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Abstract

In high-strength steel structures, local plate buckling is a critical concern due to the slender-
ness of plate elements. This study experimentally and numerically investigated the local
buckling analysis of Q550 high-strength steel stiffened plates with T-ribs under compres-
sion. Five specimens with different base-plate slenderness were fabricated and subjected to
uniaxial compression loading tests. The base plate of all specimens exhibited significant
local out-of-plane deformation, and the T-ribs experienced varying degrees of in-plane
and out-of-plane deformations. The buckling strength of the specimens decreases with
increasing base-plate slenderness. The residual stresses and initial geometric imperfections
of the high-strength steel stiffened plate were experimentally measured. Finite element
(FE) models incorporating the residual stresses and initial geometric imperfections were
established to simulate the buckling behavior of the stiffened plates. The FE models were
validated against the experimental results and a parametric study was further conducted.
The numerical results indicate that both residual stresses and initial geometric imperfec-
tions have a moderate influence on the buckling strength. Furthermore, the formulations in
several national design codes used to account for local buckling effects were evaluated. The
Eurocode provides approximate predictions, while the Chinese code and Japanese code
provide conservative estimations.

Keywords: high-strength steel; local buckling behavior; stiffened plate; initial geometric
imperfection; residual stress; design code

1. Introduction
Steel structures are widely adopted in modern engineering due to their high strength-

to-weight ratio, excellent ductility, and reliable seismic performance. Their prefabrication
capability, rapid construction, and recyclability further enhance economic and environmen-
tal sustainability. Steel stiffened plates, which consist of a base plate and ribs, are effective
and economical systems commonly used in steel structures, for example, serving as funda-
mental components in welded steel box girders, arches, and towers of steel bridges [1–3].
As thin-walled structural components, steel stiffened plates are prone to instability-induced
failure when they are subjected to high compressive loads. This instability may manifest in
several modes, including local buckling of the base plate between ribs, local buckling of the
ribs, overall column-type buckling of the stiffened plate, as well as other possible buckling
modes, significantly reducing structural resistance and stiffness [4].
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From the 1950s onward, with the increasing use of welded stiffened plates in large
steel structures, research attention shifted toward the buckling behavior of plate–stiffener
systems [5]. At the same time, the influence of residual stresses and initial geometric
imperfections began to receive systematic attention. Residual stresses arising from welding
and fabrication were recognized as an important factor affecting plate stability. Initial
geometric imperfections, such as out-of-plane plate deflections and stiffener misalignments,
were also identified as critical parameters governing buckling behavior. From the 1970s to
the 1990s, the accumulation of experimental data enabled the development of simplified
design-oriented buckling models that implicitly account for residual stresses and initial ge-
ometric imperfections [6–9]. The corresponding research results were adopted by multiple
national codes, and design provisions for the local buckling of plates in these codes were
continuously optimized [10–12].

In recent years, high-strength steel (HSS), defined as steel with a yield strength of not
less than 460 MPa, has attracted increasing attention from both practical engineers and
academic researchers, and its usage in contemporary steel construction has become an
important design option [13–15]. The drive for the efficient use of HSS demands structural
components to be designed in a reasonable way to achieve its merits in economy and
safety when compared with conventional mild steel (CMS) [16–18]. In contrast with CMS
structures, the steel plates are usually designed thinner in HSS structures. Although
ribs enhance the overall buckling resistance of stiffened plates, the risk of local plate
buckling increases with decreasing plate thickness. Hence, the plate local buckling behavior
has become a specific critical issue for HSS structures. However, the existing research
results on the local stability of stiffened plates are mostly focused on CMS. The current
Chinese specification for the design of highway steel bridges is only applicable to steel
with a yield strength of up to 420 MPa [10]. The current Eurocode for the design of steel
bridges extrapolates the application scope to steels with a yield strength of 690 MPa [19].
Nevertheless, the Eurocode design method for evaluating the stability resistance of axially
compressed members was primarily developed for CMS structures, and its applicability
to HSS structures remains questionable, which may not fully balance the safety and cost-
effectiveness of HSS structures due to the differences in material properties between CMS
and HSS [18,20,21]. Therefore, it is necessary to conduct a comprehensive study on the
local buckling behavior of high-strength steel stiffened plates.

In practical bridge engineering, stiffeners in stiffened plates come in various forms,
categorized as closed ribs and open ribs. Closed ribs mainly include trapezoidal and
U-shaped cross-sections with high torsional stiffness, excellent stability, and high material
utilization, effectively preventing buckling [22,23]. However, their complex weld connec-
tions and difficulties in internal corrosion prevention and inspection limit their application
range to some extent, especially in steel arches and towers. Open ribs mainly include
flat plates, T-sections, angles, and bulb flats, are easy to connect, inspect, and maintain,
and have a wider range of applications [10,19]. Under axial compression, a stiffened plate
equipped with T-ribs exhibits a stronger restraint against local plate buckling than plates
stiffened with other types of open ribs. Chou et al. [24] carried out axial compression tests
on T-rib-stiffened plates fabricated from Q345 steel, and pointed out that the Japanese
codes overly conservatively underestimate the buckling performance of stiffened plates.
Choi et al. [25] further conducted tests on the ultimate load-bearing capacity of the T-rib-
stiffened plates, and verified that T-ribs possess superior buckling resistance compared
with other open rib stiffened plates. Sadamoto et al. [26] analyzed various buckling failure
modes of T-rib-stiffened plates. Preliminary research on high-strength steel stiffened plates
has been reported in the existing literature [27], which revealed that current design codes
tend to give overly conservative predictions for the buckling behavior of stiffened plates.
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This study investigates the local buckling behavior of the base plate of high-strength
steel stiffened plates under compression. Stiffened plate specimens with T-ribs made of
high-strength steel with a yield strength grade of 550 MPa (Q550) were fabricated for
uniaxial compression tests. The residual stresses of the high-strength steel stiffened plate
were experimentally measured through the destructive sectioning method. Finite element
(FE) models with residual stresses and geometric imperfections taken into consideration
were established and validated by the experiment. Based on the validated FE models,
a parametric analysis was performed to investigate the influence of residual stresses,
geometric imperfections and boundary conditions on the buckling behavior. Finally, the
design formula in various national codes accounting for the local buckling behavior of
stiffened plates was evaluated.

