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The mechanical and structural behavior of three stainless steel (SS) reinforcing bars (austenitic AISI 304,
duplex AISI 2304 and new lean duplex AISI 2001) have been studied and compared with the conventional
carbon steel (CS) B500SD. The study was conducted at rebar level, cross-section level and structural
member level. The results demonstrate higher ductility performance for hot-rolled SS rebars than for

CS, but lower ductility for cold-rolled SS rebars compared to CS. The experimental elastic modulus of
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SS rebars is lower than that of CS.
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1. Introduction

Corrosion of carbon steel (CS) reinforcements is the main dura-
bility problem in conventional concrete structures and the most
difficult to avoid in certain circumstances. Protection against corro-
sion is provided by the thickness and the impermeability of the
concrete cover, as well as the self-regenerating thin passive oxide
layer that is formed at the steel-concrete interphase due to the

* Corresponding author. Tel.: +34 91 5538900; fax: +34 91 5347425.
E-mail address: david.bastidas@cenim.csic.es (D.M. Bastidas).

http://dx.doi.org/10.1016/j.conbuildmat.2015.01.008
0950-0618/© 2015 Published by Elsevier Ltd.

high alkalinity of concrete. The pH of Portland cement paste during
the setting process reaches values ranging between 12.5 and 13.5
because of hydroxide formation.

Steel remains in a passive state until the pH drops to values
lower than 11.4 [1], 11 [2] or 9.5 [3]. pH decreases are primarily
due either to concrete carbonation (calcium-bearing phases are
attacked by carbon dioxide from the air) or the presence of depas-
ivating ions, especially chlorides [4]. The latter may come from salt
fog in the case of structures close to the coast, from sea water if
they are fully or partially submerged, or from de-icing salts in
the case of road bridges in frost areas.
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The feature that distinguishes stainless steel (SS) reinforce-
ments from CS rebars is their excellent resistance to corrosion,
including that triggered by chloride ions. SS contains a minimum
of 10.5% chromium [5], which forms a very thin self-regenerating
chromium oxide layer that is resistant to atmospheric or electro-
chemical corrosion, as well as other alloys such as nickel, molybde-
num, manganese, copper and nitrogen which confer additional
features. A wide variety of SS alloys and types can be found for
multiple applications.

Austenitic and duplex SS are the two types most commonly
employed to manufacture reinforcing bars, although their high
price, between 4 and 7 times that of CS [6], limits their use to struc-
tures in very aggressive environments or whose life is to be
extended. Austenitic SS reinforcements were first used in 1941 at
Progreso pier in Mexico [7] and their tolerance to chlorides is 5-
10 times higher than that of CS [8]. Duplex SS reinforcements are
currently more commonly used because their lower nickel content
makes them more economical than austenitic SS, nickel being an
expensive alloying element whose market price has suffered
strong fluctuations since 2006. Duplex SS rebars also present
greater resistance to corrosion by chloride pitting [9,10].

In recent years low-nickel duplex SS reinforcements, which
compensate their lower nickel content with a higher manganese
content, have appeared on the market. Low-nickel AISI 2001 and
2101 lean duplex SS are cheaper than 2205 and 2304 duplex SS,
but all four present similar resistance to chloride corrosion
[11,12]. SS rebars offer scope for relaxing concrete durability mea-
sures originally designed to protect CS, such as minimum covers
[13] and maximum design crack widths [14]. Furthermore, several
studies have shown that the combined use of SS and CS rebars does
not increase the risk of reinforcement corrosion compared to the
use of CS alone, even when the bars are in direct electrical contact
[15,16]. This means that the use of SS reinforcements can be
restricted to the most exposed structural members in order to
lengthen the design service life of newly built structures while
reducing their economic impact on the total cost of the concrete
structure.

Other interesting applications when cost is not decisive include
the rehabilitation of concrete structures affected by corrosion,
replacing corroded CS reinforcements or providing a new replace-
ment reinforcement concrete cover [17], and the reinforcement of
brick or stone walls on bridges or historic buildings such as
churches, cathedrals, etc., placing the highly corrosion-resistant
rebars in mortar joints with a minimal cover [18]. In the case of
historic buildings - many of which are located in earthquake zones
where the structural layout of the walls is adapted to seismic con-
ditions as a result of long experience [19] - the good ductility prop-
erties of SS reinforcements are an added advantage.

