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1.0

INTRODUCTION

The purpose of this study was to design and build an experimental testing system for
conducting buckling tests of stiffened steel plate components representative of those used in
ship structures, and conduct a series of full-scale tests to demonstrate the use of the system.
The project was jointly funded by the Ship Structure Committee (SSC, Project No. SR-1378)
and the Defense Research Establishment Atlantic of Canada (DREA, Contract No. W7707-43116/01-HAL).
This report summarizes the work completed and the experimental results obtained. Section 2
describes the concept and design of the experimental system, including the test set-up,
instrumentation, and loading procedures. Section 3 presents test specimen measurement
data, including initial imperfections, residual stresses, and material properties. Test results
are summarized and discussed in Section 4. Section 5 describes a finite element model
which was developed to simulate the physical tests, and compares the numerical results with
the test results. Background information, which provides perspective for this work, is given
in the remainder of this section.
Professors J. J. Cheng, A. E. Elwi, G. Y. Grondin and G. L. Kulak, of the University of
Alberta, acted as sub-contractors for the project. Their work, which included finite element
analyses, residual stress measurements, and material property tests, is presented in
Appendices A and B.
Metric units are used throughout the report. Conversions to imperial units can be found in
the table preceding the Table of Contents.
1.1

Background

In ship structures, stiffened plate panels are usually subjected to a combination of lateral and
in-plane loads. The lateral loads cause bending in the panel (positive or negative), while the
in-plane loads cause axial tension or compression. When the applied load is dominated by
axial compression, the strength of a stiffened panel is affected by three basic failure modes:
compression failure of the stiffener, compression failure of the plating and combined failure
of the stiffener and plating.
Plate failure, usually by buckling, occurs when a small or moderate lateral load, combined
with in-plane compression, puts the plate in axial compression. The result of plate buckling
between stiffeners can be the redistribution of load into the stiffeners and subsequent overall
flexural failure. For the combination of axial load and bending which puts the stiffener in
compression, failure of the stiffener can occur, either by compressive yielding or by buckling
(tripping). There can also be a rather complex interaction among these basic failure modes,
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which is one of the reasons for this investigation. A complete discussion concerning the
ultimate strength of stiffened plate panels can be found in Hughes (19831).
Factors which influencing the failure mode and the associated load carrying capacity include
loading combination and direction, geometry, boundary restraint, initial imperfections and
residual stresses, and location and pattern of damage (if any). All of these factors were
considered in this work,
1.2

Objectives

The primary objective of this research was to design and build a large-scale experimental
testing system that could be used to study the multiple buckling modes of the stiffened steel
plate components used in the construction of ship structures. System requirements included
the capability to test stiffened steel plate specimens under combined in-plane and out-ofplane loads, while maintaining an accurate representation of the boundary conditions
applicable to a unidirectional stiffened plate within a grillage system.
A second objective was to conduct a series of twelve full-scale tests in order to verify the
functionality of the testing system and to demonstrate the type of research results obtainable.
Variables selected for these demonstration tests included: magnitude and direction of lateral
loads, type of plate edge restraint, and the existence of large initial deformations or local
damage. Three types of specimens were tested:
•

“as-built” specimens that were fabricated using representative shipyard procedures;

•

“deformed” specimens that contained deliberately induced initial deformations; and

•

“damaged” specimens that used locally reduced stiffener areas to approximate the effect
of metal loss corrosion.

A third objective was to determine the accuracy with which specimen buckling behaviour
could be predicted using state-of-the-art finite element analytical procedures.
These objectives were met through the research described in this report.
1.3

Scope of Work

The work consisted of the following major tasks:
•

design and construction of the testing system;
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•

design and fabrication of the test specimens;

•

measurement of initial imperfections and residual stresses;

•

material property tests;

•

tests of “as-built” specimens;

•

tests of “deformed” specimens;

•

tests of “damaged” specimens;

•

finite element analyses;

•

data reduction and results comparison; and

•

preparation of a final report.

