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Abstract: Pitting corrosion and stress concentration at rust pits are the principal reasons for severe
degradation in fatigue performance of corroded steel structures. The accurate evaluation of rust pits
on rough and uneven corrosion surfaces is the foundation of fatigue life estimation for corroded steel
structures. In this paper, a new method for the identification, extraction, and evaluation of rust pits on
the surface of corroded steel structures was proposed based on a three-dimensional morphology and
watershed algorithm. An accelerated corrosion experiment was first executed to acquire corroded
steel plates, and then surface profile measurements were conducted to obtain the three-dimensional
morphology of the corroded steel surfaces. Furthermore, the surface topography data of the corroded
steel surfaces were written into a gray matrix through coordinate transformation. Then, the gray
matrix was successively filtered and gradient-mapped, and the watershed was calculated to obtain
the pit mark matrix and pit depth matrix. A calculation method for the size and shape of rust pits
was consequently developed, and a statistical analysis of the extraction results of the rust pits was
also conducted. The results showed that rust pit density had a peak value at the corrosion duration of
3 months, and rust pit density showed a fluctuating process with corrosion duration that continued
to increase until 15 months. The values of the depth diameter ratios of rust pits were concentrated in
the range of 0.1~0.8. With corrosion duration increasing from 3 months to 4, 6, 8, 12, and 15 months,
the distribution range of the depth diameter ratios of rust pits decreased at first and then increased,
followed by decrease and, finally, increase. The width distribution of the rust pits was independent
of the depth distribution of the rust pits. The values of the volume ratios were mostly distributed
between 71/12 and 7/4, and the shapes of most rust pits were similar to half (ellipsoidal) spheres.

Keywords: corrosion; steel structure; three-dimensional morphology; watershed algorithm; pitting

corrosion; rust pit identification

1. Introduction

Corrosion is an almost unavoidable durability problem for many steel structures
that have been exposed to long-term corrosive environments, such as industry and ocean
atmospheres [1,2]. As for corroded steel structures, such as steel bridges, steel crane beams,
offshore platforms, etc., that are frequently subjected to fatigue loads, pitting corrosion
and stress concentration at rust pits are the principal reasons for severe degradation in
fatigue performance of corroded steel structures [3,4]. The meso-characteristics, including
the depth, width, area, volume, shape, etc., of rust pits on corroded steel surfaces are
the key factors affecting the initiation and propagation of fatigue cracks in corroded steel
structures [5-7]. From the aspects of fatigue life prediction and the analysis of corroded steel
structures, a common research method is to convert surface rust pits into equivalent initial
flaws according to specific equivalence rules; then, fatigue crack propagation prediction
can be conducted based on classical fracture mechanics theory [7-11]. Pitting corrosion
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evaluation is an important basis for stress concentration analyses, the identification of
critical rust pits, and the equivalence of initial cracks for corroded steel structures [12].
Therefore, accurately identifying, extracting, and evaluating the size and shape of rust
pits from rough and uneven corrosion surfaces have become key problems in fatigue life
estimation for corroded steel structures.

With the development of optical measurement technology, scanning electron mi-
croscopy, atomic force microscopy, X-ray tomography, laser confocal microscopy, and white
light interference, three-dimensional scanning and other technologies have been applied
to the topographic measurement of rust surfaces [13-16], making it possible to accurately
analyze rust pits. Wang and Cheng [15] adopted image recognition technology to identify
rust pits on corrosion surface images obtained by laser confocal microscopy. The method
could better obtain two-dimensional information, such as the position, area, and width
of the circular rust pits, but could not determine three-dimensional information, such as
the depth and volume of the rust pits. Codaro [17] proposed an image analysis method
based on optical microscopy to quantitatively characterize the morphology of rust pits.
Automatic image analysis technology was applied by Walde and Hillberry [18], where
a random cross-section plan was taken as the quantitative basis of corrosion damage,
and the morphology and spatial distribution characteristics of rust pits were analyzed.
Wang et al. [19] acquired three-dimensional coordinate data of the surface topography for a
corroded steel plate by means of three-dimensional topography scanning, and the location,
size, shape, and other parameters of rust pits were then determined using a binary slice
image created from top to bottom along the surface height direction. Hlme and Lunder [13]
developed an automatic evaluation method for corroded steel surfaces based on white light
interferometry. In addition to giving the depth of rust pits, this method could also extract
the density, diameter, area, volume, shape, and other parameters of rust pits. However,
it should be pointed out that this method was inefficient and only applicable to the fine
analysis of early characteristics of pitting corrosion. In general, the main drawbacks of
the existing methods of rust pit identification, extraction, and evaluation lie in their low
universality and efficiency.

