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ARTICLE INFO ABSTRACT

Keywords: Ditching behavior is typically studied using either high-stiffness representative structures or excessively
Ditching complex assemblies replicating case studies of very specific aeronautical structures. The present study aims
S-ALE

to investigate a comprehensive approach to ditching analysis, assessing experimentally and numerically the
water impact behavior of thin flexible aeronautical-grade aluminum panels (Al 2024 T3), focusing on the
influence of various test parameters, including panel thickness, angle of impact, ballast mass, and impact
velocity. The panels were mounted on three different test fixtures, depending on the desired impact angles
(0°, 15°, and 30°, with the last two being in a wedge configuration), obtaining high repeatability of acceleration
and strain measures. A numerical finite element model for ditching applications was enhanced exploiting the
structured arbitrary Lagrangian Eulerian (S-ALE) method, allowing for improved leakage control. Sensitivity
studies were performed to assess the effect of mesh size and water domain dimensions. The fluid-structure
interaction between Lagrangian and ALE domains was correlated with experimental data using quantitative
curve comparison metrics. This allowed us to choose the best fitting penalty factor curve to be used in
the numerical model. The final model was validated against the experimental results across a wide range
of configurations, accurately capturing both acceleration peaks and strain gauge responses. The validated
numerical framework has the potential to be used for the creation of a comprehensive robust database of
ditching events, paving the way to future development of efficient, data-driven simplified numerical tools for
early-stage aircraft design.

Wedged water impacts
Penalty factor
Fluid-structure interaction

1. Introduction . . . . .
Manufacturers typically assess ditching kinematics and flotation

through model-scale testing [6-8], which, however, is a method unable
to accurately reproduce the deformability of the structures [9,10] or
cavitation and ventilation effects [11]. On the other hand, full-scale
testing with representative deformable models is remarkably expensive
and only rarely used in the final stages of aircraft design or for
validation purposes [12,13]. In addition, ditching compliance may
be supported by structural comparison with similar designs already
certified [14], though this approach cannot be applied to novel aircraft
configurations, which may have different ditching behavior [15]. For
these reasons, recently, industry and researchers are showing increasing
interest in the use of numerical simulations in order to predict the
outcome of water landing [16].

The problem of fluid-structure interaction (FSI) is very complex and
computationally difficult to solve due to the large deformations of the
water volume during the impact and the relatively long duration of the

Ditching is defined in aeronautics as the procedure of emergency
landing of an aircraft on water, carried out when reaching an airfield
is not possible. Although the impact may be generally less severe than
ground emergency landing, the load distribution is completely differ-
ent. In fact, upon impact, the fluid pressure is distributed uniformly
normal to the skin panels of the fuselage, which are usually character-
ized by low thickness. In the case of a damage to one of these panels,
the pressure loads are no longer evenly transmitted to the energy-
absorbing components (bulkheads and frames), and the buoyancy of the
fuselage is compromised [1]. Water impacts are burdened by a fatality
rate between 26 and 34 % [2,3]; in particular, death by drowning after
the actual ditching event is generally caused by the rapid sinking of
the aircraft, which is highly affected not only by the integrity of the
fuselage, but also by the position of the center of gravity and by the
effectiveness of the emergency flotation systems (EFS) [4,5].
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event (up to a few seconds). Therefore, so far, many computational
methods have been proposed. Finite volume methods (FVM) allow
accurate prediction of the distribution of the hydrodynamic pressure
on the aircraft [17-19], but they often neglect the coupling with
structural deformations, which has been demonstrated to be essen-
tial in order to accurately calculate ditching loads and to evaluate
fuselage integrity [10,20]. Commercial softwares based on finite el-
ement methods (FEM) are able to take into account FSI in ditching
simulations of aeronautical structures. In fact, Bisagni et al. [21] and
Anghileri et al. [22] conducted thorough analyses of different modeling
strategies both based on Eulerian and meshless methods, validating
them in cases of vertical drops into water respectively of a rigid
sphere and a flexible panel. However, these studies were limited to
impacts parallel to the water surface. Pure Lagrangian approach was
found to be robust and efficient in preprocessing and model creation,
but its accuracy is limited by the large fluid deformations. Arbitrary
Lagrangian Eulerian (ALE) approach provided good correlation results
and overall high computational efficiency, with accuracy driven by
the choice of appropriate coupling parameters for the FSI. To mitigate
computational problems due to mesh distortion, meshless methods have
been extensively studied in literature, mainly for rigid bodies, based
on smoothed particle hydrodynamics (SPH) theory, with promising
results [21,23]. Main challenges, however, still include the calibration
of particle density, the increased computational expense compared to
mesh-based methods, and the difficulties in capturing viscous boundary
layers, tangential shear stresses, and suction forces [24,25]. To reduce
the high computational cost, hybrid methods have also been adopted
for deformable structures, using SPH in proximity of the impact zone
and FEM at the boundaries [26,27].