The entire scope of work is discussed in the following sections.
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2.0

TESTING SYSTEM

2.1

Test Set-Up

Figure 2-1 shows an isometric view of the type of test specimen for which the testing system
was to be designed. Typical specimens consisted of a 2000 x 500 mm plate with a Tstiffener welded along the centerline of the plate. Both ends of each specimen were welded
to a 25 mm thick end plate. This configuration represents a single plate panel in a ship hull
or deck element. Its longitudinal edges match the centerlines between stiffeners; both ends
of the panel are bounded by grillage girders. The X-Y-Z coordinate system shown in the
figure, in which the X-Y plane coincides with the mid-surface of an idealized, perfectly flat
plate, was used for test set-up design, specimen alignment, and finite element modelling, and
is referenced throughout this report.
The testing system was designed and constructed using several pieces of existing equipment,
along with several new fixtures designed and built specifically for this project. The total
system is illustrated in Figures 2-2 to 2-4. Major components of the system include:
•

the existing servo-hydraulic “TTS” testing machine to apply axial load;

•

two existing hydraulic jacks to apply lateral load;

•

new end fixtures to provide simple support at both ends; and

•

a new system of linear bearings and restraining devices to provide the specimen plate
edge restraint required to simulate the actual plate-edge boundary conditions.

2.1.1

TTS Testing System

The existing TTS (Tubular Testing System) at C-FER’s laboratory is a high capacity testing
system that has both axial and lateral load capabilities (Figures 2-3 and 2-4). The computer
controlled servo-hydraulic loading system, which was manufactured by MTS Systems
Corporation (Minneapolis), is integrated into a prestressed concrete strong wall which
provides lateral support to the steel rails which connect the upper and lower crossheads, and
also serves as a lateral loading reaction frame. The TTS is capable of axial static loading to
15,000 kN, axial fatigue loading to 5,000 kN, and static or fatigue lateral loading to
5,000 kN. The machine configuration permits both axial tensile and compressive loads to be
applied to specimens.
As shown in Figure 2-2, the test specimens for this work were vertically positioned in the
TTS. Axial compressive loads were applied by the load actuator located in the lower
crosshead beneath the specimen. Lateral loads were applied at third points along the 2 m
long span of a specimen, using two hydraulic actuators fastened to the strong wall
(Figures 2-2 and 2-4). The loading direction of the hydraulic actuators was reversible so that
4

either the plate or the stiffener could be subjected to flexural compression. A servohydraulic control system connected to the lateral loading actuators enabled a constant
pressure to be maintained throughout each test.
2.1.2

End Supports

The end supports were designed to provide “pinned” connections. The design is similar to
that previously used at Lehigh University for testing steel beam-columns (SSRC 19882). As
shown in Figure 2-5, each support consisted of a half-cylinder bearing attached to the test
specimen, and a thick base plate bolted to the TTS. Cement grout placed between the
specimen and the bearing distributed contact stresses uniformly. As a specimen deformed,
the cylindrical bearing rotated on the base plate, with the axial load always passing through
the centre of rotation (point O in Figure 2-5).
The design thus provided simple support boundary conditions to the test specimen, as both
ends were free to rotate. Horizontal reactions were transferred through friction between the
cylindrical bearing and the base plate.
2.2

Plate Edge Restraints

Achieving proper boundary conditions along specimen plate edges was considered an
important aspect of the system design, due to the perceived importance of boundary
conditions to buckling behaviour. Design and fabrication of the plate edge restrain system
was therefore given considerable attention.
2.2.1

Requirements

Plate edge displacements can be described by the six degrees of freedom shown in
Figure 2-6. The three translational displacements (ux, uy and uz) are defined in the global
X-Y-Z coordinate system; the three rotational displacements (θξ, θη and θζ) defined in the
local ξ-η-ζ coordinate system.
Since for this work the longitudinal edges of a test specimen were intended to coincide with
the centerline between stiffeners in an actual structure, it was desirable to restrain these edges
as symmetric boundaries. Such symmetry requires that three degrees of freedom (lateral inplane displacement uy, tangential rotation along the edge θξ, and in-plane rotation θζ) be
restrained, while the other three (longitudinal displacement ux, lateral out-of-plane
displacement uz, and out-of-plane flexural rotation θη) remain free. Preliminary analysis by
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DREA indicated that, of the three degrees of freedom to be restrained, tangential rotation
(θξ) is the most important in terms of its effect on buckling strength. The test setup was
therefore designed to provide such restraint.
Although the above degrees of freedom are restrained continuously in an actual structure, for
practical reasons the experimental set-up for a single panel specimen had to approximate the
continuous boundary by a group of discrete restraints. In order to determine the appropriate
number of discrete restraints required to adequately approximate continuous restraint, a
series of finite element analyses were carried out for the following boundary conditions:
•

continuously supported edges;

•

discretely support edges; and

•

free edges without any restraints.

