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Abstract: The current study focuses on the impact loading phase characteristic of thin first year
ice in inland waterways. We investigate metal grillages, fibre reinforced plastic (FRP) composites
and nature-inspired composites using LS Dyna. The impact mode is modelled as (a) simplified
impact model with a rigid-body impactor and (b) an experimentally validated ice model represented
by cohesive zone elements. The structural concepts are investigated parametrically for strength
and stiffness using the simplified model, and an aluminium alloy grillage is analysed with the
ice model. The metal–FRP composite was found to be the most favourable concept that offered
impact protection as well as being light weight. By weight, FRP composites with a Bouligand ply
arrangement were the most favourable but prone to impact damage. Further, aluminium grillage
was found to be a significant contender for a range of ice impact velocities. While the ice model is
experimentally validated, a drawback of the simplified model is the lack of experimental data. We
overcame this by limiting the scope to low velocity impact and investigating only relative structural
performance. By doing so, the study identifies significant parameters and parametric trends along
with material differences for all structural concepts. The outcomes result in the creation of a viable
pool of lightweight variants that fulfil the impact loading phase. Together with outcomes from
quasi-static loading phase, it is possible to develop a lightweight ice-going hull concept.

Keywords: composites; metal grillage; aluminium hull; ice loads; LS Dyna; urban waterborne
mobility; inland waterways; impact modelling; bio-inspired structures; ice-going hull

1. Introduction

Inland waterborne navigation in ice is important from an economic and mobility
perspective. Robust lightweight hulls would lower fuel consumption and increase pay-
load capacity. The contemporary, state-of-the-art design of ice-class vessels recommends
steel [1–3] and the knowledge gap is the absence of viable lightweight hulls in practice. In
a previous study, lightweight structures against quasi-static ice pressure loading [4] were
investigated. In this study we investigate ice impact loading.

During ice–hull interactions, one typically observes low speed impact loading. Several
such experimental and numerical studies have used steel impactors to study structural
response [5,6]. Recent studies have been performed using ice impactors [7–11]. However,
the complex nature of ice and a lack of analytical models [12] makes it difficult to generalise
structural response. This establishes the need for experimental studies for new routes
due to difference in ice properties [13]. In the current study, the target operational zone
is freshwater inland waterways found in Lake Mälaren, Sweden, for which ice impact
experimental data are available from TUHH Hamburg [11,14].

Regarding the assessment of lightweight structures in the literature, Herrnring and
Kubiczek [11] performed ice drop tests on an aluminium grillage and observed structural
integrity however with some plastic deformations. Crum and McMichael [15] observed
good impact resistance for aluminium alloy based naval vessels. Within composites, a
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study by Wu and Li [16] on aluminium-honeycomb sandwich panels and impact with ice
showed no catastrophic failure. Burman and Niclasen [14] studied the ice impact behaviour
on sandwich panels in a preliminary study. Niclasen [17] developed a methodology for
ice impact experimental setup of glass-fibre reinforced plastic and carbon-fibre reinforced
plastic (CFRP) sandwich panels. Banik and Zhang [10] studied the low speed impact of
ice on CFRP sandwich composites and noted negligible damage with thicker face sheets.
However, FRPs might not be the best alternative since they are prone to barely visible
impact damage (BVID) that can cause significant loss in residual strength [5,18,19].

To expand our pool of promising impact resilient structural concepts, we turn to nature
for inspiration. The study of woodpecker’s drumming motion revealed a composite structure
consisting of hard, porous and viscoelastic layers in the head and beak, which results in impact
toughness and light weight [20]. Bighorn sheep’s horns were found to be a composite of tough
and stiff materials, resulting in high energy impact resilience albeit causing high weight [21].
The study noted the advantage of a tapered spiral geometry in shock mitigation and damage
resistance, which were also observed in the clubs of stomatopods and beetle hind wings that
had a Bouligand helical structural arrangement [22,23].

In Cheemakurthy and Barsoum [4], a tri-layer hull structural concept, consisting of
abrasion resistant, impact resistant and quasi-static pressure resistant layers, was intro-
duced. The current study focuses on finding candidates for the impact resistant layer, where
five concepts—metal grillages, FRP composites (Bouligand and conventional), metal–FRP
composites and two bio-inspired composites are parametrically explored in LS Dyna 4.7.7.
Two impact models are applied—(a) steel impactor model to compare the relative impact
performance of structural concepts and (b) an experimentally validated cohesive zone
method (CZM) ice model to study a particular case of an aluminium grillage.

The study identifies lightweight candidates, significant parameters and their trends
with respect to structural performance for each concept. Further, it shows the survivability
of an aluminium hull under impact loading. Other parametric studies in the literature
include the investigation of weight and cost of composite ship structures [24], low speed
impacts on composites [25] and parametric optimization of composites plates [26]. In
contrast, the current study explores a greater number of parameters and includes novel
composite arrangements and metal grillages.

2. Concept for Lightweight Hull Structure and Candidates

Ice–hull interaction is considered stochastic due to its dependence on local ice proper-
ties and the complex nature of ice, resulting in an absence of physical models [12,27]. By
assuming thin first-year ice and proper route planning, we can limit the stochasticity and
focus on (a) advancement in level ice, (b) small ice floe collision and (c) brash ice operations.
Among these, we observe short-interval dynamic forces during initial impact, initiation of
ice fracturing, spalling and the extrusion of material [28].

For the tri-layer structural concept introduced in Cheemakurthy and Barsoum [4], five
structural concepts that fulfil the impact resistant layer are chosen. Their representations
and relative masses are shown in Figure 1. Metal grillages represent the current state-
of-the-art, FRP composites have been explored in the literature, metal–FRP composites
are explored considering the BVID susceptibility of FRP composites, helically arranged
Bouligand composites, stiff–tough and stiff–viscoelastic–tough composites are explored
as bio-inspired candidates. Their geometric parametrization is based on structural design
calculations, rule-based design and practical aspects. These are compiled in Table 1 with
respective material properties in Table 2.
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Table 1. Structural candidates and their parametrization. The term ‘ice stringer / ice stiffener’ refer
to members that are directly present underneath the impact location.

Structural Concept Structural Element Variants Motivation

Metal Grillage

Plate thickness 10, 15, 20 mm Steel:
State of the art [1]

Aluminium:
Applications in naval vessels in

extreme conditions [15],
ice impact survivability [9,11].

