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ABSTRACT: Ships and offshore structures will unavoidably experience water impacts (slamming) through-
out their service time. During slamming, the coupling between hydrodynamic pressure and the elastic struc-
tural response, termed as hydro-elasticity, has been studied extensively. However, when the structure is en-
countered by steep and energetic waves in extreme sea states, structural stresses may exceed the material yield
stress, causing large plastic flow and structural damage. This hydro-elastoplastic slamming phenomenon has
rarely been studied.

Recently, we formulated an analytical solution to the hydro-plastic response of beams and stiffened panels
subjected to extreme water slamming (Yu et al., 2018a, Yu et al., 2018b), coupling the hydrodynamic loading
and the structural response. The model assumes that in the extreme slamming events, plastic structural defor-
mation energy is dominant and the elastic effect can be neglected. This paper briefly introduces the idea be-
hind the analytical hydro-plastic slamming model. Non-dimensional parameters governing the hydro-plastic
phenomenon are identified and discussed. A validation of the model is presented by comparison with multi-
material Arbitrary Lagrangian Eulerian (ALE) simulations in LS-DYNA. The results are discussed. The re-
sulting non-dimensional curves are good candidates as design curves for designing against extreme water
slamming in Accidental Limit States (ALS).
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1 INTRODUCTION

Water impacts are known to occur for ships and
offshore structures at sea due to the relative motion
between the liquid and the structure. Example sce-
narios leading to slamming are water entry and exit
of ship bow and stern, offshore platforms subjected
to steep breaking waves, high speed vessels travel-
ling in waves and free-falling life boats. Structures
subjected to impulsive loads from water slamming,
may respond in the elastic or elastoplastic regimes
depending on the load intensity. There can be signif-
icant coupling effect between water pressure and the
structural response, termed as hydroelasticity and
hydro-elastoplasticity, respectively. Hydroelastic
slamming has been studied extensively, for instance
by Faltinsen (2000), Kvalsvold and Faltinsen (1995),
Bishop and Price (1979) and Qin and Batra (2009),
but similar attention has not been given to the hydro-
elastoplastic or hydro-plastic slamming. In practice,
offshore structures may be impacted by steep and

energetic waves in extreme sea states, causing signif-
icant structural damage. For example, the accident of
the offshore drilling rig COSL Innovator in the
North Sea in 2015 led to one death and extensive
damage to the cabins after being struck by an ener-
getic horizontal wave. In order to maintain structural
safety and to prevent such accidents, rules and
standards should be established for designing against
extreme slamming loads.

For structural design subjected to slamming, sim-
ple guidelines were introduced in DNVGL-OTG-13
(2016) for the air gap calculation and in DNVGL-
OTG-14 (2016) for providing the temporal and spa-
tial distributions of the design slamming loads. The
rules focus on the peak pressure, the shape of the
pressure impulse, the impulse duration and the pres-
sure spatial distribution. Similarly, a few researchers
studied plastic response of structures subjected to
extreme slamming by assuming a certain temporal
and spatial pressure distribution, such as Jones



(2011), Jiang and Olson (1995) and Henke (1994).
These methods, however, neglect the hydro-
elastoplastic coupling between the structural re-
sponse and water pressure, and do not reflect the real
physics behind the phenomenon.

Limited knowledge exists for scenarios where the
plastic response of a structure becomes dominant in
the Accidental Limit States (ALS) conditions. In or-
der to bridge the knowledge gap and to obtain a
deeper understanding of the hydro-plastic slamming
phenomenon, the authors (Yu et al., 20183, Yu et al.,
2018b) formulated an analytical solution for the hy-
dro-plastic response of beams and stiffened panels
subjected to extreme water slamming. This paper
briefly introduces the idea behind the hydro-plastic
slamming model, and verifies the proposed analyti-
cal model by means of multi-material ALE simula-
tions using LS-DYNA. Water entry simulations are
then carried out for the flat plate strips and stiffened
panels with different cross sectional dimensions and
impact velocities. The analytical model is discussed
with respect to the fluid flow, the structural deflec-
tion, the pressure history, and the impulse. Potential
application and limitations of the analytical method
are discussed.

