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Abstract 

DREA conducted a joint structural testing project with the U.S. Interagency Ship 
Structures Committee (SSC) at C-FER (Centre For Engineering Research Inc., Edmonton) 
earlier this year. Twelve stiffened plates, seven without damage and five with damage, 
having dimensions approximately equal to a typical stiffened panel at the strength deck of 
the Canadian Patrol Frigate (CPF) were tested. One of the objectives of this project was to 
conduct a computer simulation of the test procedure with the non-linear finite element 
method. It was hoped that after a successful simulation, panels with other dimensions and 
parameters could be studied numerically. As the scientific authority of this project, the 
author planned the test procedure, conducted the numerical prediction of the collapse load 
of the specimens, and performed the computer simulation of the test procedure. Because of 
the complexity of the computer simulation and completely different behaviour between 
damaged and undamaged specimens, this memorandum only summarises the finite element 
results on specimens without damage and their relation with the test observations. Seven 
specimens, which failed either in tripping or in combined plate and flexural buckling modes 
under combined lateral and axial loads, were modelled. Some interesting buckling 
phenomena were discovered and are discussed. 

Resume 

Au debut de l'annee, le CRDA a entrepris un project d'essais de structures avec 
l'Interagency Ship Structures Committee (SSC) americain au C-FER (Center for 
Engineering Research Inc., ä Edmonton). Les essais ont porte sur douze plaques raidies, 
sept intactes et cinq endommagees, de dimensions ä peu pres egales ä celles d'un panneau 
raidi typique du pont de resistance de la Fregate canadienne de patrouille (FCP). L'un des 
objectifs de ce project etait d'effectuer une simulation sur ordinateur de la procedure d'essai 
au moyen de la methode par elements finis non lineaires. On esperait qu'apres une deuxieme 
simulation reussie, on serait en mesure d'etudier numeriquement des panneaux de 
dimensions et parametres differents. En tant que responsable scientifique de ce project, 
l'auteur a planifie la methode d'essai, effectue la prediction numerique de la charge de 
defaillance des eprouvettes, et realise la simulation informatique de la methode d'essai. A 
cause de la complexite de la simulation informatique et du comportement completement 
different des eprouvettes intactes et des eprouvettes endommagees, cette note se contente 
de resumer les resultats des elements finis sur les eprouvettes intactes et leur relation avec 
les observations de l'essai. On a modelise sept eprouvettes qui ont flambe en torsion ou 
dont les plaques et raidisseurs ensemble ont flambe en flexion sous des charges laterales et 
axiales combinees. Certains phenomenes interessants de flambement qui ont ete decouverts 
font l'objet d'une discussion. 
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Executive Summary 

Introduction 
Buckling of stiffened plates is one of the most important considerations in ship structural 
design. DREA conducted a joint test project with the U.S. Interagency Ship Structural 
Committee (SSC) earlier this year. A total of twelve stiffened panels, with or without 
damage, having dimensions approximately equal to a typical stiffened panel at the strength 
deck of the Canadian Patrol Frigate (CPF), were tested at C-FER (Centre For Engineering 
Research Inc., Edmonton). DREA lead this project on behalf of SSC and conducted the 
non-linear finite element analysis to predict the response and the collapse load of the 
specimens. Because of the complexity of the numerical simulation and the completely 
different behaviour between damaged and undamaged specimens, this memorandum 
summarises the finite element results of the first seven specimens - those without damage 
under combined lateral and in-plane loads. 

Principal Results 
One of the main objectives of this project was to establish a test frame capable of testing a 
single stiffened panel under in-plane and lateral loads. This frame could also be used to 
study the behaviour of damaged and corroded panels. Another objective was to perform a 
computer simulation of the test procedure so that panels with other dimensions and 
parameters could be analysed with the non-linear finite element method. Test specimens 
failed either in tripping or in a combined plate and flexural buckling mode. The finite 
element results showed good agreement with the test observation for both load-shortening 
curves and buckling shapes. Interesting phenomena regarding the influence of lateral load 
on tripping behaviour were also discovered and were discussed. 

Significance of Results 
This project provided important information for improving the buckling and tripping criteria 
in current design standards. It also gave experimental verification of the simplified numerical 
models used in predicting the overall hull collapse. The finite element method was found 
capable of simulating the test procedure. 

