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A Wasserstein distance-based analogous method to predict distribution of

non-uniform corrosion on reinforcements in concrete

Qifang Liu® and Ray Kai Leung Su®*

ADepartment of Civil Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong, China

Abstract: This paper presents an analogous method to predict the distribution of
non-uniform corrosion on reinforcements in concrete by minimizing the Wasserstein
distance. A comparison between the predicted and experimental results shows that the
proposed method is capable of predicting distributions of non-uniform corrosion
modeled by Gaussian functions. The non-uniformity and the total area of the rust
layer are selected as the key parameters to determine the distribution of non-uniform
corrosion on reinforcements. Empirical equations of the non-uniformity and the total
area of the rust layer versus degree of corrosion are proposed to validate the
application of the method for practical projects. The method presented in this study
fills a research gap in quantifying the distribution of non-uniform corrosion on

reinforcements by realistically simulating crack propagation in concrete.

Keywords: non-uniform corrosion; reinforced concrete structures; distribution of rust;

Wasserstein distance; analogous method.

1. Introduction

Reinforcement corrosion is one of the most important underlying reasons for the
premature deterioration of reinforced concrete (RC) structures. There is a considerable
volume of research work [1-8] that endeavor to investigate the crack of concrete cover

due to the uniform or general corrosion of the reinforcements. However, the localized
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corrosion of reinforcements is usually observed in chloride contaminated concrete [9].
Moreover, reinforcements, for instance the corner rebar, are usually protected with a
non-uniform concrete cover in buildings. As a result, the corrosion products around
reinforcements are always non-uniform. According to Gonzalez et al. [9], the
non-uniformity of localized corrosion, defined as the ratio of maximum corrosion
penetration and the average depth of corrosion, is about three to nine. This can cause
higher tensile stress and earlier occurrence of cracking in the concrete cover.

Related research efforts have been made to numerically simulate the cracking in
concrete induced by the non-uniform corrosion of reinforcements [10-18]. In these
studies, the distribution of rust is considered to be a crucial boundary condition and
the key to obtaining a realistic stress field and corrosion cracking state.

Various models of the non-uniform corrosion of reinforcements have been
developed and utilized for simulating the crack propagation in concrete covers,
including the linearly decreasing model [10-12], quadratic expansion model [13],
Rigid-Body-Spring Method and corrosion-expansion model [14, 15], elliptical model
[16, 17, 19], Gaussian model [20, 21], and von Mises model [18]. All of the above
mentioned models were developed based on limited experiments [9, 19-21] that used
destructive testing methods by breaking up the concrete to measure thickness of the
rust layer. However, this practice entails difficulties in measuring non-uniform
reinforcement corrosion, especially for naturally corroded reinforcements because a
long period of time is needed for generating sufficient amount of corrosion products
to facilitate measurement [9]. Moreover, the process to prepare the specimens for
scanning electronic microscope (SEM) [19-21] or backscattered electrons (BSE) [22,
23] observation is complex and time-consuming, and thus difficult to measure the
thickness and distribution of the rust layer and conduct parametric study. Even though

many different models for non-uniform corrosion have been proposed, they do not
2
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specify the realistic positions of the peaks of reinforcement corrosion and can only be
applied to the simplest one-peak distribution, which can oversimplify the accurate
situation in real corroded reinforced concrete structures involving multiple peaks.
With the exception of some limited experimental data, there is currently no method
available or reported even for a preliminary prediction of the parameters to determine
the non-uniform corrosion of reinforcements.

This study therefore proposes an analogous method based on minimizing the
Wasserstein distance (WD) to predict the distribution of the non-uniform corrosion on
reinforcements. The WD is a distance function defined between two distributions that
are not known on a given metric space, which can be visualized as the cost of turning
one distribution into the other [24, 25]. The WD is thus used in this study to compare
the base distribution and target predicted distribution. Compared to the existing
models of non-uniform corrosion of reinforcement, the proposed WD-based
analogous method utilized the relationships between the distribution of rust and the
positions of concrete cracks observed in the tests [20, 21]. This can overcome the
aforementioned limitations of the existing models as the crack pattern of concrete
induced by reinforcement corrosion can be easily observed without using SEM or
BSE.

