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Abstract

The application of composites in the hulls of high-speed crafts is gaining traction, yet
concerns remain about their long-term durability against low-velocity ice impacts. This
study experimentally constructs the E-N curve, which tracks the number of impacts un-
til penetration for various impact energy levels, for two material lay-ups: a carbon fiber
composite and a composite with an additional protective glass fiber layer. Testing was
conducted using a drop weight impact tower and a custom-built setup designed for high-
frequency, low-energy impacts. The integration of both test setups yielded complemen-
tary results. Additionally, residual stiffness and strength were assessed across various
energy levels and impact frequencies. The simultaneous occurrence of different failure
modes resulted in complex failure mechanics. Based on the findings, two key design rec-
ommendations were made for composite vessels subjected to low-energy impacts. First,
while a sacrificial layer is beneficial for mitigating high-energy impacts, it offers limited
advantage for low-energy impacts. Second, low-energy impacts cause significantly larger
damage areas at the same damage fraction compared to high-energy impacts, leading to
reduced structural strength. The findings contribute to the safe design of high-speed craft
hulls in ice conditions. These insights can guide designers and engineers in enhancing
vessel durability and performance, ultimately supporting more sustainable marine oper-
ations.
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Nomenclature

Latin Symbols

X Sample mean (-)

A Contact area (m?)

a Constant for relation ¢y (-)

Apasquin Model tting parameter (-)

AM  Added mass factor with the corresponding translation or rotation (-)
b Constant for relation ¢y (-)

Co Mass reduction factor (-)

C1 Factor accounting for the probability that the design ice pressures occur in a certain region of
the hull(-)
Ca Factor accounting for the probability that the full length of the area will be under pressure at

the same time (-)
Cy Factor accounting for the in uence of the size and engine output of the vessel (-)
Cy Hull region factor (-)
Ce Ratio of impact energy to specimen thickness (-)
Ciaylor Area coef cient parameter (-)
CV  Coef cient of variation (-)
Dic Compressive fatigue failure (-)
Diayior Area coef cient parameter (-)
Ea Absorbed energy (J)
Ec Modulus of the core (Pa)
= Modulus of the face sheet (Pa)
Ecrush  Crushing energy (J)
Eice Youngs modulus of ice (GPa)
Exeis Effective kinetic energy (J)
Epot  Potential energy (J)
Erecexp Experimental Young's modulus of REG material (GPa)
Erec Young's modulus of REG material (GPa)
Esacexp Experimental Young's modulus of SAC material (GPa)

Esac Young's modulus of SAC material (GPa)



ex Constant (-)
F Measured impactor contact force (N)
F(ze) Probability of exceedance (-)

fa Geometrical shape function (-)

fq Number of events per meter (1/m)
fx Function of ex(-)
Fn Indentation force (N)

Gravitational constant (m/s 2)
H Drop height (m)
h Thickness of the specimen (m)
he Thickness of the core (m)
h¢ Thickness of the face sheet (m)

heq Equivalent ice thickness (m)

k Constant for a probability of exceedance (-)
lo Reference length (m)
la Load length associated with each structural member (m)

l; direction cosine with respective direction (-)
Myessel Mass of the vessel (kg)

My Mass of the impactor (kg)

Mpasquin Model tting parameter (-)

Me  Effective mass (kg)

N Amount of cycles till failure (-)

Nsp  Number of specimens (-)

P Actual engine output(kW)

p Ice pressure (Pa)

Po Ice pressure at 1 n¥ (Pa)

Pmax Maximum force prior to failure (N)

Po.ce Nominal ice pressure (Pa)

r Proportion of hits expected to occur on the considered area (-)

ri Radius of gyration in respective direction (m)



S Applied stress (Pa)

S, 1 Sample standard deviation (-)

t Time (S)

v Impactor velocity (m/s)

Vyessel Velocity of the vessel (m/s)

Vi Initial velocity (m/s)

Vi Nominal velocity (m/s)

Vhits  Total expected number of hits (-)

X Static strength (Pa)

X0 Load coef cient (-)

Xi Measured parameter (-)

Xr Residual strength (Pa)

Greek Symbols

a Model tting parameter (-)

ataylor Area coef cient (-)

b Model tting parameter (-)

D Displacement of the vessel (tonnes)
d Impactor displacement (m)

d Initial impactor displacement(m)

h, Yaw moment arm (m)

I Roll moment arm (m)

m Pitch moment arm (m)

Nce Poisson's ratio of ice(-)

N Poisson's ratio with respective loading and strain directions (-)
ree Density of ice (kg/ md)

Sapp  Applied peak stress (Pa)

scal  Ultimate compressive residual strength (Pa)
Smax Maximum stress (Pa)

Stice Flexural strength of ice (MPa)

Stice Tensile strength of ice (MPa)

syc Ultimate compressive strength (Pa)
Zn Crushing indentation displacement (m)



1 Introduction

1 Introduction

In cold climate regions, vessels navigate through different ice conditions, with the variations de-

pending on their location. The interaction between the hull, the watertight body of the vessel, and

ice changes signi cantly due to these variations in ice conditions. The need for a standardized hull
construction spans across all years and the classi cation societies address this by implementing hull
criteria to ensure the structural integrity of the vessel hulls. Typically, these requirements in uence

the sizing of the vessel's machinery, propulsion systems, and hull stiffening in the ice belt area.

