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The shear buckling failure and strength of a web panel stiffened by stiffeners with corrosion damage were examined according to the
degree of corrosion of the stiffeners, using the finite element analysis method. For this purpose, a plate girder with a four-panel web
girder stiffened by vertical and longitudinal stiffeners was selected, and its deformable behaviors and the principal stress distribution
of the web panel at the shear buckling strength of the web were compared after their post-shear buckling behaviors, as well as their
out-of-plane displacement, to evaluate the effect of the stiffener in the web panel on the shear buckling failure. Their critical shear
buckling load and shear buckling strength were also examined. The FE analyses showed that their typical shear buckling failures
were affected by the structural relationship between the web panel and each stiffener in the plate girder, to resist shear buckling of
the web panel. Their critical shear buckling loads decreased from 82% to 59%, and their shear buckling strength decreased from
88% to 76%, due to the effect of corrosion of the stiffeners on their shear buckling behavior.Thus, especially in cases with over 40%
corrosion damage of the vertical stiffener, they can have lower shear buckling strength than their design level.

1. Introduction

In steel plate girder bridges with more than 50–70 years’ ser-
vice period, severe corrosion damaged structural members
have been found near their supports from their corrosive
environmental condition, such as higher humidity caused
by poor air circulation, dust deposition, and rain water or
antifreeze penetration from drainage type expansion joints
[1–3]. For a steel plate girder bridge, vertical and longitudinal
stiffeners are basically installed to improve the shear buckling
strength of their web panel. However, stiffeners also are not
free from corrosion damage, depending on time-dependent
maintenance. In the collapsed plate girder bridge caused by
severe corrosion damage in Japan in 2009 [3, 4], severely
corroded longitudinal and vertical stiffeners were also found,
as shown in Figure 1. For shear buckling problems, various
studies were conducted to examine the shear bucking behav-
iors of web panel and to suggest design guideline of web panel
under shear loading [5–12]. Several studies on shear buckling

problem with local corrosion damage in web panel were also
carried out, since corrosion damage of theweb panel is related
to decrease in the shear buckling strength and shear failure
behavior [2, 3, 13–17]. In case of a corroded plate girder,
sectional damage of stiffeners affected by corrosion damage
can also relate to shear buckling behaviors of the web panel.
However, it is difficult to consider all the corroded cases
of a plate girder. If all cases were considered, the corrosion
damage effect of a stiffener on the shear buckling behaviors
of a plate girder is not clear.

In this study, therefore, a stiffener was only selected as a
corroded member of a plate girder. Nonlinear FE analyses of
web panels stiffened by stiffeners were conducted, to compare
their shear buckling behaviors according to the degree of cor-
rosion of their stiffeners.Thus, a plate girderwith a four-panel
web panel stiffened by vertical and longitudinal stiffeners
was selected. After their post-shear buckling behaviors, their
shear buckling failures were compared, as well as their change
in shear buckling strength. Then, the effect of the corroded
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(a) After collapse [3] (b) Inside before collapse [4]

Figure 1: A collapsed steel plate girder bridge in Japan [3, 4].
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Figure 2: Dimensions of web panel and stiffener for FE analysis.

stiffener of the web panel on the shear buckling failure was
evaluated.

2. FE Analysis Model of Plate Girder
with Corroded Stiffener

2.1. Analysis Cases of the Corroded Stiffener in the FE Analysis.
To numerically analyze the shear buckling behaviors of
the web panel with stiffener, a four-panel web plate girder
stiffened by vertical stiffeners and longitudinal stiffeners was
selected, with a total height of 1,256mm (stiffened web
panel, with height and width of 1000mm), a total length
of 4,420mm, flange width of 200mm, flange thickness of
22mm, and web thickness of 6mm, as shown in Figure 2. All
the stiffeners were considered identical, of 12mm thickness
and 90mm width.

In this study, the FE analysis models were classified into
three cases, depending on the analysis conditions. For the
first FE analysis case, a plate girder with longitudinal stiffener
was selected to examine the shear buckling behaviors affected
by the vertical stiffener; thus only the vertical stiffener was
considered to be corroded from the lower flange in the
plate girder. For the second FE analysis case, the vertical
stiffener and end-longitudinal stiffener were considered to
be corroded from the lower flange and center of the end-
longitudinal stiffener, to examine the effect between the
corroded vertical stiffener and the end-longitudinal stiffener
on their shear buckling behaviors. For the third FE analysis
case, a left-longitudinal stiffener (end-longitudinal stiffener)
and right-longitudinal stiffener (next-longitudinal stiffener)