2. Experimental Program
2.1. Material Properties

This study investigated T-rib-stiffened plates fabricated with Q550 high-strength steel
(i.e., having a yield strength ≥ 550 MPa). The material properties of the employed Q550 steel
were measured through tensile coupon tests. The stiffened plate specimens (as introduced
in the following subsection) were made of Q550 steel plates with thicknesses of 6 mm and
8 mm, and the corresponding stress–strain curves are presented in Figure 1. The average
measured values of the key mechanical properties, including the Young’s modulus E, the
yield strength fy, the ultimate strength fu, the strain at the end of the yield plateau εsh, and
the strain at the ultimate strength εu, are summarized in Table 1. The actual yield strengths
of the 6 mm and 8 mm steel plates were 15.1% and 12.7% higher than the specified yield
strength (550 MPa).

Figure 1. Stress–strain curves of Q550 steel.

Table 1. Average measured material properties of Q550 steel.

Steel Grade Thickness E f y f u εsh εu

Q550 6 206 633 722 0.014 0.107
8 203 620 702 0.017 0.111

2.2. Specimen Design

Stiffened plates with three T-ribs, as shown in Figure 2, were designed as specimens
for uniaxial compression tests and their respective dimensional parameters are listed
in Table 2. The experimental program included residual stress measurements, initial
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geometric imperfection measurements and uniaxial compression tests, as detailed in the
following subsections.

Figure 2. 3D sketch of stiffened plate specimens for uniaxial compression tests.

Table 2. Specimen dimensional parameters.

Specimen Test *
Size of Base Plate (mm) Plate Slenderness

of Base Plate Unit Size of T-rib (mm) Total
Area(mm2)L B b tb Nominal True hw tw wf tf

S04 UCT 360 360 120

8

0.40 0.44

75 6 56 6

5454
S07 UCT 630 630 210 0.70 0.76 7614
S10 UCT 900 900 300 1.01 1.09 9774
S13 UCT 1170 1170 390 1.31 1.42 11,934
S16 UCT 1440 1440 480 1.61 1.74 14,094

RS16 RSM 2880 960 480 1.61 1.74 9396
* UCT: uniaxial compression tests. RSM: residual stress measurements.

The dimensions of the specimens for uniaxial compression tests were specifically
designed as follows. The plate slenderness λp, calculated via Equation (1) cited from design
codes, represents the critical parameter governing plate buckling strength [10–12]. Based
on the nominal yield strength of Q550 steel (550 MPa), the plate slenderness of the base
plate unit (hereafter referred to as the base-plate slenderness) was designed as 0.4, 0.7, 1.0,
1.3, and 1.6 (corresponding to the nominal values in Table 2) for investigating the effect of
plate slenderness.

λp =

(
b
t

)√
12(1 − µ2) fy

kEπ2 (1)

where b and t are the width and thickness of plates; µ is Poisson’s ratio; E is the Young’s
modulus; k denotes the buckling coefficient and is assigned a value of 4.0, as the stiffeners
are designed with sufficient rigidity; and fy is the yield strength.

As the local buckling of the base plate in the high-strength steel stiffened plate was
the primary focus of this study, the dimensions of the T-ribs were intentionally designed
to satisfy the requirements for rigid ribs according to the design code [10]. Therefore,
the stiffened plate was divided into several base plate units by rigid ribs. The spacing b
between adjacent stiffeners served as the width of the base plate, and the thickness tb of the
stiffened plate was taken as the thickness of the base plate. The specimen length L was set
to three times the base plate width, so as to guarantee identical aspect ratios and enable
the target local buckling to occur. The T-rib flange-to-web joints and the T-rib-to-base plate
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joints were fillet-welded with a nominal leg size of 6 mm. Notably, the cross-sectional area
of fillet-welded was incorporated into the total cross-sectional area A.

As shown in Table 2, a total of five stiffened plate specimens for uniaxial compression
tests were fabricated. The label for each specimen (e.g., S04) consists of the letter “S” to
denote the abbreviation of “stiffened plate” and the number (e.g., 04) to denote the nominal
base-plate slenderness (e.g., 0.40). Based on the measured material properties of Q550
steel listed in Table 1, the true base-plate slenderness of each stiffened plate specimen was
computed and presented in Table 2.

2.3. Residual Stress Measurements

Residual stresses are predominantly caused by the heat imparted to the plate along a
weld, typically fillet welds of attached ribs [28,29]. The rapid heating of the separate parts
and subsequent cooling of the welded assembly introduces a tensile stress zone close to the
weld which is balanced by compressive stress zones away from the weld.

The destructive sectioning method is widely used in residual stress measurements for
steel members [1]. To examine the residual stress distribution of the specimens, a stiffened
plate specimen RS16, as plotted in Figure 3a, was prepared for destructive sectioning. The
specimen RS16 with two T-ribs can be regarded as the stiffened plate shown in Figure 2
with a T-rib and a base plate unit removed. The specimen was 960 mm wide and 2880 mm
long, with all other dimensions identical to those of specimen S16, as shown in Table 2.

Figure 3. Residual stress measurements.

The sectioning region with a length of 280 mm was set in the middle and gauge holes
were drilled with 250 mm longitudinal spacing. The strips with a width of approximately
10 mm were sectioned by a wire cutting machine. The actual hole distances were measured
by YB-25 strain gauge before and after the cutting operation, as shown in Figure 3c. In ad-
dition, a reference strip was employed for temperature compensation. Notably, significant
strip bending did not occur throughout testing, and geometric deformation effects were
therefore neglected.

2.4. Initial Geometric Imperfection Measurements

Initial geometric imperfections are important factors affecting structural stability [23,30].
Thus, the initial geometric imperfections of the specimens, particularly the initial out-of-
plane imperfections of the base plate, were carefully measured using a similar method
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to that adopted in Refs. [1,31]. The initial geometric imperfections were quantified by
establishing a reference plane using steel rulers and measuring the distance from the
base plate surface to the reference plane with a digital depth gauge. The accuracy of the
digital depth gauge was 0.01 mm. In practice, the measurement error was approximately
±0.05 mm, and its influence on the test results was negligible. Figure 4 shows the layout of
the measurement points for the initial geometric imperfections.

Figure 4. Measurement points for geometric imperfections layout.

As the local buckling of the base plate was likely to occur between adjacent T-ribs, the
local buckling behavior was considered sensitive to the initial local imperfections of the
base plate between adjacent T-ribs. Thus, the measurement points W2 and W6 are taken as
the zero reference points. Table 3 records the initial geometric imperfections measurement
results of specimens. The initial imperfections of all specimens primarily manifested as
a protrusion on the base plate side. The imperfection amplitude-to-width (B) ratios were
1/325, 1/271, 1/203 and 1/314, and 1/236 for specimens S04 to S16, respectively.