2 ANALYTICAL MODEL FOR HYDRO-
PLASTIC SLAMMING

2.1 The analytical model for hydro-plastic
slamming

We assume that in the extreme slamming events
in ALS conditions, the elastic energy of a structure is
small compared to the plastic energy such that all the
kinetic energy should be dissipated by plastic defor-
mations. The perfectly plastic material is often
adopted in other ALS conditions with good accura-
cy, such as collisions and groundings (Yu and
Amdahl, 2018). During hydro-plastic slamming of
flat beams, the response is categorized into two
phases, i.e. the structural inertia phase (also called
the acoustic phase) and the free deflection phase. In
the structural inertia phase, the structure is subjected
to an intensive pressure impulse with a large pres-
sure peak and a short duration. At the end of the
structural inertia phase, the structure is assumed to
be imparted a deformation velocity equal to the ini-
tial drop velocity V, in the beam middle portion be-
tween the two travelling hinges. The deformation ve-
locity decreases linearly to zero from the travelling
hinges to the beam ends. The duration of the struc-
tural-inertia phase is, however, too short for the
structure to build up any deflection. These are con-
sidered as initial conditions of the free deflection
phase.

In the free deflection phase, the structure deforms
and may undergo three deformation stages, i.e. the

travelling hinge stage 1, the stationary hinge stage 2
and the pure tension stage 3 (refer Fig. 1). In stage 1,
travelling hinges form at a certain distance X from
the beam ends and move towards the middle. The
beam portion between the hinges has a constant ve-
locity V,, equal to the initial impact velocityV, (refer
Fig. 1(a)). When the travelling hinges merge in the
middle, the stationary hinge stage 2 starts and the
beam middle velocity starts to decrease over time.
During the deflection, the beam bending moment
and axial membrane force interact through the gen-
eralized interaction curves. For stiffened panels, the
interaction functions are taken from Yu et al.
(2018c). For beams fixed at the ends, when the beam
middle deflection & reaches the beam heighth, the
beam cross section becomes fully occupied by mem-
brane forces, and the pure tensile stage 3 starts. Per-
manent deflection is reached when the beam middle
velocity V, decreases to zero.
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Fig. 1. Deformation stages of a beam during the free-
deflection phase induced by slamming

During the deformations, significant coupling ex-
ists between the beam plastic deflection and the wa-
ter pressure, denoted as hydro-plasticity. In stages 2
and 3, water pressure acts as an added mass effect
and pushes the decelerating structure to deform. For
stage 1, apart from an added-mass term, we have a
second pressure term related to an added-mass time
change effect due to the moving hinges leading to a
change in the structural mode.

By equating the rate of internal and external
works, the governing motion equations are found,
and are solved numerically with the fourth order
Rouge-Kutta method. The detailed formulation of
the hydro-plastic slamming theory can be found in
Yu et al. (2018a).



2.2 Governing non-dimensional parameters

For the hydro-plastic slamming response of flat
plate strips, i.e. of two-dimensional (2D) flat plates,
three governing non-dimensional parameters have
been identified, which are,

e The non-dimensional velocity
3
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e The massratio m, =m/ pbL
e The ratio of initial travelling hinge position
over half of the beam length
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For the hydro-plastic response of stiffened panels,
two more parameters are identified in addition to the
three above:
e The area ratios:

Aps,nd :Ap/AE and A/vt,nd :AN/A

Here, V, is the initial impact velocity, p is the
water density andL,b,h are, respectively, the
length, width and height of the beam. mis the mass
of a beam per unit length, X (t =0)is the initial posi-

tion of a travelling hinge from the corresponding
beam edge. c, is the speed of sound in water. M, is
the fully plastic bending moment for the beam cross
section. M, :1/4aybh2 for rectangular beams and

M, =0, (A +A,/2)h for stiffened panel cross sec-

tions. A,, A,, A are the area of the plate flange, area

of the web and area of the top flange, respective-
ly. A = A + A, is the area of the stiffener.

It is found that the non-dimensional velocity V,,

is the most crucial parameter that dominates the hy-
dro-plastic response of beams and stiffened panels.
Stiffened panels with large web heights, h, are main-
ly governed by stages 1 and 2 deformations. The
permanent deflection &,/h increases nonlinearly

with the non-dimensional velocity. For plates, the
characteristic dimension h is much smaller than the
stiffener spacing, and the response is mainly gov-
erned by stage 3. &,/h increases virtually linearly

with the non-dimensional velocity.
The area ratios A /A and A, /A are important

parameters for stiffened panels. Permanent deflec-

tions increase with decreasing A,/ Aiand A, / A rati-

os for a given non-dimensional velocity, and
the A, / Aratio is dominant. The influences of the

mass ratiom/ pbL and the X (t=0)/L ratio are gen-
erally limited.