However, the use of SS reinforcements is still rare and their
mechanical and structural behavior is not known in detail, as it is
for CS. The present work has studied the performance of SS rebars,
a cross-section of a concrete beam and a structural member in
order to assess the mechanical and structural behavior of three
types of SS reinforcements, one austenitic and two duplex, in com-
parison with traditional B500SD carbon steel (Spanish EHE-08
standard [20] high ductility and creep-resistant corrugated steel
with a yield strength of f, > 500 MPa, “Grade C” according to Euro-
code 2 (EC2) [21]).

2. Experimental procedure
2.1. Study at bar level

The study of the mechanical behavior and ductility of SS reinforcements by
analysis of austenitic type AISI 304 (EN 1.4301) and duplex AISI 2304 (EN 1.4362)
and 2001 (EN 1.4482) SS together with B500SD carbon steel as a reference has
firstly been studied at bar level. These steels have been tested to tensile strength
in agreement with European standards EN 10002-1 [22] and ISO 15630-1 [23] using
a MIB 60/AM Ibertest machine. The tests were performed on specimens with a
nominal diameter of 8 mm in the case of cold-rolled AISI 304, AISI 2304 and
B500SD steels, and 16 and 20 mm for hot-rolled steels. Chemical analysis of the
studied reinforcements was conducted by inductively coupled plasma emission
spectroscopy. Composition results are shown in Table 1.

Based on the results obtained in the tensile tests, ductility parameters have
been calculated for each of the four steels according to the following criteria:

(a) The criteria established in several European regulations; specifically Model
Code 2010 (MC 2010) [24], and Eurocode 2 (EC2) [21], using the ultimate
tensile strength to yield strength ratio f/f, (hardening ratio) and the ulti-
mate strain for the maximum (ultimate) strength ¢,.

(b) The strength requirements and ductility set out in American Standard ASTM
A615 [25] for grade 60 steels in the case of calculation for earthquakes.

(c) The concept of equivalent steel according to the p parameter of Cosenza (Eq.
(1)), the area Ao defined by Creazza (Eq. (2)) and the toughness index I; of
Ortega (Eq. (3)) [2,26]:

p= <}{—‘— 1> . (6 + 364)°" 1
y

Anam :%(gufgy)(frffy) (2)

Io= (1+){—;> C—y—l) 3)

where f; is the ultimate tensile strength, f, is the yield strength, &, is the
strain at yield strength, ¢, is the ultimate strain, &g, is the strain at the end
of the yield plateau corresponding to initial strain hardening (for hot-rolled
CS reinforcements) and ¢, is the strain at yield strength.

The Comité Euro-International du Béton proposal [2] for a new classification
of steel ductility based on the formulation of Cosenza, which establishes the
following limits for high-ductility or S-class steels:

C

<&71> >0.13 and & >9% (4)
fy k

(4—1> >0.15 and &, > 6% (5)
fy .

(%-

2.2. Study at section level

) >0.17 and & >5% (6)
k

For the study at section level, moment-curvature M-y diagrams of two stan-
dard beam sections have been produced by iteration of up to seven possible points.
The beams were a 50 x 30 cm flat beam and a 30 x 50 cm downstand beam rein-
forced with different amounts of CS and duplex SS rebars as detailed in Table 2.
The duplex SS type was selected because it is the most widely used [27] and exhib-
its similar mechanical characteristics to the austenitic type, as shown in the tensile
test results obtained in the present study.

For calculation purposes, the idealized strength-strain diagrams represented in
Fig. 1 have been chosen, taking the parabola-rectangle diagram for concrete com-
pression and the bilinear diagram with a horizontal upper branch for CS and SS
rebars. Both diagrams have been prepared according to Eurocode 2 (EC2). A maxi-

Table 1

Chemical composition of tested steels (weight%, balance Fe).
Steel C Si Mn P S Cr Ni Cu N Mo
AISI 304 0.02 0.28 1.41 0.034 0.023 18.07 7.93 0.33 0.05 0.22
AISI 2304 0.02 0.35 0.81 0.029 0.010 22.75 4.32 0.31 0.14 0.29
AISI 2001 0.03 0.65 4.19 0.023 0.010 20.07 1.78 0.08 0.13 0.22
B500SD 0.20 0.22 0.72 <0.01 0.022 0.13 0.13 0.18 - -
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Table 2
Beam cross-sections considered in the section-level of the study.

