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Abstract: Extreme ice floe impact events on polar ship structures are very common in ice regions. The
inelastic deformation of structures under ice impact loadings reflects directly the damage states of the
structures and is thus an important and convenient parameter in structural strength assessment and design.
Therefore, the aim of this paper is to review the recent research progress on dynamic inelastic response of
polar ship structure subjected to ice floe impact. Some important experimental, numerical and theoretical
work was introduced to study dynamic plastic responses of ship plates under single and repeated ice impact
loadings. The effects of ice deformation and damage characteristics on the plastic energy absorption of ship
plates were evaluated in this paper by comparing with rigid mass impact responses. In addition, the plastic
deformation accumulation, energy-sharing mechanisms and pseudo-shakedown phenomenon of ship plates
subjected to identical repeated ice impacts were explored. Based on the analytical solutions for inelastic
response of ship plates under ice impact, some plastic design formulae and curves were proposed to determine
the thickness of ship plates under ice impact loading, which can provide useful references for the structural
design of ice-going ships.
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0 Introduction

The Arctic region has abundant oil and gas resources and acts as a lifeline for many communities with
the increasing exploitation of the Arctic channel. More voyages across the Arctic waters will be possible in
the future due to global warming and declining extent of sea ice. However, the increased ship traffic and
resources exploitation activities in these waters may increase the probability of impacts between ice
floes/icebergs and ships and offshore structures, which necessitates safety assessment of such events. Thus,

the assessment of the dynamic structural behaviour of ship plates subjected to ice impacts is of paramount
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importance to improving the safety of ships and offshore structures operating in the Arctic region.

The structural design against ice impact has been commonly carried out using the limit state design
approaches, such as the Ultimate Limit State (ULS) and Accidental Limit State (ALS). In this regard, the
loads from rare iceberg or huge ice floe impacts can be described as an Abnormal Level Ice Event (ALIE), as
seen in International Organization for Standardization (ISO) standards'”, which is in accordance with the
Accidental Limit State (ALS) in the current standard codes for ship and offshore structures. In the ALS
design method, the annual probability of occurrence is typically 10 *, and the allowable structural damage due
to ice impact loading can be determined based upon the fact that the structure has enough residual strength to
prevent progressive collapse and that the safety of the crew and environment can be maintained. Based on the
limit state design approaches, there are three design strategies for ship structures, namely the ductility design,
shared-energy design and strength design, as shown in Fig.1. The shared-energy design method is widely
used in the design of general ice-strengthened ships, by which the plastic deformations are inevitable in ship
operations. This method implies that both the ship structure and the ice dissipate energies by undergoing
significant deformations or damage. The whole collision energy is shared by both colliding bodies, as
indicated in Fig.2. For this design method, the degree of structural deformation or damage depends on their
relative strength. When the ice is stiff enough or can even be assumed as an idealized rigid body, the impact
energies are mainly dissipated by the ship structures, which corresponds to the ductile design method.
Therefore, it is of great significance to study the plastic deformation and energy absorption mechanisms

arising from the impacts between the ship plates and ice floes or icebergs.
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Much research work has been conducted to investigate the dynamic responses of marine structures
under ice collision using experimental and numerical methods. Some full-scale or model-scale ice-structure
interaction tests have been reported, such as full-scale collision tests between ice bergy bit and the CCGS
Terry Fox icebreaker” *, full-scale ice crushing tests conducted in Aker Arctic test basin™, full-scale ice load
measurement tests of Xue Long icebreaker'”, the quasi-static laboratory model tests in which an ice cone was
slowly pushed against a large scale steel stiffened platem, the laboratory collision tests between a floating
steel structure in a tank and freshwater ice blocks', the ice drop impact tests” ", the ship-ice glancing impact
test in ice tank'", the large double-pendulum ice impact tests!'”, and the horizontal impact tests'” . From
these scaled and full-scale tests, the dynamic responses of ice-structure interaction were obtained, such as
permanent deformations of structures, impact forces, and ice loading pressures.