Future Plans 
Because of the successful simulation of the test procedure, panels with other configurations 
and parameters can be modelled and studied in future. The second series of tests with 
specimens with deliberate damage or dents is being analysed. Other types of failure modes 
such as grillage and overall hull collapse will also be investigated in the future. 
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1. Introduction 

Ships experience hogging and sagging deformations under wave loading. In addition to the 
hydrostatic pressure, the stiffened panels that form the ship hull undergo repeated 
compressive and tensile forces. The compressive strengths of these panels are normally 
less than their tensile strength. In other words, the buckling modes are always the 
dominant failure modes. Besides local plate buckling, ship hulls can buckle in several 
different modes. These modes include the buckling of an individual stiffened panel either 
in the flexural buckling mode or in the tripping mode, the grillage buckling, and the 
ultimate hull collapse. In some cases, the buckling modes are interconnected and can occur 
simultaneously or happen one after another. 

Fabrication of such stiffened panels requires the plates to be fully welded to the stiffeners. 
The fabrication process generates unavoidable imperfections including geometric 
imperfections and residual stresses in plates and stiffeners. Depending on the magnitudes, 
the imperfections can significantly change the buckling strength of the panels, especially in 
the elastic-plastic region. The design criteria cannot not be established without considering 
these. 

The flexural buckling strength of the stiffened panel is one of the major considerations in 
ship structural design. It is used to determine the dimensions of the plates and the 
stiffeners. After the size of the components are chosen, the designers evaluate other 
buckling criteria to ensure that buckling modes of other types will not occur. For example, 
a stiffened panel needs to be checked against tripping criteria to ensure the stiffener has 
sufficient lateral support. Currently, the tripping criteria are based on formulas derived 
from elastic theory with large safety factors [1]. These criteria may not be appropriate [2] 
as the design philosophy is shifting from the working stress design to the load resistance 
factor design [3]. 

The overall ultimate collapse of the ship hull has become a design criterion in the latest 
design standard [1]. To evaluate the overall ultimate hull collapse moment [4,5] requires 
information on the load-shortening curve of the individual stiffened panel. This 
information can be obtained through numerical methods. It is, however, difficult in 
numerical models to take the effects of the residual stresses and imperfections into 
consideration. 

During operation, ships may suffer various damage such as corrosion from the 
environment or dents from external forces. In order to make efficient repair decisions, one 
needs to assess the residual strength of the damaged panels. The assessment can be carried 
out with numerical models but this requires experimental confirmation. 

In considering the importance of the buckling strength information in ship structural 
design, DREA proposed a test project to the U.S. Interagency Ship Structures Committee 
(SSC). This proposal was accepted by the SSC. To increase the scope of the project, SSC 



and DREA agreed to fund the work jointly and DREA lead the contract on behalf of SSC. 

One of the objectives of this test was to establish a test frame capable of testing an in-plane 
and laterally loaded stiffened plate. Special boundary and loading conditions were needed 
to represent the structural behaviour of a stiffened panel in a grillage environment. The 
other objective was to conduct the computer simulation of the test procedure and to predict 
the response of the specimens with the non-linear finite element method. It was hoped that 
after a successful simulation, panels with other dimensions under various loading 
combinations and damage could be modelled numerically. 

This project was contracted out to an Edmonton based company C-FER. DREA agreed to 
plan the test procedure and to conduct the non-linear finite element simulation. Twelve 
stiffened panels with dimensions similar to those on the strength deck of CPF were tested. 
These specimens were either under combined in-plane and lateral loads or had deliberate 
damage and in-plane loading. 

Because of the complexity of the numerical simulation and completely different behaviour 
between damaged and undamaged specimens, this memorandum only reports the results of 
the first seven specimens (combined in-plane and lateral loads). The test procedures 
including the imperfection and residual strain measurements, the test frame set-up and the 
load applications are summarised in Section 2. Non-linear finite element analyses are 
performed using the commercial finite element program ADINA [6]. The numerical 
models including the detail of the mesh division, boundary conditions and the modelling 
techniques of the residual stress and geometric imperfections are described in Section 3. 
The comparisons of the finite element results with the test observations and discussion of 
the results are reported in Section 4. 