In the maritime sector a type of small vessel plays a crucial role in transportation and security, the
high-speed craft (HSC). In the construction of the hulls for these HSC composite material can be the
newest development. Composite materials are broadly used in other engineering applications, like
aviation or automotive industries, due to their lightweight nature and high strength-to-weight ratio.

In an internal study of Damen for the development of a composite HSC, the weight reduction was
estimated to 60%. This reduction in weight will enhance the fuel ef ciency and operational perfor-
mance of the vessels. However, the structural design of composite HSCs, especially outside military
contexts, remains relatively unexplored. In order to solve the challenges related to operation in icy
marine environments a better understanding of different ice conditions is required to be an addition
to the already established rules by the classi cation societies. These rules are right now mainly de-
signed for the use of metallic hulls and adapted for composites material. This adaption often do not
address the impact of localized damage and cumulative effects of repetitive low energy impacts on
the composites structures.

Research plays an important part in the development of a safe design and operation of vessels in
ice conditions. New developments in research aim to get a better understanding in the balance of
safe navigation and oversized hull and excessive stiffening. In this research the effect of repetitive ice
impacts on the long-term strength of composite sandwich panels used in the construction of the hull
of HSC will be investigated. This research will combine the experimental results of impact fatigue
and models from the literature to seek a better understanding of the fatigue behavior of composites
in icy environments. By optimizing the design due to a better understanding of damage mechanics
and residual strength and stiffness, this research will ultimately contribute to safer and more ef cient
maritime operations.
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2 Literature review

2.1 Introduction to level and brash ice

Sea ice and icebergs can be quite problematic for a vessel manoeuvring in cold climates. Almost
everyone knows about the story of April 15, 1912 when the Titanic sank after crashing an iceberg. A
better understanding of the mechanics of ice loading and how sea ice is classi ed is a necessity for
this research. The World Meteorological Organization classi es sea ice into three main types: new
and young ice (ice less than 30 cm thick), rst-year ice (ice ranging from 30 cm to 2 m thick), and old
ice [1]. Additionally, sea ice can be found in numerous con gurations, the two most important ones
for this research are called level ice and brash ice. Level ice is characterized by a large and continuous
sheet of ice or an ice oe with a mostly uniform thickness. When the mean ice thickness exceeds a
certain limit, determined by the ice class of the vessels, the use of an icebreaker will be necessary to
break the level ice into much smaller chunks, like when drinking a cocktail you can have a big chunk
of ice in your glass or smaller chunks as crushed ice. This "crushed ice" is also referred to as brash
ice. The differences in mechanical loading and properties between level ice and brash are important
for the structural design of vessels operating in these ice conditions [1].

The HSC will operate in level ice of a maximum thickness of 10 cm and in brash ice after an ice-
breaker has made an ice brash ice channel. According to the Finnish and Swedish ice class rules
these conditions are low ice conditions or ICE-E ice class [2]. In this ice class the vessel is primarily
manoeuvring in new and young ice, so the mechanical properties of this ice type will be important
for this research.

The study by Timco and Weeks [3] offers an overview of the existing knowledge on the engineering
properties of sea ice. In this paper the engineering properties that are included are density, tensile
strength, Poisson's ratio and the effective modulus. In this article the properties on rst-year and
old ice are presented and the relation between other ice properties as salinity, porosity and density.
A conclusion from the paper is that a signi cant scatter observed in the mechanical properties of
ice due to differences in micro structure [3]. For this research the important material properties of
rst-year ice are stated in Table 1.

Table 1: Properties of Ice [3]

Property Symbol Value Unit

Density Fice 920 kg/m 3

Young's Modulus  Ejce 1 GPa

Poisson's Ratio Nice 0.3 -

Tensile Strength St jce 4.278 v, 264% MPa
é) _

Flexural Strength S jce 1.76e 88 W MPa

The tensile strength and exural strength are stated as relation and do not have a xed value. The
tensile strength is related to the total porosity, vy, of the ice and the exural strength is related to
the brine volume fraction, v,,. Both these parameters are important to de ne the failure envelope of
ice, the relation that describes when the ice yields under certain stress states. In the case of a vessel
manoeuvring through sea ice, the ice failure will occur in exure. The exural strength can thus be
used for a good approximation for the vessel manoeuvring in ice.
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2.2 Ice loading mechanics

Another important mechanism that needs to be elaborated on is the interaction between an ice oe
and the vessel. This interaction between the vessel and ice initiates with the localized crushing of
a free ice edge at the contact point of the hull. As the vessel sails forward, the contact area and
the crushing force reach a maximum over time. The vessel's forward motion induces de ection of
the ice sheet along the hull surface, leading to the initiation of bending stresses within the ice sheet
until it fractures into multiple smaller ice oes. This interaction between ice oe and vessel hull is
schematically shown in Figure 2.1. These reaction forces of crushing and bending that act on the
hull structure may generate localized high pressures. After the ice oe breaks from the ice sheet,
the vessel's movement forwards forces them to slide along the edge until it aligns parallel to the
hull. Eventually, the ice oes submerge and glide alongside the hull until contact can no longer be
sustained [4].

