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a b s t r a c t

The paper deals with hull damage in ships which are subjected to grounding actions. A ship is assumed to
settle vertically on a rock. It is further assumed that contact actions are local and restricted to one plate
section. The scenario is analyzed by conducting a series of panel indentation experiments. Various
configurations of stiffened panels are loaded laterally by a cone shaped indenter until fracture occurs. The
specimen dimensions represent a 1:3 scale of the dimensions found in medium sized tankers. Naturally,
because damaged hull and cargo tanks may have severe environmental consequences, e.g. as exemplified
by high profiled grounding accidents such as the Exxon Valdez grounding which lead to the discharge of
nearly 240,000 barrels of oil, focus is on the plastic deformation and fracture resistance of the panel.
This is Part I of a two part companion paper. This paper reports observations from the experiments. Part
II–Numerical Analysis deals with the numerical simulations of the same tests. Although, the attention is
primarily focused on ship grounding, the experimental results are of considerable relevance for other
types of abnormal actions, e.g. ship–ship collisions, dropped objects on deck structures, and stiffened
panels subjected to explosions or ice actions.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The objective of this paper is to study structural failure mech-
anisms in ships subjected to stranding. The resistance to penetra-
tion of the hull plating is of special interest. This is because onset of
fracture in the outer hull and in cargo tanks is directly linked to oil
spill and compartment flooding. Moreover, onset of fracture results
in degraded structural capacity. This is especially the case for
structural members such as hull panels which carry loads primarily
by membrane action.

This is Part 1 of a two part article. The focus is placed on the
indentation resistance of hull panels during ship grounding. This is
investigated by means of panel penetration experiments and
numerical simulations. In this article the execution and the obser-
vations from the penetration experiments are described. Part 2 [1]
deals with the numerical reconstruction of the tests.

1.1. Background

Ship grounding scenarios can be divided into two sub groups:
‘‘stranding’’ and ‘‘powered grounding’’. During powered grounding,
structural damage is driven by the momentum of the ship, see
Simonsen and Hansen [2]. Depending on the topology of the sea
47 735 95697.
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floor, the ship may either tear open or slide over ground. In the case
of stranding, it is assumed that the ship settles on the sea floor
without being subjected to sway or surge motions. Damage of the
hull is a consequence of receding tides and wave loads. In this
article the attention is devoted to plate damage caused by
stranding.

Amdahl and Kavlie [3] have investigated the stranding response
of double bottom structures of ships. A series of scaled down double
bottom structures was penetrated by a diamond shaped indenter. A
similar study is also reported by Wang et al. [4]. In this case the
structural damage was investigated for different indenter geome-
tries. The indenters were modeled as cones with a spherical nose.
The shape variation was enforced by varying the nose radius and
cone spreading angle. Experimental work on grounding is further
presented by Rodd and Phillips [5] and Rodd and Sikora [6],
respectively. In the latter paper, grounding was imitated by running
a model of a double bottom, carried by a 227 ton twin rail car
vehicle, over a reinforced concrete model of the sea floor. In this test,
structural damage was predominated by tearing of the hull plating
and the internal double bottom girder webs. This type of hull
damage is often referred to as ‘‘raking damage’’, and is mostly
associated with powered grounding on rocks or knife-like obstacles.

In a sense, the behavior of ship sides subjected to ship collisions
is similar to the stranding problem. The structural arrangement of
ship sides is often very similar to that of the bottom arrangement.
Furthermore, most large ships have bulbous bows, which during
collisions may penetrate the side of the struck ship. In many ways,
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Fig. 1. Ship grounding – penetration of a bottom panel.

Table 1
Test component configurations. The panel denotations correspond with component
type and the number of stiffeners.

Component Number of stiffeners Stiffener type

US none –

1-FB one flat bar (FB)

1-HP one bulb (HP)

2-FB two flat bar (FB)

2-HP two bulb (HP)
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such bows are similar to the cone indenter applied by Wang et al.
[4]. The collision resistance of ship sides has been investigated by
Lehmann and Peschmann [7]. A near to full scale ship–ship collision
experiment was conducted in cooperation with the Dutch Institute
for Applied Physical Research (TNO). Further studies on this and
additional collision tests conducted at TNO are reported by Wevers
and Vredeveldt [8] and Ehlers et al. [9]. A similar true scale collision
study has also been carried out by the Association of Structural
Improvement of Shipbuilding in Japan (ASIS) in 1993. This is
reported in the 2003 ISSC report [10] (International Ship Structure
Congress). As a safety measure to avoid hull penetration,
a deformable bow referred to as the buffer bow has been proposed.
The behavior of buffer bows is investigated by Yamada [11] through
experimental, analytical and numerical studies.

