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Abstract Underwater gliders, which are profiling auton-

omous underwater vehicles designed to make oceano-

graphic measurements, are increasingly used in the coastal

ocean. As they regularly surface for data transmission,

gliders increasingly pose a risk for fast ships. In order to

estimate the extent of damage due to collision, 3D finite

element simulations of collisions between a glider and a

high-speed craft with a glass-fiber reinforced plastic hull

are performed. Different collision scenarios such as impact

locations, angles of attack and speeds are examined. The

results are compared to an analytical solution based on

simplifying assumptions. Although both methods reveal

consistent results, it is shown that finite element simula-

tions are required to account for the 3D shape of the ship.

The results indicate that at ship velocities exceeding 7.5

m/s (14.6 kt) the glider penetrates the ship’s hull causing

severe damage to its structure.
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1 Introduction

Underwater gliders, or gliders for short, are a class of auton-

omous underwater vehicles propelled by a buoyancy engine.

Principle of operation is that the buoyancy engine allows the

glider to attain positive or negative buoyancy of the equiva-

lence of about 250 cm3 seawater, generating a vertical motion

with respect to the ambient water. Wings attached to the side

of the hull convert part of the vertical speed into horizontal

speed, so that the glider moves through the water column in a

zigzag fashion, cf. Fig. 1. Usually, the glider is programmed to

come to the surface at regular intervals (hours), where it

remains for about 20 min in order to transfer data to a server

on land via a satellite communication link.

The low speed of about 0.4 m/s gives the glider its

unique endurance of the order of weeks to months, much

longer than other classes of autonomous underwater vehi-

cles. The long endurance and relatively low cost of gliders

has led to gliders to become more and more ubiquitous as

an oceanographic measurement platform. Although most

gliders have been deployed in ocean waters, there is an

increasing interest to employ gliders in coastal waters for

monitoring purposes. In contrast to far off-shore (interna-

tional) waters, in coastal waters conflicts arise between

shipping and free moving unmanned measurement plat-

forms such as gliders. The German Bight (eastern part of

the North Sea) for example, is a coastal sea where gliders

have been operated as part of the Cosyna observatory [1].

Regulations in the German exclusive economic zone state

that operation of gliders is forbidden. However, a request

can be filed to the responsible authority to be exempted

from this prohibition. Whether to grant the request or not,

the authorities take into consideration the risk imposed by

operating gliders on shipping and other off-shore activities.
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The probability of a ship-glider collision can be esti-

mated with the help of automatic identification system

(AIS) data [2]. With a mass of about 50–60 kg, it is clear

that in the event of a collision with a large steel ship, no

damage will be done to the ship and most likely the glider

will be lost. For authorities, the loss of a glider is not of

concern. Damage to, or worse, loss of a vessel due to a

glider, on the other hand, is a major concern, in particular,

if the glider is deployed with the authorities’ consent.

Clearly, large steel vessels will not be affected, however,

lightweight fast off-shore crafts may suffer damage.

Estimates on the damage caused by ship accidents

received attention due to its impact on human lives, envi-

ronment and the resulting financial consequences [3].

Respective investigations are concerned with ship

grounding and stranding, ship–platform collisions, and

ship–ship collisions, see [4] for a comprehensive overview.

Literature dealing with collisions between ships and

objects floating beneath the water surface are, for obvious

reasons, scarce, except for ship–container interactions as

well as collisions of ships with slender objects. In partic-

ular, [5] analysed the collision of a fast cruising single-skin

craft using an analytical approach.

The probability of collisions between large vessels was

calculated to be 0.516 % per year and ship [6]. In the study

mentioned, however, only vessels larger than 4000 gross

register tons were considered. To our knowledge, to date

no study, neither experimental nor analytical, has been

performed on the likelihood of damage to a ship caused by

a glider in the event of a collision.