3 NUMERICAL SET-UP OF ALE
SIMULATIONS

3.1 Numerical set-up of ALE simulations

Water and air are modelled with multi-material
Eulerian meshes while the structure is modelled with
Lagrangian meshes. Coupling is enabled in a way
that the Lagrangian structure domain imposes dis-
placement and velocity boundary conditions on the
Eulerian fluid, which in return imposes hydrodynam-
ic pressure on the structure. The water and air do-
mains are modelled using the 1 point ALE multi-
material solid elements. Material properties of the
fluids are defined with the NULL materials and EOS
(equation of state). The properties adopted for water
and air are listed in Table 1. The values have been
validated by Bae and Zakki (2011) through compari-
son with experiments.

Table 1 EOS linear polynomial parameters for water and
air, from Bae and Zakki (2011)

Water Air
Density 1025 1.225
(kg/mq)
Co 0 0
Cy 2.002-10° 0
C> 8.436-10° 0
Cs 8.010-10° 0
Cs 0.4394 0.4
Cs 1.3927 0.4
Cs 0 0
Eo 2.086-10° 2.5.10°
Vo 1 1

The penalty-based coupling method is applied to
model contact between the fluid and the structure.
During contact, the fluid nodes are allowed to have a
small penetration into the structure. Resisting forces
are then imposed between the contact points on the
structural elements and the fluid nodes. The penalty
factor corresponding to the contact stiffness of inter-
acting bodies is set to the default value of 0.1. The
contact damping is selected to be 0.9 times the criti-
cal damping according to Stenius et al. (2006). The
fluid-structure coupling takes place in the normal di-
rection to the body surface when the fluid tends to
enter the structure, i.e. in compression only.

The numerical settings have been validated of
reasonable accuracy in Yu et al. (2018b) by compari-
son with a 2D rigid-wedge drop test by Zhao et al.




(1996) and the drop test of a horizontal flat elastic
plate by Faltinsen et al. (1997). A mesh size sensitiv-
ity analysis was carried out as well, and a mesh size
of 10 mm and 20 mm are determined for the slam-
ming simulation of plates and stiffened panels, re-
spectively.

The steel material with a yield stress of 355 MPa
is used for the plates and stiffened panels. A linear
hardening model with a small hardening stiffness is
used to reduce the influence of hardening as the ana-
Iytical model assumes an elastic-perfectly plastic
material. The parameters for the material are shown
in Table 2.

Table 2. Material properties for the plates and stiffened panels

Materi- Hard- oy E E:
al ening type (MPa) (GPa) (MPa)
steel Linear 355 207 400

3.2 Water entry of flat plates

For the 2D water entry simulation of flat plates, a
water domain with dimensions of 3 mx2 m and an
air domain of 3 mx1 m were established (refer Fig.
2). The flat plate is 1m in length. The plate boundary
nodes are fixed against all degrees of freedom except
for the vertical z direction. One shell element is
modelled in the thickness direction. The fluid nodes
are fixed in y direction to enable a 2D condition The
plate thickness is set as 3 mm, 6 mm, 10 mm or 20
mm with an initial impact velocity of 5 m/s, 10 m/s
or 15 m/s.
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Fig. 2. Left: modelling of water entry of a flat plate; Right: nu-
merical plate

3.3 Water entry of stiffened panels

For 2D water entry simulation of stiffened panels,
the water and air domains are modeled with the di-
mensions of 4 mx2 m and 4 mx1.5 m, respectively,
(refer Fig. 3). In the thickness direction, the domain
extension equals the span between stiffeners. In or-
der to verify the analytical model comprehensively, 6
stiffener cross sections are modelled, covering dif-
ferent area ratios, panel lengths and panel thickness-
es.

The dimensions are given in Table 3. The panel
stiffness varies from weak to strong, yielding large

to small permanent deflections for a given initial im-
pact velocity. Different cases for water entry of flat
stiffened panels are simulated with the initial impact
velocity being 7 m/s, 10 m/s or 15 m/s.

The fluid nodes are fixed in y direction to enable
a 2D flow condition. The plate boundary nodes are
fixed against all degrees of freedom except for the
vertical z direction.