Table 3. Measured local initial geometric defects of specimens.

Specimen W1 W3 W4 W5 W7 Wi-max/B

S5-120-04 −0.25 0.20 0.37 0.19 −0.26 1/325
S5-210-07 −0.51 0.51 0.77 0.48 −0.49 1/271
S5-300-10 −1.46 0.61 1.48 0.48 −1.17 1/203
S5-390-14 −0.81 0.55 1.24 0.42 −0.86 1/314
S5-480-17 −1.38 0.87 2.03 0.81 −1.54 1/236

2.5. Uniaxial Compression Tests

The loading setup for uniaxial compression tests is shown in Figure 5. The specimens
were vertically placed and axially compressed in the testing machine with a loading capacity
of 20,000 kN. To restrain translational displacement at both ends of the stiffened plate
specimens during axial compression, two limiting plates with a groove and two bearing
plates without a groove were designed to match each specimen, as shown in Figure 5c. The
groove in the limiting plates was slightly larger than the cross-section of the corresponding
specimen. The process of installing the specimens into the loading device was as follows:
(1) two limiting plates were bolted to the bearing plates to form two double-layer plates;
(2) both ends of each specimen were inserted into the grooves of the two double-layer
plates; (3) the gaps between the grooves and the specimen were filled with small steel
pieces; (4) the assembled specimen and double-layer plates were placed into the loading
device. During the loading process, the double-layer plates ensured that the specimens
were subjected to uniform compression without lateral movement. In addition, two angles
were connected by bolts to clamp the base plate on each lateral side, ensuring that local
buckling occurred first in the base plate between the T-ribs.
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Figure 5. Loading setup for uniaxial compression tests.

The instrumentation for each specimen, comprising four linear variable differential
transformers (LVDTs), is shown in Figure 6a. Four LVDTs were set up in the longitudinal
direction to monitor the axial shortening of the specimens. Moreover, the strain gauges
shown in Figure 6b were attached to the cross-sections of the specimens at the quarter
points along the longitudinal direction, namely cross-sections N1, N2 and N3, to record the
axial strain of the base plate. The strain gauges used are of type BX120-3AA.

Figure 6. Instrumentation in uniaxial compression tests.

The pre-loading was carried out for each specimen to check the channels of the
monitoring system, the alignment of the specimen, and to eliminate the gaps between
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the loading device and the specimen. During the formal loading stage, a load-controlled
loading protocol was adopted with a loading rate of approximately 2 kN/s. When the
load value reached approximately 80% of the estimated bearing capacity of the specimens,
or when minor local buckling deformation was observed in the base plate, loading was
switched to displacement control at approximately 0.1 mm/min. The test was terminated
when the load dropped to approximately 80% of the peak value or when pronounced
buckling occurred in the specimens.

3. Experimental Results
3.1. Residual Stresses

Residual stresses were measured as described in Section 2.3, and the results from the
two T-ribs and the corresponding base plate units were averaged to obtain the magnitude
and distribution of longitudinal residual stresses across the cross-section, as shown in
Figure 7a. A peak tensile stress of 548 MPa (0.88 fy) was observed near the weld on the base
plate, while the average compressive stress between the ribs was approximately −50 MPa
(−0.08 fy). In the T-rib flanges, the peak tensile stress reached 547 MPa (0.88 fy), similar
to that in the base plate, whereas the peak compressive stress was −263 MPa (−0.42 fy).
In the T-rib webs, the peak tensile and compressive stresses reached 493 MPa (0.79 fy)
and −225 MPa (−0.36 fy), respectively. Based on the distribution model proposed in the
reference [32–34], combined with the test results, a simplified model distribution was
obtained, as shown in Figure 7b.

Figure 7. Residual stresses of stiffened plates. (a) Measured stresses (MPa). (b) Simplified model in
Refs. [32–34].

3.2. Uniaxial Compression Test Results
3.2.1. Failure Modes

The failure modes of all specimens in the uniaxial compression tests are presented
in Figure 8. Significant local out-of-plane deformation was observed in the base plate
of the specimens, and the T-ribs exhibited varying degrees of in-plane and out-of-plane
deformations, indicating interactive buckling characterized by coupled deformation be-
tween the base plate and the T-ribs. For specimens S07 to S16, a half-wave deformation
pattern developed in the base plate between adjacent T-ribs, representing a buckling mode
dominated by local buckling of the base plate. In contrast, for specimen S04 with the
smallest base-plate slenderness, no such half-wave pattern was observed in the base plate
between the T-ribs, and the T-ribs underwent pronounced flexural deformation along their
full length, suggesting a buckling mode governed by plate–stiffener interaction.

https://doi.org/10.3390/infrastructures11070245
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Figure 8. Failure modes of specimens in uniaxial compression tests.

The region of maximum local out-of-plane deformation differed among the specimens,
occurring near mid-length of specimen S04, in the lower region of specimens S07 and S16,
and in the upper region of specimens S10 and S13, which might be attributed to differences
in initial imperfections and residual stresses. In addition, although steel pieces were used
to fill the gaps between the grooves of the double-layer plates and the specimens, there
were still some minor gaps after filling, which might also affect the location of maximum
local out-of-plane deformation.

Note that the failure modes shown in Figure 8 correspond to the post-peak conditions
and are influenced by the post-peak loading process. After the peak load was reached,
the load decreased while deformation continued to increase; longer post-peak loading
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resulted in more pronounced deformation. Nevertheless, the post-peak loading process
did not affect the analysis of the buckling behavior (corresponding to the peak load). The
base-plate deformations in specimens S13 and S16 were relatively limited compared with
those in the other specimens, because loading was terminated shortly (earlier than for the
other specimens) after the maximum load was reached for safety reasons.

The failure processes of all specimens were similar, and specimen S16 was taken as a
representative example to illustrate the overall failure process. For specimen S16, when the
applied load reached approximately 3800 kN (61.0% Pu-s16, where Pu-s16 denotes the bearing
capacity of specimen S16), minor out-of-plane deformation of the base plate was observed
near cross-section N3. When the load increased to 6226 kN (Pu-s16), both the amplitude and
range of the out-of-plane deformation of the base plate increased, accompanied by minor
deformation of the T-ribs. As the loading block of the loading device continued to move
downward, the deformations of both the base plate and the T-ribs became progressively
more pronounced, while the load decreased continuously.