Stiffener spacing 0.25, 0.5, 0.67 m
Stringer spacing 0.5, 0.67, 1 m

Ice stringer/stiffener Yes, No
Stiffener elastic section modulus 18.4, 57.3, 94.8 cm3

Stringer elastic section modulus 150, 303, 443 cm3

Materials Steel, Aluminium

Bouligand FRP
Composite

Single ply thickness 0.3, 0.5, 0.7 mm
Naturally occurring helical

arrangement shows high impact
resistance [22,23]

Pitch angles 10
◦
–20

◦
, 25

◦
, 30

◦

Number of face sheets 48
Face materials C-UD 235/395, C-woven 395, E-glass

Conventional FRP
composite

Single ply thickness 0.3, 0.5, 0.7 mm Application in naval ship hulls
prone to extreme working

conditions [29]
Ice impact survivability [10]

Ply orientation [+45/− 45]8; [+90/0]8; [90/0/45/− 45]s
Number of face sheets 48

Face materials C-UD 235/395, C-woven 395, E-glass

Stiff–Tough composite

Total plate thickness 20, 30, 40, 50 mm
Study of big sheep horn

structure [21].
Good impact resistance

Stiff: Tough thickness ratio 4:1, 2:1, 1:1, 1:2, 1:4
Stiff plate material SiC, BC

Tough plate material Steel, Aluminium
Plate orientation Stiff-Tough; Tough-Stiff

Metal–FRP composite

Face ply thickness 0.3, 0.5, 0.7 mm Civil engineering
applications [30]
Marine propeller
applications [31]

Blast resistant applications [32]

Metal thickness 5, 10, 15 mm
Face material C-UD/Woven 395, E-glass

Metal material Steel, Titanium alloy
Ply orientation Bouligand; Conventional

Viscoelastic–tough–stiff
composite

Viscoelastic layer thickness 0.01, 0.02 m

The study of shock resistant
woodpecker drumming

motion [20]

Viscoelastic layer material Chloroprene rubber
Tough layer thickness 0.01 m
Tough layer material Steel
Stiff layer thickness 6 mm to 14 mm
Stiff layer material SiC, BC

Plate orientation Ceramic-rubber-metal,
Rubber-ceramic-metal

Two metal grillages of structural steel and aluminium alloy are explored. The upper
parametric level corresponds to ice class rules for class 1B following Finnish Swedish Ice
Class rules (FSICR) [1] for a steel barge. The lower limit corresponds to DNV-GL [33]
rules for inland navigation vessels. For FRP composites, conventional and Bouligand ply
arrangements are explored. Bouligand ply arrangements are achieved by placing plies
having their orientations in a helical fashion at different pitch angles. The pitch angle range
is inspired from literature [34]. Carbon fibre, glass fibre, uni-directional (UD) and woven
fabrics are investigated. The parametric range for the conventional ply arrangement is
deduced using constant stiffness design method [35] where a quasi-static rule-based ice
pressure patch [1] is assumed on a FRP panel of dimensions 2.4 m × 2.4 m. The panel is
optimized using a gradient-based approach using finite difference method [36] while mini-
mizing the panel weight with constraints for stiffness compliance w

b ≤ 0.02 and strength

compliance σf ,max =
E f
64 [2]. For metal–FRP composites, naturally stiff metals—steel and

titanium alloys—are paired with FRP configurations. The metal sheet thickness range is
increased starting from a corrosion allowable thickness. For stiff–tough composites, the
stiff layer is represented by ceramics (Silicon Carbide, SiC and Boron Carbide, BC) and
tough layer by metals (Aluminium alloy and structural steel). The thickness of the layers
correspond to rule-based [2] plate thickness values for metals, limited to 50 mm due to
practical reasons. For stiff–viscoelastic–tough composites, chloroprene rubber is chosen as
the viscoelastic layer. The parametric range of rubber thickness has an upper limit 20 mm
out of practical reasons.
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Table 2. Properties of materials used in the parametrisation of structural candidates (unless stated
specifically, the data were sourced from the engineering database in the ANSYS library [37]).

Material Density
(kg/m3)

Young’s
Modulus

(MPa)

Shear
Modulus

(MPa)

Tensile/Shear *
Yield Strength

(MPa)

Tensile Ultimate
Strength

(MPa)

Orthotropic
Strain Limit

Structural Steel 7850 2 × 105 7.69 × 104 250 460
Aluminium alloy 2770 7.1 × 104 2.67 × 104 280 310

Titanium alloy 4419 Steinberg Guinan Strength 920 2120 Material model:
[38]

Carbon fibre 230 1490 X: 1.21 × 105

Y, Z: 8600
XY, XZ: 4700

YZ: 3100
X: 2231
Y, Z: 29

Y, Z: 0.0032
X: 0.0167

Carbon fibre 395 1540 X: 2.09 × 105

Y, Z: 9450
XY, XZ: 5500

YZ: 3900
X: 1979
Y, Z: 26

Y, Z: 0.0031
X: 0.0092

E-glass 2000 X: 4.5 × 104

Y, Z: 1 × 104
XY, XZ: 5000
YZ: 3846.2

X: 1100
Y, Z: 35

Y, Z: 0.0035
X: 0.0244

Boron carbide 2516 1.25 × 104 * 1.99 × 105 1180 Johnson Holmqvist Strength
continuous, material model: [39]

ANSYS Engineering databaseSilicon carbide 3215 1.17 × 104 * 1.93 × 105 1300

Vulcanized
Chloroprene rubber 1000

Ogden 3rd order Material model: [40]
ANSYS Engineering database

* Hugoniot Elastic limit.

3. Finite Element Method (FEM) Modelling

It is assumed that ice floes impact the bow region of a barge, such that the bow surface
normal is parallel to the ice velocity vector. This makes the approach conservative. A
simplified impact model is adopted in order to perform the parametric study. The model
uses a rigid body impactor, resulting in ~10–15 times higher computational efficiency. Next,
we use an experimentally validated ice representative impact model using CZM elements to
study the performance of aluminium grillage. The investigative methodology is described
in Figure 2. The simplified impact model gives comparative insights, while the refined
model provides an understanding of structural performance.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 5 of 25 
 

 

 
Figure 2. Investigative methodology for studying ice impact. 

3.1. Simplified Impact Model 
The rigid body impactor must be a good substitute to the ice model. Correspond-

ingly, the impactor dimensions is deduced, so that the mean impact pressure is equal to 
the largest freshwater ice crushing strength of 38 MPa observed during bore-hole tests 
[41], since the crushing strength represents the maximum possible ice pressure for a struc-
ture [42]. For a design vessel speed of 6 knots, the contact area corresponding to the high 
pressure zone (HPZ) area [43] and the length and mass of the impactor are calculated (see 
Table 3). 

Table 3. Geometry details of impactor. 

