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ABSTRACT 
 
This paper examines the experimental data on ice floes collisions from 
the HYDRALAB+ Transnational Access project: Loads on Structure 
and Waves in Ice (LS-WICE). The paper quantifies the contribution 
from ice-floes collisions to wave energy attenuation. Time-domain and 
different frequency-domain analysis techniques are applied to analyse 
the data. Two different methods are proposed to identify collision 
contacts. Results of the different methods are generally similar and they 
show that the wave energy dissipated by collisions is approximately 
10% of the total energy loss. In addition, collisions between ice floes 
induced by waves are nearly perfectly inelastic. 
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INTRODUCTION 
 
A consequence of global climate change is the dramatic decrease in sea 
ice volume and area of extent in the Arctic Ocean (Stopa, 2016, 
Thomson et al., 2016). This results in larger open water areas (i.e. 
longer fetches) available for the generation and growth of ocean surface 
waves. Due to the presence of sea ice, these waves will be scattered, 
refracted, attenuated (Wadhams et al., 1988, Sutherland and Rabault, 
2016, Li et al., 2017), and they will experience shoaling and a change 
of their lengths. Concomitantly, the waves will move the sea ice, break 
it up (Kohout et al., 2014), accelerate its melting and contribute to the 

formation of pancake ice (Shen and Squire, 1998).  
 
Waves and ice interact with each other in a coupled and nonlinear 
manner. Many of the interaction processes and phenomena are not yet 
fully understood. One of these processes is collisions between ice floes 
forced by the waves. It is known that collision of ice floes contributes 
to wave energy attenuation especially when there is a high 
concentration of ice floes (McKenna and Crocker, 1992, Bennetts and 
Williams, 2015, Shen and Squire, 1998). However, dissipation 
mechanism and its percentage are less known.  
 
Research pertinent to collisions of ice floes has a long history and dates 
back to 1980s. Martin and Becker (1987, 1988) concluded that 
collisions between ice floes reappeared with swell period using field 
measurements performed at Greenland Sea and Bering Sea. The 
association between wave forcing and collisions implied that the 
collision is caused by wave action (McKenna and Crocker, 1990). 
Historically, collisions are considered to be induced by differential drift 
velocities between adjacent floes (Shen and Ackley, 1991, Frankenstein 
and Shen, 1993, Shen and Squire, 1998). Contrastingly, McKenna and 
Crocker (1992) considered that out-of-phase surge motions bring 
adjacent floes into contact. Besides, collision can also occur due to out-
of-phase pitch motion if the separations between ice floes are small 
(Bennetts and Williams, 2015). Therefore, drift, surge and pitch motion 
amplitude and phase of floes, together with separation between floes 
determine the occurring of collisions (see Bennetts et al., 2014, Meylan 
et al., 2015). 

Fig. 1  Locations of measurement instruments and the setup of the ice tank. P1 – P12 denote pressure sensors. S1 and S2 represent ultrasound sensors. 
Dark blue lines and dashed dark blue lines illustrate the approximated field view of two GoPro cameras and one Axis camera, respectively. Green dots 
show the positions of 12 reflectors. Grid lines depict the boundaries of ice floes. Violet markers demonstrate the locations of two IMU units (Tsarau, 
2016) 
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Recently, Yiew et al. (2017) reported three classes of collision 
phenomena in a laboratory study. These collision phenomena are: 1) 
continuous periodic collisions, 2) no collision, and 3) colliding only at 
initial phase and stayed apart afterwards. The determining factors for 
collisions from their study are ratios between wave amplitude and 
separations of floes, along with ratios between wavelength and 
characteristic dimension of floes. 
 