Based on the loading process of all specimens, the failure development process of the
specimens can be roughly divided into three stages. In Stage 1, the deformation remained
visually unnoticeable as the load increased. In Stage 2, with further loading, minor out-
of-plane deformation developed in the base plate. Upon reaching the ultimate load, the
local deformation of the base plate intensified, accompanied by deformation of the T-ribs to
varying extents. In Stage 3, the load decreased with increasing axial shortening, while the
deformation of the base plate continued to evolve and the T-ribs exhibited varying degrees
of in-plane and out-of-plane deformations.

3.2.2. Average Stress–Axial Shortening Relationship

To analyze whether the specimens yield under the peak load in the test, the load
sustained by the specimens was divided by the cross-sectional area (including the fillet
welds) to obtain the average stress of the cross-section. The average stress–axial shortening
curves of all specimens are shown in Figure 9, and the buckling strengths of the stiffened
plates are presented in Table 4. The buckling strength σb was defined as the ratio of the
ultimate bearing capacity to the cross-sectional area.

Figure 9. Average stress–axial shortening relationship in uniaxial compression tests.

The average stress–axial shortening curves of the specimens exhibit the same trend
and can be divided into three stages, which correspond to the three stages of the specimen
failure process described in Section 3.2.1. In Stage 1, as the load increased, the axial
shortening increased almost linearly. In Stage 2, local out-of-plane deformation progressed,
leading to a gradual reduction in axial stiffness until the peak load was reached. In Stage
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3, the axial shortening continued to increase and the load gradually decreased (instead of
dropping suddenly), with the specimens still possessing a substantial load-bearing capacity
to resist the load. Note that the loading of specimens S13 and S16 was terminated shortly
after the peak load was reached for safety concerns, and as such their post-peak curves
were not obtained.

Table 4. Comparison of bearing capacities and buckling strengths.

Specimen Bearing
Capacity (kN)

Buckling
Strength
σb (MPa)

Yield Strength
of the Base Plate

fy (MPa)
σb/fy

S04 3806 698

624

111.9%
S07 4671 613 98.2%
S10 5112 523 83.8%
S13 5603 469 75.2
S16 6226 442 70.8%

When the load reached the ultimate bearing capacity, the average stress of specimen
S04 exceeded the yield strength of the base plate, whereas the average stresses of the other
specimens were lower than the yield strength. Table 4 shows that the buckling strength
decreases with increasing base-plate slenderness, and specimen S16 exhibits the lowest
buckling strength among all specimens, corresponding to 70.8% of the yield strength.

3.2.3. Average Stress–Axial Strain Relationship

The average stress–axial shortening relationship reflects the changes in the overall
stiffness of the stiffened plate specimens under compression, while the average stress–axial
strain relationship can clearly reflect the local out-of-plane deformation of the base plate.
As shown in Figure 6, strain gauges were arranged on cross-sections N1, N2, and N3 of each
specimen to monitor the axial strain. Based on the failure mode of each specimen shown
in Figure 8, the average stress–axial strain curves are plotted according to the axial strain
of the cross-section closest to the location with the most pronounced local out-of-plane
deformation, as shown in Figure 10. For specimens S04, S07, S10, S13 and S16, the axial
strains of base plate at cross-sections N1, N3, N2, N2 and N3 are presented, respectively.

For specimen S04 with the smallest base-plate slenderness, local out-of-plane defor-
mation occurred in the base plate with full-section yielding, as shown in Figure 10a. In
the initial stage of the test, the compressive strain distribution at various locations on the
base plate was relatively uniform, indicating a state of uniform compression across the
entire cross-section. As the load approached the peak value, local out-of-plane deformation
occurred in the base plate, and the two surfaces of the base plate at this location were
subjected to local tension and compression, respectively. The local tensile strain generated
on the tension surface partially counteracted the axial compressive strain, resulting in a
reduced strain growth rate of the base plate near the deformation region.

For specimens S07 to S16, which have relatively larger base-plate slenderness, the
compressive strain distribution at different locations in the base plate was relatively uniform
during the initial stage of the test. However, when local out-of-plane deformation occurred
in the base plate, the average stress–axial strain curve showed a clear inflection point.
Taking specimen S16 as a representative example, as shown in Figure 10e, during the initial
loading stage, the specimen remained in the linear elastic range, and the compressive strain
at each measuring point on cross-section N3 was uniformly distributed. When the average
stress increased to approximately 235 MPa, the compressive strain values at measuring
points N3-M2_B and N3-M4_A began to decrease, corresponding to a clear inflection point
on the average stress–axial strain curves. The two measuring points on the back of the base
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plate at the same location, measuring points N3-M2_A and N3-M4_B, showed opposite
strain responses.

The average stress–axial strain responses of the specimens showed a similar trend. In
the initial loading stage, the compressive strain distribution in the base plate was relatively
uniform, indicating an approximately uniform compression state across the cross-section.
With further increase in the average stress, local out-of-plane deformation developed in the
base plate, leading to a rapid increase or decrease in axial compressive strain, and in some
cases, a transition to tensile strain.

Figure 10. Average stress–axial strain relationship in uniaxial compression tests.
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4. Numerical Analysis of Uniaxial Compression Tests
4.1. Finite Element Models

In conjunction with the experimental investigations, numerical analyses were per-
formed to develop reliable FE models capable of reproducing the test results and providing
deeper insight into the buckling behavior. Details of the numerical investigations are
presented in this section.

FE models of the uniaxial compression tests were established in ABAQUS, as shown
in Figure 11. In each FE model, the stiffened plate specimen including the fillet welds
was built and meshed with the S4R element (i.e., a four-node shell element with reduced
integration from the ABAQUS element library), which was successfully applied in previous
numerical investigations of stiffened plate buckling [28,35]. The fillet welds were assumed
to be symmetric and represented by two web elements with equal height but different
widths (i.e., thicknesses), as illustrated in Figure 11 [36]. The global mesh was applied
using a size of b/20 (b denotes the width of the base plate unit shown in Figure 2).

Figure 11. Finite element models.