Parameter Value Geometry 
Radius of circular portion 56 mm 

 

Area of impact ~0.01 m2 [44] 
Length of impactor 0.3 m 

Mass 42.4 kg 
Mean impact stress ~40 MPa 

Speed (x, y, z) (0, 0, 6) knots 

3.2. Refined Impact Model 
The refined impact model uses CZM, which have been previously used in studies to 

simulate brittle ice [45–48]. Here, we use Herrnring and Kellner [48]’s approach in design-
ing the ice model. The method works on the principle of the traction–separation law (TSL), 
where the traction between cohesive elements is dependent on their intermittent distance 
and the elements fail upon reaching a critical value. Brittle behaviour is modelled by using 
a binary TSL, such that all inelastic deformation corresponds to the formation of cracks. 
This is done by using MAT_138, laminated composites material model [49]. Element sep-
aration (delamination) is represented by compressive and tensile failure criteria as 

ඨቀ𝜎௭𝑇 ቁଶ + ቀ𝜏௫௭𝑆 ቁଶ + ቀ𝜏௬௭𝑆 ቁଶ = 1;    𝜎௭ > 0 (1)

ඨቀ𝜏௫௭𝑆 ቁଶ + ቀ𝜏௬௭𝑆 ቁଶ = 1;    𝜎௭ ≤ 0 (2)

where T and S are the maximum traction force over which the elements sustain damage. 
Then, delamination is governed by the interaction of energy release rates as ൬ 𝐺ூ𝐺ூ௖൰ఈ + ൬ 𝐺ூூ𝐺ூூ௖൰ఈ = 1 (3)

𝑣௭ 𝑣௫ = 0 𝑣௬ = 0 

Figure 2. Investigative methodology for studying ice impact.

3.1. Simplified Impact Model

The rigid body impactor must be a good substitute to the ice model. Correspondingly,
the impactor dimensions is deduced, so that the mean impact pressure is equal to the largest
freshwater ice crushing strength of 38 MPa observed during bore-hole tests [41], since the
crushing strength represents the maximum possible ice pressure for a structure [42]. For a
design vessel speed of 6 knots, the contact area corresponding to the high pressure zone
(HPZ) area [43] and the length and mass of the impactor are calculated (see Table 3).
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Table 3. Geometry details of impactor.

Parameter Value Geometry

Radius of circular portion 56 mm
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3.2. Refined Impact Model

The refined impact model uses CZM, which have been previously used in studies
to simulate brittle ice [45–48]. Here, we use Herrnring and Kellner [48]’s approach in
designing the ice model. The method works on the principle of the traction–separation law
(TSL), where the traction between cohesive elements is dependent on their intermittent
distance and the elements fail upon reaching a critical value. Brittle behaviour is modelled
by using a binary TSL, such that all inelastic deformation corresponds to the formation of
cracks. This is done by using MAT_138, laminated composites material model [49]. Element
separation (delamination) is represented by compressive and tensile failure criteria as√(σz

T

)2
+
(τxz

S

)2
+
(τyz

S

)2
= 1; σz > 0 (1)

√(τxz

S

)2
+
(τyz

S

)2
= 1; σz ≤ 0 (2)

where T and S are the maximum traction force over which the elements sustain damage.
Then, delamination is governed by the interaction of energy release rates as(

GI
GIc

)α

+

(
GI I
GI Ic

)α

= 1 (3)

In between bulk elements, zero-thickness cohesive elements are introduced to simulate
initiation and propagation of cracks (see Figure 3). To compensate for the excessive mass
from cohesive elements, the density of the solid elements is modified as

ρ′s = (1− fm)ρreal (4)

where fm is the mass ratio between cohesive and solid elements and ρreal is the density of
ice. We also increase the stiffness of the of the solid elements to compensate for artificial
compliance [50]. The adapted elastic modulus of the solid elements is

limns → ∞ : E′s = Es

(
1− 1

f k

)−1
(5)

The elastic modulus for the CZM elements is represented as

ECZ =
fktCZES
0.5LS

(6)

A value of stiffness ratio fk = 10 is chosen to balance computational time with accu-
racy [48]. For modelling realistic fracture behaviour, the cohesive zone length for brittle
fracture [51] is

lCZ =
9π

32

(
E

1− υ2

)(
G

τ2
max

)
(7)

The length lCZ must capture 2–10 elements depending on the separation mode. In this
model, the average element edge length was 10 mm. Tetrahedron elements were used to
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ensure arbitrary crack propagation. Bulk ice is represented by element type 13 and cohesive
elements are represented by type 19. The FE model is shown in Figure 3.

The mass of the ice impactor is calculated assuming a collision between the hull and a
floating ice floe. Then, the ice floe weighs between 100–250 kg, assuming a floe thickness of
0.25 m (load height in FSICR ice class 1B [52]), floe wedge angle between 60–120 degrees [53]
and floe diameter based on the expected breaking length LB, defined by Lindquist [54] as

LB =
1
3

Lc =
1
3

4

√
EH3

12(1− µ2)ρwg
= 1.79 m (8)

where LC is the characteristic length, E is ice elastic modulus, H is the ice thickness, µ is the
ice Poisson ratio, ρw is the freshwater density and g is the standard gravity. Table 4 shows
the impactor’s dimensions.
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Figure 3. CZM model of ice projectile. Bulk elements are shown in dark and cohesive elements in light.

Table 4. Geometry of ice projectile.

Overall Geometry Value

Diameter 203 mm
Height 350 mm
Mass 224 kg

Cone angle 30 degrees

3.3. Hull Panel Modeling

The hull panel under investigation is a 2.4 m × 2.4 m panel in the bow region of an
inland navigation barge (see Figure 4). The projectile is placed 1 mm from the impact
region at the start of the simulation. A central ‘region of interest’ is outlined to omit
structural behaviour observed at boundaries [55]. The panel is assumed to be flat and
longitudinally framed. The boundary conditions follow DNVGL [2] recommendations and
are set uy = uz = ux = 0; rx = 0, while ux, ry and rz are free.

3.4. Geometry, Meshing and Element Type

The geometry and meshing were carried out in ANSYS [37], while simulations were
performed using an LS-Dyna solver version 4.7.7 (ANSYS, Canonsburg, USA) (see Figure 5).
The meshing controls were set to have a minimum elemental quality of 0.25. The reported
aspect ratios were largely under 10 and the Jacobian ratios under 3. A mesh convergence
study with an element edge length of 5, 4, 3, 2.5, 2, 1.5, 1 and 0.5 mm in the impact region
was performed and 1 mm was chosen to maximize computational efficiency and maintain
reasonable prediction accuracy.



J. Mar. Sci. Eng. 2022, 10, 794 7 of 24

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 7 of 25 
 

 

Table 4. Geometry of ice projectile. 

Overall Geometry Value 
Diameter 203 mm 

Height 350 mm 
Mass 224 kg 

Cone angle 30 degrees 

3.3. Hull Panel Modeling 
The hull panel under investigation is a 2.4 m × 2.4 m panel in the bow region of an 

inland navigation barge (see Figure 4). The projectile is placed 1 mm from the impact re-
gion at the start of the simulation. A central ‘region of interest’ is outlined to omit struc-
tural behaviour observed at boundaries [55]. The panel is assumed to be flat and longitu-
dinally framed. The boundary conditions follow DNVGL [2] recommendations and are 
set 𝑢௬ = 𝑢௭ = 𝑢௫ = 0; 𝑟௫ = 0, while 𝑢௫, 𝑟௬ and 𝑟௭ are free. 