A watershed algorithm is an image segmentation method based on mathematical
morphology theory [20]. The basic idea is to take an image as a topographical landform
in geodesy, and the gray value of each pixel in the image represents altitude. The math-
ematical morphology algorithm is applied to find the “watershed”, i.e., the edge of the
object that changes rapidly in gray, to achieve image segmentation. Two classical, fast
watershed algorithms based on simulated flooding and simulated precipitation, were
proposed by Vincent [21] and Smet P D [22], respectively. The watershed algorithm and
its improved algorithms have been widely used in image segmentation and recognition
in agriculture [23,24], medicine [25,26], remote sensing [27,28], and other fields. Several
researchers have also been concerned with watershed-algorithm-based surface defect recog-
nition and extraction [29-31]. To the best of our knowledge, however, there are few studies
on the identification and extraction of rust pits on the surfaces of corroded steel structures
using watershed algorithms. The traditional watershed image segmentation method starts
from a color image. It first turns the color image gray, then calculates a gradient map, and
finally calculates the watershed on the basis of the gradient map. Then, it obtains the edge
lines of each segmentation part of the image. The accuracy of the traditional watershed
image segmentation method is limited by the size of the image pixels, and the graying
process of an image can easily cause the loss of detailed information, which may give rise
to excessive segmentation of the image. In addition, although the traditional watershed
image segmentation method can recognize and extract some two-dimensional information,
such as the area, size, and location of rust pits, it is unable to obtain three-dimensional
information, such as the depth and shape.

In this paper, a new method for the identification, extraction, and evaluation of rust pits
on the surfaces of corroded steel structures is proposed by combining three-dimensional
topography-scanning technology and a watershed image segmentation algorithm. An
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accelerated corrosion experiment is first executed to acquire corroded steel plates, and then
surface profile measurements are conducted to obtain the three-dimensional morphology
of the corroded steel surfaces. Furthermore, the elevation data of the corroded steel plate
surfaces are directly written into a gray matrix through coordinate transformation to avoid
the loss of details of the corrosion surface topography. Then, the gray matrix is successively
filtered and gradient-mapped, and the watershed is calculated to obtain a rust pit mark
matrix. A rust pit matrix and a contour matrix of the corroded steel structure surfaces are
obtained by extracting specific elements of the mark matrix. Finally, the calculation method
for the size and shape of rust pits is developed, and a statistical analysis of the extraction
results of the rust pits is also conducted. The outcome of this study can provide meaningful
references and essential data for the fatigue performance evaluation of existing corroded
steel structures.

2. Experiment Procedure
2.1. Accelerated Corrosion Test of H-Beams

An accelerated corrosion test on Q235B hot-rolled H-beams (HW350 x 175 x 7 x 11)
was carried out by adopting the outdoor periodic automatic spraying of salt spray based
on Chinese codes GB/T 24517-2009 [32] and GB/T 10125-2012 [33], as shown in Figure 1.
The corrosion medium was a NaCl solution with a concentration of 50 mg/L and a pH
value from 6.2 to 7.2. The solution was sprayed every 4 h through an automatic spraying
device, and each holding time was 5 min. To study the effect of corrosion duration on
the characteristics of rust pits on corroded steel surfaces, seven batches of specimens with
corrosion durations of 0, 3, 4, 6, 8, 12, and 15 months, respectively, were designed.

(b)

Figure 1. Accelerated corrosion test of H-beams: (a) general view of the test platform and

(b) schematic diagram of internal sprinkler.