Due to the complexity of ditching events and of the understanding of
its outcomes, experimental validation is however necessary to calibrate
the numerical simulations. Ditching studies of complete aircraft mod-
els [12,28] provided exceptional insights into the understanding of this
aspect of aircraft crashworthiness, but may have limited applicability
to novel aircraft configurations. A comprehensive experimental dataset
of ditching tests on representative specimens of airplane fuselage of
different shapes (flat, curved, double-curved) and in different impact
conditions was collected during the EU-funded research projects SMAES
(SMart Aircraft in Emergency Situation) (2011-2014) and SARAH (In-
creased safety and robust certification for ditching of aircraft and
helicopters) (2016-2020) [5]. These projects mainly focused on air-
planes, reproducing realistic horizontal and vertical velocities typical
of fixed-wing ditching [20]. Many literature studies focused instead
on vertical water impact tests, which are more closely related to
helicopter ditching conditions. However, most of them used panels with
low flexibility [29-33] or tested panels in a narrow set of inclination
angles [22,31,32,34-40].

Due to the huge computational effort needed to tackle the outstand-
ing challenges in the ditching field, recently, interest is growing on
simplified modeling strategies, ready to be integrated in the industrial
process [41]. Leon Murfioz et al. [42,43] developed a multidisciplinary
process chain for the design phase of new aircraft configurations, inte-
grating a proprietary FE code based on a hybrid Lagrangian-meshless
approach. Schwarz et al. [44], instead, exploited novel computational
methods based on machine learning to consider structural deformations
in the prediction of ditching loads.

In this context, the present article aims to obtain a comprehensive
simulation method to study the ditching of aeronautical flexible panels
belonging to helicopter structures, through the validation of a high-
fidelity FEM model on experimental tests of thin aluminum panels
impacting water vertically in a large variety of impact conditions. Three
angles configurations were investigated (0°, 15° and 30°, with the last
two being mounted on wedged fixtures). These data were used to vali-
date a FE numerical model based on the structured arbitrary Lagrangian
Eulerian (S-ALE) formulation. The numerical model, correlated with a
large range of impact configurations, can serve as a foundation for an
extensive and reliable simulation database, supporting the development
and validation of a new set of tools for ditching analysis.
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2. Materials and methods
2.1. Experimental tests

Aeronautical grade Al 2024 T3 panels were used, resembling the
layout of many aircraft models still in operation, with a yield strength
of 335 MPa and a failure strain of 26% [45]. Two different thickness
values were investigated: = 1 mm and ¢ = 1.6 mm. Three different test
fixtures were used to support the aluminum panels depending on the
desired inclination angle with respect to the water surface. The fixture
used for tests at 0°, illustrated in Fig. 1(b) was a solid aluminum frame
with internal square opening measuring 280 x 280 mm, enclosed by
aluminum panels (3 mm thick), reinforced by L-shaped profiles at the
corners. The aluminum panels were fixed to the frame by a total of
32 bolts, 8 for each side, positioned at 160 mm from the center of the
panel [22] (Fig. 1(a)). The other two fixtures for guiding the panels
during the fall were manufactured as steel welded structures in wedge
configurations of 150° and 120° (considering an angle of incidence of
each single panel respectively of 15° and 30°, illustrated in Figs. 1(c)
and 1(d)). The wedged shape was chosen in order to obtain a symmetric
structure and minimize lateral loads during the impact. The portions
of the wedges where the panels were mounted were dimensionally
consistent with those of the frame used for 0° tests (Fig. 1(a)). These
two test fixtures were manufactured using steel square tubes with a
thickness of 4 mm and steel plates with thickness of 10 mm to reinforce
the structure.

A circular water basin of 1.5 m in diameter width and 1 m in depth
was used to investigate water impacts. Hence, the dimensions of the
panels (400 x 400 mm) were chosen in order not to be influenced by
wave reflection effects, at least for the time span relevant to the impact
phase. Due to the limited depth of the water basin, rubber tires were
used to stop the fall of the test articles before hitting the bottom of the
pool, carefully verifying that this did not to interfere with the time span
of interest for the measurement of forces and deformations during the
water impact.