were considered to be corroded with the vertical stiffener, to
examine the relationship between left-longitudinal stiffener
and right-longitudinal stiffener.Thus, in the vertical and left-
longitudinal stiffener corrosion model, the corroded height
of the vertical stiffener changed from 0mm to 1000mm
in 100mm units (10% of the vertical stiffener height), and
the corroded width of the left-longitudinal stiffener changed
from 0mm to 1000mm from the center of longitudinal
stiffener in 200mm units (20% of vertical stiffener height)
for a symmetric web panel, as shown in Figure 3(a). In the
vertical and left-right longitudinal stiffener corrosion model,
the corroded height of the vertical stiffener changed from
0mmto 500mm in 100mmunits (10%of the vertical stiffener
height), and the corroded width of the left-longitudinal
stiffener changed from 200mm to 800mm in 200mm units
(20% of vertical stiffener height), and the right-longitudinal
stiffener changed to 400mm and 800mm for a symmetric
web panel, as shown in Figure 3(b). However, the corroded
widths of the left-longitudinal stiffener and right-longitudinal
stiffener were not the same for all analysis cases, to examine
the relationship between the end-longitudinal stiffener and
the next-longitudinal stiffener.

For the FE analysis model, they are identified as follows:
the first letter indicates the analysis case (VL: vertical and left-
longitudinal stiffener corrosion model, V-L-R: vertical and
left-right longitudinal stiffener corrosion model), the second
letter,H, indicates the corrosion height of the vertical stiffener
(e.g., H200 indicates a corroded vertical stiffener of 200mm
from the lower flange), the third letter, L, indicates the
width of the left-longitudinal stiffener (e.g., L200 indicates an
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(b) Vertical and left-right longitudinal stiffener corrosion model (V-L-R stiffener cases)

Figure 3: Corrosion damage condition of web stiffener for FE analysis.

end-longitudinal stiffener of 200mm), and the fourth letter,
R, indicates the width of the right-longitudinal stiffener (e.g.,
R200 indicates the next-longitudinal stiffener of 200mm).

Therefore, in this study, the corrosion ratio of vertical
and longitudinal stiffeners for each FE analysis can be
summarized as follows:

(1) Vertical stiffener corrosion model (V-stiffener cases).
(2) Vertical and left-longitudinal stiffener corrosion

model (V-L stiffener cases).
(3) Vertical and left-right longitudinal stiffener corrosion

model (V-L-R stiffener cases).

2.2. FE Analysis Model. In order to examine the shear buck-
ling failure of the web panel related to the locally corroded
stiffener condition in the plate girder using nonlinear FE
analysis (finite element analysis), the FE analysis program
MARC Mentat 2010 was used for each of the stiffener
corrosion cases. To determine their critical shear buckling
loads, buckling modes, elastic buckling analysis was ante-
riorly conducted before postbuckling analysis. Then, their
incremental nonlinear analyses with elastic buckling modes
were sequentially processed. In this FE analysis model, an
8-node solid element was used, as shown in Figure 4. For
material properties of the FE analysis model, the tensile
strength test results were used with a nominal yield stress
of 260MPa, Young’s modulus of 206,000MPa, and Poisson’s
ratio of 0.3. Elastic-perfectly plastic behaviors and the von
Mises yield criterion were applied as the material plasticity.

For boundary conditions of the FE analysis model, both
the lower flanges of the end panel (Boundary A) only were

released to rotate in the transverse direction, while the other
translations and rotations were prevented. For its symmetri-
cal behavior, five points of the upper flange (Boundary B) in
the plate girder model were not allowed to translate in the
transverse direction, and a center point (Boundary C) at the
lower flange was not allowed to translate in the longitudinal
direction. For the shear bucking of the web panel, shear load
was applied to the center flange of the FE analysismodel. Each
FE analysis case was considered corrosion damage conditions
of their vertical and longitudinal stiffeners. For vertical
stiffener corrosion models, a lower part of vertical stiffener
was removed as corrosion damage as 100mm units from the
lower flange in the plate girder. For longitudinal stiffener
corrosionmodels with vertical stiffener corrosion, center part
of end-longitudinal stiffener and right-longitudinal stiffener
(next-longitudinal stiffener) was removed with the corrosion
damage of vertical stiffeners according to FE analysis condi-
tion. For V-LH600L400 model, therefore, vertical stiffener
was removed to 600mm from lower flange and 400mm
length of end-longitudinal stiffenerwas removed as corrosion
damage as shown in Figure 4.

3. Shear Buckling Failure Depending on
the Corroded Stiffener Condition

3.1. FE Model Validation. To validate the FE analysis model
used in this study, shear loading test results of a plate girder
with similar dimension were compared, according to test
boundary conditions and loading procedure [18]. Figure 5
shows validation model of the FE analysis. Figure 6 presents
a comparison of the displacement at mid-span of the test
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Figure 4: Boundary and load condition of the FE analysis model (V-LH600L400).

result data and the FE analysis result. As shown in Figure 6,
its displacement was found to be in agreement with that of the
test result. Therefore, the shear buckling behavior of the plate
girder with stiffener can be examined using this FE analysis
model.

