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Stainless steel reinforcing bars, proposed for use in reinforced-
concrete {r/c) structures, are available with the same lengths
and current diameters of conventional carbon steel bars.
They present advantages as regards durability, and anti-
oxidability, and mechanical properties. These may make
them economically competitive with conventional steel bars,
and therefore suitable for use in bridge decks in severe en-
vironments. Recent earthquakes have further emphasized
the need for metal reinforcements capable of resisting con-
siderable and often repeated deformations. The problem is
particularly acute in the case of continuous-beam viaducts,
since severe strain comes to bear on the integral joints
between the deck and the piers. A solution is the use of
stainless steel bars because of their intrinsic stress-strain
features. R/c seismic-resistant structures may benefit from
stainless steel bars as reinforcement for their higher duc-
tility and toughness. These mechanical properties are par-
ticularly suitable for critical regions of r/c continuous
beams or frames, as the capability of energy dissipation as
well as the ductile elongation are greater than for conven-
tional carbon steel. In addition, the antioxidability prop-
erty of reinforcing bars affects the durability of the struc-
ture and its serviceability. Comparative experimental static
monotonic and cyclic large deformation uniaxial tests have
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been carried out until failure on stainless steel AISI 304L
bars with different strain rates, in order to reproduce the
actual behavior of steel for r/c structures. Cumulative plas-
tic damage has been also analysed. Initial results reveal a
significant dependence of fatigue parameters on the strain
rate, particularly for relatively small plastic strain ranges.

tainless steels are ferrochromium or ferrochromium-
nickel alloys with a high corrosion resistance,
even at high temperatures, because of their high
content of chromium {more than 12 percent) and nickel,
which promotes the formation of a passive layer with
a considerable chemical inertia in certain ambient con-
ditions. According to the microstructure of the matrix,
these steels can be grouped into three major categories:
martensitic, ferritic, and austenitic stainless steels.
Martensitic stainless steels have a carbon content of
0.10 to 1.10 percent and have excellent mechanical fea-
tures in terms of tensile strength and a fair corrosion
resistance. Heat treatments can be performed on these
alloys as on ordinary steels for hardening and tempering,.
Ferritic stainless steels are ferrochromium alloys with
lower carbon content and a higher percentage of chro-
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mium {17 to 26 percent). They are unsuitable for hard-
ening treatment.

The austenitic steels are the most valuable and most
studied of the stainless alloys, as they are best suited to
resisting humid corrosive phenomena. They are used in
a variety of sectors because of their well-demonstrated
corrosion resistance and very high ductility, in addition
to the high yield strength they can achieve with work
hardening. For these properties, this type of steel can be
used successfully in the form of ribbed bars for rein-
forced concrete structures. In civil works, the carbon
steel reinforcement in standard and prestressed rein-
forced concrete is prone to chemical and electrochemi-
cal oxidation, with a consequent progressive reduction
in the load-bearing capacity of the structure as a whole
(1). Therefore corrosion-resistant steel has been rec-
ommended (2) especially for use in conditions in which
the risk of pollution from chlorides is high, such as in
sections of road where salt is used to prevent freezing,
in reinforced concrete structures in seaside areas, or in
environments with problems of aggressive smog.

The stainless steel used as reinforcing bars in con-
crete can be of three types:

1. AISI 304 (or AISI 304L if welded joints are re-
quired) for polluted environments,

2. AISI 316 (or AISI 316L if welded joints are re-
quired) for environments containing considerable pro-
portions of chlorides; or

3. AISI 329 biphasic for strongly aggressive ambient
conditions involving considerable tensile stresses and
high working temperatures.

The use of stainless steel reinforcement is all the more
advisable in the case of reinforced concrete structural
elements in seismic areas, because it combines the ad-
vantages of corrosion resistance (3,4} with high ductility
and tensile strength (5) and, above all, it has a greater
dissipating capacity in the plastic deformation range
when repeated cycles occur (6,7).

Stainless steel bars have already been cyclically tested
by others; for example, Ciampoli and Mele (6) in-
creased the strain range, where the high slenderness of
the specimens, for small diameters, characterized the be-
havior in compression fields, due to buckling of bars.
The aim of this work was to test the tenacity and the
cyclic behavior to collapse of stainless steel bars (AISI
304L) in large deformation ranges, and to investigate
their dependence on the strain rates, especially regard-
ing strength deterioration.

In the present research, the authors used the experi-
ence reached in other cyclic tests with large strains (7-
9). Cyclic axial loads were applied, imposing for each
test prescribed symmetric strain excursions in the plastic
range (up to 16 percent) with constant strain rates, cor-

responding to vibration natural frequencies typical of
reinforced concrete bridges. Particular attention was de-
voted to avoiding the buckling of specimens.