Details of the analyses are given in Appendix A; a brief summary is given below.
Two types of lateral loads were considered (plate on compression side or stiffener on
compression side) so that the evaluation could be applied to both plate buckling and stiffener
tripping. The analyses incorporated imperfections, residual stresses and material properties
representative of test specimen measured values.
For failures induced by plate buckling (plate in flexural compression), differences were
shown to exist in the buckling modes for different boundary conditions. Models with
continuous and five point discrete supports predicted similar multiple buckling waves, while
the free edge model buckled in a single wave along the longitudinal edge (Figure 2-7);
however, all three models demonstrated similar load-displacement responses (Figure A-6).
For discrete supports at less than four locations, an earlier analysis showed a noticeable
decrease in ultimate load capacity.
When subjected to relatively large lateral loads (30 kN) that put the stiffener on the
compression side, discrete supports resulted in failure modes and load capacities similar to
those with continuous supports, independent of the number of supports (Figure A-7b). At
relatively small lateral loads (10 kN), a stiffened plate with continuous support was expected
to fail by stiffener tripping. This failure mode was also observed in the physical test of
SP1.6, a further indication that five discrete supports was an adequate approximation for
continuous support. (The preliminary finite element analysis shown in Figure A-7a was not
able to predict stiffener tripping for discretely supported plates because the simulation for
boundary conditions was very approximate.)
In summary, the finite element results suggested that:
•

a minimum of four discrete supports was required; and

•

an increase to more than four discrete supports would not significantly change either the
failure mode or the ultimate load.
6

In order to provide support at the midspan where the tangential rotation was likely to reach
the maximum if the edges were not restrained, the final design used five discrete supports
along each longitudinal edge.
2.2.2

Design

The plate edge rotational restraining system designed is shown in Figures 2-8 and 2-9. Each
discrete support consisted of a compact and rigid carriage employing ball bearings to
minimize friction. These bearings include:
•

linear ball bearings that allowed free displacements of ux and uz; and

•

angular spherical bearings that permitted free θη rotation, while restraining rotation θξ
and displacement uy.

Each carriage consists of three major components (Figure 2-8):
•

Carriage A travels on shafts along the X direction (in the page) as the plate shortens
under axial load. The shafts are approximately two meters long, extending the full length
of the specimen. As shown in Figure 2-9, there were five such units on each side.

•

Carriage B travels on shafts along the Z direction as the plate deflects laterally. These
shafts are fixed on Carriage A.

•

Grip Fixture C held a 100 x 30 mm area of the plate edge to prevent the edge from
rotating about the tangent. Rotation about the η axis was free, since C was inserted into a
pair of angular spherical bearings located at the center of Carriage B.

Figure 2-9 shows the assembly of the plate edge restraint system: ten carriages (five on each
side) travelled on the main rails which were attached to the support frame. Together the
system allowed free displacements in the X-Z plane and free rotation about the η axis, and
restrained tangential rotation (θξ), lateral in-plane displacement (uy), and in-plane rotation
(θζ).
2.3

Instrumentation and Data Acquisition

The instrumentation is shown in Figure 2-10. It consisted of the following elements:
•

nine displacement transducers for measuring end shortening, lateral deflection, and
torsional displacement of the stiffener;

•

two rotation meters (clinometers) for measuring rotations at the simply supported ends;

•

two load cells for measuring lateral loads (axial load is measured by the TTS piston
pressure); and

•

seven strain gauges for measuring axial strains at midspan.
7

All of the above instruments were calibrated prior to testing. Test data was acquired via a
computer-controlled system using LabVIEW, a commercially available data acquisition
software package.
The instrumentation focused on measuring:
•

axial and lateral load;

•

specimen end shortening;

•

lateral out-of-plane deflection at the plate to stiffener junction; and

•

horizontal displacement of the stiffener flange as an indication of stiffener tripping.