2.2. Three-Dimensional Morphological Scanning of Corroded Steel Plates

Wire cutting was used to intercept steel plate specimens from the flanges of H-beams
with different corrosion durations. An electric wire brush was adopted to clean the rust
products on the surfaces of the steel plates until the bottoms of the surface corrosion pits
showed a silver-white metallic luster. Anhydrous alcohol was applied to clean residual
dust and oil from the corroded steel surfaces. An ST-400 three-dimensional noncontact
surface profiler from NANOVEA was adopted to scan the surface profiles of the corroded
steel plates. The instrument used the most advanced white light co-aggregation technology
to achieve high-resolution surface topography measurements and could collect the three-
dimensional coordinate data of each measuring point in real time. The scanning area
of the specimens was set to 100 mm x 35 mm (where 100 mm was the rolling direction
and 35 mm was the flange width direction), and the scanning step was 0.1 mm in both
the rolling direction and flange width direction. Figure 2 presents the three-dimensional
morphology scanning results for the front side of specimen C6, of which the corrosion
duration was 6 months.
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Figure 2. Three-dimensional morphology scanning results for front side of C6: (a) 3D view of the

surface, (b) pseudo color view of the surface, (¢) photo copy, and (d) profile curve.

3. Identification, Extraction, and Evaluation Method for Rust Pits

The characteristics of corrosion pits include not only dimensional parameters, such as
depth, radius, area, and volume, but also shape parameters, such as depth diameter ratio,
area ratio, and volume ratio. In this section, a new method for the identification, extraction,
and evaluation of rust pits on the surfaces of corroded steel structures is proposed with
reference to a traditional image segmentation idea, and the corresponding computational

program is also compiled. A block diagram of the program is shown in Figure 3.
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Figure 3. Program chart of identification, extraction, and evaluation of rust pits on the surfaces of

corroded steel structures.
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3.1. Method of Identifying and Extracting Surface Rust Pits

The surface elevation data of the corroded steel plates obtained by surface topography
scanning were directly written into a gray matrix through coordinate transformation to
avoid the loss of surface corrosion details. Then, the gray matrix was successively filtered
and gradient-mapped, and the watershed was calculated to obtain a mark matrix of
the rust pits. Finally, a rust pit matrix and contour matrix were obtained by extracting
specific elements of the mark matrix. The detailed process was as follows (programming in
MATLAB-based language).

Step 1: Point cloud data reading. The three-dimensional point cloud data obtained
by surface morphology scanning of the corroded steel plates were read and stored in a
topographic matrix T(Xy;, YN, Zn) with N lines x three columns, as shown in Figure 4a;
the three columns of the matrix stored the X, Y, and Z coordinates of each collection point,
respectively. X and Y represented the plane position information of each point on the
surface of the rusted steel plate in the topography scanning area, and Z represented the
height value of each point on the surface of the rusted steel plate relative to the reference
plane in the topography scanning area. N represented the total number of points collected
in the topography scanning area.

N = (L1/A +1)-(Ly/Ay +1)= (m+1)-(n+1) 1)

where L; and L, are the width and length of the topography scanning area, respectively;
and A; and A; are the scanning steps in the width and length directions of the topography

scanning area, respectively.
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Figure 4. Identification process of rust pits based on watershed algorithm: (a) topography matrix T,

200 2

(b) gray matrix I, (c) gradient matrix B, (d) mark matrix L.

Step 2: Coordinate transformation. Through plane coordinate transformation, the
height of each point on the steel plate surface relative to the reference plane was written
into a gray matrix I(xy,y), as shown in Figure 4b, and all the details of the corrosion
surface morphology were completely retained in the gray matrix L.

I(i,)) = T((i = 1)-(L1/Ay +1) + 11 i(Ly /Ay +1),3)) @)

wherei € 1: (Ly/Ay +1).
Step 3: Gaussian filter. A special function was first used to establish a predefined
filter operator w, and then the imfilter function was adopted to perform linear smoothing
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filtering on the gray matrix I to obtain a new gray matrix II in order to eliminate Gaussian
noise and avoid excessive segmentation in the subsequent watershed calculation.