3.2. Shear Buckling Failures of Web Panel with Corroded
Stiffener. To examine the shear buckling failure mode of
the web panel stiffened by vertical and longitudinal stiff-
eners depending on the corroded stiffener condition, shear
buckling failure modes at shear bulking strength were com-
pared. Figures 7–15 show their out-of-plane displacement
contours and maximum principal stress contours. As shown
in Figures 7–15, a typical shear buckling failure mode can be
foundwith a diagonal tension field through the shear resistant
behaviors of the web panel. By increasing the damage of the
vertical stiffener, a wider and larger diagonal tension field
band was present, owing to the increase caused in the shear
resistant width of the web panel. Pronounced out-of-plane
deformation also appeared at the corroded vertical stiffener,
by reduction of the shear resistance of the vertical stiffener to
restrict the shear buckling of the web panel; thus its tensile
field shape was shown to be going down in the tension field
direction of the web panel, according to decrease in the
vertical stiffener by corrosion damage. For the 100% damage
vertical stiffener, in particular, shear buckling failure mode of
the wide web panel was present, due to increase in the width
of the web panel by the disappearing vertical stiffener.

In the case of the vertical and left-longitudinal stiffeners
corrosionmodel, as shown in Figures 10–13, their shear buck-
ling failure modes were shown to be similar to those of the

vertical stiffener corrosion model. A diagonal tension field
was also present in the upper web panel of the longitudinal
stiffener, according to increase in the corrosion damage of
the longitudinal stiffener, except for the end-longitudinal
stiffener case with 20% corrosion damage, and their tensile
field shapes were shown to be more clearly going down in
a tension field direction of the web panel affected by weak
stiffened damaged stiffeners, according to decrease in the
vertical stiffener by corrosion damage. The shear resistance
of the end-longitudinal stiffener with 20% corrosion damage
was not affected, and a similar diagonal tension field devel-
oped, even though corrosion damage occurred in the end-
longitudinal stiffener. The vertical stiffener corrosion model
with left-right longitudinal stiffener corrosion also showed a
similar tendency to those of the vertical stiffener corrosion
model with longitudinal stiffener corrosion, since the shear
resistance of the web panel decreased by corrosion damage of
the longitudinal stiffener of the next web panel, as shown in
Figures 14–15.

To more clearly identify this tendency, out-of-plane dis-
placements were also compared according to the corroded
stiffener condition, in company with comparing the displace-
ments at the center of a plate girder. Figure 16 shows the out-
of-plane displacements and displacements of representative
stiffener corrosion cases, as shown in Figures 7–15. Out-of-
plane displacements at the center points of the end (left-) web
panel appeared to increase, and their critical buckling loads
and shear buckling strengths decreasedwith reduced stiffness
effect of the stiffener for the shear resistant strength of the
web plane, as shown in the load-displacement relationship
curve in Figure 16. In their load out-of-plane displacement
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Figure 5: Validation model of the FE analysis.
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Figure 6: Comparison of the displacement at mid-span.

relationships, as shown in their shear buckling failure mode
contours in Figures 7–15, distortional shear buckling behav-
iors of the web panel affected by the remaining vertical and
longitudinal stiffeners presented as askew bends of the web
plane to resist shear stress in the web panel. Since the point
where the maximum out-of-plane displacement occurred

changed, according to the mechanical relationship between
the web panel and the vertical and longitudinal stiffeners in
the plate girder, their load out-of-plane displacements at the
center of the left web panel also showed different levels to
the shear loading level, and irregular distribution in the same
plane of the web panel.
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Figure 7: V-stiffener model with V: 0% corrosion damage (VH00).
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Figure 8: V-stiffener model with V: 50% corrosion damage (VH500).
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Figure 9: V-stiffener model with V: 100% corrosion damage (VH1000).
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(b) Maximum principal stress distribution contour

Figure 10: V-L stiffener model with V: 50% and L: 20% corrosion damage (V-LH500L200).

