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ABSTRACT: The elastoplastic behaviour of steel used for structural member fabrication has received attention to
facilitate a mechanical-resistant design. New Zealand and South African standards have adopted various theoreti-
cal approaches to describe such behaviour in stainless steels. With respect to the building industry, describing the
tensile behaviour of steel rebar used to produce reinforced concrete structures is of interest. Differences compared
with the homogenous material described in the above mentioned standards and related literatures are discussed
in this paper. Specifically, the presence of ribs and the TEMPCORE® technology used to produce carbon steel
rebar may alter the elastoplastic model. Carbon steel rebar is shown to fit a Hollomon model giving hardening
exponent values on the order of 0.17. Austenitic stainless steel rebar behaviour is better described using a modified
Rasmussen model with a free fitted exponent of 6. Duplex stainless steel shows a poor fit to any previous model.
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RESUMEN: Ajuste de los aceros corrugados ferriticos, austeniticos y austenoferriticos a los modelos de endureci-
miento elastopldstico por deformacion. Uno de los principales factores tenidos en cuenta en la fabricacion de aceros
estructurales es su comportamiento durante la fase elastoplastica o de endurecimiento por deformacion. Normas
neozelandesas y sudafricanas plantean diversas aproximaciones teoricas para describir dicho comportamiento en
el caso de los aceros inoxidables. En el campo de la construccion resulta de interés la descripcion del comporta-
miento tenso-deformacional de los aceros corrugados utilizados en las estructuras de hormigén armado. En este
articulo se discuten los modelos planteados en las normas citadas anteriormente asi como los existentes en la litera-
tura tanto para los aceros corrugados inoxidables como para los aceros al carbono fabricados mediante el proceso
denominado TEMPCORE® Los aceros TEMPCORE® analizados arrojan un valor del exponente de endureci-
miento por deformacion segiin el modelo de Hollomon de 0.17. Los aceros inoxidables austeniticos se ajustan
mejor al modelo de Rasmussen presentando un exponente de valor 6 realizando un ajuste libre de la funcion
correspondiente. Para los aceros inoxidables Duiplex se obtienen muy bajos ajustes para los dos modelos citados.

PALABRAS CLAVE: Barras corrugadas; Comportamiento elastoplastico; Curva tension-deformacion; Exponente de
endurecimiento por deformacién; Modelo de Hollomon; Modelo de Ramberg-Osgood

ORCID ID: Beatriz Hortigon (http://orcid.org/0000-0002-3362-3648); José¢ M. Gallardo (http://orcid.org/0000-0002-7007-
2259); Enrique J. Nieto-Garcia (http://orcid.org/0000-0001-9657-9421); José A. Lopez (http://orcid.org/0000-0002-8227-6523)

Copyright: © 2017 CSIC. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY) Spain 3.0.



2« B. Hortigon et al.

1. INTRODUCTION

When designing a building or a structure, it is
increasingly important to have analytical descriptions
of the elastoplastic material behaviour. Exact knowl-
edge is needed to supply numerical methods to pro-
duce precise results or to find analytical solutions to
simple load cases. Hollomon (1945) proposed one of
the very first simple equations that is still used today.
Ramberg and Osgood (1943); Mirambell and Real
(2000); Rasmussen (2003) and many others (Abdella,
2006; Abdella, 2007; Kang and Kan, 2007; Quach
et al., 2008; Abdella, 2009; Abdella et al., 2011,
Abbassi et al., 2013; Komori, 2014) developed more
elaborate formulations to be applied under specific
circumstances. SABS 0162-4 (1997) and AS/NZS
4673 (2001) refer to the design models that avoid
buckling in stainless steel structures.

The durability and ductility of structures are also
of paramount importance in modern design and
can be described using the approaches mentioned
above. An interesting case that has received little
attention is rebar steels. Beginning in the nineties,
international standards introduced weldable steels
with improved ductility. EN 1992-1-1 (2004) high-
lights the importance of ductility and incorporates
a three level classification (A, B and C) depending
on €., value. Carbon rebar steels with improved
ductility obtain their unique properties through a
so-called TEMPCORE" thermal production treat-
ment, developed in 1975 by the C.R.M. Li¢ge. This
is a two step process which involves up to four dif-
ferent microstructural transformations. Coming
immediately after the final rolling box, water jets
partially quench the Rebar surface. Subsequent
air cooling of the rebar core, induces martensite
tempering and residual austenite bainitic trans-
formation at the surface along with ferrite-pearlite
formation at the core. The final composite struc-
ture shows an optimal balance of ductility and
strength.

