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Corrosion is a negative contributor on the structural integrity of concrete structures and leads to
degradation of the mechanical properties of steel rebar. Exposure to chloride, seawater, salt and saltwater
and deicing chemical environments influences the concrete-steel bond and weakens it. A considerable
strength factor of the two-phase steel B500c (martensitic, ferritic-perlitic) is considered to be the outer
martensitic cortex thickness, which varies according to the area of the rebar cross section. In order to
evaluate the influence of corrosion and the size of the area on the mechanical properties of B500c steel, an
experimental investigation was conducted on B500c ribbed steel rebar of 8, 12, 16, and 18 mm diameter, and
which were artificially corroded for 10, 20, 30, 45, 60, 90, and 120 days. The laboratory tests suggest that
corrosion duration and rebar cross-sectional area size had a significant impact on the strength and ductility
degradation of the specimens. The tensile mechanical properties before and after corrosion indicated
progressive variation and drastic drop in their values. The extended salt spray exposure enhanced the
damage and created pits and notches, resulting in stress concentration points and progressive reduction of
ductility and available energy. Anti-seismic design and codes that ignore the influence of the size of the
cross-section area and the level of corrosion and mechanical behavior of reinforcing steel could lead to
unpredictable performance during severe ground motion.

Keywords artificial corrosion, cross section of B500c steel rebar,
degradation of mechanical properties

1. Introduction

Steel rebar corrosion appears to be the main reason for
structural concrete degradation; it constitutes a serious problem
in seismic areas and is a serious safety and economic issue.

The high pH level of the concrete pore solution provides
protection to the reinforcing steel, by forming a thin oxide
passive layer covering the reinforcement. This layer remains
stable in the alkaline concrete environment of pH 12.5-13, but
begins to deteriorate when the pH of the pore solution drops
below 11 (Ref 1, 2). The corrosion rate rises when the pH drops
under 9. For corrosion to commence, the oxide film must be
broken or de-passivated, which may occur if the alkalinity of
the pore water in the concrete pores decreases and/or penetra-
tion of the chloride ions takes place. This may be caused by
carbonation, especially in the proximity of cracks, or by water
dilution, which accompanies cracking (Ref 3, 4).

The advancing corrosion results in reduction of the load
carrying cross section of the bars and an increase of their
volume by 3-8 times, which in turn causes the build-up of
internal stresses with eventual cracking and spalling of
the concrete cover, leading to further corrosion escalation

(Ref 5, 6). Usually the layer of corrosion products consists of
water and hydrated iron oxides, which due to their volumetric
expansion develop cracks in the concrete leaving the reinforc-
ing steel unprotected to corrosion (Ref 7).

The climatic conditions in locations near the sea constitute
one of the most aggressive environments for concrete structures
due to the high ambient salinity, temperature and humidity and
also due to the ingress of chlorine through wind-borne salt.
Chloride-induced damage of reinforcing steel results in con-
crete cracking and spalling, destruction of the protective steel
barrier and formation of pits, notches and cavities on the steel
surface. The chlorides within the salt act as a catalyst in the
natural corrosion process. Once corrosion commences, the
reinforcement is eventually replaced by rust, a porous product
of higher volume than the steel which exerts tensile forces on
the surrounding concrete, thus inducing delamination along the
interface between steel and concrete (Ref 8).

The reduction in the structural performance of reinforced
concrete members due to corroded steel is caused by the loss in
the effective cross-sectional area of concrete due to cracking in
the cover concrete, loss in bonding (Ref 6, 9, 10), loss in the
mechanical properties and performance of reinforcing bars due
to reduction of their cross-sectional area, and development of
pits and notches which are responsible for the development of
stress concentration points. An attempt to quantify corrosion
and mass loss of steel with the reduction of its mechanical
properties has been made (Ref 11-15).