Flat beams  Downstand Main Reinforcement quantities
50 x30cm  beams reinforcement per concrete cross-section
30 x 50 cm (%o0)
P1 C1 4 012 3.02
P2 c2 3016 4.02
P3 c3 4016 5.36
P4 c4 5016 6.70
P5 c5 6 016 8.04
P6 C6 7 016 9.38
P7 c7 5020 10.47
P8 c8 6 @20 12.57
P9 c9 8 020 16.76
(a) ——— Characteristic diagram
O, A — Design diagram
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Fig. 1. Characteristic and design strength-strain diagrams of: (a) concrete, (b)
carbon steel and stainless steel.

mum steel deformation &,4 of 10%e, the limit established by Spanish EHE-08 stan-
dard for structural calculations, has been considered. A specified characteristic com-
pressive strength f,, of 25 MPa has been assumed for the concrete, and a 500 MPa
yield strength fy, has been considered for the CS and SS reinforcements - both val-
ues being in good agreement with the experimental results. These values have been
reduced by 1.50 and 1.15 respectively for the design strength of concrete f.q and
steel fyq. The Young’s modulus of elasticity E for SS rebars has been obtained in
the experimental tensile tests (E = 170,000 MPa, see Section 3.1). The ductility val-
ues of cross sections reinforced with both steels have been compared from the M-y
diagrams.

2.3. Study at member level

For the study at structural member level, four concrete beams of 10 x 15 cm
section and 1 meter of span length between supports have been prepared (Fig. 2)
with the following main longitudinal reinforcements (tension reinforcement):

) Beam 1: two CS corrugated rebars B500SD of diameter @8.
) Beam 2: two CS corrugated rebars B500SD of diameter @16.
) Beam 3: two duplex SS corrugated rebars AISI 2304 @8.

) Beam 4: two duplex SS corrugated rebars AISI 2304 @16.

(a
(b
(c
(d

The reinforcements were mounted with a @8 stirrup placed at 45° and at 7 cm
in beams 1 and 3, and at 10 cm in beams 2 and 4. The concrete has a specified char-
acteristic compressive strength of 25 MPa. The beams have been tested to bending
up to fracture using the Ibertest machine, applying a load (Quqy) at two equidistant
points to a third of the beam span length. The behavior to deformation and strength
has been studied through the load-deflection relationship.

a) Simply supported beam

Qmax/2 Qrrax/2
\ 333 47 333 333 |
GONNN A
A A Main reinforcement \Stirrup A
100 1000 100

b) Moment distribution diagram
0

SN €D
Mumze = Qe /3

Fig. 2. Dimensions of the beams constructed and tested: (a) simple beam, (b)
moment distribution diagram (units in millimeters).

3. Results and discussion
3.1. Reinforcement tensile tests

Fig. 3 shows a comparison of the representative stress—strain
curves for each type of the four corrugated steel rebars. The SS pre-
sents a curve without a well-defined elastic limit. Standard recom-
mendations for determining the elastic limit with 0.2% proof stress
were applied to SS and CS rebars. The tensile test results are shown
in Table 3 (mean values of the four specimens tested for each
diameter and steel). Testing of the ultimate tensile strength f;
and yield strength f, reveals differences due to the rebar manufac-
turing process, either hot or cold rolled, but not on account of the
type of steel from which they are produced. The three hot-rolled
steel bars present f, values of between 507 and 609 MPa, so for cal-
culation purposes the nominal value of 500 MPa is suitable for all
the tested steels. With regard to cold-rolled rebars (48 mm), the
SS bars show 50% higher values than the CS bars.

However, regarding the elastic modulus E, the values obtained
are 15% lower in SS reinforcements than in CS rebars, regardless
of the rod diameters or rebar manufacturing process. While the
value of 200,000 MPa for the elastic modulus of CS is confirmed,
a value of 170,000 MPa is obtained for SS reinforcements,
which must be taken into account in the structural calculations

1200
L 68 AISI 2304 Cold rolled
1000 - ST TS
L 68 BS00SD . Hot rolled
800 | . 7
€ 0 Nl : p
s - .
@ r 5
e 400 | 416 AISI 2304
@ L 416 B500SD
200 —
B Carbon steel
obdt Stainless steel
| T U I NN NI ST NI |

0 4 8 12 16 20 24 28 32
Strain (%)

Fig. 3. Comparison of stress—strain curves for stainless steel and carbon steel cold-
rolled and hot-rolled rebars.
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Table 3

Mean results (and standard deviation SD) of the tensile tests of the three steels: f; ultimate tensile strength, f, yield strength, E modulus of elasticity, ¢, strain at yield strength, &,

ultimate strain and &g, yield plateau strain.

