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Abstract: This paper reports an experimental work to investigate the pit corrosion of steel bars in
chloride contaminated concrete. A total of 50 reinforcing steel bars with a length of 250 mm and a
diameter of 14 mm were embedded in 10 concrete specimens, before they were subjected to accelerated
corrosion. The geometric parameters of the corroded steel bars were then examined using 3D scanning
method, before the characteristics of pitting corrosion of the corroded bars were analyzed accordingly.
The results show that there is a weak correlation between the maximum pit depth and the mass loss rate.
However, there is a strong correlation between the pitting factor and the mass loss rate. The relationship
between the pitting factor and the mass loss rate has been developed as a reciprocal function.
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1. Introduction

The corrosion of reinforcing steel is one of the principal causes of the deterioration of
reinforced concrete structures, particularly for those exposed to the marine environment.
Reinforcing steel corrosion in concrete is a very complicated phenomenon. It can be affected by
several factors, such as the surface treatment of reinforcing bars, chemical compositions of
concrete pore solution, quality and type of concrete, and the service environment of concrete
structures. Owing to the heterogeneous nature of concrete and the variation and uncertainty of
service environment of concrete structure, corrosion of reinforcing steel bar in concrete usually
exhibits a great randomness and irregularity [1]. The irregular and uneven distribution of
corrosion along the length of a reinforcing steel bar makes it difficult to determine the residual
strength of the corroded steel bar more properly [2].

The pitting corrosion of reinforcing steel bars not only reduces the cross-sectional area of
reinforcement but can also cause stress localization and thus may significantly decrease the load-
carrying capacity of a reinforcing bar. Numerous studies exist in the literature on the corrosion of
reinforcing steel bars in concrete to examine the damage evolution of reinforcement and its effect
on the load carrying capacity of the reinforced concrete structure [3-7]. Several researchers have
also investigated the temporal and spatial variability of the pitting depth of corroded steel bars
and pipelines in marine environment [8, 9] using experimental methods. The amount of corrosion
of a reinforcing bar is normally represented using the corrosion current density, which can be
measured from existing concrete structures using the electrochemical method. However, it should
be pointed out that the corrosion current density is only an average value of the corrosion of a
reinforcing bar along its length. However, pitting corrosion is usually localized, and thus it
significantly different from the average corrosion and causes the minimum cross section of a
reinforcing bar. It has been reported that the maximum pitting depth in a corroded steel bar in
chloride contaminated concrete is about 4-10 times the average pitting depth [10]. Since the
residual load bearing resistance of a corroded steel bar depends on the minimum section rather
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than the average section of a corroded steel bar it is vital to determine the minimum cross section
of a corroded steel bar. As a result, it has been suggested to use a pitting factor to calculate the
maximum pitting depth that was experimentally obtained from measured pitting depths of a
corroded steel bar. Tuutti reported the pitting factor could be taken as 4 to 10 for reinforcing steel
bars corroded in accelerated corrosion tests [10], whereas Gonzalez et al stated the pitting factor
can be taken as be 3 to 15 for reinforcing steel bars corroded in nature environment [11]. Rodriguez
[12], Yu et al. [13], and Apostolopoulos [2]. Recently, Kashani et al. [14] used a 3-D scanning
method to measure the 3-D surface of a corroded bar and reported the distribution of pitting depth
along the circumferential and axial directions of a corroded bar. Based on the obtained data, they
determined numerically the maximum pitting depth along the circumferential direction of bar
section, the residual cross-sectional area, and the second moments of area of the corroded bars. In
addition, the probability distribution of the residual cross-sectional area and the second moments
of area of corroded bars were also settled down via the statistical analysis. However, they did not
present the probability distribution of the pitting depth and its correlation with other geometric
parameters of corroded bars. Hence, this paper aims to investigate the pitting corrosion of
reinforcing steel bars in chloride contaminated concrete. The experimental works include the
accelerated corrosion test of reinforced steel bars in concrete and the scanning of corroded steel
bars using a 3-D laser scanner. The obtained 3-D images of the corroded bars are then analyzed
using statistical analysis method. Unlike the work of Kashani et al. [14], this work is focused on
the statistical analysis of pitting depth distribution along the length of corroded bars. Also,
different from the deformed steel bars that were used in Kashani et al’s tests. The plain steel bars
were adopted in more severely this tests to improve the accuracy of measurement for the defined
research aim.