Currently, high ductility can also be obtained using
stainless steel rebar that is hot or cold rolled. Due to
its patterned shape and specific production routes,
stainless steel rebar structures are far from the homo-
geneous materials that are used to validate the previ-
ously mentioned formulations. Nevertheless, it is well
known that the ductility of reinforced concrete struc-
tures is of paramount importance when designing in
areas of high seismicity. The description of plastic
behaviour has been accomplished using experimental
formulations (Donate Megias et al., 2003). It is conve-
nient to determine whether plastic behaviour models
can be applied to rebar with improved ductility. In this
paper, the results of tensile tests of four grades of rebar
steel are used to fit the Hollomon formulation as well
as a slightly modified Rasmussen formulation to the
experimental data. The hardening exponents found
are compared to those reported in the literature.

2. MATERIALS AND METHODS

Five different grades of steel were tested: three
carbon grades and two stainless grades, of which one
was austenitic and the other was duplex. The carbon
grades were produced using the TEMPCORE" pro-
cess, but one of the grades was rolled to a plain circu-
lar section, whereas the other two grades exhibited the
conventional ribs of reinforcing rebar. The stainless
steel ribs were produced using cold rolling as the final
shaping process. All of the ribs were selected to have a
14 mm nominal diameter (Fig. 1). Table 1 shows the
mean mechanical properties determined from the tests.

Ten samples prepared from each of the grades
were tested. The free length between the clamping
heads was fixed at approximately 110 mm. The ten-
sile tests were conducted according to European
Standards UNE-EN-ISO 6892-1 (2010) and UNE-
EN-ISO 15630-1 (2011). Additionally, 20 MPa.s™
was selected as the test speed during the elastic
period. In determining Young modulus (£), a Class
1 extensometer was clampled down on the samples.

FIGURE 1. Reinforcing bars used in this study. (Left) Carbon round, carbon rebar and stainless steel rebar; (Right)
Tempcore” structure of the carbon steel.
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TABLE 1. Mechanical properties measured (mean values)
Sy fi E
Material (MPa) (MPa) 1, € nax €5 (GPa)
TEMPCORE® 1 (round) 521.22£8.23 627.45%£2,57 1.21£0.02 0.106+0.003 0.261+0.008 195
TEMPCORE" 2 (rebar) 522.32%£9.99 647.37£1,27 1.24%0.02 0.154£0.009 0.259+0.017 200
TEMPCORE® 3 (rebar) 545.55+£4.05 678.22+2.68 1.24+0.01 0.123+0,004 0.17410.011 187
AISI 304 752.35%£11.82 878.52+6.00 1.17£0.01 0.175£0.008 0.314+0.010 197
Duplex 2205 983.54%+19.35 1103.45+6.88 1.12£0.02 0.032+0.021 0.171+0.027 195
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FIGURE 2. Experimental results plotted as O vs. €. Both the engineering and the real results are shown. From top to

bottom: (a) TEMPCORE® 1 (round), (b) TEMPCORE® 2

(rebar), (c) TEMPCORE" 3 (rebar), (d) AISI 304 and (e)

Duplex 2205.

Plastic behaviour data were acquired while stretch-
ing at 0.167 mm.s". A high resolution camera and
an in-house developed image analysis method
(Hortigon et al., 2012) was used to measure defor-
mations at this stage.

3. RESULTS AND DISCUSSION
3.1. Results

Stress-strain data obtained by testing the five
materials are represented in Fig. 2. Both the engi-
neering and the real values are shown.
3.2. Theory and calculations

Empirical models of elastoplastic behaviour

of metals are typically defined by Ramberg and
Osgood (1943) and Hollomon (1945) models.