It is known that the powerful external martensitic skin is
responsible for the strength characteristic properties of B500c
steel, while its ductility depends on the soft kernel. It has also
been verified that the strength and ductility properties of steel
are greatly reduced by corrosion and at some instant of time
they drop under the minimum code limits (Ref 11, 14).
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Rebar corrosion is of paramount importance in seismic
areas, since during strong earthquake activity the requirement
for structures with high ductility is necessary. Steel corrosion,
combined with tensile and compressive stresses, the predispo-
sition of the material for fracture, the level of corrosive
atmosphere, and the size of the implied mechanical stresses,
leads eventually in fracture (Ref 16). The result of such a
combination may be the fast degradation and failure of the
material. Even though the impact of corrosion on the strength
of steel reinforcing bars is well known, the current design codes
do not face the problem since they are unable to quantify it and
need further review (Ref 17-20, 22).

The necessity for reliable and predictable mechanical
performance of reinforcing steel, on a long-term basis, must
be the on-going target of every construction project. Besides the
corrosion factor, however, there has also been realized some
degree of variation in the mechanical properties of the non-
corroded B500c steel and the size of its cross-section area. Even
though there is no literature backing such an allegation, the
present study was conducted in order to verify the impact of
corrosion duration and size of cross-sectional area on the tensile
mechanical properties of B500c steel, and in the general
mechanical behavior.

2. Experimental Procedure

2.1 Induced Corrosion

In the present study, ribbed B500c steel rebar was used with
rebar diameters of 8, 12, 16, and 18 mm which were artificially
corroded for 10, 20, 30, 45, 60, 90, and 120 days. The tensile
specimens were cut and prepared in lengths of 436, 488, 544,
and 572 mm, which left a clear length between grips of 316,
368, 424, 452 mm, in addition to 60 mm length in either side.
The specimens were artificially corroded in a specially designed
salt spray corrosion chamber, according to ASTM B117-94
standard. Prior to corrosion, the specimens were measured and
weighed with accuracy of 0.01 g.

The corrosion process was accelerated by spraying the
specimens with a 5% sodium chloride and 95% distilled water
solution, with pH range of 6.5-7.2 and spray chamber
temperature of 35�1:1

1:7 �C for different exposure durations so
that different corrosion levels were obtained. The surface
thickness variation of the martensite before and after the salt
spray corrosion process appeared to be higher in the location of
the ribs and lower in between them. Pitting was observed to
have started progressively on the specimens after 10, 20, and 30
days corrosion level which became progressively more severe.
After salt spray exposure, the specimens were washed with
clean water according to ASTM G 1-72 in order to remove any
residual salt deposits from their surface. The rebar samples
were then dried.

Six specimens from each diameter were exposed to salt
spray for 10, 20, 30, 45, 60, 90, and 120 days, respectively, in
order to monitor the evolution of corrosion damage and
establish a relationship between duration to salt spray exposure
and corrosion level. After each corrosion process, the speci-
mens were cleaned, weighed, and the mass loss was calculated
according to ASTM G1-90. The tensile tests that followed were
conducted according to ISO 15630-1, at 24 �C, using a strain

rate of 2 mm/min. The stress was calculated according to DIN
488-3, and the area was

As ¼
1:274�Mf

l
ðEq 1Þ

where Mf is the final mass and l is the bar length.
A total of 192 successful tests were performed, 6 per each

diameter and each corrosion level. The mechanical properties
that were evaluated included the nominal Rp-nom (MPa) and
effective Rp-eff (MPa) yield stress, the nominal Rm-nom (MPa)
and effective Rm-eff (MPa) ultimate stress, the uniform elonga-
tion Agt (%), and the energy density U (N/mm2), which was
calculated from the area under the stress-strain curve, using the
real (effective) cross-sectional area of the steel specimens. The
nominal yield stress is calculated as the ratio of the load
capacity divided by the initial non-corroded cross-sectional area
of the steel bars. The effective yield stress is the ratio of the
load capacity divided by the true cross-sectional area of
the corroded specimens, which was calculated as a function of
the mass and length of each specimen.