The method is validated through all of the available experimental results [19-21]
that can be found in the literature to the best of our knowledge. The non-uniformity
and the total area of the rust layer, characterizing the environment of corrosion and
confinement of concrete, are selected as the key parameters for determining the
distribution of non-uniform corrosion on reinforcements. Empirical equations of the
non-uniformity and the total area of the rust layer are expressed as a function of the
degree of corrosion. The distribution of corrosion at different degrees of corrosion can

thus be predicted by inputting different values of the non-uniformity and the total area
3
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of rust. The method presented in this study addresses the research gap and quantifies
the distribution of non-uniform corrosion on reinforcements by realistically simulating

the propagation of cracking in concrete.

2. State-of-the-art models for non-uniform corrosion of reinforcement

Steel rebars are usually embedded in a non-uniform concrete cover to protect
them against corrosion and other damage; see Figure 1a. However, chloride ions can
diffuse into the steel surface through the concrete and initiate local corrosion. Active
corrosion occurs at the tip of crack or the surrounding areas of the damaged interface
between the concrete and steel, because the shortest path for the chloride ions to
penetrate the rebar is provided. Cathodic reactions take place on the passive steel
surfaces. An electrochemical process then takes place, which is similar to a galvanic
reaction due to electrical contact between the active steel and the surrounding passive
steel [26]; see Figure 1b. In the cross section I-1 (Figures 1c and 1d) of the active area
(Figure 1b), the active steel zone is facing the side of the concrete cover which is
thinner. The passive steel area is further away from the concrete cover. As a result,
rust is distributed in the active area where the cover is thinner. This non-uniform
distribution of rust causes higher tensile pressure and reduces the service life of
structures, compared to uniformly distributed rust. Therefore, it is imperative to
determine the non-uniform distribution of localized reinforcement corrosion by
simulating the stress field and the cracking propagation process of concrete.

Many different models on the non-uniform corrosion of reinforcement can be
found in the literature. The distribution of rust around the reinforcement from
different models is shown in Figure 2. The changes in the thickness of the rust layer
(T versus the theta angle in the different models are illustrated in Figure 3. In these

models, the rust is prescribed to distribute over an angle ¢ from 0 to 2z The
4
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maximum thickness of the rust layer (T ) is specified as the = angle. Most of the
models show a one-peak distribution, while Zhao et al. [21] present both one-peak and
multi-peak distributions (see Figure 4).

Though the pitting corrosion of reinforcement generally shows a hollowing
shape, it is found that many models [10-21] used single peak smooth curves to
simulate the distribution of rust on reinforcement. This is because the evolution of
concrete cracks is significantly affected by the peaks of the distribution of rust. It is
unnecessary and difficult to accurately model the entire distribution of rust
surrounding the reinforcement. Zhao et al. [21] found that the number of peaks of the
rust distribution corresponds to the number of concrete cracks. The positions of peaks
normally near the inner end of the concrete cracks.

The presence of corrosion-induced concrete cracks is the main reason for the
peaks of rust distribution. When a crack has not been formed or there is only one
crack in concrete, the distribution of rust can be fitted as a one-peak distribution,
which is generally a smooth distribution. However, when there is more than one crack
in concrete, the distribution of rust is usually modeled by a multi-peak distribution
with a hollow hole surrounding the reinforcement as shown in Figure 4.

None of the aforementioned models have identified the changes in the
distribution of non-uniform corrosion versus the degree of corrosion. Although the
shape of the distribution of corrosion products has been well modelled, the value of
the parameters in the proposed models with different degrees of corrosion has not
been specified. Therefore, a method that can determine the distribution of

non-uniform corrosion on reinforcements is very much needed.

