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work, have several recent initiatives [SSC-375, SSC-381, SSC-382] which require improved
methods of assessing hull structural integrity for both design and in-service conditions. One
failure limit state considered is the ultimate hull girder strength, for which advanced methods of
analysis including elasto-plastic buckling instability are being developed.

An increasingly popular approximate method for assessing ship hull girder ultimate strength is to
combine the individual elasto-plastic load carrying characteristics of each single stiffened plate
unit comprising the ship hull cross section. To evaluate methods for developing these load
carrying characteristics, a full-scale testing system was designed and constructed to provide data
for stiffened steel plate units under combined axial and lateral loads, The system included an
assembly of discrete plate edge restraints developed to represent symmetric boundary conditions
within a grillage system. Twelve full scale panels, including “as-built”, “deformed” and
“damaged” specimens, were tested in this set-up. This initial limited test program was to provide
some results and determine the appropriate methods for further tests.

The specimens failed by combined plate and flexural buckling, stiffener tripping or local
collapse, depending on the magnitude of lateral loads and local damage. Load-shortening curves
associated with different failure modes were found to be distinctly different and it was found that
a small lateral load could change the failure mode from flexural buckling to tripping. Current
design criteria should directly consider effects of the lateral loads on the failure modes and the
collapse loads of stiffened plates. The nonlinear finite element analyses of the panel collapse
showed very good agreement with the experimental results indicating the suitability of this
method for performing these types of calculations.
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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. W7707-4-
3116/01-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,



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 (1983").

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-of-
plane 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;

' Hughes, O. 1983. Ship Structural Design: A Rationally-Based, Computer-Aided, Optimization Approach.
John Wiley & Sons, Inc.



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.



2.0 TESTING SYSTEM

21 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 T-
stiffener 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.

211 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 servo-
hydraulic 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 1988%). 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.

2.21 Requirements

Plate edge displacements can be described by the six degrees of freedom shown in
Figure 2-6. The three translational displacements (u,, #, and u,) are defined in the global
X-Y-Z coordinate system; the three rotational displacements (65, Gn and 67) defined in the
local &-n-C 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 in-
plane displacement u), tangential rotation along the edge 6, and in-plane rotation 6z) be
restrained, while the other three (longitudinal displacement u,, lateral out-of-plane
displacement u,, and out-of-plane flexural rotation Gn) remain free. Preliminary analysis by

2 SSRC 1988. Guide to Stability Design Criteria for Metal Structures. Structural Stability Research Council,
ed. By T.V. Galambos, 4™ ed., Wiley, New York.



DREA indicated that, of the three degrees of freedom to be restrained, tangential rotation
(Bg) 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:

« aminimum 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.



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 u, and u,; and

« angular spherical bearings that permitted free 6, rotation, while restraining rotation 6g
and displacement v,

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 n 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 n axis, and
restrained tangential rotation (Bg), lateral in-plane displacement (uy), and in-plane rotation

(82).

23 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 Erior to testing. Test data was acquired via a
computer-controlled system using LabVIEWY, 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 cross-
section, 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 1988°) 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.

* SSRC 1988. Guide to Stability Design Criteria for Metal Structures. Structural Stability Research Council,
ed. By T.V. Galambos, 4™ ed., Wiley, New York.
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Figure 2-3 TTS Testing Machine at C-FER
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Base Plate Bolied to TTS

~

l Axial Load

g— 38 mm

l Axial Load

& | e

_-..
Lateral Reaction

Lateral Reaction ]

=

R 156 mm
Cylindricat
Bearing

j_-—1sa MM —

0

Cement Grout

End Plate Welded t¢ Specimen

(a) Initial Configuration {b) Deformed Configuration

Figure 2-5 End Support Set-Up
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Originai Configuration _ Deformed Configuration

(a) Degrees of Freedom for Plate-Shell Structurc_s

Uy Uy U, 95 G,T BC

Free |Fixed | Free | Fixed | Free | Fixed

(b) Restraints for Symmetric Boundaries

Figure 2-6 Displacements for Symmetric Boundary Conditions
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(a) Free edge without any restraints

ive d

(b)F

15Crete supports

muous support

(c) Cont

Figure 2-7

Buckling Modes for Different Plate Edge Support
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Carniage B travels on shafts in Z
direction via linear ball bearings.

: Z
#
Carrlage A tfravels on shafis in X J B 3
direction via finear balt bearings. M v/\
Cc
A -
[y f Direction of lateral
/ ',Ei; plate deflection

Longitudinat direction
of test specimen

Grip Fixture C holds the plate edge.
C rotates about Y axis via rolling
. bearings at the centre of Carriage B.

(a} Illustration of Design C_onéept

Grip Fixture C

Carriage B Linear Bearing Block {(SSUFPBO-186)

Bearing Shaft (SR12-PD)
Y -

. l [
L&

t - l

UIB:! \ | Carriage A | —

‘ \ Linear Bearing Block (TWH-16-OPN) |
|—— 406 mm —"

(b) Detail of Carriage Design

Figure 2-8 Plate Edge Restraint Carriage
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Figure 2-9 Assembly of Plate Edge Restraint System
15



saasshas s
|
l

[

| a Midspan

1l

v

.‘*——1
-t gl ——}

|
|
i
|
!
|
!
?
!
|
|
!
!
|
j
|
|
|
!
|
|
i
|
!
|
I
i

H
175 175
l&—b‘-ﬁ—b
= 5 20%
L 35 ;| 35
Section 1-1 .
Axial Load
Measurement
« Lateral displacements of A, B, C, B E = Verical TIS load & displacement
» Lateral displacements of F, G, H * Late! loads
* Vetical displacement of B relative to A+ Axial strzins as shown in Section 1-1
* Rotations of A, B (All dimensions are in mm)

Figure 2-10 Design of Instrumentation

16



'Figure 2-11 Preparation of Test Specimens .
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Figure 2-13 Removing Specimen after Test

Figure 2-12  Mounting Instrumentations



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 SISL 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 SJISL; 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 (u;) was 1.9 mm;
« maximum deflection of the plate from a perfect plane (u,) was less than 3.7 mm;

« maximum off-center distance of the web to flange junction (u3) was 5.8 mm; and
20



« maximum off-center distance of the web to plate junction (uy) 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 cross-
sections, 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.