Figure 2.1: Schematic overview ice breaking interaction between a vessel bow and level ice

2.2.1 Ice loading mechanics Daley

To study the forces and the stresses from the ice plate acting on the hull, the energy method is mostly
used in literature. This method was proposed by Daley [5] and it offers an ef cient method for
determining the crushing force and displacement for the ice-hull interaction. The collision of the
vessel and the ice sheet is assumed to have one object in motion while the other object stands still.
The effective kinetic energy, Ey ¢, from the vessel corresponds to the energy used for the other object
as crushing energy. An assumption made in this relation is that the ice plate has an in nitely large
mass, as in this way the effective kinetic energy can be regarded as the same as the total kinetic energy
[6]. While this assumption is not entirely accurate, it is effective because, in impact events, the initial
material response determines the stresses and pressures, and the bulk of the material does not have
suf cient time to respond. The crushing energy can be regarded as the indentation force F, and the
crushing indentation z,, which is the displacement through the ice sheet from the contact point. This
crushing energy is found by integrating the force over the indentation.
Z z
Ecrush = o Fn(zn)dzn D

To get a derivation for the normal impact force, the kinetic energy will be set equal to the crushing
energy equation. The kinetic energy is related to the nominal velocity v, and the effective mass Me.
Here, the effective mass represents the portion of the vessel's mass that actually contributes to the
impact with the ice oe, rather than the full mass of the vessel. A derivation for the effective mass
and nominal velocity will be presented later in subsubsection 2.2.2.

1 Z 2,
éMevﬁ: , Fn(zn)dzn (2)

3/61



2 Literature review

The full derivation for the normal impact force can be found in the paper of Daley [5]. In this paper
eight different geometry cases are presented and the derivation of the general equation for all contact
cases will be elaborated on this section. The derivation starts with the relation for the normal impact
force relative to a geometric parameter, f,, based on the geometrical shape of the contact case and
their function of ex, fy, based on a constant ex. In literature this constant ex is often taken asex =
0.1. At last this equation is also related to the nominal pressure and the indentation. This creates

the following relation:
fx 1

Fr = Po fazn 3
Where pg is the pressure, f is geometrical shape function, fy is the function of ex, and z, is the
crushing indentation. The relation for the indentation was derived by combining Equation 3 and
Equation 2 and then isolating the indentation. This derivation led to the following relation of the
indentation.

Exers fx, 1
Zn=(————)% 4
0= () (4)
Implementing Equation 4 into Equation 3 gets
Erers fx, fx 2
o = o fa (= =) " (5)

With this relation of the normal impact force the load on the vessel hull for different type of contact
cases can be predicted.The research of Daley [5] looked at 8 important possible contact cases. The
cases relevant for this research are case 1 symmetric V wedge, case 3 right angle edge and case 4
general wedge(normal to hull). The relations for the geometric equation and the formula of ex for
their respective contact cases are shown in Table 2 and a schematic overview of the contact case is
shown in Figure 2.2. The following steps will be determining the governing contact case related to
this research.

Figure 2.2: Schematic overview contact cases, from left to right contact case 1, 3 and 4 [5]

Table 2: Indentation functions for various contact cases

Case Contact Case fy fa
1+ ex
1 Symmetric V 3+ 2ex %
1+ ex

: 1

3 Right-Angle Edge 3+ 2ex Sn(@) cox(@) sin(bY coF(5Y)
tan(f /2) 1+ ex

4 General Wedge 3+ 2ex

sin(b% cos?(bY
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2.2.2 Derivation effective mass and nominal velocity

In most cases the effective kinetic energy is equal to the total kinetic energy of the vessel. However

in some cases this effective kinetic energy is reduced with the use of a effective mass and a nominal

velocity. These cases are also called oblique ice impacts, as shown in Figure 2.3. In the study of Daley
[6] the derivation of the nominal velocity and effective mass is derived and this derivation is shown

in this section.

Figure 2.3: Schematic overview oblique impact ice oe [6]

The nominal velocity is determined using the direction cosine times the velocity of the vessel. The x
direction is the only cosine involved as the other cosines are equal to zero.

Vn = Vyessel Ix (6)

where V, is the nominal velocity, VyesseliS the velocity of the vessel and I is the x-direction cosine.
For the effective mass the mass of the vessel is reduced by a mass reduction factor that is based on
the research of Popov [7]. This mass reduction factor accounts for the fact that not the full mass of
the vessel contributes to the impact with the ice oe. Instead, only a portion of the vessel's mass ef-
fectively interacts with the ice oe. During the impact event, the forces on the hull are not uniformly
distributed, but they are concentrated at the contact point causing local deformation. Also the dy-
namic response of the impact ensures that only mass close to the impact point has suf cient time to
respond. This means that the the overall mass involved in the collision needs to be reduced [8].

M
M = &ssel (7)
2 |2 2 2 2

8
1+ AMy 1+ AMy 1+ AM; r12(1+ AMy)  r2(1+ AMpy)  r2(1+ AMyay) (®)

where Mg is the effective mass, M egseiis the vessel mass,Cy is the mass reduction factor, Iy, ly, |, are
the direction cosines, | |, m, h, are the roll, pitch, yaw moment arms, AM is the added mass factor
with the corresponding translation or rotation, ry, ry, r; are the mass radii of gyration.
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Figure 2.4: Angles and direction cosines overview

The derivation of the direction cosines, the moment arms and the added mass factors are all based
on the study of Popov [7]. Their derivation is given as follows

tan(b) = tan(a)tan(g)
tan(b% = tan(b)tan(a)

Where a is the waterline angle, b is th
derivation the direction cosines can be d

The moment arms are

The added mass terms are as follows
AM 4

AM,

AM;,

AM g

AM pitch

(9)
(10)

e force angle, and g is the shear angle. With these angle
erived as the following

I, = sin(a)cogb?) (11)
ly = coga)cogb9 (12)
I, = sin(b9 (13)
1= ny, mz (14)
m=lzp nxp (15)
hy=mxp, lyp (16)
= 0 (17)
_ T
= 2 (18)
_ 2 BCip
= 3T(Go(1+ Cup) 49
= 0.25 (20)
B
" (TG 263 Cw) @D
AMgpay = 0.3+ o.os% (22)

where T is the draught, B is the bread
coef cient, and L is the frame span. The

th, Cyp is the water plane coefcient, C, is the ship block
squared mass radii of gyration are

BZ 2
2 _ Gwp + H

T e, 12 (23)

ry? = 0.07C,,pL? (24)
2 LZ

rzc = 16 (25)
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where C, is the ship mid-ship coef cient, and H is the height of the load patch.

