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Abstract. The residual stresses resulting from a welding process in which plates and
stiffeners are joined have a detrimental effect on the ultimate strength of stiffened plates
and they have to be carefully analyzed. Therefore, the ultimate compressive strengths
of U-rib stiffened plates with various combinations of column and plate slenderness pa-
rameters were evaluated using nonlinear Finite Element Analysis (FEA). The effect of
straightening the distortion caused by the application of residual stresses on the strength of
these plates was investigated. It was found that the straightening process could increase
the ultimate strength up to 15% even though the displacements caused by the residual
stresses could increase up to three times the initial geometric imperfection. FEA results
were also compared with the strength predictions from the Federal Highway Administra-
tion (FHWA). For the stiffened plates whose plate slenderness parameters were greater
than 0.9, the FHWA predictions were not conservative in the region having relatively low
column slenderness parameter values.
Keywords: Ultimate compressive strengths, Stiffened plates, U-rib, Residual stresses,
Initial geometric imperfection, Straightening distortion, FHWA

1. Introduction. Stiffened steel plates having a high strength-to-weight ratio are widely
used in a variety of engineering structures such as bridges, ships and offshore structures;
this is because the addition of a few stiffeners to the plates produces considerably stiffer
systems [1]. Currently, in addition to open-type stiffeners, U-rib stiffeners with excellent
torsional rigidity are also frequently used in engineering applications [2].

To predict the accurate in-plane ultimate compressive strength of these stiffened plates
through numerical computations, ultimate strength analysis based on geometric and mate-
rial nonlinear Finite Element Analysis (FEA) should be conducted considering the initial
geometric imperfections and residual stresses [3].

In particular, the residual stresses resulting from a welding process in which plates and
stiffeners are joined have a detrimental effect on the ultimate strength; therefore, atten-
tion should be paid to not only the residual stress themselves but also to the distortions
caused by these stresses in numerical analyses. So far, many researchers have investigated
the inherent strain, which is regarded as the source of residual stresses, through weld-
ing simulations based on thermal elastic-plastic FEA, and applied it to the assembly of
structures to predict residual stresses and welding distortions [4-6]. In addition, they have
focused on minimizing distortions through reverse designing, which finds pre-cambering
shapes and magnitudes beforehand.
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However, precise prediction of welding residual stresses and distortions for large struc-
tures through numerical simulation is still not easy because of the high computational cost.
Moreover, engineers are occasionally equipped with insufficient information for welding
in practical design. Therefore, many researchers have performed ultimate strength anal-
ysis using idealized residual stress models [7,8]. This study reexamines the techniques for
dealing with the stress models required for numerical analysis.
Figure 1 shows typical residual stress patterns commonly used in numerical analysis.

Unlike the third pattern, the first and second patterns cannot meet the moment equilib-
rium requirements with respect to the neutral axis owing to their asymmetric geometry
even if the force equilibrium is satisfied. Hence, the application of residual stresses distorts
the initial shapes of the stiffened plates and affects the ultimate strength. To be precise,
the ultimate strength depends on whether straightening processes are carried out.

Figure 1. Typical residual stress patterns

Basically, two previous approaches, one using a perfect system [9] and the other using
an imperfect system [10], have been used in the straightening processes, and both of them
applied fictitious temperature changes corresponding to the residual stresses on stiffened
plates. In recent studies, residual stress models are directly applied to stiffened plates
based on the initial conditions for analyzing the ultimate strength [7,8,11,12]; however,
the effects of the straightening process on the ultimate strength have not been analyzed
adequately. Therefore, this study analyzed the effects of the straightening process on
the ultimate compressive strength of U-rib stiffened plates by applying a residual stress
model.
Regarding the ultimate compressive strength of stiffened plates, the Federal Highway

Administration (FHWA) provided a strength predictor diagram that could predict the
strength of the plates with two simple slenderness parameters [13,14]. Owing to its simple
yet precise strength prediction, this diagram is widely utilized in designing bridges. This
study also evaluated the FHWA strength predictor diagram by comparing it with FEA
results.