In this paper, we examine an experimental data set from the 
HYDRALAB+ Transnational Access project: Loads on Structure and 
Waves in Ice (LS-WICE), conducted at Hamburgische Schiffbau-
Versuchsanstalt Gmhh (HSVA) by researchers from Norway, USA, 
Poland and Germany. The project was designed for four research 
directions: 1) wave attenuation/dispersion in broken ice fields, 2) ice 
floe collisions under wave action, 3) wave-induced ice fracture and 4) 
wave induced ice-structure interaction. For detailed descriptions of the 
LS-WICE project, the reader is referred to Cheng et al. (2017), Herman 
et al. (2017) and Tsarau et al. (2017). The findings related to collisions 
of floes induced by regular waves are reported herein. Specifically, 
collision signatures in displacement and acceleration signals are 
presented. Two different methods for estimating collision durations are 
proposed. Comparisons of three techniques for determining wave 
amplitude and period are shown. Furthermore, wave energy dissipated 
by collisions of floes is shown to be significant. Restitution coefficients 
are also calculated and indicate nearly perfect inelastic collisions.  
 
EXPERIMENTAL SETUP 
 
Fig. 1 shows the setup of the experiment. At the start of the ice tank 
(i.e., before 20 m position), the ice was removed to allow waves to 
fully develop (see Fig. 2). At the other side of the tank, a wooden 
parabolic dissipation beach was installed to absorb incoming wave 
energy. In total, 12 pressure sensors were installed to study wave 
attenuation, wave dispersion relations and wave reflection. Two 
ultrasound sensors were deployed in the area free of ice to quantify 
waves reflected from the ice edge. The sampling rate of these sensors 
was 50 Hz. Two Inertial Measurement Unities (IMUs) were installed 
and they measured the three orthogonal translational accelerations of 
two ice floes (floes #7 & #10, see Figs. 3~4) with varying sampling 
frequency. The characteristic sampling frequency of IMU6 is: mean 
value 91.11 Hz with standard deviation 4.04 Hz. In contrast, non-
contact motion-tracking system, Qualysis, measured three-dimensional 
spatial positions of 12 reflectors (light weight balls painted with 
reflecting materials) at a fixed frame rate of 100 Hz. These reflectors 
were positioned longitudinally on upper surface of ice floes, aligning 
with incident wave propagation direction, with 50 cm in between. The 
effects from the weights of these reflectors on the rigid body motions 
and flexures of ice floes were neglected (for brevity, see Yiew et al. 
(2017) for the arguments). In addition, three cameras were mounted to 
monitor the waves propagating into ice. Two wide-angle GoPro 
cameras were installed on the wall of the refrigerated room. One Axis 
camera was fixed on the ceiling of ice tank and it provided a bird view 
of activities in ice tank. It is worth mentioning that since IMUs and 
cameras were not connected to central integrated and synchronized data 
acquisition system, considerable amount of work is needed afterwards 
to properly post-process the data. 
 
To produce a broken ice field for the experiment, firstly the intact ice 
sheet was loosened from the tank sidewalls by cutting ~10 cm strips. 
Afterwards, electrical saws were used to cut the ice to uniform 
rectangular floes with dimensions of 1.5 m along the sidewalls of the 
tank and 1.63 m in the transverse direction.  
 
In the experiment, water and ice properties were measured several 

times to obtain reliable values. Density of ice was derived from the 
forces needed to submerge regular shaped ice blocks into a container 

filled with water. The measured ice density was i = 914 – 918 kg/m3. 

Using hydrometer, the density of water was measured as w = 1005.5 

kg/m3. Young’s modulus of ice given by mechanical test was 41 – 77 
MPa.  
 
The tank was filled with water to a depth of 2.45 m. Target waves had 

an amplitude of a = 0.0125 m and a wave period of T = 2 s. The 

tested waves were linear. The steepness corresponding with open water 
condition was 0.0127, i.e., over one order of magnitude smaller than 

weakly nonlinear waves, 0.21ak  with k  denoting wave number 

(Yiew et al., 2017).  
 
Numbering of floes, reflectors and IMUs are depicted in Fig. 3.  
Hereafter, reflectors and floes with same numberings are used 
interchangeably. Positive x direction of acceleration measurements of 
IMUs, motions of reflectors and wave propagation direction are 
illustrated in Fig. 4. 
 

 
Fig. 2  Ice edge, ultrasound sensors and pressure sensors 

 

 
Fig. 3  Numbering of ice floes, reflectors and IMUs. 

