In addition, it can be observed that taking the distance
b. and d, net of the cover concrete, the results concerning
stress-strain constitutive law is not affected. Furthermore, 5
level of vertical loads has been applied by considering a
percentage of the resistant axial load (NRd=8136 kN) of the
section (Simao et al. 2016, Campione et al. 2016). The
selected percentage are 0% (corresponding to simple
bending), 10%, 20%, 30% and 40%. Even if the highest
percentage of normalised axial load suggested by Eurocode
8 (CEN 2013) is 65%, it has been decided not to exceed the
40%. For the steel reinforcements, an elastic-perfectly
plastic constitutive law has been adopted according to the
mechanical properties reported in Table 1.

4. Considered computer programs
4.1 MCCRCCS Research software

Starting from the stress-strain models reported in Fig. 6,
a procedure for computing the moment-curvature diagram
can be easily outlined by a fiber model. The cross-section
has been subdivided into rectangular elementary areas
which have been characterized by an appropriate
constitutive law: unconfined concrete, confined concrete
and steel of the longitudinal reinforcements. To account for
the effect of the load acting on the unstrengthened structural
member, the deformations occurring in each elementary
area before the strengthening intervention must be
computed and considered in the subsequent analysis. The
different zones of the section, both confined and
unconfined, need to be preliminarily recognized. To this
aim, the longitudinal confining bars, which are those
located in the corners or those out of corners, but restrained
by steel ties, must be identified. Starting from these
restraining points, it is possible to determine the parabola
arches dividing the zones of effectively confined concrete
from the zones of unconfined concrete, as it is shown in
Fig. 7.

On the bases of the constitutive laws of steel, confined
concrete and unconfined concrete, the procedure for
evaluating the moment-curvature diagram, for a given axial
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Fig. 7 Identification of confined and unconfined concrete
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Fig. 8 Fiber subdivision of the cross-section

load has been codified into a computer program namely
MCCRCCS. The same code has been used by Montuori and
Piluso in previous works (2009, 2015). In particular,
Montuori and Piluso made (2009) the validation of the
software has been performed on strengthened and
unstrengthened R.C. columns showing its accuracy and
reliability. The fiber subdivision of the section is reported in
Fig. 8. In this case, 40 fibres longitudinally and 60 fibres
transversally have been adopted. The areas of steel
longitudinal bars have been introduced by their coordinates.

4.2 Sap2000 model

SAP2000 v. 14.0.0 is general-purpose civil-engineering
software used for the analysis and design of any structural
system (CSI 2007). As regard plastic analysis it allows to
account for lumped and spread plasticity using concentrated
plastic hinges and fiber hinges whose length can be
appropriately selected to capture the actual plastic behavior
of the members. In this work, fiber hinge modelling has
been exploited by introducing in the software a user-defined
fiber section. In particular, the section has been discretized
in 60x40 small areas of 1 cm? following the same
subdivision depicted in Fig. 8 and adopted for the
MCCRCCS. For both confined and unconfined concrete,
the corresponding stress-strain  relationship has been
implemented as reported in Fig. 6. Each rebar has been
introduced as circular areas and applying a stress-strain
relationship of the steel. Concrete materials have been
added employing the advanced properties of material
ambience accounting for the ‘“Mander” shape of
stress-strain  behavior already implemented for uniaxial

material typologies.

To provide the moment-curvature of the specimen
sections push-over analyses have been carried out on a
cantilever scheme whose length is 3 m. The elastic behavior
of the member has been simulated using a beam-column
element with a 60x40 cm? concrete section. To this element,
a fiber hinge whose length is equal to the 10% of the global
length of the cantilever has been considered. The analyses
have been led in displacement control for each level of axial
load, taking in account both geometrical and mechanical
non-linearities.

4.3 OpenSees models

The Open System for Earthquake Engineering
(OpenSees) (Mazzoni et al. 2007) is an open source
software framework for finite analysis, and it was
developed to simulate the response of structural and
geotechnical systems subjected to earthquakes. For each
considered specimen two nonlinear models were developed
using OpenSees computer program, the first one uses
Concrete01 model while the second one uses the
Concrete04 model.

Uniaxial material Concrete01 is used to construct a
uniaxial Kent and Park (1971) with Scott et al. (1982)
modification concrete material object. Zero tensile strength
is accounted for in this model. In addition, a constant
residual strength at the crushing strain is considered, so that
the material strength in compression is never equal to zero.