In a previous paper by the authors (10), resilience
tests were performed to evaluate very good localized
behavior in the case of impact. In the same paper,
monotonic tests were carried out on stainless steel and
conventional carbon steel bars. Again, bond character-
istics have already been tested. They do not differ sub-
stantially from conventional carbon steel bars.

NortaTiON

3, = plastic excursion of each cycle i,
3, mon = Monotonic test plastic excursion,
¢ = deformation of steel,
€, = uniform elongation,
€, = deformation at yield,
€5, = deformation at the collapse on five diameter
length,
& = diameter of steel specimen,
p; = ductility of each cycle i,
Mo mon = Monotonic test ductility,
A, b = cumulative damage structural constants,
D, = damage functional,
f. = tensile strength of steel,
f, = tensile stress at yield of steel,
n = total number of plastic cycles,
N, = number of symmetric cycles to failure with
the same plastic excursions 8§,

IneLastic CycLic BEHAvIOR OF METALS

Several theories describe the inelastic cyclic behavior of
metals, among them the isotropic hardening theory of
Hill (11); the kinematic hardening theory of Prager,
modified by Shield and Ziegler (12,13); and the theories
of Mroz (14,15) and those of Peterson-Popov (16,17).

For strain-hardening materials, the yield function
changes progressively, whereas for an elastic-perfectly-
plastic material, it is constant after yield. A hardening
rule is needed to describe how the yield function
changes. In stress space, a change of the yield function
corresponds to a variation of size, shape, and position
of the yield surface. The isotropic hardening rule cor-
responds to an expansion of the yield surface without
any change of shape and of the origin in 3D principal
stress space. The kinematic hardening rule corresonds
to a translation of the yield surface without any change
of size or shape. Both rules do not agree exactly with
experimental tests. In particular, the isotropic rule is in-
exact in predicting elastic behavior for constant stress
cycles, while the kinematic rule is generally incorrect in
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describing stable hysteresis cycles. Thus, for cyclic be-
havior, a combination of the isotropic and kinematic
hardening rules must be employed with the yield surface
allowed to expand and to translate.

A number of formulations have been developed. A
very general formulation (16,17} distinguishes two limit-
ing material states: a virgin state (strength and hard-
ening defined in the first half cycle of loading), and a
fully cycled state. The transition from the virgin state
to the fully cycled state is controlled by a weighting
function based on accumulated strain. A model based
on the principles of this theory and extending the Mroz
model to cyclic phenomena was developed (18) with
combined isotropic and kinematic hardening. However,
to give an engineering answer to the problem of finding
a general definition of plastic collapse under cyclic load-
ings, it has been proposed to use normalized damage
functionals (19), varying from 0 (no plastic damage) to
1 {failure).

Some methods use the hysteresis energy as the dam-
age parameter (20): collapse occurs when the structure
dissipates an energy equal to a limit value. Other meth-
ods are based only on the measure of ductility, neglect-
ing cycle history. More advanced methods (21) take into
account energy and ductility. A method that considers
the actual distribution of plastic cycles and generalizes
the linear cumulative law of plastic fatigue (22) was
developed by Cosenza et al. (19). In the present paper,
an application of this method was carried out for cyclic
uniaxial tests on stainless steel bars for different strain
rates.

EXPERIMENTAL PROCEDURES

Monotonic and cyclic tests were carried out by using a
universal Dartec actuator (1200 kN, working pressure
207 bar) with two hydraulic grips with variable high
150 to 1050 mm. The lateral compression on specimens
was 200 bar.

Monotonic tensile tests were performed according to
ISO 6892 (1984), using different rates for elastic and
plastic phases. Cyclic tests were carried out using strain
control with three different constant strain rates of
6500, 13 000, and 26 000 p.e/sec, which correspond to

TABLE 1 Chemical Composition (%) of Tested
Steel

C Si Mn P S Cr Ni Mo Cu

0.034 048 1.48 0.032 0.025 1846 856 0.56 045

TABLE 2 Mechanical Characteristics of Stainless Steel
Specimens

fy (MPa) fi (MPa) ft /fy €y (%) €u (%) €r5¢ (%)

610 723.60 850.32 1.18 1.89 11.26 21.05

012 71620 849.36 1.18 1.68 10.02 21.05

relative displacement rates of the grips of 0.25, 0.50,
and 1.00 mm/sec.