 

 
Fig. 4  Coordinate system used by the IMUs and the Qualysis system. 
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COLLISION SIGNATURE AND COLLISION FREQUENCY 
 
Collision frequency is defined here as the number of collisions taking 
place on the same side of one ice floe in one second. In order to 
estimate collision frequency, collision signatures in the measured 
signals should be identified. Normally, collision evidences are found in 
acceleration measurements in a plane parallel to still water surface (e.g. 
McKenna and Crocker (1992)) and also in the measurements of 
horizontal positions (e.g. Yiew et al. (2017)).  
 
By examining the data from the IMUs and the Qualysis system, we find 
that surge, heave and pitch are the predominant rigid body motion 
modes of ice floes. The other three modes, i.e. sway, roll and yaw are 
negligible. This is consistent with our experimental setup, i.e., 
unidirectional propagating monochromatic waves, rectangular shape of 
floes with uniform size, and flat bottom ice tank. Furthermore, flexures 
are not visually discernible from observations made during experiment 
and video recordings. Neglecting flexures is corroborated by the fact 
that wavelength   is more than three times larger than floes size (see 
section WAVE ATTENUATION for estimates of wavelength) and ice 

floe is rigid (flexural rigidity 3220 Pa×m ). Consequently, rigid body 
motions of floes can be determined directly from those of the reflectors.   
 
Fig. 5 shows the displacements in x-direction of four adjacent ice floes 
obtained from the Qualysis system. In the figure, the overlaps 
representing continuous collision contacts are clearly seen between 
neighbouring ice floes. As mentioned above,   is three times larger 

than the floe size. In addition, the ratio of the initial separation to a  is 

close to 1. This is similar to the cases for continuous collisions 
presented by Yiew et al. (2017). Henceforth, if not stated explicitly, 
displacement, velocity and accelerations are referred to motions in x 
direction. Fig. 5 shows also that the displacements of ice floes are 
negative, suggesting that floes drifted back towards wave maker. This 
is not discussed further herein.   
 
Fig. 6 shows the displacement, velocity and acceleration time series for 
floe #7. The strongest collisions can be identified from the 
displacement signal (upper panel of Fig. 6) as the minima of each 
trough and the convex points between two neighboring troughs (see 
also Fig. 5 and markers in Fig. 8). In the middle panel of Fig. 6, large 
gradients in the velocity time series demonstrate collisions. 
Correspondingly, peak values of accelerations shown in lower panel of 
Fig. 6 indicate strongest collisions. As a cross-check, acceleration 
measurements from IMU6 overlying acceleration estimates are shown 
in Fig. 7. The acceleration estimates in Fig. 7 are made by employing 
MATLAB FIR differentiator (MathWorks, 2017) to post-process the 
displacement data from the Qualysis system. Fig. 7 shows that the time 
instants of strongest collisions in acceleration measurements and 
acceleration estimates match quite well. It should be noted that though 
IMU6 was placed on a transversely bordered floe, video recordings 
revealed that floes moved in phase with each other. From videos, it is 
seen that original cutting lines across tank almost stayed straight during 
test.  
 
In this paper, we tested the following four approaches to identify  
collisions in the measured signals :  

1) Approach#1: using acceleration data measured by IMUs, 
collision instants are identified by locating the accelerations 
that exceed a threshold value of 0.28 m/s2 ; 

2) Approach#2: using estimated accelerations by using the 
displacements obtained from Qualysis system, collisions are 
identified by locating the accelerations that exceed a 
threshold value of 0.28 m/s2;   

3) Approach#3: using displacements provided by the Qualysis 
system, collisions are identified here by locating the time 
instants associated with minimum distances (gaps) between 
adjacent floes (see Figs. 8~9);  

4) Approach#4: using displacement data from the Qualysis 
system, collisions are identified here by locating the zero-
downcrossings of the distance (gap) between adjacent floes 
(see Fig. 9). 

 
Fig. 8 shows that the outcomes of the first 3 approaches coincide with 
each other reasonably well. In Fig. 8, some secondary collisions 
subsequent to primary collisions are depicted by Approach#1 and 
missed by the other approaches. These secondary collisions are 
neglected in the current study. Fig. 9 compares the results of 
Approaches #3 and #4, and Fig. 10 shows the collision frequency 
estimated from these two approaches. It is evident that the collision 
frequencies estimated by using these two approaches agree well with 
other and match well the wave forcing frequency 1 / T = 0.5 Hz. 

