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Ice floes in severe Arctic seas can gain significant kinetic energy. Such a fastmoving floe presents a significant im-
pact threat to offshore structures. Most attention to date has focused on glacial icebergs, which are now reason-
ably well understood; there appears a lack of knowledge in the case of isolated sea ice floes. To address this an
experimental investigation of the relationships of the motion response of floes to the floe and wave characteris-
tics was conducted. Of greatest importance to impact force calculations are the heave and surge motions, as well
as the velocity and acceleration of a floe in waves. The tested variables included a wide range of regular waves
with a variety of floe model shapes and sizes. The results showed that scale effect, floe size, floe orientation
and surface roughness did not affect the heave and surgemotion, and themotion observedwas notably different
to glacial icebergs.Wavelength affectedmotion themost; all models displayed fluid particle-likemotion paths at
λ between 3.3 and 5 times their characteristic lengths and the majority of scatter between different floe geome-
tries inmotion response was confined λ/Lc b 8. Floe thickness also had a dramatic effect on heave and surge, with
thicker models experiencing significant resonances. Drift velocity matched Stokes drift quite well, though the
largermodels appeared to show greater than predicted drift velocities.Maximum velocities did not generally ex-
ceed particle velocity, but remained N0.7 VP for surge and N0.8 VP for heave at λ/Lc ≥ 5. Such high velocities at
shorter λ suggest that a more conservative design approach may be necessary. An extrapolation of these
velocities leads to a conclusion that prototype ice floes can obtain kinetic energies of 106 J in certain conditions.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Trends in Arctic sea ice coverage indicate that the Arctic Ocean may
be free of ice for short periods in the summer by 2040 or earlier
(e.g. ACIA, 2004, and Turner andMarshall, 2011). For shipping, seasonal
navigability of the North West Passage and Northern Sea Route would
reduce the maritime journey between the Atlantic and Pacific dramati-
cally. As such, tans-arctic shipping is expected to increase rapidly in the
next few decades (DNV, 2010). In addition, USGS survey (USGS, 2008)
approximated that 13% and 30% of the world's current undiscovered
oil and gas respectively are located in the Arctic and adjacent cold re-
gions. Reducing ice coverage opens up the possibilities for seasonal
drilling.

Pack ice is often found close to and in contact with arctic shipping
and offshore drilling structures due to themelting process, wave action,
and icemanagement operations. In low concentrations a single isolated
ice floe may be a common occurrence in summer months and warmer
climates (Timco, 2011). Such a floe, if small enough with respect to
the dominant wavelength, may be quite sensitive to severe seas.

The problem falls into the field of freely floating thin bodies, a sub-
ject that has been intensively researched to date due to its relevance
to very large floating platforms (VLFPs) and sea ice. Rigid floating bodies
(i.e., not compliant with the free surface) have been the subject of rigor-
ous research for over a century (Wehausen, 1971). Much of this work
centres on numerical solutions of the kinematic response of rigid bodies
in waves. For the case of sea-ice floes, see for example two comprehen-
sive reviews by Squire et al. (1995) and Squire (2007). Within these re-
views it is clear that there is a wealth of research on the interaction of
ocean waves with the marginal ice zone (MIZ). The MIZ is the region
where ocean waves and the ice sheet interact, and is characterised by
a large area of broken ice. Ice in the MIZ is recognised as being compli-
ant; i.e., sensitive to hydroelasticity. This flexure has received much at-
tention recently, (Masson and LeBlond, 1989; Meylan, 2002; Meylan
and Squire, 1994, 1996; Wang and Meylan, 2004; Williams and
Squire, 2006, to name but a few). Sakai and Hanai (2002) conducted
two dimensional experiments on the vertical displacement of elastic
floes modelled from polyethylene plates. They used their data to deter-
mine an empirical dispersion relation for flexural gravity waves travel-
ling in continuous ice-covered seas.Most recently, Montiel et al. (2013a,
b) conducted a two-part experiment looking into the flexure of very
thin single and pairs of circular plates in regular waves in the lab
(2013a) and numerically (2013b). The thin plate was modelled out of
compliant PVC and restricted to vertical motion only. With a maximum
plate thickness of 1 cmand a radius of 142 cm thesemodels scale to very
large thin floes in the prototype. The regularwaveswere of small ampli-
tude compared with wavelength (small wave steepness) and the circu-
lar disc was large making diffraction effects significant. Such very large
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floes (that is much greater than the incident wavelength) behave simi-
larly to VLFPs in that their response involves significant flexure of the
floe. The hydroelasticity of these large ice floes is important for their frac-
ture and break up into smaller floes (e.g. Squire, 2007 and Toyota et al.,
2011). It is the propagation of flexural-gravity waves through the ice
sheet that causes it to break up into sizes that are equivalent to the dom-
inant wavelengths. This is an important feature of the MIZ and there is
significant literature on the subject (see reviews of Squire et al. 1995,
Squire, 2007 and Squire, 2011) that relates the interaction of waves
with the ice sheet as the primary cause of the creation of the MIZ.

Once created, smaller floes from the MIZ, as well as very large de-
tached floes may drift into the open ocean under wave driven second
order drift forces, as well as wind and current induced drift causing
them to travel vast distances (Timco, 2011). The floes may still be
many km's in length, but will be found in all different sizes down to
small floes thatwill be sensitive to 1st ordermotions fromwave forcing.
Such small floes in theMIZ are sensitive to full six degrees of freedom of
motion (Frankenstein et al., 2001) so it is reasonable to assume that this
would also be the case in the open ocean, where wave heights are not
damped by the MIZ. Indeed such motions have been measured in the
field on isolated glacial ice bergs of a variety of sizes from many km's
in length (Kristensen et al., 1982; Wadhams et al., 1983), to small
bergy bits (Lever and Diemand, 1985; Lever et al., 1991). In the lab, ice-
bergs much smaller than the dominant wavelengths have been shown
to behave as water particles, thereby gaining significant kinetic energy
(Arunachalam et al., 1987; Lever et al., 1988a, 1990; Murray et al.,
1983). Murray et al. (1983) conducted a qualitative analysis to deter-
mine the maximum instantaneous surge and drift velocities attained
by spherical, cylindrical and cubic paraffin wax iceberg models in regu-
lar waves. The models were found to attain near fluid particle velocity
when the ratio of wavelength λ with characteristic ice length Lc (given
here as the longest length along the floe edge) was ≥3, below which
the velocity achieved is much reduced. Arunachalam et al. (1987) per-
formed a study to estimate the first order surge and heave motions of
an iceberg in regular waves. Focusing on draught (dr) they observed
for λ/Lc b 3.3, dr/d = 0.1 (where d is the water depth) the ice models
behaved close to fluid particles. Surge and heave were reduced as dr/d
increased towards unity and heave amplitude ≈ wave amplitude for
Lc ≈ 1/10th λ. Both Arunachalam et al. (1987) and Murray et al.
(1983) observed resonance heave motions at various conditions
for different models. Lever et al. (1988a) found particle like motion
and velocities for Lc/λ N 12–13, as well as significant heave reso-
nances. Lever et al. (1990) completed a study of the influence of
the iceberg shape on its motion, finding large scatter in recorded
motion depending on shape.

It is reasonable to assume that an isolated floe that is small enough
may also be subject to significant wave forcing. Furthermore, while
the flexural response of ice floes is a very importantmechanical proper-
ty as it is their hydroelasticity in waves that pays a major role in the
break-up of large floes into small ones, once floes are much smaller
than the dominant wavelengths, bending becomes negligible (e.g.
Meylan and Squire, 1994, 1996). Here the main dampening response
of the floe will be the generation of outgoing waves in the free surface
analogous to the kinematic response of a rigid body (Squire, 2007).
This is the crux of our investigation; what is the kinematic response of
a floe whose length is much smaller than the dominant wavelength?
Such an isolated floe impact with an offshore structure is a very com-
mon ice-structure interaction event (Timco, 2011). He reviews field
measurements of a variety of drifting floe-structure impact events
with flow sizes ranging fromkm's to severalmetres in size. A simple lin-
ear regression of the data defined a remarkably sturdy relationship be-
tween floe kinetic energy and impact force from very small to very large
floes. The overall conclusion appears solid for the case of floes drifting
towards obstacles. But what about the case of small floes under the ac-
tion of severewaves in the open oceanwell away from theMIZ? Todate,
despite the numerous numerical treatments, and to a lesser extent, field
and laboratory investigations of floe response (i.e. attenuation, disper-
sion and scattering of, flexural response and break up) in waves in the
MIZ there appears, to the authors' knowledge, no specific treatise of
the kinematic response of isolated small floes in severe seas. Because
sea ice has specific density and draught characteristics, it needs to be
treated differently than other rigid relatively flat floating bodies in
waves (for example Wehausen, 1971).

We are also interested in the second order drift velocity (Vd) of these
small floes, as this will help define point to point travel times, trajecto-
ries and impact force. Good progress has been made in the determina-
tion of Vd characteristics and velocity for pancake ice (Frankenstein
and Shen, 1997), while Harms (1987) presented a series of two-
dimensional experiments examining the Vd of ice floes in regular
waves. Vd was shown to be sensitive to the ratio of wave period T to
ice mass roll period Tr, wave steepness and Lc, with the greatest Vd

when T ≫ Tr. Wake et al. (1987) studied the particular case of floes of
Lc≫ λ. Their results indicated thatwidth of floe appeared to have no in-
fluence on Vd, while floe thickness b appeared to have more influence
than Lc on Vd; an increase in b lowered both the terminal drift velocity
and the time taken to reach it. An asymptotic limit to terminal Vd was
observed at Lc/b N 16. For large draught cylinders representing icebergs,
wave induced drift into offshore structures was studied by Isaacson and
McTaggart (1990). Laboratory flume experiments of small isolated bod-
ies of limited oval and square shapes in regular waves are presented by
Huang et al. (2011) who find some discrepancy between theoretical
Stokes drift and measured drift, with drift appearing to be greater
than predicted. Current induced drift of large floes in the laboratory
was investigated by Frederking and Timco (2000) and numerical stud-
ies of wave induced drift of small rigid bodies and thin plates were pre-
sented by Shen and Zhong (2001) and Grotmaarck and Meylan (2006)
respectively. Grotmaarck and Meylan (2006) showed mathematically
that the conclusion of Shen and Zhong (2001) that Vd was dependent
on initial body position and velocity was false. Notwithstanding these
investigations, we believe that further practical data specific to isolated
small floeswill further aid validation of numericalmodels, and in partic-
ular shed insight to the parametric relationships between drift velocity
andfloe andwave characteristics.We believe thiswill be of practical use
to improve predictive theories.