According to ELOT 1421-1 (Ref 22), the chemical
composition of B500c steel in maximum by weight permis-
sible values is C = 0.24, S = 0.055, P = 0.055, N = 0.014, and
Cu = 0.85, and the equivalent carbon content Ceq was
determined to be 0.52. The material yield stress is ‡ 500
(MPa); the ratio 1.15 £ Rm/Ry £ 1.35; and elongation at
maximum load ‡ 7.5 (%).

2.2 Mass Loss

A series of tests were conducted on 8, 10, 12, 16, and
18 mm diameter B500c ribbed steel rebar specimens in order to
understand the effect of corrosion on its mass loss. The 10-mm
diameter group of specimens were included additionally in
order to gain a better insight for the mass loss, 6 per each
corroded and non-corroded level, or a total of 48 tests.

The corrosion level was measured as the percentage of the
difference between initial and final masses before and after
corrosion.

The mass loss of Table 1 is initiated in the outer steel
surface and affects mainly the martensitic cortex which is
directly related with the mechanical properties of the material.
In order to determine the percentage of martensitic cortex
thickness for each sample, stereoscopic images of the speci-
mens were obtained from three different angles, and for 6
specimens per level of corrosion and diameter.

Table 1 Percentage mass loss of different nominal
diameters and different corrosion levels of B500c
steel specimens

Duration,
days

Nominal diameter, mm

8 10 12 16 18

0 0.00 0.00 0.00 0.00 0.00
10 1.33 1.00 0.92 0.94 0.67
20 2.67 2.19 1.77 0.99 1.21
30 3.03 2.90 2.40 2.71 1.76
45 5.15 4.28 4.01 4.77 2.01
60 6.55 5.97 5.50 5.77 3.16
90 9.89 8.52 8.93 5.14 3.95
120 13.55 11.50 11.66 7.83 5.08
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The steel specimens were cut and prepared in cross and
transverse sections, shown in Fig. 1 and 2, in order to examine
the surface thickness variation of the martensitic layer, which
appears to be higher in the location of the ribs and lower in
between them and also the influence of the salt spray corrosion.
The preparation included sectioning/resin immersion/grinding
and polishing, and Nital (1.5-5 mL of nitric acid diluted in
100 mL ethyl alcohol) was used for the chemical etching,
which makes visible the martensitic cortex, while its thickness
was calculated using appropriate photographic software. The
remaining martensite area was calculated from Eq 2, and is
depicted in Fig. 3.

Martensite% ¼ Total area� Inner area

Total area
� 100 ðEq 2Þ

The experimental results were fitted to an exponential decay
equation of the form

y ¼ yo þ A � e�ðx=tÞ ðEq 3Þ

and the values of the constants yo, A, and t are shown in
Table 2.

The corrosion process created notches and cavities in the
outer surface of the specimens as shown in Fig. 2, with depth
measured approximately 0.40 mm after 90 days corrosion level.
The roughness and crack formation in the outer surface is
mostly responsible for the material�s mechanical properties and
ductility degradation.

In reinforced concrete structures and when steel corrosion in
statically critical areas where recycling has devaluated the
concrete, then the notches and cavities may become critical for
the structural integrity.

Figure 3 shows that the martensitic cortex thickness
increased in the bigger diameter specimens, while it was
decreased exponentially as the corrosion rate increased.

3. Results

An experimental study was conducted on 8, 12, 16, and
18 mm diameter B500c ribbed steel rebar which were
artificially corroded by sodium chloride spray, simulating
satisfactorily the natural corrosion process. The mechanical
properties were evaluated and some very interesting conclu-
sions were drawn, as shown in Fig. 4-10. The three-dimen-
sional figures (Fig. 4-7, 9, and 10) depict the impact of
corrosion on the variation of the mechanical properties of
different diameter specimens. These results were fitted to non-
linear Extreme Value and Gaussian Functions, Taylor Series
Polynomials, as shown in Eq 4 and 5, and the values of the
constants are shown in Table 3.

