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 is study investigated the e�ect of corrosion pits on the mechanical degradation of steel Q345 under strong acid corrosion.
 e experiment on a total of 27 steel Q345 specimens corroded by 36% industrial hydrochloric acid for 0 h, 1 h, 2 h, 4 h, 8 h,
12 h, 24 h, 48 h, and 72 h, respectively, is conducted to study failure mode and stress-strain curves. After that, a noncontact
topography scanner (DSX500) scanned geometric parameters of corrosion pits in steel Q345 to establish its mechanical
degradation.  e surface morphology and the corresponding degradation law of corroded steel are also revealed. In addition,
the steel plastic fracture criterion taking into account equivalent plastic fracture strain and average stress triaxiality T is adopted
to propose the uniform pit model.  e analysis results show that the failure mode gradually changes from ductile to brittle. It is
noted that the depth and relative size of the corrosion pit are the main factors a�ecting the increase of the maximum pit
coe�cient. Further, FEM based on uniform corrosion pits is found by the �exible damage evolution criterion. Its calculation
results are entirely consistent with experimental results, indicating that this model can mirror the surface morphology of steel
su�ering strong corrosion, and simulated accurately stress �ow law and necking failure of strong corrosion steel.  e proposed
criterion is validated with veri�cation results and can provide good references for the design of steel bridges under
strong corrosion.

1. Introduction

 e cumulative damage, su�ering from corrosion, can
signi�cantly reduce the mechanical performance of steel
bridges during their entire life. Note that the number of
tank trucks loaded with hazardous chemicals increases.
When the transport vehicle carrying corrosive liquid
overturns, the leakage of strong corrosive liquid will cause
strong corrosion behavior on the steel bridge. In the past
10 years, there have been about 284,000 hydrochloric acid
leakage accidents in China, threatening the operational
safety of bridges [1]. Because strong acid will quickly form
corrosion pits in steel, and more plastic strain will ac-
cumulate around corrosion pits, those pits cause stress
concentration and irreversible mechanical degradation of
steel in a short time [2].  erefore, it is urgent to evaluate

the reduction in load-bearing capacity of components in
structures so as to assess the safety of in-service steel
bridges, which can contribute to research the law of
mechanical degradation of steel after strong corrosion,
and make out rescue plans for in-service steel bridges
exposed to strong corrosion.  e above studies can rep-
resent the essential theoretical signi�cance and engi-
neering application value.

As the fact became known, corrosion can cause strength
and ductility degradation of steel [3, 4], premature fracture
[5], microcracks [6], and degradation of structural seismic
performance [7, 8]. In practice engineering, it is a mean-
ingful task to appraise the mechanical properties of steel
caused by corrosion pits. It can further determine an ef-
fective reinforcement way considering safety, rational de-
sign, and technical economy.
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At present, numerous studies have been done on the
surface morphology of corroded steel, the growth pattern,
and the mechanical properties of corrosion pits in China and
abroad. )ese proposed methods that assessed corrosion
degree include 3D optics, CT scanning, and weight loss
measurement [9]. )e degradation law of mechanical
properties of corroded steel was acquired by data from
surface morphology [10]. From flat and angular specimens
with cross-section loss rate of 0–0.384 by tests, the stress-
strain curve was also obtained. Moreover, an established
method calculated the minimum cross-sectional area of flat
and angular specimens [11]. )e eddy current method
calculated corrosion morphology in theory, which was in
good agreement with the model of laser displacement meter
in practice [12]. )e finite element model analyzed me-
chanical properties affected by corrosion pits by importing
the actual corrosion surface data into Geomagic Studio
software [13].