3. Method to determine distribution of non-uniform corrosion

In this section, an analogous method to determine the distribution of non-uniform
5
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corrosion on reinforcements will be discussed. The use of analogy is a basic
comparison method of two methods that have the same principle but used in different
fields or to solve different issues. In the Dictionary of Philosophy of Mind, analogy is
described as ““a systematic comparison between structures that uses properties of and
relations between objects of a source structure to infer properties of and relations
between objects of a target structure” [27]. Analogous methods have been widely
utilized in the field of artificial intelligence, such as curve analogies [28] and image
analogies [29]. In this study, we explore the use of analogy as a means to predict the
non-uniform distribution of corrosion on reinforcements.

The problem can be described as shown in Figure 5: given that there is a known
non-uniform distribution of corrosion Fg(¢) (base distribution), a new distribution
Fr(0) (target distribution) needs to be predicted with characteristic parameters
including the non-uniformity R, and the total area of the rust layer AcL.

This can be mathematically illustrated as a process to move the points P; of
weight w(6) on Fg(6) to points Pi on Fr(#). The work or energy is well known as the
WND. This study pursues to find Fr(6) with minimum WD as the most analogous
distribution of Fg(6) constrained by the given Ry and AcL. The method is based on the
analogy between Fg(6) and Fr(6).

As previous studies [18, 20, 21] have found that the Gaussian model has good
accuracy in fitting experimental data. In addition, both one-peak and multi-peak
distributions of non-uniform reinforcement corrosion can be modelled by Gaussian
functions. Thus, the proposed analogous method is based on a Gaussian model for the

non-uniform corrosion of reinforcements as:

2
0—pos; ]

Te =ZHie( o (1)

where Hi and aiare the height of the peak and standard variance of i" sub-Gaussian
6
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function at peak position posi, respectively.

As aforementioned, the number of peaks in the fitted Gaussian function in Eq. (1)
corresponds to the number of concrete cracks. The peak positions of the fitted
Gaussian function normally near the inner end of concrete cracks [21]. In conclusion,
the distribution of Tc. is highly dependent on the crack pattern, which differs with the
geometry and mechanical properties of specimens, as well as the environment of
corrosion. Nevertheless, for specimens under the same boundary condition and
environment of corrosion, the crack pattern is similar at different degrees of corrosion.
As a result, the distribution of Tcc is similar at different degrees of corrosion for
specimens with the same conditions and can be applied to analogy purposes.

3.1. Non-uniformity and total area of rust layer
The non-uniformity of corrosion on reinforcements can be quantified by using

the pitting corrosion factor Rp, which was first proposed by Gonzalez et al. [9], as

R, = Pnax @)

where pmax is the maximum depth of the corrosion, and pay is the average depth of the
corrosion. Ry has been widely adopted to describe the non-uniformity of rebar
corrosion [30]. In this study, the corrosion depth is quantified with Tcr, and thus Eq.
(2) can be modified as:

T

R = tot (3)
" ACL/(”D)

where TJ* is the maximum thickness of the rust layer around the circumference of
a corroded rebar, and Acv is the total area of the rust layer.

Gu et al. [30] argued that the pitting corrosion factor Rp should take the complex
geometry of pits and their random distribution into consider, and used the spatial

variability factor Rsp to quantify the non-uniformity of corrosion between different
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cross sections along a corroded rebar. However, in the present study, Rsp is not
considered because Rsp = 1 when investigating the distribution of rust surrounding the
circumference of reinforcement.

As shown in Figure 4, the AcL is obtained by integrating TcL over 6 from 0 to 2,

i.e.,
A:L = fTCL (D/Z)da 4)

where D is the rebar diameter.