TI1-T3 cross section

T4-T6 cross section

Fig. 3. Left: modelling of water entry of a stiffened panel.
Right: different geometries of the numerical panel

Table 3. Stiffened panel dimensions (Unit: mm)

Cross

section Lerr: ot fIIDIate Web Top flange  Ap/As Aud
ange At
type

T1 2000 600 x5 150 x 10 100 x 10 1.2 15
T2 2000 600 x 10 150 x 10 100 x 10 2.4 15
T3 2000 600x15  150x15 100 x 15 24 15

T4 1500 500 x 8 100 x 8 100 x 8 2.5 1

T5 1500  500x10  100x 15 100 x 15 167 1

T6 1500 500 x 15 100 x 20 100 x 20 1.875 1

4 COMPARISON OF THE ANALYTICAL
MODEL AND NUMERICAL SIMULATIONS

4.1 Water entry of flat plates

The numerical predictions of fluid flow and plate
deformations are shown in Fig. 4. The plate strips
are 1 m in length and 0.02 m in width. The plate
thickness is 6 mm and the initial impact velocity is
10 m/s. The corresponding displacement profiles for
half a plate with a time interval of 0.4 ms are shown
in Fig. 5. They demonstrate that the plate gets a sig-
nificant change of curvature over a relatively short
distance and may be interpreted as a plastic hinge.
The instantaneous hinge position, which moves to-
wards plate center with increasing time, is indicated
with red points in Fig. 5. It is interesting to notice
that the positions of the travelling hinge at different
time instants lie virtually on a straight, horizontal
line for a time period. This implies that, the defor-
mation velocity at this stage averagely counteracts
the drop velocity. This is a clear evidence that the in-
itial deformation velocity is averagely equal to the
drop velocity. In addition, the wider view confirms
negligible plate deformations within less than 1ms
from the initial impact.



To the left of the hinge, the imposed plastic cur-
vature seems to be fairly constant, and the ‘arm’ be-
hind the hinge rotates only as a rigid body. It is
found that the rotating arms become no longer paral-
lel to each other before the hinge reaches the beam
middle. This is because, the deformation of the thin
plate follows Path 2, where the pure tension stage 3
is reached but the moving hinges has not met in the
middle. From Fig. 5, it seems that it takes more time
to reach the pure tension stage in numerical simula-
tions than predicted using the proposed theory. This
is due to the large elastic deflections before entering
the plastic regime, which is not accounted for in the
theory. The plot confirms that the travelling hinge
concept is useful in describing the actual displace-
ment field.

With the imposed velocity from the acoustic
phase, the plate builds up deformations over time in
the free-deflection stage until all the energy is dissi-
pated and the permanent deflection is reached. Dur-
ing this process, water is accelerated upwards, form-
ing jets that leave from the structure sides. A small
portion of elastic energy may be released through
late vibrations about the permanent deformations.

Fig. 4. Snapshots of plate deformation and flow field during
water entry; the plate thickness is 6 mm and the initial impact
velocity is 10 m/s

end of stage 1, jump to stage 3 following path 2
hinge moving direction 1 |
—_— &

beam middle

travelling hinge, characterized by parellel arms

time increamental direction
time interval = 0.4 ms

Fig. 5. Snapshots of displacement profiles for half of a plate
strip during water entry; the plate thickness is 6 mm and the ini-
tial impact velocity is 10 m/s. The time interval is 0.4 ms. The
red points denote the positions of the travelling hinge at each
time instant.

Figs. 6 and 7 plot the average pressure histories
for the flat plate with impact velocities of 5 m/s, 10
m/s and 15 m/s and with plate thicknesses of 3 mm,
6 mm, 10 mm and 20 mm. From Fig. 6, the peak
pressure increases linearly with increasing impact
velocity for given plate dimensions. The peak pres-
sure, however, cannot exceed the acoustic pressure.
Proportionality is also found for the impulse of the
acoustic stage and the total impulse including the
acoustic stage and the free deflection stage with re-

spect to the impact velocities. This is consistent with
the assumption, used in the analytical method, that
in the acoustic stage, the structure is imparted an ve-
locity equal to the initial impact velocity V, in the
middle between travelling hinges and linearly de-
creasing to zero from the travelling hinge to the
beam end. If we crudely assume the whole beam ve-
locity isV,, then the impulse in the acoustic stage
would be p,hV, (unit:Ns/ng. Here, p_is the densi-
ty of the structural material. Figs. 6 and 7 show
that p,hV, is 15%-25% smaller than the impulse in
the acoustic stage I i -