Large scale experiments of ship collision and grounding are
expensive and therefore rarely performed. Furthermore, in many
cases the sheer size of the components requires tests to be per-
formed dynamically. In addition to uncontrolled strain rate effects,
the short time span of these tests makes monitoring difficult. For
the purpose of development of analysis methodology, testing of
structural members dedicated to a few deformation modes may
present a real alternative to full scale testing. This requires less
resource and simplifies monitoring. Furthermore, because such
tests are often scaled down in size, experiments can conveniently
be performed in a quasi-static manner. This approach has been
applied extensively by Wierzbicki and Thomas [12], Simonsen and
Wierzbicki [13], and Wierzbicki et al. [14] to develop analytical
procedures to estimate cutting forces during grounding. It is
generally accepted that panels subjected to local impacts are
vulnerable to fracture. This is due to the fact that once fracture is
initiated, membrane loaded panels have little reserve capacity, e.g.
as reported by Simonsen and Lauridsen [15]. The membrane
resistance of both steel and aluminum plates has been investigated
by Törnqvist [16], in a series of large scale bulge tests, and by
Simonsen and Törnqvist [17] when determining the tearing resis-
tance of large metal sheets. The paper focuses on the indentation
and the subsequent penetration of hull panels caused by grounding
actions. The findings are, however, not restricted to grounding
related problems only. They have considerable relevance for other
types of accidental loading. This may for instance be panel damage
due to: ship–ship collisions, dropped objects on deck structures,
and stiffened panels subjected to explosions or ice actions.
1.2. Design considerations

The damage to the hull girder during stranding depends on the
ship’s structural arrangement and the geometry of the sea floor.
Ships subjected to grounding on large sea floor obstacles may
sustain severe girder web crushing and grillage deformation. This
implies enormous contact forces. This creates, in turn, large hull
girder bending moments, which, together with a damaged hull
cross section, may be critical with respect to hull girder collapse.
During stranding on rocks and pinnacles, ships are more likely to
sustain local penetration. This may be critical with respect to oil
spill and water ingress. In the following study, the latter scenario is
assumed to take place. It is assumed that a ship settles on an
obstacle where only local contact is established. That is, only the
panel section is subjected to deformations. Longitudinal and
transverse girders remain undamaged and act as rigid frames. The
situation is illustrated in Fig. 1.
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Fig. 2. Component configurations: (a) illustrates the typical component, while (b) and (c) shows the transverse and longitudinal cross section with and without stiffeners,
respectively.
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2. Penetration tests

Panel indentation experiments are carried out in order to
analyze the stranding scenario. Plate sections have been manu-
factured and penetrated in order to mimic local damage in hull
panels subjected to grounding loads. The tests are carried out by
forcing a model of the seabed, a so called ‘‘indenter’’, laterally into
the plate. This is performed up to and beyond the point of fracture.
A description of the tests is given in the following.

2.1. The test components

Five test components have been fabricated. They share the same
plate geometry, but have different stiffener configurations. Both flat
bar (FB) stiffeners and bulb (HP) stiffeners are applied in the
models. The dimensions of these are described by the height and
the thickness, which are 120 mm and 6 mm, respectively. The
components are found in single and paired stiffener configurations.
The components are summarized in Table 1.

The plate length and width is 1200 mm and 720 mm, respec-
tively. The thickness is 5 mm. The stiffeners are spaced equally
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Fig. 3. Engineering stress–strain curve
apart. This implies that component 1-FB and 1-HP have one stiff-
ener at the longitudinal center line, while 2-FB and 2-HP have
stiffeners spaced 240 mm apart. The plate itself is welded to
a strong frame, which consist of four massive steel boxes assembled
by welding. The boxes have the following dimensions: height
200 mm, breadth 300 mm and thickness 12.5 mm. The plate and
frame configuration is illustrated in Fig. 2. The stiffeners are welded
to the plate and the stiffener ends are fixed to the frame. The
assembly of the components follows normal shipyard procedure.