Substituting Eq. (1) into Eq. (4), the total area of rust layer AcL can be evaluated

as.
n - 02, - Tme (0720 )

It is found from Eq. (5) that the AcL depends on the height of the peak H and
standard variance o. Thus, AcL can be an alternative parameter of H or o to
characterize the shape of the Gaussian function. In addition, TJ™ =max(H,) can be
determined by Rp and AcL with Eqg. (3), which means that the non-uniformity R, and
the AcL can be applied as two independent parameters to characterize the Gaussian
function of the non-uniform corrosion. AcL describes the total amount of steel
corrosion, while Ry characterize the non-uniformity of the corrosion of the rebar.

3.2. Analogous method for non-uniform corrosion of reinforcement

The Gaussian model will be used to demonstrate the proposed analogous method.
The non-uniformity Rp and the total area of rust Ac. are used as the two parameters
that characterize the Gaussian function (see Section 3.1). The analogous
characteristics of the Gaussian function-based non-uniform corrosion of the
reinforcement can be summarized as:

(1) analogous Gaussian functions. Three independent parameters, i.e. non-uniformity,
8
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the total area, and the peak position can be used to determine a one-peak Gaussian
function;

(2) analogous non-uniform corrosion of the reinforcement. The number of Gaussian
peaks corresponds to the number of concrete cracks. The peak positions of the
Gaussian function correspond to the crack directions; and

(3) analogous non-uniform corrosion of the reinforcement at different degrees of
corrosion. The distribution of TcL is very dependent on the crack pattern, which is
similar at different degrees of corrosion for specimens subjected to the same
confinement of concrete and environment of corrosion. Therefore, the distribution
of Tco is analogous at different degrees of corrosion among specimens with the
same parameters and under the same environment of corrosion.

Based on these analogous characteristics, the Fr(6) is determined to be the most

analogous distribution of the Fg(#) among all of the possible distributions with a

given Rp and Act, which is mathematically expressed as:

I wo)|F(0)-F (o)
E = min -2 (6)

>w(o)

subject to
A, = TTCL (D/2)d, (7a)
Tmax

R =—— ¢ 7b
* A/ (7D) 7
ACL_ 1 1 ]-l— 1 AiL

Sreuial R il R 7
A [ R, ) Ry A e

where W(H) is the weight function of Fg(6).

When the weight function W(H) is considered to be the weight of points of

9
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Fg(6), Eq. (6) provides a value that has a physical meaning which shows that Fg(0) is
the minimum work needed to create the most analogous Fr(0) (see Figure 5). This is
well known as the earth mover’s distance (EMD) in statistics [24] or WD in

mathematics [25]. Therefore, the proposed method is called the WD-based analogous

method here. For the problem in this study, W(6) is chosen as a constant of one unit,
i.e. W(0)=1. Therefore, Eq. (6) is equivalent to

E =min|F, (0)-F () ®)

Specifically, when applying the WD-based analogous method to predict the
non-uniform corrosion of reinforcements, the following assumptions can be made
based on the analogous characteristics such as the convergence acceleration of the
minimization process of Eq. (8), i.e.,

(@) the peak positions of Fr(0) are the same as those of Fg(#). This is because the
WD-based method is based on the analogy between Fg(#) and Fr(¢). However, in
cases of one-peak Gaussian distributions whose peak position is prescribed as 6 = ,
this has been met automatically; and

(b) both Fg(d) and Fr(#) are modelled as Gaussian functions. The latter can be
achieved by finding appropriate modification factors of the height of peaks Hi and
standard variances a; of Fg(6).

Based on these assumptions, for a given Fg(0):

6—pos;

Fs (9)=ZHie_[ S ] +4 (9a)

Fr(0) is assumed to be

0—pos;

F(0)=> (4 H.)e_[ﬁ(“‘/k‘)] +A, (9b)

where A1 and A, are the minimum TcL around the circumference of the corroded
10
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reinforcement which might be non-zero in the distributions of some samples (R-3, R-5
and R-19 in Zhao et al. [20] for instance). Hi, oi and A1 are known parameters. 4 and
ki are modified factors of the i"" peak height Hi and i standard variance oi,
respectively. It is noted that 4, ki, A1 and A2 are nonnegative.