Steel @ (mm) ft (MPa) fy (MPa) E (MPa) &y (%) &y (%) &sn (%)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
AISI 304 8 1060 15 1027 24 145000 3000 1.10 0.10 5.82 0.08 - -
16 743 11 548 15 174000 11000 0.55 0.02 18.68 144 - -
20 728 12 507 9 179000 9000 0.52 0.01 30.12 2.38 - -
AlSI 2304 8 1066 16 1003 29 189000 12000 0.85 0.04 7.02 0.24 - -
16 711 8 529 14 179000 4000 0.53 0.02 24.46 2.67 - -
20 747 7 609 18 184000 6000 0.57 0.04 25.62 2.75 - -
AISI 2001 8 733 13 531 16 196000 9000 0.50 0.02 29.70 1.50 - -
16 740 15 549 16 177000 7000 0.51 0.01 27.83 2.22 - -
20 704 11 536 18 173000 6000 0.58 0.03 28.60 1.25 - -
B500SD 8 875 13 684 15 216000 5000 0.60 0.04 8.37 0.24 - -
16 736 8 602 11 207000 6000 0.54 0.04 13.32 144 1.50 0.20
20 671 4 556 8 206000 3000 0.51 0.03 11.84 1.50 1.09 0.11
Table 4 and the manufacturing process. In the case of hot-rolled rebars,

Experimental parameters of reinforcement ductility (specified characteristic values
established by the different regulations considered) and values calculated according
to the criteria of equivalent steel for high ductility steel.

Steel 2 (mm) fr/f;l &u (%) p Anum ld
(MPa)
AISI 304 8 1.03 5.82 0.17 113 15
16 1.36 18.68 3.55 2383 138
20 1.44 30.12 6.11 4381 257
AISI 2304 8 1.06 7.02 036 271 25
16 1.34 2446 4.22 2937 193
20 1.23 25.62 298 2321 170
AISI 2001 8 1.38 29.70 5.34 3972 259
16 1.35 27.83 4.70 3505 208
20 1.31 28.60 4.41 3177 215
B500SD 8 1.28 8.37 1.56 1025 58
16 1.22 13.32 224 1160 99
20 1.21 11.84 1.85 885 94
Standard High (felfy Euk p Anom Iy
ductility (%) (MPa)
MC 2010 D >125<145 >80 137 388 70
EC-2 C >1.15<135 =75 0.82 363 62
ASTM Grade 60 >1.25 >7.0 124 338 61
A615" >1.13 >9.0 083 438 75
CEB S >1.15 >6.0 070 288 49
>1.17 >50 068 238 41

" Calculated for steels with the following minimum values: &y = fy|E =500/
200,000 = 0.25% and f; — f, = 575 — 500 = 75 MPa.

“* Rebars up to 25 mm in diameter have been considered, with the minimum f/f,
ratio that steels grade 40 and 60 must meet in the case of members being subjected
to earthquake, according to ACI 318-08 [32].

for reinforced concrete. This result agrees with that obtained by
other authors [28-30], even in the case of cold-rolled profiles of
austenitic steel [31]. Nevertheless, elastic modulus values may be
obtained for different diameters and batches.

3.2. Parameters of reinforcement ductility

Ductility parameters for each reinforcement are summarized in
Table 4. For comparative purposes, this table also shows the char-
acteristic values of the (ff,)x ratio and of ¢, as established by
European and American standards for high ductility CS and the cor-
responding minimum values of the p Cosenza parameter, Ay, Cre-
azza area and I; Ortega index calculated for each case.

In terms of the hardening ratio f/f, and the ultimate strain &,
notable differences have been found between the types of steel

all the steels meet the minimum ductility requirements estab-
lished by EC2. However, while CS rebars are very close to these
minimum limits — with ratios of 1.21 and 1.22 compared to the
minimum of 1.15 - SS rebars greatly surpass these rates, reaching
values of up to 1.44. The most notable differences can be seen in
the ultimate strain, which in the case of @20 rebars is twice as high
for SS as it is for CS, with values of between 25.62% and 30.12%
compared to 11.84%, respectively.