Two orthogonal high-speed cameras were used to ensure correct
impact angle and velocity, one with frontal view and the other one with
lateral view (Figs. 2(a), 2(b) and 2(c)). The whole experimental setup
is illustrated in Fig. 2(d), highlighting the positioning of the cameras.

Four piezoresistive accelerometers EGCS-D0-250 by Measurement
Specialties™ were positioned at the corners of the fixtures, as illustrated
in Fig. 2(a), in order to measure vertical acceleration data. The ac-
celeration data were filtered following SAEJ211 regulation with filter
CFC180 (four-poles phaseless filter with a cutoff frequency of 300 Hz).
In two of the tests performed with the 30° wedge fixture, one of the
two panels was equipped with 8 strain gauges (KYOWA KFGS-3-350),
positioned on the main diagonals of the panel, at distances of 50 mm
and 110 mm from the center of the panel, as illustrated in Fig. 3.
These strain data were used for additional correlation with numerical
simulations and were used only in 30° tests, given the lower expected
strain values, to avoid the risk of detachment of the sensors.

A summary of the experimental tests performed, with respective
configurations, is reported in Table 1. For each impact configuration,
two tests were performed, with the exception of the two tests at lower
impact speed (A3_30_m1_v2 and A4_30_m2_v2). The maximum velocity
achievable was limited by the necessity of performing experimental
tests inside the laboratory and using its bridge crane.

2.2. Numerical methods

ALE method was chosen for numerical simulations in the present
work due to its versatility in the calibration of FSI and to its computa-
tional efficiency with respect to other methods, as already mentioned
in the Introduction.

In general, ALE is a hybrid method between the Lagrangian formu-
lation, in which the mesh follows the motion of the material, suffering,
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(d)

Fig. 1. Test fixtures used in the experimental campaign. (a) Fixture frame dimensions. (b) 0° test article. (c) 15° test article. (d) 30° test article.

Table 1
Summary of experimental tests performed.

Specimen Desired Mass Measured Panel Measured Measured
impact [kgl impact thickness impact impact
angle [°] velocity [mm] angle [°] angle [°]

[?] (frontal view) (lateral view)
Al 0_ml 0 50 7.2 1.02 1.5 1
A2 0_ml 0 50 7.2 1.02 0 0.6
A3.0_.m2 0 114 7.2 1.02 -0.2 0.2
A4 0_m2 0 114 7.2 1.02 1 0.3
B1.0_.m2 0 114 7.2 1.6 0.2 0.2
B2_.0_.m2 0 114 7.2 1.6 1 0.5
A1.15.ml 15 75 7.6 1.02 14.2(left) 2
15.8 (right)

A215ml 15 75 7.6 1.02 14.5(left) 2
15.5 (right)

A1_30_.m1.vl 30 75 7.3 1.02 29.1(left) 0.4
30.9 (right)

A2.30_.ml vl 30 75 7.3 1.02 29.9(left) 0.3
30.1 (right)

A3.30.ml v2 30 75 5.5 1.02 30 1

A4.30.m2_v2 30 150 5.4 1.02 30.5 (left) 1
29.5 (right)

A5_30_strain 30 75 7.4 1.02 - -

A6_30_strain 30 75 7.4 1.02 29.5 (left) 2

30.5 (right)

however, from instabilities during large deformation, and the Eulerian
one, in which the mesh is fixed and the material flows through it.
Hence, this algorithm allows to reduce negative effects due to large
mesh distortion for highly non-linear simulations, like fluid dynamics
problems. The Eulerian method is actually a subset of the ALE method
where the reference mesh remains fixed in space [21]. Computation-
ally, the ALE algorithm comprises a first Lagrangian step where the
solution is advanced in time with a conditionally stable, second-order
accurate central difference method [46] and a second advection step,

during which the element state variables are remapped back onto a
moving reference mesh [47], following the volume variations of the
element during each timestep. For the advection step, the Van Leer
algorithm [48] was chosen for the computation of the transport of the
element-centered variables (e.g. density, internal energy, stress tensor)
being second-order accurate, monotonic and conservative [49,50]. In-
stead, for the momentum transport, the Half Index Shift algorithm was
used [51] to inhibit dispersion errors and preserve monotonicity of the
velocity field [50].
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Fig. 2. Experimental setup of impact tests. (a) Schematic overview of the cameras and accelerometers positions in red. (b) Frontal view of the test. (c) Lateral
view of the test. (d) Overall setup.

Fig. 3. Positions of the strain gauges mounted on one of the panels tested at 30°.
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Fig. 4. Comparison between two different fluid formulations in LS-Dyna for the impact of 15° wedge (quarter section is showed), with emphasis given to the
difference in leakage: (a) ALE formulation. (b) S-ALE formulation. (c) Comparison of acceleration data.