 
Fig. 5  Displacement in x-direction of four adjacent ice floes. 

 
 

 
Fig. 6  Displacement, velocity and acceleration of floe #7 in x-
direction. Red line in middle panel denotes the velocity estimated 
directly as the ratio between displacement difference and time interval 
between two adjacent sampling points. Blue lines in middle and lower 
panel represent velocities and accelerations determined by using 
MATLAB FIR differentiator on displacement time series, respectively. 
Green dashed lines in middle and lower panel indicate zero reference 
line of velocity and acceleration, respectively. Dashed lines crossing 
three panels show strongest collisions in each collision duration. 
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Fig. 7  Acceleration time series of floe #7 in x-direction. Blue line (ac7) 
and red line (ad7) stand for the acceleration measurement provided by 
IMU6 and acceleration estimation from displacement by using 
MATLAB FIR differentiator, respectively. 
 
 
 
 
 
 

 
Fig. 8  Displacement of ice floe #7 in x-direction with markers 
indicating collision events detected by different approaches. Red filled 
circles are the result of Approach#1 (acPeak, with threshold of the 
measured acceleration set to 0.28 m/s2); black filled triangles are the 
result of Approach#2 (adPeak, with threshold of the derived 
acceleration set to 0.28 m/s2); green filled squares are the collisions 
identified for floes #4 and #7 by using Approach#3; grey filled 
diamonds are the collisions detected for floes #10 and #7 by utilizing 
Approach#3. 

 

 
 

 
Fig. 9  Displacement in x direction of three adjacent floes and gaps 
between them. Upper panel shows the displacements in x-direction of 
floes #1, #4 and #7. Red and blue lines in middle and lower panels 
represent gaps between floes (#1 and #4) and between floes (#4 and 
#7), respectively. Green filled squares are zero-downcrossings of gaps 
between floes (#1 and #4).  Magenta filled diamonds are zero-
downcrossings of gaps between floes (#4 and #7). Green filled circles 
are the minimum of the gap in each collision duration between floes 
(#1 and #4). Magenta filled triangles are the minimum of the gap in 
each collision duration between floes (#4 and #7). Light blue dashed 
lines in middle and lower panel denote zero reference line of gaps. 

 
 

 
Fig. 10  Collision frequency. Blue cross gives mean collision frequency 
by using Approach#3. Red square is the mean collision frequency 
determined by Approach#4. Half length of error bar stands for one 
standard deviation of estimates. Light blue dashed lines are 0.49 Hz 
and 0.51 Hz reference lines. LC represents collision occurs on the wave 
maker side of the floe. RC denotes collision happens on the beach side 
of the floe. 
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ENERGY DISSIPATED BY COLLISIONS 
 
Inelastic collisions between neighboring floes dissipate wave energy. 
The loss of wave energy due to collisions is calculated as the difference 
between kinematic energy of floes before and after collisions (see Eqs. 
1~2). The total kinematic energy of one ice floe KE is 
 

2 2 21 1 1

2 2 2
x z y yKE Mv Mv I                                                    (1) 

 
where KE (J) is the total kinematic energy of the ice floe, M (kg) is the 

mass of the floe, xv and zv (m/s) are the floe translational velocities in 

surge (x) and heave (z) directions, respectively; yI ( 2kg×m ) is the 

moment of inertia about the transverse axis (y) that goes through the 
center of gravity (COG) of ice floe, y is rotational velocity about axis  

y (i.e. pitch velocity).  
 
Kinematic energy dissipated because of collisions is 
 

 post preKE KE KE                                                                           (2) 
 

where preKE and postKE  are the kinematic energy of floes before and 
after collisions, respectively. 
 