Thus we propose the following physical investigation of the func-
tional relationships between isolated small ice floe characteristics, the
forcing wave and the resulting kinematic response of the floe for both
its first order motion and velocity, as well as second order drift velocity.
In order to achieve this, the motion response in regular waves is
analysed. Design codes are vague in their description of ice velocity:
for example, the statement in ISO 19906 (ISO, 2010) suggests without
reference: “…Pieces of ice with maximum dimension less than 1/15 of
the incident wavelength (i.e. λ/Lc ≥ 15) can be conservatively assumed
to follow water particle velocity…” Such knowledge should also help
improve current industry codes and practices (Palmer, 2011).

2. Experimental method

The wave flume used in the present study is located at the National
University of Singapore Hydraulic Engineering Laboratory. The flume is
2mwide and 32m longwith a piston typewave paddle generating reg-
ular waves propagating from right to left as in Fig. 1. Time-series free
surface elevation was measured using calibrated resistance-type wave
probes (accuracy +/− 0.1 mm) situated 8.8 m downstream of the
wave paddle with a second pair positioned downstream of the test sec-
tion. An effective absorption beach was located at the end of the flume.
Extensive testing during the construction of the flume showed that the
beach reflects b5% of incident wave height. To quantify reflection in the
current set-up and wave conditions, a series of tests were conducted to
determine the reflected wave height. This was done using a single wave
probe to take measurements at eight locations along the flume within
onewavelength λ (see for example, Hughes, 1993). The results showed



Fig. 1. Schematic diagram of the experimental setup.
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that the reflected wave was b5% in all wave conditions tested. For λ
≤ 100 cm, the wave celerity c was too slow for reflections to return to
the test section within the period of one run. The time for re-
reflections off the wave paddle to reach the test section was also too
slow to be an issue in any test. Therefore, the H referred to in this
study is the value measured by the upstream probes.

The floe models were constructed from paraffin wax of density ρ=
890 kgm−3. Themeasured density of sea ice from the reported values in
Timco and Frederking (1996) varies between 840 and 910 kg m−3 for
first year ice and720–910kgm−3 formultiyear ice. Fieldmeasurements
of individual floe thickness b give a range of b=2m to 6m for first and
multiyear floes respectively (for example, Kwok and Rothrock, 2009;
Shirasawa et al., 2009 and Xie et al., 2011). By focusing on thick multi-
year ice, where b is ≥2.5, we assume that the floe behaves as a rigid
body, and ignore its flexural response. We justify this in the following.
The flexural response of a floe is related to b, λ/Lc, internal brine and
gas content, and homogeneity of their structure (e.g., Cole, 1998 and
Timco and Weeks, 2010). We assume that the floe density distribution
is homogeneous. According to Meylan and Squire (1994), small floes
1 m thick and b80 m in length do not bend significantly regardless of
wavelength. Additionally Meylan and Squire (1996) observe negligible
flexure when Lc = 50 m and b = 0.5 m, which decreases further still
as b increased to 5 m. An experimental investigation using real ice by
Frankenstein and Shen (1997) found no bending in their ~2 cm thick
pancake ice in wave periods T from 1.71 to 2.73 as they were too
thick. While T values in this study are shorter, the maximum prototype
Lc=30m, λ/Lc N 1 and b≥ 2.5mmean that the flexural response of the
floe will be negligible. Indeed, it is more computationally efficient for
numerical models of small ice floes to be modelled as rigid bodies
(Meylan, 2002). Thus we choose paraffin wax as it fits these require-
ments and has distinct advantages in its successful use in similar studies
of glacial ice (see Lever et al., 1988a, 1988b, 1990, 1991; Murray et al.,
1983), and its ease of procurement and moulding. By modelling the
floe as rigid, this experimental data ismore suited to validationwith nu-
merical methods such as Masson and LeBlond (1989) and Meylan
(2002).

Time-series model heave and surge motion were recorded using a
PhaseSpace Improv motion tracking system. This consisted of 8 CCD
cameras mounted on a frame around the test section supported by the
flume walls (Fig. 2a) connected to a controlling server computer and
PC that were positioned outside the flume. The cameras tracked ‘Stylus’
LEDs that measured 5 cm long by 2 cmwide by 0.8 cm thick and weigh
13 g. The LEDswere positioned at equidistant points fromeach corner of
the ice model and on plastic stands (8.5 g) to raise them out of reach of
overtoppingwater. The LEDs and standswere placed streamline normal
to the incidentwave thus presenting only ~0.3 cmprofile to the oncom-
ing wave (Fig. 2c–d).

The system was calibrated using a calibration wand on which LEDs
are fixed at known distances apart. The cameras are able to resolve
the LED to 0.1 mm at a distance of 5 m, meaning for the current set-
up the resolution is at least equal to 0.1mm. The accuracy of the system
is rated at 1% of the distance between the cameras and the measured
LED. In order to assess the accuracy of the system and the calibration in-
dependently, four LEDs were positioned on a frame which was then
translated and rotated by known amounts. The results indicated an
error of b2% of the measured distance in our set-up. As the position
information is recorded directly by the cameras it was felt that as the
high frequency capture rate (240 Hz) waswell in excess of wave period
(T b 2 s), it was unnecessary to conduct dynamic displacement tests of
the system accuracy. Quasi-quantitative confirmation of the PhaseSpace
system accuracywas achieved by analysing video image stills of the floe
model motion across ameasuring grid placed over the viewingwindow
of the flume test section. The displacements calculated from the video
were in good agreement to those recorded by the camera system.

2.1. Ice model and wave scaling

To accurately reproduce free surface effects in the laboratory
geometric, kinematic and dynamic similarity with the prototype must
be preserved. Complete similitude requires that the Froude number
(Fr = V2/gLc where V is the fluid or body velocity and g is acceleration
due to gravity) and Reynolds number (Re = VLc/v, where v is the kine-
matic viscosity of the fluid) are the same in both model and prototype.
However, concurrent similitude of Fr and Re in a single model is not
possible as the use of water results in an under scaling of fluid viscosity.
Fr similitude is normally chosen in free surface modelling of non-



Fig. 2. (a) Image of the PhaseSpace camera set-up; (b) image of a floe model; (c) two Stylus LED units and stands and (d) the model with the LEDs units during a test.
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breaking waves, as gravity is the dominant restoring force in both
the model and prototype. The Fr relationships between model (m)
and prototype (p) are given as:

Lp ¼ lLm; ð1Þ

Vp ¼
ffiffi

l
p

Vm; ð2Þ

Tp ¼
ffiffi

l
p

Tm: ð3Þ

The scale factor lwas set at 1:100. The water depth dwas 0.9 m and
the T ranged between 0.5 and 1.5 s relating to a 5–15 s prototype T in
d = 90 m. λ is determined from the dispersion equation of linear
wave theory for intermediate water, which reduces to λ = 1.56 T2 for
waves in deep water. The standard prototype dimensions used in the
present study are a 30 m by 30 m square shaped floe with b of 5 m,
relating to a plausible multiyear prototype floe b. This scales to a
30 cm by 30 cm by 5 cmmodel in the flume.

2.2. Test conditions

In regular waves, the main variables that will dictate the kinematics
of a floating body are λ andH. To investigate the influence of λ andH on
the ice model motion, tests were conducted for a range of λ/Lc and a
range of wave steepness's (H/λ). Re number will, however, affect the
boundary layer characteristics of the floemodel, and so its dissimilitude
between the model and prototype requires investigation. Where H/λ
and d is constant, the motion of the floe model should only be influ-
enced by λ/Lc, thus if Re dissimilitude does not influence the motion
response the Response Amplitude Operator (RAO) should plot on the
same curve regardless of Fr scale factor. Therefore, three models of the
exact same shape (square) but different sizeswere constructed, thereby
creating identical test conditions at different Fr length scales. These
included squares 30 cm long by 5 cm thick, 24 cm long by 4 cm thick
and 20 cm long by 3.3 cm thick (named Square (Lc 30, b 5), Square (Lc
24, b 4) and Square (Lc 20, b 3.3) respectively). Thesemodels correspond
to Fr scale factors of 100:1, 125:1 and 150:1 respectively. The corre-
sponding prototype/model Re ratio is according to Eq. (4) 1000, 1400
and 1800.

Rep ¼ l
ffiffi

l
p

Rem: ð4Þ

To investigate the functional relationships thatmay exist between λ,
H and the shape, size and roughness r of the floe, a variety of models
were constructed (Table 1). The standard floe model was square (Lc
30, b 5), which is also shown in Fig. 2b. Two 30 cm long squares of
b = 2.5 and 7.5 cm (Square (Lc 30, b 7.5) and Square (Lc 30, b 2.5) re-
spectively) used to assess the influence of b. A 20 cmsquare, two rectan-
gles one 30 cm by 20 cm and one 30 by 10 cm and a 30 cm equilateral
triangle, all of which b = 5 cm were used to assess shape variations
(called Square (Lc 20, b 5), Rectangle (Lc 30 by 20, b 5), Rectangle (Lc
30 by 10, b 5) and Triangle (Lc 30, b 5) respectively). rwas investigated
by preparing two models with 6 mm diameter and 6 mm deep holes
drilled into the surface. The surface density of these holes was every
5 cm for the model Square (Lc 30, b 5, r 5), and every 2.5 cm for Square
(Lc 30, b 5, r 2.5). To investigate the variation of width with b, a 20 cm
long, 2.5 cm thick square was moulded centrally onto the surface of a
30 cm long, 2.5 cm thick square (Underwater Ram). This was intended
to simulate a floe with a larger underwater width. This model was
inverted to represent a floe with a reduced underwater width (Over-
hang). To investigate the differences between an iceberg, which will
have a draught often much larger than an ice floe due to its process of
formation from glacial calving, a 20 cm sided cube was constructed
(Cube (Lc 20)). These floe models were subjected to a range of λ from
40 to 290 cm (40 to 290 m in the prototype) and H from 1.8 to 16 cm
(1.8 to 16 m in the prototype). The waves produced in the flume,



Table 1
Ice floe model details.