2. Test Procedure 

To avoid the confusion of the mixed buckling modes involving individual stiffened panel 
buckling and grillage collapse, the test set-up was intentionally designed for single 
stiffened plate testing. The specimens represented a single stiffened panel cut out of a 
grillage between transverse frames. It was assumed to be simply supported at both ends 
with symmetric boundary conditions along the sides. The following information about the 
specimens and the description of the test set-up are required for the finite element 
modelling. 

2.1 Specimen geometry 

The geometry of the stiffened panel was similar to that used on the strength deck of CPF. 
Based on the measurement of all specimens, the mean values of the dimension were bp x 
tp= 500.4 mm x 9.67 mm; bf x tf = 103.9 mm x 8.06 mm; and dw x tw = 136.8 mm x 
6.22 mm. The length of the specimen was 2000 mm. These values were used in the finite 
element geometric definitions. 

2.2 Material properties 

The stiffener was hot-rolled grade 350 WT tee section (127 mm x 102 mm) and the plate 
was made of hot-rolled 350WT steel. Tension coupons (cut from the plates, webs and 
flanges of the stiffeners), were tested to determine the material properties. The stress- 
strain curves of these coupons showed a noticeable yield plateau of a typical hot-rolled 
structural steel. The static yield stresses of different components of the stiffened panels 
were 425 MPa for the plate, 411 MPa for the web, and 395 MPa for the flange. 

2.3 Residual stresses 

The plate was cut by hydraulic jets to minimise the zone affected by local plastic 
deformation at the edges. A twin-head sub-arc weld process was used for the 6 mm fillet 
weld between the stiffener and the plate. Longitudinal residual strains were measured 
using a sectioning method with mechanical strain gauges (100 mm gauge length). A total 
of 75 strips were cut from a 300 mm long segment. The procedure assumed that the 
longitudinal strains were uniformly distributed across the thickness and length. The 
measurements resulted in a residual stress pattern similar to that in a typical welded steel 
component which has a narrow tensile yield zone close to the weld which sharply drops to 
compression at a short distance from the weld. 

2.4 Initial imperfections 

The initial imperfections of the test specimens were measured before testing. The 
procedure employed a Nardini-SZ25120T lathe machine to provide a three-dimensional 
reference system as shown in Figure 1. Displacement gauges mounted on the carriage of 



the lathe machine travelled along the surfaces of the specimen to collect profile data at 
specified locations. There were in total 19 data points along the length of the panel and 5 
lines across the panel including the junction of the web and the plate. The same number of 
data points were also measured along the length of the junction of the web and flange, and 
along both edges of the flange. The imperfection data was referred to an orthogonal 
Cartesian co-ordinate with the panel located on the x-y plane. The origin of the plate was 
located at the mid-span of the junction of the plate and the web with the z-axis toward the 
toe of the Tee as shown in Figure 2. 

2.5 Test set-up 

Experimental simulation of the symmetric boundary conditions was the most difficult part 
of the test set-up. It was physically impossible to build a continuously symmetric 
boundary. The symmetric boundary could only be achieved at discrete locations. The 
question was how many discrete locations were required to approximate the continuous 
boundary condition. Another consideration was the mechanical restriction. Only a limited 
number of discrete boundary devices could be mounted along the fixed length of the 
edges. 

The original design of the test set-up is shown in Figure 3. C-FER found other mechanical 
parts that were easier to assemble and had less friction. The schematic plot of the final 
design is shown in Figure 4. It was composed of several main carriages on each side of the 
panel. Each carriage, with an inner linear bearing, travelled along two main rails. The two 
main rails in turn were mounted on the supported frames. Each carriage contained a 
secondary carriage. This secondary carriage, with the same bearing system, travelled 
orthogonally on top of the main carriage. A grip fixture mounted on a rotational bearing 
was located at the centre of the secondary carriage. It allowed the edge of the plate to 
rotate normally to the carriage. The specimen was positioned vertically under the Tubular 
Testing System (TTS) at C-FER laboratory as shown in Figure 5. The cylindrical bearing 
at both ends provided simple supports and transferred the reactions of the lateral load 
through friction. Hydraulic jacks attached to the wall applied the lateral load at two third 
points through two 100 kN rams while the axial load was applied from the TTS head. 

