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ABSTRACT

Steel corrosion is a predominant factor leading to age-related structural degradation. To understand the
different effects of pitting corrosion on the mechanical performances of deformed carbon and stainless steel
reinforcing bars, an artificially accelerated method was conducted to corrode the steel bars. Using a 3D laser
scanner, the three-dimensional models of corroded steel bars were reconstructed. The corrosion
characterization was identified based on these 3D profiles. The results indicate that the number and the
depth of corrosion pits of both types of steel increase with the increase of corrosion rate, however the pitting
corrosion of stainless steel is much more obvious than the carbon steel. Axial tensile tests of corroded
carbon and stainless steel bars were carried out. The tensile test results show that both the yield and
ultimate loads linearly decreased with an increase of corrosion loss while the ductility decreased
correspondingly. With the increase of corrosion loss, brittle fracture gradually occurred in the corroded
carbon steel bars at the location of critical cross-sectional area. However, the degradation ratio of elongation

of stainless steel is less than that of the carbon steel.
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1.0 INTRODUCTION

Corrosion of steel bars is the main cause of
durability degradation of reinforced concrete (RC)
structures. Many investigations indicated that
corrosion will lead to the loss of the rebar area,
change the deboning performance between rebar
and concrete, and deteriorate the mechanical
properties of the structure (Zhao et al., 2014; Tang et
al., 2014). To resolve the corrosion problem, the use
of stainless steel reinforcements seem to be the
most reliable solutions to guarantee the durability of
RC structure existing in the aggressive
environments (Knudsen et al., 1998; Castro-Borges
et al., 2002). Using stainless steels can essentially
improve the corrosion resistance of embedded bars,
because the alloy elements of chromium, nickel and
molybdenum can form a more stable oxide layer
protecting the metallic matrix beneath the film away
from chloride corrosion. Many studies have been
explored to discuss the corrosion resistance of
stainless steel (Fajardo et al., 2011; Freire et al.,
2011; Bertolini et al.,, 2014), but few of them
considered the corrosion effect on the mechanical
performance of stainless steel reinforcing bar.

Up to now, numerous literatures reported the
corrosion behavior of carbon steel, however owing
to the limitation on corrosion detection, most of the
investigations are based on the hypothesis of
uniform corrosion. Actually, pitting corrosion is the
most common corrosion form in the RC structures,
especially in the stainless steel reinforced concrete

structures. Compared with general corrosion, the
presence of pitting corrosion can lead to significant
decreases in structural reliability for RC members
(Stewart, 2004; Stewart and Al-Harthy, 2008), and
even worse, the pits can undergo brittle failure
instead of plastic failure that will likely elicit serious
consequences (Darmawan and Stewart, 2004).
Therefore, accurate measurements on the corrosion
pit are crucial for steel assessments and structural
analyses. However, the conventional methods such
as mass weighting and caliper cannot precisely
assess the pitting corrosion of the corroded rebar.

Since pitting corrosion is the commonest corrosion
morphology of carbon and stainless steel reinforcing
bars, accurate measurement of the corrosion
characteristic of the steel was conducted using a 3D
laser scanner in this study. Then, the corrosion
differences of carbon and stainless steel reinforcing
bars are compared. To explored the pitting corrosion
on the mechanical performances of deformed
carbon and stainless steel reinforcing bars, axial
tensile tests of corroded steel bars were carried out.

2.0 EXPERIMENTAL PROGRAMME

2.1 Specimen Preparation

The specimens were prepared using a hot-rolled
ribbed (HRB) steel bar and a duplex 2204 stainless

steel reinforcing bar. The nominal diameters of the
bars were 16 mm. The specimens were prepared to
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be approximately 500 mm long. To avoid the
corrosion and the fracture of the two gripped ends in
the tensile test, the two ends of the specimens were
coated with epoxy.