Substituting Eq. (9) into Eq. (8) gives

E = min ZHie_[(gE‘fo‘Si] —Z(&Hi)e[“/;:‘o/ski‘)] +(A,—A,) (10)

4 ki Ay .

subject to Eq. (7) and 4i, ki, Ai > 0.
Fr(6) can be determined by solving Eq. (10) and obtaining Ai, ki and Az. In this
study, the constrained single-objective minimization problem is implemented using a

built-in function in MATLAB.

4. Validation of proposed method
4.1. Experiments of Yuan and Ji [19] and Zhao et al. [20, 21]

The experimental results in Yuan and Ji [19] and Zhao et al. [20, 21] are used in
this study to demonstrate and validate the proposed method. Yuan and Ji [19]
examined specimens that were deteriorated under a laboratory environment of 35 °C
at a relative humidity of 90%. The designed cubic compressive strength of concrete
was 20 MPa. The dimensions of the specimens were 200 mm x 150 mmx 63 mm. A
single damaged reinforcement was placed onto the corner of the tested specimen. The
thinnest cover was 30 mm. Cylinder shaped specimens were cut from the tested
specimens with different corrosion levels and prepared so that they could be observed
under an SEM.

Zhao et al. [20] subjected concrete specimens to cyclic wetting and drying in

environmental chamber for about 2 years. Each cycle of testing lasted for 3 days.
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They used 3.5 wt. % sodium chloride solution to mist the specimens for 4 hours and
dried them at 40 °C until next cycle. The concrete was mixed with slag and fly ash.
The water binder ratio was 0.345. Portland cement CEM | 42.5N (EN197-1:2000) was
used for the cast of concrete. The 28-day compressive strength of concrete cube was
56 MPa. The size of the specimens was 150 mm x 150 mmx 300 mm. Three
deformed carbon steel rebars with a diameter of 16 mm were casted into each
concrete specimen and faced the top of the specimen. The cover thickness was 20 mm.
Two steel rebars were placed on the left corner (labelled L) or right corner (labelled
R), while the third steel rebar was placed in the middle (labelled M). The corroded
specimens were cut and polished to observe the TcL around the circumference of the

reinforcement under an SEM.

4.2. Validation of analogy of Gaussian distribution

The proposed WD-based analogous method can be used to predict non-uniform
corrosion with a comparison of the distribution of different specimens. As the
multi-peak distribution of rust is rarely reported in the literature except the one given
by Zhao et al. [21], validation of the WD-based analogous method in the present study

will only focus on the one-peak distribution of rust.
12
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It is noted that Fg(¢) should have the same peak positions as those of Fr(6),
which intrinsically indicates the corroded specimen of Fg(f) has the same crack
pattern as that of Fr(#). As discussed in Zhao et al. [20], the distribution of rust for
specimens of Yuan and Ji [19] and Zhao et al. [20, 21] can be modelled with a
one-peak Gaussian function, in which the peak position is prescribed as 6 = n. As a
consequence, this requirement has been met automatically.

As the peak positions are all the same, the base distribution Fg(6) can thus be

randomly selected as the distribution of sample R-15 of Zhao et al. [20] which reads:

[ O0-x :
Fs (6)=0.1432e (o (11)

where the minimum thickness of rust A, =0.
The target distribution F; (0) of other samples to be predicted is assumed to

be:

6—-pos;

F (9): Hei( V2o ] +A, (12)
where H =0.14321, o0=1.325/k, in which A, k and A, are parameters to be

calculated by solving Eq. (10).