The indenter is milled out from a solid piece of steel. It has
a cone shape with a spherical ‘‘nose’’, see Fig. 2. The spreading angle
of the cone is 90� and the radius of the ‘‘nose’’ is 200 mm. The
various components are constructed using different steel grades.
The frame section and the bulb (HP) stiffeners are made from high
strength steel (S355NH EN10210), while the flat bar (FB) stiffeners
and plates are made from mild steel (S235JR EN10025). The stiff-
ener material properties are illustrated in Fig. 3(a).

Two material test samples are taken from each plate sheet; one
in the rolling direction, the other perpendicular to the roller
direction. In Fig. 3 the average engineering stress–strain curves are
shown. Being hot rolled material, the directional dependency is not
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Fig. 4. The experimental setup: (a) illustrates the rigging (rig, hydraulic jack and test component), and (b) shows the indenter-plate configuration during indentation.

0 50 100 150 200 250
0

200

400

600

800

1000

1200

1400

1600

F
o

r
c
e
 
[
k
N

]

Displacement [mm]

Fig. 5. Force–indentation curve for the unstiffened plate (US).
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significant. Nevertheless, the difference in yield stress between the
different sheet samples varies as much as 100 MPa. The reason for
this must be that the plate material belongs to different steel
batches. The material grade in Fig. 3(b) is referred to as mild steel
(S235JR EN10025). This material grade has only minimum
requirements. Higher grade steel may have been introduced in the
batch, which results in steel qualities of higher standard than
required by the material certificate.

2.2. Experimental setup

The experiments are conducted in the rig illustrated in Fig. 4.
Plate deformation is enforced by a hydraulic jack with a 250 ton
maximum capacity. The indentation force and displacements are
measured on the jack crosshead by the cylinder itself. Because large
forces are involved during testing, the rig must be expected to
stretch. Hence, in order to avoid any confusion about the real
displacement, the indenter displacement is also measured by
a displacement transducer fixed to the ground. All components are
loaded in displacement control at a rate of 10 mm/min. The
experiments are monitored by two cameras taking photographs
every 5 s. In order to better visualize the deformations
100�100 mm grids have been drawn on both sides of the panels.

3. Experimental results

The displacement rate has been chosen as low as practically
possible to minimize strain rate effects. The 10 mm/min indenta-
tion velocity corresponds to an equivalent plastic strain rate in the
range of _3eq ¼ ½2� 10�4 � 3� 10�4 s�1

�
. This range of strain rates

are estimated from explicit finite element simulations. In order to
assess the effect of strain rates, a displacement rate of 1 mm/min
has been applied for short periods of time. This yields strain rates
0.1 times lower than the strain rates otherwise. The corresponding
decrease in indentation force is not significant, at the maximum 1–
2%. Nevertheless, the rate effect is present. By scaling the yield
stress using Cowper–Symonds (CS) expression [18] a simplified
estimation of the total strain rate effect can be found. The CS
expression reads

sD
eq

seq
¼ 1þ

�
_3eq

C

�1
m

(1)

where seq is the quasi-static equivalent flow stress and sD
eq is the

‘‘dynamic flow stress’’. Cowper and Symonds reported rate
parameters C, m equal to 40.4 s�1 and 5 respectively. However, for
large plastic deformations, greater values of C are often preferred,
see [16]. A simple evaluation using the CS expression with
C¼ 4000 s�1 yields results which corresponds well to the 1–2%
difference observed due to the varying load rate in the tests. In total,
the strain rates are believed to account for a 2–4% increase in loads
compared to the fully static scenario.

3.1. Unstiffened panel – component US

The purpose of conducting an indentation test on an unstiffened
panel (US) is twofold: First, the membrane effect in the deformed
panel can be studied without any disturbance from stiffeners.
Second, a reference for the following tests is established, both in
terms of the resistance to indentation and the evolution of the
deformation.

Fig. 5 illustrates the force–indentation curve for panel US. The
response of the plate is dominated by membrane stretching. The
resistance in terms of out of plane bending has little influence on
the total behavior. Because, the hydraulic jack has a maximum
stroke of 150 mm, unloading had to be conducted after about
130 mm deformation before the experiment was continued. It is
interesting to observe that after reloading, the force does not
immediately enter the level prior to unloading. It is reasonable to
believe that the drop in contact force is caused by relaxed friction
forces, i.e. small sliding motions in the contact zone. This occurred
once the indenter was stopped. The indenter halt lasted for a few
minutes before the plate was unloaded. Consequently, the plate



Fig. 6. Indentation of unstiffened plate: (a) prior to fracture, and (b) after fracture.
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was allowed to continue to deform in the sliding zone, which
relaxed the contact force.