Model name Roughness Lc [m] Length, width, thickness [m]

Square (L c 30, b 5) Smooth 0.3 0.3 × 0.3 × 0.05
Square (L c 30, b 5, r 5) 0.6 × 0.6 mm diameter holes every 0.05 m 0.3 0.3 × 0.3 × 0.05
Square (L c 30, b 5, r 2.5) 0.6 × 0.6 mm diameter holes every 0.025 m 0.3 0.3 × 0.3 × 0.05
Square (L c 20, b 5) Smooth 0.2 0.2 × 0.2 × 0.05
Rectangle (L c 30 by 20, b 5) Smooth 0.3 0.3 × 0.2 × 0.05
Triangle (Lc 30, b 5) Smooth 0.3 0.3 × 0.3 × 0.3 × 0.05
Square (Lc 30, b 7.5) Smooth 0.3 0.3 × 0.3 × 0.075
Square (Lc 30, b 2.5) Smooth 0.3 0.3 × 0.3 × 0.025
Overhang Smooth 0.3 0.3 × 0.3 × 0.025 over 0.2 × 0.2 × 0.025
Underwater ram Smooth 0.3 0.2 × 0.2 × 0.025 over 0.3 × 0.3 × 0.025
Cube (Lc 20) Smooth 0.2 0.2 × 0.2 × 0.2
Rectangle (Lc 30 by 10, b 5) Smooth 0.3 0.3 × 0.1 × 0.05
Square (Lc 24, b 4) Smooth 0.24 0.24 × 0.24 × 0.04
Square (Lc 20, b 3.3) Smooth 0.2 0.2 × 0.2 × 0.033
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therefore, varied from deep water (d N 1/2λ) to intermediate water (1/
20λ b d b 1/2λ). For the tests involving changing λ but constant wave
steepness, in order to avoid the floes rolling and brief losses of LED ac-
quisition by the cameras (drop outs) due to splash andmomentary sub-
mergences at large steepness while still attempting to examine severe
seas, steepness was set at 0.044. The test conditions are given in Table 2.

2.3. Experimental procedure

Before each test dwas confirmed=0.9 m, and the wave probes and
cameras were checked and calibrated if necessary. Regular waves were
generated by selecting the desired f and H. The model was then placed
within the test section, at a point approximately levelwith the upstream
cameras 6 and 7 (Fig. 1). The model was orientated as close to the
centreline of the flume as possible and with the desired side parallel
to the incident waves. For the majority of runs this was Lc while in
some runs for the triangular and rectangular models Lc was orientated
normal to the incident waves to investigate any effect this may have.
The orientation of the model could only be visually confirmed from
comparison with the side wall and the motion capture user interface's
live-feed and as such a small tolerance was allowed. It was found that
any offset in the orientation of the model was nullified once the model
reached quasi-steady state, and any that were not within this tolerance
would rotate fully to present a different side to the incident waves and,
therefore, that data was discarded. Care was taken to ensure that there
was no residual current or significant motion in the flume by visually
Table 2
Regular wave test conditions.

Run λ [m] T [S] F [Hz] H [cm] H/λ λ/Lc

VH16 180 1.07 0.93 16.0 0.09 0.167
VH14 180 1.07 0.93 14.0 0.08 0.167
VH12 180 1.07 0.93 12.0 0.07 0.167
VH10 180 1.07 0.93 10.0 0.06 0.167
VH8 180 1.07 0.93 8.0 0.04 0.167
VH6 180 1.07 0.93 6.0 0.03 0.167
VH4 180 1.07 0.93 4.0 0.02 0.167
VH2 180 1.07 0.93 2.0 0.01 0.167
VL300 290 1.39 0.72 13.4 0.04 0.100
VL280 270 1.34 0.75 12.4 0.04 0.107
VL260 255 1.29 0.77 11.6 0.04 0.115
VL240 236 1.24 0.81 10.7 0.04 0.125
VL220 218 1.19 0.84 9.8 0.04 0.136
VL200 199 1.13 0.88 8.9 0.04 0.150
VL180 180 1.07 0.93 8.0 0.04 0.167
VL160 160 1.01 0.99 7.1 0.04 0.188
VL140 140 0.95 1.06 6.2 0.04 0.214
VL120 120 0.88 1.14 5.3 0.04 0.250
VL100 100 0.8 1.25 4.4 0.04 0.300
VL80 80 0.72 1.4 3.6 0.04 0.375
VL60 60 0.62 1.61 2.7 0.04 0.500
VL40 40 0.51 1.97 1.8 0.04 0.750
monitoring the real-time position of the model via the camera system
before each run. To ensure that there was no spurious current forming
within the flume during wave generation, a series of tests were carried
out tomeasure the current velocity in variouswave conditions covering
the range of H and λ values, including the upper and lower limits given
in Table 2. Using a Nortek Vectrino Acoustic Doppler Velocimeter,
1.5 minute long time series velocitymeasurements (generally far great-
er than the duration of individual runs of between 45 and 60 s)were ob-
tained along the centreline and at 25, 50 and 75 cm locations towards
the flume wall. The mean values of longitudinal velocity showed a
drift of flowwith the direction of wave propagation aswould be expect-
ed. The values were the same at each measurement position indicating
that there was no spurious current developing during wave generation.

To ensure repeatability each run of a particular test conditionwas re-
peated three times, with the average motion taken. Later, for logistical
reasons this was reduced to two repeats per test to allow a wide range
of models and parameters to be examined, while still ensuring accurate
production of test conditions and recording of model motion.

2.4. Data processing

Once the data was recorded by the PhaseSpace server, the time-
series data for each LED was visually quality checked using PhaseSpace
RECAP2 motion tacking software. Fig. 3 shows an example of the ideal
data outcome which was one of a smooth time series of heave and
surgemotionwith few spikes and drop-outs. Spikes are often due to re-
flections of the LEDs on thewater surface that are picked up by the cam-
eras, whereas drop-outs are completemomentary losses of one ormore
LED by the system (Fig. 3). The spikiness of the data was analysed visu-
ally andwith themethod of Goring andNikora (2002). Data that did not
pass this quality control i.e., contained toomany spikes and/or toomany
LED drop outs were discarded and the test was repeated. Only once a
satisfactory data set was obtained, such as that in Fig. 3, was the icemo-
tion analysed.

The motion of the floe model was averaged over 5 wave periods for
each run, and the average of all runs for each test condition was record-
ed. Only the Surge (X) and Heave (Y) motion and velocity are reported
in here as these are the most important rigid body motions concerning
structure impacts. The time seriesmotion X and Y traces exhibit periodic
cycles at the same frequency of the incident waves. Surge, which con-
sists of a steady drift component and an oscillating component is com-
puted from five cycles once a quasi-steady state has been reached (see
Section 3.3). From the recorded displacement, velocity is also calculated.
Heave is recorded from the average of five cycles after a quasi-steady
state in the heave motion is reached and velocity is calculated from
the recorded displacement. This is set at the same point defined for
the surge, with steady state confirmed by computing the standard
deviation of the averaged heave values. The motions of the four LEDs
are resolved to the centre of gravity (CG) of the model.



Fig. 3. An example of the raw time series displacement trace record (y axis scale in m) of four LEDs as a function of time (x axis scale 240 fps). As the LEDs are positioned in parallel pairs
normal to the incidentwave direction (one pair at the front, towards thewave source, and the second at the rear), only two traces are seemingly observed as each pair appears to act as one
LED in this example (large λ relative to Lc). Individual LED traces are still recorded and can be displayed individually. It is also easier to observe them at a smaller scale and more so at
smaller λ relative to Lc where the front and rear LEDs tend to move out of phase.
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3. Initial results and analysis

3.1. Validation of test

Fig. 4a–b shows the Y andXRAOs as a function of λ/Lc for cube (Lc 20)
compared with the data of Lever et al. (1988a). Initially the wave
steepness H/λ = 0.044 was found to induce full rolling of the cube at
most λ/Lc. Therefore, H/λ was set to a lower value of 0.02 to prevent
rolling and to allow comparison with Lever et al. (1988a). They tested
three cubes with Lc = 17.5, 34.6 and 51.9 cm at H/λ = 0.016–0.025.
The heave RAO follows the trend observed by Lever et al. (1988a) close-
ly, which was also the case for cube (Lc 20) in H/λ = 0.044 for the λ/Lc
values where rolling did not occur, the results of which are not shown
here. However, the general trend of an increase to a peak surge RAO at
approximately λ/Lc=7 followed by a decrease is different to the obser-
vation in Lever et al. (1988a). Significant sway and roll motions were
observed over the range of λ/Lc. In an attempt to repeat their results
the cube was also subject to the precise λ and H used by Lever et al.
(1988a). However, it appeared to follow a similar scattered distribution
as seen with the previous test. The tests on the cube were repeated
several times and comparing with a second cube of the same size with
approximately consistent results, leading to the conclusion that the
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Fig. 4. The heave (a) and surge (b) RAO of cube (Lc 20) compared with the data of Lever
et al. (1988a).
surge motion of the cube is inherently complex. Therefore, with the
good agreement between Lever et al. (1988a) in the heave response of
the cube, and the surge results for the floe models showing excellent
consistency in general trends (see Section 3.2 onwards), we are able
to reduce the likelihood that this is due to a specific experimental
error and regard our methodology as suitably valid.