Strain gauge readings served the purpose of monitoring stress distribution along the crosssection, and identifying the initiation of plate buckling.
2.4

Test Procedure

Test specimen preparation involved pre-test initial imperfection measurements (Section 3.2),
strain gauging (Figure 2-11), alignment in the TTS, and remaining instrumentation. To align
specimens in the TTS, a geometrical method (SSRC 19883) was used whereby reference
coordinates were selected based on the three-dimensional configuration of the specimen
determined from pre-test measurements. This alignment method enabled the axial load to be
applied through the centroid of the end cross-sections and parallel to the X-Y plane, which
was defined by the geometry survey as the mid-surface of the idealized perfect plate. Plate
edge restraints and instruments were mounted on the specimen after it was positioned in the
TTS (Figure 2-12).
For testing, axial compression was applied using displacement control, which permitted the
post-ultimate strength response range to be captured. For tests in which lateral loading was
required, a small axial load sufficient to generate friction resistance at the end supports was
applied at the beginning of the test. Lateral loads were then applied and maintained at a
constant level during testing. At each load step beyond the elastic range, loads were held
constant for two minutes prior to taking a data read. This allowed the static response to be
determined.
After passing the ultimate load point, the test continued until axial shortening reached
approximately 10 mm. This was deemed sufficient to adequately characterize the post-peak
buckling response. Figure 2-13 shows a buckled specimen after completion of the test.
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3.0

TEST SPECIMENS

The twelve test specimens were divided into three categories:
•

seven “as-built” specimens (SP1.x) that were fabricated following typical industrial
procedures;

•

two “deformed” specimens (SP2.x) that were deliberately plastically deformed before
testing; and

•

three “damaged” specimens (SP3.x) that had some web or flange material removed from
the stiffener at midspan.

The test variables for all twelve specimens are summarized in Table 3-1.
3.1

Design and Fabrication

All twelve specimens had identical nominal dimensions. The basic geometry was selected
by DREA to represent a typical deck plate for the mid-section of a frigate. Hot-rolled,
350 WT steel was used for specimen fabrication, which was the same as that used by Saint
John Shipbuilding Ltd. (SJSL), New Brunswick, for recent frigate fabrication. Each
specimen consisted of a 127 x 102 mm T-stiffener (actually obtained from SJSL) fillet
welded to a 10 mm steel plate. Each specimen had a 50 mm end plate welded to each end.
The welding procedures used to fabricate the specimens were of particular concern since
they have a significant influence on residual stresses and the associated residual deformations
(initial imperfections). In order to fabricate test specimens with residual stress patterns
similar to those of existing ship structures, fabrication procedures were selected
representative of those used at SJSL for frigate construction. The fabrication procedures
used were as follows:
•

hydraulic jets were used to cut the plate so that the affected zone of local plastic
deformation was minimized;

•

a twin-head SAW (sub-arc weld) procedure was used to weld the stiffener to the plate
simultaneously on both sides. The 6 mm filet weld, and the heat input of 1.0 to
1.2 kJ/mm, were consistent with those used by SJSL; and

•

rigid tolerances were specified for fabrication imperfections; limits for out-of-plane
stiffener deflection, and for plate deflection at any given cross-section, were specified as
1/1000 of the span. This tolerance was met after an improved jigging method was
suggested to the fabricator.

One further procedure was required for fabricating the “damaged” test specimens. In order
to simulate corrosion on the stiffener, portions of the flange or web were removed by milling
out sections according to specifications provided by DREA. Figure 3-2 shows the sections
removed from these specimens.
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All specimens were measured to determine relevant dimensions prior to testing. These
dimensions included element thickness, plate and flange width, and overall specimen depth.
To determine “average” dimensions, a total of 36 readings were taken for each individual
dimension (three readings per specimen). The means and standard deviations of these
measurements are summarized in Table 3-2. All measurements were found to be consistent:
the maximum deviation from the mean was ± 1.3 mm for width and depth, and ± 0.24 mm
for thickness.
3.2

Initial Imperfections

In order to accurately model the imperfect geometry of the test specimens in the finite
element analyses, and to align the test specimen properly using the geometrical method, it
was necessary to define the three dimensional configuration of the specimen within a global
three-dimensional reference frame.
The measurement procedure employed a Nardini-SZ25120T lathe machine to provide a
three-dimensional reference system (Figure 3-3). Displacement gauges were mounted on the
carriage of the lathe and travelled along gridlines on the specimen's surface to obtain a
geometric profile. The measurement grid included nine longitudinal gridlines (five on the
plate, two on the web, and two on the flange) intersected by nine cross sections. The grid
size was selected based on practical considerations, while still being fine enough to capture
imperfections with dimensions of sufficient size to influence plate buckling or stiffener
tripping.
The test specimens were comprehensively surveyed to determine the extent of fabrication
induced imperfections with emphasis being placed on following measurements:
•

out-of-flatness of the plate which would promote local plate buckling;

•

out-of-plane deviations of the T-stiffener which would promote overall out-of-plane
flexure; and

•

torsional deformation and in-plane deviations of the T-stiffener which would promote
stiffener tripping.

