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With the rapid development of underground engineering construction, such as deep mining of mineral resources and tunnel
excavation under complex geological conditions, the existing support methods cannot meet the deformation requirements. It is
necessary to conduct in-depth research on the stress status and damage evolution of the hanger rods, to establish a theoretical basis
for the design principles and criteria of key components. In this paper, the degradation law of the mechanical properties of the
hanger steel wire with the degree of corrosion is analyzed in detail. e results show that the corrosion changes the geometry of the
cross section of the steel wire, which leads to the degradation of the mechanical properties of the steel wire. With the increase of
corrosion length and depth, the strength, sti�ness, and ultimate strain of the steel wire are reduced to varying degrees, and the
e�ect of pitting corrosion is more signi�cant than that of uniform corrosion.  e closer the holes are, the greater the corrosion
e�ect is.

1. Introduction

Since the 1980s, with the development of large-scale
highway and urban construction, the construction of
highways and urban bridges, mining of mineral resources,
and excavation of tunnels have been greatly developed in
our country [1–5]. Steel wire is commonly used in many
engineering �elds, such as tunnel excavation, under-
ground space structure, and so on [6, 7]. According to the
“2006 Statistical Bulletin on the Development of Highway
andWaterway Transportation Industry” of the Ministry of
Communications, by the end of 2006, the total number of
highway bridges in China had reached 533,600, with a
total of 20,399,100 meters, including 1,036 extra-large
bridges, 1,714,500 meters, and 30,982 bridges, 6,385,800
meters.  ere are 121,100 middle bridges, but the cross-
section is still circular [8–10]. A large number of repre-
sentative world-class bridges have been built over the
Yangtze River, Yellow River, Pearl River, and other major
rivers and coastal waters.

However, with the rapid development of bridge con-
struction in China, the destruction of bridges during con-
struction or operation also occurs from time to time,
resulting in heavy casualties and property losses, as well as
extremely bad social impacts. Among the bridge damage
accidents in the past ten years, the middle and bottom-
bearing arch bridges are the worst. Among them, the bridge
decks of the Yibin Nanmen Bridge in Sichuan (Figure 1(a))
and the Xinjiang Kongque River Bridge (Figure 1(b)) col-
lapsed in 2001 and 2011, respectively.

From the analysis of the existing accident causes, in
addition to factors such as construction, material quality,
and overloading, another important reason is the lack of a
deep enough understanding of the structural mechanical
behavior and damage mechanism of middle and bottom-
bearing arch bridges [11–17]. Based on the ANSYS �nite
element software, this study simulates the e�ects of uniform
corrosion and pitting corrosion on the mechanical prop-
erties of the steel wire and analyzes the degradation law of
the mechanical properties of the steel wire under di�erent
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corrosion depths or lengths [18]. Before discussing the
degradation law of the mechanical properties of the steel
wire with the degree of corrosion, the symbols in this study
are explained in Figure 2 [19–23].

2. Stress-Strain Relationship of Damaged
Steel Wire

With the increase of corrosion degree, the mechanical prop-
erties such as sti�ness, strength, and ultimate strain of steel wire
will be reduced to di�erent degrees. After analyzing the results
of tensile tests of damaged steel wires, Elachachi et al. proposed
the following constitutive relation [24]:

σ � Ee, 0< ε≤Ee,

E − σe +
E ε − εe( )

1 + C ε − εe( )
, ε≤ ε≤ εf,




(1)

where c � EεLu − σu/(σu − σe)(εuεe).
In order to study the degradation law of mechanical

properties of steel wire, Xu [25] conducted corrosion de-
tection and monotonic tensile tests on damaged steel wires.
Two data reªecting the corrosion degree of steel wire are
obtained by testing: the average diameter dmean (reªects the

average corrosion degree of steel wire specimens) and the
minimum diameter dmin (reªects the local corrosion degree
of the steel wire specimen). Also, four mechanical per-
formance parameters of each damaged steel wire including
yield bearing capacity Fy, yield strain εy, ultimate bearing
capacity Fu, and ultimate strain εy were measured by tensile
tests. It can be seen from the test results that the consti-
tutive relation of each damaged steel wire basically con-
forms to equation (1).  e force-strain curves of some steel
wires under di�erent corrosion grades are plotted in
Figure 3.