Figure 6 shows the predicted Fr(6) of samples R-3, R-5, and M-15 of Zhao et al.
[20] and CorExp-B6 of Yuan and Ji [19]. It can be observed that the predicted results
with the use of the proposed analogous method are in close agreement with the fitted
results of Zhao et al. [20]. The predicted results have a close goodness of fit with the

results in Zhao et al. [20]. The goodness of fit is assessed with R? as:
RP=1--—— (13)

As shown in Figure 6, the maximum values of the predicted results equal the

maximum values of the experimental results, whilst the maximum values of the fitted
13
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results of Zhao et al. [20] are slightly less than the maximum values of the
experimental results. This is because the predicted results based on the WD-based
analogous method are limited by Eq. (7b). As a result, the predicted results are heavily
dependent on the fit of the given Rp and Aay, cL. This can be further illustrated in
Figure 7, which shows the predicted Fr(#) of samples R-14 and R-19 of Zhao et al.
[20]. As can be observed in Figure 7a, the point of the maximum value of the

experimental Tcy is scattered with others. When R, is obtained using this point, the

predicted distribution F'(&) has a goodness of fit of R? = 0.76. Alternatively, when

Rp is obtained using the maximum fitted value of Zhao et al. [20], the goodness of fit

of the predicted distribution F? (9) is R? = 0.896 (which is the same as that in Zhao

et al. [20]). This is also the same for the predicted result of sample R-19 in Figure 7b.
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5. Application of WD-based analogous method to practical case

Fe(d) and the characteristic parameters, i.e. Rp and AcL, of Fr(0) should be
obtained to apply the proposed WD-based analogous method to a practical case. Fg(6)
is required to have the same peak positions as those of Fr(6). As discussed in Section
2, few related studies on multi-peak Gaussian distributions have been reported.
Therefore, this section will focus on the use of a one-peak Gaussian distribution based

on the experimental results in a laboratory environment [20].

As shown in Table 4, the data on TJ™ and Acc versus the degree of corrosion p
for the weight loss are adapted from Zhao et al. [20]. As discussed in Section 4.2, it is
best to select T.® and Ac. from the fitted Gaussian function which has the best fit to

all of the experimental data. The corresponding Ry (non-uniformity) is calculated with
Eq. (3).

Figures 8-10 show the variations in the Act, T and Rp with degree of

corrosion p (wt. %). It can be observed from Figure 8 that Acy is linearly proportional

to p. The fitted Ac. with a goodness of fit R? = 0.9732 is expressed as:

A, =3.6888p (14)
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The TS is scattered between a lower bound of TJ® =0.101p and an upper

bound of TJ® =0.491p as shown in Figure 9. The best fitted curve of T[® is a
quadratic function of p (R? = 0.72), which is

T™ =0.25680—0.0174p° (15)
As T ™ is between 0.101p and 0.491p, the Rp (non-uniformity) ranges from

1.38 to 6.69 based on Egs. (3) and (14). This observation of the Ry, is similar to that of
Gonzalez et al. [9] which varies from 2.7 to 5.3.
As evident in Figure 10, the curve of R, calculated by using Egs. (14) and (15) is

expressed as:

R, =3.499-0.237p, (16)

which passes through the lower bound,

 [2.138-0.2321p p<2.78 an
P 1.493 p>2.78
and the upper bound.
6.465-1.191 <2.78
R — L P (18)
P 3.154 p>2.78

6. Conclusion

An analogous method is proposed based on minimizing the WD to predict the
non-uniform corrosion of reinforcements. The analogous characteristics of the
distribution of non-uniform corrosion on reinforcements are summarized from the
corresponding relationships between the distribution of rust and the crack pattern of
concrete observed in previous experiments. This enables the WD-based analogous
method to predict the distribution of rust for samples with similar crack patterns.

The method is found to have good performance in predicting the Gaussian

16



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

distributions of non-uniform corrosion. The non-uniformity Rp, and the AcL are

selected as the inputted characteristic parameters. To apply the WD-based method in

practical projects, the relationship between the input parameters R, and AcL are fitted
based on the experimental results in a laboratory environment. Therefore, the
following conclusions are made based on the observations in this study:

(1) the distributions of the non-uniform corrosion of reinforcements are analogous at
different degrees of corrosion in samples with similar crack patterns. The
distributions modelled by Gaussian functions are analogous. These are the basis of
the WD-based analogous method for prediction purposes.