However, in the present paper, a recent version of the ALE method
is used, defined in LS-DYNA as Structured ALE (S-ALE) [52,53]. The
main difference lies in the fluid—structure interaction, implemented
to automatically reduce leakage, a numerical phenomenon consisting
in the undesired compenetration between the fluid part and the La-
grangian part, thanks to a energy balance control algorithm allowing
better estimation of the penalty spring stretch [54]. The effect of this
interaction algorithm (which translates in the software into the re-
placement of the keyword *CONSTRAINED_LAGRANGE_IN_SOLID with
*ALE_STRUCTURED_FSI) can be clearly seen in Fig. 4, where it is
shown a comparison between the two methods for the impact with 15°
wedge. In particular, the ALE formulation, with the contact stiffness
calibrated to fit the experimental data across all the tests performed,
(Fig. 4(a)) showed in some cases so significant leakage that the water
wave surpassed the inner part of the fixture (light-blue colored part),
instead of flowing underneath it, resulting in massive oscillations in the
acceleration measured, as illustrated in Fig. 4(c).

Both air and water parts were modeled in the simulations using
a multi-material formulation in which both fluids were able to flow
through ALE mesh elements and to be present at the same time inside
the same element [47]. Linear polynomial laws were used based on
literature studies [21] for the fluids equations of state. In Table 2 are
reported the values used, following the formulation defined in Eq. (1),
where P was the internal pressure, E the internal energy, and u, set to
zero at the beginning of the simulation, was defined by Eq. (2), where
i was the ratio between density at each step during simulation and
reference density.

P=Cy+Ciu+Cop* + Cyu® +(Cy + Csp + Cgp®)E €h)
u=L -1 @
Po

Table 2
Constants used for definition of fluids equations of state following linear
polynomial equation (1).

Fluid C, C, G, C C, Cs Cg
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]

Air [21] 0 0 0 0 0.4 0.4 0

Water [1] 0 2723 7727 14600 0 0 0

The aluminum plates were modeled using fully integrated shell
elements and a material model with full characterization of the plastic
regime, but without strain rate or temperature dependence, considered
not significant for the impact conditions of interest. The plates were
connected to the fixture by tied contacts with the whole surface of
the square frame. Moreover, even though the fixtures used for the 0°
test and for the wedged tests were different due to the manufacturing
method (the first one was solid aluminum, the second one was made
of steel tubes), in the numerical simulations it was always considered
a solid aluminum fixture, since the cross-section of the steel tubes was
chosen in order to have a comparable moment of inertia with respect
to the solid aluminum one.

Penalty-based coupling was used for the interaction between the
Lagrangian and the Eulerian parts. This type of contact was preferred
with respect to the constraint-based one because it preserves the total
kinetic energy of the system after the impact and because it was
considered more versatile in the calibration of the intensity of the
fluid-structure interaction. The algorithm worked by computing at
each time step the penetration distance d between the Lagrangian and
ALE parts in specific points of the elements (called coupling points).
Then, a counteracting force was applied to both nodes of the ALE and
Lagrangian parts proportionally to the penetration distance multiplied
by the stiffness coefficient k, according to Eq. (3). The stiffness of the
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Table 3

Comparison of full fluid-domain simulations, performed on a cluster with 32
cores and massively parallel processing (MPP), varying element sizes of the
Lagrangian shell (Lagr) and of ALE Fluids.

Mesh Size Acceleration Residual Computational
Lagr ALE Fluids Peak [g] Internal time [min]
[mm] Width Depth Energy [J]
[mm] [mm]
8 10 10 146.4 36.8 24
6 7 7 153.8 33.1 100
6 7 4 151.9 26.9 169
5 6 6 149.5 31.4 169
4 5 5 151.8 28.9 387
3 7 4 148.6 29.6 428
3 4 4 153.2 27.3 1187

contact was computed according to Eq. (4) [49], where K, was the bulk
modulus, A, the surface of the contact area, V; the volume of the master
element, and p,, the penalty factor, a non-physical scaling multiplier
of the contact stiffness that could be inserted by the user, and that in
this case was calibrated based on the experimental test campaign.