It can be seen that with the increase of the degree of
corrosion, the mechanical properties such as sti�ness,
strength, and ultimate strain of the steel wire are reduced
to varying degrees.  e changing law is shown in
Figures 4(a)–4(e).

It can be seen from Figure 4 that the axial sti�ness of the
steel wire decreases nonlinearly with the increase of the
corrosion degree.  ere is an approximately linear rela-
tionship between yield capacity and ultimate capacity and
minimum diameter. When dmin changed from 5.00mm to
2.94mm, Fy decreased from 29.06 kN to 15.15 kN, a de-
crease of 47.87%; Fu decreased from 33.41 kN to 17.28 kN, a
decrease of 48.28%. e ultimate strain εu decreases linearly
with the decrease of the minimum diameter dmin of the steel

(a) (b)

Figure 1: Damage forms of di�erent bridge decks.
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Figure 2: F-ε curve of steel wire and the mechanical meaning of each symbol.
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wire, and the relationship between the two can be ap-
proximated by an exponential function, as shown in the
following equation:

εu � 1.9591 + 3.43542 × 10− 4edmin/0.52505. (2)

3. Establishment of Finite Element Model of
Damaged Steel Wire

Both uniform corrosion and pitting corrosion change the
cross-sectional geometry of the steel wire, but their contri-
butions to the brittle fracture of the steel wire are not the same.
Uniform corrosion uniformly reduces the area of the cross
section of the wire, but the cross section is still circular and it
only changes the cylindrical shape of the wire in the longi-
tudinal direction.  e local pitting corrosion changes the cross
section of the steel wire due to the formation of local corrosion
pits on the surface of the steel wire, so that the cross section
changes from circular to noncircular.  e authors in [26–29]
pointed out that the ultimate ductility of high-strength steel
wire is determined by the geometry of the steel wire, and the
change of the cross-sectional geometry of the steel wire is
determined by the degree of uniform corrosion and pitting
corrosion. When the geometry of the longitudinal cylinder of
the steel wire changes due to uniform corrosion, the ultimate
ductility of the steel wire decreases, and the fracture originates
at the center of the cross section and then spreads to the outer
surface. When corrosion holes are formed on the surface of the
steel wire, the ultimate ductility of the steel wire decreases
more, and the fracture originates from the deepest corrosion
hole on the surface of the steel wire.

Corrosion not only results in a reduction in the ductility
of the wire but also results in a reduction in its strength and
sti�ness. e authors in [26, 30, 31] only considered ductility
reduction when simulating steel wire corrosion, and their
research conclusions need to be further expanded. On the
basis of that research, this section also considers the

inªuence of ductility reduction, strength reduction, and
sti�ness reduction of steel wire to study and discuss the
degradation law of the mechanical properties of damaged
steel wire in the section of the boom.

3.1. De�ning Model Types, Element Types, and Material
Properties.  e steel wire adopts SOLID45 three-dimen-
sional solid element, and the yield criterion adopts vonMises
yield criterion [32]. According to this yield criterion, the
critical shear stress of the steel wire under uniaxial tension is
taken as σy/3 (σy is the yield stress of the wire).

3.2. Establishing a Steel Wire Model.  e �nite element
model was �rst established with intact steel wire, with a
length of 25.4 cm and a diameter of 4.877mm. e corrosion
section is located in the middle section of the steel wire and
has a length of 5mm.  e steel wire can be divided into 16
segments longitudinally, and the dimensions are
4× 31.115mm+8× 0.625mm+4× 31.115mm. Among
them, the middle 8 sections are used to simulate uniform
corrosion and pitting corrosion. e cross section of the steel
wire is composed of the following parts: (1) 16 square units
in the middle with an area of 1.016mm× 1.016mm; (2) 4
inner rings to the outer diameter of 2.131mm; (3) 6 in-
termediate rings to an outer diameter of 2.371mm; and (4) 8
outer rings to the 2.438mm outer diameter. In the model, 8
outer rings are used to simulate uniform corrosion, and 6
middle rings are used to simulate pitting corrosion.  e
geometric model and meshing of the steel wire are shown in
Figure 5, and the total number of elements is 9216.