To conclude with these relations, the effective mass and nominal velocity can now be solved to com-
pute the effective kinetic energy of the impact event of the research case.

2.3 Ice loading estimates models
2.3.1 Designice load ICE class

In the process of designing a hull for a vessel in ice conditions, engineers use the relations stated in
the regulation books of ICE class organization. The most common ICE class organization are Det
Norske Veritas (DNV) [9], Bureau Veritas (BV) [10], and the Finish Swedish ice class rules(FSICR) [2].
In this section the relations found in these regulations books are stated and the design pressure for
the hull is calculated.

In the three regulation books the relation is an empirical function of the nominal ice pressure times
several factors related to vessel dimension, engine output of the vessel and probability that an event
happens at a certain location of the vessel. The ICE class that would be used for the vessel of interest
in this thesis is the ice load as per class notation ice of ICE-E in DNV, young ice 2 for BV and ICE-IC
for FSICR, as the ice conditions in which the vessel is maneuvering are considered low [9][10][2].

P=C4 C Ca Poice (26)

where ¢4 is a factor that takes account of the in uence of the size and engine output of the vessel,

c: is a factor that takes into account the probability that the design ice pressure occurs in a certain
region of the hull(BV calls this factor cp), c4is a factor that takes into account the probability that the

full length of the area will be under pressure at the same time, and pg,ce is the nominal ice pressure
taken as 5.6MPa. However, in the regulation books of BV the rules state that for YOUNG ICE 2 class

that the nominal ice pressure should be taken as 3.0 MPa. The drop in nominal ice pressure can be
explained as follows: young ice classes re ect the physical properties of young ice, which are less
dense and mechanically weaker compared to older ice types. cq4 or the hull region factor is calculated

with the following relations [10].

_ak+b

Ca= ,1000 (27)
D P
k= 1000 (28)

Where D is the displacement of the vessel (10 ton according to requirements), P is the actual engine
output in reality this is 1800 kW. However the regulations state that the engine output can be maximal
750 kW in DNV, 1000 kW in FSICR and BV. Where aand b are given with Table 3 and these are the
same for all 3 regulation books. The values of aand b are respectively 30 and 230, as the forward
region is more governing and thus results in a higher ice pressure.

Table 3: Hull region factor parameter values [9, 10, 2]

Forward Midship & Aft
Parameter k< 12 k> 12 k< 12 k> 12
a 30 6 8 2
b 230 518 214 286
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Ca is calculated with the following relations

DNV andBV: ca= — (29)

47 5 la

FSCIR:c3 = v

(30)

Where | is the reference length equal to 0.6 m and |4 is the load length associated with each struc-
tural member |, should be taken with Table 4, for every regulation book this table is the same. The
structural members at the governing location are transverse frames and their frame spacing is 1 m.

Table 4: Factorl, calculation values [9, 10, 2]

Structure Type of Framing la
Shell Transverse Frame spacing
Longitudinal 2 x Frame spac-
ing
Frames Transverse Frame spacing
Longitudinal Span of frame
Ice Stinger - Span of stinger
Web Frame - 2 x Web frame
spacing

The value for ¢, is different for every regulation book. DNV state that the factor ¢; should be taken
equal to 0.3, BV has a table shown in Table 5 and the value ofc; should be taken as 0.3, in the FSCIR
the value of c; should be taken equal to 1 as the hull region is the bow region [9][10][2].

Table 5: Factor values per ICE-class forc; [10]

Hull Region IASuper 1A IB IC ID Younglcel Younglce?2
Bow 1.00 1.00 1.00 1.00 1.00 0.60 0.60
Midbody 1.00 0.85 0.70 0.50 Not applicable

Stern 0.75 0.65 0.45 0.25 Not applicable

The calculation parameters and the results for every regulations are shown in Table 6

Table 6: Design pressure calculation parameters and result

Regulation Organization Po.ce (MPa) ¢4 Ca € p(kPa)

DNV 5.6 0.24 0.77 0.3 307
BV 3.0 0.24 0.77 0.3 167
FSICR 5.6 0.24 095 1.0 1267

2.3.2 Ice loading estimate model Masterson

In the article by Masterson and Frederking [11] on ice load as a function of contact area, the ice pres-
sure can be described using a simple relation to the contact area. This relation is stated in Equation 31,
where the ice pressure, p, is derived from the contact area, A, and a constant k. Two values for the
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constant, k, are presented in [11]. A value of k = 8.1 is provided for a probability of exceedance of
5%, and a value of k = 13 is given for a probability of exceedance of 0.1%. Thisk basically acts like a
safety factor, the magnitude of choice is related to the design speci cations.

p= kA 95 (31)