Due to the plate aspect ratio (5/3), most of the indentation
action is carried by membrane forces in the transverse direction.
Friction prohibits or reduces deformation and straining in the direct
contact zone. The maximum strains therefore appear at the sides of
the plate. The panel reaches a maximum force of 1500 kN after
about 200 mm indentation when the plate suddenly fractures. This
occurs initially at one of the longitudinal grid lines, 100 mm off the
plate’s longitudinal center line (undeformed configuration). This is
illustrated in Fig. 6.

After onset of fracture, the resistance is reduced by more than
50%. As seen in Fig. 6, the crack works its way, first in a circular path,
then in a straight diagonal line towards the plate corners. As most
of the resistance in the transverse direction is lost at this stage, the
membrane forces are redistributed to the longitudinal direction.
3.2. Plates with one stiffener – components 1-FB and 1-HP

The results of the 1-FB and 1-HP tests are illustrated by the
force–indentation curves in Fig. 7. Because the contact is taking
place directly on the stiffener, a significant stiffener bending and
shear resistance is experienced in the initial stage. In general 1-HP
has a greater resistance than 1-FB. There are two explanations for
this: The bending resistance of HP profiles is larger than that of the
flat bar, and the 1-HP plate material has a higher yield and ultimate
stress than 1-FB. At most, the difference is close to 10%, see Fig. 3.

As the indentation is continued, the stiffeners in both panels
start tripping about the weld toe and eventually fold over to the
side. This is seen as diffuse bumps in the force–displacement curve,
indicated with circles in Fig. 7. For component 1-FB, this happens
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Fig. 7. Force–indentation curves for panels 1-FB and 1-HP.
after 140 mm indentation, while the HP stiffener starts tripping
after only 80 mm deformation. The reason why these two stiffeners
behave so differently may be explained by the eccentric flange of
the HP stiffener which makes it prone to tripping. Individual
differences in stiffener imperfections and slightly offset indenter
impacts could also have triggered tripping at different stages.
Considering that tripping and subsequent folding of the stiffeners
only are seen as diffuse bumps in Fig. 7, it becomes clear that the
loads carried by the stiffeners are small compared to the loads
carried by the plates.

Again due to the limited crosshead stroke, unloading and
reloading are conducted for 1-FB after 130 mm indentation and after
100 mm indentation for the 1-HP component. Also in these tests
there is a difference between the force level right before elastic
unloading and after reloading, although the effect is stronger for 1-FB
than for 1-HP. This is due to the fact that 1-HP is unloaded at an earlier
stage than 1-FB. This indicates that the contact area between the
indenter and the plate is smaller. Consequently, the friction force due
to plate-indenter contact is smaller, which reduces the friction
relaxation effect.

One might have expected fracture to initiate in the top flange of
the stiffeners, due to excessive beam bending. However, rather than
fracture, the stiffeners trip and fold to the side. Consequently,
a bending moment about the stiffener cross section is generated.
Fracture eventually appears in the base plate next to the weld toe.
The deformed panels, before and after onset of fracture, are illus-
trated by Figs. 8 and 9. The difference in the fracture behavior for
the two components may be attributed to different stiffener
behavior or simply by the fact that the plate material in 1-FB and 1-
HP comes from different steel batches, refer Fig. 3. The panels are,
furthermore, assembled by welding. This may have caused varying
material properties in the heat affected zone, and thus, influenced
the results.

Sometimes, the post-fracture contribution may be essential for
compliance with acceptance criteria in conjunction with design
against accidental actions. It is therefore interesting to examine the
post-fracture behavior of component 1-HP. Because the crack
propagates along the stiffener, the component is able to carry
considerable loads in the longitudinal direction. The residual
capacity is as high as 50–60% of the maximum resistance. Similar
observations are also made for 1-FB, although the test was stopped
shortly after the onset of fracture. This demonstrates in
a convincing manner that initiation of fracture does not imply total
loss of the panel’s function.

3.3. Plate with two stiffeners – components 2-FB and 2-HP

The force–indentation curves of component 2-FB and 2-HP are
plotted in Fig. 10. Both components have two stiffeners and are
loaded at the panel center. Initially, the loads are carried by the



Fig. 8. Indentation of panel 1-FB: (a) prior to fracture, and (b) after fracture.

Fig. 9. Indentation of panel 1-HP: (a) prior to fracture, and (b) after fracture.
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plate mid section through the stiffeners. At this stage, the stiffeners
in both 2-FB and 2-HP remain straight. The response of both
components is virtually identical below 20 mm deformation.