In recent years, numerical methods for predicting the plastic damage of ship structure under ice impact

are widely used by the Nonlinear Finite Element Method (NFEM). The mechanical behaviour of ice during
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impact is very complicated, and a mature ice material model comprehensively describing the behaviours is
still lacking due to the complexity of ice constitutive model. A few material models are available in the
literature for ice modelling, such as the isotropic elastic failure constitutive model, crushable foam
model"*"", the elastic-plastic and pressure dependent constitutive model"”"* *| the rate-sensitive
constitutive model"”*” and the damage model" >, These numerical models of ice material are employed in
the finite element simulations to model the ice failure in ship-ice collision.

This paper aims to review the recent research progress on dynamic inelastic response of polar ship
structures subjected to ice floe impact. The recent research work on laboratory ice impact tests, numerical
simulations and theoretical solutions to study dynamic plastic responses of ship plates under single and repeated
ice impact loadings was summarized. The plastic deformation accumulation, energy-sharing mechanisms and
pseudo-shakedown phenomenon of ship plates subjected to identical repeated ice impacts were revealed.
Moreover, the plastic design method to determine the plate thickness of ship plates under ice impact loading is

introduced in this paper, which can provide useful references for the structural design of ice-going ships.

1 Recent research work on laboratory fresh-water ice impact tests of ship
plates

A series of single and repeated freshwater ice impact tests on steel plates were carried out to study the
dynamic responses of ice-plate impactm*ls’m. The experimental set-up details, measuring devices, and testing

procedures introduced by Cai et al"?

are shown in Fig.3. In the tests, the ice slid down along the steel rail to
obtain an initial impact velocity and hit the fully clamped plate specimen at its centre and at the same point
during the repeated impact event. The specimen boundaries were fully clamped by the double-layer clamps,
and the specimen as well as the clamps were bolted to the support structures in the tests. The impact force-
time histories, deflection-time histories of plate and ice impact damage process were obtained in the impact

tests, which can provide some useful data for validating the numerical and theoretical method.

(a) Experimental equipment!'™ (b) Damaged ices after impact!'¥l

Fig.3 Ice impact tests on full-clamped steel plates

Fig.4 shows the time histories of ice impact force and displacement at the central point of plates
impacted by ice specimens with different geometries. It can be found that the maximal collision force of the
wedge-shaped ice with 60° front angle is the smallest in all collision force responses, while the maximal
collision force of the trapezoid-shaped ice is the largest in all collision force responses. Moreover, with the
increase of the front angle of wedge-shaped ice, the impact force peak and plastic deformation of plate
gradually increase while the collision time becomes shorter. The wedge-shaped ice with 60° front angle is the
sharpest and is easier to break with large crushed ice, so its strength is the weakest compared to other ice

models due to its fragile characteristics. It can be concluded that, when the ice floe is very sharp, it is easier to
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break and crush in the impact process. Under such circumstances, a large part of impact kinetic energy will be
dissipated due to ice failure, the permanent plastic deformation of the plate and the impact force will be
smaller than those of the flat or smooth front end of the ice. Besides, the impact time will be longer due to the

continuous breaking of ice.
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Fig.4 Impact test results of ship plates under a single ice impact with different ice geometries[ls]

In repeated ice impact events, with the number of ice impact increases, the maximum permanent
deformation of a plate is gradually increasing while the increment of permanent deformation of the plate is
gradually decreasing, as shown in Fig.5(a). Besides, the smallest peak impact force appears at the first impact,
and the peak impact force is gradually increasing with the number of impact, as shown in Fig.5(b). After
repeated identical ice impacts, the plates have large accumulated plastic deformations, which will gradually
stabilize and no longer increase. This phenomenon is called pseudo-shakedown, and its occurrence is related
to the elastic strain energy. Zhu et al”®” obtained the empirical equations to estimate the elastic strain energies
corresponding to the permanent deflections of plates by applying dimensional analysis to experimental data.
Using rigid indenters of different geometries, the number of impacts required to reach the pseudo-shakedown