2.3.3 Ice loading estimate model Taylor

Another model for estimating ice loading was developed by Taylor et al. [12] based on a probabilis-
tic approach. In this model, the ice load is determined by a load coef cient, Xg, the probability of
exceedance,F(ze), the total expected number of hits, vyiis, the proportion of hits expected to occur
on the considered area, r, and an area coef cient, aayior. The ice load is calculated according to the
formula presented in Equation 33, utilizing the equation for the area coef cient given in Equation 32
with the parameters Ciayior and DCyayior-

- D
ataylor = Craylord ' (32)

p=xota( In( In(F(ze)) + In(Vhis) + In(r)) (33)

2.3.4 Ice loading estimate model Rahman

In the research of Rahman et al.[13], they utilized the ice load estimation method proposed by Taylor
et al. They gathered data from three distinct ice covers encountered by a lifeboat operating in brash
ice conditions. This dataset is presumed to provide a more accurate representation of the ice loads
experienced by high-speed crafts. The frequency of impacts is measured as the number of impacts
per unit distance, represented as a multiple of the length of the route covered by the high-speed craft.

The model of Taylor [12] can be used to estimate the pressure on the hull of the vessel. The coef cient
of the datasets of Rahman [13] and Taylor [12] are used to calculate the ice load estimate pressure.
The frequency of impact is calculated with the model of Bridges [14], discussed in subsection 2.5. The
coef cient and the results of these calculations are stated in Table 7. From these results it can be seen
that the datasets of Taylor [12] have a big scatter and the values are higher than the design pressure
advised by the ICE pressure formulation. The results of Rahman [13] are much closer to each other
and the values have a similar magnitude as the ICE design pressure. Both studies collected in-situ
data on ice loading to estimate their parameters for the model. To compare the design pressure with
the theoretical model, the study of Rahman [13] will be considered since the parameters used in that
research are for different ice concentrations. Youngs ice class 2 generally has a low ice concentration,
the similarity in the results of the design pressure and the model can be explained in that matter. This
also means that the ice design pressure is a suitable relation to estimate the ice loading on the hull.

Table 7: Ice loading estimates from Taylor and Rahman models

Model Dataset X0 fq r F(ze a p (kPa)

Taylor Polar sea (Bering '96) 0.15 8344 0.14 05 0.12 489
Polar sea (N. Bering '83) 0.15 8344 0.14 05 0.28 941
Oden 0.15 8344 0.14 05 1.11 3285

Rahman High ice concentration 0.029 8344 0.14 05 0.068 221
Medium ice concentration -0.002 83.44 0.14 0.5 0.068 190
Low ice concentration 0.006 8344 0.14 05 0.054 159
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The analysis conducted in this study employed several empirical models to estimate ice loads on the
hull of the vessel. These models have been compared with design pressures calculated in subsubsec-
tion 2.3.1 proposed by ICE class organizations (DNV, BV, and FSICR) to assess their applicability for
vessels operating in low ice concentration environments.

The Taylor model [12] results exhibit a high degree of scatter, with pressure estimates signi cantly

exceeding the design pressures recommended by the classi cation institutions. This overestimation
suggests that the Taylor dataset, particularly the Oden data, may not be appropriate for vessels op-
erating in low ice concentrations.

The Rahman model [13] produces more consistent pressure estimates, with values that are both
closely grouped and comparable to the empirical design pressures. Speci cally, the Rahman low ice
concentration dataset yields a design pressure of 159 kPa, which is closest to the BV recommended
pressure of 167 kPa. This alignment suggests that the Rahman low ice concentration dataset provides
a reliable basis for estimating ice loads for vessels operating in similar conditions.

2.4 Impact mechanics

Impact is the process of one object coming forcibly into contact with another object, for example
a hammer hitting a nail or in this case a vessel hitting an ice shoe. In the period of contact the
pressure in this contact area results in local deformations and indentation. The contact pressure has a
resultant force of action/reaction that would act in the opposite direction of the two colliding objects.

At the start of the contact this resultant force is increasing as the indentation increases, this results
in a decreasing of the relative velocity between the two objects and at a certain point this velocity
decreases to zero. After this point the energy stored during this compression is used to drive the two
bodies apart until they separate of each other [15].

2.4.1 Impact con guration and classes

Figure 2.5: Schematic overview central impact and eccentric impact[15]

Two con gurations exist for impacts of two bodies, a central impact con guration and an eccentric
con guration. Both types of con guration are shown in Figure 2.5. With a central impact the centers
of gravity of both bodies are in the normal line and thus their position vectors are parallel to the
normal line. For a vessel ice oe impact this could be seen as the vessel hitting the ice oe straight,
assuming the center of gravity lies on the direction line of the vessel. For an eccentric impact at least
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one of the bodies' center of gravity is not on the normal line and their position vectors are not parallel
to the normal line. This can be seen as an oblique or shoulder impact of the vessel to the ice oe [15].

Literature there are 4 classes of impact: particle impact, rigid body impacts, transverse impact on
exible bodies and axial impacts. For this case only the transverse impact is important. This type of
impact occurs when at least one of the bodies, such as the ice, undergoes bending due to the pressure
at the contact area. The location of this bending is not at the contact area but at a signi cant distance
from the contact area. This bending decreases the pressure at the contact area and extends the contact
duration. The collision between a vessel and an ice oe is similar as explained in subsection 2.2[15].