Uniaxial material Concrete04 is used to construct a
uniaxial concrete material whose envelope of the
compressive stress-strain response is defined using the
model proposed by Popovics (1973). If the user defines the

Young modulus as E, = 5,000./f',, then the envelope
curve is identical to the one proposed by Mander et al.
(1988). In this model the compressive stress is equal to zero
when the crushing strain is achieved. In addition, it is
possible to introduce a tensile stress different to zero. The
constitutive laws of Concrete 01 and Concrete 04 are
reported in Fig. 9 and Fig. 10, respectively.

The material SteelO1 is used to construct a uniaxial
bilinear steel material object with kinematic hardening and
optional isotropic hardening described by a non-linear
evolution equation. It has been used in both the nonlinear
model to simulate the stress-strain behaviour of the
reinforcing bars. The hardening has been assumed very low
(0.0001) to represent an elastic-perfectly plastic behaviour.
To provide the moment-curvature of the specimen sections,
push-over analyses have been carried out on the same
cantilever scheme used in SAP2000. The nonlinear
BeamColumn element has been introduced to model the
cantilever scheme and it is represented by unidirectional
fibres which are assigned by the proper material
stress-strain  relationships  describing the  materials
monotonic response. It is based on the non-iterative force
formulation and considers the spread of plasticity along the
element. The section discretization is the same reported in
Fig. 8 and it has been introduced by using the “fiber”
section command in the software input file. In addition, five
integration points were adopted for the column element.
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Analysis has been performed in displacement control, so
that both geometrical and mechanical non-linear behaviour
for each axial load level are accounted for.

4.4 SeismoStruct model

The SeismoStruct 2016 is a finite element package
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capable of predicting the large displacements behaviour of
space frames under static or dynamic loading, considering
geometric nonlinearities and material inelasticity. For each
specimen section a nonlinear model was developed. The
model was built with inelastic displacement-based frame
elements. In SeismoStruct ambiance a user-defined fiber
section cannot be defined, so that, the material models
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Fig. 12 Moment-Curvature of sections with s=0.12 m stirrups spacing

“con_ma” (Mander et al. 1988) has been adopted for both
the confined and unconfined concrete. This is a uniaxial
nonlinear constant confinement model that follows the
constitutive relationship proposed by Mander et al. (1988).
The confinement effects provided by the lateral transverse
reinforcements are incorporated through the rules proposed
by Mander et al. whereby constant confining pressure is
assumed through the entire stress-strain range.

The effectiveness of the SeismoStruct modelling has
been preliminarily validated by checking the confinement
ratio parameter (f”./f.) provided by the software with the
one extracted by the abaqus reported in Fig. 4. In the case of
unconfined concrete, a confinement ratio equal to 1 has
automatically assumed by the software. In addition,
“stl_bl” is adopted for the reinforcement bars with a very
low hardening parameter to simulate an elastic-perfectly
plastic behaviour (0.0001). The section has been discretized
into 1000 fibers (the maximum number of fibers available
in the software). To provide the moment-curvature of the
specimen sections, a push-over analyses have been carried
out on the same cantilever scheme used in SAP2000
discretized in 4 parts for each level of axial load.

5. Results

Besides the calculation of a moment-curvature (M—y)
diagram the aim of the work is to highlight how the
different software modelling affects the shape of M—y
diagram. In Fig. 11, Fig. 12, and Fig. 13 the
moment-curvature diagrams of the section with the stirrups
spacing of 0.06 m, 0.12 m and 0.24 m are reported,
respectively. In addition, in the same figures the
moment-curvature diagrams are reported with reference to
different levels of the axial load. In a first comparison it is
possible to observe that the curves representative of
SAP2000 are more in accord with the curve representative
of MCCRCCS on average. In particular, SAP2000 is able to
well catch the resistance but it is not always able to
reproduce the softening branch of the research program.
Form the SeismoStruct side, it is possible to observe that
the resistance is well captured by the software but for
increasing levels of the axial load the SeismoStruct
overestimate the resistance.