status was predicted successfully.
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Fig.5 Repeated impact test results of ship plates under repeated ice impact with different impact energy levels™
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Ice impact tests using a large double-pendulum apparatus were conducted by Gagnon et al"”, as shown
in Fig.6(a). In this study, the high spatial resolution pressure-pattern images were recorded to analyze the
pressure distribution from ice impact tests. A significant observation was that in the earlier stage of tests, the
crushed ice generated during the impacts could maintain strength and extend the actual contact area beyond
the nominal contact area. Jiang et al”’! designed an experimental setup to study the collision pressure exerted
on structures due to ice impacts, as seen in Fig.6(b). Both the strain experienced by a steel plate and the
pressure due to the ice collision were measured. The pressure distribution on the steel plate surface was
recorded by pressure-sensitive film. It was observed that the collision force increased in proportion to

collision energy when plotted on a logarithmic scale.

P . -

(a) Ice holder pendulum (left) and impact (b) Pendulum setup holding ice and
module pendulum (right)!'?! steel plate specimens!*”

Fig.6 Ice impact tests using a large double-pendulum apparatus

In addition, some scholars have also carried out ice drop impact tests on the structures. As shown in
Fig.7(a), Ince et al”’ made a comparison of drop hammer tests on a steel plate impacted by an ice body and a
steel body. The ice body and steel body with the same shape were dropped from the same height onto a steel
plate. During the experiment, the impact force and the permanent deformation of the steel plate were
measured. The comparisons revealed that the impact plastic damage of the steel plate caused by the actual ice
was less than that caused by the rigid body. Fig.7(b) shows the laboratory ice drop impact test conducted by
Yu et al''”, in which the behavior of stiffened panels subject to the impact of a wedge-shaped ice was studied.

An acceleration sensor was mounted on the holder to record the impact force. The experiment showed that

(a) A steel plate impacted by a steel body and (b) A stiffened plate impacted by a
an ice body respectively wedge-shaped ice!'”

Fig.7 Ice drop impact test
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the stiffened steel panels sustained large plastic deformation without rupture, demonstrating a strong capacity
against large ice loads.

For ice impact tests in a water tank, Kim et al'™ conducted a collision test between an ice block and a
floating structure in water, as shown in Fig.8(a). The impact force was measured by a tactile pressure sensor.
The impacts of ice blocks at speeds of 1-2 m/s with panels of different stiffness produced various plastic
deformations, ranging from 3 mm to 5 mm dents in 2 mm and 4 mm thick plates to no visible marks in a

12 mm thick plate. Zhang et al®

used a real ship’s side shell processed by the scale ratio of 1:10 as the
research object to verify the rationality of the numerical simulation method of ship-water-ice coupling
collision, as shown in Fig.8(b). The strains of the structure and the deformations of the plates were measured
at different speeds. The result showed that the peak stress in the collision region gradually decreases towards
the surroundings, consistent with the overall distribution pattern of the plate deformation. Besides, Sun et
al'"! conducted a series of model tests to investigate the spatial and temporal variations of the impact loads by
simulating the glancing impact events between a polar research vessel and giant ice floes in an ice tank. The
ship-ice impact loads were recorded by a grid-based tactile sensor attached on the bow area of the model ship.
It was found that the initial impact location near the stem was more effective to generate the downward

flexural deformation of ice.
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(a) Model experiments of ice impact with a (b) Ice-plate impact in (c) Model tests of ship-ice impact
floating stiffened structure!® water medium!?¥ in an ice water tank!')