3.2. Influence of Re and r

Fig. 5(a–b) shows the heave and surge RAOs of the three square
models square (Lc 30, b 5), square (Lc 24, b 4) and square (Lc 20, b 3.3)
which represent the same floe model at different Fr scales, as a function
of λ/Lc. Heave shows little scatter and no discernible trend with
scale factor; all three models display an increase in heave response
with λ/Lc to an asymptotic value approximately 0.9–1. Surge (Fig. 5b)
shows a monotonic decrease with increasing wavelength to a value of
approximately 0.5–0.7. The general indication is that scale factor does
not affect the motion.

The effect of r is an important consideration for the extrapolation
of smooth surface models to prototype floes of highly variable sur-
face roughness. Fig. 6(a–b) shows the square (Lc 30, b 5), square (Lc
30, b 5, r 5) and square (Lc 30, b 5, r 2.5) heave and surge RAOs as a
function of λ/Lc. There is no trend in heave with respect to r; all
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Fig. 5. RAOs for heave (a) and surge (b) for the square (Lc 30, b 5, r 5), scale: 100:1, square
(Lc 24, b 4), scale: 125:1 and square (Lc 20, b 3.3), scale: 150:1 floe models.
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show amonotonic increase to an asymptotic value of approximately 0.9
from λ/Lc = 4. Likewise, for surge r shows no variability; all present a
decrease to an asymptote of approximately 0.9–1 from λ/Lc ≥ 6.

The implication from Figs. 5 and 6 is that viscous effects and surface
roughness do not appear to play a significant role in the kinematics of
the floe model motion. The application of Froude criterion seems to be
themost appropriate scaling criterion and allows cautious extrapolation
of model floe motion observed in this study to the prototype.
3.3. Time series motion of floe models

Identifying the fundamentalmotion of a floemodel in regular waves
is an important first step in defining icefloe kinematics. Fig. 7 represents
a typical time-series trace of the displacement of the centroid between
the four LEDs on the surface of square (Lc 30, b 5). The test conditions
are λ = 300 cm and H = 14.8 cm. The surge trace (solid line) visually
appears to reach a quasi-steady state between 20 and 25 s. Heave
(dashed line) reaches equilibrium after a similar amount of time. The
two traces are slightly out of phase; the trough of the heave motion oc-
curs fractionally earlier than for the surge.

To explore this further, Fig. 8(a–f) and Fig. 9(a–d) show a series of
stills from a video taken of Square (Lc 30, b 5) at λ = 180 cm and H =
5 cm and λ = 40 cm and H = 5 cm respectively. The heave motion at
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Fig. 7. The time series X (surge: heavy black line) and Y (heave: light black line) trace for
the surface centroid of square (Lc 30, b 5) in regularwaves of λ=300 cmandH=14.8 cm.
large λ follows the sinusoidal shape of the free surface as the wave
passes. The surge shows a maximum (positive x) horizontal displace-
ment from the starting position (Fig. 8a) just after the passage of the
wave crest in (Fig. 8d). The floe then moves backwards (negative x)
from this position to the new horizontal displacement at the start of
the next period (Fig. 8e). The flow also rolls slightly forward on the
wave rise causing the leading edge to become submerged (Fig. 8b)
and slightly backwards on the wave fall (Fig. 8d) causing overtopping
from the rear towards the centre.

At shorter λ as shown in Fig. 9(a–d) the floe interacts with two
waves at once preventing it from heaving as a fluid particle, while
surge is characterised by a continued forward motion, or drift, that al-
though varies in velocity does not include a negative x component.
This is discussed and quantified further in Section 3.4.

The basic motion of the floe models described above is as expected
and analogous to glacial icebergs (e.g., Lever et al., 1988a) and most
other free floating objects.

3.4. Determination of drift velocity Vd

Fig. 10(a) shows the longitudinal displacement time series trace for
Square (Lc 30, b 5) in a wave of T = 0.947 s and λ = 140 cm. The trace
shows both the period-averaged surge motion (the drift), and the oscil-
lating surge motion (Fig. 10b). Both motions and their corresponding
velocities are important quantities for ice motion. Vd can be calculated
via two methods (for example, Huang et al., 2011). The first calculates
the period-averaged Vd byfinding the horizontal displacement between
two peaks and dividing by the T. In Fig. 10c, quasi-steady state has been
achieved after approximately 25 s and Vd calculated as ≈6.9 cm s−1.
The secondmethod applies a line of bestfit to a section of the time series
after the drift appears quasi-steady. A linear regression ismade of a seg-
ment of time series between 25 and 33 s (Fig. 10d). This gives a Vd =
7.1 cm s−1. In this study the first approach is used with a small modifi-
cation. The trough to trough (analogous to peak to peak) horizontal dis-
placement and time difference for five motion cycles were taken and
averaged. The five waves are taken after a quasi-steady state has been
reached, and the standard deviation of the five drift velocities calculated
from the cycles is used to confirm this. This method is in keeping with
how the heave, heave velocity and surge are also calculated. This meth-
od gives a Vd = 6.82 cm s−1 +/− 2 mm s−1. At shorter λ it becomes
harder to visually identify the ‘peak’ of each cycle leading to the best
fit method being used to confirm the accuracy above method.

The floe drift data collected was compared with Vd as calculated
using Stokes theory. Before the drift velocity data are discussed, howev-
er, some limitations to the validity of this comparison must be ad-
dressed. The appropriate comparison of Stokes with the data depends
on confirmation of the wave conditions being linear. There are two par-
ticular nonlinear phenomena that must be quantified; nonlinearity in
the waves and overtopping of the waves onto the floes (green water).
To determinenonlinear behaviour in thewaves, theH time series record
from the wave probes was deconstructed into its component frequen-
cies byway of a fast Fourier transform (FFT). Small magnitude harmonic
distortions in ka values ≥ 0.15 were detected indicating that the wave
conditions are not strictly linear at such ka values. The detected har-
monic frequencies were very low in magnitude, however, and apart
from the slight increase of scatter in the non-linear range of ka, the
main trends in the data discussed below appear to remain across the
whole range of the data, suggesting that the effect that the nonlinear
higher harmonics have on the floe motion is not great. Visual observa-
tions of the floe motion in each wave steepness indicated that green
water was only present at ka values ≥ 0.16. Therefore, the range of ka
where the floe response may be affected by nonlinear inputs is
ka ≥ 0.15, as shown on Fig. 11a–d.

Fig. 11(a) shows the drift velocities for square (Lc 30, b 5) and square
(Lc 20, b 5) normalised with wave celerity (Vd/c) as a function of wave
steepness ka, where k = wave number and a = wave amplitude. Also



Fig. 8. (a–f) A selection of video stills taken over one wave period of square (Lc 30, b 5) in regular waves of λ = 180 cm and H = 5 cm.
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shown is the Vd/c as calculated using Stokes theory. The drift in both
cases follows the quadratic relationship of the Stokes drift velocity
curve as a function of ka though the actual values are slightly greater.
The range of ka values where non-linear conditions are observed is an-
notated on Fig. 11(a–d). Square (Lc 30, b 5) presents slightly greater Vd
than the smaller square (Lc 20, b 5). The data in the range ka = 0–
0.16 agrees quite well with Huang et al. (2011) for their 20 cm sided,
4.5 cm thick square, and the trend appears to continue at the larger ka
values tested in this study. On a side note, the similarity between
these two models indicates that floe flexure appears to an extent, rela-
tively unimportant at the ka values tested; Huang et al.'s (2011) square
model is 0.5 cm thinner than square (Lc 20, b 5) yet still does not show
any appreciable difference due to being made of more compliant
polyethylene material. Fig. 11(b) shows the square (Lc 30, b 5), square
(Lc 30, b 5, r 2.5) and square (Lc 30, b 5, r 5) floe models, from which
there appears to be no influence on the Vd due to r. In Fig. 11(c) the ve-
locities for the rectangle (Lc 30 by 20, b 5, Lc normal) and triangle (Lc 30,
b 5, streamline normal) both appear to follow the Stokes curve reason-
ably well, which is also the case for square (Lc 20, b 5) (Fig. 11a). The in-
dication is that the smaller surface area that thesemodels present to the
incident waves acts to reduce Vd. This appears to show different behav-
iour to the results of Wake et al. (1987), who observed no effect of the
Fig. 9. (a–d) A selection of video stills taken over one wave period of
floe length parallel to the incident waves on Vd for floes of Lc ≫ λ, sug-
gesting that Lc has an effect at the lower Lc range investigated in this
study. In Fig. 11(d), the underwater ramand square (Lc 30, b 7.5)models
show significantly greater Vd than achieved by the square (Lc 30, b 2.5),
overhang and the Stokes curve. The shape of the curve also differs;
square (Lc 30, b 7.5) exhibits an approximately linear relationship
with kawhile underwater ram shows a concave quadratic relationship.
Interestingly, unlike underwater ram, the overhang floe follows the
trend of square (Lc 30, b 5) quite closely, indicating that the relationship
between ka and Lc as a function of b is quite complex. Our data is in
agreement with Huang et al. (2011) yet as they show for their data, it
appears to show the opposite trend to the theory given in Shen and
Zhong (2001) and Grotmaarck and Meylan (2006). There is no need
to repeat their analysis for this data, as the fact that observed Vd for
the square (Lc 20, b 5) reflects their 20 cm sided 4.5 cm thick square,
adds weight to their discussion showing that existing theory underesti-
mates the Vd. Despite best efforts, the motion of the floes is not entirely
linear; there is always some roll and sway, both of which will have an
effect on Vd/c. Roll is caused by the floe being orientated slightly non-
parallel to the incident waves. To quantify these modes of motion, the
average roll angle and sway displacement across each of the 5 wave cy-
cles from which the average of Vd/c is calculated (as described above),
square (Lc 30, b 5) in regular waves of λ= 40 cm and H = 5 cm.
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are given in Table 3. The values are very small suggesting that Vd/c
calculated from these runs is relatively unaffected by these modes.