To study the mechanism and growth of pits, research of
Chinese and foreign scholars provided a specific basis for
evaluating the mechanical properties of pits [14]. Monte
Carlo simulation was used to study the probability disper-
sion of depth and growth rate of corrosion pits in under-
ground pipelines [15]. According to the above study, pit sizes
(a or c) and the spatial distance (S) between the presence of
critical pits and adjacent critical pits have a significant
impact on the mechanical properties of corroded steel [16].
Furthermore, there was a strong stress field inside the pitting
degradation model. )e stress intensity factor (SIF) value
was also more extensive, which was affected by ratios of the
pit depth to radius along thickness direction [17, 18]. In
addition, the J-integral method simulated the three-di-
mensional state near the crack to determine the K evolution
curve along the thickness direction [19]. It was worth that
the concentration and temperature of NaCl solutions also
interfere with the development of pitting corrosion. )is
research had also pointed out that pits increased in diameter
and depth in the initial stage and only increased along with
depth in the later stage [20]. Meanwhile, the formation of
pits, such as the shape, size, and dispersion, was random, so
corrosion pits in steel could be described as a random field
[21]. From this study, it can be clear that the larger the aspect
ratio of the corrosion pit, the more pronounced reduction in
bearing capacity. )erefore, these corrosion pits were the
most dangerous [22, 23]. Due to the irregularity and ran-
domness of pits in corroded steel, FEMwas very complicated
based on pits in practice. )erefore, it is necessary to es-
tablish a simplified model to simulate pits in practice.

To sum up, although many studies have been conducted
on steel specimens under atmospheric corrosion, few of
them focused on steel corroded by strong acid. In particular,
the effect of corrosion pits on the mechanical degradation of
steel Q345 under strong corrosion was still unclear. In this
study, the relationship between the characterization pa-
rameters of corrosion pits and the mechanical degradation
of bridge steel is founded through surface morphology
scanning and tensile test for steel Q345 corroded by 36%
industrial hydrochloric acid. A simplified uniform pit model
is established based on the steel plastic fracture criterion of

equivalent plastic fracture strain and average stress triaxiality
T. )e proposed model lays a foundation for mechanical
performance analysis of steel structures after strong acid
corrosion and provides a postdisaster damage assessment.

2. Experimental Introduction

2.1. Design of Specimen. )e specimens, made of low-carbon
Q345 steel, were purchased in Qinhuangdao Steel Co., Ltd.
and taken from 1/4 width of steel by a full-thickness manner
(8mm). )e materials conformed to the requirements of
Steel and Steel Products - Location and Preparation of Test
Pieces for Mechanical Testing (GB/T 2975, 1998) [24].
Meanwhile, the chemical composition of steel also met the
standard requirements of High Strength Low Alloy Struc-
tural Steels (GB/T 1591, 2008) [25], as listed in Table 1.

)e detailed dimensions of specimens in Figure 1 were
presented per Metallic Materials - Tensile Testing - Part 1:
Method of Test at Room Temperature (GB/T 228.1, 2010)
[26].

2.2. Experiment Program. In order to simulate bridge steels
suffering strong corrosion by industrial acid, specimens with
three per group were placed in a glass container, and then
36% industrial hydrochloric acid was added into a container
to soak specimens. )e whole process of the test can be
divided into the following phase: first, these numbered
specimens were weighed by an electronic balance (accurate
to 0.01 g) so as to record the mass of each specimen before
corrosion. Second, 24 standard specimens were immersed
into 36% hydrochloric acid solution at room temperature
(Figure 2). After corrosion, the specimens were neutralized
with 3% sodium carbonate solution to clean corrosion
products on the steel surface, when taken out, and then dried
by a dryer. Finally, the corroded specimens were weighed by
an electronic balance again to record the mass of each
specimen after corrosion. Moreover, the residual concen-
trations of hydrochloric acid after soaking for 1 h, 2 h, 4 h,
8 h, 12 h, 24 h, 48 h, and 72 h were 35%, 29%, 28%, 27%, 27%,
25%, 24%, and 23%, respectively. It can be found from the
above data that the residual concentration of hydrochloric
acid gradually decreased from 35% in 1 h to 23% in 72 h.