34 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 T-
stiffener, 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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TABLE 3-1 SUMMARY OF TEST VARIABLES

Specimen Local Initial Deformation Lateral Bendi-ng , Plate Edge
Damage Load, kN Direction Restraint
SP 1.1 No No 19 | Plaeoncom |y -
pression side
! SP 1.2 No No 0 /A Yes
j SF1.3 No No 285 Plate on com- Yes.
; . pression side
SP 1.4 No No 25 Piate on ten- Yes
t . sion side
{ Plate on ten-
8P 1.5 Ne - Ne . 28 o No
sion side
.’ SP16 No No 10 Plate on.ten- Yes
: _ sion side
SP1.7 No No 25 Plate on com- “ No
pression side
SP 2.1 No 20 mm &t midspan 0 NA | Yes
i (plate on compression side)
' sp22 No 85 mm at midspan 0 N/A ~ Yes
. , {plate on compression side) : o : '
SP 3.1 On web . No .l o NA Yes
SP 3.2 On flange h No b e ol o leives b e
{on both sides) . ‘
SP 3.3 On flange No 0 /A Yes
{one side only)
o TABLE 3-2 DIMENSIONS OF TEST SPECIMEN
Plate Web Flange
. b t d tw by t
Mean, mm 5004 | 967 |- 1388 | 622 | 1039 | 806
§ Standard Deviation, mm 0.46 0.027 0.56 0.047 0.52 0.11%

N b

| » 5
\ i 8

Lo b

I =
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TABLE 3-3 SUMMARY OF INITIAL IMPERFECTIONS

Specimer; Ui, mm Uz mm us, rﬁm U4, mm
SP1.1 010 1.9 -1.9103.4 -3.610-0.5 121005
sP1.2 0 io 1.1 -2.410 3.0 -5.810-4.3 2010 -1.0
SP1.3 -0.1100.4 22103.3 -3.410-0.2 22.210-0.5
SP1.4 0t0 0.6 -0.710 1.9 -4910-33 0.810-02
SP1.5 05100 311027 1210 3.9 0.4100.3
SP1.6 010 0.4 23103.0 2610-1.2 -1.310 0.1
8P1.7 010 0.5 1910 1.0 1510 -0.4 171002
SP3.1 0100.3 1.7t08.4 -3410-1.4 1.0t0-0.3
SP3.2 Oto 1.1 -2.610 3.7 0.41t02.2 1.710-09 .
SP3.3 Oto1.7 -1.2t0 3.1 -2.81t0-0.7 01to1.7

Stiffener

T e

TABLE 3-4 AVERAGE MATERJAL PROPERTIES

Area Reduction, °/j

Components | Static Yield, MPa [Static Ultimate, MPa|  Rupture Strain
Plate 425 509 0.371 68.8
Web 411 532 0.291 68.0
Flange 395 529 0.318 68.8
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Figure 3-3  Measuring Imperfections
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Figure 3-4 Initial Imperfections
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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-A 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:

« adescription of the specimen and load combination;
+ the failure mode and ultimate axial load;
« observations concerning pre-ultimate, ultimate and post ultimate behavior; and

« aplot showing axial load versus axial shortening response.

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

4.21 “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 load-
displacement 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 §%.
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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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TABLE 4-2 TEST RESULTS OF SP1.1

Specimen Type: As-Built Failure Mode: Plate Buckling

Type of Damage/Deformation: N/A
Maximurm Axial Load: 1572 kN

TR

Load Configuration:
Axial comprassion with two 10 kN lataral
loads. Piata in #exural compression.

Tast Summary Schematic:
Pra-ultimates:
Plate buckling waves initiate and amplify gradually.
* Stiffener remaing straight.

At ultimate: |

v
No change in bshavior at ultimate. BTﬂ

Post-uftimate: . Cross Section
Gradual loss in capacity. Continued amplification of
buckling waves. Stiffener dees not trip.

T

o . . . . _ _Ero_nt ~ Side
T e L ' S T Etevation Elavation
" 1800 -
1600 SOy B

/.F.\\-\\‘_ ———— I
dz\ —_— e - \‘\‘-\.* 3
=3 :
3 U i,
S U F
3 - - 3
4 5 8 10 12 :

Axial Shortaning (mm)

Load versus Axial Shortening He'sponse
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TABLE 4-3 TEST RESULTS OF SP1.2

Specimen Type: As-Built
Type of Damage/Deformation: NfA

Load Configuration:
Axial compression only,

Failure Mode: Plate Buckling

Maximum Axial Load: 1736 kN

Test Summary
Pre-ultimate:

Plate buckling waves initiate and amplify gradualty.

B

Stitterer remains straight.

At ultimate:
No change in behavior at ullimate.

FPost-ultimale:

Gradual loss in capacity. Continued amplification of

Schematic:

Cross Section

buckling waves. Stiffener does not trip. ' ? T

Front Side
Elevation Elevation

1600
1400 +

Axlal Load (k)
g 8 8

Axial Shortening (mm)

Load versus Axial Shortening Response
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TABLE 4-4 TEST RESULTS OF SP1.3

Specimen Type: As-Built
Type of Damage/Deformation: N/A
Load Configuration:

Axial compression with two 25 kN
lateral loads. Pfate in flexural compression,

Failure Mode: Plate Buckling

Maximum Axial Lead: 1453 kN

Test Summary
Pro-ultimate:
Plate buckling waves initiate and amplify gradually.
‘Stiffener remains straight.

At uffimate:
No change in behavior at ultimate strength.

Paost-ultimata:
Gradual loss in capacity. Continusd amplification of
buckiing waves. Stiffenar does not trip.

]

T
'

Schematie:

Cross Section

Front
Elevation

~ Side
Elevation

Axial Load (kN)

[

__E.._...._.. ———

Axial Shortening (mm)

' ~ Load versus Axial Shortening Response
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TABLE 4-5 TEST RESULTS OF SP1.4

Specimen Type: As-Built
Type of Damage/Deformation: NfA
Load Contiguration:

Axial compression with two 25 kN |ateral
loads. Piate is in flexural tension,

Failure Mode: Stiffener Tripping

Maximum Axial Load: 1275 kN

Test Summary
Fre-uftimate:
Stiffener tripping iniliates and amplifies gradually.
Plate remains flat. '

At uftimale:
Sudden increase in tripping deformation accompanied
by sudden loss in capacity,

Fost-uftimate:
Gradua! loss in capacity. Continued amplification of
stitfener tripping. Plate daes not buckle.