Fig. 12(a–d) shows drift velocity as a function of λ with the same
H/λ = 0.044. The general trend is the same for all floe models; as λ
increases Vd decreases with respect to c until an asymptote is
reached at approximately λ N 200 cm. There are variations in values,
however; square (Lc 20, b 5) shows a Vd that is approximately 30–
50% lower than square (Lc 30, b 5) (Fig. 12a). From Fig. 12(b),
there is no variation due to r. Lower Vd is also observed for triangle
(Lc 30, b 5) and rectangle (Lc 30 by 20, b 5) (both with Lc normal
and parallel to the incident wave), suggesting that the smaller floe
size reduces Vd (Fig. 12c). In Fig. 12(d), the Vd of the square (Lc 30,
b 5, r 2.5), square (Lc 30, b 5, r 5) and square (Lc 30, b 7.5) is similar
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Fig. 11. a–d. Plots of Vd/c as a function of wave
until λ N 120 cm after which square (Lc 30, b 2.5) shows significantly
lower velocities. At λ N 60 – 120 cm the Vd of the overhang and under-
water ram models are greatly increased and decreased from square
(Lc 30, b 5) respectively. This suggests a large sensitivity of Vd due to
varying width of the model, as seen for wave steepness. The observed
peak at λ = 60 cm for the square floe models, as well as rectangle
(Lc 30 by 20, b 5) (Lc parallel) will be discussed in the next section.

3.5. Oscillating surge component

As shown in Fig. 10(b), the overall surge motion also includes an os-
cillatorymotion aswell as the drift discussed above. At longer λ this de-
scribes the maximum forward displacement, and at shorter λ describes
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steepness for several different floe models.



Table 3
The mean roll angle in degrees and sway in meters over the range of wave steepness for
the floes plotted in Fig. 11.

Floe Mean roll
Angle [°]

Mean sway [m]

Square (Lc 30, b 5) 0.008 0.018
Square (Lc 30, b 5, r 5) 0.126 0.012
Square (Lc 30, b 5, r 2.5) 0.138 0.016
Square (Lc 20, b 5) 0.056 0.002
Rectangle (Lc 30 by 20, b 5) Lc normal 0.054 0.002
Rectangle (Lc 30 by 20, b 5) Lc parallel 1.125 0.002
Triangle (Lc 30, b 5) 1.065 0.011
Square (Lc 30, b 7.5) 0.041 0.001
Square (Lc 30, b 2.5) 0.043 0.015
Overhang 1.118 0.005
Underwater ram 0.051 0.008 0 2 4 6 8 10
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Fig. 13. The oscillating and period-averaged drift surge components of the longitudinal
motion of the square (Lc 30, b 5) floe model as a function of λ/Lc.
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a period of greatest velocity achieved over one wave cycle. The
maximum displacement and velocity achieved within one wave cycle
is an important quantity in the calculation of instantaneous impact
forces. Fig. 13 shows the drift and oscillating surge components of
Square (Lc 30, b 5) as a function of λ/Lc. Atλ/Lc b ~5.3, the drift surge rep-
resents the maximum horizontal displacement during the wave cycle.
At λ/Lc N 5.3 this is characterised by the oscillating surge. Essentially,
in larger λ/Lc, the floemoves in particle-like orbitalmotions. This transi-
tion occurs between λ/Lc = 4.6–6 for all the models tested.

In the following sections, the surgewill be plotted showing themax-
imum displacement for each test condition within one period. Which
surge component represents this is dependent on λ and will be
discussed.

3.6. The estimation of maximum velocity and acceleration

Velocity and acceleration of a floe at the point of impact are impor-
tant quantities in the calculation of impact force through various
methods such as the Morison equation. Fig. 14 is a time series record
of surge displacement, calculated velocity and acceleration for square
(Lc 30, b 5) at T = 1.389 s, λ = 290 cm and H = 14.81 cm. Fig. 14
shows a phase difference in accordance to simple harmonic motion be-
tween displacement, velocity and acceleration as a function of time,
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Fig. 12. a–d. Plots of drift velocity as a function of r
which is typical for all models and wave parameters tested. The instan-
taneous VX for each cycle of motion occurs at the approximate mid-
point between any one trough and peak in displacement. For this floe
model, VX appears to be ≈0.3 m s−1. This represents a surge velocity
of 0.82 Vp (where Vp = theoretical particle velocity). Instantaneous
maximum absolute acceleration AX occurs when velocity is ≈0, and in
this case is ≈0.12 m s−2.

By plotting the time series displacement as in Fig. 14, the maximum
recorded instantaneous velocities VX and YV and acceleration AX and AY
are determined. Fig. 15 shows the calculated heave and surge velocities
for cube (Lc 20), square (Lc 20, b 5) and square (Lc 30, b 5) normalised
with particle velocity Vp according to linear wave theory. Note that for
cube (Lc 20), H/λ = 0.02 to prevent rolling, while for square (Lc 20, b
5) and Square (Lc 30, b 5)H/λ= 0.044. The trends in velocity are essen-
tially the same as for displacement. In heave motion floes reach 0.8 Vp

and greater at longer λ, with the shorter λ inhibiting the floe velocity.
The floes generally do not exceed fluid particle velocity, where as cube
(Lc 20) does significantly between λ/Lc= 5.3–12. VX remains at approx-
imately 0.7–0.9 Vp and increases slightly at longer λ. As the remaining
floe models calculated heave and surge velocities also followed the
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distribution of displacement, this data is not presented here. The under-
water ram and square (Lc 30, b 7.5) showed the highest velocities of the
remaining models. The interesting implication of this data is that floe
velocity does not exceed particle velocities at longer λ to the extent as
seen for cube (Lc 20) and the glacial ice models tested in Lever et al.
(1988a). The statement in ISO 19906 (ISO 2010) suggests “…Pieces of
icewithmaximumdimension less than 1/15 of the incidentwavelength
(i.e. λ/Lc ≥ 15) can be conservatively assumed to follow water particle
velocity…” In light of the present data, an additional, more conservative
statement might suggest, that the lower Lc limit be set to 1/5 of λ as al-
though velocities are not greater than Vp they appear to have reached an
asymptote well within 0.8 Vp and remain constant with increasing λ.
The presence of near particle-like velocities at shorter λ is an important
consideration for the design process.

As at λ/Lc N 5 the relative velocity VX/VP and VY/VP has reached an
asymptote (Fig. 15), the maximum absolute velocity occurs at the
longest wavelength λ = 290 cm as this is associated with the largest
H tested (H= 14.8 cm). Velocity and acceleration are then determined
from the average of fivemotion cycles after the floe has achieved quasi-
steady state (as in Fig. 14). These results are presented in Table 4 which
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also shows the extrapolated velocity and acceleration maximums that
would occur in the prototype (according to Froude scaling laws at a
1:100 scale ratio), and the approximate maximum kinetic energies the
floe may obtain. Along with square (Lc 30, b 5), data for square (Lc 30,
b 7.5) and underwater ram is shown as these presented the largest
velocities amongst all the tested floe models. The table also includes
extrapolations for shorter period waves of λ = 199 and 100 cm. The
extrapolation indicates that kinetic energies of 106 KJ in magnitude
are possible in the field.

4. The influence of wave and floe characteristics on kinematics

In the following section, greenwaterwas observed atλ≤ 160 cm for
all models during tests where λ/Lcwas varied and H/λwas constant. No
attempt wasmade to avoid green water, however, as the model is in si-
militude with the prototype scale. The occurrence of green water was
due to relatively steeper gradient in the water surface experienced by
the floe in shorter λ resulting in it being less able to move with the
water surface profile. For the wave steepness tests, where H/λ is varied
and λ is held constant, green water was observed for H/λ N 0.055. Very
small magnitude 2nd harmonics were observed in the wave time series
for all the wave conditions in the variable λ/Lc tests.

4.1. Effect of λ and H on model motion

λ and H may be thought to influence model kinematics in several
ways. Assuming model motion is the same as the sinusoidal motion of
the free surface, the heave and surge motions would have a linear
relationship with H in constant λ. That is, Y/H and X/H are independent
of H/λ. Changes in λ, however would subject the model to changes in c
in the deep water range, diffraction effects at shorter λ, and to opposing
wave particle motions at λ ≈ Lc.

Fig. 16 shows heave and surge RAOs for square (Lc 20, b 5) and
square (Lc 30, b 5) as a function of λ/Lc and H/λ. In Fig. 16(a), diffraction
of the incident waves by bothmodels occurs for λ/Lc b 5, and this region
is characterised by suppressed heave responses. At λ→ Lc, the floes pre-
sumably experience opposing vertical particlemotions further dampen-
ing the heave response. The heave response as a function ofλ/Lc shows a
rapid increase to an asymptotic value of approximately 0.9H from
λ/Lc ≥ 3.3 and λ/Lc ≥ 5 for square (Lc 30, b 5) and square (Lc 20, b 5) re-
spectively. This is similar to the field results of Frankenstein et al.
(2001), though their lack of direct Hmeasurements means that it is dif-
ficult to compare results with respect toH. Clearly here, the RAO at theλ
tested does not exceed 1 as observed by Frankenstein et al. (2001), and



Table 4
The heave and surge velocities and accelerations for selected models at selected T and λ, along with extrapolated prototype values.