Nevertheless, in the case of cold-rolled bars the reverse is true,
and while carbon steel BS00SD meets the ductility requirements of
EC2, SS reinforcements do not. Furthermore, hot-rolled CS rein-
forcements do not meet the strict ductility requirements set in
ASTM A615 Standard and stated in MC 2010, because the fi/f, ratio
remains below the minimum value of 1.25, even if the ultimate
strain ¢, values are much higher. In these cases it is interesting
to quantify ductility according to the concept of equivalent steel
as stated by Cosenza, since this takes into account the combination
of both factors.

According to this concept SS rebars reach much higher rates
than CS, except again in the case of cold-rolled rebars which reach
high resistance but with little elongation. In the particular case of
diameter @20 AISI 304 SS, the mean p parameter value is 6.11,
which means a rotation capacity of 6.11/1.85, i.e. 3.3 times higher
than the equivalent CS rebars. However, cold-rolled AISI 304 SS
rebars have a mean p parameter of 0.17, in contrast to the 1.56
of CS bars, and so provide a 9.2 times lower rotation capacity.

The ductility classification as proposed by CEB was analyzed,
and the results are shown in Fig. 4. The dashed line marks the min-
imum limit values for the S-class high ductility steel according to
Eqgs. (4)-(6). The two reinforcements outside the dashed line corre-
spond to cold-rolled SS rebars (diameter @8 AISI 304 and 2304
steels). Regarding hot-rolled SS, all the diameters are clearly to
the right of their counterparts in CS, showing greater ductility.

3.3. Cross-section level calculation

Relative M-y diagrams of the flat and downstand beam cross-
sections considered in the study are represented in Fig. 5. Relative
moment is the correlation of M/b-h?, and relative curvature refers
to the product y-h. These concepts allow sections of different
width-by-depth dimensions b-h to be represented in a single dia-
gram. In the diagram, values are marked corresponding to the
yielding or elastic curvature y. (obtained when steel reaches its
yield strength or when concrete has a deformation of 2%.) and
the last or ultimate curvature y, (when steel reaches an elongation
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Fig. 4. Ductility classification of S-class steel proposed by CEB, and parameters
obtained for B500SD carbon steel and AISI 304, 2304 and 2001 stainless steel.

of 10%o or concrete reaches 3.5%0). Based on the values of y. and y,
the ductility of each cross-section is obtained:

D, =L 7)
Xe

and is compared in Fig. 6. It can be seen that D, values are almost

always higher in sections reinforced with CS than when reinforced

with SS, with increases of up to 17% in the case of beams P-2 and

C-2. This is due to the greater y. provided to the SS section, because
of its lower elastic modulus E and since the values of x, remain
equal for both steels, as they are limited in the calculation by the
maximum of 10%. steel strain.

For this reason, despite SS being a more ductile material than
CS, it provides for less ductile reinforced concrete cross-sections.
The higher ductility of SS compared to CS is shown in some
deformations that fall outside conventional structural calculations,
but this has a significant advantage in the case of collapse of the
structure.

Only for this case, the concept of curvature to break y,, is pro-
posed as the curvature of the RC section when steel reinforcement
reaches its actual ultimate strain:

Ey
Xur = d—x (8)

where d is the effective depth of the section and x the depth of the
neutral axis. From y,,, the fracture ductility of the cross-section Ds, is
defined by the ratio (similar to Eq. (7)):

ur
Dy = £ur 9
X ®)

e
Dy, values calculated for the studied beams are compared in
Fig. 7, assuming they have the same amount of compression rein-
forcement as stress reinforcement (in which the maximum ductil-
ity of the section would be reached). It is proved that the fracture
ductility of the sections reinforced with SS is between two and

Relative moment (MPa)

0 510° 107
Relative curvature

o

5.10° 107 1.5.10°

Relative curvature

Fig. 5. Relative M- cross-section diagrams of reinforced beams with different amounts of: (a) B500SD carbon steel, (b) AISI 2304 duplex stainless steel. Elastic curvatures y.

and ultimate curvatures y, are indicated.
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Fig. 6. Ductility of cross-section D;: (a) flat beams, (b) downstand beams, reinforced with different amounts of carbon and duplex stainless steels.
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Fig. 7. Fracture ductility of cross-section D (a) flat beams, (b) downstand beams, reinforced with different amounts of carbon and duplex stainless steels, with the same

reinforcement both in tension and in compression.