Schematic: M
-—
T 1
1 - |
Cross Seclion
Fy
I
Front Side
Elevation Elevation_

Axiql Lood (kN)

. L :
. - 1 H ! L
— e d

Axial Shortening (mmy)

Load versus Axial Shortening Response
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TABLE 4-6 TEST RESULTS OF SP1.5

Speciman Type: As-Builf Failure Made: Stiffener Tripping

Type of Damage/Daformation: N/A

Maximum Axlal Load: 1139 kN
Load Configuration:

Axial compression with two 25 kN lateral loads.
Plate in flaxural tension. No edge restraint.

Test Summary Schematic:
Pre-uitimate:
Stiffener tripping Initiates and amplifies gradually.
. Plate remains flat.

‘At ultimate: T :
Sudden increasa in tripping deformation. T F
Post-uitirnate: Cross Section

Gradual loss in capacity, Cantinued amplification of )

stiffenar tripping. Plate doas not buckle,

Front Side
HEARTRRY - : ST " Elevation  Elevation

. e PR E

1800 ' ' e

15600 - ) [ —

1400 e B I
1200 e

Axiql Load (kN)

0 2 4 & 8 10 12
Axial Shartening (mim)

Load versus Axial Shortening Response
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TABLE 4-7 TEST RESULTS OF §P1.6

Specimen Type: As-Built
Type of Damage/Deformation: N/A
Load Configuration:

Axial compression with two 10 kN iatera!
loads. Plate is on the 1ension side.

Failure Mode: Stiffener Tripping

Maximum Axial Load: 1673 kN

Test Summary
Pre-ultimate:
Stiffener ripping initiates and amplifies gradually.
Plate remains flat.

At ultimate:
Sudden increase in tripping deformation accompanied
by sudden, 30% loss in capacity.

Post-ulimate;
Gradual loss in capacity. Continued amplilication of
stiffener tripping. Plate does not buckle.

Schematic:

Cross Sectlon

?

Axial Shortening (mm)

Front Side'
Elevation Elevatior!
Z T
g J
&
3 e ——
L b ]
T
k1
< _ e,
10 12

Load versus Axial Shortening Response
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TABLE 4-8 TEST RESULTS OF SP1.7

Specimen Type: As-Built
Type of Damage/Detormation: N/A
Load Coentflguration:

Axial compression with two 25 kN lateral’
loads. Plate in flaxural comprassion.

Failura Made: Plate Buckling

Maximum Axial Load: 1361 kN

Test Summary
Pre-uftimate:
Plate buckling waves initiate and amplify gradually.
Stiffener remains straight.

At ultimate:
» No change in behavior at ultimate.

Post-ultimate:
Gradual loss in capacity. Continued amglification of
Buckling waves. Stiffener does not trip.

' R L

Schamatic:

Cross Section

Front
Etevation

T

-Side
Elevation

Axial Load (kN)

Axial Shartening {mm)

-Load versus Axial Shortening Response
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TABLE 4-9 TEST RESULTS OF SP2.1

Specimen Type: Deformed . Faiture Mode: Plate Buckling

Type of Damage/Deformation: Initial

deformation of 20 mm at midspan. Maximum Axtal Load: 1331 kN

Load Configuration:

Axial compression only.

‘II
) Test Summary Schematic: —

Pre-ultimate: B
H Piate buckling waves initiate and amplify gradually. .
Stiffener remains straight. i '
N At ultimate: -

No change in behavior at uitimate. I&Tﬂ oy
: Post-uitimate: Cross Section 5
. Gradual loss in capacity. Continued amplification of : E—
buckling waves. Stiffener does not trip. . 4 o .
Front Side
' , Elevation Elevation
| . '

1800 T e e e e e e s
; 1800 - e o B VU U N J Y S
g 1400 + : [ AU S _._T JRURNY NN
__ 5 1200 oo L —
: =
v 1000 T ‘:"jﬂj S
g .
5 800 + e .
H = .
& < o0 T T
: 4{:0 4 .
200 + —— =
0
2 0 2 4 ) 8 10 12

: Axial Shortening (mm)

Load versus Axial Shortening Response

v e e .
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TABLE 4-10 TEST RESULTS OF SP2.2

Spacimen Type: Daformed Failure Moda: Plate Buckling

Typé of Damage/Defarmation: Initial
deformation of 35 mm at midspan. Maximum Axial Load: 1116 kN
Load Configuration:

Axial compression only.

Test Summary Schematic:
FPre-ultimate;

Plate buckling waves initiate and amplify gradually.
Stiffener ramains straight.

At ultirmalo:

No change in behavior at ultimate, . hTﬂ

Post-ultimate: ' Cross Section
Gradual loss in capacity. Continued amplification of
bdc.kli_r'_ng wavas. Stifenar does not trip,

N
. 1

. Lo - " Front Side
. Elavation Elavation

1400 + oo - i S I S N

Axial Load (kN)

-2 0 2 4 6 ) 10 12
Axial Shortening (mm)

Load versus Axial Shortening Response
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TABLE 4-11 TEST RESULTS OF SP3.]

Specimen Type: Damaged Failure Mede: Lotal failure (midspan portion
buekles in the plane of the web).

Tviie of DamageDetorimation: Local
damage to stiffenar web at midspan.
Load Configuration; Easirnum Axial Load: 1636 kiM
Axtal compression only.

e e, — e . ————-y s

Test Summary Schematic:
Pre-ufﬁmare:'
Plate buckling waves initiate and amplify gradually,
Slifiener remains straight.

At uftimate: . .
Midspan portion (about 200 mm long) suddenty i*“‘I‘“‘ﬂ
buckles in the plane of the web. Plate buckling :

waves disperse,
i Post-utiimate: ' Crose Section

: Deformation concentraies at midspan in vicinity
of web "damage”, Specimen suffers dramatic loss

f

in axial load capacity. : ' " Front Side
’ Elevation Elevation

v

1800 T
1

1600 T -
1400 T
1200

Axial Load (kN)

Lve)
|
i
[
L

§ Asiial Shortening (mir}

Load versus Axial Shoriening Response
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TABLE 4-12 TEST RESULTS OF SP3.2

Spacimen Type: Damagsd

Type of Damage/Ceformation: Local

damaga 1o stiffenar flangs at midspan{symretricj.
Load Configuration:

Axial comprassion anly.