3.3. Shear Buckling Strength Related to
Corroded Stiffener Condition

3.3.1. Vertical and Left-Longitudinal Stiffener CorrosionModel
(V-L Cases). For the vertical and left-longitudinal stiffener
corrosionmodel, the corrosion height of the vertical stiffener
changed from 0mm to 1000mm in 100mm units, and the
corrodedwidth of the end-longitudinal stiffener also changed

from 0mm to 1000mm from the center of longitudinal stiff-
ener in 200mm units. Basically, their critical shear buckling
load and shear buckling strength decreased, depending on
the corroded stiffener height, as shown in Tables 1–6 and
Figure 17. Their critical shear buckling load and shear buck-
ling strength were also affected, according to the corroded
width of the longitudinal stiffener. Thus, the critical shear
buckling loads changed from 545.0 kN to 324.2 kN, and shear



Advances in Materials Science and Engineering 7

1.550e + 001
1.361e + 001
1.172e + 001
9.822e + 000
7.928e + 000
6.035e + 000
4.141e + 000
2.247e + 000
3.531e − 001
−1.541e + 000
−3.435e + 000
−5.328e + 000
−7.222e + 000
−9.116e + 000
−1.101e + 001
−1.290e + 001
−1.480e + 001
−1.669e + 001
−1.859e + 001
−2.048e + 001
−2.237e + 001

(a) Out-of-plane displacement contour

3.300e + 002
3.120e + 002
2.940e + 002
2.760e + 002
2.580e + 002
2.400e + 002
2.220e + 002
2.040e + 002
1.860e + 002

1.500e + 002
1.320e + 002
1.140e + 002
9.600e + 001
7.800e + 001
6.000e + 001
4.200e + 001
2.400e + 001
6.000e + 000

1.680e + 002

−1.200e + 001
−3.000e + 001

(b) Maximum principal stress distribution contour

Figure 11: V-L stiffener model with V: 50% and L: 40% corrosion damage (V-LH500L400).
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Figure 12: V-L stiffener model with V: 50% and L: 60% corrosion damage (V-LH500L600).
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(b) Maximum principal stress distribution contour

Figure 13: V-L stiffener model with V: 50% and L: 80% corrosion damage (V-LH500L800).

1.642e + 001
1.478e + 001
1.314e + 001
1.150e + 001
9.857e + 000
8.216e + 000
6.576e + 000
4.936e + 000
3.296e + 000
1.656e + 000
1.550e − 002
−1.625e + 000
−3.265e + 000
−4.905e + 000
−6.545e + 000
−8.185e + 000
−9.826e + 000
−1.147e + 001
−1.311e + 001
−1.475e + 001
−1.639e + 001

(a) Out-of-plane displacement contour

3.300e + 002
3.120e + 002
2.940e + 002
2.760e + 002
2.580e + 002
2.400e + 002
2.220e + 002
2.040e + 002
1.860e + 002

1.500e + 002
1.320e + 002
1.140e + 002
9.600e + 001
7.800e + 001
6.000e + 001
4.200e + 001
2.400e + 001
6.000e + 000

1.680e + 002

−1.200e + 001
−3.000e + 001

(b) Maximum principal stress distribution contour

Figure 14: V-L-R stiffener model with V: 50%, L: 40%, and R: 40% corrosion damage (V-LH500L400R400).

buckling strengths decreased from 810.0 kN to 612.5 kN.This
means the critical buckling load can decrease to 59% and
76% of those of the web panel stiffener without corrosion
damage, according to the condition of the longitudinal
stiffener. For each longitudinal stiffener corrosion case, their
shear buckling values relatively sharply decreased, after 50%
corrosion damage of the vertical stiffener, like that of the

vertical stiffener corrosion model. Figure 18 summarizes the
shear buckling ratio of each vertical and end-longitudinal
stiffener corrosion model for no corrosion damage in the
stiffener. For critical shear buckling load, it decreased from
82% to 59% of that of no corrosion damage in the stiffener.
For shear buckling strength, it decreased from 88% to 76% of
that of no corrosion damage in the stiffener.
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Figure 15: V-L-R stiffener model with V: 50%, L: 40%, and R: 80% corrosion damage (V-LH500L400R800).

3.3.2. Vertical and Left-Right Longitudinal Stiffener Corro-
sion Model (V-L-R Cases). For the vertical and left-right
longitudinal stiffener corrosion model, the corrosion height
of the vertical stiffener changed from 0mm to 500mm in
100mmunits, and the corrosionwidth of the left-longitudinal
stiffener changed from 200mm to 800mm in 200mm units,
and the right-longitudinal stiffener changed to 400mm and
800mm. As for the vertical and left-longitudinal stiffener
corrosion model, they also show similar shear buckling
behaviors with the change in the shear buckling value as
shown in Tables 7–14 and Figure 19. As the shear stiffness
of the enlarged shear web panel decreased from the disap-
pearing longitudinal stiffener of the inner web panel (right
web panel) by corrosion damage, their critical shear buckling
loads and shear buckling strengths highly decreased by
slightly more than those of the vertical and left- longitudinal
stiffener corrosion model (V-L cases). For the same vertical
stiffener corrosion, they thus have about 4∼6% decreased
shear buckling values affected by the next (near) longitudinal
stiffener (longitudinal stiffener of the next panel). Figure 20
summarizes the shear buckling ratio of each vertical and left-
right longitudinal stiffener corrosion model for no corrosion
damage in the stiffener.