II = imfilter (I, w, ‘replicate’) 3)

where w is the predefined filter operator.

Step 4: Gradient calculation. The gradient function Imgradient was applied to perform
gradient calculation on grayscale matrix II, obtaining gradient matrix B of the corroded
steel surface, as shown in Figure 4c.

B(x,y) = VII(x;,y)) 4)

where V is the differential operator of two-dimensional vector V f = %f + %]

Step 5: Watershed calculation. The Watershed function was applied to carry out
watershed calculation for gradient matrix B to obtain the rust pit mark matrix L. As shown
in Figure 4d, where the zero elements in the mark matrix L constituted the so-called
“watershed line”, the other non-zero elements were marked as the “water basins”, i.e.,
rust pits. The maximum value p (p = max (max (L)) of the elements in the mark matrix L
represented the total number of the identified rust pits.

L = watershed(B(x,v)) ®)

Step 6: Rust pit extraction. The For loop, Find (L == k) function (where k € 1 :
max(max(L))) and the contour extraction function Bwperim were applied to find the
marking elements of the arbitrary k-th rust pit in the mark matrix L and return the index
value. Furthermore, the position coordinates X; and Y; of all the scanning points in k-th rust
pit in the topographic matrix T could be obtained using the index value, and then the Z;
value of the corresponding point in the topographic matrix T could be acquired according
to the position coordinates X; and Y;. Consequently, the rust pit matrix Cy and the contour
matrix Dy for the arbitrary k-th rust pit could be obtained.

3.2. Method of Calculating the Size and Shape of Rust Pits

Figure 5 presents the calculation diagram for the shape and size of rust pits. According
to the above rust pit identification and extraction method, the rust pit matrix Cy for the
arbitrary k-th rust pit could be obtained, assuming it was q rows x 3 columns, where g
represented the total number of scanning points within the range of the k-th rust pit and
the 3 columns of matrix Cy stored the X, Yj, and Z; coordinates of each scanning point,
respectively. The size parameters, including the projected area, diameter, and depth of the
k-th rust pit, could be calculated based on rust pit matrix Cy.

A=qAAs (6)
r = %(Wx + Wy) @)
d; = max(C(:,3)) — min(Cy(:,3)) 8)

where A is the projected area of the rust pit; A; and A, are the scanning steps in the width
and length directions of the topography scanning area, respectively; g is the rows of matrix
Cy and q = size(Cy, 1); rq is the diameter of the rust pit considering the irregularity in the
shape of the rust pit, which is taken as the average of the width of the rust pit in both the
rolling direction and flange width direction; d; is the depth of the rust pit, which is defined
as the depth difference between the highest point and the deepest point within the scope of
the rust pit; and Wx and Wy are the width of the rust pit contour in the width and length
directions, as shown in Figure 5.

Wy = max(Cy(:,1)) — min(Ci(:, 1)) )



Buildings 2022, 12, 1908 7 of 14

Wy = max(Ci(:,2)) — min(Cy(:,2)) (10)
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Figure 5. Calculation diagram of shape and size for rust pits.

In addition to the above size parameters, the evaluation method for shape parameters,
such as depth diameter ratio Dg;, area ratio AR, and volume ratio Vj, are also calculated

as follows:
DRl = dl /7’1 (11)
Agr = A/ Ac (12)
Ww=V/Vc (13)

where Ac is the minimum rectangular area surrounding the projection area of the rust
pit; V is the volume of the rust pit calculated as the sum of the volume of all small prisms
within the scope of the rust pit; and V¢ is the minimum cuboid volume surrounding the

rust pit.
Ac = Wyx-Wy (14)
m
V =Y (max(C(;3)) — Z)-A1-Az (15)
i=1
Ve = dq-Wyx-Wy (16)

The area ratio Ag and volume ratio Vi are important indicators for judging the shape
of the projected area of the rust pit and the shape of the rust pit. The area ratios Ar of
the (elliptical) circular, triangular, and rectangular projected surfaces are 7t/4,1/2,and 1,
respectively. The volume ratios Vr of semi (elliptical) spheres, cones, and cylinders are 71/6,
m/12 and 7t/4, respectively [17].