)e tensile test was conducted by an electronic universal
testing machine (DNS200) with a maximum value of 200 kN
and an accuracy class of 0.5. Specific steps were recom-
mended by Metallic Materials - Tensile Testing - Part 1:
Method of Test at Room Temperature (GB/T 228.1, 2010)
[26]. )e tensile test was carried out by displacement control
and specially set up an extensometer of 50mm length. )e
loading rates at the elastic, yield, and strengthening stages
were 0.75mm/min, 0.75mm/min, and 5.0mm/min,
respectively.

3. Experimental Results

3.1. Surface Morphology Characteristics. )e DSX500 non-
contact surface morphology instrument was adopted to
measure the surface morphology of corrosion steel after
removing corrosion products (Figure 3). )e scanning area
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in the centroid of the corroded steel was 40mm× 20mm.
)emorphology and pitting corrosion data of corroded steel
can be obtained under vertical and horizontal scanning steps
of 50 μm.

Figures 4 and 5 show the three-dimensional surface
morphology of steel Q345 after strong corrosion by
hydrochloric acid under different corrosion times [27]. It
can be found that forms of pits in steel after the corrosion of
hydrochloric acid can be divided into uniform pinhole, cone,
and ellipsoid shapes.

As shown in Figures 4 and 5, at the initial stage of
corrosion, due to the high chloride ion concentration in 36%
hydrochloric acid solution, the surface morphology of steel
is uniform. When the corrosion time increases, the pit depth
increases unevenly and spreads along the width of steel too.
Table 2 lists the parameters of the corrosion pits.

As listed in Table 2, when the corrosion time reaches 1 h,
Δdave and ωave of steel Q345 are 27.607 μm and 102.755 μm,
respectively. Pits are scattered and mainly in pinhole shape.
When the corrosion time is 12 h, Δdave and ωave of steel
Q345 are 68.037 μm and 187.518 μm, respectively. )e width
and depth of pits increase gradually, and the number of pits
increases slowly. Meanwhile, pits are mainly in the shapes of
saddle and cone. When the corrosion time reaches 72 h,
Δdave and ωave of steel Q345 are 97.044 μm and 327.166 μm,
respectively. It can be found from the above data that the
number of pits increases slowly, and the width and depth
further increase. )e adjacent pits on the steel surface merge
into large local pits with the shape of ellipsoid and
hemisphere.

Figure 6 shows a fitting curve of the maximum depth and
corrosion times aimed at the corrosion pit. )e maximum
width of corrosion pits is fitted to corrosion times, as il-
lustrated in Figure 7. It can be inferred from Figures 6 and 7
that the pit depth and pit width of steel Q345 increase
nonlinearly with the corrosion time. )e change law is
shown in equations (1) and (2).

At the beginning of corrosion, the depth and width of
corrosion pits increase very quickly. When the corrosion
time reaches 10 h, the size of corrosion pits in steel Q345
grows slowly.)is change is because the decrease of chloride
ion concentration and production of ferric chloride hinder
the reaction rate:

Δdave � 88.01 − 69.99exp
−x

9.55
 R

2
� 0.96, (1)

ωave � 344.15 − 241.43exp
−x

37.66
 R

2
� 0.95. (2)

In order to intuitively reflect the changing law of pits
morphology with the increase of corrosion times, three-
dimensional roughness parameters of steel Q345 (Table 3)
were defined as geometric characteristics of surface mor-
phology of the specimen by three-dimensional scanning.

ρave is the average corrosion rate, Sa is the arithmetic
mean height of height: Sa � 1/A   Z(x, y)

dx dy � 1/MN 
M
i�1 

N
j�1 |Z(xi, yj)|, Sq is the root-mean-

square deviation of height: Sq �
�������������������
1/A   z2(x, y)dx dy


, Sp

is the maximum peak height: Sp � maxZ(x, y) �

maxZ(xi, yj), Sv is the maximum depth of valley bottom:
Sv � |minZ(x, y)| � |maxZ(xi, yj)|, Sz is the maximum
surface height Sz � Sp + Sv, Z is the fitted intermediate plane
by the least-square distance method based on actual cor-
rosion plane.