Predictive approaches besides experimental testing were

established to anticipate the amount of damage. The

problem is commonly divided into two parts: calculation of

external mechanical quantities (impulse of a collision), and

the determination of internal mechanics (strength or resis-

tance of ship sub-structures) [5]. Depending on the

assumptions made for the collision scenario, the details

accounted for in the ship’s structure and the underlying

material model (constitutive relation), has received con-

siderable attention. Smaller (and faster) ships are made of

materials different from steel, such as aluminium or com-

posite materials. Recent work therefore focusses on light-

weight vessels [7], the damage behaviour and its

interaction [8, 9], the (structural) finite elements to be used

[10] and the effect of the damage criterion used [11].

Wisniewski and Kolakowski [12] use an explicit dynamic

FE-solver for their analysis based on elastic-plastic shell

elements to numerically solve the complete boundary value

problem. In order to validate their simulation of a side

impact, Karlsson et al. [13] performed laboratory experi-

ments impacting a steel sandwich structure by a rigid

punch. Similar to that, Steglich et al. [14] used pre-stret-

ched cruciform specimens to validate damage scenarios

caused by a quasistatic punch penetration.

In the current study we explicitly model a collision

scenario between glider and sport boat independently from

the probability of its occurrence. We consider a typical

recreational ship of class B (CE-classification), a glass-

reinforced plastic (GRP) hulled powerboat that can be

encountered in off-shore waters of coastal seas. It is

selected as a ‘‘worst case scenario’’ , as it combines low

weight, high cruising speed and a rather fragile ship hull.

Rather than employing expensive experiments in which a

glider-like object collides with the hull of the design vessel,

an analytical and a numerical method based on finite ele-

ment modelling are exploited to investigate the effects and

consequences of various collision scenarios.

2 Analytical approach

Pedersen and Zhang [15] and Zhang [5] introduce an

analytical approach to estimate the amount of damage

during collision of two vessels in two steps. First, the

energy which is to be absorbed during the collision is

calculated via the balances of linear and angular momen-

tum. Second, they estimate the amount of energy the hull is

capable of absorbing before damage. In this work, we use

the results of the Pedersen–Zhang approach for a first

estimate of damage.

Pedersen and Zhang assume that the ship’s mass is large

compared to the mass of the second colliding object, which

furthermore does not glide along the hull. In order to derive

an analytical solution, they study a two-dimensional sim-

plified problem. We use these premises and apply the

methodology to the collision between a ship and a glider,

see Fig. 2.
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Fig. 1 Autonomously oscillating underwater glider measuring

exchange processes in sea water

262 J Mar Sci Technol (2016) 21:261–270

123



2.1 Energy to be absorbed during collision

As explained in detail in [16], the energy to be absorbed is

split into contributions along the axes of a local coordinate

system n; g, see Fig. 2a, and reads

En ¼
1

2
mv2

sin2 b
Dn þ lDg

; Eg ¼
1

2
mv2

cos2 b
1
lKn þ Kg

; ð1Þ

with m being the mass of the glider, v the impact speed and

b the angle between the ship’s direction of travel and the

tangential line of the ship hull in the impact point, see also

Fig. 2a. The coefficients Dn, Dg, Kn, Kg and l

Dn ¼
sin2 a

1þ mx;rel
þ cos2 a
1þ my;rel

þ 3 cos2 a
1þ jrel

;

Dg ¼
1

1þ mx;rel
� 1

1þ my;rel
� 3

1þ jrel

� �
sin a cos a;

Kn ¼
1

1þ mx;rel
� 1

1þ my;rel
� 3

1þ jrel

� �
sin a cos a;

Kg ¼
cos2 a

1þ mx;rel
þ sin2 a
1þ my;rel

þ 3 sin2 a
1þ jrel

;

l ¼Dn cos b� Kn sin b
Kg sin b� Dg cos b

;

ð2Þ

are functions of the angle a between the glider and the

tangential line in the collision point along the hull, see [16].