Fig.8 Water tank tests

2 Numerical analysis on ship plates under ice impact

In recent years, finite element methods for predicting the plastic damage of ship structures under ice
impact have been widely developed by using commercial software, such as ABAQUS and ANSYS/LS-
DYNA. In the ice-structure impact scenario, the ice modelling in numerical simulation is fairly challenging.
Ice is a natural and complex material consisting of brine, solid ice, gas and other impurities, containing many
internal pores, flaws and initial cracks in its interior. Moreover, the ice material characteristics in the ice-
structure impact interaction are influenced by some factors, such as strain rate, temperature, years of
formation, grain size, internal friction, imperfections, cracks, and failure modes. Fig.9 shows experimental
and numerical ice damage in the impact process“sl. The impact causes ice particles of various sizes to break
off and produces large quantities of small ice pieces. The ice crushing and spalling process is difficult to
simulate by FE method, especially ice spalling rate. In reality, developing an ice material model considering
all factors remains challenging to fit all ice impact tests due to random variations in the ice properties.

Some numerical constitutive models for ice material modelling were developed in the past ten years,
such as the isotropic elastic failure constitutive model, crushable foam model, the elastic-plastic constitutive

model and some simple damage models. These numerical models of ice material are employed in the FE
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simulations to simulate the ice failure in ship-ice collision. An ice material model based on a soil and concrete
material model (MAT_SOIL CONCRETE) with user-defined ice material curves was used by Cai et al" to
simulate the ice mechanical behaviour in an ice-plate impact. Fig.10 shows the experimental and numerical
results for plate specimens subjected to ice and steel wedge impacts with the same impact energym]. Though
there are some small differences in the collision time between experimental and numerical results, good
agreement between numerical and experimental results is obtained in terms of the plate deformations and
collision forces based on the above-mentioned ice material model. The numerical method with the proposed
ice material model Cai et al'"”! can accurately and efficiently predict the dynamic responses of plates under ice
impact. The comparisons between ice wedge-plate impact and steel wedge-plate impact in Fig.10 show that
assuming ice as a rigid material leads of unrealistic and inaccurate predicted responses. Besides, it is noted
that when the collision energy and geometric dimensions of the wedge are the same, the plastic deformations
and absorbed energies of plates, and the collision forces based on the ice wedge-plate impact model are
smaller than those based on the steel wedge-plate impact model under the same impact conditions.
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(a) Numerical ice damage (b) Experimental ice damage!'”!

Fig.9 Comparison of ice damage after impact
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Fig.10 Comparisons between experimental and numerical results'”

In order to investigate the differences of the absorbed energy of a plate under ice/steel wedge impact and
the influences of the dissipated energy of ice wedge due to ice crushing, the energy absorption reduction
factor (EARF) of the plate is defined as:

EARF = E,;/E,, (1)
where E, represents the final total absorbed energy of plate after the steel wedge impact, and E,; represents

the final total absorbed energy of plate after ice wedge impact. The side structure of the midship is
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longitudinally framed, with a framing spacing of 0.4 m and a plate height of 0.4 m. The numerically obtained
EAREF value is in the range of 0.2~0.3. The EARF is has a strong correlation with plate dimensions.

The numerical simulations for plates subjected to repeated ice impacts were also conducted by Cai
et al™. With the number of a finite impact increases, the plastic strain energy of the structure in each impact
gradually decreases while the energy dissipation of ice gradually increases. Besides, both the increment of E;;
and the decrement of £, for each ice impact are gradually decreasing with the increase of impact numbers, as
shown in Fig.11(a). Fig.11(b) illustrates energy dissipation ratios of the plate and ice against the number of
impacts. It is noted that most of the impact energies are dissipated by the ice failure during the ice-plate
impact, and the final absorbed energy of the plate Ep; only occupies a very small proportion of the total
impact kinetic energy in the repeated ice impacts.
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Fig.11 Energy dissipation of the ice and energy dissipation ratios against the number of impacts

For the structures under repeated rigid ice impacts, since the ice will dissipate the impact energy by
deformations and damage during impact, the energy criterion for the achievement of pseudo-shakedown of
the structure subjected to repeated ice impacts was proposed by Cai et al” as follows

Ey < Egm + Eper ()
where Ej is the initial impact energy, £y, is the maximal elastic strain energy which the deformed structure
can store before rupture and Ejz,, is the finally stable value of dissipated energy of ice in repeated impacts,
which depends on the initial impact energy and the relative strength of plate and ice. Some numerical studies
on the steel plates subject to repeated ice impact were conducted by Cai et al”” to obtain the approximate
values of Ejgy, and Epy, as shown in Fig.12. Through a series of numerical simulations for the ice-structure
impact with larger initial impact energies, the approximate elastic strain energy of the structure can be
obtained. Due to energy dissipation of ice, it is easier for the structure under repeated ice impacts to reach a
pseudo-shakedown state than that under repeated rigid mass impacts under the same impact conditions.