2. Experiment

HPB 300 steel bar with a diameter of 14.0mm was used in this t experiment. 10 concrete
specimens with dimensions of 350 x 80 x 400 mm were cast. Each specimen contained five
reinforcing bars with 33 mm concrete cover, as shown in Fig.1. The concrete mix had a targeted
compressive strength of 40 MPa at 28 days. Each reinforcing bar had a length of 400mm long and
was first sandblasted to remove the mill scale and rust layers on its surface. The two end parts of
each bar were75mm long and were covered with epoxy first before insolated using electrical tape.
The middle part of each bar was approximately 250 mm long and subjected to accelerated
corrosion, as shown in Fig.1. The corrosion-induced mass loss of the tested reinforcing bars was
in the range of 1-30%, which was estimated in advance using Faraday's law of electricity and
controlled through adjusting the current density or the current applied time. After the accelerated
corrosion test, the corroded steel bars were carefully taken out from the specimen by breaking the
concrete and then cleaned using the standard method as specified in ASTM G1-03. Afterward,
the surface morphology of the corroded steel bars was measured using a 3D light scanner with
the accuracy of 50 um. The scanning process produced the data of three-dimensional coordinates
of each point on the surface of a corroded steel bar (see Fig.2). These data were then processed
using a self-compiled MATLAB program to generate various required geometrical parameters of
the corroded bar, such as the pitting depth, cross-sectional area, second moments of area, and their
distributions along the bar length. In the present study, the 3D measurement was taken at the

intervals of both 0.5 mm along the bar length and 1.0° around the bar sectional perimeter.
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Figure 1. Schematic of specimen design.
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3. Results and discussion

Owing to non-uniform corrosion, the cross-section of a corroded steel bar is no longer a
circle one but more like a polygon. The x-axis is taken along the longitudinal axis, y- and z-axes
are the axes located on the cross-section of each steel bar, as shown in Fig.2. Let the origin of the
coordinates be at the center of the original circular section of each steel bar. Then the pitting depth
at a point on the surface of a corroded steel bar can be calculated as follows,

P.(X)=R—/y¢ +7; 1)

Where, P«(X) is the pitting depth of point k, R is the radius of the original circular section of a steel
bar, yx and z« are the coordinates of the point k at y and z axis, respectively.
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Figure 2. Definition of coordinates of ~ Figure 3. Residual cross-section of a corroded bar
a point on corroded bar surface. with mass loss of 15.6% at three different locations.

Fig.3 shows the three residual cross sections of a corroded steel bar along its length. It is clear
that the pit depth varied irregularly and distributed unevenly in both longitudinal and
circumferential directions of the corroded steel bar. The steel bars corroded more severely on its
one side where the thickness of concrete cover is minimum. The perimeter of the residual cross-
section of a corroded steel bar consists of both concave and convex curves, reflecting the pitting
feature. Note that the smallest diameter measured using traditional mechanical measurement
methods may not reflect the pit depth at concave points and thus may not be able to give the
largest pit depth in the section [15]. The largest pit depth on a section, P.(x), can be determined
from the all measured points on that section, and calculated as follows below,

PL(x)=max(R—\/yf +zf) 2)

Fig.4 shows the distribution of the maximum pit depth P.(x) along the length of the corroded bars
with four different corrosion levels in term of mass loss rates. It is obvious that the pits corrosion
well developed along the length of the corroded bars and the maximum pit depth is not evenly
distributed along the length of the steel bar. The largest pit depth normally increased with an
increase of corrosion level. The largest [PL(x)] represents the maximum pit depth on the surface
of a corroded bar. The longitudinal location of the max [P.(x)] is found different for steel bars
with different corrosion levels. For example, the maximum pit depths were 2.05, 2.80, 2.93 and
3.79 mm that occurred at the distances of x = 232.5, 141.5, 13.5, and 155.5mm from the left end
of the steel bars with the mass loss rate of 3.6%, 12.1%, 19.7% and 31.9%, respectively.
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Figure 4. The distribution of the largest pit depth along length of corroded steel bars (i.e., x-axis).
(a) mass loss rate 3.6%, (b) mass loss rate 12.1%, (c) mass loss rate 19.7%, (d) mass loss rate 31.9%.
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The probability distribution of P.(x) of the above four corroded bars is plotted in Fig.5. It is
obvious that the probability distribution of P.(x) seems not following any single distribution
pattern. For instance, the P.(X) distribution of the steel bars with the mass loss rates of 3.6% and
31.9% approximately exhibits the beta distribution, whereas those of the steel bars with the mass
loss rates of 12.1% and 19.7% roughly follow a triangular distribution, respectively. This
observation appeared different from the results of Hawn [16] and Sheikh et al. [17], who suggested
a Gumball distribution for the P.(x), and of Strutt et al. [18], who suggested a type of | extreme
value distribution for the P.(x). The reason for this difference is probably due to the difference
between specimens used and the environmental conditions where the specimens were exposed.
This further demonstrates the complexity and randomness of the corrosion of reinforcing steel in
various environments.
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Figure 5. Histograms of pit depths of corroded bars. (a) mass loss rate 3.6%, (b) mass loss rate
12.1%, (c) mass loss rate 19.7%, (d) mass loss rate 31.9%.