Fry=—kd 3

. K, A?
=Pftac Tf 4
The element dimensions were chosen as a result of a sensitivity
analysis performed with the case of the 0° impact and full fluid domain
modeling, looking at the most effective balance between accuracy and
computational time, summarized in Fig. 5 and Table 3. Since these
sensitivity studies were conducted preliminarily with respect to the FSI
penalty factor calibration, which will be described subsequently, the
default suggested constant value of p,,. 0.1 was used [47]. The relative
size between Lagrangian shell elements and Eulerian elements at the
contact surface interface was always kept around a 1.2 ratio, default
suggested value of LS-DYNA Aerospace Working Group for interactions
between ALE and Lagrangian elements [55]. The minimum element
size considered was of 3 mm for the Lagrangian shells and 4 mm for
the ALE hexahedral elements, increasing progressively up to 8 mm for
the Lagrangian and 10 mm for the ALE elements. In this context, the
main evaluation metrics were the acceleration response and the internal
energy of the plate elements during the impact, which could be directly
correlated to the amount of elastic and plastic deformation due to the
water impact event. However, it was noticed that a good modeling
strategy consisted in decreasing the element size of the ALE elements in
the vertical direction, which was the main direction of penetration in
water, while keeping the suggested mesh ratio in the other directions.
Therefore, after these evaluations, we opted to use in all the simulations
the mesh size of 6 mm for the Lagrangian shell elements and 7 mm
wide, 4 mm deep for the ALE elements.

Another condition that the fluid mesh needed to fulfill was that
the total dimensions of the fluid domain should have been sufficient
not to interfere excessively with fluid dynamics, at least for the time
span of interest to the first acceleration peak response. As suggested by
previous studies, the dimensions of the fluid domain were set in order to
be twice bigger than the dimensions of the impacting object [1,21]. In
the case of 15° and 30° impacts, these constraints already matched the
experimental setup in the larger dimension, for which no flow boundary
was used. In the remaining test cases, it was verified that there was a
negligible difference versus numerical simulation of the actual pool size
used in the experimental tests, and non-reflecting boundary conditions
were used in order to avoid interference with the wave propagated by
the impact (which, at the speed of sound in water, ¢ = 1481 ?, would
have traveled back the smaller dimension of the numerical pool, / =
400 mm, in only 0.5 ms). In the vertical dimension, the depth of the pool
was decreased progressively, starting from the actual depth used in the
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experimental tests (1000 mm), and it was found that up to a depth of
600 mm the acceleration response was not significantly affected for the
time span of the first acceleration peak. These approximations however,
did not allow a precise comparison of the water level difference after
the impacts between numerical and experimental results. For each
simulation, two symmetry conditions were enforced to decrease the
computational time.

Regarding the calibration of the FSI properties, once defined the
optimal mesh properties, the choice of the optimal penalty factor was
driven by a trade-off between correlation with experimental tests,
numerical noise (which increased with softer contact stiffness) and
leakage. This last phenomenon is an adverse but unavoidable conse-
quence of the penalty coupling method. However, it should be kept to
the minimum possible in order to prevent non-physical behaviors of
the fluid and undesired interference with parts of the structure not in
contact with the fluid. In the simulations, the leakage was quantified
based on the contour plots, considering the maximum compenetration
between the water level and the plate surface mesh at the center of
the panel, which is the most critical point, using as benchmark the test
Al 0.ml (0°, M =50kg, v=72 ?).

In LS-DYNA, the penalty factor can be either a constant value or
can be defined by a curve, which depends on the penetration distance.
In this regard, several analyses were conducted on fluid-structure
interaction with water using different penalty factors in order to find
the most suitable one for the correlation with experimental tests, both
using constant values and linear laws (summarized in Table 4 and Fig.
6). It can be noticed that in order to get close to the acceleration peak of
the experimental results, the constant value of penalty factor needed to
be greatly decreased with respect to the recommended one [47], with
a strong nonlinear influence on leakage and acceleration peak values
(see Figs. 7 and 8). Instead, as also established in previous work [56],
changing the slope of a linear penalty factor curve was found to give
more consistent and predictable results. This was actually true for the
correlation with the 0° tests, but the influence of different penalty fac-
tors values was negligible instead on wedged 15° and 30° results. The
critical role of the 0° test in the calibration of the contact stiffness and
leakage evaluation was probably due, in this case, to the abrupt change
of contact surface in a small timestep, leading to a fast redistribution
of the stresses. With the purpose of choosing the best fitting penalty
factor curve with the experimental tests using objective and quantita-
tive comparison criteria, different comparison metrics were taken into
account, as defined in the recommended procedures for verification
and validation of computer simulations, originally developed for road-
side safety applications (RSVVP) [57]. In Fig. 9 the most significant
numerical simulation curves are compared to the experimental one
for the test performed at O degree, M = 50 kg, v = 7.2 ? Sprague-
Geers and Knowle-Gear validation metrics were considered. Both are
magnitude-phase-comprehensive (MPC) methods, where the errors on
magnitude (M) and phase (P) of the curves are treated separately, and
then combined with specific weights in a comprehensive (C) metric.
They were selected since they allowed for systematic comparison of
signals over time, being robust and only marginally influenced by
the noise of highly dynamic transient signals occurring during impact
events, such as ditching tests. The second one differs slightly from other
MPC-type metrics since it is based on a point-to-point comparison and
requires that the two curves to be compared are first synchronized in
time based on the so-called time of arrival (TOA), which represents the
time at which a curve reaches 5% of the peak value [57,58]. Specific
formulas for such comparison metrics can be found in literature [57].
For completeness, also the ANOVA method was used, computing the
average residual error and the standard deviation of the residual error
resulting from a point-to-point comparison of the numerical and exper-
imental curves. Looking at the different curves, the mod6 was selected,
since it showed consistent best results for all Knowle-Gear metrics and
second best results for all Sprague-Geers metric, with good correlation
also for the ANOVA metrics.
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Fig. 5. Sensitivity study for water impact of 0° fixture, changing element size (first number indicates the dimension of the Lagrangian shell, followed by ALE
element size in the width and depth directions). (a) Acceleration force response comparison, with zoom on acceleration peak comparison. (b) Panel internal
energy comparison.