Failure Mode: Plate Buckling

Maximum Axial Load: 1773 ki

Test Surmmary
Pre-uifimate:
Plate buckling waves iniliate and ampiify gradually.
Stitfener remains straight.

At gltimate:
No change in bahavior at vitimate. Damage to fange
has littlg impact on behavior and capacity.

Post-ultimate:
Gradual loss in capacity. Continuad amplification of
buekling waves. Stiffener does not trip.

Schematic: M
Cross Section K
iy 2
* A
» Front " Side
Elevation Elevation

Axial Load {kN)

[
]

Axial Shortening (mm)

Load versus Axial Shortening Rasponse
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TABLE 4-13 TEST RESULTS OF SP3.3

Specimen Type: Damagsc Failure Mode: Stitfener Tripping

Type of Damage/Deformation: Local

damage to stiffiener flange at midspaniunsymmetric). .
Load Configuration: Maximum Axial Load: 1883 kN
Axial compression only.

Test Summary Schematic:
Fre-ultimate:
Plate buckling waves and stiffener tripping are
observed. Both amplity gradually.

At ultimate:
Sudden increase in tripping deformation H
accompanied by 30% loss in capacity. Plate buckling

waves become insignificant,

Post-ultimate: Cross Section
Gradual loss in capacity. Tripping deformations _

i in vicinity of local tamage. 4 $

. Front Side

Elevation Elevation

Axlal Load (kN)

Axial Shorening (rrm)

Load versus Axial Shortening Response
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‘Figure 4-3  Specimen SPI1.1 at Peak Load

Figure 4-2 Specimen SP1.1 before Test
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Figure 4-5 Deformed Shape of SP1.1 (froat)

Specimen SP1.1 at the End of Test

Figure 4-4
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Figure 4-7 Deformed Shape of SP1.2

Figure 4-6 Deformed Shape of SP1.1 {(back)




Figure 4-9 Deformed Shape of SP!.4
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Figure 4-10 Deformed Shape of SP1.5

Deformed Shape of SP1.6

Figure 4-11



Figure 4-13 Deformed Shape of SP2.1
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Figure 4-12  Detormed Shape of SP1.7
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Figure 4-14 Deformed Shape of SP2.2



figure 4-17 Deformed Shape of $P3.3

Detormed Shape of SP3.2
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35



Axicil Load {(kN})

Axial Load (k)

-10 0 10 20 30 40 50

Midspan Deflection (mm)

Figure 4-20 Axial Load versus Midspei_n Deflection Response for Plate Buckling
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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 68, 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 6. 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 Gn 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. The five cases
analyzed were:

« 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. Large-
scale 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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Finite Element Analysis of Stiffened Steel Plates

Introduction

This document is the final report on the finite element analysis of stiffened ship plate carried out
for the Centre for Frontier Engineering Research (C—FER). The report contains five sections, each
of which deals with a different aspect of the analysis. The finite element analysis dealt with three
major issues. The first task was to develop a finite element plate model that was capable of
including both measured initial imperfections and residual stresses and was also capable of
reproducing the different modes of failure of a stiffened plate in compression.

The plate under consideration is a single stiffened panel taken out of a repeated, continuous
assembly of such panels. Since it is difficult experimentally to simulate the continuous boundary
conditions along the longitudinal edge of the panel, the second task was to use the finite element
model to determine the optimum number of longitudinal edge restraint devices necessary to
simulate the continuous boundaries.

Once the functional model containing all these aspects had been developed, the remaining task
was to use the finite element model to predict, apriori, a limited number of test results from the
physical tests carried out by C-FER.

The report begins with a description of the finite element model. This is followed by a short
section that discusses simulation of the different failure modes. The investigation of the boundary
conditions is then presented, followed by a discussion of the different aspects of modeling the test
specimens, including the boundary conditions, the initial imperfections, and the residual stresses.
Finally, the finite element model predictions of the physical tests are presented.

Preliminary Finite Element Modeling

The stiffened plate panel was modeled and analyzed using the commercial finite element code
ABAQUS, distributed by HKS Inc. of Providence, Rhode Island. ABAQUS is a high-level code,
probably the most capable and popular in North America at this time. The analysis was carried
out on a SUN SPARCS IPX workstation at the University of Alberta. License fees were paid to
HKS Inc.

The geometry of the plate was modeled with a total of 384 plate bending SR4 elements. The SR4
element is a powerful four-node standard ABAQUS element that allows for changes in the
thickness as well as finite membrane strains. The model invoked large displacements using a
Total Lagrangian formulation. The plate material behaviour was modeled by an elastic—plastic
von Mises kinematic strain-hardening constitutive model.

In order to model the full range of behaviour of the panel, including both the pre-buckling and
post-buckling regimes, the solution strategy started with a load control standard Newton-Raphson
iterative procedure in the initial stage of loading, then shifted to a Modified Ricks procedure as
the ultimate load was approached. This procedure permits tracing the behaviour in the softening
post-buckling regime.
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Figure A-1 shows the finite element mesh used in the initial stages of the investigation. The
rotations about the longitudinal axis 1 were suppressed, either at all the nodes along the unloaded
edges or at a selected number of nodes, in order to simulate full or partial continuity. A frame of
rigid beams was attached at both of the profile of the stiffened plate to model the loading plate
end constraints. This frame suppresses distortion of the end cross-sections, but allows for rigid
body rotations about axes 2 and 3 and/or rigid body translations.

Further aspects of the model will be elaborated later on in the report in the appropriate places.

Behaviour of Stiffened Plates in Compression

In practice, the stiffened plates under consideration can be loaded in a variety of ways. The scope
of this project covers the cases of axial compressive loads coupled with out-of-plane loads. A
number of failure modes or combinations thereof are possible. These include over-all Euler
column buckling, plate buckling followed by a form of Euler buckling, and stiffener tripping. The
plate and stiffener proportions under examination precluded failure by the first of the three
possible failure modes.