 
(a) (b) 

Figure 4. (a) An inland navigation barge called ‘Amice’ is used as basis to develop a reference hull 
plate shown in (b). 

3.4. Geometry, Meshing and Element Type 
The geometry and meshing were carried out in ANSYS [37], while simulations were 

performed using an LS-Dyna solver version 4.7.7 (ANSYS, Canonsburg, USA) (see Figure 
5). The meshing controls were set to have a minimum elemental quality of 0.25. The re-
ported aspect ratios were largely under 10 and the Jacobian ratios under 3. A mesh con-
vergence study with an element edge length of 5, 4, 3, 2.5, 2, 1.5, 1 and 0.5 mm in the 
impact region was performed and 1 mm was chosen to maximize computational efficiency 
and maintain reasonable prediction accuracy. 

Figure 4. (a) An inland navigation barge called ‘Amice’ is used as basis to develop a reference hull
plate shown in (b).

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 8 of 25 
 

 

 
Figure 5. Panel mesh arrangement with impactor. 

3.4.1. Metal Grillage 
There are three structural parts in the metal grillage—plate, stiffeners, and girders. 

The girders have a T cross-section while the stiffeners have an L cross-section. Two types 
of solid elements were used: 10-node Tetrahedrons and 20-node Hexahedrons. Mesh re-
finements were added for the central girder, stiffeners and impact area. We use constant 
stress solid elements and material model MAT_003 suited for modelling isotropic and 
kinematic hardening plasticity. 

3.4.2. FRP Composite 
4-node shell elements were chosen to represent the faces instead of 8-node solid ele-

ments to save computational time as observed in other literature studies [25,56]. The ma-
terial model was chosen as MAT_54 to represent composite damage [57]. The model cap-
tures the progressive degradation of ply elastic properties. The analysis settings were set 
to non-linear, and strain rate effects were not considered. 

3.4.3. Metal–FRP Composite 
A metal sheet was modelled over the FRP composite, so that the metal is represented 

by solid elements and FRP as shell elements with respective material models. 

3.4.4. Stiff–Tough Composite 
The ceramic is represented by the JH-2 model [58], which includes a criterion for ero-

sion based on effective plastic strain and tensile failure. The material parameters were 
obtained from the literature [59,60], and ANSYS [37] material database 10-node Tetrahe-
dral solid elements was used. 

3.4.5. Viscoelastic–Stiff–Tough Composite 
The material model MAT_183 representing a modified Ogden model suitable for 

neo-Hookean hyper-elastic materials was used [61,62]. A number of 10-node Tetrahedron 
solid elements were used. 

3.5. FEA Model Validation 
Based on the ice drop tests by Herrnring and Kubiczek [11] on an aluminium plate 

(Figure 6a), the evolution of contact force between experiments and simulations is com-
pared. From Figure 6b, a good qualitative agreement is observed. The contact force was 
limited by plastic plate deformations and the peak force was 27 kN as compared to 23 kN 
as observed during experiments. No ice splintering and very few eroded cohesive ele-
ments at the contact surface were observed, in agreement with experimental observations. 

Figure 5. Panel mesh arrangement with impactor.

3.4.1. Metal Grillage

There are three structural parts in the metal grillage—plate, stiffeners, and girders.
The girders have a T cross-section while the stiffeners have an L cross-section. Two types
of solid elements were used: 10-node Tetrahedrons and 20-node Hexahedrons. Mesh
refinements were added for the central girder, stiffeners and impact area. We use constant
stress solid elements and material model MAT_003 suited for modelling isotropic and
kinematic hardening plasticity.

3.4.2. FRP Composite

4-node shell elements were chosen to represent the faces instead of 8-node solid
elements to save computational time as observed in other literature studies [25,56]. The
material model was chosen as MAT_54 to represent composite damage [57]. The model
captures the progressive degradation of ply elastic properties. The analysis settings were
set to non-linear, and strain rate effects were not considered.
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3.4.3. Metal–FRP Composite

A metal sheet was modelled over the FRP composite, so that the metal is represented
by solid elements and FRP as shell elements with respective material models.

3.4.4. Stiff–Tough Composite

The ceramic is represented by the JH-2 model [58], which includes a criterion for
erosion based on effective plastic strain and tensile failure. The material parameters were
obtained from the literature [59,60], and ANSYS [37] material database 10-node Tetrahedral
solid elements was used.

3.4.5. Viscoelastic–Stiff–Tough Composite

The material model MAT_183 representing a modified Ogden model suitable for
neo-Hookean hyper-elastic materials was used [61,62]. A number of 10-node Tetrahedron
solid elements were used.

3.5. FEA Model Validation

Based on the ice drop tests by Herrnring and Kubiczek [11] on an aluminium plate
(Figure 6a), the evolution of contact force between experiments and simulations is compared.
From Figure 6b, a good qualitative agreement is observed. The contact force was limited by
plastic plate deformations and the peak force was 27 kN as compared to 23 kN as observed
during experiments. No ice splintering and very few eroded cohesive elements at the
contact surface were observed, in agreement with experimental observations.
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Figure 6. Comparison of experimental and FEM results. (a) The plate consists of two girders (T1−2),
two stiffeners (S1−2) and two web frames (W1−2), (b) force–time evolution chart.

4. Damage Characterization

For metal grillages, we considered the elastic region of stress–strain curve and followed
the limiting rules defined by DNVGL [2] for strength and stiffness in Table 5. The lower
bound for stress indicates a high degree of utilisation.

Table 5. Criteria for successful candidates.

Criteria Limit

Peak v-m stress 70–90% of yield stress
Maximum displacement 0.02 × panel width
Element Erosion controls Material and geometric strain limits
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For metal grillages, SpW and DpW compare the strength and stiffness capacity with
respect to mass of the variants [4]. Only successful candidates have a positive value,
expressed as

SpW =
(SSF− 1)

m
× 1000 (9)

DpW =
(∆a/∆r − 1)

m
× 1000 (10)

where SpW is the strength per mass rating, DpW is the stiffness per mass rating, SSF is the
stress safety factor, m is the geometric mass, ∆a is the allowable deformation and ∆r is the
observed deformation.