Further, Eq. 2 depend on coefficients of relative virtual

masses in order to account for hydrodynamical effects of

the glider. The coefficients mx;rel and my;rel are the relative

virtual masses in longitudinal (x, surge) and in lateral (y,

sway) direction, respectively, and jrel is the relative virtual

momentum of inertia with respect to the vertical axis. The

relative values can be calculated with the virtual masses/

inertia and the actual mass/inertia of the glider (e.g.

mx;rel ¼ mx=m). The virtual masses/inertia are calculated

for an ellipsoid with the dimensions of the glider according

to Korotkin [17].

2.2 Energy absorbed by the hull

Zhang [5] assumes that the entire energy is absorbed by a

part of the skin bounded by stringers and frames. Figure 2b

sketches this part of the hull as a planar plate. Based on this

simplification, the collision represents a tensile loading in

plane stress conditions. The authors derive expressions for

two collinear in-plane strain components e1 and e2. To

avoid damage, the sum of both strains e ¼ e1 þ e2 needs to
be smaller than the tensile strain at fracture, ef

e ¼ e1 þ e2\ef ; ð3Þ

where e1 is the strain caused by the normal component F1

of the impacting force, e2 the strain caused by the tan-

gential component F2, cf. Fig. 2b.

Following [5], the energies En and Eg to be absorbed due

to the orthogonal (n-) and parallel (g-) contribution of the

collision force, respectively, are given by

En ¼
4

15
1þ a

b

h i2� �
2ffiffiffi
3

p r0tAe1;

Eg ¼
1

8
þ 2a

21b

� �
2ffiffiffi
3

p r0tAe2;

ð4Þ

with r0 being the yield/fracture stress (elastic–ideal plastic

material behaviour assumed), t the hull’s (plate’s) thickness

and A the area between stringers (i.e., the area of the plate

A ¼ 4ab).

Rewriting Eq. 4 as relations for the strains e1 and e2,
inserting Eq. 1 and subsequent substitution into Eq. 3

renders

e ¼ 15
ffiffiffi
3

p
mv2 sin2 b

16 1þ a
b

� �2h i
r0tA Dn þ lDg

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

e1

þ
ffiffiffi
3

p
mv2 cos2 b

4 1
8
þ 2a

21b

� �
r0tA 1

lKn þ Kg

h i
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

e2

\ef :

ð5Þ

Equation 5 constitutes a maximum strain criterion and

hence allows for an assessment of a loading scenario.
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Fig. 2 Sketch of the collision

scenario following [5] (a) and
model of a planar plate (b).
2a and 2b are the distances

between two transverse and

longitudinal structures,

respectively
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3 Finite element model

To allow for a more comprehensive investigation and to

account for a more realistic collision scenario, finite ele-

ment simulations were performed with the commercial FE-

Software Abaqus 6.12. In particular, Abaqus/Explicit was

used as it is well suited for dynamic problems involving

contact and material failure. The FE-models of the glider

and the ship were generated using the ABAQUS CAE

software. For the two independent objects, namely glider

and ship, shell elements were used to describe the

respective hull. In case of the ship, stingers are additionally

accounted for by special stiffener (beam) elements. Neither

mass scaling nor time scaling was applied in the simula-

tions. The theory of finite deformations was used.

To account for inertia and hydrodynamic effects, non-

structural mass and virtual mass have to be introduced to

the FE model. A non-structural mass is used to raise the

mass of the simplified model (e.g. the ship’s hull including

stiffeners but without any interior parts, fuel tank and

engines) to the actual mass of the reference object. Virtual

mass raises the overall weight of the FE model above the

weight of the reference object in reality. This is done to

account for hydrodynamic effects of an object which

moves mainly below the water surface.