Direct electric current (DC) was impressed on the
steel bar to accelerate the corrosion of the steel
reinforcing bar with the use of a DC power supply.
The reinforcements were connected to the positive
end, and a stainless metal mesh was connected to
the negative end of the power supply. The NaCl
solution with 5% concentration by mass was used to
provide a corrosive environment. The applied current
density i was 400 pyA/cm? in each case. After the
expected corrosion times, the corrosion products of
the steel bars were removed using a steel brush.
Then the specimens were cleaned with dilute
hydrochloric acid, neutralised with Ca(OH)2 solution,
washed with clean water, and kept in
aclosed dry container untii  the 3D  profile
measurement and the tensile test.

2.2 Corrosion Measurements Based on 3D
Scanning

The surface morphology of all corroded bars was
measured using a 3D laser scanner to establish the
3D profile and determine the remaining cross-
section. The scanning speed is 37 mm/s, and the
positioning accuracy is 0.02 mm. The sampling
distance of the vertical region is 400 mm. As shown
in Fig. 1, the three-dimensional coordinates of the
points on the surface of the rebar was acquired by
the laser scanning instrument, and processed by the
scanning system’s software to form a point cloud
file. Then the software Geomagic was then used to
build the solid model of the corroded bars on the
basis of the point cloud file.

Fig.1. Point cloud of reinforcing bar from scanning

After the establishment, a software Pro Engineer
was then used to analyse the sectional area of the
corroded bars for every 1 mm along their length,
thereby allowing estimation of the cross-sectional
area loss.

2.3 Tensile Test
The axial tensile test was performed at all levels of

selected corrosion at ambient temperatures using a
servo-hydraulic testing system, as shown in Fig.2.
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The load was measured by the load cell of the test
machine, while the displacement was acquired by a
linear variable differential transformer. All readings
were recorded using an automatic data acquisition
system, and were used to plot the load-displacement
curve. The yield strength and the ultimate tensile
strength of corroded bars were determined based on
the corresponding test curve. To evaluate the
corrosion effect on the ductility properties of the
reinforcing steel bar, the percentage elongation after
fracture was calculated as the ratio of the extension
between two marks placed near the fracture area
with respect to the initial length.

i

Fig.2. Axial tensile test

3.0 RESULTS AND DISCUSSION
3.1 Evaluation of Corrosion Parameters

The representative 3D images of corroded carbon
and stainless steel bars are displayed in Fig.3. The
distributions of cross-sectional areas along the
length of the reinforcing bars corresponding to Fig.3
are plotted in Fig.4. As shown in Fig.4, the corrosion
distribution along the length becomes more irregular,
and the number and depth of corrosion pits
increases when the corrosion rate increases. The
corrosion pit is narrow and deep in the stainless
steel bars for the reason that pitting corrosion is the
dominate corrosion morphology of stainless steel.
To characterise the non-uniform distribution of
corrosion, the degree of maximum corrosion #¢t was
obtained from image analyses, the average mass
loss y»m was gotten by weighing, while the
uniformity coefficient was defined as R. They can be
calculated from following formula.

= Mo M )
; mL
No = A = A (2)
A

-
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Where Moand M are the masses of the bars before
and after corrosion, p is the line density of the bars,
L is the length of the corrosion part, Ao is the
average sectional area of the control group, Amin iS
the minimum sectional area of the corroded bars,
and Aae is the average sectional area of the
corroded bars.

I

(b) Stainless steel bars

Fig. 3. Representative 3D images of corroded
reinforcing bars

110

< )
2 0% ‘ e ‘A \ ) 3,
L "n ."f“\“ 3 Al A . '
NN vely A wie A
oo Wi e “"l‘,“l\\ e
I l‘I' “ J , N ,l
MRV
\
0.85 |- vy
0.&) " 1 " 1 1 " 1 " 1 " 1
50 100 150 200 250 300 350
Location (mm)