Fig. 7 shows that the plate stiffness is a crucial
factor to determine the peak pressure in the acoustic
stage and the slamming duration. Given the same
impact velocity of 10 m/s, the peak pressure and im-
pulse of the acoustic stage increase with increasing
plate thickness while the slamming duration reduces.
It is interesting to find that the total impulse remains
virtually the same regardless of the plate thickness.
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Fig. 6. Average pressure time history over plates with different

initial impact velocities; each plate strip has the dimensions of
1 mx0.02 mx6 mm
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Fig. 7. Average pressure history versus plate thickness with an
initial impact velocity of 10 m/s

Fig. 8 compares the central deflections of flat
plates with a thickness of 3 mm, 6 mm, 10 mm and
20 mm during 2D water-entry as predicted by ALE
simulations and by the proposed analytical model.
The initial impact velocity is 10 m/s. The simula-



tions show that the plates deform to their permanent
deflections with small elastic oscillations about the
mean deformations, and the plastic energy is domi-
nant. Fig. 9 shows the deflection history of the 6 mm
plate with an initial impact velocity of 5 m/s, 10 m/s
and 15 m/s. From Figs. 8 and 9, the permanent de-
flections predicted with the analytical model agree
well with those from the ALE simulations for the se-
lected plate thickness and impact velocity ranges. It
is observed that the permanent deflection is some-
what overestimated especially for small impact ve-
locities. This is mainly because the analytical model
assumes that all energy is dissipated by the plastic
deformation and the elastic energy is neglected. It is
interesting to find from Figs. 6 and 9 that the dura-
tions of the acoustic and the free-deflection stage
remain virtually insensitive to the initial impact ve-
locity. Permanent deflections are reached virtually at
the same time for all velocities.
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Fig. 8. Plate deflections for different thicknessnes during water
entry with an initial velocity of 10 m/s

0.10 —

0.08 4

)
g

Deflection (m)
[=]
¥

0.02 4
0.00 5m/s, ALE 5mis, theory; V =129 i
——10mVs, ALE - - - 10m/s, theory; V _ =25.8
——15m/s, ALE - - - 15mis, theory; V' =38.7
-0'02 T T T T
0.00 0.01 0.02 0.03 0.04 0.05
Time (s)
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The non-dimensional permanent deflections of plate
strips are plotted versus the non-dimensional veloci-
ty in Fig. 10 for different mass ratios. Reasonable
agreement with ALE simulations is demonstrated.
The numerical results confirm that the non-

dimensional velocity is dominant. One of the ALE
data point deviates slightly from the curve because
the elastic energy becomes important in this case.
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Fig. 10. Non-dimensional permanent deflection versus non-
dimensional velocity curves from the analytical model and the
corresponding data from ALE simulations during slamming

4.2 Water entry of flat stiffened panels

The general features of the fluid flow during wa-
ter entry of stiffened panels are quite similar to those
shown in Fig. 4 for flat plates. The T3 stiffened pan-
el deformations with an initial impact velocity of 10
m/s are shown in Fig. 11. The panel is subjected to
significant plastic flow at the supports and the beam
middle span, and undergoes large plastic defor-
mations.
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Fig. 11. Deformation of the T3 stiffened panel under slamming
loads as predicted by the ALE simulation. The initial impact
velocity is 10 m/s
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Fig. 12. Average pressure histories predicted by the ALE simu-
lations for (a) stiffened panels T1-T3 with an initial drop veloc-



ity of 10 m/s in the acoustic phase, (b) stiffened panels T1-T3
with an initial drop velocity of 10 m/s in the free deflection
phase, (c) stiffened panel T2 with different initial velocities in
the acoustic phase, (d) stiffened panel T2 with different initial
velocities in the free deflection phase

Time histories of the average pressure for panels
with T1-T3 cross sections with an initial drop veloci-
ty of 10 m/s are plotted in Figs. 12 (a) and (b). The
pressure histories for panel T2 are plotted as a func-
tion of the drop velocity in Figs. 12 (c) and (d). Ac-
cording to the velocity assumption, the momentum
change due to the structural deformation is approxi-
mately p,V,A, /b (unit:Ns/m?). The p,V,A /bval-
ues for stiffened panels are very close to the impulse
predicted in the acoustic phase by the ALE simula-
tions (refer Figs. 12 (a) and (c)). This justifies the as-
sumption of an initial uniform deformation velocity
equal to Vo in the free deflection phase. Based on the
similarity of the pressure impulse for rigid and de-
formable panels in the acoustic phase, it may be-
come reasonable to measure the pressure impulse in
the acoustic phase on rigid plates, and use the im-
pulse to calculate the deformation velocity of the de-
formable structure. From Figs. 12 (c) and (d), the
pressure histories are generally in phase while the
magnitude increases with velocity. The impulses in
the acoustic phase and the total impulses increase
with the velocity as well.