With regard to the boundary conditions, each end cross-section of the stiffened plate
specimens was coupled to a reference point, positioned on the centroid axis of the cross-
section, by means of kinematic coupling constraints. Two reference points were denoted as
RP-1 and RP-2, as shown in Figure 11. Since the ends of the stiffened plate specimens were
constrained by two double-layer plates in the experiment, all translational and rotational
degrees of freedom of RP-1 and RP-2 were constrained, except for the translational degree
of freedom in the Y direction of RP-1. The uniaxial compression was applied to the stiffened
plate specimens by applying the load at RP-1 in Y direction. In addition, the translational
degree of freedom in Z direction of the nodes on the two side edges of the stiffened
plate specimens was constrained to simulate the stiffening from angles, as described in
Section 2.5, and the unconstrained lengths at the top and bottom ends of two side edges
were 20 mm.

The multilinear kinematic hardening model plotted in Figure 12 was used as the
constitutive model of both the base plate and the T-ribs, with the corresponding parameters
listed in Table 1. The true stress–strain relationship was implemented in ABAQUS by
converting the nominal stress and strain through Equations (2) and (3).

σtrue = σnorm(1 + εnorm) (2)

εtrue = ln(1 + εnorm) (3)
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where σtrue and εtrue are true stress and strain; and σnorm and εnorm are nominal stress
and strain.

Figure 12. Multilinear kinematic hardening model.

Initial geometric imperfections and residual stresses were simulated simultaneously
in each FE model. There are two commonly used methods for introducing initial geometric
imperfections in FE models: (1) the superposition of buckling eigenmodes (hereinafter
referred to as the Eigenmode method), (2) the direct translation of nodes (hereinafter
referred to as the Translation method) [37]. The Translation method can introduce initial
imperfections that are more in line with the actual situation. However, the Eigenmode
method is easier and more generally applicable for introducing initial imperfections in FE
models. Therefore, both methods for introducing initial imperfections in FE models were
adopted and compared here. For the Eigenmode method, the first eigenmode obtained
from modal analysis was used as the initial imperfection shape, and the imperfection
amplitude was taken from the initial local imperfection amplitude “Wi-max/B” of the base
plate shown in Table 3. For the Translation method, the initial imperfections recorded in
Table 3 were directly imported into the FE models. Specimens S04 and S16 were selected
as representative cases, and their first eigenmodes from the modal analysis were shown
in Figure 13. The first eigenmodes exhibit a buckling mode dominated by local buckling
of the base plate, accompanied by slight T-rib deformation. Figure 14 shows the result of
introducing the initial imperfections into specimen S16 using the Translation method.

Figure 13. First eigenmode of specimens S04 and S16 (mm).
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Figure 14. Initial imperfections of S16 imposed by Translation method.

The residual stress distribution in the base plate was assumed to follow the model
shown in Figure 7b, as reported in Refs. [32–34]. While previous studies commonly assumed
the peak tensile residual stress σt to be fy, the measured value of 0.9 fy was adopted in
the present study. Based on the determined σt value, using the self-balancing principle
and the literature, the residual compressive stress σc corresponding to different sizes of
substrates can be calculated, thereby defining the residual stress distributions in the base
plates of the specimens. In addition, the residual stress distributions in the T-ribs were
taken from the measured results of the T-ribs in specimen RS16. These residual stresses
were introduced as initial stresses in the elements of the FE models, and the resulting
residual stress distribution for specimen S16 is shown in Figure 15.

Figure 15. Residual stresses of specimen S16 (MPa).

4.2. Validation of Finite Element Models
4.2.1. Comparison of Failure Modes from Tests and FE Models

The five specimens in uniaxial compression tests were simulated. Two initial geometric
imperfection introduction methods were employed for the simulation (due to incomplete
initial geometric imperfection measurement data for specimen S04, it was only analyzed
using the Eigenmode method, whereas specimens S07 to S16 were analyzed using both
imperfection introduction methods).

Figure 16 shows the deformations at the true scale of the FE model for specimen
S04 and the two FE models for specimen S16 under almost the same maximum loading
displacement as in the tests. The deformation of specimen S04 in Figure 16a almost matches
the actual failure mode shown in Figure 8a. The location of the maximum local deformation
in specimen S16 in Figure 16b,c differs from that in Figure 8e; however, the failure mode
is dominated by large local out-of-plan deformation of the base plate, consistent with the
experimental results. A similar phenomenon was observed in the numerical simulations of
specimens S07 to S13. This discrepancy might be attributed to differences between the actual
boundary conditions in the experiments and the idealized boundary conditions assumed
in the FE simulations. In the tests, the boundary conditions were realized using grooves in
double-layer plates and small filling steel pieces. As a result, contact between components
was not perfectly tight, with minor gaps in some regions and stress concentrations in others,
such that the end constraints of the specimens could not be fully idealized. Consequently,
noticeable local buckling in some specimens occurred near the top or bottom ends during
the experiments.
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Figure 16. Deformations of specimens S04 and S16 from FE models (mm).

4.2.2. Comparison of Average Stress–Axial Shortening Curves from Tests and FE Models

The reaction of average stress to axial shortening of the specimens obtained from the
FE models is plotted in Figure 17. It is clearly shown that the average stress–axial shortening
curves agree reasonably well with test results, but the curves exhibit minor discrepancies
at the ultimate stage. The corresponding buckling strengths of specimens from the tests
and FE models are compared in Table 5. The discrepancy between the numerical and
experimental buckling strengths of specimens is limited to 4.6%. As mentioned above,
this difference may be due to factors such as the gaps between the specimens and the
double-layer plates in the tests, which differ from the ideal conditions of the FE models.

Table 5. Comparison of buckling strengths from tests and FE models.

Specimen

Buckling Strength
SFE-EM
/SExp
−1

SFE-TM
/SExp
−1

SFE-TM
/SFE-EM

−1
Experiment

FE Model
(Eigenmode

Method)

FE Model
(Translation

Method)
SExp (MPa) SFE-EM (MPa) SFE-TM (MPa)

S04 698 666 / −4.6% / /
S07 613 620 632 1.1% 3.0% 1.9%
S10 523 526 537 0.6% 2.7% 2.0%
S13 469 478 480 1.8% 2.3% 0.5%
S16 442 433 429 −2.0% −2.9% −0.9%

According to the simulation results of specimens S07 to S16, the average stress–axial
shortening curves obtained from the FE models with initial imperfections introduced by
the two methods are slightly different, and the difference in buckling strength is within
2.0%. This indicates that both methods are suitable for imposing initial imperfections on
the FE models for simulating the buckling behavior of the specimens.