For composites, we relied on defining custom failure models suitable for dynamic
analyses [63]. The criterion for delamination is given by(

max (0, σn)

NFLS

)2

+
( σs

SFLS

)2
≥ 1 (11)

where σn and σs are normal and shear stresses and NFLS and SFLS are normal and shear
strengths, respectively. Beaumont [64] gives a framework for work associated micro
mechanical fracture processes. Debonding is expressed as

Wd =
πd2σ2

r ld
24E f

(12)

where σf is the fibre tensile strength, d is the fibre diameter, ld is the length of debonded
zone and E f is the fibre modulus. The fibre pull-out failure is defined as

Wp ≤
πdσsl2

c
24

(13)

where lc = σf d/2τ is the critical transfer length. The strain failure criterion is set as

ε ≤ εerosion (14)

where εerosion is the value at which the composite loses its stiffness, and the corresponding
elements are omitted from the ongoing analysis. Here the value ranges between 0.03 for
glass fibre and 0.04 for carbon fibre [63].

We incorporated the Hashin failure criteria [65] to incorporate damage modes, given by
Tensile fibre failure (σ11 ≥ 1)(

σ11

XT

)2
+

σ2
12 + σ2

13
S2

12
< 1 (15)

Compressive fibre failure (σ11 < 1)(
σ11

XC

)2
< 1 (16)

Tensile matrix failure (σ22 + σ33 > 0),

σ2
22 + σ2

33
Y2

T
+

σ2
23 − σ22σ33

S2
23

+
σ2

12 + σ2
13

S2
12

< 1 (17)

Compressive matrix failure (σ22 + σ33 < 0)[(
YC

2S23

)2
− 1

](
σ22 + σ33

YC

)
+

(σ22 + σ33)
2

4S2
23

+
σ2

23 − σ22σ33

S2
23

+
σ2

12 + σ2
13

S2
12

< 1 (18)
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Interlaminar tensile failure (σ33 > 0)(
σ33

ZT

)2
< 1 (19)

Interlaminar tensile failure (σ33 < 0)(
σ33

ZC

)2
< 1 (20)

SpW for composites is expressed as

SpW =

(
1

IRFz − 1
)

m
× 1000 (21)

where IRF is the inverse reserve factor corresponding to the failure criteria Z and m is the
structural mass. SpW < 1 indicates a high degree of utilisation.

The damage response of ceramics is a complex phenomenon, and the material deforms
inelastically on impact due to microcracking, leading to fracture. A constitutive model
developed by Rajendran and Kroupa [66] and built upon the Taylor [67] model defines the
yield strength as

Y = Ys(1 + Blnε)(1− D) (22)

where Ys is the static yield strength, B is the strain rate sensitivity parameter, ε is the
equivalent plastic strain rate and D is the damage given by

=
16
9

(
1− v2

1− 2v

)
Cd (23)

where v represents the degraded elastic moduli of cracked ceramic [68] and Cd is the crack
density parameter.

5. Results

In this section, we first perform an overall relative comparison of concepts and identify
best variants. Next, we identify significant parameters, discuss implications and observe
parametric trends. The chapter concludes with the results from the refined CZM impact
model and comparison with the simplified model.

5.1. Overall Comparison

Figure 7 compares the stress capacities (SSF) of the 5 structural concepts. The FRP
composite panels are the lightest (~120 kg) with SSF ranging between 1–4. Among FRP
composites, Bouligand ply arrangements (red) have a slight edge over conventional ply
arrangement (black). The aluminium alloy grillage (yellow) is the next lightest option
(~240 kg). The next most favourable option is the metal–FRP composite (blue). The lightest
variant is ~2 times heavier than the best FRP variant with approximately 20% higher
stress capacity. Among metal–ceramic composites (orange), none of the variants meet the
stress requirements. The addition of a viscoelastic material (brown) showed a noticeable
improvement in the stress capacity through shock mitigation [20]. The heaviest of all
concepts is the structural steel metal grillage.

In Figure 8, we compare the maximum deformations (DSF) for the five structural
concepts. In terms of weight, both Bouligand (red) and conventional FRP (black) show
similar performance. The aluminium grillage (yellow) also shows good performance,
followed by the metal–FRP composite (blue). The metal–ceramic composites (orange) are
inadequate in meeting the deformation requirements by a small margin. These variants in
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combination with the viscoelastic layer perform the worst in terms of deformations. The
steel grillage is the stiffest and the heaviest concept.
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From Figures 7 and 8 we see that SSF is a more critical factor, since its safe range is
smaller than DSF. Correspondingly, we focus on strength as the limiting criteria
here onwards.

Table 6 identifies the best parametric variants for all successful structural concepts
against SSF. In comparing Bouligand and conventional FRPs, we see that the former has
higher SSF and SpW for the same mass. However, within the metal–FRP composite, the
conventional ply arrangement has a slight edge. While FRP options seem appealing due to
higher SSF and SpW values, they are susceptible to punctures [69] and BVID [18]. In this
case the metal–FRP composite could offer better safety along with a low mass.
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Table 6. Best parametric combinations by material in terms of SSF, SpW and mass.

Structural
Concept Material Stiffener

Span (m)
Stringer
Span (m)

Plate
Thickness
(mm)

Stiffener
Z (cm3)

Stringer
Z (cm3)

SpW
(MPa/kg)

SSF
(>1.1)

Mass
(kg)

Metal Grillage Al alloy 0.67 1 10 18 150 4.6 2.7 374
St. Steel 0.67 1 10 18 150 0.118 1.14 1195

Conventional
FRP

C230UD - 0.3 C * - 18.6 3.3 123
C395UD - 0.3 C * - 13.8 2.7 127
C395W - 0.3 C * - 18 3.2 122
E-Glass - 0.3 A ** - 2.5 1.4 165

Bouligand
FRP

C230UD - 0.3 B ***-20 - 19.7 3.4 123
C395UD - 0.3 B ***-20 - 14.2 2.8 127
C395W - 0.3 B ***-22 - 18.5 3.3 122
E-Glass - 0.3 B ***-20/30 - 2.7 1.44 165

Metal-FRP
Composite

C395UD Ti-alloy 0.5 C * 5 7 3.4 345
C395W Ti-alloy 0.5 C * 5 10.6 4.6 337
E-Glass Ti-alloy 0.5 B ***-20 5 1.7 1.6 409

C *: Conventional [90/0/45/− 45]s; A **: Conventional [90/0]s; B ***: Bouligand—(angle).

Next, we look at these five concepts in detail and identify significance of parameters.

5.2. Identification of Significant Parameters

We identify significant parameters using analysis of variance (ANOVA) for parameters
identified in Table 1. The condition for rejecting the null hypothesis for a linear ANOVA
model is a 95% confidence interval or Pvalue ≤ 0.05 and F > Fcritical in the F distribution
table [70]. The identified significant parameters are tabulated in Table 7 from most to
least significant. The insignificant parameters in Table 8 show potential for saving weight.
Significance levels for parameters can be found in Appendix A.

Table 7. Significant parameters for respective structural concepts arranged in descending order.