The analysis of transverse impacts on structural components is highly dependent on the exural
rigidity of the structures [15]. In a more general impact case the deformations are assumed to be
local as the surrounding material remains rigid. However, transverse impacts induce this signi cant
bending deformation that in uences the body. The response of the structure is primarily dominated
by these exural deformations during the contact period, making the bending stiffness a key factor
in the contact stiffness determination.[15][16]

2.5 Statistical models for predictions frequency of impacts

The model of the research by Bridges [14] is not veri ed for small ice thickness values and may not be
useful for this research. However, the model will still be explained as an estimation for the number

of impacts is an important parameter for this research. In the research of Bridges et al. [17], the
amplitude frequency is theoretically governed by the size of oes ( de ) undergoing bending. This
oe size is contingent on speed, with higher speeds resulting in smaller oe sizes, as elucidated by
Varsta [18]. Conversely, the speed of the vessel is affected by the thickness of the ice. Consequently,
Bridges [14] proposed the subsequent formulation for the frequency of impact per meter sailed. This
relation is dependent on the equivalent ice thickness and a hull region factor. This factor takes into
account the size and engine output of the vessel and also the region on the vessel[19].

1

34
10.403;  2.0heq+ 1.18 (34)

fa=cg

Where fq is the number of events per meter, heq is the equivalent ice thickness in meters, cq is the hull
region factor.

Furthermore, Bridges [17] plotted the theoretical relation for frequency of impact and the available ice
impact data as illustrated in Figure 2.6. As you can see there is a notable difference in the theoretical
model and the available data and there is also a signi cant scatter within the data. Bridges [14]
explained that this was a result of different ice conditions encountered by the vessels. The difference
in the theoretical model and the data can be explained by the probability that the sensor did not
register anice oe, as this could already have been broken by a different part of the vessel hull. There
is also the issue that limited data exist for small ice thickness values of below 0.4 m [17].
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Figure 2.6: The impact frequency per distance compared with available data and also with the impact
frequency for the vessel of interest(blue triangle) [20]

An estimate of the frequency of impacts has been calculated and the calculation parameters and the
result are shown in Table 8. The number of impacts per meter traveled is 0.08 and thus the amount
of events per nautical mile will be 148. If you look at the Figure 2.6 this result does not follow the
trend line made by the model of Bridges [14], as the vessel for this research has a different hull region
factor. However the magnitude of the result is within the range of the magnitudes of the measured
data.

Table 8: Calculation parameter frequency of impacts

Model hegg(m) a b k g fq(1/m)
Bridges 0.1 30 230 0.20 0.24 0.08

2.6 Composites for marine application

"The de nition of a composite material according to literature is as follows: 'A composite material is
a combination of two materials with different physical and chemical properties." There can be quite
a few combinations of materials made in this world, so in this research the combination of bres and
polymers or bre reinforced polymers(FRP) will be considered.

FRP consist of two main components: bres and a resin or matrix material. The primary role of the
bres is to provide strength and stiffness to the material. Their arrangement within the composite
enhances mechanical properties, particularly when aligned with the loads. However, perpendicular
to the direction of the bres, there is not a signi cant increase in stiffness, as the bres tend to act
more as stress concentrators in that direction. In most FRP, different bre orientations are utilized,
allowing the material to exhibit stiffness and strength in various directions, always being in-plane.
The matrix material is typically a polymer that acts as an adhesive for the bres, effectively encapsu-
lating them within the composite. This con guration improves the composite's ability to withstand
compressive loads, as the resin provides support to the bres [21][22][23].

FRP materials are nowadays broadly used in different elds of engineering, like aerospace, auto-
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motive, or construction. The bene t of FRP over steel is that they have a signi cantly lower density
with relatively good stiffness and strength, as can be seen in Table 9. This table is a result of the study
into the mechanical properties of different FRP material types and steel [24]. The marine industry is
also using FRP in the construction of vessels [25]. This research will look at composite hulls of a high-
speed safety vessel. The broad range in mechanical properties for FRP materials can be attributed to
several factors, including the type of bres used, the bre volume fraction, and the type of polymer
matrix. These factors contribute to the variability in mechanical properties, making FRP a versatile
material for various applications.

Table 9: Mechanical properties of FRP types and steel [24]

Property CFRP GFRP AFRP BFRP Steel
Density (g/cm 3) 1.50-2.10 1.25-2.50 1.25-1.45 1.90-2.10 7.85
Tensile Strength (MPa) 600-3920 483-4580 1720-3620 600-1500 483-690
Young's Modulus (GPa) 37-784 35-86 41-175 50-65 200
Elongation (%) 0.5-1.8 1.2-5.0 1.4-4.4 1.2-26 6.0-12.0

Coef cient of Linear Expansion (10 6/°C) -9.0-0.0 6.0-10.0 -6.0-2.0 9.0-12.0 11.7

2.6.1 Sandwich composite structures

For hull structures in the marine industry, sandwich composites materials are used. These sandwich
structures are also used in other engineering applications. A sandwich structure consists of two skin
sheets (the bread of the sandwich) and in the middle a core material(the lling of the sandwich). The
skin sheets are made out of FRP using carbon or glass bres with an epoxy matrix. The purpose of
the skin sheets is provide the stiffness and the strength of the material in the plane of the laminate
and also absorb the contact load acting on the laminate. These skin sheets are signi cantly stiffer and
stronger compared to the core material, which is mostly a non-rigid and light material. The main
purpose of this core material is to provide a distance between the two skin sheets. This is ideal, as
the bending shear stresses will dissipate, providing high bending stiffness, since the materials are
primarily loaded in tension or compression. An additional feature of this core structure is that it will
provide a good thermal isolation. This core structure consists mostly out of a honeycomb structure
or a foam structure. In the marine industry commercially a core structure of pvc foam is used [25][26].