3.4. Evaluation of Shear Buckling Strength of Web Panel
Related to Corroded Stiffener. Shear buckling behaviors of the
web panel can be classified as before elastic shear buckling
behavior, and post-shear buckling behavior, after elastic
shear buckling behavior. Before elastic shear buckling, equal
tensile and compressive principal stresses in the web panel
develop prior to incipient buckling under shear load. After
elastic shear buckling, the diagonal tension stresses (diagonal
tension stresses) resist the additional shear load. Elastic
shear buckling load is calculated by (1), using the buckling
coefficient with regard to the boundary conditions [19]:

𝜏cr = 𝑘
𝜋

2
𝐸

12 (1 − ]2)
(

𝑡

𝑤

ℎ

𝑤

)

2
for
𝐴

𝑓

𝐴

𝑤

< 0.8, (1)

where 𝐸 is the elastic modulus, ] is Poisson’s ratio, 𝑡
𝑤
is the

web thickness, ℎ
𝑤
is the web height, and 𝑘 is the buckling

coefficient determined from the boundary conditions and the
aspect ratio.

Shear buckling strength determined from post-shear
buckling behaviors can be considered from AISC [20] and

AASHTO [21] design specifications. In AISC [20], the nom-
inal shear strength (𝑉

𝑛
) is given by (2) and (3) at the limit of

the tension field yielding. For the shear coefficient (𝐶V) of (3),
it is suggested to be given by (4a), (4b), (4c):

𝑉

𝑛
= 0.6𝑓

𝑦
𝐴

𝑤
for
ℎ

𝑤

𝑡
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𝑘V𝐸
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𝑦

, (2)

𝑉
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= 0.6𝑓

𝑦
𝐴
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(𝐶V +
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1.15
√
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ℎ

𝑤

𝑡
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≤ 1.10√

𝑘V𝐸

𝑓

𝑦

, (4a)

𝐶V = 1.10
√𝑘V𝐸/𝑓𝑦
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(4b)
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where the buckling coefficient (𝑘V) is suggested to be given by

𝑘V = 5+
5
(𝑑0/ℎ𝑤)

2 = 5

when
𝑑

0

ℎ

𝑤

> 3 or
𝑑

0

ℎ

𝑤

> [

260

(ℎ

𝑤
/𝑡

𝑤
)

2
] .

(5)

In AASHTO [21], the nominal shear resistance (𝑉
𝑛
) is given

by (2), on the basis of the fully plastic strength (𝑉
𝑝
), as shown

in (6). The fully plastic shear strength (𝑉
𝑝
) and the shear
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Figure 17: Shear buckling load and ratio of vertical and end-longitudinal stiffener corrosion model.
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Table 1: Shear buckling values for V-LL00 stiffener series.

Corrosion of
longitudinal
stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

Height (mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

Width: 0mm,
ratio: 0%

0 0 545 1.00 810 1.00 1.00 1.00
100 0.1 537.5 0.99 810 1.00 0.99 1.00
200 0.2 532.5 0.98 805 0.99 0.98 0.99
300 0.3 531 0.97 792.5 0.98 0.97 0.98
400 0.4 523 0.96 760 0.94 0.96 0.94
500 0.5 503.5 0.92 735 0.91 0.92 0.91
600 0.6 482.8 0.89 727.5 0.90 0.89 0.90
700 0.7 467.2 0.86 717.5 0.89 0.86 0.89
800 0.8 458.05 0.84 715 0.88 0.84 0.88
900 0.9 455.95 0.84 712.5 0.88 0.84 0.88
1000 1.0 446.35 0.82 712.5 0.88 0.82 0.88

Table 2: Shear buckling values for V-LL200 stiffener series.

Corrosion of
longitudinal
stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

Height (mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

Width: 200mm,
ratio: 20%

0 0 513 1.00 810 1.00 0.94 1.00
100 0.1 504 0.98 810 1.00 0.92 1.00
200 0.2 494.35 0.96 802.5 0.99 0.91 0.99
300 0.3 487.3 0.95 777.5 0.96 0.89 0.96
400 0.4 485.35 0.95 750 0.93 0.89 0.93
500 0.5 469.8 0.92 722.5 0.89 0.86 0.89
600 0.6 443.6 0.86 710 0.88 0.81 0.88
700 0.7 425.5 0.83 695 0.86 0.78 0.86
800 0.8 416.95 0.81 685 0.85 0.77 0.85
900 0.9 414.8 0.81 685 0.85 0.76 0.85
1000 1.0 409.25 0.80 685 0.85 0.75 0.85

Table 3: Shear buckling values for V-LL400 stiffener series.