In the mid-plane of the corroded steel, Sa and Sq are
parameters to judge deviation of surface morphology. )e
relationship between Sa and corrosion times is obtained by
fitting, as shown in Figure 8. Sq correlated and corrosion
times are also fitted in Figure 9.

It can be observed from Figures 8 and 9 that three-di-
mensional roughness parameters of steel Q345 increase
nonlinearly with corrosion times. Once corrosion time
exceeds 10 h, the slope of curves in these figures significantly
slows down. )e relationship between Sa and corrosion

Scanning
area 

20

20

8

Figure 3: Scanned area (mm) and 3D noncontact surface mor-
phology instrument (DSX500).

Table 1: Chemical compositions of Q345 (wt.%).

C Si Mn P S Al Fe
0.16 0.25 1.25 0.02 0.02 0.01 Bal.

30

8

20

5050 15 1590

R25

Extensometer

Figure 1: Dimensions of test specimen (mm).

65 6590

Glass rod

Figure 2: Corrosion of test specimen.
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Figure 4: Continued.
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times of steel is shown in equation (3). Equation (4) fits the
relationship between Sq and corrosion times of steel:

Sa � 2.769 + 17.057x
0.339

R
2

� 0.96, (3)

Sq � 3.555 + 15.859x
0.357

R
2

� 0.98. (4)

3.2.DestructionForm. )e damage morphology of corroded
steel can be determined according to its fracture morphology
[27–29], including three different fracture morphologies.
With the prolongation of corrosion times, the stress con-
centration caused by corrosion pits contributes to irregular
fracture paths and gradually increases roughness. )e
morphology of the fracture area is also related to strong
corrosion surface morphology; after comparing three frac-
ture morphologies, the deformation details are zoomed in in
Figure 10.

An electron microscope, taking the magnification of 3000
times, was used to observe the microscopic morphology of
fracture in steel under different corrosion times (Figure 11).
)e scanning position is near the central area of the fracture.
It can be seen from Figure 11 that the microscopic fracture
morphology of the specimen mainly shows up as shallow
dimples accompanied by micropores with the extension of
corrosion time. At the initial stage of corrosion time of 1–24 h,
tiny bubbles were observed on the surface of the specimen;
that is, there was a hydrogen evolution reaction in this
process. Nevertheless, Figure 11(a) exhibits that the dimples
of the microscopic fracture morphology were larger, which
was obviously a ductile fracture. While the fracture of hy-
drogen embrittlement was an intergranular fracture, indi-
cating that the corrosion pit exerted a considerable impact on
the fracture. As the corrosion time elapses, the number of
dimples gradually increases, and their size gradually de-
creases. Moreover, the microfracture mechanism of the
corroded steel changes from micropore nucleation to dis-
sociation and fracture. As a result, the state of the fracture
model changes from ductile damage to brittle damage.

3.3. Tensile Test Results. )ere were 3 specimens per group
with the same corrosion condition. Table 4 lists the me-
chanical index values of specimens under a specific corro-
sion time, including elastic modulus Es, nominal yield
strength fy, nominal ultimate strength fu, yield strength
ratio fy/fu, and elongation δs.

In addition, the elongation of corrosion steel is lower
than that of uncorroded specimen at the same strain rate
during the tensile test; that is, the corroded specimen is
sensitive to stress corrosion. Overall, the smaller the relative
value of elongation is, the more sensitive the stress corrosion
is. Hence, such loss coefficient of elongation is taken as a
stress sensitivity index, and then equation (5) elucidates
stress corrosion sensitivity [29]:

I(δ) � 1 −
δs

δs0
  × 100%, (5)

where δs is the elongation of corroded specimens, δs0 is the
elongation of uncorroded specimens, and I(δ) is stress
corrosion sensitivity.