Table 5
Results of the bending tests performed for the four beams.
Beam and fereal Qunax Mmax Smax hy Sm
reinforced (MPa) (kN) (kNm) (mm) (mm) (mm)
1: 2@8 B500SD  26.6 47 7.9 129 100 100
2: 2016 274 99 16.5 6.3 54 110
B500SD
3: 208 AlSI 26.6 68 114 12.6 95 97
2304
4: 2016 AISI 274 104 17.3 6.7 70 72
2304

three times higher than those reinforced with traditional CS. Hence
this new concept faithfully reflects the excellent ductility proper-
ties of SS reinforcements.

3.4. Bending tests of beams

The results of the bending tests of the four beams are summa-
rized in Table 5, where f. .q is the real compressive strength of
concrete obtained from specimens prepared to manufacture
beams, Qqx is the maximum load applied by the testing machine,
Mnqx is the ultimate bending moment at the center of the span
length (Mpnax = 0.5-Qumax-?/3), Omax iS the maximum deflection
marked by the press (displacement at mid-span section), h,, is
the height of the highest crack found, measured from the under-
side of the beam and s,, is the mean separation between cracks
appeared during the test.

Fig. 8 shows the moment-displacement diagrams of the four
beams. In this figure, the behavior of beam 1 reinforced with 2 cor-
rugated CS @8 bars is more ductile than that reinforced with
duplex SS, although it reaches a smaller maximum load. However,
the behavior is very similar between joists reinforced with two
diameter @16 corrugated rods, although fracture of the duplex SS
reinforced beam is more progressive.

The theoretical calculations of instant deflection 4, fissure open-
ing w and mean separation between cracks s,,;, performed for a load
Q registered during the test using the formulation contained in
instruction EHE-08, lead to the results listed in Table 6. For the cal-
culations consideration has been made of the real strength and
elastic modulus values found in the tests for the steels and con-
crete. Both deflections and theoretical fissure openings correspond
to actual measurements in the beam fracture tests, thus confirming
the behavior of steels according to their mechanical properties
obtained in the tensile tests, especially regarding the lower elastic
modulus of stainless steels. However, the mean separation

~ Beam 2: 216 BS00SD
i — Beam 4: 2016 AISI 2304

. ‘.l -— Beam 3: 2¢)8 AISI 2304

L / Beam 1: 2¢8 BS00SD

Bending moment (kNm)

Carbon steel
- - - - Stainless steel

I 1 | 1 I 1 I 1
10 15 20 25
Displacement (mm)

Fig. 8. Moment-displacement diagrams for the four beams tested to ultimate
bending.

Table 6

Theoretical calculations of: ¢ deflection, w fissure opening and s,, mean separation
between cracks, in each beam for a given load Q, in compliance with instruction EHE-
08.

Beam Q (kN) é (mm) w (mm) Sm (mm)
1 40 0.3 0.29 56
2 90 0.1 0.13 44
3 55 0.3 0.48 56
4 95 0.1 0.17 44

between theoretical fissures corresponds to approximately half of
the test measurements, a circumstance that can only be related
to the characteristics of the concrete and the beam size, since the
steel characteristics do not take part in the theoretical calculations.

4. Conclusions

The studied austenitic AISI 304 and duplex AISI 2304 and 2001
stainless steel (SS) reinforcements differ from the B500SD carbon
steel (CS) in two important mechanical properties: ductility and
modulus of elasticity. The SS reinforcements show higher ductility
for hot-rolled rebars, but lower ductility when they are cold-rolled.
The SS reinforcements also present a slightly (15%) lower modulus
of elasticity compared to the CS rebars.

The high ductility of hot-rolled SS reinforcements is based pri-
marily on the high elongations they reach when subjected to the
maximum load in the tensile test, with &, values that duplicate
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those of traditional CS reinforcements. If ductility is quantified
according to the concept of equivalent steel, or at the fracture level
of the concrete section (Egs. (8) and (9)), then the values of SS rein-
forcements triple those of CS. This high ductility has advantages
not only in cases of collapse of the concrete structure, but also in
the increased energy the hot-rolled stainless steel reinforcements
are able to absorb, making them especially suitable for structures
located in seismic zones - both new structures and in renovations
and restorations. SS reinforcements offer high ductility perfor-
mance to fracture, therefore enabling plastic hinge regions with
higher cross-section rotation capacity than traditional CS rebars.