The data was later converted to the X-Y-Z coordinates of the mid-surface of the three plate
components. These coordinates were then used for both the finite element analyses as well
as specimen alignment in the TTS.
Imperfection profiles of the first three specimens are shown graphically in Figure 3-4.
Measured results are summarized in Table 3-3. The following can be noted:
•

maximum deflection of the stiffener (u1) was 1.9 mm;

•

maximum deflection of the plate from a perfect plane (u2) was less than 3.7 mm;

•

maximum off-center distance of the web to flange junction (u3) was 5.8 mm; and
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•

maximum off-center distance of the web to plate junction (u4) was 2.2 mm.

The “deformed” specimens were not surveyed because the initial imperfections were
insignificant compared to the large plastic deformations imposed prior to testing.
3.3

Residual Stresses

Axial residual stress measurements were made by the University of Alberta using a
sectioning method with mechanical strain gauges 100 mm in length. The procedure is based
on the assumption that axial residual stresses are uniformly distributed through the thickness
and along the length (except in the vicinity of the ends).
The measurements were made on 300 mm long segments obtained at four separate crosssections, as shown in Figure B-2. A total of 75 strips were cut from the first cross-section
(Figure 3-5) to evaluate residual stresses throughout the cross-section. The remaining three
cross-sections used only ten strips to quantify residual stresses in the immediate vicinity of
the weld. Measured axial strains were converted into axial stresses according to the
measured material properties and the assumed uniaxial stress condition. The results show
that tensile residual stresses at the plate-to-stiffener junction were close to the yield stress,
and the average compressive residual stress that spreads over most of the rest of the plate was
approximately 50 MPa (Figure 3-5). The magnitude and distribution of the residual stresses
measured are considered normal for this type of welded structure.
3.4

Material Properties

Both the plate and the stiffener were hot-rolled structural steels (Grade G40.21M 350WT).
A total of fifteen tension coupons (six from the web and six from the flange of a section of Tstiffener, and three from the parent plate) were prepared and tested in accordance with
ASTM Standard A370 to determine the material properties. Since all specimens were
fabricated from the same batch of material, it was assumed that the average properties are
representative for each individual specimens. Table 3-4 summarizes the average material
properties obtained from the coupon tests. All stress-strain curves show a well defined yield
plateau typical of hot-rolled steels. Representative stress-strain curves are shown in Figure
3-6.
Details of the material property tests are given in Appendix B.
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4.0

TEST RESULTS

Table 4-1 gives the failure mode and ultimate axial load of all twelve specimens, along with
a description of individual test parameters. Specimens SP1.1 and SP1.3 to SP1.7 were
subjected to combined axial and lateral load, some with, and some without, plate edge
restraint. Specimens SP1.2 and SP2.1 to SP3.3 were subjected only to axial compression.
All of these specimens were tested with restrained plate edges.
4.1