It can be concluded from Table 4 that elastic modulus,
nominal yield strength, nominal ultimate strength, and
elongation decrease accordingly over the corrosion time.
First, when the stress corrosion sensitivity is 6.31%, 12.25%,
18.42%, 23.93%, 27.92%, 32.35, 36.98%, and 42.18%, re-
spectively, the elastic modulus of steel fell by 2.01%, 4.24%,
7.65%, 10.15%, 12.17%, 14.74%, 15.70%, and 19.86%, re-
spectively. Second, the nominal yield strengths decrease by
2.63%, 4.10%, 5.53%, 6.64%, 7.59%, 8.21%, 9.10%, and
10.96%, respectively. )ird, the nominal ultimate strengths
decrease by 0.94%, 2.19%, 2.99%, 3.66%, 4.53%, 5.22%,
6.19%, and 7.20%, respectively. Evidently, the nominal yield
strength and the nominal ultimate strength of the corrosion
steel represent a slower downward trend, while the elastic
modulus shows a faster downward trend. In addition, it can
be concluded from Table 4 that with the increase of cor-
rosion time, gradually, the dip in elongation of all specimens
is smaller than uncorroded specimens, showing stress cor-
rosion sensitivity.
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Figure 4:)ree-dimensional scanning data of corrosion test piece (μm). (a) 0 h, (b) 1 h, (c) 2 h, (d) 4 h, (e) 8 h, (f ) 12 h, (g) 24 h, (h) 48 h, and
(i) 72 h.

Mathematical Problems in Engineering 5



3.4. Relationship between Influence Coefficient of Maximum
Corrosion Pit and Mechanical Properties. From previous
research, the mechanical degradation of the model about the
corroded steel is related to the three-dimensional mea-
surement of the corrosion pit and thickness of the specimen,
which can be analyzed by the corrosion pit schematic dia-
gram (Figure 12).

)e width and depth of the largest pit increase over the
corrosion time, but the thickness of specimens decreases. It

also can be found from Figure 12 that the effect of the same
depth and width of pit on different thicknesses of steel can
bring out different stress concentrations. )erefore, Δ d/ω
(ratio of depth to width of the largest pit) and Δ d/h (ratio of
the depth of the largest pit to the thickness of specimens) are
considered the maximum pit impact factor, which can
comprehensively express the influence of three-dimensional
on mechanical degradation after corrosion. )e equation is
as follows:
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Figure 5: )ree-dimensional diagram of corrosion test piece. (a) 0 h, (b) 1 h, (c) 2 h, (d) 4 h, (e) 8 h, (f ) 12 h, (g) 24 h, (h) 48 h, and (i) 72 h.

Table 2: )e parameters of the corrosion pits.

Corrosion time (h) 0 1 2 4 8 12 24 48 72
Δdave (μm) 10.742 27.607 35.870 44.850 57.589 68.037 74.020 84.060 97.044
ωave (μm) 78.980 102.755 119.650 140.752 159.833 187.518 209.490 247.053 327.166
dave is the average value of the maximum pit depth and ωave is the average value of the maximum pit width.
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Figure 6: Relationship between corrosion time and Δdave.
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Figure 7: Relationship between corrosion time and ωave.

Table 3: )ree-dimensional roughness parameters of steel Q345.

Corrosion time (h) Sa Sq Sp Sv Sz

0 5.346 6.785 36.355 45.236 78.685
1 12.359 13.245 58.326 72.315 123.654
2 20.369 22.536 85.231 96.234 150.231
4 34.326 34.265 101.236 120.314 224.362
8 40.624 38.625 114.256 138.698 242.367
12 48.236 46.359 119.522 159.386 285.374
24 55.235 52.154 128.964 169.125 308.159
48 62.234 66.324 135.579 182.235 335.568
72 74.125 76.378 151.255 204.567 405.321
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ζmax �
(Δ d)

2

ωh
. (6)

)e degradation relationships between ζmax and Es, fy,
fu, fy/fu, δs are fitted (Figure 13) and illustrated by
equations (7)–(11):