2. Incorporation of Residual Stresses in FE Analysis. Previous approaches used a
temperature change corresponding to residual stresses for the straightening process. For a
simpler and more convenient approach, the residual stresses themselves could be directly
used in the straightening process (hereinafter current approach).
To identify differences in the previous and present load-displacement (hereinafter LD)

curves, a preliminary study based on the perfect system was carried out using the same
stiffened plates as those used in Sheikh’s FE analysis shown in Figure 2. The model details
[9] are summarized in Table 1. Here, Lu, fyp and fys represent the longitudinal length
of the stiffened plates, yield strength of the plates and that of the stiffeners, respectively.
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Figure 2. The stiffened plate used in Sheikh’s study

Table 1. Geometry and material property of the Sheikh’s model (unit:
mm, MPa)

Model ID bp hw bf tp tw tf Lu fyp fys
tp PB 702 150 135 16 12 12 1264 420 420

The others denote each dimension of the model. The study results revealed no significant
difference in the LD curves. Thus, this study used the residual stress model directly for
the straightening process.

An additional preliminary study was performed to identify differences in the ultimate
compressive strengths obtained using a perfect system and an imperfect system. The first
method using a perfect system involved the following three steps. Step 1. The negative
of the desired residual stresses is applied to a perfect system. Step 2. The displacements
produced in Step 1 are added to the desired geometric imperfection to generate stress-
free meshes. Step 3. The desired residual stresses are applied to the stress-free meshes
produced in Step 2 and the equilibrium is determined. After establishing the equilibrium,
axial compressions are applied to the stiffened plates. Similar to the first method, the
second method using an imperfect system also involved the following three steps. Step
1. The negative of the desired residual stresses is applied to an imperfect system. Step
2. Stress-free meshes are generated. Step 3. The desired residual stresses are applied to
the stress-free meshes produced in Step 2 and the equilibrium is determined. The next
step is the same as that in the first method. The second method is more complicated
compared to the first one in terms of implementing the straightening process. Figure 4
schematically illustrates the first and second methods. The additional preliminary study

Figure 3. Comparison between LD curves obtained through (a) the tem-
perature changes & the direct residual stresses, and through (b) the perfect
system and the imperfect system
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Figure 4. The straightening process using (a) a perfect system and (b)
an imperfect system

also revealed no significant difference in the LD curves obtained through the above two
methods as shown in Figure 3(b). Therefore, the first method using a perfect system was
used in the rest of this study to apply the residual stresses.

3. FE Analysis for U-rib Stiffened Plates.

3.1. Geometry and material property of analysis models. The analysis model used
in this study is a stiffened plate system composed of a skin plate and ten longitudinal
U-ribs as shown in Figure 5. B and L denote the width and length of the hypothetical
model, respectively. The geometrical details are summarized in Table 2.
According to the FHWA [13], the normalized ultimate compressive strength of the

stiffened plates, Fu/Fy, is considered a function of the plate slenderness parameter, λpl,

Figure 5. Stiffened plates with U-ribs

Table 2. Geometry of the stiffened plates (unit: mm)

U-rib type a w b h h′ R tr td L
400× 240× 8 400 400 250 240 251 40 8 7-30 1629-9460
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and column slenderness parameter, λcol, and calculated as follows:

Fu

Fy

= f(λpl, λcol), where λpl =
w/td
1.9

√

Fy

E
and λcol =

1

π

√

Fy

E

L

r
(1)

where f denotes the interaction diagram, Fu and Fy are the ultimate compressive strength
and yield strength of stiffened plates, w, td, L, r, and E represent the spacing of the lon-
gitudinal stiffeners, thickness of a flange plate, length of the longitudinal stiffeners, radius
of gyration of stiffener struts and the elastic modulus of stiffened plates, respectively.
Only two design variables, td and L, which were determined from predefined values of
the slenderness parameters are independent variables in this study. To consider material
nonlinearity, SM490Y steel was modeled as the elastic-plastic strain-hardening material,
as shown in Figure 6. The mechanical properties of SM490Y are summarized in Table 3.