The symmetric boundary allowed the edge of the plate to rotate about the y-axis and to 
move in the x and z directions. A preliminary finite element study had shown that the 
more discrete grip points the better. However, in considering the size of the carriages and 
the cost, it was decided to use five carriages on each side of the panel. Figure 6 shows the 
cross sectional view of the test set-up. 

2.6 Load application 

A small initial axial load was applied on the specimen to generate enough friction force 
between the cylinder and the end plates to keep the specimen in place. This initial axial 
load was a small portion of the expected peak load and the plate remained elastic at this 



stage. The lateral load was then applied and remained constant through the whole test. 
Since the load-shortening response of the specimen was expected to have a linear elastic 
portion which gradually turned into the peak load followed by a descending branch, a load 
control method was used for the axial load before the peak load. It changed to 
displacement control when the response passed the elastic limit. 



3. Finite Element Model 

Since the specimens were expected to experience large displacements and plastic 
deformation, a finite element study was required to model both geometric and material 
non-linearities. The commercial software ADINA which enabled modelling of geometric 
and material non-linearities was chosen in this study. 

3.1 General 

A four-node quadrilateral shell element, from the family of the degenerate iso-parametric 
shell elements, with a 2 x 2 x 2 integration order was used to model the plate and the 
stiffener. The kinematic assumption that was made was large displacement and rotation but 
small strain. Since the coupon tests had shown a clear plateau, the material modelling of 
the plate was assumed to be bilinear elastic-perfectly-plastic with a von Mises yield 
condition. In order to obtain the entire load-shortening curve, the automatic displacement 
control method was used in the solution scheme. The lateral load was applied through load 
control. 

3.2 Imperfections 

The imperfections of the finite element model were directly mapped from the test 
measurements. Since there was no measurement along the edges of the plate, linear 
extrapolation was used to obtain the edge profiles. After the mesh size was decided, linear 
interpolation was then used to obtain the finite element nodal points. Figure 7 shows the 
mapping process from the original measurement to the finite element mesh. In order to 
compare the geometry in the mapping process visually, these imperfections are enlarged 
15 times. 

3.3 Finite element mesh 

Previous convergence studies indicated a mesh size of 16 x 24 was sufficient to catch the 
buckling behaviour. However, the purpose of this analysis was to simulate the behaviour 
of the test specimen. In considering the boundary supports and the residual stress pattern, a 
finer mesh was used so that the nodal points would coincide with the boundary gripping 
devices. The final mesh sizes were 16 x 38 for the plate; 6 x 38 for the web; and 4 x 38 
for the flange. 

The co-ordinate system for the finite element model was the same as for the test 
measurement as shown in Figure 8. It refers to an orthogonal Cartesian co-ordinate system 
with the mid-plane of the plate located in the x-y plane. The origin was located at the mid- 
span of the model at the junction of the web with the plate parallel to the x-axis. The 
positive z-axis was toward the junction of the toe of the stiffener. The mesh was designed 
so that each grip fixture contained two elements. 



3.4 Boundary conditions 

The grip fixture was physically restrained against translation in the y-direction and against 
rotation in the x- and z- directions. Two types of modelling options were used. The first 
model designated the central node of the grip fixture to be the master node. The other two 
points at the same grip fixture were rigidly linked to the master node. The second model 
replaced the rigid link with two thicker elements on top of the plate as shown in Figure 8. 
Preliminary results indicated both models gave a similar response. Model 2 was used in all 
the analyses thereafter. 

The ends of the specimen had thick end plates. The purpose of these plates was to ensure 
that the ends remained plane during deformation. The thick plates were not modelled 
physically but "the plane sections remain plane" condition was achieved by assigning the 
end nodes to be slave nodes so they could displace together with respect to a master node. 
As indicated in Figure 6, the specimen was mounted between two cylindrical heads. There 
was a distance (38.1 mm) between the centre of the half-cylinder and the end of the 
specimen. When the plate started to buckle, a slight eccentricity developed. To account for 
this eccentricity, the master node was offset 38.1 mm from the end of the plate. 