Buckling Modes

All specimens, with the exception of SP3.1, exhibited one of two basic buckling failure
modes (Figure 4-1); either plate buckling or stiffener tripping. This was not unexpected,
given the geometry of the test specimens and the dominant axial load. Deformations
associated with overall out-of-plane flexural buckling became significant immediately
following buckling of the plate or stiffener. These overall flexural deformations were caused
by a reduction in flexural stiffness due to component buckling. The direction of overall
bending was always towards the unbuckled portion of the specimen (i.e., towards the
stiffener when the plate buckled or towards the plate when the stiffener buckled) because of
the neutral axis shift and the accompanying P-∆ effect. Since individual components were
more vulnerable to buckling than the member as a whole, failures were always initiated by
plate buckling or stiffener tripping.
Significant differences were noted in the behavior of the two component buckling modes
mentioned above. Stiffener tripping was abrupt and was usually associated with a significant
load decrease. Plate buckling, on the other hand, developed gradually with no dramatic
changes in the post-ultimate range. This is consistent with the general understanding that
stiffener tripping can lead to sudden collapse, while plate buckling simply reduces the
effective plate width.
Since all specimens had similar geometry, buckling modes were primarily dependent on the
direction of lateral force (i.e., the plate or the stiffener was subject to flexural compression).
When lateral loads were not present (SP1.2) the specimens failed by plate buckling (the
slender plate was relatively weak compared to the stiffener).
These trends were not generally exhibited by the specimens with local damage. Removal of
part of the flange on one side of specimen SP3.3 lead to stiffener tripping rather than the
plate buckling exhibited by companion specimens SP1.2 (the “as-built” specimen subjected
to axial compression) and SP3.2 (symmetrical reduction on the flange thickness). A
rectangular opening in the web of specimen SP3.1 resulted in a dramatic failure, as the upper
half of the specimen snapped away from the lower half (see Figure 4-15). Buckling waves
which had initiated in the plate dispersed during this sudden failure.
“Deformed” specimens SP2.1 and SP2.2 were plastically deformed prior to testing by
applying lateral and axial loads large enough to achieve the desired initial deformations.
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Using this method, residual midspan deflections of 20 mm and 35 mm were obtained for
specimens SP2.1 and SP2.2, respectively. As expected, both specimens failed due to
combined flexural and plate buckling.
Figures 4-2 to 4-4 illustrate the behavior of specimen SP1.1. The “as-built” specimen was
subjected to 10 kN lateral loads that put the plate in flexural compression. Multiple
longitudinal plate buckling waves were observed as the axial load approached the ultimate
capacity (Figure 4-3). As the capacity decreased beyond the peak, buckling waves near the
midspan continued to amplify until the end of the test (Figure 4-4). The final deformed
shape consisted of longitudinal half-waves at midspan, in opposite directions on either side
of the stiffener (Figures 4-5 and 4-6). This local plastic mechanism was typical for
specimens that failed by plate buckling. Deformed shapes of other test specimens are shown
in Figures 4-5 to 4-17.
4.2

Load-Displacement Response

Tables 4-2 to 4-13 present test results for each individual test. The information includes:
•

a description of the specimen and load combination;

•

the failure mode and ultimate axial load;

•

observations concerning pre-ultimate, ultimate and post ultimate behavior; and

•

a plot showing axial load versus axial shortening response.

The load-displacement response of the various groups of specimens is discussed below.
4.2.1

“As-Built” Specimens Failing by Plate Buckling

Four “as-built” specimens failed in this particular mode. Their load versus displacement
responses are shown in Figures 4-18 to 4-20. In each case, the response can be divided in the
three regions of behaviour: 1) a linear elastic region; 2) a nonlinear region resulting from the
initiation of plate buckling; and 3) a stable post peak buckling region. End rotations and
lateral deflections were generally small at the ultimate load point, but became significant in
the post-buckling range.
From these plots, it can be seen that increasing the lateral load reduced the ultimate load
capacity and increased both end rotations and lateral deflection (as expected). A lack of plate
edge rotational restraint (SP1.7) caused a further reduction in ultimate load.
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4.2.2

“As-Built” Specimens Failing by Stiffener Tripping

Figures 4-21 to 4-23 show the load versus displacement curves for specimens failing by
stiffener tripping. The most obvious difference between these and the plate buckling
specimens, was the sudden loss of axial load capacity which occurred at the onset of stiffener
tripping. Again, increased lateral loads reduced the ultimate load capacity, as did the lack of
plate edge restrain (SP1.5).
4.2.3

“Deformed” Specimens

Before testing, specimens SP2.1 and SP2.2 underwent a “deformation” cycle, where lateral
loads, accompanied by a 600 kN axial load, were applied to plastically deform the specimens
in bending (with the plate on the compression side). The deformation cycle loaddisplacement responses are shown in Figure 4-24. Both lateral and axial load were removed
at the end of the “deformation” cycle. Residual midspan deflections of 20 and 35 mm were
achieved for SP2.1 and SP2.2, respectively.
The load-shortening responses in the buckling tests of these specimens is shown in
Figure 4-25. It appears that the initial plastic deformations reduced the ultimate load of these
by 23% and 36%, respectively. For comparison, the response of specimen SP1.2 (the
companion specimen with no initial plastic deformations) is also shown.
4.2.4

“Damaged” Specimens

Responses of the “damaged” specimens are shown in Figure 4-26, where they are compared
with undamaged specimen SP1.2 (“as-built” specimen with same loading and boundary
conditions). The results can be summarized as follows:
•

The rectangular 205 x 75 mm web opening caused a sudden collapse when the upper
portion of the specimen snapped away from the lower portion (SP3.1). The axial load
immediately decreased from the ultimate to a low residual strength of about 500 kN.