Fig. 1 Stereoscopic image of specimen cross section after Nital
immersion

Fig. 2 Martensite transverse section cortex thickness of corroded
for 90 days specimen

0 10 20 30 40 50 60 70 80 90 100 110 120
20

25

30

35

40

18
12
8

Duration of exposure [Days]

R
em

ai
ni

ng
 m

ar
te

ns
ite

 la
ye

r 
th

ic
kn

es
s 

 [%
] 

10

Fig. 3 Impact of corrosion on the martensitic layer thickness for 8,
10, 12, and 18 mm diameter specimens

Table 2 Exponential decay equation constants

Constants

Martensite, %

8 mm
diameter

10 mm
diameter

12 mm
diameter

18 mm
diameter

yo 22.84467 -3133.6868 29.30056 32.29097
A 4.61957 3165.1900 3.87796 6.58644
t 37.18443 50759.647 51.27738 34.55036
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• Taylor Series Polynomial

z ¼ aþ b � xþ c � yþ d � x2 þ e � y2 þ f � x � y ðEq 4Þ

• Non-linear Extreme Value Function

z ¼ aþ b � e�e
�x�c

d �x�c
d þ1 þ e � e�e

�y�fg �y�f
g þ1

þ h � e�e
�x�c

d �x�c
d þ1 � e�e

�y�fg �y�f
g þ1 ðEq 5Þ

The nominal and effective mechanical strength properties of
B500c steel were calculated using the nominal and real cross-
sectional area, ELOT 1421 code, and Eq 1, of the specimen.

4. Discussion

Table 1 shows that for equal salt spray duration the mass
loss is indirectly proportional with the nominal specimen
diameter. This is expectable since the depth of corrosion attack
for equal durations is constant for all size specimens, the

consequence of which is that the constant diameter reduction
results in lower percentage loss of material for the bigger
diameters.

Figure 3 shows a higher percentage concentration of
martensite in the bigger diameters and exponential reduction
as the level of corrosion increases. The martensite content for
the non-corroded specimens was as follows:

Diameter, mm 8 10 12 18
Martensite content, % 25 30 32.5 38

Corrosion exposure of up to 120 days created approximately
equal rate of martensite area reduction. The strength properties
of B500c steel are attributed to the presence of martensite, while
the ductility properties are due to the soft ferritic-perlitic core.

Figures 4-7 shows that, for the non-corroded specimens,
there is a gain in the mechanical strength properties of the

Fig. 4 Rate of change of the nominal yield stress as a function of
the corrosion duration and diameter size

Fig. 5 Rate of change of the effective yield stress as a function of
the corrosion duration and diameter size

Fig. 6 Rate of change of the nominal ultimate stress as a function
of the corrosion duration and diameter size

Fig. 7 Rate of change of the effective ultimate stress as a function
of the corrosion duration and diameter size
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smaller vs. the larger diameter specimens. This is an interesting
point since the martensitic content in the smaller diameters was
found to be lower than in the higher diameters. This is probably

due to the different behavior of the smaller diameters and the
imperfections of the material surface, which as such are
considered to be the ribs. It was also observed that corrosion
level had a greater impact on the degradation rate of these
properties for the smaller diameter specimens. This was also
expected since the pits and notches that were generated due to
corrosion are especially high and constitute the determining
factor for the creation of stress concentration points. Therefore
the mechanical behavior of the smaller diameter specimen vs.
time appears to be questionable. On the other hand, the higher vs.
the lower diameter specimens present higher levels of ductility.

In addition, the degradation rate of the uniform elongation
and the energy density due to corrosion, for smaller diameter
specimens, were found to be higher. This might have been
expected since for equal corrosion durations the same amount
of pits and notches that are present in the smaller diameters
create greater damage, since they occupy greater percentage of
surface area.