3.1 Glider and ship

The FE-model of the glider was deduced from its

axisymmetric structure (1.88 m overall length, 52 kg total

mass, wall thickness 9.25 mm), see Fig. 3. The wings and

the tail fin are not included in the model, as they will easily

break off from the main body in case of a crash. The dif-

ferent sections visible in Fig. 3 refer to the sonar case, solid

head, main hull, and tail section (from right to left). For

each part a material was assigned: polypropylene (nose),

aluminium (main body), and polyester (tail section). The

respective physical constants are listed in Table 1. In total,

1200 linear shell elements (S4) were used for the dis-

cretisation of the glider. Hydrodynamic effects of the glider

were accounted for by adding a virtual mass of 45.3kg, the

equivalent of the relative virtual mass my;rel introduced in

Eq. 2. While the latter relation considers virtual masses/

inertia for each component of motion individually, in the

FE analysis no distinction between the different compo-

nents of virtual mass was done. The highest amount was

therefore added, namely my [17].

A small vessel (12 m length, 3.7 m width, 7.8 tons

weight) is considered as the colliding water vehicle, see

Fig. 4, representing a typical recreational motor ship

(yacht). The ship’s hull was assumed to be manufactured

from E-glass (alumino-borosilicate glass) reinforced

polyester, with short-fibre-reinforced as well as woven

fabrics laminated in total nine layers. The averaged mate-

rial properties were calculated for this compound, see Sect.

3.2. The FE-model consists of the ships hulk, a hull (shell

elements) reinforced by longitudinal stringers (beam ele-

ments). The laminated bulkheads (transverse sections) are

modelled by shell elements. The total thickness of all

Fig. 3 SLOCUM electric glider (top) and its finite element model

(bottom)

Table 1 Material properties used in the simulations

Material Property Notation Value

Aluminium Density q 2700 kg m�3

Young’s modulus E 72200 MPa

Poisson’s ratio v 0.34

E-glass fibre Density q 2600 kg m�3

Young’s modulus E 73000 MPa

Poisson’s ratio v 0.18

Polyester resin Density q 1185 kg m�3

Young’s modulus E 4100 MPa

Poisson’s ratio v 0.37 MPa

Polypropylene Density q 900 kg m�3

Young’s modulus E 1200 MPa

Poisson’s ratio v 0.425

Fig. 4 Finite-element-model of the ship including stringers and

frames
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sections was assigned according to the construction plan of

the ship, being 10.8 mm. Stringers and bulkheads are

considered by their respective hollow cross sections (rect-

angular profile) and the resulting surface moment of inertia.

The masses of the engine and the ships interior structure

were accounted for by adding respective concentrated and

distributed masses to the model to bring the net mass of the

ship to the known value. For the ship no virtual mass (to

account for the hydrodynamic effects) was added since we

assume that the main part of the ship is above the water

surface.

Shell structural elements are used for the discretisation

of the ship’s hull and the glider to reduce the computational

effort against 3D modelling based on continuum elements.

Both objects are thin-walled structures (wall thicknesses of

approximately 10 mm being small compared to the other

dimensions). Even the laminated bulkheads of the ship can

be considered as being thin-walled. Longitudinal stringers

of the ship are described by beam elements. The shell

elements used have four nodes, six degrees of freedom

each and four integration points in plane. Along the

thickness direction, five section points with Simpson inte-

gration rule are used. Beam elements have two nodes with

six degrees of freedom each. Shell and beam elements

along the edges of shells share the same nodes. For beams

as well for shell elements linear shape functions are used.

Therefore, the respective displacement interpolation fields

are compatible.

In the region of contact between glider and ship the

mesh was refined (not shown in Figs. 4 and 7) for a better

spatial resolution of the damage event, using a minimum

element length of 10 mm. Different discretisations in the

impact region were tested, but not reported here. Mesh

convergence was obtained for the considered quantity, i.e.

the dissipated energy. In total, 18600 shell elements (S4)

and 650 3D beam elements (B31) were used.