Corrosion of
longitudinal
stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

Height (mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

Width: 400mm,
ratio: 40%

0 0 489.15 1.00 810 1.00 0.90 1.00
100 0.1 479.55 0.98 810 1.00 0.88 1.00
200 0.2 469.15 0.96 797.5 0.98 0.86 0.98
300 0.3 461.8 0.94 770 0.95 0.85 0.95
400 0.4 459.85 0.94 745 0.92 0.84 0.92
500 0.5 449.35 0.92 717.5 0.89 0.82 0.89
600 0.6 420.8 0.86 695 0.86 0.77 0.86
700 0.7 396.9 0.81 682.5 0.84 0.73 0.84
800 0.8 385.1 0.79 667.5 0.82 0.71 0.82
900 0.9 382.5 0.78 665 0.82 0.70 0.82
1000 1.0 380.05 0.78 665 0.82 0.70 0.82
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Table 4: Shear buckling values for V-LL600 stiffener series.

Corrosion of
longitudinal
stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

Height (mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

Width: 600mm,
ratio: 60%

0 0 475.15 1.00 805 1.00 0.87 0.99
100 0.1 465.65 0.98 802.5 1.00 0.85 0.99
200 0.2 453.25 0.96 777.5 0.97 0.83 0.96
300 0.3 443.6 0.94 745 0.93 0.81 0.92
400 0.4 438.9 0.94 725 0.90 0.81 0.90
500 0.5 435.65 0.92 705 0.88 0.80 0.87
600 0.6 409.85 0.86 692.5 0.86 0.75 0.85
700 0.7 383.25 0.81 677.5 0.84 0.70 0.84
800 0.8 364.05 0.79 667.5 0.83 0.67 0.82
900 0.9 357.4 0.78 652.5 0.81 0.66 0.81
1000 1.0 356.5 0.78 652.5 0.81 0.65 0.81

Table 5: Shear buckling values for V-LL800 stiffener series.

Corrosion of
longitudinal
stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

Height (mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

Width: 800mm,
ratio: 80%

0 0 455.5 1.00 802.5 1.00 0.84 0.99
100 0.1 446.65 0.98 785 0.98 0.82 0.97
200 0.2 434.3 0.95 745 0.93 0.80 0.92
300 0.3 424 0.93 717.5 0.89 0.78 0.89
400 0.4 419.25 0.92 697.5 0.87 0.77 0.86
500 0.5 417.1 0.92 680 0.85 0.77 0.84
600 0.6 397.45 0.87 672.5 0.84 0.73 0.83
700 0.7 371.9 0.82 665 0.83 0.68 0.82
800 0.8 350.45 0.77 637.5 0.79 0.64 0.79
900 0.9 337.95 0.74 625 0.78 0.62 0.77
1000 1.0 335 0.74 622.5 0.78 0.61 0.77

Table 6: Shear buckling values for V-LL1000 stiffener series.

Corrosion of
longitudinal
stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

Height (mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

Width: 100mm,
ratio: 100%

0 0 440.25 1.00 750 1.00 0.81 0.93
100 0.1 431.65 0.98 742.5 0.99 0.79 0.92
200 0.2 419.80 0.95 730 0.97 0.77 0.90
300 0.3 410.10 0.93 702.5 0.94 0.75 0.87
400 0.4 406.20 0.92 690 0.92 0.75 0.85
500 0.5 404.00 0.92 675 0.90 0.74 0.83
600 0.6 387.35 0.88 660 0.88 0.71 0.81
700 0.7 363.7 0.83 635 0.85 0.67 0.78
800 0.8 344.25 0.78 625 0.83 0.63 0.77
900 0.9 330.85 0.75 617.5 0.82 0.61 0.76
1000 1.0 324.20 0.74 612.5 0.82 0.59 0.76
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Table 7: Shear buckling values for the V-L-RL200R400 stiffener series.

Corrosion of
longitudinal stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

End (mm) Inner
(mm)

Height
(mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

200
(0.2)

400
(0.4)

0 0 515.5 1.00 770 1.00 0.95 0.95
100 0.1 507.5 0.98 770 1.00 0.93 0.95
200 0.2 498.7 0.97 770 1.00 0.92 0.95
300 0.3 486.35 0.94 767.5 1.00 0.89 0.95
400 0.4 472.55 0.92 747.5 0.97 0.87 0.92
500 0.5 455.75 0.88 727.5 0.94 0.84 0.90

Table 8: Shear buckling values for the V-L-RL200R800 stiffener series.

Corrosion of
longitudinal stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

End (mm) Inner
(mm)

Height
(mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

200
(0.2)

800
(0.8)

0 0 509 1.00 755 1.00 0.93 0.93
100 0.1 507 1.00 755 1.00 0.93 0.93
200 0.2 496.65 0.98 755 1.00 0.91 0.93
300 0.3 476.1 0.94 752.5 1.00 0.87 0.93
400 0.4 455.7 0.90 745 0.99 0.84 0.92
500 0.5 438.75 0.86 720 0.95 0.81 0.89

Table 9: Shear buckling values for the V-L-RL400R400 stiffener series.