3.5 Residual stresses 

One of the focal points of the investigation was to measure the magnitude and distribution 
of residual stresses and their effects. The residual stresses in a stiffened panel came from 
two sources; one from the welding of the stiffener to the plate and the other from the 
manufacturing process to position the components in the right locations. One common 
assumption is that the residual stress pattern forms rectangular tensile and compressive 
stress blocks in the transverse direction and is constant in longitudinal direction. However, 
the residual stress in a real panel is in a tri-axial state and varies not only in the transverse 
direction but also parallel to the weld. It was decided to introduce the residual stress in the 
panel in a way that resembles the actual welding procedure. The residual stresses thus were 
generated through temperature variations on nodal points adjacent to the weld. The 
magnitude of the residual stress could be calibrated by changing the temperature 
magnitude or by varying the coefficient of thermal expansion. 

3.6 Residual stresses and imperfection modelling 

The introduction of thermal residual stress caused additional deformation and changed the 
nodal co-ordinates such that they were inconsistent with the input geometric imperfections, 
since the geometry after welding (i.e. introducing residual stress) should have been used as 
the initial geometry. To avoid the change of the initial imperfection, the procedure 
described in References [7] and [8] was used. This procedure has been successfully applied 
and verified in fabricated tubular structures used in offshore oil platforms. Figure 9 shows 
the procedure used for the automatic generation of welding residual stresses with retention 



of the initial imperfections and is explained as follows: 
Step 1. Create imperfections through the mapping process and generate the finite element 
mesh while the nodes adjacent to the weld have positive temperature loading. 

Step 2. Activate the temperature loading and produce reversed residual stresses. The panel 
is strained in the opposite sense to the final residual stress distribution. The updated nodal 
geometry is stored in a file. 

Step 3. Read this geometry file as the original geometry; therefore the imperfections in the 
model include geometric imperfections and deformation due to positive temperature 
variations. The plate is free of residual stresses. The nodes adjacent to the weld have 
negative temperature loading. 

Step 4. Activate the temperature loading at the first loading step. This results in a panel 
with the desired residual stresses and imperfections approximating the initial 
imperfections. The imperfections can be verified by comparing the nodal co-ordinates of 
the panel at the end of this step with step 1. 

3.7 Time functions 

Non-linear collapse analysis was done by applying loads or displacements in small load 
steps. An iteration procedure was then used to achieve convergence. The finite element 
modelling of the test procedure involved four time functions. A total of fifty time steps 
were applied on the models. The time functions as shown in Figure 10 are described as 
follows: 

The temperature load is applied as a step function and kept constant throughout the 
analysis. The lateral load is started at time step 4, increased to step 5 and kept constant 
through the analysis. The bending moments generated by the lateral load are also kept 
constant through the analysis. The axial displacement loading is applied linearly from step 
5 to step 50. 



4. Numerical Results 

Seven panels have been analysed and compared with the test results. Five of them had the 
gripping devices mounted at the sides while the other two had the boundary gripping 
devices removed to verify the effectiveness of the devices. The load combinations, 
boundary conditions and the lateral load direction of the specimens as well as the results 
are listed in Table 1. The effect of the residual stress and the structural response are 
explained in this section. 

Table 1: Summary of the finite element and test results 

Specimen 

No. 

Lateral 

load 

B.C. at 

sides 

Peak load (kN) Ratio 

(FEA/Test) 

Test failure 

mode 

FEA failure 

mode Test FEA 

1.3 25 kN yes 1453 1489 1.025 flexural flexural 

1.1 10 kN yes 1572 1635 1.040 flexural flexural 

1.2 OkN yes 1736 1759 1.013 flexural flexural 

1.6t -lOkN yes 1673 1868 1.117 tripping flexural 

1.6* -15 kN yes 1673 1454 0.869 tripping tripping 

1.4 -25 kN yes 1275 1285 1.008 tripping tripping 

1.7 25 kN no 1361 1436 1.055 flexural flexural 

1.5 -25 kN no 1139 1208 1.061 tripping trippimg 

• lateral load is applied at two-third points 
• lateral load is applied at junction of plate and web 

• negative lateral load is from flange toward plate so that plate is in tension initially 
• positive lateral load is from plate toward flange so that plate is in compression initially 
t There are large discrepancies in both the peak load and the buckling mode between the 

finite element analysis and the test results. 
t The lateral load in the finite element is increased to 15 kN instead of 10 kN. The additional 

5kN load has changed the buckling mode as well as peak load completely. 