The mechanical load was applied by defining an initial

velocity on the ship relative to the glider. For describing

the contact between glider and ship, the ‘‘general contact’’

algorithm included in ABAQUS was used. The algorithm

uses the penalty method to create contact forces that pre-

vent node-into-face and edge-into-edge penetrations, see

[18].

3.2 Material behaviour

For each section of the glider and the ship an individual

material behaviour was allocated. In case of the glider, all

sections are assumed to behave isotropic linear-elastically.

The respective parameters (Young’s modulus and Pois-

son’s ratio) are listed in Table 1.

In case of the ship laminated from polyester with

chopped strand mats as well as woven rovings, the prop-

erties of a homogeneous material based on an average

weight fraction of E-glass fibres of wf ¼ 0:34 were com-

puted following the procedure given in DIN Deutsches

Institut für Normung e.V. [19]. Besides properties of the

elastic medium, the maximum allowable strains for various

loading conditions can be derived. The respective values of

the critical strains are included in Table 2. According to

DNV [20], an assessment should be based on these critical

(elastic) strains, along with a safety factor. As a matter of

course, this procedure leads to conservative results.

Moreover, progressive damage leading to energy dissipa-

tion is not considered, which in turn affects the global

mechanical quantities.

A more realistic material model includes progressive

damage, which is expected to occur during collision. The

concept of progressive damage accounts for material

deterioration and the related energy dissipation. It goes

back to the work of Kachanov [21], who first introduced

damage as an internal scalar variable into the constitutive

relation. It phenomenologically describes the effect of

microvoids and microcracks on the stress carrying capacity

of the material. Since the millennium, damage mechanics

has been widely used and successfully applied to various

materials and lengthscales, e.g. concrete [22], pipeline steel

[23], laminates [24], and aluminium [25]. Here, we use a

simplified version [26] of a more general approach, which

is based on the following assumptions. The material

deforms elastically until a certain critical strain (fracture

strain eut) is reached. When this strain is exceeded, the

stress carrying capability of the point is linearly reduced as

shown in Fig. 5, mimicking progressive damage. Plastic

deformations are therefore not considered, as they are

negligible in glass-reinforced plastics. Therefore, fracture

Table 2 Calculated properties of the ship’s hull

Parameter Notation Value

Volume fraction of fibers vf 0.1901

Density q 1454.1 kg m�3

Young’s modulus E 7920 MPa

Poisson’s ratio v 0.3339

Strength at fracture (tensile) rut 102.28 MPa

Strength at fracture (compression) ruc 123 MPa

Strength at fracture (shear) rus 65.2 MPa

Strain at fracture (tensile) eut 0.0129

Strain at fracture (compression) euc 0.0155

Strain at fracture (shear) eus 0.0231

Degradation displacement �u 1 mm

Characteristic element length L 10 mm
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strain and strain at maximum stress are treated as being

equal. The parameters E, ry, and �u have to be specified as

an input. The respective values calculated according to

DIN Deutsches Institut f?ur Normung e.V. [19] are sum-

marised in Table 2. Note that the specific energy dissipated

through damage evolution depends on the term �u=L. The

respective value has to be set for the simulation by finding

a compromise between physical significance of the mate-

rial softening, see Fig. 5, and loss of numerical stability of

the simulation due to strain localisation effects, see e.g.

[27]. A common technique to assess the simulations is to

control the artificial strain energy of the model, which

should be minimised. In the current investigation, the ratio

�u=L has been set to 0.1 in order to keep the global artificial

strain energy less than 5 % of the total internal energy of

the system.

Hillerborg’s failure model was used as a built-in feature

of the commercial FE-code ABAQUS. Its mode of opera-

tion is sketched in Fig. 5. Progressive damage is accounted

by linearly reducing the element’s stiffness once the failure

strain is reached. Once the stresses become zero, the

respective element is removed from the mesh. At this stage

it is therefore not visible.