In order to quantify the amount of energy dissipated by collision 
between floes, it is necessary to determine the pre- and post- collision 
velocities. Note that the time interval between these two velocities 
define the collision duration. Two methods are employed here to 
estimate collision velocities and duration. Method#1 uses the velocities 
at the 10th data points before and after the collision point. Method#2 
assumes that linear momentum in the surge direction is always 
conserved, i.e. before and after the collision. Using this as the criterion, 
pre- and post-collision velocities were estimated as demonstrated in 
Fig. 11 together with Eq. (3). 
 

, ,
n n

x m x mP Mv                                                                                          (3) 

                                                                                                                                           

where ,
n

x mP  is the linear momentum of floe n  in surge (x) at time 

instant m , ,
n
x mv is the surge velocity for floe n  at time instant m . 

 
Fig. 11  Sketch for illustrating Method#2 to identify pre- and post- 
collision velocities, hence collision duration. Green filled diamond is 
the collision detected by Approach#3. Orange filled circles show the 
data points ranging from 5th to 20th before and after the collision.  Right 
hand side of the figure is the pseudo code to explain Method#2. 
 
Collision durations identified by Method#1 in acceleration and velocity 
time series show that the interval determined seems to include ample 
points for collision contacts (not shown here). Collision durations 
determined by using Method#2 are illustrated in Fig. 12. The middle 

panel in Fig. 12 show that we capture collision durations quite well. On 
the other hand, the lower panel showed that the identified collision 
durations encompass part of accelerating and decelerating phases. By 
comparing the collision durations identified by Method#1 and 
Method#2, we find that it appears that Method#2 is more reasonable for 
representation of the initiations and cessations of collisions in velocity 
and accelerations time series. 

 
Fig. 12  Collisions identified by using Approach#3, and collision 
durations determined by utilizing Method#2, used for calculating 
energy loss. Green filled squares are the collisions identified between 
floes #4 and #7. Grey filled diamonds illustrate the identified collisions 
between floes #7 and #10. Black and magenta circles are the identified 
pre- and post-collision time instants for floes #4 and #7, respectively. 
Similarly, black and magenta triangles denote the pre- and post-
collision time instants detected for collisions between floes #7 and #10, 
respectively. 
 
Since IMUs utilized in this experiment only measured translational 
accelerations, we have to resort to translational displacement data to 
estimate pitch velocity. This is performed according to Eq. (4) 
 

 
1 1 1 11

2 2

ii ii ii ii ii ii
z z z z z z

y

v v v v v v

d d d


      
   

 
                             (4) 

 

where y is the pitch velocity of the floe, 1ii
zv  , ii

zv  and 1ii
zv   are the 

heave velocities for the three different reflectors positioned on the ice 
floe, see Fig. 13. d  is the distance between these adjacent reflectors as 
shown in the same figure.  

 
Fig. 13  Sketch for positive pitch motion of ice floe. Origin of local 
coordinate system is situated at the upper surface geometric center of 
ice floe. Distance between the neighboring reflectors is d . The position 
of ice floe relative to wave maker and absorbing beach is also shown. 

 
For floe #12, we had only one reflector installed. Therefore the pitch 
motion for this floe is assumed trivial. In addition, we calculate the 
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pitch velocities of all the floes by assuming floes pitch with respect to 
the transverse axis that passes through the surface geometric center of 
ice floes rather than COG (as shown in Fig. 13). We believe this is 
reasonable, substantiated by the fact that ice floes were thin (around 36 
mm).  
 
Now we have the pre- and post-collision velocities in surge, heave and 
pitch direction for all the floes. Eqs. 1~2 are then applied to estimate 
the energy loss due to collisions of ice floes.  The cumulative amount 
of wave energy lost by inelastic collisions between ice floes #4, #7, #10 
and #12 per wave cycle was presented in Fig. 14. Results from both 
aforementioned methods to identify starting and ending of collisions 
have the same general trend. After initial transition, the energy loss 
fluctuates around -0.025 J/m2 before reflected waves arrived (before 
wave cycle 20). 
 

 
Fig. 14  Energy dissipated by collisions between ice floes. Dashed lines 
are results by taking pre-collision and post-collision velocities 
estimated by Method#1. Solid lines are results based on Method#2. 

 
Restitution coefficients e  (e.g. Brach (1984)) calculated by using Eq. 
(5) are shown in Fig. 14.  
 