It was expected that a lateral load producing a flexural compressive strain in the plate and tensile
strain in the stiffener flange would result in plate buckling followed by a form of Euler buckling.
In this case, a peak longitudinal compressive load is reached first, followed by a rapid increase in
the lateral deflection and a corresponding drop in the axial load-carrying capacity.

Figure A-2 shows two stages in the behaviour of a panel loaded in the fashion described above.
Two lateral third-point loads were first applied in the plane of the web and held constant at a
value of 7.5 kN each. This was followed by application of an axial compressive load. Figure A-2a
shows plate buckling (magnified 20 times) which started before the ultimate axial compressive
load of 1880 kN was achieved. Figure A-2b shows localization of the plate buckle in the post-
buckling regime when the load had dropped to 489 kN. The figure shows large lateral
deformation of the entire panel, which indicates that a plastic hinge formed at the location of the
plate buckle.

Figure A-3 shows a panel that has been loaded laterally in the reverse direction to that described
for the panel of Figure A-2. Now, the flange of the stiffener is in flexural compression. A plate
buckle is also seen in the prebuckling regime magnified 20 times). The peak load is reached at
1990 kN. Tripping of the stiffener is clearly seen in Figure A-3b, which shows the deformation in
the postbuckling regime.

Although the ultimate load capacity in each of these two cases is nearly the same, there are
distinct differences in the deformation responses. The behaviour of the first assembly is very
ductile, while that of the second is characterized by a sharp peak followed by a rapid drop in the
load-carrying capacity. This distinction in behaviour will be shown more clearly later.

The analysis showed that the tripping mode (second assembly, Figure A-3) in stiffened plates with
a discrete number of unloaded edge restraints is triggered only if the lateral load is greater than a
certain threshold value. At lateral loads lower than this threshold the buckling mode reverts to that
of Figure A-2.
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Investigation of Boundary Conditions

Two sets of boundary conditions had to be modeled, corresponding to the loaded ends and to the
unloaded (longitudinal) plate edges. Since it is expected that in actual practice the stiffeners
would be welded to massive bulkheads that are stiff in their own planes but flexible in the out-of-
plane condition, an ideal test would allow the ends of the specimen to rotate locally but maintain
the shape of the cross-section. This implies a test in which half circular grooves are performed in
the end bearing plates. Specimens with similarly rounded edges would be seated in the grooves
but not welded to the end plates, as shown in Figure A-4a. This configuration presents certain
difficulties in the assembly and test procedures, however. Fully welded ends, as shown in
Figure A-4b, provide the most expedient and reliable test configuration.

If fully welded ends were to be used, it was necessary first to explore the effect of the boundary
conditions presented by the physical arrangements shown in Figure A-4a and Figure A-4b.
Therefore, the analyses presented in Figures A-2 and A-3 were repeated with and without local
constraint on the rotation between the end plates and specimens. Figure A-5 shows that the
differences in end conditions had no significant effect on the axial load versus longitudinal
displacement.

The boundary condition along the unloaded edge proved to be more difficult to treat, and a large
number of analyses had to be carried out. These used a varying number of discrete restraints on
the unloaded edges. (In each case, the restraint imposed is that on rotation about axis 1.) Different
magnitudes and direction of the lateral load were explored.

Figure A-6 shows the behaviour of a stiffened plate for three different conditions of restraint at the
longitudinal edge; fully-restrained, totally unrestrained, and a model that uses five discrete
restraints along each edge. All models were analyzed with the stiffener flange initially in flexural
tension. It is clear that the behaviour in the region of the peak load softens if there is less than a
fully-restrained longitudinal boundary.

Figure A-7a shows the behaviour of the stiffened plate when the stiffener flange is initially in
moderate flexural compression. There are three models—restraint at five, six, and eight points—
and their behaviour is compared with that of the fully-restrained case. There was no difference in
the behaviour between the three partially restrained models. Whereas failure of the fully
restrained model occurred by tripping of the stiffener, failure of the partially restrained models
occurred by plate buckling and subsequent Euler buckling. Figure A-8 shows a similar
comparison for the condition that the stiffener is under high flexural strain. Here no distinction
can be made between the fully restrained and the partially restrained models.

Based on the examinations reported above, it was decided to use a welded detail for the loaded
ends (Figure A-4b) and rotational restraint at five discrete locations along each unloaded edge in
the numerical model.

Modeling of The Test Specimens

Completion of the numerical model required knowledge of the residual stresses and the initial
imperfections in the as-fabricated specimens and the details of the restraint device that would be
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used at the longitudinal boundaries. When this information became available, it was possible to
complete the model and then use it to predict the behaviour of the test specimens.

Geometry and Boundary Conditions

In order to incorporate the rotational restraint devices into the numerical model, it was necessary
to provide a more refined mesh than had been used to this point. This mesh, shown in Figure A-8,
now has a total of 512 SR4 plate bending elements. In order to model the effect of the restraint
device, short rigid beam elements were attached at the centre of each such device. In addition, the
bending stiffness of the two plate elements surrounding each short beam was increased by an
order of magnitude and assumed to be linearly elastic. In this way, the stiffening effect of a finite
size griping device was incorporated into the numerical model. The rotational restraint was
applied by constraining the translation along direction 2 at the tip of each short beam. This
allowed for accurate modeling of a constraint of the rotation about an axis tangential to the edge
of the pate. This is considered to be more realistic than a direct restraint of the rotation about
axis 1.

Adjustments to the model were also required to reflect the loading device that was to be used at
each end of the stiffened plate assembly. Since the loaded end plate was to rest on a half-cylinder
roller at each end (Figure A-9), the point of rotation would be shifted longitudinally away from
the actual end of the stiffened plate. In addition, the lateral reaction to the lateral loads would also
be shifted by an amount approximately equivalent to the radius of the end roller. Thus, end
moments would also be generated. To account for both effects, the rigid beam element frames
used to model the end plates were shifted away from the actual end of the stiffened panel, as
shown in Figure A-8, and end moments equal to the lateral reaction times the radius of the
cylindrical bearing were added at each loaded end. The rigid beam elements were shifted by an
amount equal to the thickness of the end plate and grout layer.