Steel
Grillage

Aluminium
Grillage FRP Metal–FRP Metal–Ceramic Metal–Ceramic–Viscoelastic

• Stiffener section modulus • Ice Stringer • Face material • FRP material • Metal material • Projectile speed
• Stringer section modulus • Plate thickness • Ply thickness • Metal material • Ceramic material • Viscoelastic layer thickness
• Ice Stringer • Stringer section modulus • Orientation • Orientation
• Ice Stiffener • Stiffener section modulus

Table 8. Insignificant parameters for respective structural concepts.

Steel
Grillage

Aluminium
Grillage FRP Metal–FRP Metal–Ceramic Metal–Ceramic–Viscoelastic

• Plate thickness • Ice stiffener • Ply angle • Metal thickness • Thickness • Thickness ratio—ceramic/metal
• Stringer spacing • Stringer spacing • Ply orientation • Thickness ratio
• Stiffener spacing • Stiffener spacing

5.2.1. Metal Grillage

The significant parameters between steel and aluminium grillage vary because of a
difference in stiffness, as noted in literature studies [48]. For steel: the stiffener and stringer
section moduli and the presence of an ice stringer and ice stiffener are significant (see
Table A1). For an aluminium alloy: plate thickness, stiffener and stringer section modulus
and the presence of an ice stringer are significant (see Table A2). For steel, the impact
is largely carried by the ice stringer which reduces the role of plate thickness within the
parametric range. Insignificance with respect to stiffener and stringer spacing indicate that
impact is largely a local phenomenon. This implies a weight saving potential by reducing
scantlings away from the impact region. For the more flexible aluminium alloy, the plate
thickness influences structural response, which is more global than for steel.
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5.2.2. FRP Composites

There is no significant difference observed between conventional and Bouligand
ply arrangements. Both concepts have the same significant parameters: ply thickness,
face material and impactor speed, as seen in Table A3. The relative ply angles were
found to have no statistical significance on strength. For conventional ply arrangement,
there is a significant difference between carbon fibre and glass fibre (p-value~2 × 10−7),
whereas for Bouligand arrangements, the p value is ~0.0012. This shows that glass fibre’s
suitability is improved when used in a Bouligand arrangement. This is a consequence of
the helical arrangement of plies that causes it to behave like a loaded spring, resulting in a
better distribution of stresses. We observe that material stiffness influences the Bouligand
arrangement more. For example, the difference in carbon fibres C230UD and C395UD
is more significant with the Bouligand arrangement (p-value~0.003 as opposed to ~0.02
for conventional). Additionally, the difference between UD and woven fibres shows a
significant difference for Bouligand composites (p-value~2.5 × 10−8) and insignificance for
conventional composites (p-value~0.051).

5.2.3. Metal–FRP Composite

The significant parameters for this concept are respective metal and FRP materials
(see Table A4). The metal has no influence on the FRP layer’s SSF, while the FRP has
no influence on the metal layer’s SSF. Since little structural interaction between layers is
observed, the layers may be designed independently. As metal thickness has no statistical
significance, one can opt for smaller thicknesses to save weight. Both conventional and
Bouligand arrangements performed very similarly. Among fibre types, it can be observed
that woven fibres performed significantly better than UD fibres.

5.2.4. Metal–Ceramic Composite

For this composite, two orientations were investigated—(a) a ceramic layer followed by
a metal layer; and (b) a metal layer followed by a ceramic layer. The significant parameters
are identified as: orientation, ceramic and metal materials (Table A5). Only the ceramic’s SSF
is influenced by the orientation. Under the first orientation, the metal material influences
the ceramic’s SSF, while under the second orientation, the metal material has no significant
influence. The first orientation showed 20% lower von Mises (v-m) stresses on the metal,
making it more favourable option. The ceramic’s SSF is influenced by the ceramic material
for both orientations. BC showed 50% higher v-m stresses than SiC due to a higher impact
strength. The composite thickness has no significance, implying the failure mechanism
of ceramics is independent of its thickness, as expected in brittle failures. Further, the
thickness ratios of respective materials have no statistical significance. A combination of
SiC and aluminium results in the lowest stresses.

5.2.5. Rubber-Metal-Ceramic Composite

The addition of a viscoelastic layer to the metal–ceramic composite showed a sig-
nificant improvement in the structural performance. We studied two orientations in the
parametric study: (a) the viscoelastic layer between ceramic and metal; and (b) the viscoelas-
tic layer in front of ceramic and metal. A difference between the orientations was observed
to depend on the impact speed (Table A6). At 6 knots, the orientation had no significant
influence, while at 10 knots the first orientation had, on average, a 50% higher ceramic
and metal SSF. Another significant parameter is the viscoelastic layer thickness. The v-m
stresses on the ceramic were found to decrease with increasing viscoelastic thickness. A
high thickness ratio of ceramic layer:viscoelastic layer favoured the ceramic, while a low
ratio favoured the metal. From a shielding perspective, the latter arrangement is beneficial.
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5.3. Parametric Trends
5.3.1. Metal Grillage

There is a significant difference between the response of structural steel and aluminium
alloy grillages. For steel, as the local strength in the impact region increases, the impact
stress decreases. This makes the interaction a local phenomenon. For Aluminium, as
the local stiffness increases, the impact stress increases. In comparison with steel, the
aluminium grillage response is more global. This implies, the side girders play a role in
the impact resilience as compared to steel. The dependence on side girders decreases as
the central girder’s section modulus is increased. Thus, we can see that material stiffness
influences the impact scope in being a local or global phenomenon.

A significant interaction is observed between stiffener spacing, stringer spacing and
stringer section modulus, deduced using a 2-factorial design of experiment method. In the
case with a stiffener spacing 0.25 m, the aluminium grillage is very stiff and over a stringer
section modulus of 303 cm3, it starts behaving like the steel grillage and an increase in
impact stress is observed for higher section moduli. Correspondingly, care must be taken
in choosing the appropriate stiffener–stringer arrangement. Figure 9 shows the overall
parametric influence of significant factors for metal grillages.
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5.3.2. FRP Composites

There is no significant difference in overall strength between Bouligand and conven-
tional FRPs. However, the two orientations behave differently under impact, as noted in the
previous section. At an impact speed of 6 knots, the SpW of the 20◦ Bouligand composite is
marginally better than |90/0/45/− 45|s. However, at 10 knots, the observation reverses.
From Figure 10, ply thickness influences the SSF positively but the SpW value decreases
with ply thickness, indicating a strength-gain/mass ratio < 1. An exception to this is E-glass,
which gains in SpW. The carbon fibre alternatives are 20–30% lighter than E-glass fibre but
2–4 times stronger than the latter, also observed in the literature [24].
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The pitch angle influences the stress capacity positively for the Bouligand composite.
Beyond 45 degrees a loss in performance is observed. Energy absorption trends indicate
high energy absorption rates (>88%) for low pitch angles up to 14 degrees. An exception is
the E-glass composite, which reflects the most impactor energy (>20%). The parametric
trends for the conventional FRP follow similar trends (see Figure 11).
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5.3.3. Metal–FRP Composite