Corrosion of
longitudinal stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

End (mm) Inner
(mm)

Height
(mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

400
(0.4)

400
(0.4)

0 0 488.4 1.00 770 1.00 0.90 0.95
100 0.1 481.35 0.99 770 1.00 0.88 0.95
200 0.2 472.8 0.97 770 1.00 0.87 0.95
300 0.3 463.5 0.95 767.5 1.00 0.85 0.95
400 0.4 454.7 0.93 742.5 0.96 0.83 0.92
500 0.5 438.6 0.90 707.5 0.92 0.80 0.87

Table 10: Shear buckling values for the V-L-RL400R800 stiffener series.

Corrosion of
longitudinal stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

End (mm) Inner
(mm)

Height
(mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

400
(0.4)

800
(0.8)

0 0 488.35 1.00 765 1.00 0.90 0.94
100 0.1 482.4 0.99 762.5 1.00 0.89 0.94
200 0.2 473.7 0.97 762.5 1.00 0.87 0.94
300 0.3 459.95 0.94 762.5 1.00 0.84 0.94
400 0.4 444.6 0.91 737.5 0.96 0.82 0.91
500 0.5 428.6 0.88 707.5 0.92 0.79 0.87
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Table 11: Shear buckling values for the V-L-RL600R400 stiffener series.

Corrosion of
longitudinal stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

End (mm) Inner
(mm)

Height
(mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

600
(0.6)

400
(0.4)

0 0 475.45 1.00 770 1.00 0.87 0.95
100 0.1 468 0.98 770 1.00 0.86 0.95
200 0.2 457.35 0.96 770 1.00 0.84 0.95
300 0.3 444.55 0.94 740 0.96 0.82 0.91
400 0.4 432.8 0.91 702.5 0.91 0.79 0.87
500 0.5 423.1 0.89 682.5 0.89 0.78 0.84

Table 12: Shear buckling values for the V-L-RL600R800 stiffener series.

Corrosion of
longitudinal stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

End (mm) Inner
(mm)

Height
(mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

600
(0.6)

800
(0.8)

0 0 476.3 1.00 755 1.00 0.87 0.93
100 0.1 469.3 0.99 755 1.00 0.86 0.93
200 0.2 458.45 0.96 755 1.00 0.84 0.93
300 0.3 442.25 0.93 742.5 0.98 0.81 0.92
400 0.4 426.55 0.90 702.5 0.93 0.78 0.87
500 0.5 414.35 0.87 680 0.90 0.76 0.84

Table 13: Shear buckling values for the V-L-RL800R400 stiffener series.

Corrosion of
longitudinal stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

End (mm) Inner
(mm)

Height
(mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

800
(0.8)

400
(0.4)

0 0 458.45 1.00 772.5 1.00 0.84 0.95
100 0.1 450.45 0.98 772.5 1.00 0.83 0.95
200 0.2 438.3 0.96 745 0.96 0.80 0.92
300 0.3 424.45 0.93 707.5 0.92 0.78 0.87
400 0.4 413.8 0.90 682.5 0.88 0.76 0.84
500 0.5 407.8 0.89 667.5 0.86 0.75 0.82

Table 14: Shear buckling values for the V-L-RL800R800 stiffener series.

Corrosion of
longitudinal stiffener

Corrosion of vertical
stiffener

Critical shear buckling
load (𝑃cr)

Shear buckling strength (𝑃
𝑢
) With corrosion/without corrosion

End (mm) Inner
(mm)

Height
(mm) Ratio Load (kN) Ratio Load (kN) Ratio 𝑃cr ratio 𝑃

𝑢
ratio

800
(0.8)

800
(0.8)

0 0 460.8 1.00 755 1.00 0.85 0.93
100 0.1 451.85 0.98 755 1.00 0.83 0.93
200 0.2 439 0.95 742.5 0.98 0.81 0.92
300 0.3 422.6 0.92 707.5 0.94 0.78 0.87
400 0.4 409.55 0.89 682.5 0.90 0.75 0.84
500 0.5 401.4 0.87 665 0.88 0.74 0.82
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Figure 18: Shear buckling ratio of V-L stiffener corrosion series for no corrosion damage.

coefficient (𝐶V) of (6) are suggested to be given by (7) and
(8a), (8b), and (8c), respectively:

𝑉

𝑛
= 𝑉

𝑝
(𝐶V +

0.87 (1 − 𝐶V)

√1 + (𝑑0/ℎ𝑤)
2
), (6)