4.1 Effect of the residual stress 

Both the residual stress pattern and their magnitude are required to be similar to the test 
measurements. The deformations due to temperature variation should be small so that the 
panel has as little plastic deformation as possible. On the other hand, the magnitude of the 
temperature loading should be sufficiently high so that enough residual stress can be 
generated. It was hoped that after the temperature variation in step 4, the panel would be 

9 



able to shrink back to its original shape but with the desired residual stress pattern and 
level. Models with residual stresses could be verified by comparing the nodal geometry in 
step 4 with that in step 1 to verify its imperfection profile. This was a trial and error 
process. 

Various levels of temperature variation were applied at both the junctions of the plate and 
web; and the flange and web. It was found that a temperature variation of 200°C at the 
junction of the plate and web and 50°C at the junction of the web and flange was an 
acceptable combination. Under this temperature variation, enough residual stress was 
generated and the initial imperfections of the plate were maintained. The maximum 
difference in the nodal geometry after the temperature variation was less than 10"2 mm. To 
further investigate the effects of these differences, models with nodal geometry of step 4 
with residual stress removed were re-run and compared with those having the nodal 
geometry of step 1. The results showed that there were no differences in both the load 
displacement response and the buckling shape. 

After activating the negative nodal temperature, a residual stress pattern with tensile stress 
close to the yield stress of the material was created. The comparison of the finite element 
results to the test measurements is shown in Figure 11. The finite element results represent 
the stress at the nearest integration points of elements at the mid-span. Since the residual 
stress measurements were only a rough estimation, this residual stress pattern was 
considered to be a reasonable approximation. The load-shortening curves for the finite 
element model of specimen 1.2 with and without residual stresses are shown in Figure 12. 
The peak load drops from 1920 kN for the model without residual stress to 1759 kN for 
the model with residual stress. 

4.2 Expected deformed shape 

In the test, the specimens were placed under the loading head in such a way that the axial 
load went through the neutral axis (calculated with full plate width) of the specimens. 
Because of symmetry, the weakest principal axis coincided with the web of the stiffener. 
As a result of the buckling, the overall panel can deform in two ways; one is deflection 
toward the flange (higher compressive stresses in plate) and the other is deflection toward 
the plate (higher compressive stresses in flange). Using the same terminology as in 
Reference 8, the former is called plate-induced failure mode (flexural buckling) and the 
latter is called the stiffener-induced failure mode. If the panel fails in a stiffener-induced 
failure mode and the flange does not have sufficient lateral support, the stiffener will twist 
as it bends. This type of mode is called tripping. Besides the overall panel buckling, the 
plate may buckle between the stiffener and gripping devices. The local buckling of the 
stiffener, however, was excluded from the failure mode because of the low width to 
thickness ratio of the specimens. 

The buckling of the plate depends on its physical properties and the boundary conditions. 
As an example, if the plate is simply supported around four edges, the buckling shape 
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associated with the smallest buckling load is a single half-wave in the transverse direction 
and several half-waves in the longitudinal direction. Furthermore, the plate will develop an 
alternate pattern on both sides of the stiffener. If the plate buckling load is lower than the 
overall panel buckling load, i.e. the plate buckling always occurs prior to the overall panel 
buckling, the overall panel buckling will exhibit a mixed mode. 

The effective width concept states that the buckling of the plate will decrease the width of 
the plate that is used to calculate the neutral axis. In other words, the instantaneous neutral 
axis is supposed to move gradually toward the flange as the load increases and the plate 
starts to buckle. Since the axial load goes through the original neutral axis, it is equivalent 
to applying an eccentric load with respect to the instantaneous neutral axis. In other words, 
without any lateral load, the stiffened panel is expected to buckle toward the flange, i.e., 
the plate-induced failure mode or flexural buckling. Since the plate buckling occurs prior 
to the overall panel buckling, one should expect the final failure mode to be a combined 
plate buckling and column-like flexural buckling in which the stiffener bends toward the 
flange. 