In the past 10 years, several significant numerical works for the ice-structure collision have been
reported. For example, Liu et al'” simulated the collision between ship bow and iceberg, as shown in
Fig.13(a). During the collision, the ship bow and iceberg shared the total dissipated energy, and the iceberg
dissipated most of the energy. Gao et al''” also conducted numerical simulations on a side structure of a
tanker impacted with an iceberg, as shown in Fig.13(b). Li et al” investigated the responses of LNGC’s

cargo containment system (CCS) under iceberg collision, as shown in Fig 13(d). The displacement of CCS
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was mainly rigid body displacement caused by inner hull structure, while some local deformations appeared
at the cleat and intersection area. An elastic-plastic ice model was implemented in a user-defined subroutine
VUMAT and used the cohesive element in a numerical solution by Yu et al'” to study the behavior of
stiffened plate subject to the impact of a wedge-shaped ice. It was shown that the stiffened steel panels
sustained large plastic deformation without rupture, demonstrating a strong capacity against large ice loads,
as seen in Fig.13(e).
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Fig.13 Numerical simulations of ice-structure collision

Ship structures will be impacted by ice floes at the vicinity of the waterline. In this case, the ice impacts
tended to move along the hull due to relative motions between the ship and the ice floes. Quinton et al™”
simulated the response of the grillage under sliding ice loads by using a rigid indenter instead of an ice body,
as shown in Fig.13(c). It appeared that moving loads may cause significantly more severe structural damage

than the purely normal loads. In order to take the realistic ice load into account, a dynamic 4D pressure
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model, and a "crushable foam" ice model were adopted by Quinton et al”" in subsequent studies. Results
from simulations using these realistic models agreed with the findings of the previous work. Moreover, Zhang

et al”!

used the subroutine VUMAT to simulate the sliding impact between an ice floe and a ship hull
structure in ABAQUS, as shown in Fig.13(f). The effects of static structure-to-structure friction coefficient
and the relative stiffness between ice and structure were studied. It was found that the deformation of
structures would increase the total friction coefficient, which was defined as the ratio of the friction force (the
tangential contact force) to the normal contact force. From the above studies, it can be inferred that the ice
loads induced by the sliding impact can cause greater damage to structures compared to normal loads.
Therefore, the sliding ice load should be given due consideration in the structural design process of polar
ships under ice floe impacts.

Numerical simulations of ship-ice collision that considers structure-ice-fluid interactions have always
been challenging. Numerical simulations of a collision between a tanker and a bergy bit considering
hydrodynamics were conducted by Gagnon et al”™”, as shown in Fig.14(a). Realistic movement of the bergy
bit due to the vessel's bow wave prior to contact with the ice was observed and the damage to the grillage
resembled the published results from actual grillage damage tests. Song et al™ used fluid-structure
interaction (FSI) method to simulate the experiment of ship-ice collisions in a water tank conducted by Kim
et al™, as shown in Fig.14(b). In the experiment, the bow wave accelerated the floater prior to impact and
reduced the relative velocity between the floater and the ice mass at the instant of contact. This reduced the
demand for energy dissipation in the ice mass and the structure. The FSI method simulates this interaction
effect quite well. Yu et al™ proposed a numerical solver for coupled simulation of glacial ice impacts
accounting for the effects of hydrodynamic-ice-structure interaction. Fig.14(c) show snapshots of the ice cube
motions in water during and after collisions. The solver enables more realistic simulation of structural
damage to ships and offshore structures under combined indentation and sliding ice loads. Besides, Feng et
al™ developed a coupled SPH-FEM model of a stiffened panel structure on a ship side subjected to a massive
ice floe in water, as shown in Fig.14(d). The coupled SPH-FEM method integrated with an elastoplastic
constitutive model is implemented to simulate the fracture failure of ice. The hydrodynamic effect of the
surrounding water is considered based on the SPH model. The impact force and the wave disturbance
phenomena of the numerical simulation show similarities with those of the documented experimental results.