We hereby use a macroscopic (engineering) approach to

investigate damage initiation and crack extension in the

ship. It is not the aim of the current investigation to account

for the micromechanisms causing degradation. It is worth

mentioning that the derivation of homogenised quantities

from a complex microstructure is generally not straight

forward but a current research topic. Hence, a more fun-

damental assessment might be necessary once purpose-

built layers are considered. Here, however, most of the

layers are built from chopped strand mats. Hence the global

behaviour is expected to be isotropic.

3.3 Collision scenarios

We investigate the influence of three different parameters

on the resulting damage of the ship, namely the position of

impact, b, the impact speed, v, and the angle of impact,

a� b, cf. Fig. 2a. For all scenarios, the ship was rotated by

5� with respect to the horizontal axis to account for the

dynamic lift during cruising (trim). The glider was tilted by

30� with respect to the waterline in accordance with its

orientation at the surface, see Fig. 6. In contrast to the

procedure of the analytical solution, the position of impact

is studied with respect to structural parts of the ship by

means of FE simulations. Figure 7 gives an overview on

the different impact locations studied: at the bow along the

ship’s centreline, beneath the centre of a skin plate, beneath

a longitudinal stringer and beneath a transverse frame

element (bulkhead).

4 Results and discussions

4.1 Analytical solution

The ratio of applied strain and failure strain e=ef calculated
following Eq. 5 is shown in Fig. 8 using the input data

summarised in Table 3. For ratios of e=ef less than one safe

operation is guaranteed. It represents a maximum strain

(failure) criterion. We first quantify the dependence of the

strain ratio on the position of impact b. As a collision in the
front part of the ship is most likely, b is assumed to lie in

the interval 10� to 35�. The velocity of the ship is set to the

maximum possible speed of v = 19 m s�1. A variation of

the position angle b leads to small changes of the strain

ratio, but the general trend as well as the magnitude does

not significantly change with b. In case of a collision with a
velocity of v = 19 m s�1, the analytical solution reveals that

the critical strain ratio is exceeded resulting in failure of the

ship. The same analysis preformed for a velocity v = 10

m s�1 reveals its safe operation, as for all angles of attack

the strain ratio is less than 1.

εut0

σut

strain

st
re
ss

undamaged
damaged

ε=u/L

Fig. 5 Stress-strain diagram of a brittle damaging material

5°

30°

waterline

Fig. 6 Position and orientation of the glider and the ship before

collision (side view)
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4.2 FE simulations

Finite element simulations were carried out using both the

elastic and the progressive damage material models. In

order to compare the obtained numerical results to those of

the analytical solution, it is more appropriate to use the

elastic non-damaging model. Hence, the same assessment

concept as in the analytical solution can be adopted:

comparing the maximum local strain with a (given) failure

strain, cf. Table 3. The centre of a skin section, cf. Fig. 7,

was selected as the impact position, which corresponds to a

position angle of b ¼ 10�. It can be seen in Fig. 8 that FE-

analysis and analytical solution lead to contrasting results.

First, the maximum strain ratio occurs at an impact angle of

35� for the velocity of v = 19 m s�1 rather than at 0� as in

case of the analytical solution. In case of 10 m s�1, the

maximum strain criterion reveals unsafe operation, except

for the collision angle a� b ¼ �5�. Second, the amount of

predicted strain is significantly higher in case of the FE

simulations. Interestingly, the maximum strain ratio for the

lower speed is predicted to be at a� b ¼ 45�, and therefore
at a higher angle of attack compared to the respective

scenario for v = 19 m s�1. The discrepancy between ana-

lytical and FE-simulation with respect to the angle of

attack for maximum strain can be explained by the 3D-

shape of the ship, which is not accounted for in the sim-

plified 2D analytical approach. The predicted strain level,

however, results from the assumption of elastic material

behaviour and leads to unrealistic values.

A second series of finite element simulations were

conducted using the damage model as described in Sect.