Consequently, by comparing the failure modes and buckling strengths of speci-
mens from the test and simulation results, the FE models presented in Section 4.1 are
able to predict the local buckling of the high-strength steel stiffened plate with T-ribs
under compression.
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Figure 17. Average stress–axial shortening curves from tests and FE models.

4.3. Validation of Failure Modes

Figure 18 shows the out-of-plane deformations of specimens S04 and S16 at the peak
load obtained from the validated FE analysis. The deformation mode of specimen S04 in
Figure 18a differs from the first eigenmode shown in Figure 13a, whereas that of specimen
S16 in Figure 18b is generally consistent with the first eigenmode in Figure 13b. This
comparison provides evidence that the failure modes of specimens S07 to S16 are dominated
by instability of the base plate between adjacent T-ribs, while specimen S04 exhibits a
buckling mode governed by plate–stiffener interaction, as described in Section 3.2.1.
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Figure 18. Out-of-plane deformations of specimens S04 and S16 from FE models (mm).

4.4. Parametric Analysis

Based on the verified FE models, a parametric study was carried out to discuss
the influences on buckling behavior from three variables, including (1) initial geometric
imperfections, (2) residual stresses, and (3) boundary conditions. Since the FE simulation
results of introducing initial imperfections through the Eigenmode method and Translation
method were slightly different as mentioned above, and the Eigenmode method was
a simpler way to introduce initial imperfections, the Eigenmode method was adopted
to introduce initial imperfections in parametric analysis. The first eigenmode of modal
analysis was used as the initial imperfection shape. The base-plate slenderness of specimens
S04 and S16 is the smallest and largest, respectively. Hence, the analysis was based on the
FE models of these two specimens.

4.4.1. Effect of Initial Geometric Imperfections

As for the Eurocode, the initial imperfection amplitude of the base plate between the
stiffening ribs of a box girder should be less than b/125, while the initial imperfection
amplitude of the base plate between the stiffening ribs in a stiffened plate should be
less than b/250 according to the Chinese code [38,39]. Therefore, the influence of these
two imperfection amplitudes was analyzed. Furthermore, the residual stress distribution
described in Section 4.1 was still adopted.

The parameters of the FE models used to analyze the influence of the initial imper-
fections are shown in Table 6. The average stress–axial shortening curves obtained from
the simulations are plotted in Figure 19, illustrating that the introduction of initial imper-
fections leads the stiffened plate to reach its ultimate state at a smaller axial shortening,
and the corresponding buckling strength is also reduced. Table 6 clearly shows that the
initial imperfection amplitudes of b/250 and b/125 lead to a maximum reduction of 6.1%
and 7.0% in the buckling strength, respectively. Hence, the buckling strength is moderately
affected by the amplitude of initial geometric imperfections.
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Table 6. Comparison of buckling strengths (effect of initial geometric imperfections).

FE Model Initial Geometric
Imperfection Residual Stress

Buckling
Strength

(MPa)

Difference in
Buckling
Strength

S04_null_resi null

As described in
Section 4.1

675 /
S04_250_resi b/250 666 −1.3%
S04_125_resi b/125 654 −3.1%
S16_null_resi null 460 /
S16_250_resi b/250 432 −6.1%
S16_125_resi b/125 428 −7.0%

Figure 19. Average stress–axial shortening curves (effect of initial geometric imperfections).

4.4.2. Effect of Residual Stresses

As listed in Table 7, eight FE models were established to investigate the influence of
residual stresses on the stiffened plates with and without initial imperfections, and the
corresponding average stress–axial shortening curves obtained from the simulations are
plotted in Figure 20. The results show that the inclusion of residual stresses reduces the
overall stiffness of the stiffened plates when the average stress approaches the buckling
strength. For specimen S04 with the smallest base-plate slenderness, the inclusion of
residual stresses results in a slight increase in the buckling strength, with a maximum
increase of 3.8%. In contrast, for specimen S16 with the largest base-plate slenderness, the
buckling strength decreases slightly after considering residual stresses, with a maximum
reduction of 6.5%. Overall, the effect of residual stresses on the buckling strength is limited.

Table 7. Comparison of buckling strengths (effect of residual stresses).

FE Model Initial Geometric
Imperfection Residual Stress Buckling Strength

(MPa)
Difference in

Buckling Strength

S04_null_null null null 662 /
S04_null_resi null As described in Section 4.1 675 2.0%
S04_125_null b/125 null 630 /
S04_125_resi b/125 As described in Section 4.1 654 3.8%
S16_null_null null null 492 /
S16_null_resi null As described in Section 4.1 460 −6.5%
S16_125_null b/125 null 457 /
S16_125_resi b/125 As described in Section 4.1 428 −6.3%
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Figure 20. Average stress–axial shortening curves (effect of residual stresses).

4.4.3. Effect of Boundary Conditions

In the experiment, the two ends of the stiffened plates were unable to rotate freely,
which is a rare strong constraint in practical structures. Therefore, for safety reasons, the
rotational degrees of freedom (URX) at both ends of the stiffened plates in Figure 12 were
released, and the impact of changes in the boundary conditions of stiffened plates on the
buckling strength was analyzed. The amplitude of the initial imperfections used in the FE
models was b/125, and the residual stress distribution described in Section 4.1 was applied.
Four FE models were established, with the corresponding parameters shown in Table 8.

Table 8. Comparison of buckling strengths (effect of boundary conditions).

FE Model Boundary Condition Buckling Strength
(MPa)

Difference in
Buckling Strength

S04_fix URX-limited 654 /
S04_rot URX-free 638 −2.4%
S16_fix URX-limited 428 /
S16_rot URX-free 403 −5.8%

The simulation results are presented in Figure 21 and Table 8. It can be observed
that releasing the rotational degree of freedom leads to a decrease in the buckling strength
of the stiffened plates, with a maximum value of 5.8%, indicating that the changes in
rotational degree of freedom has little effect on the buckling strength. However, Figure 21
shows that the change in rotational degree of freedom has an impact on the post-buckling
behavior. When the rotational degree of freedom is released, the load-carrying capacity of
the stiffened plate decreases more rapidly after buckling.

Figure 21. Average stress–axial shortening curves (effect of boundary conditions).
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5. Evaluation of Current Design Codes
5.1. Current Design Codes

Based on the elastic buckling theory of plates, various national design codes primarily
address local buckling issues by limiting the width-to-thickness ratio of plates, employing
the effective section method, or introducing an allowable buckling strength reduction
factor [10–12]. In these national design codes, the evaluation of the bearing capacity of
stiffened plates considers not only the reduction factor for local buckling but also the
influence of global instability.