For this research, two different sandwich structures will be considered:

1. Quasi-Isotropic Carbon Fibre Epoxy with Woven E-Glass Layer (REG) : This structure consists
of quasi-isotropic carbon bre epoxy face sheets with a high-density PVC foam core. Addition-
ally, itincludes a small layer of woven E-glass oriented at 0/90 degrees (REG).

2. REG with Sacri cial Quasi-Isotropic E-Glass Fibre Epoxy Layer (SAC) : This structure fea-
tures the REG with a sacri cial layer consisting of quasi-isotropic E-glass bre epoxy on one
side.

2.6.2 Failure modes and mechanics sandwich structures by impact load

FRP composites loaded by an impact experience a load with a short time span perpendicular to the
plate. This results in compressive stresses in the top layer and tensile stresses in the bottom layer, will
primarily experience shear stresses, with some compression and tensile stresses. These stresses can
lead to different failure modes in each of these components and additionally, the bond between these
components could fail through delamination due to the steep transition in stress across the interface.
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A schematic overview of the possible failure modes is shown in Figure 2.7 and these failure modes
will be elaborated on [27][28].

Figure 2.7: Schematic overview failure modes: face yielding (a), face wrinkling (b), core shear (c),
core tensile yield (d), core compressive yield(e), core identation (f) and debonding (g) [27]

The failure modes that are shown in the face sheet are face yielding and face wrinkling. Face yielding
is the fracture of the face sheet. This can happen when the equivalent stress equals the yield stress
of the face sheet material. Face wrinkling is a small local buckling by compression of the face sheet.
This wrinkling can be seen as a small wave formation on the face sheet. In the study of Heath [29] a
relation of the critical wrinkling stress was formulated [30]. This relation is given by

2 hf EcE¢ 1/2

—— 35
3he (1 mompy) (39)

Ser = (
where h; and hc are the thickness of the face sheet and coreE. and E; are the moduli of the face sheet
and core, ;> and np; are the Poisson's ratio with their respective loading and strain directions.

The failure modes that are expected in the foam core are core shear, core tensile yield and core com-
pressive yield. These fractures happen in the core when the stress in their respective load directions
are equal to the yield stress of their respective load directions. For the impact load the most com-
mon failure mode will be core shear failure as this shear stress will be the most dominant one for a
load perpendicular to the material. There are situations in which the material will experience higher
normal stresses than the shear stresses. In these cases the tensile and compressive failure of the core
will take place. However, the load in these circumstances will be a multi axial state stress and for the
impact load this is not expected [28][31].

The failure modes that are expected in the combination of the core and face sheet are indentation
and debonding. Indentation is a failure mode characterized by signi cant localized deformation re-
sulting from a load. This indentation is a result of a high and concentrated load. Impact loads or
static indentation are the main cause of this failure mode to occur [28]. Debonding is the failure in
which the core and the face sheet are separated. This failure occurs when the adhesive bond between
both elements breaks due to the load applied. This often occurs when cracks exists within the adhe-
sive, so the residual strength of the adhesive is already lowered and stress concentrations can arise
around these cracks or defects. These cracks can be created during the manufacturing process due to
an improper application of the adhesive in which voids or weak spots are created. These voids and
weak spots act as stress concentrators, initiating cracks [32].
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Figure 2.8: Overview of matrix cracking, bre failure and delamination examples optical microscopy

To further visualize these failure modes, optical microscopy examples are shown in Figure 2.8. The
gure highlights three key damage mechanisms: matrix cracking, bre fracture, and delamination.
Matrix cracking appears as sharp lines within the resin, indicating broken paths in the matrix, which
can propagate and weaken the structural integrity of the composite. bre fracture occurs when the
stress exceeds the bre's strength, causing the bres to break, often resulting in a jagged fracture
surface. Delamination is evident as voids or separations between composite layers due to interfacial
failures.

Lim [33] made a failure mode map for impact loading on glass bre epoxy composite with a core
material of PVC foam (some grades from HT50 till HT110). This failure map is shown in Figure 2.9.
In the research of Lim [33], they looked at the failure modes for different material con gurations.
They looked at the relation of increasing core density and increasing thickness ratio between the face
sheet thickness and core thickness. For the sandwich structure used in the vessel of interest the ratio
between face sheet thickness and core thickness is 0.05 and the density is 200 kg/m3, both values lie
outside the range of parameters considered in study of Lim [33]. However, an assumption can be
made that the failure by impact happens in the face sheet.
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Figure 2.9: Impact failure mode map of sandwich structure of the ratio t = t;/ tc against the core
density [33]

2.6.3 Impact fatigue composites

Fatigue is the degradation of the mechanical properties of a material under cyclic loading. This
loading is individually not capable of causing the total failure of the material, but the damage from
multiple cycles can accumulate, leading to the total failure of the material. Mechanical fatigue and
impact fatigue share similarities, as both involve the progressive deterioration of a material due to
repeated loading. However, there are key differences:

* Mechanical Fatigue : This occurs under cyclic loading where the stress is applied gradually
over many cycles. The primary factors in uencing mechanical fatigue are the stress amplitude,
mean stress, and the number of cycles.