•

Reducing the flange thickness symmetrically in an area 205 x 25 mm made no difference
in terms of failure mode and load capacity (SP3.2). Similar to SP1.2, the specimen failed
by plate buckling.

•

Removal of a 205 x 25 mm section on one side of the flange forced the stiffener to trip
(SP3.3).

It is apparent that the failure mode and post-buckling behavior of the stiffened plates under
study were sensitive to certain types of local damage in the stiffener, even though the
differences in ultimate loads were within 8%.
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4.3

Discussion

The twelve tests conducted verified the ability of the testing system to study stiffened plate
buckling behaviour with single stiffener component tests and demonstrated the type of results
obtainable from such tests. They further demonstrated the importance of accurately
representing plate edge boundary conditions.
In addition, test data, which is useful in its own right, was obtained for a number of different
loading conditions and specimen damage configurations.
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5.0

FINITE ELEMENT ANALYSIS

The purpose of the finite element work was to determine the accuracy with which a
numerical model could predict the full-scale tests. Appropriate load combinations, boundary
conditions, residual stresses and initial imperfections were all taken into account. Details of
the model and analyses are given in Appendix A. This section provides an overview of the
numerical model and compares the results of the finite element analyses with the test results.
5.1

Numerical Model

The finite element work was conducted using ABAQUS, a general purpose finite element
program with advanced nonlinear analysis capabilities. ABAQUS is well suited for work in
which global and local stability are key factors in determining ultimate capacity and where
both material and geometric nonlinearities are important.
Key elements of the finite element model included:
•

Elements: The model consisted of 512 S4R shell elements (Figure 5-1). The S4R is a
four-noded shell element based on a finite strain formulation.

•

Material Model: The input stress-strain relationship was defined using true stresses and
strains, converted from the engineering stresses and strains obtained from the material
tests. Metal plasticity was modelled by a tri-linear stress-strain curve with a von Mises
yield surface and isotropic hardening.

•

End Supports: A rigid segment, 38 mm in length, was used to connect the specimen ends
to a simple support which represented the center of the cylindrical bearing. This
accurately modelled the axial load which always passed through that center (Figure 2-5).
Since the lateral load acted at the bearing circumference and not the center, however, the
lateral reaction was modelled with a force and an end moment, which equaled the product
of the force and the radius of the bearing.

•

Plate Edge Restraints: To restrain θη in a deformed configuration (Section 2.2.1), short
rigid beams perpendicular to the plate edge were attached to the plate via rigid
connections. Y-displacements of these rigid beams were restrained to prevent tangential
rotation θη. This approach was adapted because ABAQUS does not permit direct
reference to rotations in a deformed system. In other finite element programs, such as
ADINA, a direct restraint for θη could be used.

•

Imperfections: The X-Y-Z coordinates of the specimen were defined by the imperfection
measurements described in Section 3.2. The interpolation and extrapolation of the
measurement grid to the finite element nodes assumed linear variations longitudinally in
the specimen and transversely in the stiffener web and flange. Quadratic curves were
used transversely across the plate.

•

Residual Stresses: Axial residual stresses were generated by specifying a fictitious
temperature field prior to applying loads, and be specifying orthotropic thermal material
properties for the specimens. Displacements caused by this temperature field were
recorded and then subtracted from the initial coordinates so that the model contained
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measured imperfections and residual stresses that were consistent with those measured in
the specimens.
•

Loading: Loading procedures were analogous to those used in the physical tests. Lateral
loads were applied first using the Newton-Raphson method and then held constant. Axial
load was applied using displacement control.