03
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E ’ Pyyc Slope =0.1 MPa, | (mod2) Maximum leakage values for the different penalty factors tested
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Fig. 6. Summary of penalty factor laws tested (0°, M = 50 kg, v = 7.2 ?). mod0 0.2 - 13
mod2 0.1 - 14
mod4 0.05 - 15
mod6 0.025 - 21
The analyses performed at different penalty factors were conducted mod8 0.0125 - 30

with interaction only between Lagrangian parts and water ALE domain.
However, when evaluating the results with this setup in the post-
processing phase, it was noticed that, after the first springback motion
of the aluminum plate during the impact, a large air pocket originated
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Fig. 7. Summary of sensitivity studies performed on the penalty factor in
comparison with experimental data. Influence on accelerometers results for
test A1.0.m1 (0°, M =50 kg, v=7.2 ?). (a) Constant penalty factors values
(cost = 0.1, cost2 = 0.2, cost3 = 0.05, cost4 = 0.01, cost5 = 0.001, cost6 =
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MPa/mm for mod2, slope = 0.05 MPa/mm for mod4, slope 0.025 MPa/mm
for mod6, slope = 0.0125 MPa/mm for mod8).

underneath the plate. This phenomenon reduces the panel’s adhesion
to the water, limiting the effectiveness and duration of the fluid-
structure interaction. The solution found to this non-physical water
behavior was to add a second fluid-structure interaction, defined with
a different input card, between the Lagrangian parts and the air ALE
part. After several attempts, it was still used a linear penalty factor
curve, but with the slope ten times less than the one used for contact
with water, in order to limit the interference with it. In Fig. 10 it can
be seen the improved water behavior, which now maintained contact
with shell elements always throughout the simulations. The correctness
of the behavior was also indicated by water starting to flow over
the solid aluminum fixture after the impact (the simulation was, in
fact, simplified with respect to the reality where at the border of the
fixture there were four vertical walls, but the effect of the correct mass
distribution was considered).

3. Results
3.1. Experimental tests campaign

The experimental tests setup allowed to achieve a high level of
repeatability, in view of the low scattering of both measures of multiple
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accelerometers used during the same test (Figs. 12(a), 13(a), 14(a)) and
of measures of the same accelerometers in different tests performed
under the same conditions (Figs. 12(b), 13(b), 14(b)). Overall, the high-
speed cameras proved good balancing of the test articles at the instant
of impact with water, with misalignment of max 2°, but in most of the
cases of less than 1° (as reported in Table 1). Fig. 11 illustrates visually
the symmetry of the impacts at water entry.

3.2. Numerical correlations

In this section, the comparison between the experimental data,
presented in Section 3.1, and numerical simulations, performed with
the model illustrated in Section 2.2, is reported.

With the calibrated penalty factor curves, a good correlation was
found concerning the tests at 0°, also varying the mass and the thick-
ness of the panel, as illustrated in Fig. 15. A relevant amount of
oscillation was observed in the numerical acceleration plot; however,
this was deemed not avoidable due to a small amount of leakage
introduced as an undesired effect of the penalty factor correction,
which was necessary to achieve correlation with the acceleration peak,
as already reported in Section 2.2. The wedged impact showed good
correlation between the numerical model and the experimental tests,
as illustrated in Figs. 16 and 17. In these cases, being the influence of
the calibrated penalty factor curve lower, the consistency of the results
supported the overall accuracy of the S-ALE method used. Notably, also
the strain gauges did correlate precisely with the numerical simulations
(Fig. 18), looking at the strains in the element closest to the actual
position of the sensors in the test. Strain measures were compatible with
the out-of-plane bending of the plate, with fixed boundary conditions
on the framed extremities, showing higher values closer to the center
of the panel (strain gauges 1, 3, 5, 7).