There is an evident increase in the SSF after the addition of a metal layer, but the
addition of mass decreases the SpW in comparison. Among metals, titanium alloy develops
nearly 40% lower peak stresses than structural steel (see Figure 12). A comparison of SpW
(~6 times higher) clearly positions titanium alloy as the more suitable. We observe that the
FRP composites are very well shielded when placed behind a rigid material. Among FRP
materials, C395 woven fabric is a good choice for its light weight and ability to distribute
stresses. However, using E-glass might be more practical in terms of economy and greater
flexibility that provides a cushion for shock absorption on the metal cover.
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5.4. Refined Impact Model Results

A study by Cheemakurthy and Barsoum [4] established the need for an ice stringer in
metal grillages for bearing quasi-static ice pressure loads. Furthermore, we experimentally
validated an aluminium grillage’s response against the CZM ice model in Figure 6b. Corre-
spondingly, we use this model to simulate impact against the lightest aluminium grillage
alternative with an ice stringer for an impact speed of 6 knots.

The impact force is measured on the aluminium panel as well as the interacting ice
surface. On first contact, the ice tip behaves in a ductile manner, as indicated by the first
peak in Figure 13b, with a force of 42.4 kN. As the pressure increases, crushing is initiated.
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The point just before the initiation of the large cracks marks the second peak with a force
of 31.4 kN. Thereafter, we observe a drop in force that fluctuates due to ice spalling. The
evolution of contact pressure at the impact area is shown in Figure 13c. The observed peak
is ~70 MPa, which corresponds with the peak impact pressure observed in the simplified
impact model.
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During impact at 6 knots, the aluminium panel oscillates with a maximum deformation
of 1.6 mm as shown in Figure 14a. This compares with a deformation of 1.5 mm with the
simplified impact model. The v-m stress in the impact region has a peak of 227 MPa at
initial contact and 139 MPa during the initiation of large cracks (Figure 14b). The results
are not in agreement with the simplified impact model which predicts a stress of 98 MPa.
The difference can be attributed to a difference in impactor shape, a ~6 time difference in
impactor mass and material model.
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Parametric Exploration

Three impact speeds are investigated: 3, 6 and 10 knots. From Figure 15, the impact
force duration is inversely proportional to the impactor speed. The initial impact magnitude
increases logarithmically from 26.7 kN to 51.2 kN. On the other hand, the secondary force
caused by crushing decreases from 37.9 kN to 19.4 kN. This implies that it is not necessarily
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safer to operate at a lower speed. However, the force duration is larger at slower speeds,
allowing the utilisation of concepts like sandwich structures.
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Figure 15. Forces in contact region at different impact speeds. (a) Force time distribution. (b) Force
speed distribution.

A comparison of contact pressures in Figure 16 indicates that at higher speeds, the
peak magnitudes decrease. This could be due to the very short interaction time or a result
of high impact energy causing the easier crushing of ice.
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A comparison of deformations in Figure 14a shows that deformation magnitudes
decreases while the oscillation frequency increases with speed. A comparison of stresses in
Figure 14b shows an independence of peak stress and impact speed. The largest magnitude
remained consistent at around ~230 MPa. The initial impact is larger at high speed, while
secondary force is more important at low speed. From this we can conclude that structural
response is more dependent on the ice properties rather than impact speed. This reinforces
the need for accurate ice data.

The CZM ice impact model tests show that the aluminium grillage is a good candidate.
However, it is important to note that this does not justify the ice survivability for other struc-
tural concepts. The CZM model for other structural concepts needs to be experimentally
validated before conclusions on survivability can be ascertained.

6. Discussion

A parametric study of the structural response of five structural concepts and respective
materials subjected to impact is carried out in the current study. Two impact models were
used—(a) a rigid body impact model to study relative performance of parametrised struc-
tures and (b) an experimentally validated ice-representative CZM ice model to study the
structural response of an aluminium grillage. It was noted that strength was a more critical
factor than stiffness. With respect to strength, FRP composites were the most favourable
in terms of strength capacity by mass (SpW). However, considering their susceptibility to
BVID [5,18,19], punctures and delamination [69], an aluminium grillage or a metal–FRP
composite are suited better.

Among FRP composites, two ply arrangements were studied—(a) Bouligand and
(b) a conventional arrangement. The helical arrangement behaved like a loaded coil,
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which improved the stress distribution on impact. This can be observed in Figure 17,
where the impact zone has lower peak stresses in general, while stresses in the rest of the
region assume a spiral distribution and a wider spread. Furthermore, the back panel has
considerably lower stresses. We also note a 2–5% lower stiffness of Bouligand arrangements,
which supports the loaded coil hypothesis. The arrangement responds to impact energy in
a new way and presents an interesting area for further investigation against ice impacts.
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An aluminium alloy metal grillage is identified as a potentially good candidate. A
naturally low stiffness of the material makes it flexible, and its behaviour is unlike the
naturally rigid steel [11]. Broadly, it was identified that the presence of an ice stringer
increases local impact stresses. However, it is a necessary requirement for bearing quasi-
static pressure loads [4]. This case was further investigated with the CZM ice impact model.
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The structure shows good survivability at different ice impact speeds for an ice mass
representing ice conditions in Stockholm. However, one needs to be aware that the use of
larger ice masses were seen to cause plastic deformations [11,71]. In this case, a metal–FRP
composite might be the way forward. For this concept, titanium alloy was the more weight
and strength efficient alternative but is also more expensive and less green [37].

It should be noted that the stresses from the CZM model were higher than with a rigid
body impactor because of a difference in mass, geometry and element construction. To
account for this difference, the parametric range of structural concepts were chosen to be
larger while studying the relative performance using the simplified model.

Some limitations of the study are:

1. The rigid body impactor’s behaviour was assumed to mimic ice impact. Considering
the nature of the parametric study was to ascertain relative performance, the loss in
accuracy was assumed to be acceptable.

2. The division of the ice–hull interaction into three independent processes is an idealisa-
tion. In real life, the phases may overlap.

3. The CZM model was validated with experiments for an aluminium alloy structure. The
same model is not valid for rigid structures. This will be explored as part of future work.

4. There was a lack of experimental validation for the simplified impact model. To
overcome this limitation, the scope was limited to low-velocity impact, where the
effects of high strain rates on deformable materials can be neglected. Further, by
limiting our investigation to relative structural performance, we can reduce the need
for accurate solutions.

Some opportunities for future work include:

1. Ice impact experimental studies on structural concepts (other than aluminium grillage)
and the validation of CZM ice model for these structural concepts.

2. The exploration of fibre–metal laminates (FML); several studies have shown their
effectiveness against impact loads [72,73].