Figure 6. Stress-strain relationship

Table 3. Mechanical properties of SM490Y

E (GPa) Fy (MPa) Fu (MPa) εy εsh εu Esh (MPa)
200 355 490 0.0018 0.0210 0.0585 3600

Figure 7. Boundary condition of the stiffened plate

3.2. FE modeling and simulation. The FE program ABAQUS version 6.14 [15] was
utilized in FE modeling and simulation. The stiffened plate was modeled using S4R5
(four-node rectangular shell) elements. All sides of the stiffened plate were assumed
as simple supports. In addition, the two points marked with black spots in Figure 7
were constrained in the longitudinal direction (Ux = 0) to prevent structural instability.
Uniform axial compressions were applied to both transverse edges of the stiffened plate as
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shown in Figure 7. To trace the nonlinear equilibrium path under increasing compressive
forces, the modified Riks method was used.
The initial geometric imperfection significantly influences the ultimate strength. In

this study, the column-type buckling mode, shown in Figure 8, was incorporated in FEA.
The magnitude of the maximum deflection (scaling factor), δI.I., was assumed as L/1000
referring to the Structural Stability Research Council (SSRC) column curve [3]. Figure 9
shows the residual stress pattern assumed in this study, which was suggested by Fukumoto
et al. [16] and has been used in many studies [11,12].

Figure 8. (color online) Initial imperfection mode

Figure 9. Residual stress pattern

4. FE Analysis Results and Discussion. The geometric and material nonlinear FE
analyses for the stiffened plates were conducted and the results obtained are summarized
in Table 4. In Table 4, δmax denotes the resulting vertical displacements (Y direction in
Figure 5) caused by residual stresses in the stress redistribution step; SO and SX denote
the ultimate compressive strengths including and excluding the straightening process,
respectively. In addition, strength increase was calculated as (SO−SX)/SX and expressed
as a percentage. In the last column, FHWA/SO is the ratio of the FHWA strength to the
SO strength. It is evident that the FHWA strength is conservative compared to the FEA
strength when the FHWA/SO values are less than 1 (one).
It was observed that the displacement (δmax) caused by the application of residual

stresses increased significantly for long stiffened plates. In some cases, the imperfection
ratio (δmax/L) was thrice the initial geometric imperfection ratio (δI.I./L) as shown in
Figure 10.
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Table 4. FE analysis results for the hypothetical models

Model λpl λcol

td L δmax

Ultimate compressive strength Fu/Fy Strength

FHWA/SO
(mm) (mm) (mm)

SX SO Increase

(no straightening) (straightening) (%)