In view of the fact that, in the fatigue life prediction of corroded steel structures, the
size of a rust pit (such as the depth and width of the rust pit) on a section plane that is
perpendicular to the tensile direction of a steel plate is generally equivalent to the initial
crack size in order to carry out fatigue crack growth analysis. A calculation process for the
sectioning depth (d3), sectioning diameter (r7), and sectioning depth diameter ratio (Dry)
was also proposed:

dy = %(maX(Dk(:/ 3)y:ycor) + min(Dk(:r3>y:ycor)> - min(Ck(:,3)) (17)

ry = %(max(Dk(:,l)y:ywr) +min(Dk(:,1)y:ycor)) (18)

DR2 = dz/?‘z (19)
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where Dy is the contour matrix of the arbitrary k-th rust pit; and y = ycor denotes the profile
along the plate width direction and through the local deepest point (xcor, ycor, zcor) in the
k-th rust pit, as shown in Figure 5.

4. Results and Discussion
4.1. Rust Pit Density

The extraction results for the pit density and depth of corroded steel plates with
different corrosion durations are presented in Table 1. Figure 6 illustrates the variation law
of rust pit density with corrosion duration. It can be observed from Figure 6 that the density
of rust pits on the surfaces of the corroded steel plates presented a peak value when the
corrosion duration was 3 months. With the corrosion duration continuously increasing from
3 months to 4, 6, 8, 12, and 15 months, the density of the rust pits presented a fluctuating
change process of first decreasing and then increasing, followed by decreasing and, finally,
increasing. To interpret the variation in rust pit density versus corrosion, as shown in
Figure 6, of great relevance in the assessment of the effect corrosion duration had on rust pit
density was the qualitative analysis of the corrosion reaction process on the surfaces of the
steel plates. Figure 7 presents the corrosion morphologies of H-shaped steel corresponding
to different corrosion durations. In the early stage of artificial accelerated corrosion, the
anodic reaction due to the deposition and adsorption of chloride ions and the formation of
localized pitting firstly occurred on the steel surface with defects and impurities. A small
amount of bubbles and the corresponding pits appeared on the surfaces of the steel plates,
as shown in Figure 7a. When the corrosion duration reached 3 months, the surfaces of
the steel plates presented the most significant pitting characteristics: the pits were small
and densely distributed, and the rust pit density reached a maximum value. With further
increase in corrosion duration (e.g., from 3 months to 4 months), small and dense pits began
to connect with each other to form larger pits, and the quantity of pits decreased. Then, a
rust layer appeared, and uniform corrosion became more obvious, resulting in a decrease
in rust pit density. With the corrosion duration increasing from 4 months to 6 months, the
existence of a small amount of loose rust caused pitting corrosion and uniform corrosion on
the steel plate surfaces alternately, as shown in Figure 7b. Thus, the variation in pit density
was not significant. With the corrosion duration increasing from 6 months to 12 months,
loose corrosion products turned dense and hard. The chlorine and dissolved oxygen could
hardly reach the bottom of the rust pits due to the increasingly retardation of the rust
layer, and thus, the pits grew mainly in the width direction. Therefore, contiguous uniform
corrosion was found in Figure 7c, and the rust pit density decreased continually. With
further increase in corrosion duration, the rust layer changed from monolayer to multilayer
with the accumulation of corrosion products, and the sloughing of the rust layer can be
found in Figure 7d. The chlorine and dissolved oxygen could easily reach the surface of
the uncorroded metal, so pitting corrosion took the dominant role again, and the rust pit
density increased somewhat.

Table 1. Extraction results of pit density and depth for corroded steel plates with different corrosion

durations.
Specimen  Corrosion Du-  Weight Loss  Rust Pit Density Average Pit Maximum Pit Median of Rust Pit
No. ration/Month Rate/% /mm~—2 Depth /um Depth /um Depth /um
C3 3 5.08 59.55 170.21 632.51 155.25
C4 4 6.15 54.65 145.48 417.63 137.14
Co 6 7.92 55.7 150.62 462.16 141.63
C8 8 10.07 52.1 161.36 628.74 142.37
C12 12 15.02 43.35 191.80 493.09 184.04
C15 15 18.09 54.3 185.76 428.90 184.13
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Figure 6. Rust pit density versus corrosion duration.
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Figure 7. Corrosion morphology of H-shaped steel corresponding to different corrosion durations:
(a) 1 month; (b) 6 months; (c) 10 months; (d) 12 months.