Es � 215.73 + 22.14ζmax − 37.72ζ2max + 15.81ζ3max − 2.14ζ4maxR
2

� 0.98, (7)

fy � 470.85 − 3.24ζmax − 20.21ζ2max + 10.31ζ3max − 1.51ζ4maxR
2

� 0.99, (8)

fu � 597.29 + 9.63ζmax − 26.29ζ2max + 11.72ζ3max − 1.64ζ4maxR
2

� 0.99, (9)

fy

fu

� 0.782 − 0.007ζmaxR
2

� 0.99, (10)

δs � 36.02 + 3.14ζmax − 8.82ζ2max + 3.78ζ3max − 0.52ζ4maxR
2

� 0.99. (11)

Sa=2.769+17.057x0.339

R2=0.96
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Figure 10: Fracture morphology. (a) Arc fracture. (b) Oblique fracture. (c) Ladder fracture.
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Figure 11: Images of corrosion steel fracture. (a) 0 h, (b) 1 h, (c) 2 h, (d) 4 h, (e) 8 h, (f ) 12 h, (g) 24 h, (h) 48 h, and (i) 72 h.
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Table 4: Mechanical properties of strong corrosion steel Q345.

Corrosion time (h) Es (GPa) fy (MPa) fu (MPa) fy/fu δs (%) I(δ) (%) ζmax/10
−3

0 218.68 469.73 598.13 0.79 36.32 — 0.18
1 214.29 457.38 592.50 0.77 34.03 6.31 0.92
2 209.60 450.46 585.02 0.77 31.87 12.25 1.35
4 202.65 443.75 580.25 0.76 29.63 18.42 1.81
8 198.10 438.52 576.26 0.76 27.63 23.93 2.64
12 194.57 434.10 571.03 0.76 26.18 27.92 3.16
24 190.01 431.17 566.91 0.76 24.57 32.35 3.36
48 184.34 427.01 561.11 0.76 22.89 36.98 3.69
72 175.25 418.25 555.09 0.75 21.00 42.18 3.77
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Figure 12: Corrosion pit schematic diagram.
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Figure 13: Continued.
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As shown in Figure 13, as themaximum pit impact factor
increase with corrosion times, the elastic modulus, nominal
yield strength, nominal tensile strength, and elongation of
corroded steel represent a gradual decline. )e elastic
modulus of specimens with corrosion time of 1 h, 2 h, 4 h,
8 h, 12 h, 24 h, 48 h, and 72 h decrease by 1.99%, 4.20%,
7.42%, 9.67%, 10.27%, 12.91%, 15.35%, and 19.55%, re-
spectively. )e nominal yield strengths decrease by 3.00%,
4.15%, 5.15%, 6.79%, 7.58%, 8.04%, 9.26%, and 10.37%,
respectively; the nominal tensile strengths decrease by
0.69%, 1.55%, 2.59%, 3.35%, 4.02%, 4.71%, 5.54%, and

6.60%, respectively; the elongations decrease by 4.88%,
13.65%, 16.15%, 22.20%, 26.64%, 31.58%, 35.74%, and
41.12%, respectively. When the influence coefficient of the
maximum corrosion pits rises, the number and width of
corrosion pits of specimens gradually increase, too. Addi-
tionally, stress concentration caused by the three-dimen-
sional morphology of pits leads to mechanical degradation
of corroded steel. When the maximum pit impact factor is
less than 2×10−3, the mechanical properties of steel Q345
show a linear downward trend; when the former is greater
than 2×10−3, the latter decrease slowly.
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Figure 13: Analysis of mechanical degradation properties of the maximum pit impact factor. (a) ζmax and Es, (b) ζmax and fy, (c) ζmax and
fu, (d) ζmax and fy/fu, and (e) ζmax and δs.
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4. Strong Corrosive Constitutive Model of
Steel Q345

)e constitutive relation of steel Q345 under strong cor-
rosion is obtained by summarizing the piecewise model in
reference [30] as follows:

σ �

Esε ε< εy

fy εy ≤ ε≤K1εy

K3fy +
Es 1 − K3( 

εy K2 − K1( 
2 ε − K2εy 

2

K1εy ≤ ε≤K2εy

,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(12)

where σ is the stress, Es is the elastic modulus, ε is the strain,
fy is the yield strength, εy is the yield strain, K1 is the ratio of
strengthened strain to peak strain, K2 is the ratio of
strengthened strain to yield strain, and K3 is the ratio of
tensile strength to yield strength, namely, the yield strength
ratio. K1, K2, K3 are used to control the shape of the con-
stitutive curve.