3.2. With our hardware (Intel Core i5 processor, 4 cores,

3.4 GHz, 8 GB RAM, Windows 7, 64-bit) the simulation

took about 30 min. The simulations were evaluated by

means of the dissipated energy. This quantity allows to

discriminate between collision events causing only elastic

deformation (no damage) and those in which material

deterioration appears. Moreover, the amount of dissipated

energy is a function of the size of the damaged structure.

This allows to distinguish between the occurrence of

uncritical cracks and large leaks causing the loss of the

ship.

In the simulations the impact location (cf. Fig. 7) was

varied to study the influence on the extend of damage

quantified by the dissipated energy for a given velocity, v =

19 m s�1. The angle of attack a� b was prescribed as 35�

here, which caused the maximum strain ratio as predicted

by the FE-strain criterion, cf. Fig. 8. Figure 9 shows that

the smallest amount of dissipated energy occurs for the

impact at a longitudinal stringer, since the glider is able to

slide along the hull preventing a deep penetration. For the

remaining three impact locations nearly the same amount

of energy is dissipated. In all considered scenarios the

glider causes severe damage to the ship.

Considering the impact position being in the centre of

the skin section (b ¼ 10�), the dissipated energy as a

function of the glider’s angle of attack a� b is shown in

Fig. 10. At a speed of 19 m s�1 for all angles in the

interval between 0� and 90� damage occurs. Interestingly,

the largest amount of dissipated energy appears at an angle

of 15�, when the glider hits the surface normally. This

result is different from the one obtained using the maxi-

mum strain criterion, cf. Fig. 8. According to the damage

analysis, the glider tends to slip off the hull at larger angles,

reducing its impact energy. However, at the speed given,

even at 90�, the dissipation is non-zero.

Figure 11 shows the effect of the ship’s velocity on the

amount of damage for two different angles of attack, namely

bow
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Fig. 7 Overview of the impact positions investigated (top view),

mesh refinement at the impact positions not depicted
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Fig. 8 Maximum strain failure depending on the collision angle for

numerical finite element (case b ¼ 10�, elastic model) and analytical

method for two different collision velocities
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15� and 35�. The former follows from Fig. 10, in which this

angle represents the ‘‘worst case scenario’’. The latter is

chosen serving as the respective counterpart deducted from

the maximum strain criterion. At smaller speeds only elastic

deformations occur, hence the dissipated energy is zero.

Damage occurs at impact velocities larger than 7.5 m s�1

(14.6 kt) for the angle of attack a� b ¼ 35�. In case of the

more acute angle of attack, damage is predicted at speeds

higher than 10 m s�1 (19.4 kt). With increasing impact

velocity more energy is dissipated by the structure. The

slope of the dissipated energy functions is different: while

the one of a� b ¼ 35� linearly increases, the one of a�
b ¼ 15� evidences a nonlinear sharp increase in the range

above 13 m s�1. This leads to the effect that for maximum

speed more energy is dissipated at a� b ¼ 15� than it is at

35�. In case of the acute angle of attack, the glider is sliding

along the hull before penetrating it allowed by the 3D-shape

of the ship’s bow. Whereas this effect decreases the risk of

damage at lower speeds, it causes the opposite effect at

higher speeds, where the glider damages the neighbouring

transverse frame. In case of an impact from the side, the

glider has less tendency to slide along the ship. This favours

its penetration at lower speeds. It is noted that once the

glider fully penetrates the hull, a further increase of damage

in the interior of the ship (built-in components, installations)

is not accounted for.