Material Properties

As mentioned above, an elasto—plastic material model with a von Mises yield criterion and
kinematic strain-hardening rule was used to model the material constitutive behaviour. Since
large deformations and finite strain could be reached during the analysis, particularly after the
buckle formation, true stress vs. true strain properties derived from coupon tests were input into
the model. Figure A-10 shows the stress vs. strain relationships and other hardening parameters
used in the simulation.

Initial Imperfections

Up to this point in the modeling, the specimen had been assumed to be free of initial stresses and
arbitrary initial imperfections had been used. The next step, then, was to map the measured initial
imperfections onto each perfect specimen, The measured initial imperfection data were supplied
by C-FER. Subsequently, the residual stresses were introduced. The residual stress information
was obtained by measurement, as described in Appendix B. Both aspects will be discussed in
detail in the context of Specimen SP1.1, the first specimen to be examined.



Figures A-11 and A-13 show the measured imperfections of the plate and flange, respectively, for
specimen SP1.1. The imperfections were mapped onto the mesh shown in Figure A-8. The
mapping process was based on a least squares fit of the imperfect surface and was carried out
using the MacGridzo code'.

The mapped initial imperfections are shown for the plate of SP1.1 in Figure A-12 and the and the
flange of the stiffener from the same specimen in Figure A-14. The slight chattering seen in
Figures A-12 and A-14 was deemed to be of no importance relative to the major pattern of
imperfections.

Residual Stresses

The only residual stresses introduced into the model were the longitudinal stresses arising in the
specimens because of the manufacturing process of the plate and tee stiffener and the longitudinal
welding process during the fabrication of the specimens. The modeling was done by imposing
initial strains in the form of a temperature distribution. In order to model the initial strains only in
the longitudinal direction, an orthotropic temperature material property was used that had zero
thermal expansion coefficients in directions 2 and 3. The initial strains introduce initial stresses,
upon which an iteration is carried out in order to establish equilibrium. A complication arises
because this process introduces a distortion in the specimen. Therefore, the application of residual
stresses went through two stages. First a set of strains equal in magnitude but opposite in sign to
those measured and attributed to residual stresses were introduced in the model with the mapped
initial imperfections. The resulting displacements were recorded and then superimposed on the
initial imperfections. A new deformed, stress-free, mesh was thus generated. The proper initial
strains were then reapplied on the newly generated model. At this stage the model incorporates
initial imperfections consistent with those measured and residual stresses as measured.

Figure A-15 shows a set of measured residual stresses reported in Appendix B. Figure A-16
presents a comparison between the measured residual strains and the input and output residual
strains from the ABAQUS model for the plate of specimen SP1.1. Figures A-17 and A-18 show
similar comparisons for the web and flange of the tee section of the same specimen. It is
concluded that the reconstructed residual stress picture is successful. Similar simulations were
conducted for all of the following analyses.

Prediction of Test Results

The numerical model described above was used to predict the behaviour of five test specimens
that were tested subsequently at C-FER. Four of these belonged to series SP1 and one belonged to
series SP2. The first four specimens, SP1.1, SP1.3, SP1.4, and SP1.5, were loaded both axially
and laterally (with third-point loads). Specimens SP1.1 and SP1.3 were loaded so that the tee
stiffener flange was in flexural tension, whereas SP1.4 and SP1.5 were loaded such that the tee
stiffener flange was in compression. The lateral loads were held constant while the axial
compressive load was applied by imposing deformations (stroke control) until failure was
reached. Specimen SP2.1, on the other hand, was first loaded laterally in a damage cycle, the

! “MacGridzoTM — Contour Mapping and Base Map Plotting for the Macintosh,” Version 2, Rockware, Inc.,

‘Wheat Ridge, CO, 1988.
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lateral load removed, and then the specimen reloaded to failure with an axial compressive load.
The predicted values of the peak load and the values obtained in the physical tests carried out
subsequently are shown in Table 1.

The predictions and physical test results for the first four tests are shown in pairs of figures.
Figures A-19, A-21, A-23, and A-25 show the axial load versus axial shortening predictions and
the physical test results for specimens SP1.1, SP1.3, SP1.4, and SP1.5, respectively. Figures A-20,
A-22, A-24, and A-26 show corresponding deformed configurations for the following conditions;
before loading, after application of the lateral load, at peak load, and just before the end of each
test. The eight figures show that the predictions of the pre-peak behaviour, the peak load value,
the post-peak behavior, and the buckling mode were all excellent.

Figures A-27, A-28, and A-29 show the finite element predictions and the actual test results for
the damage cycle of specimen SP2.1. These figures show, respectively, the axial load versus axial
shortening, lateral load versus lateral deflection, and lateral load versus end rotation. There is
excellent agreement between prediction and test results for the case of axial load versus axial
shortening (Figure A-27) and for the case of lateral load versus end rotation (Figure A-29).
However, the initial stiffness is not predicted very well for the case of lateral load versus lateral
deflection (Figure A-28).

The next three figures, Figures A-30, A-31, and A-32 show the axial load versus axial shortening,
mid-span lateral deflection, and end rotation for specimen SP2.1 during the test cycle. Figures
A-33 and A-34 show the deformed shape of this specimen at various stages of loading. As was the
case for the other specimens, the numerical model provided good predictions of the response of
specimen SP2.1.

Summary

This work has shown that the stiffened steel plates that form the main structural component of a
ship hull can be modeled with a high level of confidence. The numerical model developed for the
examination reported herein used measured initial deformations and residual stresses typical for
the stiffened plate configuration under examination. If other arrangements are to be explored, the
magnitude and distribution of both initial imperfections and residual stresses must be examined
on a case basis.
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Table A-1

Comparison of Test Peak Load with Predicted Peak Load
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Figure A-1. Finite Element Mesh of Stiffened Plate
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(b) Stiffened Plate Configuration in the Post Peak Load Region

Figure A-2. Failure of Stiffened Plate by Plate Buckling
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Figure A-3. Failure of Stiffened Plate by Stiffener Tripping
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(b) End of Stiffened Plate Welded to the Loading Plate

Figure A-4. Loaded Ends Support Conditions
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(d) Plate configuration at end of test

(c) Plate configuration at peak load

(displacements magnified by 5)

Figure A-20. Deformed Shape of SP1.1 at Various Stages of Loading
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(d) Plate configuration at end of test