After 20 mm indentation, plastic strains start to dominate in the
impact zone. At the same time, the flat bar stiffeners in 2-FB start to
deform in beam bending. The same behavior is observed in panel 2-
HP after 35 mm indentation. Because the bulb stiffeners are more
resistant than the flat bar stiffeners, panel 2-HP appears stiffer than
2-FB as the indentation progresses.

Obviously the stiffener type affects the deformation pattern of
the components. In both tests the stiffeners are able to carry
significant loads, even after tripping and folding. Consequently,
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Fig. 10. Force–indentation curve for panels 2-FB and 2-HP. The numbers (1) and (2)
refer to the initiation of stiffener bending deformation and stiffener tripping,
respectively.
panel deformation is concentrated to plate sections which repre-
sent weak zones. In this case, the mid section of the panels, between
the two stiffeners, where the indenter action is taking place
represents such a location. Compared with for instance panel US at
the same indentation level, the mid plate sections in 2-FB and 2-HP
suffers far more local deformation. The same observation can be
made when comparing component 2-FB with 2-HP. The strong bulb
stiffeners are less deformed than the flat bar stiffeners. Thus, at the
same level of indentation, the mid section of panel 2-HP is subjected
to more straining than panel 2-FB. Consequently, 2-HP fractures at
an earlier stage than 2-FB. The level of panel deformation before and
after fracture is illustrated in Figs. 11 and 12.

Despite the early fracture, the post failure resistance is signifi-
cant. This is especially the case for panel 2-HP. The reason for this
behavior is that the cracks propagate within a restricted zone,
which keeps much of the panel’s function intact. Fracture starts
close to the stiffeners at one side, and propagates diagonally
towards the stiffener-frame connections at the other side. Due to
the redistribution of membrane forces, the crack propagation rate
slows down shortly after onset of fracture.

3.4. Fracture observations

A survey of the cracked components has been performed in
order to investigate the failure mechanisms involved in the tests.
Typical examples of fracture behavior are illustrated by photo-
graphs shown in Fig. 13. Fig. 13(a) shows the fracture profile of the
unstiffened component, while (b) shows the cross section of the 1-
FB component. In both figures photos are taken near the failure
initiation site.

Investigation of the unstiffened component indicates significant
thinning before failure, see Fig. 13(a). Crude measurements indicate
plate thinning in the order of 30–50%. It is, however, difficult to
determine with certainty the extension of local necking prior to



Fig. 11. Indentation of panel 2-FB: (a) prior to fracture, and (b) after fracture.

Fig. 12. Indentation of panel 2-HP: (a) prior to fracture, and (b) after fracture.

Fig. 13. Fracture zone cut-outs: (a) shows the cross section of the US component, while (b) shows the cross section of 1-FB. In both cases fracture planes are inclined through the
thickness.

Fig. 14. Propagating crack: xprop indicates the direction of the propagating crack
(global longitudinal direction), while y denotes the component transverse direction.
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fracture. Although inspection reveals signs of local necking, severe
plate thinning has taken place over a rather large part of the plate.
Local necking effects therefore only appear as weak bands of
additional sheet thinning along the fracture path. This may indicate
that onset of fracture has appeared right after or simultaneously
with local necking. Analysis of test videos and photos support this
conclusion.

The stiffened components show clear tendency of local necking,
see Fig. 13(b). Investigation of the plate cross section around the
fracture path indicates that significant yielding has taken place.
This is to be expected since welds and stiffeners represent material
and geometrical constraints. This implies significant strain gradi-
ents during loading. An interesting observation is, however, that
fracture never appears in the weld material itself. This applies to all
tested panels.

The photos in Fig. 13 show fracture planes which are inclined
through the thickness. This may indicate that the plate has been
subjected to some sort of through thickness shearing instability
prior to failure, see [19]. A further observation is that the fracture
paths at onset locations have rougher crack faces than the steady
state tearing paths. A typical through thickness zigzagging
appearance of the crack inclination is observed. The inclined
instability (through the sheet thickness) has simply shifted
between two opposite angles. During steady state propagation,
fracture is preceded by local necking in front of the crack tip.
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Fracture itself appears with straight faces inclined through the
thickness of the plate, see Fig. 14.