5.1.1. Chinese Code

In the Chinese Specifications for Design of Highway Steel Bridges, the load-carrying
capacity of stiffened plates Pu is computed as [10]:

Pu = χCh Ae f f ,c fy (4)

Ae f f ,c = ∑ ρCh,locbt + ∑ Ast (5)

where χCh refers to the global buckling reduction factor obtained from Equation (6); the
local reduction factor ρCh,loc is related to plate slenderness and computed as Equation (9); t
and b denote the thickness and width of the base plate unit; Ast denotes the rib area; fy is
the yield strength.

χCh =


1 λCh ≤ 0.2

1
2

1 + 1
λ

2
Ch

(
1 + ε0g

)
−

√[
1 + 1

λ
2
Ch

(
1 + ε0g

)]2
− 4

λ
2
Ch

 λCh > 0.2
(6)

ε0g = αg
(
λCh − 0.2

)
(7)

λCh =
λCh
π

√
fy

E
(8)

where λCh represents the slenderness ratio of the stiffened plate; E is the Young’s modulus;
αg is given as 0.5 for stiffened plates.

ρCh,loc =


1 λp ≤ 0.4

1
2

{
1 + 1

λ
2
p
(1 + ε0)−

√[
1 + 1

λ
2
p
(1 + ε0)

]2
− 4

λ
2
p

}
λp > 0.4

(9)

ε0 = 0.8
(
λp − 0.4

)
(10)

where λp is the plate slenderness.

5.1.2. Eurocode

In Eurocode 3, the effective cross-section concept is adopted in the design of stiffened
plates to account for local buckling effects [11]. The resistance of stiffened plates, Pu,
is determined using Equation (11), in which both column-like and plate-like buckling
behaviors are considered.

Pu = Ac,e f f fy (11)

Ac,e f f = ρEu,c Ac,e f f ,loc + ∑ bedge,e f f t (12)

Ac,e f f ,loc = Asl,e f f + ∑
c

ρEu,locbc,loct (13)
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where ρEU,c is the final reduction factor obtained from Equation (14), which is related
to the effects of both column buckling behavior and plate buckling behavior; Asl,eff is
the sum of the effective area of longitudinal stiffeners; the local reduction factor ρEu,loc

is specified as Equations (17) and (18) which are for internal compression elements and
outstand compression elements, respectively; bedge,eff is the width of the effective edge parts
supported by adjacent plate elements, and bc,loc is the width of the base plate unit; t is the
thickness of the base plate unit.

ρEu,c = χEu + f (ρ − χEu) (14)

χEu =
1

Φ +

√
Φ2 − λ

2
Eu

(15)

Φ = 0.5
[
1 + αe

(
λEu − 0.2

)
+ λ

2
Eu

]
(16)

where χEu is the reduction factor due to column buckling; λEu is the relative column slen-
derness; αe is the imperfection factor; f is the interpolation function for the determination
of plate-like and column-like behavior; ρ is the reduction factor due to plate buckling.

ρEu,loc =

 1 λp ≤ 0.5 +
√

0.085 − 0.055ψ
λp−0.055(3+ψ)

λ
2
p

λp > 0.5 +
√

0.085 − 0.055ψ
(17)

ρEu,loc =

 1 λp ≤ 0.748
λp−0.188

λ
2
p

λp > 0.748 (18)

where Ψ denotes the stress ratio, and is 1.0 for uniform compression; λp is the
plate slenderness.

5.1.3. Japanese Code

The Japanese Design Specifications of Highway Bridges address buckling within
an allowable stress design framework [12]. The bearing capacity of stiffened plates is
specified as:

Pu = σcud Ac (19)

σcud = ρJa,crgρJa,loc fy (20)

where ρJa,crg refers to the global buckling reduction factor obtained from Equation (21);
ρJa,loc is the local buckling reduction factor and computed as Equation (23); fy is the yield
strength; Ac is the cross-section area.

ρJa,crg =


1 λJa ≤ 0.2

1.109 − 0.545λJa 0.2 < λJa ≤ 1.0
1

0.733+λ
2
Ja

1.0 < λJa

(21)

λJa =
l

π
√

I/Ank

√
fy

E
(22)
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where l denotes the effective length; I and Ank are the second moment of area and the
effective cross-sectional area, respectively; E is the Young’s modulus; fy is the yield strength.

ρJa,loc =


1 RR

fc
≤ 0.5

1.5 − RR
fc

0.5 < RR
fc

≤ 1.0

0.5
(

fc
RR

)2
1.0 < RR

fc

(23)

RR =

(
B
t

)√
12(1 − µ2) fy

kREπ2 = λp (24)

where fy is the yield strength; B and t are the width and thickness of the base plate; µ is
Poisson’s ratio; E is the Young’s modulus; kR = 4n2 denotes the buckling factor and n is
the number of base plate units; fc is the coefficient due to stress gradient and is 1.0 for
uniform compression.

5.2. Evaluation

As mentioned above, national design codes assess the stability of stiffened plates
by accounting for both the reduction factor due to local buckling and the influence of
global buckling [10–12]. The objective of this study is to investigate the effect of local
buckling of the base plate on the bearing capacity of stiffened plates. Therefore, to minimize
the influence of global instability, additional parametric simulations were performed in
this section based on the FE models validated in Section 4.2 by reducing the length L
of the stiffened plate from 3b to b. In addition, as shown in Figure 11, the translational
degree of freedom in the Z direction at the two side edges of the stiffened plate was
constrained to simulate the lateral restraint provided by the angles, resulting in different
base-plate slenderness values between the two side regions and the central region along
the transverse direction. To eliminate this discrepancy, the widths of the two side base
plate units were extended from b/2 to b, equal to those of the two central base plate units,
and the translational degrees of freedom (UZ) at both side edges of the base plate were
fully constrained.

Additionally, in design codes, the plate between the T-ribs of a stiffened plate is
treated as being simply supported along all four edges. Section 4.4.3 shows that releasing
the rotational degree of freedom in the X direction at both ends of the stiffened plate
reduces its bearing capacity. Hence, the rotational degree of freedom in the X direction
was released in these further parametric simulations. Furthermore, initial imperfections
and residual stresses were considered, where the initial imperfection shape was taken as
the first eigenmode from the modal analysis with an amplitude of b/125, and the residual
stress distribution followed that described in Section 4.1. Finally, the yield strength is
generally set as a reference value for evaluating the bearing capacity of the stiffened plate
in the design codes. Therefore, the bilinear elastic-perfectly plastic model was adopted
here, using the base-plate yield strength given in Table 1.