4. Discussion
4.1. Highlights of the study

The article features a uniquely comprehensive collection of exper-
imental data correlated with numerical simulations of water impacts
of thin aluminum panels compatible with those used for helicopter
fuselages in a wide range of impacting angles, ballast masses and
velocities.

The accuracy of the test setup allowed us to obtain repeatable
results and to study the influence of panel deformability in ditching
conditions, featuring also, in some cases, the use and validation of
strain gauges together with the accelerometers. In fact, measuring
strain histories in the 30° test gave additional information on local
stress distribution on the panels during impact. Interestingly, it was
possible to observe a first initial peak, progressing in time with the
spray root position along the wedge. Subsequently, locally, a plateau
deformation value, corresponding to residual water pressure loads after
first impulsive phase, was noticed. In the final stage, strain measures
oscillated around null values after the impact phase, suggesting the
absence of plastic deformation.

The assessment of the influence of panel flexibility is particularly
relevant for the outcome of ditching events, since it may alter the
load and stress distribution on the structure, the accelerations on
the occupants, and, ultimately, the buoyancy of the fuselage [59].
Previous literature studies highlighted the importance of considering
high-intensity impacts in order to capture the ‘hydroplastic’ effects of
the event [60]. Most of the times, these effects are investigated in case
studies of full-scale models [12,61], more rarely in more controllable
smaller setups [62,63]. In the present experimental campaign, the
panels impacting water at 0° experienced plastic deformation as a result
of the water slamming. Moreover, further underlining the importance
of studying the deformability of the panels, it was noticed, comparing
impacts at same inclination angle of 0°, same velocity and mass, but
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Fig. 10. Comparison between different water ALE behaviors with emphasis on the post-springback behavior. (a) FSI only with water. (b) FSI with both water

and air.

different thickness of the panels, that the acceleration peak increased
with the thickness of the panel. Interestingly, the influence of panel
stiffness on measured water loads was supported by previous literature
studies [32,33]. Iafrati et al. observed instead an opposite trend [20],
which may be related to the influence of forward velocity trapping fluid
in the deformed plates.

The main purpose of our experimental campaign was to provide
enough data to correlate with a comprehensive explicit FE numerical
model, able to extend the database of water impact events with further
configurations without the need to actually perform heavily time- and
resource-consuming experimental tests. The proposed FE numerical
model exploiting S-ALE formulation, which differentiates from standard
methods used for ditching applications by automatically minimizing
the leakage, after rigorous mesh sensitivity and parameter calibration
studies, showed a satisfactory correlation with most of the experimental

data at different impacting angles. Higher accuracy was achieved in the
wedged 15° and 30° impacts, in the latter case also predicting strain
gauge data.

The magnitude of the acceleration peaks of tests performed at
0° required a strong correction of the penalty factors with respect
to default values [47]. This adjustment significantly influenced the
leakage and the numerical noise of the simulation results. Nevertheless,
they were deemed acceptable with respect to the primary aim of
the study, achieving an accurate prediction of load distribution and
of structure response to ditching. Notably, in this context, objective
quantitative comparison methods, previously developed for automotive
crash tests [57], were applied for the first time to ditching scenarios
to determine the most accurate FSI penalty factor curve to be used in
the numerical model. In fact, previous studies, correlating a numerical
ALE model in LS-Dyna with experimental water impact tests, used the
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(b)

Fig. 11. Pictures from high-speed camera recording water impacts from the different experimental tests. (a) Frame from test A3_.0_.m2, t = 8.1 ms after water
entry. (b) Frame from test A2 15 m1, t = 6.6 ms after water entry. (c) Frame from test A4_30_.m2_v2, t = 18.1 ms after water entry.
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Fig. 12. (a) Accelerometers data of test A3_.0.m2 (0°, M = 114 kg, v = 7.2 ?). (b) Comparison with data from same accelerometers in test performed at same

initial conditions (A4_0_m2). Accelerometers positioned as in Fig. 2(a).

default constant values to model the fluid—structure interaction, likely
since wedged impacts were considered [35,64,65], which we observed
to be the ones less affected by penalty factor variations. Referring to the
work of Sun et al. [39], instead, while the slamming angle was null and
the dimensions of the test article were larger than ours, the flexibility
of the panel was much lower due to the welded stiffeners. In general,
the penalty factor was already shown to be highly dependent on the
specific application studied, and the use of a linear curve was already
suggested and used previously [55]. Importantly, in this case, it was
tuned to capture precisely acceleration data obtained at a large range
of impacting angles.