The results obtained show the importance of studying the elas-
tic modulus value for different diameters and batches. In the pres-
ent study a lower elastic modulus is exhibited for SS
reinforcements. Thus, when designing both deflection calculations
and crack width prediction it is necessary to consider larger
amounts of steel. In practice, this increase is offset by the savings
that are achieved in terms of reducing the amount of reinforce-
ment necessary when a thinner cover needs to be used. This leads
to an increase in the maximum design crack width withstood by
the high corrosion resistance of SS rebars.

Despite the higher cost of SS reinforcement compared to CS
rebars, SS is highly recommended for use in sea-front areas with
extremely aggressive environments. The reason for this is that
the reinforced concrete service life is increased, thus providing
long-lasting constructions and buildings.

Acknowledgements

The authors wish to express their gratitude to the National R&D
Plan for its financial support to projects BIA2011-27182 and
BIA2012-32320. We are also grateful to Acerinox S.A. Roldin
S.A,, Sika S.A., Cemex S.A. and FCC S.A. for supplying the materials
used in this study. D.M. Bastidas would like to thank the Ramon &
Cajal Program of the Spanish Ministry of Economy and Competi-
tiveness for its financial assistance.

References

[1] Gjorv OE. Steel corrosion in reinforced and prestressed concrete structures.
Nordisk Betong 1985;2-4:147-51.

[2] Comite Euro-International du Beton (CEB). Ductility of reinforced concrete
structures. Bulletin n° 242, Stuttgart; 1998.

[3] Bonnet D, Rubaud M. Contribution & I'elude du comportment des métaux dans
les bétons carbonatés. Cahiers du Centre Scientifique et Technique Du
Batiment, N° 168, Cahier n° 1371; 1976.

[4] Gonzalez Fernandez JA. Control de la corrosién. Madrid: Estudio y medida por
técnicas electroquimicas. CSIC; 1989.

[5] EN 10020. Definition and classification of grades of steel. Brussels: European
Committee for Standardization CEN; 2000.

[6] Medina E, Matres V, Bastidas DM. Andlisis econémico de estructuras de
hormigén con armaduras de acero inoxidable. In: Bastidas DM, Medina E,
editors. Armaduras de acero inoxidable. Madrid: Cedinox; 2013. p. 1-22.

[7] Arminox. Pier in Progreso. Mexico. Inspection report. Evaluation of the
stainless steel reinforcement. Denmark: Viborg; 1999.

[8] Knudsen A, Skoysgaard A. Stainless steel reinforcement. Concr Eng Int
2001;3(5):59-62.

[9] Alvarez SM, Bautista A, Velasco F. Corrosion behaviour of corrugated lean
duplex stainless steels in simulated concrete pore solutions. Corros Sci
2011;53:1748-55.

[10] Fajardo S, Bastidas DM, Criado M, Romero M, Bastidas JM. Corrosion behaviour
of a low-nickel stainless steel in saturated calcium hydroxide solution. Constr
Build Mater 2011;25:4190-6.

[11] Gao ], Jiang Y, Deng B, Zhang W, Zhong Ch, Li J. Investigation of selective
corrosion resistance of aged duplex stainless steel 2101 by non-destructive
electrochemical techniques. Electrochim Acta 2009;54:5830-5.

[12] Serdar M, Zulj LV, Bjegovic D. Long-term corrosion behaviour of stainless
reinforcing steel in mortar exposed to chloride environment. Corros Sci
2013;69:149-57.

[13] Gedge G. Structural properties of stainless steel rebar. Symposium “Structural
applications of stainless steel in building and architecture”, EUROINOX,
Brussels. www.euro-inox.org.

[14] Markeset G, Rostam S, Klinghoffer O. Guide for the use of stainless steel
reinforcement in concrete structures. Nordic Innovation Centre project -
04118: corrosion resistant steel reinforcement in concrete structures
(NonCor). Project report 405. Oslo: Norwegian Building Research Institute;
2006.

[15] Abreu CM, Cristébal MJ, Montemor MF, Névoa XR, Pena G, Pérez MC. Galvanic
coupling between carbon steel and austenitic stainless steel in alkaline media.
Electrochim Acta 2002;47:2271-9.

[16] Qian S, Qu D, Coates G. Galvanic coupling between carbon steel and stainless
steel reinforcements. Can Metall Q 2006;4:475-84.

[17] Pérez-Quiroz JT, Terdn ], Herrera MJ, Martinez M, Genescd ]. Assessment of
stainless steel reinforcement for concrete structures rehabilitation. ] Constr
Steel Res 2008;64. 1371-24.