Considering all the above, a total of thirteen FE models were established, covering
a true base-plate slenderness range from 0.44 to 1.74. The dimensional parameters of
the stiffened plates in these FE models are summarized in Table 8. The true base-plate
slenderness of stiffened plates in FE models S04_re, S07_re, S10_re, S13_re, and S16_re is the
same as that of the specimens described in Section 2.2. For the stiffened plates with various
dimensions listed in Table 9, the reduction factors accounting for global buckling effects
on the bearing capacity χCh, ρEU,c, and ρJa,crg were computed using Equations (6), (14), and
(21), respectively. The corresponding values of the global buckling reduction factors, as
shown in Table 9, are greater than 0.9 indicating that global buckling effects are relatively
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minor. Hence, the isolated influence of local buckling can be reasonably investigated based
on these FE models.

Table 9. Dimensional parameters of stiffened plates in FE models.

FE Model Length
L (mm)

Width of Base
Plate Unit

b (mm)

True Plate
Slenderness

Reduction Factors for Global Buckling
Chinese

Code χCh

Eurocode
ρEU,c

Japanese
Code ρJa,crg

S04_re 120 120 0.44 1.000 1.000 1.000
S05_re 140 140 0.51 1.000 1.000 1.000
S06_re 170 170 0.62 1.000 1.000 1.000
S07_re 210 210 0.76 1.000 1.000 1.000
S08_re 230 230 0.84 1.000 1.000 1.000
S09_re 260 260 0.94 1.000 1.000 1.000
S10_re 300 300 1.09 1.000 1.000 1.000
S11_re 310 310 1.13 0.996 1.000 0.996
S12_re 340 340 1.24 0.982 1.000 0.981
S13_re 390 390 1.42 0.958 0.992 0.956
S14_re 400 400 1.45 0.953 0.989 0.950
S15_re 420 420 1.53 0.942 0.981 0.939
S16_re 480 480 1.74 0.910 0.960 0.906

Based on the geometric parameters of the stiffened plates listed in Table 9, the buckling
strength obtained from the FE analysis are presented in Figure 22, and it is evident that the
buckling strength decreases continuously with increasing base-plate slenderness. Since
the influence of global instability can be neglected, the local buckling reduction factors,
namely ρCh,loc, ρEu,loc, and ρJa,loc, were back-calculated from the FE-predicted buckling
strengths using Equations (4), (11), and (19), respectively. These back-calculated values were
compared with the values of ρCh,loc, ρEu,loc, and ρJa,loc directly determined from Equations
(9), (17), and (23), as illustrated in Figure 23. The simulated values of ρEu,loc are close to
the Eurocode predictions. However, for base-plate slenderness values of approximately
0.7–1.1, the Eurocode predictions are slightly higher than the simulated values of ρEu,loc,
indicating a slightly unconservative prediction of the local buckling of high-strength steel
stiffened plates in this range. In comparison, the simulated values of the reduction factors
ρCh,loc and ρJa,loc are significantly greater than those specified in the Chinese and Japanese
codes, respectively, suggesting that both provisions are highly conservative.

Figure 22. Comparison of buckling strengths from simulation results.
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Figure 23. Comparison of reduction factors for local buckling.

In summary, the Eurocode provides approximate predictions, while the Chinese code
and Japanese code provide conservative yet safe predictions for the reduction in bear-
ing capacity of high-strength steel stiffened plates due to local buckling. However, the
construction industry is highly material-consuming, energy-intensive, and cost-sensitive.
Excessive conservatism in design codes, while ensuring safety, leads to uneconomic
designs and is unfavorable to the pursuit of efficient and sustainable practices in the
construction industry.

6. Conclusions
An experimental and numerical study on the local buckling behavior of the base plate

in Q550 high-strength steel T-rib-stiffened plates was conducted. Five specimens were
fabricated and tested under uniaxial compression. Initial geometric imperfections and
residual stresses were measured and incorporated into FE simulations. A parametric study
based on the validated FE models was performed to quantify the effects of residual stresses,
geometric imperfections, and boundary conditions on the buckling behavior. The design
methods in various national codes accounting for the local buckling behavior of stiffened
plates were evaluated. Conclusions were drawn from the experimental and numerical
results as follows:

(1) The failure processes of the stiffened plate specimens under compression can be
roughly divided into three stages. Initially, the deformation is negligible and the axial
compressive strain is uniformly distributed. Subsequently, local out-of-plane deforma-
tion develops in the base plate and increases with load, accompanied by significant
diversions of axial strains near the deformed region, as well as deformation of the
T-ribs to varying extents. In the final stage, the load decreases with increasing axial
shortening, while the local out-of-plane deformation further intensifies and propa-
gates, and the T-ribs exhibit varying degrees of in-plane and out-of-plane deformations.
In addition, the buckling strength decreases with increasing base-plate slenderness.

(2) As the plate slenderness increases, the base plate becomes more susceptible to local
buckling. The buckling behavior of stiffened plates transitions from plastic buckling
to elastic buckling. When the plate slenderness rises from 0.44 to 1.74, the buckling
strength decreases by approximately 36.7%. Additionally, numerical parametric anal-
ysis indicates that residual stresses have a limited effect on the buckling strength of
the stiffened plates. For the stiffened plate with a base-plate slenderness of 1.74, the
inclusion of residual stresses leads to a reduction in the buckling strength, with a
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maximum decrease of 6.5%, whereas for a base-plate slenderness of 0.44, it increases
by up to 3.8%.

(3) The initial geometric imperfections of high-strength steel stiffened plates primarily
manifest as a protrusion on the base plate side, and the initial local imperfections of the
base plate between adjacent T-ribs clearly exhibit a half-wave pattern. FE parametric
simulations indicate that the buckling strength is moderately affected by the initial
geometric imperfections. With an imperfection amplitude of b/125, the buckling
strength of stiffened plates with a base-plate slenderness between 0.44 and 1.74 is
reduced by up to 7.0%.

(4) When applying existing design codes to high-strength steel stiffened plates, the Eu-
rocode provides approximate predictions for the local buckling strength, while the
Chinese and Japanese design codes provide conservative yet safe predictions.
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