(2) The non-uniform corrosion at different degrees of corrosion has been proven to be
well predicted. The Rp and Acv are fitted as functions of the degree of corrosion p.
Thus, the distribution of the non-uniform corrosion at different p can be predicted.

(3) The input parameters can affect the accuracy of the predicted results. The R, and
AcL obtained from the best fitting results can improve the overall prediction
accuracy. For actual engineering projects, the average of several of the highest TcL
values is recommended for calculating Rp.

(4) More research work especially experiments should be carried out on the
multi-peak Gaussian distribution of non-uniform corrosion on reinforcements and

the estimation of the non-uniformity and the total area of rust.
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Table 1. Verification for samples of Zhao et al. [20].

H o A,
Sample R?
Exp Pred Exp Pred Exp Pred
R-1 0.26 0.2404  0.6477  0.4969 0.3523 0.3718 0.948
R-2 0.5809  0.6417  0.4441  0.639%4 0.4059 0.3451 0.861
R-4 0.8589 0.8708 0.4256 0.4541 0.2028 0.1909 0.996
R-7 0.1274  0.1205  0.4783  0.3611 0.0114 0.0184 0.943
R-8 0.3638 0.367 0.384 0.4027 0.0042 0.001 0.998
R-9 0.4492 0.4399 0.1734 0.1236 0.0133 0.0227 0.926
R-17 0.125 0.1195 1.0467  0.9788 0.0256 0.0311 0.997
R-18 0.2582  0.2578  0.7215  0.7189 0.0528 0.0532 0.999
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Table 2. Verification for samples of specimen TC30 of Zhao et al. [21].

H o A,
Sample R?
Exp Pred Exp Pred Exp Pred

TC30R1 0.7952  0.8042 0.742 0.7618 0.042 0.033 0.999
TC30R3 0.6713 0.656 0.766 0.7254 0.104 0.1193 0.997
TC30 R4 0.5452 0.5592 0.641 0.6877 0.015 0.001 0.995
TC30R7 0.469 0.4905 0.245 0.3444 0.175 0.1534 0.888
TC30L5 0.4826 0.4757 0.763 0.7375 0.058 0.0649 0.999
TC30 M6 0.4859 0.4632 0.803 0.7193 0.072 0.0947 0.99
TC30 M13 0.422 0.3479 0.964 0.6302 0.128 0.203 0.882
TC30R5 0.4667 0.465 0.712 0.7051 0 0.0018 0.999
TC30 R6 0.6005 0.5711 0.845 0.7593 0 0.0294 0.991
TC30 R8 0.3997  0.3987 0.533 0.5281 0 0 0.99
TC30R9 0.4957  0.4947 0.627 0.6232 0 0 0.99
TC30 R10 0.4643 0.4554 0.8 0.7668 0 0.0089 0.998
TC30 R11 0.3116 0.2849 0.9 0.7487 0 0.0268 0.974
TC30R12 0.6292  0.6282 0.48 0.4768 0 0 0.999
TC30R13 0.4021  0.3689 1.018 0.8818 0 0.0332 0.985
TC30 R14 0.3565 0.3555 0.677 0.6719 0 0 0.999
TC30 R15 0.3839  0.3224 1.011 0.7229 0 0.0616 0.924
TC30R16 0.5479  0.5469 0.573 0.5695 0 0.0222 0.986
TC30 L6 0.7358 0.7348 0.617 0.6144 0 0 0.999
TC30 L10 0.3483 0.3317 0.843 0.7596 0 0.0166 0.991
TC30 M3 0.4075  0.4065 0.702 0.6976 0 0 0.999
TC30 M10 0.6039 0.6029 0.615 0.6119 0 0 0.999
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Table 3. Verification for samples of specimen AC40 of Zhao et al. [21].