3.3. Simulation of Corrosion in the Model. In the �nite ele-
ment model of steel wire, the stress concentration at the
crack tip is ignored, and the change of material properties
caused by hydrogen embrittlement is not considered. Using
the accelerated corrosion test data of high-strength steel wire
in the literature [26], that is, the uniform corrosion rate of
0.0838 μm/h, the pitting corrosion rate is taken as 0.3848
μm/h. To analyze the e�ect of pitting pits and irregularities in
the geometry of the wire section, 4 di�erent corrosion
conditions were simulated:

(1) A, uniform corrosion and pitting corrosion in the
direction of 0° of the cross section.

(2) B, uniform corrosion and pitting corrosion in the
direction of 0° and 90° of the cross section.

(3) C, uniform corrosion and pitting corrosion of 0° and
90° of the cross section.

(4) D, uniform corrosion + pitting corrosion at 3 points
of 0°, 45°, and 90° of the cross section.

 e solid model of the steel wire does not consider the
large strain property, and the material nonlinearity adopts
the multilinear isotropic strengthening stress-strain rela-
tionship MISO.  e ultimate strain of the steel wire is taken
as 5.7%, and all elements whose strain exceeds the ultimate
strain are passivated, that is, multiplying their sti�ness by
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Figure 3: Bearing capacity-strain curve of damaged steel wire.
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1.0×10−5. When the nonlinear solution converges, if no
element is passivated, the end displacement is increased by
0.01 and the solution is continued; if any element is pas-
sivated, the end displacement is not increased and the so-
lution is continued.  is cycle is repeated until the whole
wire breaks.

4. The Effect of Uniform Corrosion on the
Mechanical Properties of Steel Wire

 e uniform corrosion conditions of di�erent corrosion
lengths and depths were simulated, respectively (32 models
in total), and the ultimate strain of the steel wire under each

2.8
10

15

20

25

30

35

40

45
A

xi
al

 ri
gi

di
ty

 E
A 

(1
02 kN

m
)

3.2 3.6 4.0
dmin (mm)

4.4 4.8 5.2

(a)

2.8
12

16

20

24

28

32

yi
el

d 
be

ar
in

g 
ca

pa
ci

ty
 (K

N
)

3.2 3.6 4.0
dmin (mm)

4.4 4.8 5.2

(b)

2.8
15

20

25

30

35

U
lti

m
at

e b
ea

rin
g 

ca
pa

ci
ty

 (k
N

)

3.2 3.6 4.0
dmin (mm)

4.4 4.8 5.2

(c)

2.8
0.0

0.5

1.0

1.5

2.0

Yi
el

d 
str

ai
n 

(%
)

3.2 3.6 4.0
dmin (mm)

4.4 4.8 5.2

(d)

2.8
1

2

3

4

4

4

7

U
lti

m
at

e s
tr

ai
n 

(%
)

3.2 3.6 4.0
dmin (mm)

4.4 4.8 5.2

(e)

Figure 4: Change law of di�erent mechanical parameters. (a) Axial sti�ness degradation. (b) Yield bearing capacity degradation.
(c) Deterioration of ultimate bearing capacity. (d) Yield strain degradation. (e) Ultimate strain degradation.
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working condition is shown in Table 1. *e data show
that the ultimate strain of steel wire not only decreases with
the extension of the uniform corrosion length but also
decreases with the increase of the uniform corrosion depth.
When the steel wire is intact, the fracture type is a cup-cone
fracture (see Figure 6); when the steel wire is uniformly
corroded, the fracture originates from the center of the wire
and then expands outward, with the fracture retaining the
cup-cone shape.

4.1. Influence of Uniform Corrosion Depth on Mechanical
Properties of Steel Wire. Under the condition of uniform
corrosion at different depths, the evolution law of me-
chanical properties of steel wire is shown in Figures 7 and 8.

It can be clearly seen from Figures 7 and 8 that when the
uniform corrosion depth of the steel wire gradually develops
from 8.38 (100 h) to 0.067mm (800 h), the ultimate strain of
the steel wire decreases nonlinearly, from 0.046 to 0.027, but
the reduction in the strength and stiffness of the steel wire is
not significant. At the same time, with the increase of the
uniform corrosion depth, the cross section of the steel wire
becomes smaller, and its cross section shape is still circular.
Because the brittle fracture of the steel wire is greatly affected
by the change of the geometric shape of the steel wire cross
section, the brittle fracture mechanism of the steel wire does
not change under the condition of uniform corrosion at
different depths, and it all originates from the center of the
steel wire cross section, which is a cup-cone fracture.