Among numerical methods, the discrete element method has been acknowledged as a valid numerical
tool for ice load prediction. Coupling the discrete element method (DEM) and finite element method (FEM)
to study the interaction between ice and structures is adopted by some scholars. A strong coupled DEM-FEM

model was adopted by Ji et al™

to investigate the impact of ice load and ice-induced vibration on the
monopile foundation of OWT (Offshore Wind Turbine) during the crushing process of sea ice, as shown in
Fig.15(a). It was found that the time series of ice force at a higher velocity of ice indicates strong randomness,
whereas the time series of ice force at lower velocity presented a sawtooth shape including the periodic
loading and unloading processes. Yang et al”” developed a coupled DEM-FEM model to investigate the
interaction between an ice block and a propeller, as shown in Fig.15(b). The ice and propeller were simulated
using the sphere-based DEM and hexahedral solid elements of the FEM, respectively. During ice-propeller
milling, the thrust, torque, displacement, and stress of the propeller change periodically with the blade
frequency, and the amplitude changes were small. The maximum stress and displacement of each blade were

located on the leading edge.
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Fig.15 DEM-FEM model

3 Theoretical work on large plastic deformation prediction of ship side plate
under ice impact loading

An approximate theoretical method based on the rigid-plastic solutions and the energy approach of ice
crushing was developed by Cai et al” to predict the large plastic deformation of ship plates subjected to ice
impact loading using assumed impact scenarios between ship plates and ice floes, as shown in Fig.16(a). The
ice-plate impact scenario assumes a head-on collision between a vertical side structure and an ice floe,
ignoring the effect of ship motion and ice rotation during impact. The plate under the extreme ice floe impact
will generate some significant plastic deformations. In this case, both the colliding bodies of ship plate and
ice floe will dissipate the impact energy by forming significant deformations or damages. The analysis

process of the developed theoretical model for ice-plate impact responses is illustrated in Fig.17[38].



1036 AR 27 55 30 55 614

» = Num. (Wedge) A
. b = Anal. (Wedge) a .
Q\(b\ 28+ @ Num. (Cylinder)
& e Anal. (Cylinder) 4 .
%\;& 4 Num. (Trapezoid) . .
g 21 4 Anal. (Trapezoid) : . -
/ \E.a F ° H
" = 14f 2 : .
. ]
| ]
7 L
/] 0 . . . . .
2.0 2.5 3.0 3.5 4.0
Vy/(m's™)
(a) Simplified ice-plate impact scenario (b) Comparisons of numerical and theoretical

obtained plastic deformations of platest*]

Fig.16 Simplified ice-plate impact scenario and comparisons of numerical and theoretical obtained plastic deformations of

platesm]

Simplified ice-plate

! ! Deformation compatibility
impact scenario

relations

Energy power dissipation Boundary condition I

Assumed deformation balance equation of plate
mode of plate "I’M under impact loading

Plastic deformation
of plate

Initial condition of impact I :

Maximal impact force

. e . |
—mw— i dd4 _WZ lf,",(prJrA/[p)H,,,dlm Plastic hinge line theory I I

Ice spalling parameters

! I
! I
| I
! I
I I
I I
! I
| I
| I Ice crushing length |,
I I
! I
I I
| I
! I
! I
I I
| I