(a) Carbon steel bars

220+

8

sectional area(mm?’)
=
3
T

g

140

150

100
Location (mm)
(b) Stainless steel bars

250

Fig. 4. Corrosion distribution along the bars’ length

392

The variation trends of the non-uniform coefficient R
are illustrated in Fig.5. As the corrosion level
increases, the non-uniform coefficient R increases,
and attains discrete values at high corrosion levels
for carbon steel. The higher value of R means the
higher degree of corrosion irregularity or more
corrosion pit in the steel. As displayed in Fig.5, the
value R for stainless steel is obviously higher than
that of the carbon steel. It is evidenced again that
the pitting corrosion is the prominent corrosion
morphology in the stainless steel. Therefore, the
local corrosion parameters instead of the average
mass loss should be used to identify the corrosion
effect on the mechanical properties of steel bars.
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Fig.5. Variation of heterogeneous coefficient R

3.2 Corrosion Effect on Strengths

As it is known, there is serious stress concentration
around the corrosion pit, which influences the
mechanical properties of corroded steel. To clarify
the impact of pitting corrosion, the maximum cross-
sectional corrosion rate is adopted in this study to
clarify its effect on the performance degradation of
steel bar based on the 3D profile.

Based on the yield and ultimate strengths of the
carbon and stainless steel bars, the ratios of the
strengths of corroded steel to uncorroded steel,
known as the relative yields and ultimate strengths,



can be calculated. The degradation of the relative
yields and ultimate strengths are plotted in Figs.6
and 7. It can be seen that both the yield and ultimate
loads decreased linearly with increases of corrosion
loss. The strength’s degradation ratio of stainless
steel is more pronounced than that of the carbon
steel due to its deeper corrosion pit.

As shown in Figs.6 and 7, both the vyield and
ultimate strength of corroded bars can be expressed
as follows:

fyc = (Ay - ayc”cn) fyo

fuc = (AJ - aucrlcrt) qu

(10)

(11)

Where ayc and ayc are regression constants obtained
from the experimental strength results and from #cr .
As stated above, for 3D scanning profiles, the cross-
section can be captured by inserting a plane
perpendicular to the centerline of the steel bar, and
the degree of maximum corrosion can be evaluated
precisely according to Eq. (2). From this point-of-
view, the prediction model in this study is more
reliable.
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Fig.6. Strength degradation of corroded carbon steel
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Fig.7. Strength degradation of corroded stainless
steel
3.3 Corrosion Effect on Ductility

The measured elongation is normally used to
directly represent the ductility of reinforcing steel
bars. The final gauge lengths of the rebars after
fracture were recorded in the test. The percentage
elongations are illustrated in Fig.8. It can be seen
that the elongation of the corroded bar decreases
with increasing degrees of corrosion. As illustrated in
Fig.8a, a linear function can be adopted to describe
approximately the effect of the degree of maximum
corrosion on the ductility of the corroded carbon
steel bars. Compared the degradation ratios of
ductility and strengths, it can be seen that the pit
corrosion has a more profound effect on the ductility
of reinforcing steel bars rather than on their
strengths.

As displayed in Fig.8b, an exponential function can
be used to identify the corrosion effect on the
ductility of the stainless steel bars. Compared the
curves of Figs.8a and 8b, it is clear that the pit
corrosion has a significant effect on the ductility of
carbon steel bars because the addition of alloy
elements in the stainless steel enhance its ductility
greatly.
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Fig.8. Degradation of the elongation: (a) carbon
steel, and (b) stainless steel

It was also found from the experiment that brittle
fracture gradually occurred in the corroded carbon
steel bars with the increasing corrosion. It is also
verified that the corroded steel bars suffer a
significant ductility loss.

4.0 CONCLUSIONS

Pitting corrosion is the dominant corrosion
morphology of stainless steel. The corrosion pit of
stainless steel is more narrow and deeper than that
of the carbon steel.

Both the yield and ultimate strengths of carbon and
stainless steel linearly decreased with the increase
of cross section due to corrosion. However, the
strength degradation ratio of stainless steel is more
pronounced than that of the carbon steel due to its
deeper corrosion pit.

Pitting corrosion had an obvious effect on the
ductility of reinforcing steel bars, and the ductility
loss was much more significant than strength
degradation.
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Compared with the carbon steel bar, the stainless
steel bar has a better ductility. Even under severe
corrosion conditions, the stainless steel can still
maintain a certain elongation, which can prevent the
brittle failure of RC structures.
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