Figs. 13 and 14 compare central deflections of flat
stiffened panels with 6 different cross sections dur-
ing 2D water entry predicted by LS-DYNA ALE
simulations and by the analytical model. The stiff-
ened panels cover different beam lengths,
A, I(A,+A) ratios and A, /A ratios. The initial
impact velocity is 10 m/s for T1-T3 stiffened panels
and 15 m/s for T4-T6 stiffened panels. Figs. 15 and
16 compare the deflections for the T2 and T5 stiff-
ened panels, respectively, with the initial impact ve-
locity being 7 m/s, 10 m/s and 15 m/s.

The results show that the analytical model pre-
dicts the deflection curves of stiffened panels quite
reasonably both in phase and in magnitude. It over-
estimates slightly the deflection for small impact
speeds. One main reason is the rigid perfectly plastic
material assumption adopted for the steel without
considering the elastic effect. Another reason is that
the initial position of the travelling hinge is deter-
mined by assuming that the peak pressure is equal to
the acoustic pressure, but in reality the true pressure
should be smaller (see e.g. Fig. 12). This underesti-
mates the distance of the initial travelling hinge posi-
tion to the supports, i.e. X (t=0), and thus overes-
timates the permanent deflections. Considering the
complexity of the problem, the proposed analytical
model provides fairly good accuracy.
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Fig. 13. Deflections of stiffened panels with cross sections of
T1, T2 and T3 during water entry. The initial impact velocity is
10 m/s
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Fig. 14. Deflections of stiffened panels with cross sections of
T4, T5 and T6 during water entry. The initial impact velocity is
15 m/s
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Fig. 15. Deflections of T2 stiffened panels with different initial
impact velocities during water entry
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Fig. 16. Deflections of T5 stiffened panels with different initial
impact velocities during water entry

Fig. 17 plots the non-dimensional permanent de-
flections versus the non-dimensional velocity for dif-
ferent A/ Aland A, / A ratios for stiffened panels.
The non-dimensional velocity is dominant, but
the A,/ Ajand A, / A ratios are also important. The
design curves are compared with data points from
ALE simulations. Results show that the non-
dimensional curves compare reasonably with ALE
simulations.
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Fig. 17. Non-dimensional permanent deflection of stiffened
panels versus non-dimensional velocity curves from the analyt-
ical model, and the data from ALE simulations during slam-
ming

5 CONCLUSIONS

This paper presents the idea behind an analytical
model for the hydro-plastic slamming of beams and
stiffened panels and verifies the model by comparing
model predictions with results from the multi-
material ALE simulations. Hydro-elastoplastic simu-
lations were carried out for beams and stiffened pan-
els, and the results were discussed. The following
conclusions are drawn:

1. The proposed hydro-plastic model is capable of
predicting large inelastic permanent deflections of
plates and stiffened panels during flat or nearly flat
water impacts with good accuracy both in magnitude
and in phase. The coupling between hydrodynamic
loads and structural deformations is well captured.

2. A key element of the theoretical model is the
travelling hinge concept used to describe the struc-
tural deformation. The validity of the concept is con-
firmed from the snapshots of displacement profiles
of plate strips from the hydro-elastoplastic slamming
ALE simulations.

3. In the acoustic stage, the maximum pressure
increases with the impact velocity and the structural
stiffness, and the impulse imparted to the structures
is close to the structural momentum with a defor-
mation velocity equal to the initial impact velocity.
In the free deflection phase, the interaction with hy-
drodynamic actions is important. The pressure in this
phase is lower but the duration is significantly long-
er. The total impulse including the acoustic phase
and the free-deflection phase is proportional to the
impact velocity regardless of the structural stiffness.
The rising time, however, is determined by structural
stiffness and not sensitive to the initial impact veloc-
ity.

4. The non-dimensional diagrams for the perma-
nent deflection of plate strips and stiffened panels as
a function of the impact velocity, have been proved
useful by comparison with ALE simulations. The
simplicity of the diagrams makes them good candi-
dates to be utilized in rules and standards concerned
with design against extreme water slamming in ULS
and ALS conditions.
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