1
, ,

1
, ,

n n
x pos x pos

n n
x pre x pre

v v
e

v v









                                                                                  (5) 

 

where ,
n
x prev  and ,

n
x posv  are the pre- and post-collision surge velocities 

of floe n . Similarly, 1
,

n
x prev   and 1

,
n
x posv   are the pre- and post-collision 

surge velocities of floe 1n  .  
 
Method#1 leads to unphysical negative restitution coefficients because 
of including both accelerating and decelerating in the collision 
durations identified. In comparison, Method#2 seems to produce 
acceptable restitution coefficients. However, it should be noted that 
Method#2 fails to identify collision durations at wave cycles 1, 15 and 
16 for floes #4 and #7, and at wave cycles 23, 24 and 29 for floes #7 
and #10, which results in negative restitution coefficients. This failure 
is attributed to  

1) large discrepancy between collisions identified by using 
Approach#2 and Approach#3; 

2) two consecutive primary collisions, i.e. one collision between 
floes #4 and #7 and one collision between floes #7 and #10, 
border with each other in time domain after arrival of 
reflected waves; 

3) both evident accelerating and decelerating are included in the 
collision durations identified; 

4) effects from secondary collisions. 
 
The failure rate for Method#2 to identify collision durations is 10%. 
Regarding obvious deviations of collisions identified by Approach#3 
from Approach#2, collisions are identified by Approach#2 instead. 
According to the peaks in the derived accelerations, we modify the 
collision durations determined at the wave cycles mentioned above to 
include only either accelerating or decelerating. Results presented in 
Figs. 14~15 already include these modifications.  
 
Accounting for measurement errors and estimation errors of velocities, 
collisions of ice floes forced by waves in this test setup are close to 
perfectly inelastic collisions (see Fig. 15), which are justified by video 
recordings, whereby bordering floes during contact are shown moving 
together. 
 

 
Fig. 15  Restitution coefficients estimated for collisions between floes 
#4 and #7 (blue lines), and between floes #7 and #10 (red lines).  
Dashed lines are results by using Method#1. Solid lines are results 
produced by Method#2. Black dashed line at zero level represents 
perfectly inelastic collisions. 

 
WAVE ATTENUATION 
 
Wave attenuation is expressed normally in two ways, either in terms of 
wave energy or wave amplitude (Rogers et al., 2016). Normally, wave 
energy is evaluated as the temporal average of the sum of kinematic 
energy and potential energy in one wave period. Assuming linear wave 

theories, wave energy per unit area is 20.5 w ag   (see e.g. Faltinsen 

(2005)). It can be seen that wave amplitude is needed to be determined. 
 
Herein, three different techniques are used to analyze the data from the 
ultrasound sensors (see Figs. 1~2) in order to estimate the amplitudes 
of generated waves in the different test runs. These techniques are 
period amplitude analysis, MATLAB fft function (hereafter referred to 
as FFT) and MATLAB pwelch built-in function. Note that the former 
two methods were also used by others in previous laboratory studies on 
waves propagating in covered waters (see e.g. Dolatshah et al. (2017) 
and Sree et al. (2017)). The results of open water tests are given in Fig.  
16. It is found that period amplitude analysis gives best estimates of 
wave amplitudes. Both FFT and pwelch underestimate wave amplitude 
for the most of test runs. Regarding wave period (not shown here due to 
limitations of the pages), pwelch gives best estimates. Both period 
amplitude analysis and FFT overestimate wave period. However, 
relative error of period estimations from period amplitude analysis is 
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smaller than that of FFT, and within 5% threshold.  
 
Considering the fact that US1 and US2 ultrasound sensors positioned at 
15 m and 15.5 m from wave maker, hence the decrease of wave 
amplitude because of friction effect can be neglected. It follows that 
amplitudes measured by US1 and US2 should not deviate greatly from 
the aimed wave amplitudes.  
 
Therefore, period amplitude analysis is the most suitable technique for 
analyzing the wave data in this experiment, on condition that the 
interval selected for analysis is steady sinusoidal and sufficiently long. 