𝑉

𝑝
= 𝜏

𝑦
ℎ

𝑤
𝑡

𝑤
=

𝑓

𝑦

√3
ℎ

𝑤
𝑡

𝑤
= 0.58𝑓

𝑦
ℎ

𝑤
𝑡

𝑤
, (7)

𝐶V = 1.0 for
ℎ

𝑤

𝑡

𝑤

≤ 1.12√

𝑘V𝐸

𝑓

𝑦

, (8a)

𝐶V = 1.12
√𝑘V𝐸/𝑓𝑦

ℎ

𝑤
/𝑡

𝑤

,

for 1.12
√𝑘V𝐸

𝑓

𝑦

<

ℎ

𝑤

𝑡

𝑤

≤ 1.40√

𝑘V𝐸

𝑓

𝑦

,

(8b)

𝐶V =
1.57𝑘V𝐸

(ℎ

𝑤
/𝑡

𝑤
)

2

𝑓

𝑦

, for 1.40√
𝑘V𝐸

𝑓

𝑦

<

ℎ

𝑤

𝑡

𝑤

, (8c)

where the buckling coefficient (𝑘V) is suggested to be as shown
in

𝑘V = 5+
5
(𝑑0/ℎ𝑤)

2 . (9)

For calculation by AASHTO and AISC design specifi-
cations, the critical shear buckling load of web panel (1000

× 1000mm) using (4a), (4b), and (4c) was calculated as
402 kN, and the shear buckling strength of the web panel
was calculated as 709 kN for AASHTO, and 731 kN for
AISC. In this study, vertical stiffener cases with 0∼100%
corrosion damage have been considered to examine the
effect of corrosion damage of the stiffener on shear buckling
behaviors of the web panel. However, it is difficult for a
vertical stiffener to fully corrode (100% corrosion) under
a real atmospheric corrosion environment. Therefore, the
shear buckling strength of vertical stiffener cases with 0∼
50% corrosion damage was considered, to compare the shear
buckling values of the web panel stiffened by stiffeners with
design values. Figure 21 shows a comparison of the shear
buckling strengths for each analysis case of the stiffener
corrosion model. As shown in Figure 21, on the whole, shear
buckling strengths of the web panels stiffened by stiffeners
were shown to be higher than the design value, except for the
multiply severely corroded stiffener cases.However, after 40%
corrosion damage of the vertical stiffener, its shear buckling
strength can decrease below the design value. Therefore, the
corrosion ratio of the vertical stiffener should be checked, to
repair or reinforce the web panel with a corroded stiffener.

4. Conclusions

This study examined the shear buckling failure and strength
of web panels stiffened by stiffeners, to evaluate the effect of
corroded stiffeners on shear buckling behaviors, according
to the local corrosion damage of the stiffener. Therefore, for
stiffener corrosion cases in the plate girder, nonlinear FE
analyses were conducted, and their shear buckling behaviors
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(b) L-stiffener: 20–80% corrosion damage
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(d) L-stiffener: 40–80% corrosion damage
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Figure 19: Continued.
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Figure 19: Shear buckling load and ratio of the V-L-R stiffener corrosion model.
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Figure 20: Shear buckling ratio of V-L-R stiffener corrosion series for no corrosion damage.

were compared, as well as the change in the shear buckling
strength of the web panel, depending on the degree of
corrosion of the vertical and longitudinal stiffeners. For shear
buckling failure mode, basically, they were shown to have
a typical shear buckling failure mode, related to the shear
resistance of a web panel with a diagonal tension field. Their
tensile field band shapes were more clearly going down in
a tension field direction of the web panel affected by weak

stiffened damaged stiffeners, depending on the degree of
corrosion damage of the vertical stiffener. This tendency can
be found in the load out-of-plane displacement in the center
web panel, and themaximum out-of-plane displacement also
changed, according to the mechanical relationship between
the web panel and the vertical and longitudinal stiffeners in
the plate girder. Their critical shear buckling load and shear
buckling strength decreased, depending on the corroded
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Figure 21: Comparison of the shear buckling strengths for each analysis case.

height of the vertical stiffener and the corroded width of the
longitudinal stiffener from 82% to 59% of the critical shear
buckling load, and from 88% to 76% of the shear buckling
strength, since the shear buckling behaviors of the web panel
are determined by the shear resistance of the web panel
stiffened by each stiffener. For over 40% corrosion damage
of the vertical stiffener, the corrosion ratio of the vertical
stiffener should be considered to repair or reinforce the web
panel with a corroded stiffener, since their shear buckling
strengths can decrease below the design value.

In this study, the shear buckling behaviors of a web panel
stiffened by stiffener with corrosion damage were examined.
Their shear buckling failure behaviors and the change in the
shear buckling strength were found to be insufficient for all
web panel conditions with stiffener. For more effective results
on the shear buckling behavior of web panel, various design
conditions of the web panel and the corrosion conditions
should be considered.
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