Figures 4, 8-11 indicates a variation of the limits of yield
stress, uniform elongation, and energy density by 8, 40, and
19% accordingly between non-corroded rebar of 8 and 18 mm
diameters. A more complex situation exists as the corrosion
level increases, since from Fig. 4-11 higher degradation rates of
the mechanical properties and ductility are realized for the
smaller diameters while lower degradation rates exist for the
mechanical properties of the higher diameters.

The yield stress (Rp), the uniform elongation (Agt), and the
energy density (U) for the non-corroded and for the 120 days
corroded specimens were reduced as follows:

Rebar diameter, mm Rp-nom, % Agt, % U, %

8 31 66 73
18 10 24 22

Knowing that the energy density and yield stress characterize
the quality index of the material (Ref 21), it appears that the
mechanical performance of steel reinforcement, corroded or
not, is not constant for all diameters.

Figure 11 shows that the energy density, representing the
energy reserves of the various diameters specimens, coincides
only in a region of approximately 10-20 days corrosion level.

Figures 8 and 9 indicates that the uniform elongation limit
might fluctuate from 14.53% for the non-corroded 18 mm
diameter specimens to 3.50% for the highly corroded 8 mm
diameter. A similar situation is to be expected in a reinforced
concrete member, where corrosion is going to attack initially
the smaller diameter reinforcing steel, usually found in the
outer beam and column stirrups, while the larger diameter may
remain unharmed. In actual practice, where corrosion takes
place under stress corrosion cracking conditions, the worst-case
scenario is to be expected. The scattering of values in the
mechanical performance of B500c steel in reinforced concrete
structures, under marginal loading conditions, might lead to
unpredictable performance with negative consequences for the
structural integrity.

Existing design codes for reinforced concrete structures do
not take into consideration the variation of the mechanical
properties of B500c steel due to diameter variation or material
specifications (Ref 17-20, 22). Corrosion and size variation of
the steel reinforcement must be seriously regarded in new
construction.
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Fig. 8 Rate of change of the uniform elongation as a function of
the corrosion duration and diameter size

Fig. 9 Rate of change of the uniform elongation as a function of
the corrosion duration and diameter size

Fig. 10 Rate of change of the energy density as a function of the
corrosion duration and diameter size
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5. Conclusion

An experimental study was conducted in order to evaluate
the impact of corrosion on the tensile mechanical properties
and gauge variation of B500c steel rebar, and the following
conclusions are drawn:

1. The mechanical properties depend upon the rebar cross-
sectional area size and level of corrosion.

2. The rate of change of the mechanical properties of B500c
steel rebar during accelerated salt spray corrosion is not
equal for all size rebar. The variation of the mechanical
properties for the larger diameter rebar appears to be
smaller than the corresponding values for smaller diameter
specimens.

3. The variation of strength and ductility mechanical proper-
ties vs. rebar size of B500c steel must be re-evaluated
and further research should be encouraged in order to
gain additional knowledge for more effective design.
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Fig. 11 Rate of change of the energy density as a function of the
corrosion duration and diameter size

Table 3 Approximation constants used in the nonlinear fitting of the mechanical properties

Constants

Extreme
value

Polynomial

U Rp-nom Rm-nom Rp-eff Rm-eff Agt

a 84.420 670.121 749.809 594.976 653.894 8.318
b 24.078 -2.0550 -2.1495 -1.0344 0.9845 -0.0868
c 2.620 -7.9088 -1.9628 2.03020 10.348 0.12712
d 35.065 0.00038 0.00059 0.000562 0.001482 0.00014
e 52.084 0.18432 -0.01478 -0.20291 -0.4785 0.01132
f 5.953 0.08394 0.0887 0.049180 0.03818 0.0025
g 4.700
h 68.383
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