Floe name λ [m] H [m] Vx [m s−1] VY [m s−1] Ax [m s−2] Ay [m s−2] VX/XP Vy/YP E [J]

Square (Lc 30, b 5) 2.89 0.148 0.29 0.3 0.1 0.14 0.82 0.89 0.17
Prototype 289 14.8 2.87 2.99 0.1 0.14 0.82 0.89 1.7E+07
Square (Lc 30, b 5) 1.99 0.096 0.18 0.22 0.08 0.12 0.67 0.82 0.07
Prototype 199 9.6 1.81 2.18 0.08 0.12 0.67 0.82 6.7E+06
Square (Lc 30, b 5) 1 0.048 0.15 0.13 0.05 0.09 0.78 0.71 0.04
Prototype 100 4.8 1.46 1.33 0.05 0.09 0.78 0.71 4E+06
Square (Lc 30, b 7.5) 2.89 0.133 0.27 0.29 0.11 0.14 0.86 0.97 0.15
Prototype 289 13.3 2.69 2.93 0.11 0.14 0.86 0.97 1.5E+07
Square (Lc 30, b 7.5) 1.99 0.085 0.18 0.23 0.07 0.12 0.76 0.77 0.07
Prototype 199 8.5 1.8 2.26 0.07 0.12 0.76 0.77 6.7E+06
Square (Lc 30, b 7.5) 1 0.041 0.15 0.15 0.14 0.11 0.93 0.94 0.047
Prototype 100 4.1 1.51 1.52 0.14 0.11 0.93 0.94 4.6E+06
Underwater ram 2.89 0.12 0.31 0.25 0.1 0.11 1 0.86 0.19
Prototype 289 12 3.08 2.54 0.1 0.11 1 0.86 1.9E+07
Underwater ram 1.99 0.082 0.22 0.17 0.08 0.09 0.75 0.76 0.1
Prototype 199 8.2 2.2 1.74 0.08 0.09 0.75 0.76 1.0E+06
Underwater ram 1 0.041 0.02 0.06 0.04 0.05 0.11 0.38 6.4E−04
Prototype 100 4.1 0.18 0.62 0.04 0.05 0.11 0.38 6.4E+04
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for icebergs by Lever et al. (1998a). The trend is a quadratic function.
While the trend is the same for bothmodels, it appears that Lc has an in-
fluence on when the asymptote will be attained. On closer inspection,
however, the asymptote is reached at the same λ = 100 cm for both
models, indicating the value and λwhere asymptote is achieved is inde-
pendent of Lc, which only affects the magnitude of the response before
asymptote is reached (Fig. 17a).

Fig. 16(b) shows the heave response as a function of wave steep-
ness H/λ. The value for square (Lc 20, b 5) is generally constant at ap-
proximately 0.9–0.95H. Y/H is b1 likely due to viscous dampening of
the heave motion during the wave cycle. The trend appears to in-
crease to a maximum at H/λ ≈ 0.05 before decreasing once more.
The same is observed for square (Lc 30, b 5) though the maximum
is achieved at H/λ = 0.025 and the following decrease with
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Fig. 16. The heave (a, b) and surge (c, d) RAO of square (Lc 30, b 5) and square (
increasing steepness is essentially linear and rapid. This may be
due to increased boundary layer shear and/or nonlinearity in the
incident waves at higher wave steepness ratios. Indeed, more
overtopping was observed at higher H indicating that the model
was experiencing momentary partial submergence at the peak and
trough of the wave which may also account for the lower Y/H ob-
served than at lower steepness values.

Surge (Fig. 16c) is greatest at λ/Lc = 2 and 3 for square (Lc 30, b 5)
and square (Lc 20, b 5) respectively before decreasing linearly with in-
creasing λ. Both floes reach a minimum RAO at a λ = 200 before grad-
ually increasing and exceeding unity. At λ N 180 cm, the waves are in
intermediate water depth, and therefore, they will follow elliptical or-
bits meaning the surge RAO ought to gradually increase beyond 1
with increasing λ (Masson and LeBlond, 1989). When plotted as a
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function of λ alone, the point and value of the surge asymptote (λ/Lc≈ 5
to 6, and X/H≈ 1 respectively), like for heave, are apparently not in-
fluenced by Lc (Fig. 17b). This region of λ/Lc = 5 to 6 also differenti-
ates the surge motion characterised by the oscillating surge
component (λ/Lc N 6) and the period-averaged drift (λ/Lc b 5). The
data implies that shorter λ tends to produce greater relative surge
motions, though the absolute surge motions at smaller λ are relative-
ly small compared to those at higher λ for both models. The location
of the peak surge is at λ = 2Lc = 0.6 m for both models, and is also
observed for various other models (as discussed later). Possible ex-
planations include: 1), inherent non-linearity in the wave genera-
tion process at λ/Lc ≤ 2; very short λ may be more susceptible to
friction and viscous losses in the flume, and 2), the effect of opposing
directional forces from separate waves being applied along the floe's
length at λ/Lc ≤ 2. However, neither suggestion adequately explains
the behaviour of square (Lc 20, b 5) which reaches a peak at λ/Lc =3.
The cause, therefore, remains unclear from the current data.

The surge response shows a linear and approximately monotonic
increase with H (Fig. 16d), though there is some scatter for square
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(Lc 30, b 5), particularly at lower H/λ. At this λ (=180 cm) the surge
is characterised by the oscillating component. The surge, however,
does not appear to be proportional to wave energy E = 1/8(ρgH2) as
the response would be a quadrupling of surge for a doubling of H. For
both models surge exceeds 1 at H/λ ≈ 0.06. Presumably, the trend
may continue to increase with increasing H at least until H/λ ≥ 0.17,
after which waves will break and the relationship may change.

4.2. Influence of b

Fig. 18(a) shows theY/HRAOof square (Lc 30, b 5), square (Lc 20, b 5)
and the cube as a function of λ/Lc. This demonstrates a fundamental dif-
ference in the heave response of the low b ice floe and a large b glacial
iceberg. The larger draught of the larger mass cube (Lc 20) renders it
sensitive to resonances in heave motion, manifest where Y exceeds
unity at approximately λ/Lc N 6. Square (Lc 20, b 5) is insensitive to the
same resonances and never exceeds a heave response of unity. The rea-
son for this appears to be b and not floemass (as the larger mass square
(Lc 30, b 5) heave response is the same as square (Lc 20, b 5)). The flat-
tened shape and lower b of square (Lc 20, b 5)may result in it being sub-
ject to smaller inertial restoring forces than cube (Lc 20); it appears to
act as a ‘cap’ on top of the wave thereby limiting its response. That is,
the floe experiences heave inputs at λ N Lc that, due to its relatively
large surface area, vary in magnitude across the surface of the floe,
something which cube's (Lc 20) larger b appears to be unaffected by.
At λ→ Lc, the floe would presumably experience opposing vertical par-
ticlemotions that would further dampen the heave response. If this was
truly an issue of floe mass, however, the larger mass square (Lc 30, b 5)
would be expected to present resonances; this is, however, not the case.
Its responses are the same as square (Lc 20, b 5), implying that the in-
creased b is the most important influence on the motion. Furthermore,
the floe would experience a greater portion of added mass as a result
of overtopping; of which the floe is much more susceptible too due to
its smaller freeboard in the same wave conditions as cube (Lc 20).

b is investigated further in Fig. 18(b) where heave responses of the
three Lc = 30 cm square (Lc 30, b 5) (b/Lc = 0.16), square (Lc 30, b
7.5) (b/Lc = 0.25) and square (Lc 30, b 2.5) (b/Lc = 0.083) are shown.
Both square (Lc 30, b 5) and square (Lc 30, b 2.5) showsimilarmonotonic
increasewith λ/Lc to an asymptote of approximately 0.9 by λ/Lc=4 and
6 respectively. The reduced b appears to result in a decrease in heave re-
sponse at lower λ. Square (Lc 30, b 7.5), however, shows a clear sensitiv-
ity to resonance in approximately the same range of λ/Lc as seen for
cube (Lc 20). The data suggests that an increase of b increases the
heave motion and a resonance-limiting b/Lc for square, straight sided
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floemodels of b/Lc b 0.25 is implied, though this ought to be treatedwith
caution due to the limited range of b/Lc tested. The increase in heave
response with increase in b is also observed in the theoretical study of
circular floes in the MIZ by Masson and LeBlond (1989).

Fig. 19 shows the surge RAOs for the same models as presented in
Fig. 18(a–b). Fig. 19(a) shows significant scatter in the surge response
of cube (Lc 20) as discussed in Section 3.1. From Fig. 19(b), the larger b
of square (Lc 30, b 7.5) increases its surge response between λ/Lc =
2.6 and 5.3 with respect to the thinner floe models. All three models
reach a similar asymptote from λ/Lc ≈ 6 of approximately 1. Again the
transition between the oscillating surge (λ/Lc N 6) and the period-
averaged drift surge (λ/Lc N 6) is observed. The presented data, in com-
parisonwith the theoretical study of Masson and LeBlond (1989), inter-
estingly does not show the same trend with thickness. They observed
for their circular floes in the MIZ that smaller values of b give greater
RAO for surge.

An ice floe whose b varies across its width (i.e., its sides are not ver-
tically straight) will experience significantly more changes to their wet-
ted surface area during the passage of a wave than a floe of uniform
width. Fig. 20(a–b) shows the heave and surge RAOs of the overhang
and underwater ram models which are intended to simulate floes
with an overhang and an underwater ram respectively. Lc is set as
30 cm for each model as this remains the longest length. Also shown
are the RAOs of square (Lc 30, b 5) and square (Lc 30, b 2.5) for
comparison.