4.2. Influence of Uniform Corrosion Length on Mechanical
Properties of Steel Wire. Under the condition of uniform
corrosion of different lengths, the evolution law of me-
chanical properties of steel wire is shown in Figures 9 and 10.

Figure 5: Wire model and meshing diagram.

Table 1: Ultimate strain of steel wire under uniform corrosion.

Corrosion time
(h)

Corrosion length
(mm)

Corrosion depth
(mm)

Ultimate
strain

Corrosion time
(h)

Corrosion length
(mm)

Corrosion depth
(mm)

Ultimate
strain

100

1.25 0.008 0.046

500

1.25 0.042 0.041
2.50 0.008 0.045 2.50 0.042 0.038
3.75 0.008 0.044 3.75 0.042 0.037
5.00 0.008 0.044 5.00 0.042 0.033

200

1.25 0.017 0.045

600

1.25 0.05 0.039
2.50 0.017 0.044 2.50 0.05 0.036
3.75 0.017 0.043 3.75 0.05 0.034
5.00 0.017 0.042 5.00 0.05 0.031

300

1.25 0.025 0.043

700

1.25 0.059 0.037
2.50 0.025 0.042 2.50 0.059 0.034
3.75 0.025 0.041 3.75 0.059 0.032
5.00 0.025 0.038 5.00 0.059 0.029

400

1.25 0.034 0.043

800

1.25 0.067 0.036
2.50 0.034 0.04 2.50 0.067 0.033
3.75 0.034 0.038 3.75 0.067 0.031
5.00 0.034 0.036 5.00 0.067 0.027

Figure 6: “Cup-cone” fracture of the uniformly corroded steel
wire.
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It can be seen from the �gures that when the uniform
corrosion length of the steel wire gradually develops from
1.25mm to 5.00mm, the ultimate strain of the steel wire
basically decreases linearly. Compared with the e�ect of
corrosion depth, under the condition of uniform corrosion
of di�erent lengths, the reduction in strength and sti�ness of
steel wire is less obvious.

5. Influence of Pitting Corrosion onMechanical
Properties of Steel Wire

Table 2 shows the simulation results of the ultimate strain of
the steel wire under di�erent length and depth pitting
corrosion conditions.  e results show that the mechanical
properties of the steel wire not only decrease with the

extension of the pitting corrosion length but also decrease
with the increase of the pitting corrosion depth, and with the
increase of the number of corrosion holes, the mechanical
properties of the steel wire decrease more, but not signi�-
cantly. Pitting corrosion results in a signi�cant change in the
cross-sectional geometry of the steel wire, from circular to
noncircular.  erefore, compared with uniform corrosion,
the mechanical properties of the steel wire decrease more, and
the brittle fracture mechanism also changes, which originates
from the corrosion holes on the surface of the steel wire.

5.1. In�uenceofPittingDepthonMechanicalProperties of Steel
Wire.  e evolution law of mechanical properties of steel
wire under di�erent depth pitting corrosion conditions is
shown in Figures 11 and 12.
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Table 2: Ultimate strain of steel wire under pitting corrosion at di�erent positions.

Corrosion time (h) Pitting length (mm) Pitting depth (mm)
Ultimate strain under each working condition

A B C D Average value

100

1.25 0.038 0.046 0.046 0.045 0.044 0.045
2.50 0.038 0.045 0.045 0.043 0.043 0.044
3.75 0.038 0.045 0.044 0.042 0.042 0.043
5.00 0.038 0.048 0.048 0.047 0.045 0.047

200

1.25 0.077 0.042 0.040 0.050 0.038 0.043
2.50 0.077 0.040 0.039 0.037 0.035 0.038
3.75 0.077 0.039 0.038 0.036 0.034 0.037
5.00 0.077 0.047 0.045 0.043 0.037 0.043

300

1.25 0.115 0.038 0.038 0.034 0.033 0.036
2.50 0.115 0.036 0.035 0.032 0.031 0.034
3.75 0.115 0.035 0.034 0.031 0.030 0.033
5.00 0.115 0.045 0.039 0.035 0.031 0.038

400

1.25 0.154 0.033 0.033 0.030 0.029 0.031
2.50 0.154 0.033 0.031 0.028 0.027 0.030
3.75 0.154 0.033 0.031 0.028 0.026 0.030
5.00 0.154 0.041 0.035 0.031 0.025 0.033