 

 
Fig. 16  Wave amplitudes estimated from measurements of ultrasound 
sensors (US1 and US2). Green circles are targeted wave amplitudes. 
Red filled diamonds are period amplitude analysis results. Blue filled 
triangles are results produced by using MATLAB pwelch built-in 
function. Magenta filled squares give results obtained by using FFT. 
 
The steps for period amplitude analysis techniques are as follows (use 
P11 and P12 pressure measurements as an example).  

1) select steady-state interval of pressure time series 
2) remove potential spikes and substituting interpolated data for 

these spikes 
3) choose the part of pressure measurements that are free from 

reflected waves 
4) intersect pressure measurement parts selected by steps 1) and 

3) 
5) apply forth order Butterworth bandpass filter 
6) employ zero-crossing method to identify each wave period 
7) use MATLAB function findpeaks to find local maxima and 

minima in each wave period (or MATLAB function min and 
max) 

8) subtract minima from maxima 
9) take averages of the results from step 8) 

 
Steps 1) and 3) are illustrated in Fig. 17. Obvious reflections are 
observed from 115 s – 145 s in Fig. 17. Preliminary reflection analysis 
of open water test by using the method proposed by Goda and Suzuki 
(1977) shows that reflected wave amplitude is 20 – 30 % of incident 
wave amplitudes. It suggests that step 3) is necessary.  
 
Four sub-step procedures in step 3) were applied here to avoid 
incoming waves being contaminated by reflected waves: 3.1) determine 
the steady-state interval without evident corruption due to reflected 

waves by visual inspection, 3.2) visually identify the time instants wave 
arrived at P11 and P12, 3.3) calculate the time needed for waves to 
travel the round trip between measuring positions and absorbent beach 
(Huang et al., 2011), using the formula 2 / gt L C , where L is the 

distance between sensors and toe of absorbent beach, gC  is the group 

velocity determined by / (4 )gC gT   for deep water conditions; 3.4) 

intersect the fragment of measurements determined by sub-step 3.1) 
and that determined by sub-steps 3.2) and 3.3).  
 
Using period amplitude analysis, wave amplitudes based on 
measurements from pressure sensors P1–P12 were estimated. However, 
one more step is required to compensate for submergence of pressure 
sensors. The relevant theory and applications are elaborated in the 
followings.  
 
According to linear wave theory, the formula for wave elevation 
(Faltinsen, 1993) is  
 

 
cosh( )

sin( )
cosh ( )

d
a

w

p kH
kx t

g k z H
  



  
    

  
                                  (6) 

 
where  (m) is wave elevation at water surface, a (m) is wave 

amplitude, x (m) is longitudinal coordinate in the direction of incoming 

wave,   (rad/s) is wave angular frequency, t (s) is the time, dp  (Pa) 

is the dynamic pressure at water depth z (m), and z  points upwards 
with origin situating at still water level, w (kg/m3) is the water density, 

g (m/s2) is gravitational acceleration, k is wave number, H (m) is the 

water depth to bottom of tank. 
 

Pressure sensors P1 to P12 gave the total pressure / ( )tot wp g  . After 

subtraction of static component / ( )s wp g , s wp gz  , the dynamic 

constituent / ( )d wp g is obtained. Submergence effect is then 

eliminated by using Eq. (6) for pressure measurements.  
 
By averaging the time series of pressure sensors (prior to filtering) 20 
seconds before the arrival of waves, submergence is determined with 
reasonable accuracy [Shen, personal communication].  
 
In Eq. (6), wave number k at this stage is unknown. Considering the 
fact that P11 and P12 were collocated, it implies that wave elevation 
derived from P11 and P12 should be the same if submergence effect is 
corrected. The peak values in Fig. 18 give the estimates of wave 

amplitude a . Utilizing Eq. (6), the ratio between dynamic pressure 

measurement from P11 ( 11
dp ) and P12 ( 12

dp ) are  

 
1212

11 11

cosh ( )

cosh ( )
d

d

k z Hp

p k z H

  
  

                                                                  (7) 

 
which is the ratio of the peak values between upper panel and lower 

panel of Fig. 18. Wave number k (corresponding to wavelength 

  5.32 m) then is determined by solving Eq. (7) through plotting 
method. In comparison with 6.16 m wavelength in open water, waves 
are shortened because of the ice cover. 
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Fig. 17  Dynamic pressure of P11 and P12 with steady-state interval 
selected for period amplitude analysis being marked by a pair of black 
dashed lines. Data from P12 are shifted upwards 0.02 m to aid 
visualization. The data of P11 and P12 presented here are from 
experiment test of ice floe collisions under wave actions.  