. Elastic energy of plate
Assumed geometric Impact force balance equation + under impact loading -
. . Energy absorption
variation mode of ice N i —
X F,=F,3,) = Py(4,(5,)" E,=E=mV?: m=m of plate
! 4
Pressure-contact area . Ice crushing energy Lost impact kinetic energy Energy d1‘351patlon
; ; | L . » p : — of ice
relations of ice 1 analysis approach causing by ice damage
(P-A curve) I - - - - - .
| E,= [iF(8)d0 = [{Py4,9))" “do E,= [y (0)do = myVi12

Fig.17 Introduction of the developed theoretical model for predicting ice-plate impact responses

Based on the developed analytical method, the maximal impact force, plastic deformation of plate, ice
crushing length and energy dissipation of ice and plate can be obtained. The comparisons of numerical and
theoretical obtained plastic deformations of plates shown in Fig.16(b) indicate that the developed analytical
method has a high accuracy to predict the dynamic responses of ship plates under ice floe impact loading.

The applicable range of the proposed analytical model is summarized as follows:

-Head-on collisions of an ice floe with a vertical plate structure;

-Ignoring the effect of ship motion and ice rotation during impact;

-The assumed boundary condition of plate structure is fully clamped.

The proposed analytical formulations can provide a useful tool for quick assessment of the plastic

damage extent of ship plate under ice floe impact loading.

4 Plastic design method for ship structures under ice floe impact

Elastic theory is only applicable to structure design under the premise that the material does not yield,

but local loads that cause yielding cannot represent the maximum load a structure can support. Besides, using
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elastic design method leads to a large structural thickness, resulting in heavy weight and high cost. Generally,
structures can withstand a local load several times greater than the elastic limit load before they can be
considered to fail in any significant way. Considering that a structure with small permanent deformations
caused by local loading still has a carrying capacity, the plastic design method introduced can be applied in
the structural design under ice impact loading by defining an allowable permanent set. The rigid-plastic
analytical method for metal structure subjected to repeated mass impacts can provide a useful tool in
structural plastic design. Zhu et al™ proposed a new method to design the polar ship plates which are
frequently subjected to repeated impact from ice floes. They utilized an illustrative design example to
illustrate the plastic design method for ship plates under repeated impacts and gave some related design
formulae and curves to determine thicknesses of ship plates under repeated ice impacts based on rigid-plastic
analytical solutions for repeated impacts as reported in Ref. [40]. Under the given design requirements for
allowable permanent deformations, the plate thickness can be determined according to two design curves as
shown in Fig.18, where W,, is the maximum permanent deflection for second impact, / is the thickness of
plate, and B, is the width of short side of plate.
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25F
0.03
= 20P .
S K
0.02
1.0F
I \
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Fig.18 Plate thickness design curves for repeated impact loadings under two design requirementsml
Until now, the repeated ice impact loading effects on the structural response have not yet been explicitly
considered in relevant classification societies' rules, but more attention needs to be paid by designers to the

hazard of the large permanent deformations caused by repeated impacts.

5 Conclusions

This paper mainly reviews the recent research progress on dynamic inelastic response of polar ship
structures subjected to ice floe impact. A series of laboratory ice impact tests, numerical simulations and
theoretical solutions to study plastic behavior of ship plates under single and repeated ice impacts were
conducted in the past 10 years. It is worth noting that, we carried out a large number of original experiments
on scaled steel plate specimens repeatedly impacted by laboratory-made freshwater ice to study and reveal the
plastic deformation accumulation mechanisms, energy-sharing mechanisms and pseudo-shakedown
phenomenon of ship plates. Moreover, we extended the rigid-plastic method in ship collision to ship-ice
collision considering the energy dissipation caused by ice failure in the impact process. Combining the energy
approach of ice crushing with a simplified rigid-plastic theoretical solution, an approximate analytical method
was proposed to predict the plastic damage of a ship plate against an ice floe impact, which can provide a

useful and convenient tool for the estimation of plastic damage of ship plates subjected to ice floe impact.
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Based on the analytical solutions for inelastic response of ship plates under ice impact, some plastic design
formulae and curves were derived to determine the plate thickness of ship plates under ice impact loading,

which can provide useful references for the structural design of ice-going ships.
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