500

1.25 0.192 0.031 0.031 0.026 0.025 0.028
2.50 0.192 0.030 0.028 0.024 0.022 0.026
3.75 0.192 0.030 0.027 0.024 0.021 0.026
5.00 0.192 0.038 0.032 0.028 0.021 0.030

600

1.25 0.230 0.028 0.028 0.024 0.022 0.026
2.50 0.230 0.028 0.027 0.021 0.019 0.024
3.75 0.230 0.028 0.026 0.021 0.018 0.023
5.00 0.230 0.036 0.029 0.024 0.018 0.027

700

1.25 0.269 0.027 0.025 0.022 0.020 0.024
2.50 0.269 0.026 0.024 0.020 0.017 0.022
3.75 0.269 0.027 0.024 0.020 0.016 0.022
5.00 0.269 0.034 0.026 0.020 0.016 0.024

800

1.25 0.307 0.029 0.028 0.020 0.019 0.024
2.50 0.307 0.031 0.028 0.019 0.016 0.024
3.75 0.307 0.032 0.025 0.018 0.014 0.022
5.00 0.307 0.032 0.023 0.018 0.013 0.022
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Figure 11: Continued.
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It can be seen from the �gures that when the pitting
corrosion depth of the steel wire gradually develops from
0.03848mm (100 h) to 0.3078mm (800 h), the ultimate
strain, strength, and sti�ness of the steel wire are reduced to
varying degrees. When the steel wire has one corrosion hole,
the impact of pitting depth on the mechanical properties of
the steel wire is relatively minimal; when there are two
corrosion holes, the e�ect is centered, but the closer the
corrosion holes are, the greater the impact is; when there are
three corrosion holes, the impact is the greatest.

Under the same corrosion depth, pitting corrosion has
a greater impact on the mechanical properties of the steel
wire than uniform corrosion. At the same time, with the
increase of pitting corrosion depth, the cross-sectional
geometry of the steel wire changes greatly, and the brittle
fracture mechanism of the steel wire changes: the fracture
originates from the deepest corrosion hole on the surface of
the steel wire.

5.2. E�ect of Pitting Corrosion Length on Mechanical Prop-
erties of Steel Wire. In the case of pitting corrosion
of di�erent lengths, the evolution law of the
mechanical properties of the steel wire is shown in
Figures 13 and 14.

It can be seen from the �gures that when the uniform
corrosion length of the steel wire gradually develops from
1.25mm to 5.00mm, the ultimate strain, strength, and
sti�ness of the steel wire all have a certain amount of re-
duction, but it is not signi�cant. Compared with the cor-
rosion conditions A∼D, the e�ect of pitting corrosion length
on the mechanical properties of the steel wire has little
di�erence. At the same time, the impact of the pitting
corrosion length on the mechanical properties of the steel
wire is much smaller than that of the pitting corrosion depth,
which indicates that the pitting corrosion depth and location
of the steel wire are much smaller.  e impact on its brittle
fracture is obvious.
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Figure 11: Changes in mechanical properties of steel wire at di�erent depths of pitting corrosion.
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Figure 14: Inªuence of pitting length on the ultimate strain of steel wire under di�erent working conditions.
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6. Conclusion

In this paper, based on the ANSYS finite element plat-
form, the degradation law of the mechanical properties of
the hanger steel wire with the degree of corrosion is
analyzed. Based on the simulations, we draw the fol-
lowing conclusions:

(1) *e geometry of the cross section of the steel wire is
one of the key factors leading to the degradation of
the mechanical properties of the steel wire. *e
change of the geometry of the cross section of the
steel wire is mainly determined by the degree of
uniform corrosion and pitting corrosion.

(2) When the steel wire is in good condition, the fracture
type is cup-conical fracture; in the case of uniform
corrosion, the fracture originates in the center of the
wire and then expands outward, with the fracture
retaining a cup-conical shape; in pitting corrosion,
the fracture originates from the corrosion hole on the
surface of the steel wire.

(3) With the increase of the uniform corrosion depth
and length, the ultimate strain of the steel wire
decreases, but its strength and stiffness are not sig-
nificantly reduced; with the increase of the depth and
length of the pitting corrosion, the ultimate strain,
strength, and stiffness of the steel wire are reduced to
different degrees. *e effect of uniform corrosion is
more pronounced.