3. Further exploration of the beneficial effect of adding a viscoelastic layer to other
structural concepts.

The principal outcome of the study is a viable pool of alternatives suited towards
impact loading. These alternatives, in combination with quasi-static pressure load candi-
dates [4], will contribute towards the development of a lightweight ice-going ferries. Such
ferries would be able to work with similar efficiency as non-ice vessels in terms of fuel
efficiency, emissions and costs. For waterborne public transportation, this would result in
higher customer satisfaction [74,75] and improve public transport providers’ perception of
WPT [76].

7. Conclusions

Five lightweight structural concepts were investigated parametrically for rule-based
strength and stiffness using dynamic finite element method in LS Dyna. The following
conclusions may be drawn from the study:

1. The metal–FRP composite was identified as the most suitable candidate, since it
offered a high SpW and low mass, while protecting against structural damage and
BVID. FRP candidates were the lightest suitable alternative but are susceptible to BVID.
Aluminium alloy grillage was light and suitable but prone to plastic deformations
that may affect resistance performance.

2. There was a significant difference in impact behaviour of rigid and flexible structures.
This was observed in the difference in significant parameters for aluminium and
steel grillages.

3. The Bouligand FRP ply arrangement resulted in better impact stress distribution
than conventional arrangements. The back panel for Bouligand composites showed
significantly lower stress.
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4. The addition of a viscoelastic layer showed a significant reduction in impact stresses
with the ceramic–metal composite. The concept may be extended in combination with
other concepts.

5. The aluminium alloy grillage showed good survivability against the refined ice impact
model for impact speeds up till 10 knots.

The study’s outcomes contribute towards the development of a lightweight robust ice-
going hull, leading to efficient year-round, environmentally sustainable, waterborne mobility.
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Appendix A. Significance Values of Structural Concept Parameters

Table A1. Structural steel grillage SSF: Statistically significant parameters are underlined.

Parameter SS MS F p-Value F Crit Rank

Plate thickness 1.23 0.62 1.2 0.303 3.03
Stiffener Z 21.09 10.54 24.4 2.25 × 10−10 3.03 1
Stringer Z 13.95 6.98 15.1 6.64 × 10−7 3.03 2

Ice Stiffener 2.07 2.07 4.33 0.039 3.9 4
Ice Stringer 2.78 2.78 5.03 0.026 3.9 3

Stringer spacing 0.05 0.05 0.1 0.751 3.9
Stiffener spacing 1.14 1.14 2.38 0.125 3.9

Table A2. Aluminum alloy grillage SSF: Statistically significant parameters are underlined.

Parameter SS MS F p-Value F Crit Rank

Plate thickness 1.4 × 1016 6.99 × 1015 14.10 1.62 × 10−6 3.03 2
Stiffener Z 2.182615 1.091307 4.32 0.01 3.03 4
Stringer Z 5.21 × 1015 2.61 × 1015 4.90 0.01 3.03 3

Ice Stiffener 1.91 × 1014 1.91 × 1014 0.36 0.55 3.90
Ice Stringer 5.4 × 1016 5.4 × 1016 172.76 3.15 × 10−27 3.90 1

Stringer spacing 9.07 × 1013 9.07 × 1013 0.58 0.45 3.90
Stiffener spacing 2.48 × 1013 2.48 × 1013 0.04 0.85 3.90
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Table A3. FRP arrangement SSF. Statistically significant parameters are underlined.

Parameter Ply
Orientation SS MS F p-Value F Crit Rank

Ply angle Conventional 1.02 0.51 0.45 0.64 3.28
Bouligand 0.20 0.20 0.15 0.70 4.30

Ply thickness Conventional 9.39 4.70 5.38 0.01 3.28 4
Bouligand 29.60 14.80 15.00 1.58 × 10−6 3.07 2

Face material Conventional 20.98 10.49 31.89 1.74 × 10−7 3.40 1
Bouligand 17.28 8.64 7.84 7.42 × 10−4 3.10 3

Table A4. Metal–FRP composite SSF. Statistically significant parameters are underlined.

Parameter SSF Region SS MS F p-Value F Crit Rank

Metal thickness FRP 0.06 0.03 0.02 0.98 3.28
Metal 212.13 106.06 0.43 0.65 3.28

FRP material FRP 46.90 23.45 1756.49 3.05 × 10−34 3.28 1
Metal 72.63 36.32 0.15 0.86 3.28

Metal material FRP 0.20 0.20 0.14 0.71 4.13
Metal 7812.54 7812.54 593.10 4.21 × 10−23 4.13 2

Ply orientation FRP 0.01 0.01 0.01 0.94 4.13
Metal 1.06 1.06 0.00 0.95 4.13

Table A5. Metal–Ceramic composite SSF. Statistically significant parameters are underlined.

Parameter Region Orientation SS MS F p-Value F Crit Rank

Thickness 0.01 0.003 1.30 0.28 2.69

Orientation Metal 0.40 0.40 0.15 0.70 3.93
Ceramic 0.03 0.03 12.87 0.0005 3.93 5

Thickness ratio

Metal CERA-MET 1.53 0.38 0.13 0.97 2.55
Ceramic CERA-MET 0.00 0.0006 0.68 0.61 2.53

Metal MET-CERA 1.02 0.26 0.10 0.98 1.02
Ceramic MET-CERA 0.003 0.0008 0.19 0.94 2.55

Ceramic material

Ceramic CERA-MET 0.01 0.01 20.95 2.81 × 10−5 4.02 4
Ceramic MET-CERA 0.19 0.19 298.40 7.04 × 10−24 4.02 3

Metal CERA-MET 0.59 0.59 0.24 0.63 4.02
Metal MET-CERA 0.39 0.39 0.14 0.71 4.02

Metal material

Ceramic CERA-MET 0.01 0.01 10.79 0.001796 4.02 6
Ceramic MET-CERA 0.00 0.0004 0.11 0.74 4.02

Metal CERA-MET 135.45 135.45 458.51 4.67 × 10−28 4.02 2
Metal MET-CERA 126.78 126.78 596.70 3.33 × 10−31 4.02 1

Table A6. Metal–Viscoelastic–Ceramic SSF. Statistically significant parameters are underlined.

Parameter SSF Region SS MS F p-Value F Crit Rank

Orientation Ceramic 0.05 0.05 3.76 0.06 4.10
Metal 0.18 0.18 4.55 0.04 4.10 5

Viscoelastic layer thickness Ceramic 0.08 0.08 5.80 0.02 4.10 3
Metal 0.18 0.18 4.60 0.04 4.10 4

Impactor speed Ceramic 0.13 0.13 10.55 0.002428 4.10 2
Metal 0.75 0.75 31.01 2.23 × 10−6 4.10 1

Thickness ratio Ceramic: metal
Ceramic 0.02 0.00 0.30 0.88 2.64

Metal 0.28 0.07 1.75 0.16 2.64
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