With the presence of the lateral load, the behaviour may be different depending on the 
direction and magnitude of the lateral load. If the lateral load is applied toward the flange, 
one should expect a similar deformed shape, i.e. the panel bends toward the flange. On the 
other hand, if the direction of the lateral load is applied toward the plate but the lateral 
load is small, the panel can still bend against the lateral load and deform toward the flange. 
However, if the lateral load is large, the panel will be forced to bend in the opposite 
direction, i.e. away from the flange. The panel will eventually fail in a mode in which the 
stiffener twists and bends away from the flange, i.e. a tripping mode. 

4.3 Finite element and test results 

Specimen 1.2 had no lateral load. As expected, the plate buckled first in an alternate 
fashion before the peak load. This was then followed by the overall buckling of the panel 
toward the flange (the plate-induced failure mode). The final deformed shape of the 
specimen showed a clear picture of the combined plate and overall flexural buckling. As 
shown in Figure 13, the deformed shape of the finite element model is similar to the test 
observation. The comparison of load-shortening curves is shown in Figure 14. 

Specimens 1.1 and 1.3 had 10 kN and 25 kN lateral loads, respectively. These lateral loads 
caused initial compressive stresses in the plate and created initial deflections of 2.4 mm 
and 6 mm at the mid-span of the stiffener. Since the lateral loads bent the panel toward the 
flange (in the same direction as the plate-induced failure mode), the final deformed shapes 
and load-shortening response were also similar to that for specimen 1.2. Figure 15 shows 
the deformed shapes at different time steps for specimen 1.1. Step 4 shows the 
deformation under lateral load, step 13 shows the plate buckling before the peak load, and 
step 50 shows the final deformed shape. The initial bending deformation had caused the 
secondary bending moment at mid-span which in turn decreased the peak loads. Figures 
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16 and 17 show the final deformed shapes (the finite element model and actual) for 
specimens 1.1 and 1.3, respectively. Figures 18 and 19 show the comparison of the load- 
shortening curves for specimen 1.1 and 1.3, respectively. 

Specimens 1.6 and 1.4 were subjected to -10 kN and -25 kN lateral loads, respectively. 
The test results show both specimens failed in a stiffener-induced failure mode. The 
stiffener twists and bends toward the plate and transversely. In other words, specimens 
failed in a tripping mode. Figure 20 shows the deformed shapes at different time steps for 
specimen 1.4. Step 4 shows the deformation under lateral load, step 10 shows the 
deformation before the peak load, and step 50 shows the final deformed shape. The load- 
shortening curves of specimen 1.4 in Figure 21 show a steep drop after reaching peak 
loads for both test and analysis. Figure 22 shows the final deformed shapes of the finite 
element model and the specimen 1.4. The finite element model, however, showed 
completely different behaviour for specimen 1.6. Under -10 kN lateral load, the specimen 
bent against the lateral load and failed in the plate-induced failure mode as shown in 
Figure 23. Since the deformation is against the lateral load, it requires a larger axial load. 
As a result, the peak load is 1868 kN which is greater than the peak load of specimen 1.2 
(without the lateral load). The results indicated that there is a lateral load at which the 
model deformation changes from the tripping mode (-25 kN) to the flexural buckling 
mode (-10 kN). 

The lateral load was increased slightly to -15 kN in the second finite element run. This 
time, the panel failed in the tripping mode and as shown in Figure 24 the peak load 
dropped suddenly to 1454 kN. The extra 5 kN lateral load only increased the initial lateral 
deflection at mid-span by 1.2 mm; however, the additional lateral load changed the peak 
load and the deformed shape dramatically. The average peak load of these two runs is 
1661 kN which is very close to the test result of 1673 kN. Figure 24 shows the load- 
shortening curves of finite element results and tests. 

Specimens 1.7 and 1.5 had 25 kN and -25 kN lateral loads, respectively, but without 
gripping devices. Both specimens had similar deformed shapes compared to their 
counterpart specimens 1.3 and 1.4 as shown in Figures 25 and 26. The load-shortening 
curves are shown in Figures 27 and 28, respectively. Table 2 shows the comparisons of 
specimens with and without edge restraint. The edge restraints did have some effect in 
changing the peak load. 