A-1

0.3

0.3

30

1629 −0.8 1.001 0.996 −0.5 0.955

A-2 0.5 2716 −2.0 0.974 0.987 1.3 0.890

A-3 0.7 3802 −3.8 0.836 0.860 2.9 0.913

A-4 0.9 4888 −6.1 0.714 0.752 5.3 0.894

A-5 1.1 5975 −8.7 0.637 0.675 6.0 0.815

A-6 1.3 7061 −11.2 0.588 0.625 6.3 0.704

B-1

0.5

0.3

18

1878 −1.1 0.994 0.988 −0.6 0.963

B-2 0.5 3131 −2.8 0.924 0.944 2.2 0.931

B-3 0.7 4383 −5.5 0.787 0.817 3.8 0.961

B-4 0.9 5635 −8.9 0.698 0.731 4.7 0.919

B-5 1.1 6887 −12.4 0.630 0.668 6.0 0.823

B-6 1.3 8140 −15.8 0.585 0.628 7.4 0.701

C-1

0.7

0.3

13

2018 −1.4 0.894 0.914 2.2 0.933

C-2 0.5 3364 −3.6 0.888 0.913 2.8 0.882

C-3 0.7 4709 −6.9 0.753 0.788 4.7 0.955

C-4 0.9 6055 −11.2 0.668 0.707 5.9 0.950

C-5 1.1 7400 −15.6 0.608 0.649 6.7 0.847

C-6 1.3 8746 −19.8 0.567 0.612 7.9 0.719

D-1

0.9

0.3

10

2101 −1.7 0.717 0.712 −0.7 1.075

D-2 0.5 3502 −4.1 0.673 0.694 3.1 1.029

D-3 0.7 4903 −8.1 0.661 0.684 3.5 0.962

D-4 0.9 6304 −13.1 0.638 0.680 6.9 0.869

D-5 1.1 7705 −18.5 0.567 0.621 9.5 0.831

D-6 1.3 9106 −23.6 0.528 0.587 11.2 0.750

E-1

1.1

0.3

8

2152 −1.8 0.664 0.679 2.3 1.008

E-2 0.5 3587 −4.6 0.608 0.635 4.4 1.000

E-3 0.7 5022 −9.1 0.519 0.588 13.3 0.987

E-4 0.9 6457 −14.8 0.481 0.555 15.4 0.939

E-5 1.1 7891 −21.1 0.479 0.542 13.2 0.845

E-6 1.3 9326 −27.1 0.471 0.537 14.0 0.737

F-1

1.3

0.3

7

2183 −1.9 0.638 0.645 1.1 0.958

F-2 0.5 3639 −5.0 0.587 0.555 −5.5 1.033

F-3 0.7 5094 −9.9 0.523 0.559 6.9 0.938

F-4 0.9 6549 −16.2 0.457 0.505 10.5 0.925

F-5 1.1 8005 −23.3 0.402 0.459 14.2 0.887

F-6 1.3 9460 −30.3 0.395 0.443 12.2 0.804

Table 4 showed that the SO method could provide a strength increase up to 15%
compared to the SX method. In addition, the SO method showed strong effects on the
strength where λcol were relatively large. This means the SX method provided conservative
strength estimates in those regions. In case of steel bridges, strengths increases of 3-4%
are expected because the models used practically are C-2 and C-3 [17].

As observed in Table 4, FHWA strengths are less than those determined via FE analysis,
where λpl is less than 0.7. The ratio of the FHWA strength to the SO strength is in
the range 0.701-0.963. However, the models for which λpl is greater than 0.9 showed
that the FHWA strength predictions were not conservative in the region where column
slenderness parameters are relatively small. Therefore, caution is required when using
FHWA predictions in the regions with relatively small column slenderness parameters.
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Figure 10. Additional initial geometric imperfection generated by residual stresses

5. Conclusion. The effects of the straightening the distortions caused by the applica-
tion of residual stresses on the ultimate compressive strength of U-rib stiffened plates
were quantitatively evaluated based on a numerical method using the commercial FEA
program ABAQUS. Totally 36 hypothetical models with various combinations of column
and plate slenderness parameters were developed, and ultimate strength analysis based
on geometric and material nonlinearity using FEA was conducted incorporating initial
geometric imperfections and residual stresses.
In this study, it was confirmed that the fictitious temperature changes corresponding

to the residual stresses and direct use of the residual stresses in the straightening process
provided almost identical results. In addition, there was no significant difference in the
LD curves obtained through a perfect system and an imperfect system. Based on these
results, the straightening process was carried out through the direct use of residual stresses
and the perfect system.
It was observed that the displacement caused by the application of residual stresses in-

creased up to three times the value of L/1000. The strengths obtained in the straightening
process gradually increased when λcol increased. The straightening process could provide
strength increases up to 15%. The FHWA strength predictions appeared to be generally
conservative. However, the models for which λpl was greater than 0.9 showed that FHWA
strength predictions were not conservative. Therefore, caution is required when using
FHWA predictions in regions where column slenderness parameters are relatively small.
This study evaluated effects of the straightening process on the ultimate strength for

the residual stress model proposed by Fukumoto et al. In the future, it is necessary to
confirm the effects for various residual stress models.
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