4.2. Rust Pit Size

It can be seen from Table 1 that the average pit depth and the median depth of the
rust pits both reached a maximum value when the corrosion duration was 3 months; they
then decreased with the corrosion duration increase from 3 months to 4 months. With the
corrosion duration increasing from 4 months to 15 months, the average pit depth and the
median depth of the rust pits increased. The average pit depth and the median depth of the
rust pits reflected the general characteristics of the depth of the rust pits, which were also
dominated by pitting corrosion and uniform corrosion on the steel surfaces. The maximum
values of the average pit depth and median depth appeared at the corrosion duration of
3 months, which again reflected the most significant pitting characteristics on the steel
surfaces at the corrosion duration of 3 months. The following fluctuation process of the
values for average pit depth and median depth might mainly depend on the alternating
dominant role of local pitting corrosion and uniform corrosion during the corrosion process
of the steel plates. The maximum pit depth also appeared on the surfaces of the steel
plates with a corrosion duration of 3 months. With the corrosion duration gradually
increasing from 3 months to 15 months, the maximum pit depth presented a fluctuating
process of first decreasing, then increasing, and then decreasing. Figure 8 illustrates the
frequency distribution for the pit depth of corroded steel plates with different corrosion
durations. It can be found from Figure 8 that, for corroded steel plates with corrosion
durations of 3, 4, 6, 8, 12, and 15 months, the distribution widths of the rust pit depth were
0~640 um, 20~420 um, 0~480 um, 20~560 um, 20~500 um, and 20~420 um, respectively.
The distribution width of the rust pit depth presented a peak value at the corrosion duration
of 3 months and then showed a fluctuating process with further increase in the corrosion
duration. The depth ranges of rust pits corresponding to the maximum distribution
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frequencies were 140 um~160 um, 120 um~140 um, 120 um~140 um, 120 um~140 um,
140 um~160 um, and 180 um~200 um, respectively.
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Figure 8. Frequency distributions of pit depths of corroded steel plates with different corrosion
durations: (a) C3, (b) C4, (c) C6, (d) C8, (e) C12, (f) C15.

Figure 9 depicts the depth diameter ratio Dgr; versus the rust pit depth d; for corroded

steel plates with different corrosion durations. As shown in Figure 9, the depth diameter
ratios of the rust pits were mainly distributed in the range of 0.1~0.8. Corrosion duration
presented a certain influence on the distribution range of the depth diameter ratios. With
the corrosion duration increasing from 3 months to 15 months, the distribution range of
the depth diameter ratios of the rust pits roughly decreased at first and then increases,
followed by a decrease and, finally, increasing again, which may be related to the alternating
dominant role of rust pit growth in the width and depth directions. Except for the C3
specimens, no obvious correlation was found between the depth diameter ratio Dy and the
rust pit depth d; for specimens with different corrosion durations. The width distribution
and depth distribution of the rust pits were independent of each other. The depth diameter
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ratio of the rust pits on specimen C3 approximately increased with the increase in rust pit
depth, which may be related to the significant pitting phenomenon on the surface of the C3
specimen at an early stage of artificially accelerated corrosion.