» Impact Fatigue : This involves failure due to repetitive low-energy impacts. Each impact may
not be suf cient to cause immediate failure, but the cumulative effect of multiple impacts can
lead to fatigue failure. Impact fatigue typically involves higher strain rates compared to me-
chanical fatigue, which can result in different material responses.

While both types of fatigue involve the accumulation of damage over time, the nature of the loading
(cyclic vs. impact) and the strain rates involved are signi cant distinguishing factors. The strain rate
experienced in impact fatigue is signi cantly higher than the strain rate of mechanical fatigue. The
strain rate is closely related to the behaviour of the material, especially for polymer and polymer
matrix composites, to the load, the energy dissipation of the material and the damage development
within the material[34]. A high strain rate limits the time that the material has to react to a certain
load before damage develops within the material. A higher strain rate can mean that the material
will have a brittle behaviour instead of a more ductile behaviour. This brittle behaviour means that
the crack propagation will accelerate and lead to more catastrophic failure, as the mechanism for
energy-dissipation has limited time to occur. However, this brittle behavior also results in higher
stiffness and strength for the material, primarily due to the applied strain rate. In polymers, stiffness,
and strength are notably in uenced by the strain rate [34].

The stress-strain curves inFigure 2.10 illustrate how materials behave differently under varying strain
rates. The red curve represents a brittle material, which has a higher initial slope, indicating increased
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stiffness and strength, but also a more abrupt failure, characteristic of brittle behavior. In contrast, the
blue curve represents a ductile material, which has a lower initial slope and a more gradual failure,
indicating that the material can undergo more deformation before failure.

Figure 2.10: Stress-strain curves for brittle and ductile materials

The research conducted into impact fatigue of composites and the failure modes related is limited.
The mechanism behind the fatigue of composites under impact loading remains unclear. The impor-
tance lies in identifying the potential accumulation of damage that is created by repetitive low energy
impacts [34].
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2.7 Experimental impact testing

Figure 2.11: Schematic overview of the impact testing methods; (a) drop weight impact test, (b)
pendulum impact test, (c) inertia wheel impact test, (d) gas gun impact test and (e) electromagnetic
launcher impact test [35]

Experimental impact tests are important in the assesment of the performance of materials under im-
pact conditions. These tests provide insights into material resistance, energy absorption capabilities,
and failure modes. In literature the experimental impact tests are divided in classes by the magni-
tude of the impact velocity. The four classes are low, medium, high and hypervelocity. The classes
with their corresponding impact velocity ranges and their typical test methods are listed in Table 10.
While each test method has its limitations and potential errors, there is no speci ¢ preference for a
particular method. Nevertheless, all methods yield similar results, with variations in ease of prepa-
ration, execution, and tolerance for errors [36]. A schematic overview of the different test setups is
displayed in Figure 2.11.
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Table 10: Classi cation of impact tests

Impact Test Velocity (m/s) Test Method

Low Velocity <10 Drop weight, pendu-
lum, inertia wheel

Medium Velocity 10-50 Inertia wheel, servo hy-
draulic, gas gun

High Velocity 50-1000 Gas gun, electromag-
netic launcher

Hyper Velocity 2000-5000 Light gas gun, electro-

magnetic launcher

The drop weight impact test method involves raising an impactor to the desired height and then re-
leasing it, resulting in the impactor colliding with the test specimen. One advantage of this method
is that it does not necessitate speci ¢ specimens with standard dimensions, unlike other low-velocity
test methods [37]. This advantage ensures that more complex geometries and parts can be tested.

Other low-velocity impact test methods include Charpy and I1zod, which utilize a pendulum hammer

to impact the specimen from a xed height. The main difference between Charpy and Izod test is in
the position of impact on the specimen and the method of specimen clamping. In the Charpy method,
the specimen is secured at both ends and impacted in the center, whereas in the I1zod method, the
specimen is clamped on its lower half and struck on its upper half [38]. These methods are primarily
used to assess the impact toughness of specimens and compare them to other composite materials
[35].

The rst medium-velocity impact test method is the inertia wheel impacting testing method. This
approach resembles the pendulum test methods but offers more consistent and increased impact ve-
locities of up to 20 m/s [38]. Another method for achieving medium velocity is the servo-hydraulic
method, which shares a design similarity with the drop weight method but utilizes servo-hydraulics

to achieve the acceleration instead of the gravitational acceleration [39].

The gas gun impact test employs a method wherein a rigid or exible projectile is propelled from

a barrel towards the test specimen. The necessary pressure to accelerate the projectile is generated
using compressed air. An adaptation of the gas gun for achieving higher velocities is known as the
light-gas gun, which utilizes compressed helium or hydrogen. These lighter gases have the capabil-
ity to get greater maximum velocities compared to compressed air [40].

The electromagnetic launcher is capable of achieving the highest velocities. In this test setup, a mag-
netic eld is generated by the ow of current through the rails and the projectile. This magnetic eld
exerts an electromagnetic force, known as the Lorentz force, which accelerates the projectile and pro-
pels it towards the test specimen [41].

In this research impact fatigue for composite sandwich panels will be considered and an energy
vs number of cycles to failure diagram will be constructed. The experimental set up that will be
used is the drop weight impact test for the low cycles region and for the high cycles region there will
be an experimental setup constructed based on a gas gun setup with the use of compressed air and
commercial air soft parts, used in the research of Johansen [42]. In subsection 2.9 the E-N curve will
elaborated further on and in subsubsection 4.2.1 the single point impact fatigue test (SPIFT) setup
will be further explained.
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