(c) Plate configuration at peak load

(displacements magnified by 5)

Figure A-22. Deformed Shape of SP1.3 At Various Stages of Loading
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Stiffener in compression under 25 kN lateral loads
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(d) Plate configuration at end of test

Figure A-24. Deformed Shape of SP1.4 at Various Stages of Loading
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Stiffener in compression under 25 kN lateral loads
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(d) Plate configuration at end of test

(c) Plate configuration at peak load

26. Deformed Shape of SP1.5 at Various Stages of Loading

(displacements magnified by 10)
Figure A-



—o—FEA Prediction,_

R

Axial Load (kN)

0.00-4
1.0 0.5 0.0 05 1.0 1.5

Axial Shortening (mm)

Figure A-27. Axial Load vs. Axial Shortening During the Damage Cycle of Test SP2.1
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(d) Plate at the end of the damage cycle
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(d) Plate at an average axial strain of 1.4 percent

(c) Plate at an average axial strain of 0.6 percent

Figure A-34. Deformed Shape of SP2.1 at Various Stages of the Testing Cycle
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Executive Summary

The measurement of residual stresses for one complete cross section and for three partial
cross-section was taken at three locations along a 6 m long stiffened plate panel has been
completed. Material characterization for two sections of tee stiffener and a section of steel
plate used for the fabrication of stiffened panels have also been completed.

The method of sectioning was used to measure residual stresses in 75 strips from the cross-
section. The residual stress distribution and magnitude of residual stresses were as expected.
High tensile residual stresses in the order of the yield strength of the material were measured
near the weld between the plate and the stiffener. Tensile residual stresses of less than 20%
of the yield strength were measured near the free edges of the plate and at the flange to web
junction of the stiffener itself. Compressive residual stresses of less than 30% of the yield
strength were measured in the remainder of the cross-section.

Residual stress measurements around the stiffener to plate junction at four locations along the
length of a stiffened plate have indicated that residual stresses are constant along the length of
stiffened plate used for the measurements.

The results of tension coupon tests from two separate stiffeners and a plate specimen
indicated that both the plate and stiffener are of the same grade of steel. The static yield
strength level is approximately 405 MPa for the stiffeners and 425 MPa for the plate. These
levels are typical of CAN/CSA-G40.20-M Grade 350W, or equivalent, steel.
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Measurement of Residual Stresses
Introduction

Residual stresses are locked-in self-equilibrating stresses that can exist in materials under
uniform temperature conditions without external loading. Consequently, the resultant force
and the resultant moment produced by residual stresses must be zero. Residual stresses are
produced if regions of a member are inhomogeneously deformed in such a manner that strain
incompatibilities occur. The area over which inhomogeneous residual stresses are present
can vary from submicroscopic (residual stresses created by the presence of a dislocation in a
crystal) to macroscopic, or over several grains (residual stresses created by differential
cooling). The later are usually of greater interest since they affect the more general behaviour
of structural members such as yielding and stability.

Several techniques of residual stress measurements have been developed over the years.
Since different techniques are based on different principles (e.g., X-ray diffraction is based on
the measurement of the change in crystal lattice spacing whereas the sectioning technique is
based on the release of macroscopic strains released when material is removed) it cannot
necessarily be expected that they will yield identical results. In selecting a technique for
residual stress measurements one must carefully consider the type of residual stresses that are
important (microscopic or macroscopic), the direction in which the gradients of residual
stresses are to be measured (through the thickness or over the surface), and whether non-
destructive or destructive methods are acceptable.

When considering the problem of buckling of a stiffened plate, it is apparent that
macroscopic residual stresses are the most influential type of residual stresses. Microscopic
residual stresses that are self equilibrated over a very small surface, such as over a few grains,
are not likely to have a significant effect on stability of a structural member containing a very
large number of grains. Furthermore, the variation of residual stresses through the thickness
of the plate elements of a stiffened plate is not considered to have an important effect on the
overall behaviour of the member. The magnitude and variation of residual stresses (average
through the thickness) in the cross-section are the two parameters considered to be important
on the behaviour of a structural member under monotonic loading.

On the basis of these considerations, it was decided to use the method of sectioning to
determine the residual stress distribution in one cross-section of a stiffened plate panel. The
method of sectioning is based on the principle that macroscopic residual stresses in a material
are relieved when a specimen is cut into strips of small cross-sectional area. The residual
stress distribution in a cross-section is determined by measuring the length of each strip
before and after sectioning and applying Hooke’s law. Two basic assumptions are made
when this method is used, namely that the transverse stresses are negligible and that the
method of cutting the strips produces no appreciable strain. Both improper sectioning and
the existence of strong residual stress gradients beneath the surface can lead to uncertainties
in the results.
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Procedure

In order to avoid the influence of end effects on the magnitude and distribution of residual
stresses, the location used for the residual stress measurements was taken at about 2 m from
the end of a 6 m long panel. During the preparation of the specimen for measurement, the
long stiffened plate panel was first supported so as to minimize the effect of bending under
self weight. Strips to be cut were first laid out in the pattern shown in Figure B-1. This
figure indicates that strips of either 6 or 12 mm width were created. The 6 mm strips were
used in regions where the gradient of residual stresses was expected to be more significant,
such as near the welds and near the free edges. The 12 mm strips were used throughout the
rest of the cross-section. A total of 75 strips were laid out at a given cross-section.

The longitudinal residual stresses distribution along the length of a stiffened plate was
assessed by measuring the residual stresses at four sections along the length of a 6 m long
panel. The location of the sections used for these measurements are shown in Figure B-2.
Location F.S. is the section described above for which the residual stresses were measured
over the entire cross-section. At locations A, B, and C, taken at 400 mm intervals, the
residual stresses were measured only in strips 21 to 27 and strips 58, 59, and 60.