1.0 - = 1.0 -
= Front side = Frontside
2nal ® Backside 2nal ® Backside
A 08 s v A 08
2 ° ° E.. 2
s 06 P e =jemn s 06
5 o o m o ° m e 5]
= v. n +—
[} () o <5
£ 04F o % % ."o £ 0.4
- oo" kS
£ 02n] * ¢ £ 02
o o
[<) [
e 0.0 : : : : : : e 0.0 : : : : : :
0 100 200 300 400 500 600 700 "0 100 200 300 400 500 600 700
Pit depth d, / um Pit depth d, / pm
(a) (b)
1.0 - 1.0 -
= Front side = Front side
Z2nal ® Backside 2nal ©® Backside
o 0.8 . A 08 o
8 -’ fe)
S 06 s
8 o .
GE) 0.4 g °
8 S °
© ©
S 0.2 =
o o
[¥) [
e 0.0 : : : : : : ° 0.0 : : : : : :
0 100 200 300 400 500 600 700 "0 100 200 300 400 500 600 700
Pit depth d, / um Pit depth d, / pm
() (d)
1.0 - 1.0 -
= Front side = Front side
2nal ® Backside 2 nal © Backside
o 0.8 o 08
2 2
S 06} s
8 o
£ 04 : £
8 S
o ©
S 021 =
o o
[¥) D
e 0.0 : : : : : : e 0.0 : : : : : :
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Pit depth d, / um Pit depth d, / pm
(e) ()

Figure 9. Depth diameter ratio Dy versus rust pit depth d; for corroded steel plates with different
corrosion durations: (a) C3, (b) C4, (c) C6, (d) C8, (e) C12, (f) C15.

4.3. Rust Pit Shape

Figure 10 presents the rust pit depth d; versus volume ratio Vg, as well as the frequency
distribution of Vg, for corroded steel plates with different corrosion durations. It can be
found from Figure 10 that, for specimens with different corrosion durations, the volume
ratios Vg of rust pits were mostly between 7t/12 and 7t/4. The volume ratio corresponding
to the peak frequency was around 7t/6, indicating that most rust pits were similar to semi
(ellipsoidal) spheres in shape. There was no obvious correlation between the volume ratio
Vr and the rust pit depth d;, indicating that the shape distribution of the rust pits did
not changed significantly with rust pit depth. As far as the distribution range of rust
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pit depth was concerned, specimen C3 presented the widest distribution range for rust
pit depth, followed by specimen C8, and there were no obvious differences between the
other specimens. When the rust pit depth remained unchanged, the “sharpness” of the
cylinder rust pits, half (ellipsoidal) sphere rust pits, and cone rust pits increased in turn.
The volume ratios VR for the critical pits (i.e., the deepest rust pits) of specimens C3 and C15
were mostly concentrated around 7t/12 (cone rust pit) and 7t/6 (half (ellipsoidal) sphere),
respectively. The volume ratios VR for the critical pits of specimens C4, C6, and C12 were
between 71/12 (cone rust pit) and 7t/6 (half (ellipsoidal) sphere), while the volume ratios
VR for the critical pits of specimen C8 were between 71/6 (half (ellipsoidal) sphere) and 7t/4

(cylinder rust pit).
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Figure 10. Rust pit depth d; versus volume ratio VR, as well as the frequency distribution of Vg, for
corroded steel plates with different corrosion durations: (a) C3, (b) C4, (c) C6, (d) C8, (e) C12, (f) C15.
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5. Conclusions

In the present study, a new method for the identification, extraction, and evalua-
tion of rust pits on the surfaces of corroded steel structures was proposed by combining
three-dimensional topography-scanning technology and a watershed image segmentation
algorithm with which the size and shape parameters of rust pits could be quickly and
accurately extracted. The statistical analysis of the extraction results for the rust pits of
corroded steel plates subjected to accelerated corrosion showed that rust pit density had a
peak value at the corrosion duration of 3 months, and rust pit density showed a fluctuating
process with corrosion duration, which continually increased from 3 months to 15 months.
The values of the depth diameter ratios of rust pits were concentrated in the range of
0.1~0.8. With corrosion duration increasing from 3 months to 4, 6, 8, 12, and15 months,
the distribution range of the depth diameter ratios of rust pits decreased at first and then
increased, followed by a decreased and, finally, an increase. The width distribution of rust
pits was independent from the depth distribution of rust pits. The values of the volume
ratios were mostly distributed between 7t/12 and 7t/4, and the shapes of most rust pits were
similar to half (ellipsoidal) spheres. The outcomes of this study can provide meaningful
references and essential data for the fatigue performance evaluation of existing corroded
steel structures.
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