Revista de Metalurgia 53(2), April-June 2017, €094

Hollomon (1945) developed the model to be
applied to cold-formed steels between elastic strain
at the yield stress and strain at maximum load. In
this zone, the steel strain hardens according to the
model In 6, = In K + n In g, where o, and g, are the
real stress and strain according to Nadai (1950), K
is a constant and n is the strain hardening exponent.
Following the criteria given by Considére (1885), n
can be shown to be equal to €,,,,,. Carbon steel rebar
shows extensive yielding after the elastic period. It is
then necessary to redefine the threshold value (€,
o'y, for the strain hardening behaviour. A real strain
value corresponding to a deformation of 0.4 mm in
excess of the last minimum of the yield stress was
considered. A similar protocol was described in the
well-documented rebar mechanical behaviour sur-
vey by Donate Megias et al. (2003). Stainless steels
do not need any adjustment, and the plastic behav-
iour extends from a strain corresponding to the real

. ISSN-L: 0034-8570 doi: http://dx.doi.org/10.3989/revmetalm.094



4« B. Hortigon et al.

yield strength, f, to the real rupture strength, f;,
(Eq. (1)):

o= K g", which is valid for the interval (", 6% ,) —
(emax,ta fs,t)

The elastoplastic behaviour model proposed by
Ramberg and Osgood (1943) modifies the potential
relationship proposed by Hollomon (1945). This
model better describes materials where the transi-
tion from elastic to plastic behaviour is not easily
distinguished, such as in stainless steels. The poten-
tial relationship is now applied to the plastic strain
by defining the elastic portion of strain as €° = 6/E.
Conversely, the plastic strain € is a potential func-
tion of the engineering stress €’ = K’ ¢". By add-
ing the elastic strain, it can be shown that the total
strain follows € = 6/E + 0.002 (o/f,)", where n’= In
20/In(fy/0 o901)- The validity of this relationship was
proposed to extend up to /e <0.9 E.

Mirambell and Real (2000) and Rasmussen (2003)
slightly changed the Ramberg & Osgood model.
Now the elastic strain is split into two regions: below
(¢,) and above the yield strength ([0-f,]/E ), where
E .02 1s the tangent modulus at the yield stress and is
defined as E; o, = E/(1+0.002* n’*(E/f))).

Additionally, the plastic strain is referred to as
the stress in excess of the yield strength (e° = K”
(0-f;)™). The value of m could be computed from

a simple equation: m = 1 + 3.5 (f/f,). To apply the
Rasmussen model to carbon steel rebar produced
by hot rolling and the TEMPCORE?® process, some
adjustments must be made. Again, the initial strain
hardening point (€°,, 6°;) was considered to corre-
spond to the experimental point where the deforma-
tion was 0.4 mm in excess of the last minimum of
the yield stress. Rewriting the equation results in the
following (Eq. (2)):

€ =g+ (0-00)/Eq 02 + &, [(0-0,)/(£-5))]™, ()

which is valid for the interval (€%, 6%) — (€max> f5)s
where €,, = €, - & - f,/Ej, and m could be com-
puted fromm =1 + 3.5 o/f..

3.3. Discussion

Figure 3 includes log-log graphs showing the
experimental data and the Hollomon equation best
fit to the data cloud.

Table 2 lists the strain hardening exponent val-
ues. The R? fitting parameter when adjusting for the
entire data population is also included. Computing
the mean strain hardening exponent for every ten-
sile test (Table 2) results in comparable results as
the results obtained when adjusting to the entire
data cloud (n values given in Fig. 3). The Hollomon
model can be used to precisely describe carbon steel
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FIGURE 3. Log-log graphs and the best fit to the Hollomon equation. From the top to the bottom: (a) TEMPCORE® I (round), (b)

TEMPCORE?" 2 (rebar), (c) TEMPCORE?" 3 (rebar), (d) AISI 304 and (e) Duplex 2205.
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TABLE 2. Hollomon strain hardening exponent values

Material n R* Emaxt

TEMPCORE® 1 (round) 0.176£0.003 0.988  0.10120.026
TEMPCORE® 2 (rebar)  0.179+0.003 0.995  0.143+0.074
TEMPCORE" 3 (rebar)  0.164+0.002 0.995  0.118+0.039
AISI 304 0.08710.003 0.945  0.161£0.007
Duplex 2205 0.109£0.008 0.885  0.03240.002

“When fitting all 10 test data samples to a single Hollomon
equation. Corresponding n values shown in Fig. 3.

rebar strain hardening behaviour once the extensive
yielding is complete. Statistical errors are very low,
and the fitting parameter is practically in excess of
0.99. A less accurate fit is obtained when using the
stainless steel data. From Fig. 3, the strain harden-
ing log-log plot can be concluded to show an out of
linear tendency for stainless steel grades.