The heave RAO for both the overhang and underwater ram floe
models show greater similarity with the square (Lc 30, b 2.5), than
they do with square (Lc 30, b 5); a delayed rise to asymptote and a sup-
pression in the resonance sensitive region between λ/Lc = 3.3–8. The
heave response of the underwater ram is the most suppressed at
λ/Lc b 8 while the overhang follows square (Lc 30, b 2.5) quite closely.
For the underwater ram, the floe model sits in the water with the sur-
face of the lower half covered completely indicating that added mass
of the water on top of this area may be suppressing the heave response.
Indeed, during the heave motion the amount of overtopping of the
upper half was observed to be significantly greater than with the
other models. In the case of the overhang floe, the fact that its heave re-
sponse is similar to square (Lc 30, b 2.5) rather than to square (Lc 30, b 5)
suggests that the upper 30 cm by 2.5 cm thick half of the model
dominates the motion. All models have reached the same asymptote
by λ/Lc ≈ 8.
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For the surge response (Fig. 20b), the overhang floe follows the ap-
proximate trend of square (Lc 30, b 5) and square (Lc 30, b 2.5) closely.
The underwater ram shows a different trend, reducing initially with in-
creasing λ/Lc to an asymptotic value of approximately 1.4 at λ/Lc ≥ 4.
This is a significant increase in the surge at longer λ in comparison to
the other models. The transition between the period-averaged drift
and oscillation surge components occurs at λ/Lc≈ 4 for the underwater
ram, notably sooner than for the other floes (whose transition occurs
within λ/Lc ≈ 5.3 to 6). A possible explanation is that due to the more
frequent submersion of the underwater ram it is less affected by friction
losses at the free surface in comparison to the other models, therefore
achieving a greater surge and higher velocity (see Section 3.6).

4.3. Influence of model shape

Prototype icefloes are randomly shaped; to investigate the influence
of shape onmotion response, a series of shape variationswere also test-
ed in variable λ/Lc. Fig. 21(a) shows the heave RAO for square (Lc 30, b
5), rectangle (Lc 30 by 20, b 5) and rectangle (Lc 30 by 10, b 5). The
rectangular floe models were tested with Lc parallel and normal to the
incident wave direction, though there is no data for rectangle (Lc 30
by 10, b 5) Lc normal as it rolled fully in this alignment, preventing mo-
tion capture. The heave response observed for the rectangle (Lc 30 by20,
b 5) (Lc normal) is similar to square (Lc 30, b 5). However, when Lc was
parallel to the incidentwave theheave response ismarkedly dampened,
and while the heave response increases with increasing λ, it is not as
clear whether the asymptote has been achieved within the range of λ
tested. The same is seen for rectangle (Lc 30 by 10, b 5) with Lc parallel,
indicating that heave motion is sensitive to incident wave alignment.
The differences are mainly confined to λ/Lc b 8, beyond which the vari-
ation is much lower.

The surge RAO for the samemodels is shown in Fig. 21(b). The tran-
sition between surge components is at λ/Lc=4.6 for rectangle (Lc 30 by
20, b 5) and 4 for rectangle (Lc 30 by 10, b 5). Rectangle (Lc 30 by 20, b 5)
with Lc parallel follows the trend in surge displayed by the square (Lc 30,
b 5) model; descending with increasing λ until λ/Lc ≈ 5 to 6 before in-
creasing to≈1. Both rectangle (Lc 30by20, b 5)with Lc normal and rect-
angle (Lc 30 by 10, b 5) with Lc parallel display suppressed responses at
λ/Lc b 6. One factor may be the choice of Lc; if this is regarded as the
length parallel to thewave then the rectangle (Lc 30 by 10, b 5) behaves
similarly to square (Lc 30, b 5) and square (Lc 20, b 5) (that is, if rectangle
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(Lc 30 by 20, b 5) is aligned with the 30 cm side normal to the incident
waves Lc is changed from 30 cm to the parallel length 20 cm, Fig. 22).
This implies that it is the surge motion that is not very sensitive to the
width of the floe with respect to the incident wave.

To investigate shape further, the heave and surge RAOs for the trian-
gular model (triangle (Lc 30, b 5)) are shown in Fig. 23. The heave and
surge RAOs show no discernible variation due to direction of incident
waves. Triangle (Lc 30, b 5) appears to be sensitive to heave resonances
at a similar range of λ/Lc = 3.3 to 8 as seen for the cubic and 7.5 cm
draughtmodels (Fig. 18a–b). This is an interesting observation as it sug-
gests that thickness is not the only influence on the suppression of
heave resonance responses. The surface area of the triangle is approxi-
mately 390 cm2 which is similar to square (Lc 20, b 5) whose surface
area is 400 cm2 and yet does not display heave resonances. Clearly cer-
tain shapes are more susceptible to heave resonance excitation than
others, perhaps due to nonlinearity in the heave restoring forces expe-
rienced by these non-square floes over their surface area. Surge appears
suppressed at lower λ for triangle (Lc 30, b 5) but decreases to a similar
asymptotic value with increasing wavelength. For all models (except
rectangle (Lc 30 by 10, b 5)) the largest of the two surge components
0 1 2 3 4 5 6 7 8 9 10
0.2

0.4

0.6

0.8

1

1.2

Y
/h

λ/Lc

λ/Lc

0 1 2 3 4 5 6 7 8 9 10
0.5

1

1.5

2

X
/h

Square (Lc 30, b 5)

Triangle (Lc 30, b 5), Streamline Normal

Triangle (Lc 30, b 5) Lc Parallel

(b)

(a)

Fig. 23. The heave (a) and surge (b) RAOof square (Lc 30, b 5), triangle (Lc 30, b 5) (stream-
line normal) and triangle (Lc 30, b 5), Lc parallel.
was the period-averaged drift at λ/Lc b 6 and the oscillating surge at
λ/Lc N 6. Meylan (2002) suggests that the motion of floes much smaller
than the incident λ should not depend strongly on shape variations,
mainly due to the fact that they will not flex. The data presented
above does indicate that individual floe shape does still play a signifi-
cant role in response for small floes in large λ.

5. Conclusion

This study differentiates itself from previous studies of floe kinemat-
ics in the MIZ by concentrating on small, isolated floes of varying thick-
nesses and shape. The floes were subject to regular waves of varying H
and λ in order to elucidate the kinematic response and identify floe
and wave parametric relationships that dictate the response in severe
sea conditions. Specifically this included; the heave and surge motions
and the influence of floe andwave variables on thosemotions; the exis-
tence and conditions of particle-like motion; the drift velocity, maxi-
mum velocity and accelerations achieved for particular floe and wave
variables.

To achieve this, a series of scale model tests were carried out. Firstly,
a validation of the Froude scaling criteria used was performed using
three square shaped models of different sizes. No dependence on scale
factor in heave and surge motions were observed. Tests of floe surface
roughness showed no clear dependence on motion either. Therefore
the scaled flume data may with caution be extrapolated to the equiva-
lent prototype using Froude scaling criteria.

Vd was found to increase from rest to a quasi-steady state relatively
quickly with wave steepness in an approximate quadratic fashion simi-
lar to Stokes drift. Vd is greater than the theoretical Stokes drift for the
larger models, with the smaller models drift predicted reasonably well
by Stokes. These observations are at odds with current theoretical pre-
dictions that suggest that drift is lower than Stokes. Vd appeared mar-
ginally sensitive to variations in model length, implying sensitivity to
model surface area. The most variability was observed in thickness
and width-variable thickness, and the relationship between wave
steepness and floe length as a function of b is quite complex. As a func-
tion of λ, Vd was found to decrease to an asymptote by approximately
λ ≈ 200 cm regardless of Lc. While the value of the asymptote was
sensitive to model shape, Lc, and b, roughness appeared to have no
observable effect.

Flow velocity trends matched the heave and surge displacements in
all model cases (though only square (Lc 30 b 5), square (Lc 20 b 5) and
Cube (Lc 20) were presented). Heave velocities were ≥0.8 Vp at λ/Lc N
5 while surge was 0.7 to 0.9 Vp at λ/Lc N 5 and increased marginally at
longer λ.

The heave and surge motions of the standard 5 cm thick square
models were similar as a function of λ/Lc; shorter λ corresponded to
lower heave responses and larger surge responses while in larger λ
the heave and surge increased and reduced respectively to asymptotic
values of approximately 0.9H. Asymptote was reached at λ ≈ 100 and
appeared independent of Lc. This, however, is based on a limited sample
of two models, and would require further investigation to confirm.

Heave as a function of H/λwas less clear; the expected response of a
linear increase in heave as a function of H was not observed. Instead
there appeared to be some variation, especially a lower response at
larger H/λ which was attributed to non-linearity in the incident
waves, and/or viscous forces. Surge, however, increases linearlywith in-
creasing H/λ, becoming N1 at approximately λ/Lc ≈ 0.06.

Variations in floe b were found to have a dramatic effect on surge
and in particular heave. For straight-sided square floes, relative thick-
ness, b/Lc b 0.25 was found to behave differently to b/Lc N 0.25 in that
there was an absence of heave resonances for the thinner floes, while
the thicker floes showed significant resonances leading to Y/H ≫ 1 in
the region of λ/Lc = 3.3 to 8 as seen for the cubic model. Floes with
widths that varied with b showed in some cases a large scatter in both
heave and surge resonances. This is likely due to the nonlinear restoring
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forces experiencedby thesefloemodels during theheave and surgemo-
tion cycles.

Variations in floe shape appear to influence themodelmotionmost-
ly at λ/Lc b 8, after which all models tended to the same asymptote,
(≈0.9H for heave and ≈1H for surge). In comparison to the cubic
model, the heave response was greatly suppressed for all floes. There
was some sensitivity in response with alignmentwith respect to the in-
cident waves, but the greatest variation was observed for floes that are
not straight sided, namely the triangle, and floes with varying widths,
particularly the underwater ram. These floes showed heave resonance
responses, likely due to nonlinearity in the heave restoring forces
along their more irregular wetted surfaces.

Comparisons of these results with the reasonably well understood
case of isolated iceberg kinematics show floe motion to have distinct
differences. This is due to the unique shape characteristics of sea ice
floes.

Acknowledgements

The authors gratefully acknowledge the financial support provided
by the Maritime and Port Authority of Singapore (MPA) Grant R-302-
501-006-490.

References

Arctic Climate Impact Assessment (ACIA), 2004. Impacts of a warming Arctic. Cambridge
University Press.

Arunachalam, V.M., Murrray, J.J., Muggeridge, D.B., 1987. Short term motion analysis of
icebergs in linear waves. Cold Reg. Sci. Technol. 13, 247–258.

Cole, D.M., 1998. Modelling the cyclic loading response of sea ice. Int. J. Solids Struct. 35
(31–32), 4067–4075.