(4) *e position and number of corrosion holes have a
certain influence on the mechanical properties of
the degraded steel wire: when the steel wire has one
corrosion hole, the impact of pitting corrosion on
the mechanical properties of the steel wire is
relatively small; when there are two corrosion
holes, the effect is centered, and the closer the
two corrosion holes, the greater the impact; when
there are three corrosion holes, the impact is the
greatest.

Appendix

A

*e line segment OA in the figure is parallel to BC, and the
meanings of the symbols are as follows.

εe: ultimate elastic strain
εy: yield strain
εu: ultimate strain
εf: failure strain
Fy: yield bearing capacity of steel wire
Fu: ultimate bearing capacity of steel wire
E: elastic modulus of steel wire.
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approach to the fatigue crack growth in progressively drawn
pearlitic steels at different R-ratios,” International Journal of
Fatigue, vol. 31, no. 11-12, pp. 2014–2021, 2009.

[20] A. Carpinteri, R. Brighenti, and A. Spagnoli, “Part-through
cracks in pipes under cyclic bending,” Nuclear Engineering
and Design, vol. 185, no. 1, pp. 1–10, 1998.

[21] J. Toribio and M. Toledano, “Fatigue and fracture perfor-
mance of cold drawn wires for prestressed concrete,” Con-
struction and Building Materials, vol. 14, no. 1, pp. 47–53,
2000.

[22] B. Yuan, Z. Li, Z. Zhao, H. Ni, Z. Su, and Z. Li, “Experimental
study of displacement field of layered soils surrounding lat-
erally loaded pile based on transparent soil,” Journal of Soils
and Sediments, vol. 21, no. 9, pp. 3072–3083, 2021.

[23] B. Yuan, Z. Li, Y. Chen et al., “Mechanical andmicrostructural
properties of recycling granite residual soil reinforced with
glass fiber and liquid-modified polyvinyl alcohol polymer,”
Chemosphere, vol. 286, Article ID 131652, 2022.

[24] S. M. Elachachi, D. Breysse, S. Yotte, and C. Cremona, “A
probabilistic multi-scale time dependent model for corroded
structural suspension cables,” Probabilistic Engineering Me-
chanics, vol. 21, no. 3, pp. 235–245, 2006.

[25] J. Xu, Damage Evolution Mechanism and Remained Service
Lives Evaluation of Stayed Cables, Tongji University,
Shanghai, China, 2006.

[26] J. Lemaitre and J.-L. Chaboche, Mechanics of Solid Materials,
Cambridge University Press, Chennai, 1994.

[27] X. Li, Q. Li, Y. Hu et al., “Study on three-dimensional dynamic
stability of open-pit high slope under blasting vibration,”
Lithosphere, vol. 2021, no. Special 4, p. 6426550, 2022.

[28] C. Zhu, M. Karakus, M. He et al., “Volumetric deformation
and damage evolution of Tibet interbedded skarn under
multistage constant-amplitude-cyclic loading,” International
Journal of Rock Mechanics and Mining Sciences, vol. 152,
Article ID 105066, 2022.

[29] Y. Wang, H. Yang, J. Han, and C. Zhu, “Effect of rock bridge
length on fracture and damage modelling in granite con-
taining hole and fissures under cyclic uniaxial increasing-
amplitude decreasing-frequency (CUIADF) loads,” Interna-
tional Journal of Fatigue, vol. 158, Article ID 106741, 2022.

[30] Y.-q. Su, F.-q. Gong, S. Luo, and Z.-x. Liu, “Experimental
study on energy storage and dissipation characteristics of
granite under two-dimensional compression with constant
confining pressure,” Journal of Central South University,
vol. 28, no. 3, pp. 848–865, 2021.

[31] Z.-j. Wu, Z.-y. Wang, L.-f. Fan, L. Weng, and Q.-s. Liu,
“Micro-failure process and failure mechanism of brittle rock
under uniaxial compression using continuous real-time wave
velocity measurement,” Journal of Central South University,
vol. 28, no. 2, pp. 556–571, 2021.

[32] S. Maleki and S. Bagheri, “Behavior of channel shear con-
nectors, Part II: analytical study,” Journal of Constructional
Steel Research, vol. 64, no. 12, pp. 1341–1348, 2008.

Advances in Materials Science and Engineering 11