The correlation reached by the numerical model with experimental
data supports its applicability for the evaluation of ditching loads on
more complex aeronautical structures and for the creation of a large
database of water impacts of panels in a large variety of impact condi-
tions. Ultimately, the methodology could be used for rapidly assessing
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ditching behavior of entire fuselages, leading to saving costs and time in
aircraft design. The investigation of fluid—structure interaction in these
kind of tests has high value for ditching applications, considering also
previous publications on the topic, analyzing experimental and numer-
ical behavior of free-fall vertical impacts of framed structures [66-69].

4.2. Limitations of the study

Differently from some literature experimental campaigns [20,39],
no pressure sensors were used in our experimental tests. The po-
sitioning of pressure sensors on thin aluminum panels would have
required pass-through holes, introducing local unwanted effects in the
deformation of the panels and requiring also numerical modeling of
these artificial defects created in the panels. In addition, in a highly-
dynamic crashworthiness event, pressure sensors could be influenced
by local effects more than acceleration sensors, generally mounted on
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same initial conditions (A5_30_strain). Accelerometers positioned as in Fig. 2(a).
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Fig. 15. Comparison of experimental and numerical acceleration data for tests performed at 0°. (a) M = 50 kg, v = 7.2 ?, t = 1.02 mm.
(b)M =114 kg, v=7.2 ?, t=1.02mm. (c) M =114 kg, v=7.2 ?, t=1.6 mm.

stiffer parts of the structure. Our measures of acceleration and strain
were considered sufficient to correlate the numerical model.
Moreover, even if the range of vertical impact velocities investigated
in the experimental tests was higher with respect to the vertical sinking
velocity required for ditching certification (1.5 m/s), stated in CS
29.563 for large rotorcrafts [70], it was needed to reach high impact
energies in order to study hydroelastic and hydroplastic effects, given
the constraints of the setup concerning dimensions of the panels and
water basin. In addition, the impact severity to be evaluated during
certification is highly dependent on the sea state considered and the
velocity relative to the water surface may reach values close to the
ones tested in our experimental campaign. It has been also suggested
in literature the need for the investigation of ‘controlled’ ditching in
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aeronautical certifications, as a method to bridge the gap between
‘planned’ and ‘unplanned’ events, which would include a larger en-
velope of emergency landings on water, more representative of the
statistics of water impact scenarios [71] and compatible with the range
of impact velocities tested.

Another limitation of the study, due however to experimental setup
constraints, is the lack of investigation of forward velocity in the water
impacts, causing cavitation effects [5,9,20]. In this regard, helicopter
ditching may be a suitable scenario, with limited forward velocity, also
considering the influence of sea state, which may decrease equivalent
entry angle [70]. Further work is required to evaluate the accuracy
of the proposed numerical model under scenarios involving forward
velocity. However, the inclusion of both air and water in the simu-
lation model already represents an important step toward accurately
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Fig. 18. Comparison of experimental and numerical strain gauge data (sg) for tests performed at 30°, M = 75 kg, v = 7.4 ?

capturing water cavitation and air entrapment effects. Other areas
of interest for future research may include the interaction between
different panels in a complete deformable aeronautical structure, the
impact resistance of emergency flotation systems and of novel energy-
absorption systems [72,73], in order to obtain a more comprehensive
evaluation and analysis of ditching events.

5. Conclusions

In conclusion, we developed a numerical model for vertical water
impacts using S-ALE approach which accurately correlated with ex-
perimental acceleration and strain gauge data across different impact
angles, masses and velocities tested. Quantitative methods previously

12
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used for roadside safety applications were for the first time used in
ditching scenarios to compare numerical and experimental acceleration
curves, obtaining the model with the best fitting penalty factor curves.

The numerical model can be used to reliably explore a wide range
of ditching configurations and to extend investigations to aeronautical
structures of varying complexity, up to full-scale subfloors or fuselages.
This approach enables the creation of a comprehensive dataset that can
support the development of simplified, data-driven numerical tools ca-
pable of efficiently estimating ditching scenarios, useful to significantly
reduce computational time and to be effectively integrated into the
early design stages of novel aircraft models.
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