Figure 14 represents a vital link between ζmax and K1, K2.
K1, K2 in steel Q345 change significantly and gradually
decrease with the maximum pit impact factor. )us, K1, K2
in the degradation model were proposed through regression
analysis (equations (12) and (13)). )e reason for the de-
crease is that with further expansion of the corrosion pit,
stress concentration becomes more apparent, and the yield
platform gradually shortens in steel. As a result, yield strain
and initial strain in the strengthening stage decrease slowly.
)e model parameter K3 that fluctuates within a certain
range has no apparent correlation with the maximum pit
impact factor. It can be seen that the safety reserve capacity
of steel remains unchanged regardless of corrosion times. In
order to simplify the model, K3 in the proposed model is a
constant suggested to be 1.28 as the minimum value:

K1 � 12.807 + 1.449x − 0.769x
2
R
2

� 0.87, (13)

K2 � 122.15 − 2.258x − 2.486x
2
R
2

� 0.87. (14)

5. Finite Element Analysis

ABAQUS software established a model according to the size
of the specimen in Figure 1, in which mechanical properties
of the uncorroded specimen determine material parameters
in FEM (mechanical properties are as follows: elastic
modulus was 2.2×105MPa, Poisson’s ratio was 0.3, steel
density was 7.9 g/cm3, yield strength was 450MPa, hard-
ening index n was 0.60, and hardening coefficient K was
765MPa. )e loading speed in FEM was the same as that in
tests. )e loading model was displacement loading, with one
end constrained and the other end moved during loading.
)e unit selecting the C3D8R reduction integral was meshed

by hexahedron. FEM set up display dynamics and adopted
the automatic incremental step method.)e corrosion pit in
the FEM rotary cut to simulate that in practice. In FEM,
corrosion pits were arranged neatly on one side of the
specimen, and the horizontal and longitudinal spacing of
corrosion pits were both 2.5mm, as shown in Figure 15. )e
true stress-strain curve for material must be used when
defining the constitutive relationship of material in FEM,
and the engineering stress-strain curve obtained from tests is
converted into the true stress-strain curve according to
equation (14). Under different corrosion times, the true and
nominal stress-strain curves of steel Q345 are shown in
Figure 16. )e encrypted cell around the corrosion pit was
0.5mm, and the remaining nonencrypted grid cells were
1mm, which can attain the calculation accuracy:

σ1 � σ0 × 1 + ε0( ,

ε1 � ln 1 + ε0( .
 (15)

where σ1 and ε1 are the true stress and strain, respectively,
and σ0 and ε0 are the nominal stress and strain, respectively.

Figure 16 shows that two stress-strain curves of steel
Q345 basically coincide in the elastic and the yield phases.
When stress value reaches the ultimate strength, it gradually
degrades in the engineering curve but continues to increase
in the true curve. )erefore, as strain increases, the gap
between true stress and engineering stress becomes in-
creasingly prominent.

)e nondamage stage (the stage before reaching the
ultimate strength of steel) corresponds to material elasticity
and plasticity in ABAQUS. )e damage begins when stress
comes to its ultimate strength. )e process from the be-
ginning of damage to tensile fracture is defined as the
damage evolution stage, as shown in Figure 17.

In ABAQUS, material damage and its evolution are set
by damage parameters such as flexibility and their corre-
sponding suboptions. )e stress triaxiality and equivalent
plastic fracture strain are extracted from equation (15) [31].
If the equivalent plasticity reaches the limit state, FEM will
delete the plastic element.