H o A,
Sample R?
Exp Pred Exp Pred Exp Pred

AC40 M2 0.024 0.0281 0.716 0.9811 0.012 0.0078 0.902
AC40 M5 0.0144 0.016 0.805 0.9802 0.006 0.0044 0.964
AC40 M7 0.0198 0.0209 0.222 0.345 0.005 0.0039 0.805
AC40R1 0.0313 0.033 0.14 0.1806 0.005 0.0034 0.9

AC40 R2 0.0327 0.033 0.183 0.2046 0.004 0.0037 0.989
AC40 R4 0.01308 0.0138 0.122 0.2402 0.003 0.0023 0.519
AC40 M8 0.0209  0.0199 0.61 0.5148 0 0 0.977
AC40 M9 0.0149  0.0139 0.561 0.4214 0 0 0.94
AC40 M10 0.0242 0.0232 0.89 0.8203 0 0 0.995
AC40 M11 0.0273 0.026 1.022 0.9466 0 0.0013 0.996
AC40MI2  0.0095  0.0075 0.794 0.3368 0 0.002 0.647
AC40 M13 0.0108 0.0083 1.333 0.9835 0 0.0025 0.944
AC40 M14 0.0159  0.01487 0.905 0.7973 0 0 0.987
AC40MI16  0.0061  0.0051 1.109 0.8358 0 0 0.947
AC40 M17 0.008 0.0063 0.75 0.2768 0 0.001693 0.575
AC40 M18 0.0069 0.0051 0.928 0.38 0 0.001773 0.628
AC40 R6 0.0152  0.01371 1.105 0.9562 0 0.001455 0.985
AC40 R8 0.0092  0.0072 1.304 0.98 0 0.001948 0.95
AC40R11 0.0056 0.004 0.929 0.3312 0 0.001534 0.556
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Table 4. Maximum thickness of rust layer and total area of rust layer of

samples adapted from Zhao et al. [20].

Degree of
Sample T Act Rp corrosion
(mm) (mm?) (wt. %)
R-1 0.612 21.085 1.460 6.07
R-3 1.102 22.349 2.479 5.89
R-4 1.062 17.525 3.045 4.71
R-5 0.854 12.884 3.334 3.5
R-6 0.212 4.845 2.198 1.16
R-7 0.139 1.795 3.888 0.55
R-8 0.368 3.014 6.137 0.75
R-10 0.605 9.359 3.249 2.34
R-11 0.485 9.734 2.505 2.78
R-12 0.513 7.535 3.425 22
R-13 0.280 2.370 5.944 0.64
R-14 0.139 3.986 1.755 0.53
R-15 0.241 2.897 4.185 0.76
R-16 0.141 4.282 1.651 1.06
R-17 0.151 3.910 1.936 1.13
R-18 0.311 6.390 2.447 1.96
R-19 0.238 5.658 2.114 1.63
R-20 0.265 10.320 1.289 2.61

Notes: 8 = direction, A¢c; = total area of rust layer and R, = pitting corrosion

factor
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Figure 1. Illustration of localized corrosion induced by chloride.
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Figure 2. Distribution of rust layer around reinforcement with

different models.
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Figure 3. Thickness of rust layer T¢; versus € angle with different

models.
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Figure 4. (a) Distribution of rust layer around reinforcement and

(b) thickness of rust layer Tc¢; versus angle € fitted with
multiple-peak Gaussian function [21].
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Figure 5. Problem to be solved in the WD-based method.
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Figure 9. Fitted results of 7.7™ versus degree of corrosion p (wt. %).

33



6| \.'
~ . Upper bound
5 A
Y
a{ u S Rp =T, /d4,=3499-0237p
g S /l
..\ /' m L
/] DA oo
[ ] L [ ]
24 --_q *®
n M- Lower bound
L T- -
,,,,,,,,,,,,,,,,,, =
n
l T T T T T T T 1
0 1 2 3 4 5 6 7
P (wt. %)

Figure 10. Fitted results of R, versus degree of corrosion p (wt. %).
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