4. Discussion

An interesting observation from the tests is that the stiffeners
cannot be treated adequately by means of beam theory in the large
deflection range. When the panel is indented, the stiffeners start to
deform by a combination of bending and shear. At some stage they
start tripping before folding to one side. This behavior may to some
degree have influenced the remaining evolution of the panel. For
instance, small rotations of the weld toe have been observed in
some of the test cases, e.g. in 2-FB and 2-HP. This implies additional
strains in the base plate, which in turn may have contributed to the
onset of fracture next to the weld toe.

In Fig. 15, the ductility of all tests is visualized in terms of
dissipated energy, ultimate resistance and displacement bars at the
onset of fracture. The unstiffened panel exhibits the most ‘‘ductile
behavior’’. This indicates an interesting trend: increasing the
number of stiffeners and/or adding stronger stiffeners, yield
reduced flexibility and early fracture. Deformations become more
localized, which implies that, although the initial stiffness may be
higher, the total absorbed energy and ultimate resistance at initi-
ation of fracture are lower. This is in conflict with the ‘‘linear-elastic
way of designing’’. In order to keep deformations small, stiff
structures are generally wanted. However, if the same structure is
intended to resist accidental actions, a more ductile design with
high energy dissipation capability may be preferable. Consequently,
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Fig. 16. Comparison of indentation forces.
this may favor panels with weaker stiffeners. Another alternative
may be structures with imperfections, which in order to avoid total
collapse, trigger non-critical failure modes. This philosophy is
pursued by Tautz [20]. A new hull arrangement with in-built failure
points is presented. In case of grounding or collision, the weaker
cargo tank is reported to separate from the stiffer girders and
frames in order to add additional flexibility to the cargo tank.
Consequently, perforation of the cargo tank may be avoided.

The indentation forces in all experiments are compared in
Fig. 16. It leads to the same conclusions as Fig. 15, i.e. stiff panels
dissipate less energy before fracture than the unstiffened panel. It
may, however, seem that structures with more stiffeners have an
increased post failure capacity compared to the weaker structures.
Since cracks are only observed to propagate in the longitudinal
direction (one stiffener) or in a diagonal direction between stiff-
eners (two stiffeners), significant post-fracture resistance is shown
for the stiffened panels. This is because the plate redistributes the
membrane actions from the transverse direction to the longitudinal
direction.
5. Conclusion

The paper focuses on the membrane strength of ship hulls
during stranding. The scenario considers a ship which settles
aground at full tide. Due to ebb tide, the hull panel is loaded
vertically and is finally penetrated. It is assumed that the topology
of the ground only affects the panel and that the surrounding girder
webs are stiff enough to anchor the membrane forces without
deforming. The grounding scenario is analyzed experimentally by
means of five indentation tests. Each of these has different plate-
stiffener configurations and the panels are deformed up to and
beyond the point of fracture.

It is often assumed that stiffeners subjected to severe in-plane
bending fails in the top flange due to excessive straining. This did
not happen in the test. Rather than failing in the top flange, they
tripped and folded to one side. The largest equivalent strains were
found in the flat bar stiffeners. These showed equivalent strains
reaching a maximum value of 30%, where the stress state corre-
sponded to uniaxial tension. This is documented through finite
element analyses. By consulting the stress–strain curves, Fig. 3, or
simplified forming limit analysis, e.g. Hill’s local necking analysis
[21], it is clear that the strain level is too low for any ductile fracture
to take part.

Although the stiffeners do not fracture, they are involved in
triggering fracture in the plate. The change in geometry at the
plate-stiffener intersection introduces strain concentrations and
controls the stress state. This is a consequence of different stiffness
and resistance properties in the stiffener, weld seam, and plate. In
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all cases fracture first occurs next to the stiffeners, but never in the
welds themselves. This process is preceded by excessive thinning
next to weld seams. Surveys of the components furthermore show
that fracture develops with a through thickness inclination.

The results of the tests show that increasing the stiffness of the
panel reduces the ductility of the structure with respect to initia-
tion of fracture. The stiffeners restrain the deformation to smaller
zones and create large membrane strains early in the deformation
process. This has a pronounced impact on the initiation of fracture.

After onset of fracture, the stiffened panels exhibit a significant
post-fracture resistance. Because the crack seems to prefer to
propagate along the stiffener weld line, or are restricted between
stiffeners, only the load carrying capacity in the transverse direc-
tion is lost. Membrane actions may therefore be redistributed from
the transverse direction to the longitudinal direction. The residual
resistance is of such a magnitude that it may be accounted for in
conjunction with design against accidental and abnormal actions.
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