[18] Valluzi MR, Binda L, Modena C. Mechanical behaviour of historic masonry
structures strengthened by bed joints structural repointing. Constr Build
Mater 2005;19:63-73.

[19] Medina JM, Cassinello P. Influencia de los disefios estructurales antisismicos de
las Catedrales Goéticas en la distribuciéon de su luz interior. Jornadas
Internacionales de Investigacién en Construccién. Hitos Estructurales de la
Arquitectura y la Ingenieria. Instituto de Ciencias de la Construccién Eduardo
Torroja CSIC. ISBN 84-7292-402-4. Madrid; 2011.

[20] EHE-08 Structural concrete instruction. Ministerio de Fomento. Madrid: CPH
Comision Permanente del Hormigén; 2008.

[21] EN 1992-1-1. Eurocode 2: design of concrete structures. Part 1-1. General
rules and rules for buildings. Brussels: European Committee for
Standardization CEN; 2004.

[22] EN 10002-1. Metallic materials. Tensile testing. Part 1. Method of test at
ambient temperature. Brussels: European Committee for Standardization CEN;
2001.

[23] ISO 15630-1:2010. Steel for the reinforcement and prestressing of concrete.
Test methods. Part 1. Reinforcing bars, wire rod and wire. International
Standards Organization; 2010.

[24] Model Code 2010. Comite Euro-International du Beton, Fédération
Internationale du Béton (CEB/FIP). Lausanne; 2010.

[25] ASTM A615/A615M-09b. Standard specification for deformed and plain billet-
steel bars for concrete reinforcement. West Conshohocken, PA: ASTM; 2009.

[26] Cobo A, Bastidas DM, Gonzalez MN, Medina E, Bastidas JM. Ductilidad del
acero inoxidable bajo en niquel para estructuras de hormigon armado. Mater
Constr 2011;61(304):613-20.

[27] Medina E, Bastidas DM. Introduccién. In: Bastidas DM, Medina E, editors.
Armaduras de acero inoxidable. Madrid: Cedinox; 2013. p. 1-22.

[28] Castro H, Rodriguez C, Belzunce FJ, Canteli AF. Mechanical properties and
corrosion behaviour of stainless steel reinforcing bars. ] Mater Process Technol
2003;143-144:134-7.

[29] Real E, Rodriguez C, Belzunce FJ, Canteli AF. Comportamiento a fatiga de
armaduras de refuerzo de acero inoxidable diplex sometidas a shot-peening.
Anales de Mecanica de la Fractura 2008;25:367-72.

[30] Alih S, Khelil A. Behaviour of inoxydable steel and their performance as a
reinforcement bars in concrete beam: experimental and nonlinear finite
element analysis. Constr Build Mater 2012;37:481-92.

[31] Gardner L, Talja A, Baddoo NR. Structural design of high-strength austenitic
stainless steel. Thin Wall Struct 2006;44:517-28.

[32] ACI 318-08. Building code requirements for structural concrete. Farmington
Hills, Michigan: American Concrete Institute. ACI Committee 318; 2008.


http://refhub.elsevier.com/S0950-0618(15)00021-5/h0005
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0005
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0020
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0020
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0025
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0025
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0030
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0030
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0030
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0040
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0040
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0045
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0045
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0045
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0050
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0050
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0050
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0055
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0055
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0055
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0060
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0060
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0060
http://www.euro-inox.org
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0070
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0070
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0070
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0070
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0070
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0075
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0075
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0075
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0080
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0080
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0085
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0085
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0085
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0090
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0090
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0090
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0130
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0130
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0130
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0135
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0135
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0140
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0140
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0140
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0145
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0145
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0145
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0150
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0150
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0150
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0155
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0155
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0160
http://refhub.elsevier.com/S0950-0618(15)00021-5/h0160
https://www.researchgate.net/publication/270968941

	Evaluation of mechanical and structural behavior of austenitic  and duplex stainless steel reinforcements
	1 Introduction
	2 Experimental procedure
	2.1 Study at bar level
	2.2 Study at section level
	2.3 Study at member level

	3 Results and discussion
	3.1 Reinforcement tensile tests
	3.2 Parameters of reinforcement ductility
	3.3 Cross-section level calculation
	3.4 Bending tests of beams

	4 Conclusions
	Acknowledgements
	References