Gauge points were created by embedding 1.6 mm dia. steel balls onto the surface of the strips
and at a gauge length of 100 mm. These gauge lengths were laid out on both faces of each
strip. The distance between the gauge points was measured with a mechanical extensometer
positioned on the steel balls. The extensometer used for the measurement has a precision of
1/1000 mm. To decrease experimental errors attributed to mechanical and human factors,
three sets of readings were taken from each strip before sectioning of the specimen. The
number of readings required to obtain a maximum error in measured change in length
corresponding to about 10 MPa was calculated based on the assumption that the sample is
normally distributed. Because the population standard deviation is not known, a t-distribution
was used to obtain the required number of data points as follows:

2
Loz 8

n = —_—
error

where, n = required number of readings
t,, = tvalue for a level of confidence of (1 - &)
] = standard deviation of the sample

For a given set of three readings the calculated value of n was compared to the actual number
of readings taken and, if the calculated value was larger than the actual sample size of three,
additional readings were taken. The process was repeated until a valid set of readings was
obtained.

After the initial readings were obtained, a specimen 350 mm long and containing the gauge
points was cut from the 6 m long specimen. The portion containing the residual stress strips



was then sectioned along the lines shown in Figure B-1 using a band saw. Cutting fluid was
used in order to minimize heat generation during cutting. Following this, the distance
between the gauge points was again measured using the same procedure outlined above.

Residual stresses released by sectioning were calculated using the measured gauge length
before and after sectioning. An elongation of a strip after sectioning indicates that a
compressive residual stress has been released by sectioning, whereas shortening of a strip
results from the release of tensile residual stresses. Stresses are calculated from the
relationship:
G = Lo—Lag
Ly

where, = the residual stress magnitude. (A positive value corresponds to tension.)

Gl’

L, = average gauge length before sectioning.
L, = average gauge length after sectioning.
E

= modulus of elasticity. (An average of the measured values was used).

Results of Residual Stress Measurements

The distribution of residual stresses measured at one cross-section of a stiffened plate panel is
summarized in Figure B-3. Figures B-4 to B-6 show the distribution for each plate
component of the cross-section individually. Both the distribution and magnitude of residual
stresses in the cross-section are as expected, namely, high tensile residual stresses near the
weld between the tee stiffener and the plate, and tensile residual stresses of lower magnitude
at the junction of the flange and stem of the tee. Tensile residual stresses are measured
within a distance of 30 to 40 mm from the welds. Relatively small tensile residual stresses
were also measured near the edges of the plate, which had been cut to size initially by a water
jet. The residual stresses close to the weld are at the yield strength level of the material. The
compressive residual stresses in the cross-section are approximately 100 MPa over most of
the cross-section.

In order to verify the accuracy of the measured residual stresses, equilibrium of forces and
moments on the cross-section was checked. An imbalance of axial forces of 0.70 kN
(compression) was calculated. The imbalance in moments was calculated to be 0.6 kN-m
about an axis parallel to the web and 3.0 kN-m about an axis parallel to the plate. All these
values are considered to be well within the accuracy that can be expected from this technique.

The residual stresses measured in strips 21 to 27 and in strips 58, 59, and 60 at three different
sections along the length of a stiffened panel are summarized in Table 1. No correlation
between the magnitude of the residual stresses and the distance along the stiffened plate is
noted.



Tension Coupon Tests

Tension coupons were taken from one 300 mm long tee section received from C-FER on July
19, 1995, and from a 10 mm steel plate section and a 300 mm tee section received on July 21,
1995. Six 50 mm gauge length coupons were prepared from each tee section and three
coupons were obtained from the 10 mm plate specimen.

Tension tests on the coupons were conducted in accordance with ASTM Standard A370-88a
at a controlled strain rate of 1500 pe/min. in the elastic range and about 3000 pe/min. in the
plastic and strain-hardening ranges. Stress vs. strain curves were obtained for each coupon.
Both the static and dynamic properties were obtained. A summary of the static and dynamic
material properties is presented in Table 2. A comparison of the tension coupon test results
for the two sections of tees indicates that both sections are of the same grade of steel. An
average static yield strength of 403 MPa and dynamic yield strength of 421 MPa was
obtained. The static and dynamic yield strength for the steel plate was measured to be 425
MPa and 439 MPa, respectively. Static and dynamic values of the ultimate tensile strength
listed in Table 1 also indicate little difference between the material used for the steel plate
and the material in the tee stiffeners. The engineering stress vs. strain curves for the tee
sections are presented in figures B-7 to B-10 and the engineering stress vs. strain curves for
the plate material are presented in Figure B-11.

The measured values of yield and tensile strength indicate that the steel grade for the

stiffeners and the plate meet the requirements for CAN/CSA grade G40.21M 350W or
350WT steel.
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Residual Stresses At Various Sections Along the Length of a

Table B-1

Stiffened Plate (MPa)

Location

Strip A B C E.S.
21 39 76 90 87
22 107 153 151 144
23 208 180 311 190
24 423 426 426 430
25 96 234 209 270
26 128 205 207 240
27 207 239 210 195
58 257 210 212 170
59 228 211 217 249
60 358 330 341 310
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Table B-2

Tension Coupon Test Results

Coupon Static | Dynamic | Static | Dynamic | Rupture | Reduction
Yield Yield Ultimate | Ultimate | Strain in Area
(MPa) (MPa) (MPa) (MPa) (%)
Tee received July 19
Flange Coupon 1 390 420 529 561 0.308 64.2
Coupon 2 410 430 531 564 0.322 62.0
Coupon 3 403 420 534 564 0.298 65.7
Average for flange 401 423 531 563 0.309 64.0
Stem  Coupon 1 407 423 532 562 0.293 68.0
Coupon 2 415 430 528 559 0.275 68.9
Coupon 3 414 432 534 564 0.303 66.7
Average for stem 412 428 531 562 0.290 67.9
| Average for section | 407 426 531 562 0.300 66.0
Tee received July 21
Flange Coupon 1 393 411 537 551 0.340 71.1
Coupon 2 386 405 520 550 0.327 75.0
Coupon 3 390 403 520 552 0.312 75.0
Average for flange 390 406 526 551 0.326 73.7
Stem  Coupon 1 404 420 529 557 0.305 63.8
Coupon 2 409 424 535 560 0.295 71.4
Coupon 3 418 432 534 560 0.277 69.0
Average for stem 410 425 533 559 0.292 68.1
Average for section 400 416 530 585 0.309 70.9
Plate received July 21
Coupon 1 422 436 510 532 0.369 70.9
Coupon 2 427 440 509 532 0.380 67.6
Coupon 3 426 440 509 533 0.365 67.8
Average for Plate 425 439 509 532 0.371 68.8
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