DNV, 2010. Shipping across the Arctic Ocean — a feasible option in 2030–2050 as a result
of global warming? Position Paper 04–2010; 2010.

Frankenstein, S., Shen, H.H., 1997. Laboratory observations of ice–floe processes made
during long-term drift and collision experiments. Antarct. J. US 32 (4), 237–239.

Frankenstein, S., Loset, S., Shen, H.H., 2001. Wave–ice interactions in the barents sea mar-
ginal ice zone. J. Cold Reg. Eng. 15 (2), 91–102.

Frederking, R., Timco, G.W., 2000. Sea ice floe impacts—large-scale basin experiments.
Proc. ISOPE '00, 1, 656–662. International Society of Offshore and Polar Engineers
(ISOPE), Seattle, Wash., USA.

Goring, D.G., Nikora, V.I., 2002. Despiking acoustic doppler velocimeter data. J. Hydraul.
Eng. 128, 117–126.

Grotmaarck, R., Meylan, M.H., 2006.Wave forcing of small floating bodies. J. Waterw. Port
Coast. Ocean Eng. 132 (3), 192–198.

Harms, W., 1987. Steady wave-drift of modeled ice floes. J. Waterw. Port Coast. Ocean
Eng. 113 (6), 606–622.

Huang, G., Wing-Keung, A.L., Huang, Z., 2011.Wave-induced drift of small floating objects
in regular waves. Ocean Eng. 38, 712–718.

Hughes, S.A., 1993. Physical Models and Laboratory Techniques in Coastal Engineering.
World Scientific, Singapore, River Edge, NJ.

Isaacson, M., McTaggart, K.A., 1990. Modelling of iceberg drift motions near a large off-
shore structure. Cold Reg. Sci. Technol. 19, 47–58.

ISO 19906, 2010. Petroleum and Natural Gas Industries — Arctic Offshore Structures.
Kristensen, M., Squire, V.A., Moore, S.C., 1982. Tabular icebergs in ocean waves. Nature

297, 669–671.
Kwok, R., Rothrock, D.A., 2009. Decline in Arctic sea ice thickness from submarine and

ICES at records: 1958–2008. Geophys. Res. Lett. 36, L15501.
Lever, J.H., Diemand, D., 1985. Measurements of instantaneous motions of ice masses at

sea: 1984 pilot program. Proceedings of the 8th International Conference on Port and
Ocean Engineering Under Arctic Conditions. 2, Narsaaraauaq, Greenland.
Lever, J.H., Attwood, D., Sen, D., 1988a. Factors affecting the prediction of wave-induced
iceberg motion. Cold Reg. Sci. Technol. 15, 177–190.

Lever, J.H., Reimer, E., Diemand, D., 1988b. A model study of the wave-induced motion of
small icebergs and bergy bits. J. Offshore Mech. Arct. Eng. 110, 101–107.

Lever, J.H., Sen, D., Attwood, D., 1990. The influence of shape on iceberg wave-induced ve-
locity statistics. J. Offshore Mech. Arct. Eng. 112, 263–296.

Lever, J.H., Klein, K., Mitchell, D., Diemand, D., 1991. Wave-induced iceberg motion. Cold
Reg. Sci. Technol. 20, 11–23.

Masson, D., LeBlond, P.H., 1989. Spectral evolution of wind-generated surface gravity
waves in a dispersed ice field. J. Fluid Mech. 202, 43–81.

Meylan, M.H., 2002. Wave response of an ice floe of arbitrary geometry. J. Geophys. Res.
107 (C1), 3005.

Meylan, M.H., Squire, V.A., 1994. The response of ice floes to oceanwaves. J. Geophys. Res.
99 (C1), 899–900.

Meylan, M.H., Squire, V.A., 1996. Response of a circular ice floe to oceanwaves. J. Geophys.
Res. 101 (C4), 8869–8884.

Montiel, F., Bennetts, L.G., Squire, V.A., Bonnefoy, F., Ferrant, P., 2013a. Hydroelastic re-
sponse of floating elastic discs to regular waves. Part 1. Wave basin experiments. J.
Fluid Mech. 723, 604–628.

Montiel, F., Bennetts, L.G., Squire, V.A., Bonnefoy, F., Ferrant, P., 2013b. Hydroelastic re-
sponse of floating elastic discs to regular waves. Part 2. Modal analysis. J. Fluid
Mech. 723, 629–652.

Murray, J.J., Guy, G.B., Muggeridge, D.B., 1983. Response of modelled ice masses to regular
waves and regular wave groups. Proceedings of the International Conference on
Oceans, 2, San Fransisco, pp. 1048–1052.

Palmer, A., 2011. Moving on from ISO 19906: what ought to follow? Proceedings of the
21st International Conference on Port and Ocean Engineering under Arctic Condi-
tions. Port and Ocean Engineering under Arctic Conditions, Montreal, Canada.

Sakai, S., Hanai, K., 2002. Empirical formula of dispersion relation ofwaves in sea ice. Ice in
the Environment: Proc 16th IAHR International Symposium on Ice. Dunedin, New
Zealand. 2nd–6th Dec.

Shen, H.H., Zhong, Y., 2001. Theoretical study of drift of small rigid floating objects in
wave fields. J. Waterw. Port Coast. Ocean Eng. 127 (6), 343–351.

Shirasawa, K., Eicken, H., Tateyama, K., Takatsuka, T., Kawamura, T., 2009. Sea-ice-thick-
ness variability in the Chukchi Sea, spring and summer 2002–2004. Deep-Sea Res.
II 56, 1182–1200.

Squire, V.A., 2007. Of ocean waves and sea-ice revisited. Cold Reg. Sci. Technol. 49,
110–133.

Squire, V.A., 2011. Past, present and impendent hydroelastic challenges in the polar and
sub-polar seas. Phil. Trans. R. Soc. A 369, 2813–2831.

Squire, V.A., Dugan, J.P., Wadhams, P., Rottier, P.J., Liu, A.K., 1995. Of ocean waves and sea-
ice. Annu. Rev. Fluid Mech. 27, 115–168.

Timco, G.W., 2011. Isolated floe impacts. Cold Reg. Sci. Technol. 68, 35–48.
Timco, G.W., Weeks, W.F., 2010. A review of the engineering properties of sea ice. Cold

Reg. Sci. Technol. 60, 107–129.
Timco, G.W., Federking, R.M.W., 1996. A review of sea ice density. Cold Reg. Sci. Technol.

24, 1–6.
Toyota, T., Hass, C., Tamura, T., 2011. Size distribution and shape properties of relatively

small sea-ice floes in the Antarctic marginal ice zone in late winter. Deep Sea Res.
Part II 58, 1182–1193.

Turner, J., Marshall, G.J., 2011. Climate Change in the Polar Regions. Cambridge University
Press, Cambridge, U.K.

U.S. Geological Survey (USGS), 2008. Circum-Arctic resource appraisal: estimates of un-
discovered oil and gas north of the Arctic circle. U.S. Geological Survey Fact Sheet
2008–3049.

Wadhams, P., Kristensen, M., Orheim, O., 1983. The response of Antarctic icebergs to
ocean waves. J. Geophys. Res. 88, 6053–6065.

Wake, A., Poon, Y.-K., Crissman, R., 1987. Ice transport by wind, wave, and currents. J. Cold
Reg. Eng. 1, 89–103.

Wang, C.D., Meylan, M.H., 2004. A higher-order-coupled boundary element and finite el-
ement method for the wave forcing of a floating elastic plate. J. Fluids Struct. 19,
557–572.

Wehausen, J.V., 1971. The motion of floating bodies. Annu. Rev. Fluid Mech. 3, 231.
Williams, T.D., Squire, V.A., 2006. Scattering of flexural–gravity waves at the boundaries

between three floating sheets with applications. J. Fluid Mech. 569, 113–140.
Xie, H., Acklet, S.F., Yi, D., Zwally, H.J., Wagner, P., Weissling, B., Lewis, M., Ye, K., 2011. Sea-

ice thickness distribution of the Bellingshausen Sea from surface measurements and
ICESat altimetry. Deep-Sea Res. II 58, 1039–1051.

http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0165
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0165
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0005
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0005
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0170
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0170
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0175
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0175
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0015
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0015
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0010
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0010
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0180
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0180
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0180
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0020
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0020
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0025
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0025
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0030
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0030
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0035
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0035
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0185
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0185
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0045
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0045
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0190
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0050
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0050
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0195
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0195
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0200
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0200
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0200
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0065
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0065
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0070
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0070
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0075
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0075
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0080
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0080
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0205
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0205
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0085
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0085
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0090
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0090
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0095
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0095
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0210
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0210
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0210
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0215
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0215
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0215
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0220
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0220
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0220
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0225
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0225
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0225
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0230
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0230
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0230
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0115
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0115
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0120
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0120
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0120
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0235
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0235
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0125
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0125
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0240
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0240
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0245
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf9000
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf9000
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0130
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0130
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0135
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0135
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0135
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0140
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0140
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0250
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0250
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0250
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0255
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0255
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0145
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0145
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0260
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0260
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0260
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0150
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0155
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0155
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0160
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0160
http://refhub.elsevier.com/S0165-232X(14)00059-7/rf0160

	Experimental study on kinematics of sea ice floes in regular waves
	1. Introduction
	2. Experimental method
	2.1. Ice model and wave scaling
	2.2. Test conditions
	2.3. Experimental procedure
	2.4. Data processing

	3. Initial results and analysis
	3.1. Validation of test
	3.2. Influence of Re and r
	3.3. Time series motion of floe models
	3.4. Determination of drift velocity Vd
	3.5. Oscillating surge component
	3.6. The estimation of maximum velocity and acceleration

	4. The influence of wave and floe characteristics on kinematics
	4.1. Effect of λ and H on model motion
	4.2. Influence of b
	4.3. Influence of model shape

	5. Conclusion
	Acknowledgements
	References