Comparing the results of n to €,,,,, it is evident
that there is not a clear correlation even though, in all
cases, €,y <n except for AISI 304. The criteria given
by Consider¢ (1885), n=¢,,,,,, may be considered a
condition derived from the fact that the Hollomon
curve should include the coordinate (€, f;;) even
though this results in a poorer fit. Coming back to
the experimental data curves in Fig. 3, the slope
of the carbon steels and Duplex 2205 are lower as
they approach €, The observed behaviour may
be attributed to ferrite phase grain refinement and
deformation system exhaust as € approaches €.
Conversely, the experimental data slope for AISI 304
increases as it approaches €,,,, .. In this case, an addi-
tional mechanism to crystal plastic deformation must
be considered, namely, strain induced martensitic
transformation. This, in turn, means that the crite-
ria given by Considére may be valid in the vicinity of
€max, DUt that the description of the entire strain hard-
ening period is best accomplished leaving the strain
hardening exponent to freely vary when computing
the statistical best fit.

Comparing the n values to those found in the
literature is not an easy task because, as shown by
Bergstrom (2011), hardening behaviour described
by n depends on the composition, microstructure
and dislocation population. Considering only the
first two conditions, Fig. 4 shows those relation-
ships for some unalloyed steels. Greater carbon
values, treatments (annealing-normalizing-hot
rolling-quenching and tempering-cold rolling, in
this order), which include lower tempering tempera-
tures, appear to reduce the strain hardening capac-
ity. The values found compare well and are slightly
lower than values reported in the literature for hot
rolled steels with comparable carbon content. No
clear effect can be drawn as a result of the presence
of ribs. In this context, it may be said that n dif-
ferences among the three carbon steel rebar grades
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FIGURE 4. Hollomon strain hardening exponent from
the literature (Dieter, 1976; Dowling, 1999; Nayebi et al.,
2002; Kallpakjian and Schmid, 2003; Aparicio et al., 2007;
Mashayekhi et al., 2007).

tested are not high enough as to be easily attributed
to any single small compositional or microstructural
feature of the three steels.

Very scarce data on the applicability of the
Hollomon model to stainless steels are available at
the literature. Castro et al. (2001) report n values of
0.074 and 0.22 for cold and hot rolled AISI 304LN
steel, respectively. Komori (2014), using a slightly
modified Hollomon equation ¢,= K (g+0.005)",
found n to be 0.19 for SUS430 ferritic stainless steel.
In addition to a lack of data, several factors may
alter the elastoplastic behaviour, such as the defor-
mation history or the testing speed. These data are
not commonly reported in the literature.

Experimental data have also been fitted to the
modified Rasmussen model. In this case, statistical
regression to fit a single Rasmussen curve to the data
cloud collected from all of the tests for each speci-
men results in a very low statistical significance. This
is due to differences in the values of (€, 7)) used
for each sample. With respect to the Rasmussen
model, such a data pair is not only the initial data
point to be fitted, as in the Hollomon model, but
also modifies the parameters in the equation (2) to
be fitted (see section 2: Theory and Calculations).
Consequently, the individual equations have been
adjusted for each sample allowing the appropriate m
exponent be computed to maximise the fit. Figure 5
shows the €-6 experimental data and the modi-
fied Rasmussen curves both using the Rasmussen-
proposed m value and the value obtained from a
best-fit calculation of five individual samples.

The Rasmussen model does not describe the exper-
imental strain hardening as well as the Hollomon
model does. Table 3 lists the m exponent that was
computed from the Rasmussen proposal and as a free
fitting value. The R? values are also shown.
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FIGURE 5. €-O graphs: Rasmussen model and best fit to the modified Rasmussen equation (free m value). From the top to the
bottom: (a) TEMPCORE?® 1 (round), (b) TEMPCORE® 2 (rebar), (c) TEMPCORE® 3 (rebar), (d) AISI 304 and (e¢) Duplex 2205.