 
Following the same approach, we obtained amplitude spectrum for  

/ ( )d wp g  of P7 and P8 (see Fig. 19), which located at 36.23 m and 

41.63 m respectively. Results from period amplitude analysis are (0.49 
Hz, 0.01206 m) for P7 and (0.49 Hz, 0.009634 m) for P8, as denoted by 
red filled diamonds shown in upper and lower panel of Fig. 19, 
respectively. The average loss of energy then is calculated by 
 

8 2 7 21
( ) ( )

2
w a aE g                                                        (8)   

            

where 7
a  and 8

a  are wave amplitudes derived from pressures 

measured at P7 and P8.  
 
By inserting the results form period amplitude analysis for P7 and P8, 

water density w =1005.5 kg/m3 and gravitational acceleration g = 

9.81 m/s2, we obtain E = -0.259 J/m2. E  is comparable to the 
amount of energy dissipated by collisions for each wave cycle 
presented in Fig. 14. Only one wave cycle passed through P7 and P8 in 
one wave period, in view of the  = 5.32 m, being close to 5.4 m 
distance between P7 and P8.  
 

 
Fig. 18  Amplitude spectrum for / ( )d wp g of P11 and P12.  Blue lines 

are FFT results. Red filled diamonds are period amplitude analysis 
results. 

 

 
Fig. 19  Amplitude spectrum for / ( )d wp g  of P7 and P8. Blue lines 

are FFT results. Red filled diamonds are period amplitude analysis 
results. 
 
For collisions without effect from reflected waves (before collision 
cycle 20 in Fig. 14), collision contributes 6% - 14% for the loss of 
wave energy. As a remark, the underestimates of amplitudes by FFT 
shown in Figs. 18~19 are attributed to spectral leakage phenomena in 
frequency domain analysis, resulting from finite observations (Proakis 
and Manolakis, 2006). 
 
CONCLUSIONS 
 
One experimental data set in the extensive LS-WISE project has been 
analyzed for investigating collisions between floes forced by regular 
incident waves. Collisions between four neighboring ice floes, 
instrumented with reflectors and two IMUs while having pressure 
sensors deployed nearby, are examined by mainly using position 
measurements.  
 
Reasonable agreement is found between collisions identified by using 
minimum gap between floes and IMU acceleration measurements. 
Comparisons between acceleration measurements and derived 
accelerations from displacement measurement show that MATLAB 
differentiator estimates accelerations reasonably well. Two approaches 
are applied to identify collision durations. It is shown that the 
Method#2 appears more reasonable, though the energy losses caused 
by collisions calculated subsequently from the two methods are similar. 
Energy loss because of collisions in this study quantifies as 
approximately -0.025 J/m2, around 3.4% of incident wave energy in 
open water and 10% of total wave energy loss in the regions covered by 
the four neighboring ice floes. It implies that wave energy dissipated by 
collisions are significant. Restitution coefficients estimated suggest that 
collisions of ice floes forced by waves are nearly perfectly inelastic, 
consistent with visual observations. Analysis of open water tests shows 
that period amplitude analysis is superior to FFT and MATLAB pwelch 
for estimating wave amplitudes in this experiment. However, it should 
be noted that the findings presented in this study are based on one 
experimental data set.  
 
In order to obtain more reliable results, more experimental data sets are 
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needed to be analyzed. More advanced and well-proven data analysis 
techniques may be applied. As mentioned in the beginning, the analysis 
work is arduous and therefore the work presented herein is limited due 
to time constraints. However, analysis of these extensive laboratory 
data set is ongoing. A more in-depth analysis including more test runs 
will be presented in near future. 
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