Table 3 Parameter used for the

analytical solution
Parameter Designation Value

Angle between hull and glider a 0� to 100�

Angle between hull and ship axis b 10�

Virtual mass of the glider along x (surge) mx 1.4 kg

Virtual mass of the glider along y (sway) my 45.4 kg

Virtual inertia of the glider j 7.46 kg m2

Relative virtual mass of the glider along x (surge) mx;rel 0.027

Relative virtual mass of the glider along y (sway) my;rel 0.87

Relative virtual inertia of the glider jrel 0.798

Glider mass m 52 kg

Ship velocity v 19.0 m s�1

Plate dimension a 0.4775 m

Plate dimension b 0.44925 m

Yield/fracture stress r0 102.28� 106 Pa

Thickness t 0.0108 m

Failure strain ef 0.0129

Fig. 9 Dissipated energy depending on the impact position

Fig. 10 Dissipated energy depending on the collision angle of the

glider with respect to the ship’s traveling direction

Fig. 11 Dissipated energy depending on the impact velocity
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Snapshots of the ship’s structure during a crash scenario

at the maximum speed, v ¼19 m s�1, are shown in Fig. 12.

In the side view, Fig. 12a, the mesh refinement in the

impact region is seen. The top view, Fig. 12b, shows the

glider penetrating the skin. The contour plot of the (von

Mises) equivalent stress reveals the high stresses in the

impact region. Damaged elements are not shown. Hence, a

key-hole shaped opening is clearly seen. During the colli-

sion, a crack on the left is initiated. Subsequently, the

glider passes the hull as the ship continues to move over the

glider. At the circumference of the hole the stresses are

lower due to the damage evolution, see Fig. 12c.

5 Conclusions

The purpose of the current study was to determine possible

damage in a collision scenario between a ship and a glider.

The problem was assessed based on a simplified 2D ana-

lytical model and based on a fully 3D finite element model.

These two assessment procedures, however, lead to dif-

ferent conclusions with respect to the angle of attack and

the amount of failure experienced by the ship. The ana-

lytical approach is a valuable tool to be used for estimating

possible damage scenarios. In the light of the included

simplifications, its final result—damage will occur at

speeds above 10 m s�1—lies in a realistic range.

The finite element model captures the geometry and the

details of the inner structure of the ship. Hence, it reveals a

more realistic description of the mechanical states during

the collision. In case of the collision between a glider and a

small ship investigated here, the specific shape of the ship’s

skin, which is not stipulated in a 2D representation, limits

its predictive capabilities. The shape of the underwater ship

is complex, which leads to some unexpected results of the

3D finite element simulations for certain collision angles.

In particular, the possible slip between glider and ship is

relevant for small angles of attack. A more detailed

assessment revealed that at an angle of attack of 35� the

glider penetrates the hull at a lower ship’s speed than it

does for 15�. Hence, this scenario is more dangerous.

The assessment procedure based on finite element sim-

ulations and the maximum strain criterion naturally over-

estimates the applied strain, as it does not account for

energy dissipation due to progressive damage. Conse-

quently, it can be used to judge whether a given failure

strain is exceeded or not, but the value of the ‘‘overload

factor’’ e=ef loses its physical significance. Interestingly,

even by this criterion, the dependence of the most critical

angle of attack on the velocity is captured: the lower the

speed, the larger the angle of attack causing the maximum

strain ratio.

This study has increased the understanding of what

happens when a ship collides with a glider. Still, to reduce

the level of complexity, the modelling did not account for

the hydrodynamic interaction between ship and glider, nor

did it consider the consequences of the glider damaging the

propeller or outdrive. Therefore, the results need to be

interpreted with care. Also, the study focussed on a par-

ticular type of a fast recreational ship. Repeating the sim-

ulations for other types of ships will yield different results

and conclusions. Nevertheless, the current findings indicate

that a ship of a most vulnerable type cruising at speeds less

than 7 m s�1 would not be seriously damaged in the event

of a collision with a glider, a conclusion that corroborates

the estimates of the minimum ship velocity whereby

damage may occur resulting from a collision with a 50 kg

floating object [5]. Most importantly, the results of this

study provide a crucial, but currently lacking, quantitative

argument in the discussion on how to regulate the use of

gliders in the coastal ocean. It should be mentioned that the

conclusions drawn here solely base on numerical predic-

tion. A validation by full-scale tests is desirable, however,

difficult to conduct and costly.
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