TABLE 3. Rasmussen m values (according to the model and freely computed from the best fits)

Material Mg Mpagm R?

TEMPCORE?® 1 (round) 2.86%0.18 0.90£0.02 4.06%0.01 0.85%0.01
TEMPCORE" 2 (rebar) 3.14+0.47 0.91£0.04 4.0410.02 0.86%0.06
TEMPCORE?® 3 (rebar) 2.8410.19 0.92+0.03 4.10£0.02 0.86%0.02
AISI 304 6.2210.92 0.99+0.04 4.00+0.04 0.81£0.09
Duplex 2205 1.651£0.14 0.91£0.02 4.11£0.05 0.71£0.06

In every case, the m value computed as pro-
posed by the Rasmussen model results in a less
accurate description of the elastoplastic behav-
iour. Fitting is improved when the value of m is
computed from the statistical methods. Generally,
the values computed from the statistical meth-
ods are less than the values obtained from the
Rasmussen equations. However, in the case of
AISI 304 steel, where the statistically computed
value was greater, a very good fit with the experi-
mental data is obtained. This result is in agree-
ment with the original claim from Rasmussen
(2003) concerning good results when applied to
stainless steels.

Comparing the values obtained in the work to
the data reported in the literature is not straightfor-
ward. Mirambell and Real (2000) found m values

of 3.08 and 3.68 for AISI 304 and 2205 steels, i.e.,
less than those computed in this paper using the
formulation proposed by Rasmussen. Macdonald
et al. (2000) reported m values of 6.22 to 7.5 when
the exponent was computed by statistically fitting
the free value of m. Quach et al. (2008) compared
literature data with Ramberg and Osgood (1943)
values of n’, which ranged from 4.1 to 4.7 for
austenitic stainless steels and from 6.2 to 7.7 for
duplex stainless steels. The AS/NZS 4673 (2001)
gives n’ values (Ramberg and Osgood, 1943) of
7.5 for AISI 316L and 5.5 for Duplex 2205, which
are both cold formed. Wang et al. (2014) reported
some values computed with a modified equation
that were slightly different from that proposed by
Rasmussen and reported very low values of m of
approximately 1 to 2.
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4. CONCLUSIONS

- In this paper, the effect of the anisotropic struc-
tures of rebar steels along with the patterned
shape on their elastoplastic hardening behaviour
was investigated. Both carbon and stainless
steels were tested. Experimental elastoplastic
behaviour has been traditionally fitted to seve-
ral well-known formulations that are typically
potential relations of stress and strain. Some
of these relationships have been considered by
various standards to aid in structural design.

- The Hollomon model was found to precisely
describe the carbon steel rebar strain hardening
behaviour once extensive yielding was complete.
The values found (n = 0.16-0.18) compare well
to, although slightly less than, the values repor-
ted in the literature for hot rolled steels with
comparable carbon content. No clear effect can
be drawn resulting from the presence of ribs.

- The Rasmussen model does not describe the
experimental strain hardening as well as the
Hollomon model. Fitting is improved when the
value of m is computed using statistical methods.

- Generally, the values computed using statistical
methods are less than the values obtained using
the Rasmussen equations. However, in the case
of AISI 304 steel, where the statistically compu-
ted value was greater (m=6), a very good fit to
the experimental data was obtained. A satisfac-
tory fit for the behaviour of duplex rebar steel
was not obtained using any of the tested models.
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NOMENCLATURE

E: Elastic modulus
o: Engineering normal stress
€: Engineering strain
L,: Gage length, which is 5 times greater than the
nominal diameter
f,: Engineering yield strength computed to a
0.002 permanent elongation
¢,: Engineering strain at f,
f,: True yield strength
f;: Rupture strength computed as the maximum
engineering stress
€max. ENgineering strain at f
€,s: Engineering strain after break measured for
the gage length
o, True normal stress
€. True strain

f,: Rupture strength computed as the maximum
true stress

€maxs: 1Tue strain at f, measured for the gage

length

o’: Engineering plastic normal stress

€”: Engineering plastic strain

€”: Engineering elastic strain

6" True plastic normal stress

€P: True plastic strain
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