)e ductile fracture criterion of steel, including equiv-
alent plastic fracture strain εcr

f and average stress triaxiality
T, is shown in equation (15):

εcr
f �

C

3T
, (16)

where C is the criterion parameter of steel ductile fracture
C � ln(A0/A). Taking into account the nominal stress-strain
curve of uncorroded steel, the C in ductile fracture criterion
is 1.5 through repeated iterative calculation of FEM pa-
rameters; A0 is the original area of steel; A is the area when
the steel is broken; T is the stress triaxiality T≥ 1/3.

It is noted that the stress triaxiality of each point in the
specimen constantly changes during the tensile test. )e
fracture is caused when the integral of the stress-strain
reaches a critical value. Referring to the calculation method
in reference [29], the calculation equation of average stress
triaxiality T is as follows:
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T �

εcr

f

0 σm/σe( dεcr

εcr
f

, (17)

where σm is hydrostatic pressure, σe is Mises equivalent
stress, σm/σe is stress triaxiality of a point inside steel, and εcr

f

is equivalent strain of fracture.
It is often difficult to establish a finite element model so

as to simulate the corrosion surface in practice. For this
reason, a uniform distribution pit model was established in

this study. Based on equation (15), the software adopted the
stress-strain curve of strong corrosion steel obtained from
the test to develop the FEM under corrosion times of 0 h, 1 h,
2 h, 4 h, 8 h, 12 h, 24 h, 48 h, and 72 h, respectively.

Stress-strain curves of FEM are compared with the test in
Figure 18. In the elastic deformation and uniform plastic
deformation stages, finite element curves agree well with test
curves of corroded steel. However, due to complex stress
after necking and only considering the evolution of flexible
damage, finite element curves of strong corrosion steel have
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Figure 14: )e relationship between the maximum pit impact factor ζmax and K1, K2. (a) ζmax and K1 and (b) ζmax and K2.
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Figure 15: Finite element mesh division.
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Figure 18: Continued.
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some deviations from experimental curves to some extent
after necking. It is worth noting that errors are all within 5%.
It can be proved that FEM can simulate the test in practice in
light of stress-strain curves of strong acid-corroded steel
Q345 between test and finite elements.

6. Conclusions

)is study conducts a sequence of tests, FEM analyses, and
theoretical research to propose a simplified model that
properly investigates microscopic connections between
surface morphology and mechanical degradation of steel
Q345 under strong acid corrosion.)e relevant results of the
investigation concluded that

(1) )e DSX500 noncontact topography scanner mea-
sured geometric parameters of corrosion pits on the
surface of steel Q345. Due to the high concentration
of hydrochloric acid during the early stage of cor-
rosion, many pinhole-like corrosion pits exist on the
surface of specimens along the vertical direction.
Cone-shaped corrosion pits continue to appear in

steel with the extension of corrosion times. In the
later stage of corrosion, the pits continued to expand,
developing hemispherical and ellipsoidal shapes, so
the adjacent pits were slowly connected.

(2) By observing fracture, steel represented different
positions and shapes of the fracture. Most corrosion
specimens fractured on the surface or on the bottom
of pits rather than the center of pits. )e size of pits
on the surface of steel was inversely proportional to
the size of dimples, revealing the fracture mechanism
of steel from ductile failure to brittle failure.

(3) Compared with uncorroded specimens, it was found
that corroded specimens represented that the
nominal elastic modulus, nominal yield strength,
nominal tensile strength, yield strength ratio, and
elongation after fracture decreased by 19.55%,
10.37%, 6.60%, 4.03%, and 41.12%, respectively.

(4) Together with test results, mechanical degradation of
corroded steel fit with the maximum pit impact
factor and corrosion times. FEM based on uniform
corrosion pits is found by flexible damage evolution
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Figure 18: Stress-strain curves of corroded Q345 steel. (a) 0 h, (b) 1 h, (c) 2 h, (d) 4 h, (e) 8 h, (f ) 12 h, (g) 24 h, (h) 48 h, and (i) 72 h.
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criterion. Its calculations match well with experi-
mental results, indicating that this model can display
the surface morphology of strong corrosion steel,
and stress flow law and necking failure of strong
corrosion steel accurately.
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