The OpenSees computer program provides M-y
diagram significantly different in the case of the Concrete01
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Fig. 13 Moment-Curvature of sections with s=0.24 m stirrups spacing

and Concrete04 uniaxial material. Concrete04 model, in the
largest part of cases, underestimate the resistance while the
Concrete01 shows moment-curvature diagrams closer to the
SeismoStruct ones. Finally, the softening branch of the
SeismoStruct and Concrete01 M-y diagrams are always
higher than those provided by the other models. It is
observed that the resistance is well captured by the largest
part of the software with the only exclusion of the
Concrete04 model. In addition, the results between the
curves became more different as the axial load increase. As
regards the differences in terms of moment-curvature
between the section with different stirrups spacing, it can be
noted that varying the spacing of stirrups from 0.06 m to
0.24 m there is no substantial difference in the comparison
between the results of MCCRCCS and the other four
models considered.

In Fig. 14 the moment-curvature diagrams are reported
also with reference to OpenSees only for a value of N equal
to 0.1 Ngg. and a stirrup spacing equal to 0.12 m. In
particular, the black lines refer to the discretization
described in Fig. 8 of the present work. Conversely, the
magenta lines refer to different OpenSees modelling that is

~ MCCRCCS
400 \ - Seismostruct
300 ] e OpenSees Concrete 01
200 =« = OpenSees Concrete 04
----- SAP2000
100 ~
"% (1/m)
0 |/
0 001 002 003 004 005 006 007 008 009 0.1
N=0.4 Nrd
MCCRCCS
Seismostruct
--------- OpenSees Concrete 01
=« = OpenSees Concrete 04
----- SAP2000
.
\\\ 7 (1/m)
0.06 0.07 008 009 0.1
1000
= N=0.1 Nrd
900 | =
=
800 | =
R TRt = s e T T PRy P PP e, ool
700 t-‘_t- ~ ~— DT
B I T S,
600 B3
; ------- OpenSees Concrete 01
500 i
[ = .« =0OpenSees Concrete 04
400 3
£ e OpenSees Concrete 01
300 ,_: (Patch Fiber)
S0 | = : =QOpe nSe(.es Concrete 04
: (Patch Fiber)
100 g
% (1/m)
o]
0 001 0.02 003 004 005 006 007 008 009 0.1

Fig. 14 Moment-Curvature of sections with s=0.12 m
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the one suggested by the software manual. In particular, the
fiber section discretization is made by means of the “patch”
command that allows to reproduce square or rectangular
fiber sections. In this case, the section is divided into an
external patch representative of the section cover, a
rectangular inner patch representative of the core concrete
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and the steel rebars. Unconfined concrete is assigned to the
external patch of the cover while confined concrete is
assigned to the inner patch of the core concrete. Such kind
of modelling is not able to capture the effectively confined
concrete area, i.e., it is not able to automatically select the
area of parabolas that must be considered as unconfined
concrete. In fact, from Fig. 14 the magenta lines, are higher
than the black lines. This is due to the overestimation of the
confined concrete area that belongs to considering all the
concrete core as confined. Therefore, the use of this model
can lead to an overestimation of the reinforced concrete
section and does not constitute an improvement in the
description of section behavior.

5. Conclusions

In this work, a comparison among the most diffused
structural programs such as Sap2000, OpenSees and
SeismoStruct in terms of moment-curvature (M—y) of R.C.
columns are reported. The results obtained by this software
have been compared with those provided by a
“home-made” computer program, namely MCCRCCS, used
as benchmark result. This program accuracy has been
validated against strengthened and unstrengthened R.C.
columns showing its accuracy and reliability (Montuori and
Piluso 2009). The calculation of a moment-curvature (M—y)
shows that the curves representative of SAP2000 are, on
average, more in accord with the curve representative of
MCCRCCS with respect to the other two software.
Regarding the SeismoStruct and the OpenSees with
Concrete01 material, it can be observed that the resistance
is overestimate and for increasing levels of the axial load
this overestimation increases. In addition, for high values of
curvature the overestimation became unacceptable.
Furthermore, the OpenSees computer program provides
M-y diagram significantly different depending on the
uniaxial material model adopted for concrete. In particular,
the use of concrete 04 model can lead results which are very
far from the actual ones. Regarding moment-curvature
between the section with different stirrups spacing, there is
no substantial difference between the results of MCCRCCS
and the other four models considered. Finally, regarding the
OpenSees modelling, the use of the so-called “patch”
command, suggested by the manual, instead of the
subdivision of the section according to the effectively
confined areas, does not provide any actual improvement in
the description of moment curvature diagram.
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