Fig.6 shows the maximum pit depth versus the mass loss rate for the 50 tested corroded bars.
It is obvious that the correlation between them is rather weak, indicating that a large mass loss
rate may not necessarily mean a great pit depth and vice versa. To characterize the relationship
between the maximum pit depth and the mass loss rate of a corroded steel bar, one often uses the
parameter called pitting factor, which is defined as follows,

P

max  __

P max[P ()]
P, 11

o jo Kk2:1:F>k(x) dx
Where Pmax is the maximum pit depth, Paw is the average pit depth, L is the length of the corroded

steel bar, and K is the total number of points along the circumference of a corroded steel bar. Note
that the average pit depth can also be approximately calculated using the mass loss rate as follows,

@)

AW Dn,
ave 7ZDLpS 4

(4)

Where AW is the mass loss, D is the original diameter of a steel bar, ps is the density of the steel
bar, and #s is the mass loss rate. Fig.7 shows the plot of the pitting factor Ry against the mass loss
rate #s. It is evident from the figure that there is a strong correlation between R, and #s. The
smaller the mass loss rate, the greater the pitting factor. The relationship between both can be
approximately expressed by a reciprocal function as indicated in the figure.
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Note that the mass loss rate can be approximately estimated by measuring the corrosion current.
Hence, if the pitting factor Ry is known, one can calculate the maximum pit depth by using Eqg.
(3) directly. Therefore, it is important to know the relationship between pitting factor and mass
loss rate. From the results of the 50 tested corroded bars, it can be seen that Rp was greater than
20 when #s<3% and Ry less than 10 if #s>12%. The reason for the pitting factor was very large if
the mass loss rate is small is because when the mass loss rate is small, which causes the Pav very
small, the pitting is highly localized with a large pit corrosion Pmax developed.

According to the variation of Ry with #s shown in Fig.7, the mass loss rate can be into divided
into three different zones. The first one is the case of small corrosion case where weight loss 7s<5%
with pitting ratio Ry>10. The second is the case of medium corrosion where mass 10ss5%< 7s<12%
with 15>Rp>5. The third is the case of severe corrosion where mass loss Ns>12% with
approximately taken as 5.
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Figure 6. Correlation between the maximum Figure 7. Relationship between pitting factor and
pit depth and mass loss of corroded bars mass loss rate
(R=7 mm is the radius of steel bar).

4. Conclusion

In this paper, the pit corrosion of reinforcing steel bars in chloride contaminated concrete has
been investigated experimentally using accelerated corrosion tests and 3-D scanning technique.
Based on the 3-D images of 50 corroded steel bars the pit depth and its corresponding probability
distribution along the length of each corroded bar were analyzed using statistical analysis methods.
From the analysis, it is easily know that the pit depth of a corroded bar varies irregularly and
distributes unevenly in both circumferential and longitudinal directions of a corroded bar. It’s
distribution along the length of a bar seems not fitting for any single existing probability modal.
And the maximum depth of corrosion pit increases with an increase in corrosion level or mass
loss. However, the correlation between the values of the maximum pit depths and the mass loss
rate seems less strong. Furthermore, it can be found that there is a strong correlation between the
pitting factor and the mass loss rate. The smaller the mass loss rate, the greater the pitting factor.
The relationship between them can be approximately expressed using the recommended
reciprocal function in the paper. For the case of small corrosion case where weight loss #7s<5%,

the pitting ratio Ry is larger than 10. For the case of medium corrosion where mass 10ss5%< #s
<12%, the pitting ratio Ry ranges from 5 to 15. For the case of severe corrosion where mass loss

ns>12%, the pitting ratio Ry can be approximately taken as 5.
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