The effect of large displacements was accounted for by using a Total Lagrange Formulation.
An effective solution for capturing the nonlinear post-buckling behavior was achieved using
the modified Ricks algorithm.
5.2

Comparison with Test Results

Five full-scale tests were selected for comparative analysis purposes.
analyzed were:

The five cases

•

Specimens SP1.1 and SP1.3, two “as-built” specimens which failed by plate buckling;

•

Specimen SP1.4, an “as-built” specimen which failed by stiffener tripping;

•

Specimen SP1.5, an “as-built” specimen without plate edge restraints; and

•

Specimen SP2.1, a “deformed” specimen.

By comparing the post-test deformed shape of the test specimens with the finite element
analysis predictions shown in Appendix A, it was apparent that all analyses successfully
identified the correct buckling mode. Good agreement was also found between test and
predicted capacity, as shown in Table A-1. On average, the analysis over-estimated the
ultimate capacity by less than 3%.
Figures 5-2 to 5-4 present comparisons of the finite element analyses to the observed
behavior of specimens SP1.1 and SP1.3. In both cases the numerical results predicted the
ductile failure behavior with satisfactory accuracy. Test to predicted ratios of 0.99 and 1.01
were obtained for these two specimens respectively.
Results comparisons for specimens SP1.4 and SP1.5 are shown graphically in Figures 5-5 to
5-7. These specimens were subjected to the same lateral load as SP1.4, but were restrained
by discrete supports, while SP1.5 had free boundaries. The finite element predictions
reproduced the main characteristics of the load-displacement curve for these specimens, such
as the sharp drop in load capacity immediately following attainment of the peak load.
For the “deformed” specimen (SP2.1), the analysis included both the test and the pre-test
“deformation” cycle. Figures 5-9 and 5-10 illustrate that the tests are well predicted by the
model. For the “deformation” cycle, Appendix A shows that the prediction of both
maximum lateral load and the residual displacement agreed with the test results.
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5.3

Summary

The finite element work clearly demonstrates the ability of state-of-the-art finite element
analytical techniques to accurately predict both failure mode and failure load of stiffened
steel plate components of the type tested in this research program. This will allow future
parametric FEA work to proceed with some confidence that the results are accurate and
meaningful.
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6.0

CONCLUSIONS AND RECOMMENDATIONS

6.1

Conclusions

This project successfully developed an experimental testing system for conducting buckling
tests of single stiffened steel plate components representative of those used in ship structure
design. The high capacity testing system provides the capability to test stiffened steel plate
specimens under combined in-plane and out-of-plane loads, while maintaining an accurate
representation of the actual boundary conditions applicable to a unidirectional stiffened plate
within a grillage system.
The twelve full-scale tests conducted, demonstrated the use and functionality of the system
and the importance of accurately representing plate edge boundary conditions. Test data,
useful in its own right for establishing load-shortening curves, was obtained for a number of
different loading conditions and specimen damage configurations.
Finally, the analytical phase of work clearly demonstrated the ability of current nonlinear
finite element analyses techniques to accurately model structures of this type. For the test
specimens analyzed, both the buckling mode and the failure load were accuracy predicted.
6.2

Recommendations for Future Research

The focus of the work described in this report was the development of a testing system for
studying the buckling response of stiffened steel plate systems. Only limited experimental
work was conducted, basically to provide proof-of-concept. The first, and most obvious,
recommendation for future research work is to conduct additional experiments using this
setup in order to study different aspects of stiffened panel strength and behaviour.
The experimental work in this study considered only a few combinations of the various
parameters that affect strength and behaviour (loading combination and direction, geometry,
boundary restraint, initial imperfections and residual stresses, and location and pattern of
damage). Additional experimental work can be used to more fully explore the effect of the
various parameters and to generate a broad spectrum of load-displacement response for
various initial conditions. In particular, more “damaged” specimens need to be tested.
Depending on the type of damage sustained, behaviour can change radically. This is an
important consideration in assessing the fitness-for-purpose of damaged ship hulls. Largescale tests of multiple panels, or grillage systems, are also desirable in order to study the
interaction between panels and the effect on ultimate strength and post-buckling response.
Additional parametric numerical analysis work is also recommended. The finite element
model developed in this study provided accurate predictions of the test results, which
suggests that it can be used with confidence to analytically study stiffened plate behaviour
under a variety of different conditions. The results of a parametric FEA study could be used
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to augment the experimental database. This would greatly facilitate the further development
and verification of other analytical approaches, including reliability-based design approaches
with the ability to take parameter and model uncertainties into account in determining
probabilities of failure.
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