Table 2: Effect of edge restraint on peak loads 

25 kN lateral load |            -25 kN lateral load 

Specimen Test FEA | Specimen Test FEA 

w/ edge restraint 1.3 1453 kN 1489 kN 1       1.4 1275 kN 1285 kN 

w/o edge restraint 1.7 1361 kN 1436 kN I      1.5 1139 kN 1208 kN 

ratio 1.068 1.037 |     ratio 1.119 1.064 
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5. Discussion 

The test of structural components involves heavy machinery including loading and 
boundary devices. There are some uncertainties associated with these devices. 
Individually, they may work well but may not move smoothly when assembled together. 
In addition, the specimen alignment and load application are also associated with some 
uncertainties. The alignment of the specimen may look perfect to the naked eye, but the 
contact surface between the specimen and loading head may not be as even as expected. 
The initial setting of the specimen can change the alignment. These uncertainties can cause 
some variation in the test results. The finite element models are based on the measured 
residual stress of a particular specimen and nominal dimensions. The mapping of 
imperfections to finite element nodal points and the residual stress modelling are an 
approximation. The residual stresses may change from one specimen to another and the 
dimension of the specimen may vary from the nominal dimension. In addition, the test 
specimen is a continuous solid while the finite element idealisation changes a continuous 
structure to a discrete model. The finite element model based on the displacement 
formulation is always stiffer than the real structure. Nevertheless, the finite element results 
have been shown , in most cases, to match the load-shortening response as well as the 
deformed shapes of the specimens. The differences are small considering the uncertainties 
associated with the test. The finite element method was proved to be capable of simulating 
the test procedure. 

6. Concluding Remarks 

This project demonstrated the capability of the C-FER test frame to test in-plane and 
laterally loaded stiffened plates. The capability of the finite element method to simulate 
the test procedure has also been demonstrated. It was found in most cases that the finite 
element method can produce similar load-shortening response as well as the deformed 
shape of the specimens. 

Both test and analyses have shown the deformed shapes can have either plate-induced or 
stiffener-induced failure modes depending on the magnitude and direction of the lateral 
load. The finite element analyses have shown that a slight change in the lateral deflection 
can result in completely different deformed shapes and dramatically altered peak loads. 
This indicates the panel is sensitive to geometric imperfection. Criteria in design standards 
should include a well defined construction tolerance and should consider unexpected 
lateral loading which may cause a sudden reduction of the peak load. 

Finite element results have shown that the magnitude and pattern of residual stress are 
important and can reduce the peak load. The imperfections, on the other hand, can also 
influence the peak load as well as the deformed shape. The procedure used to generate the 
residual stress without altering the imperfection seems to be a reasonable approach. 

Five other specimens with the same configuration have been tested. These specimens have 
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deliberately created damage. Since part of the structure became discontinuous, a different 
mesh arrangement or possible numerical difficulties are expected. These specimens will be 
analysed in the future. 

This project provides important information for improving the buckling and tripping criteria 
in current design standards. It also gives experimental verification of the simplified 
numerical models used in predicting overall hull collapse. Because of the successful 
simulation of the test procedure, panels with other configurations and parameters can be 
modelled accurately and studied in future. Other types of failure modes such as Grillage 
and overall hull collapse will also need to be investigated. 

14 



Figure 1: Geometric imperfection measurement 

Figure 2: Co-ordinate system 
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Figure 5: Test set- up 
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Figure 6: Cross sectional view of the test set-up 
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Figure 7: Mapping of the finite element mesh 
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Figure 11: Residual stress patterns 
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Figure 13: Final deformed shape of specimen 1.2 
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Figure: 15: Deformed shapes of specimen 1.1 at different time steps 

28 



Figure 16: Final deformed shape of specimen 1.1 
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Figure 17: Final deformed shape of specimen 1.3 
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Figure 18: Load-shortening curve of specimen 1.1 
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Figure 20: Deformed shapes of specimen 1.4 at different time steps 
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Figure 21: Load-shortening curve of specimen 1.4 

33 



Figure 22: Final deformed shape of specimen 1.4 
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Figure 25: Final deformed shape of specimen 1.5 
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Figure 26: Final deformed shape of specimen 1.7 
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Figure 28: Load-shortening curve of specimen 1.7 
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