These tests were carried out on specimens with di-
ameters of 10 and 12 mm in the central part obtained
from 32-mm-diameter bars of stainless steel (AISI
304L), the chemical composition of which is shown in
Table 1. Specimen length was 140 mm, with a base for
measures of 38 mm, and 26-mm-diameter threaded
heads (in order to allow the reversal of loading) (7).

Monotonic Tests

Results of monotonic tensile tests for the two specimens
are shown in Table 2. Even if only a small number of
tests was carried out, the results present very good char-
acteristics as regards ductility requirements (23). In par-
ticular, the excellent values of €,, together with the high
values of f,/f,, make them respect class S (seismic) of
the CEB-FIP code (e, > 6 percent and f,/f, > 1.15) (24)
and class H (high ductility) of the EC2 code (e, > §
percent and f,/f, > 1.08) (25). The very high value of
€54 must be stressed, which could make them respect
the lower limits (6, 9, 12 percent) of the EC8 code (26),
even if stress ratio requirements are slightly higher. In
stainless steel, the specific deformation energy prior to
necking is significantly high, about twice that of the
conventional carbon steel FeB44k, which confirms the
results of previous tests (10).

Cyclic Tests

All cyclic tests were carried out as constant strain cy-
cling by imposing the upper and lower symmetric limits
for plastic strain, with constant strain rates, as specified
above, of 6500, 13 000, and 26 000 pe/sec (relative dis-
placement rates of the grips of 0.25, 0.50, and 1.00
mm/sec). All the tests were performed until collapse of
the specimens. Plastic strain ranges considered, for both
diameters ¢$10 and $12, were +2.5 to —2.5 percent;
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TABLE 3 Number of Cycles to Failure for Symmetric

Large Deformation Uniaxial Tests on Stainless Steel Bars,
AISI 304L

plastic range +2.5%-2.5% +5%-5% +7%-7% +8%-8%

strain rate ([€/s)

¢ 10 6500 34 11 5 4
13000 46 8,10 58 4
26000 58 17,9 6 4
612 6500 24 13 8 5
13000 112,64,65 22,14,19 9 7
26000 99,74,90 12,11.13 9 7

100

+5 to —5 percent; +7 to —7 percent; +8 to —8 percent
(7). The number of symmetric cycles to failure is shown
in Table 3.

The shapes of the stress-strain curves seem to follow
with good agreement the isotropic hardening rules.

The total plastic excursions versus the number of cy-
cles to failure weresreported in logarithmic scales for
the three different strain rates in Figure 1 (for specimens
$10) and in Figure 2 (for specimens $12), obtaining
bilogarithmic diagrams of plastic fatigue.

As an example of the cyclic strength deterioration,
Figures 3 and 4 report the ratios between the stress
peaks at reversal (compression stress or tensile stress)
versus the number of hysteresis cycles for $10-mm
specimens in symmetric cyclic tests with axial plastic
strain ranges +2.5 to —2.5 percent (Figure 3) and for
$12-mm specimens in symmetric cyclic tests with axial
plastic strain ranges +5 to —5 percent (Figure 4) for
two strain rates 13 000 and 26 000 pe/sec (displace-
ment rates 0.50 and 1.00 mm/sec).

ANarysis oF Resurts

From results of the above monotonic and cyclic tests, it
has been possible to evaluate for different strain rates,
the two parameters that characterize the linear cumu-
lative law of plastic fatigue.
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FIGURE 1 Symmetric uniaxial cyclic tests on AISI 304L stainless steel specimens
¢10 mm in diameter; plastic strain range versus number of cycles to failure for
constant strain rates of 6500, 13 000, and 26 000 pe/sec (relative displacement
rates of the grips of 0.25, 0.50, and 1.00 mm/sec).
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FIGURE 2 Symmetric uniaxial cyclic tests on AISI 304L stainless steel specimens
$12 mm in diameter; plastic strain range versus number of cycles to failure for
constant strain rates of 6500, 13 000, and 26 000 pe/sec (relative displacement
rates of the grips of 0.25, 0.50, and 1.00 mm/sec).
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FIGURE 3 Stress ratio for peaks versus number of reversals for two AISI 304L stainless
steel specimens, $10 mm in diameter, for symmetric cyclic tests with axial plastic strains
between 2.5 and —2.5 percent, for constant strain rates of 13 000 and 26 000 pe/sec
(relative displacement rates of the grips of 0.50 and 1.00 mm/sec).
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The damage functional Dy, which takes into account
the different amount of plastic displacement, can be ob-
tained by using the law of cumulative damage (22,27),
generalizing the Coffin and Mason and Miner laws:

D; = Azlm,- - 1) (1)

where A and b are structural constants to be determined
by means of experimental tests, # is the total number of
plastic cycles, and p; is the ductility (kinematic or cyclic)
corresponding to the generic plastic displacement (19).
The parameter A can be evaluated by means of a
monotonic test carried through to failure (28):

A = (p’u,mon - 1)_b = (814,m0n)7[7 (2)

where 8, ... is the corresponding plastic excursion.

Parameter b can be evaluated as the angular coeffi-
cient of the line that describes, in logarithmic scales, the
equation

log(A) + log{N;) + b log(d;) = 0 (3)

which represents the linear damage cumulative law for
a test with N; cycles with the same plastic excursions 3,,
carried through failure (28):

Dr= A'N:-(3)" =1 (4)

Even if the number of tests was very small for this
first campaign, b was evaluated for each strain rate by
means of Equation 3 as the mean slope of lines in the
two bilogarithmic diagrams of plastic fatigue in Figure
1 (for $10 mm) and in Figure 2 (for $12 mm). Then,
using Equation 2 or measuring the y coordinate for
log(N,) = 0 in the bilogarthmic diagrams, the parameter
A can be evaluated. It must be noted that the former
requires knowledge of the monotonic tests for the dif-
ferent strain rates.

Values of b and A had been already found in a
previous paper by the authors (7) for a small number
of specimens with diameters of $10 mm and ¢12 mm,
respectively, for a constant strain rate of 13 000 pe/
sec (displacement rate 0.50 mm/sec). These results
were substantially confirmed in this second campaign;
for tests with that strain rate, average values b = 2.05
to 2.06 and A = 11.41 to 6.28 were found for speci-
mens with diameters of ¢$10 mm and ¢12 mm,
respectively.

Tests with the other strain rates furnished the follow-
ing results. For a constant strain rate of 6500 pe/sec
(displacement rate 0.25 mm/sec), average values of b =
1.83 to 1.73 and A = 8.05 to 4.31, and for a constant
strain rate of 26 000 we/sec (displacement rate 1.00
mmy/sec), average values of b = 2.24 to 2.20 and A =
14.83 to 8.40 were found for specimens with diameters
of $10 mm and $12 mm, respectively.
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FIGURE 4 Stress ratio for peaks versus number of reversals for two AISI 304L stainless
steel specimens, $12 mm in diameter, for symmetric cyclic tests with axial plastic strains
between 5 and —5 percent, for constant strain rates of 13 000 and 26 000 p.e/sec (relative
displacement rates of the grips of 0.50 and 1.00 mm/sec).
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The different slenderness of the specimens and the
nonhomogeneous composition of the core of the origi-
nal bar are probably responsible for the different be-
havior of the two specimens.

CONCLUSIONS

The bars for reinforced-concrete seismic-resistant bridges
can be used in stainless steel alloys with very good re-
sults for their high toughness and ductility, as well as
for their great capability of energy dissipation and good
performances as regards resilience. Furthermore, the
well-known antioxidability property of these bars plays
a very important role as regards the durability of the
structure and the serviceability limit state. At present
the site cost of stainless steel bars is about fives times
that of high resistant steel. This cost can be reduced in
case of large market conditions.

The campaign of experimental monotonic and cyclic
tests was carried out on stainless steel bars, and param-
eters that characterize the linear cumulative law of plas-
tic fatigue were evaluated for uniaxial cyclic tests for
different strain rates. Even if only a small number of
tests was carried out, the results were good from the
mechanical point of view. At this point of the research,
the following conclusions can be drawn:

o Stainless steel has a high tensile strength as a result
of work hardening;

e The total ductility of stainless steel is considerable
and generally very regular;

e Stainless steel specimens present very good char-
acteristics as regards ductility and strength require-
ments: the excellent values of €,, together with the high
values of £,/f,, make them respect class S (seismic) of
the CEB-FIP code and class H of the EC2 code;

e This type of lattice, with its larger number of slid-
ing systems, is also responsible for the constantly ductile
behavior of stainless steels whatever the conditions of
load (even pulsing) and temperature, this feature mark-
ing an important difference with respect to conventional
carbon steels;

o In stainless steel, the specific deformation energy
prior to necking is significantly high (about two that of
the conventional carbon steel) which confirms its con-
siderable dissipating features; and

e The strain rate seems to influence the plastic fa-
tigue parameters: constant b increases in a significant
way, while constant A decreases, in a minor way, when
strain rate increases.

Future steps in the research will deal with the influence
of strain rates on cyclic behavior of more ductile stain-

less steel bars and the comparison with conventional
carbon steel bars.
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