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A B S T R A C T

Laboratory-scale experiments on ice-structure interaction process in shallow water were per-
formed by pushing a ten-meter-wide ice sheet against an inclined structure of the same width.
Seven experiments were performed in three series: In one of the series, the compressive and
flexural strengths were both about 50 kPa, in the two other test series the ice strength was
two and four times higher. The ice thickness was about 50 mm in all experiments. The loading
process showed two phases: the ice load on the structure (1) first increased linearly with a rate
that was constant for all experiments, after which (2) the loading process reached a steady-state
phase with approximately constant load. The magnitude of ice loads was not proportional to
ice strength, as the weakest ice yielded higher loads than the ice having twice its strength. The
ice rubble grounded in all experiments, but the bottom carried only a small portion of the load.
The load records could be normalized by a factor combining the weight and the characteristic
length of the intact ice. Based on the normalization, a model explaining the loading process was
derived; the weight of the incoming ice has a dominant role during phase (1), while buckling
explains the change in the process to phase (2) when the ice is strong enough. The loading
process for the weakest ice was different from that for the other two ice types used. For example,
instead of forming a rubble pile consisting of distinct ice blocks, weakest ice formed a dense
pile of slush. The normalized ice load data highlighted the differences in the loading process.

1. Introduction

Ice loads on offshore structures are due to an ice-structure interaction process. In the case of an inclined structure, the process
tarts by an intact ice sheet moving against the structure and failing into ice blocks, which form an ice rubble pile. Many offshore
tructures, such as ice barriers, artificial islands, and platforms, are wide and operate in shallow water. Under these conditions,
he rubble pile grounds, that is, it comes into contact with the seabed. Grounding may affect the ice loading process and it has
een suggested that grounded rubble piles protect the structure from high ice loads, since the loads are partially transmitted to the
eabed [1–3]. Such observations are from conditions, where freezing could have occurred between the ice blocks of the rubble. In a
case of a pristine and continuous ice loading process with no consolidation, however, grounding may increase in magnitude of ice
loads [4].

Model-scale testing is the state-of-the-art method for predicting the performance of and the ice loads on structures in ice.
When compared to full-scale experiments, model-scale experiments allow a control of variables, are less expensive, and easier to
perform. There are, however, limitations to model-scale testing to and scaling of the results to full-scale. Model-scale testing involves
conditions of similitude and the assumption that a model ice can reproduce the mechanical behavior of full-scale ice. Model-scale
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testing techniques and the scalability of the model-scale results are reviewed by Riska et al. [5] and von Bock und Polach and
Ehlers [6], whereas the properties of model ice are discussed, for example, by Zufelt and Ettema [7], Li and Riska [8], and von Bock
und Polach et al. [9,10].

Several field observations of grounded rubble piles, formed both against a shore or an offshore structure, have been made,
s summarized by Barker and Timco [11]. However, observations on the rubbling processes in shallow water are rare [12,13].
aboratory-scale experiments on shallow water ice-structure interaction have been conducted earlier by several authors. In their
xperiments on the rubble field formation around a sloping island, Yoshimura and Inoue [14] focused on the general characteristics
f the ice loading process and on the ice loads. The experiments showed that the ice sheet failed irregularly and non-simultaneously
gainst the gravel island and the rubble formation process around the gravel island in the model tests was found to have realistic
ailure characteristics. The flexural strength was varied only between 12⋯ 14 kPa, but the effect of it was not reported. Timco
et al. [15], on the other hand, investigated the load transmission through the rubble pile on a vertical structure and a submerged
berm. In their experiments, the flexural strength was varied between 10⋯ 41 kPa and no clear trend in the load apportioning of
the strength was observed. The experiments indicated that very small horizontal forces are primarily transmitted to the berm, but
as the applied force increases, the load became mainly applied on the structure. Karulin et al. [16] studied the effect of the water
depth and ice thickness on the rubble pile-up in front of a caisson-type platform and on the ice loads acting on it. They observed
increased structure loads during the initial stage of the interaction process in shallow water, when compared to experiments in
deep water. The ice strength was not varied in their experiments. Evers and Weihrauch [17] and Repetto et al. [18,19] performed
model-scale tests on different types of ice barriers in order to evaluate their performance and to establish design ice loads. Evers
and Weihrauch [17] varied the thickness of the ice, but used a constant ice strength, while Repetto et al. [18,19] varied the flexural
strength of the ice between 35⋯ 110 kPa. Repetto et al. [19] found a linear trend between block size and ice thickness, but no
clear effect of the flexural strength on the ice block size and breaking length was observed. However, the flexural strength was
varied simultaneously with the ice thickness and thus, it was not straightforward to examine the effect of flexural strength alone.
Furthermore, Serré et al. [20,21] and Lu et al. [22] studied the load distribution, failure mechanisms and parameter effects on a
downward sloping offshore structure. In their experiments, a variation of 46⋯ 58 kPa in the flexural strength did not lead to any
difference in the loads and in the accumulation of ice rubble.

The width of the structure in all of the aforementioned experiments was smaller than 1.5 m. Timco [23], on the other hand,
studied the effect of different parameters, such as structure width, ice thickness and the flexural strength of ice, on the loads on
a wide upwards sloping structure based on model-scale experiments in deep water. In their experiments, the flexural strength of
the ice was varied between 4⋯ 68 kPa, but an increase in the flexural strength showed only very sight increase in the ice loads.
Bridges et al. [24] performed experiments on a structure of the width 5 m. In their experiments, the water depth was kept constant
at 0.33 m, while the ice thickness varied between 0.04⋯ 0.06 m and the flexural and compressive strength between 43⋯ 83 kPa and
76⋯ 148 kPa, respectively. Unlike the other authors, Bridges et al. [24] observed that an increase in ice strength clearly increased
the maximum pile height and ice encroachment length.

As mentioned above, previous model-scale experiments on shallow water ice-structure interaction have been conducted on
structures with widths below 1.5 m. Although Bridges et al. [24] performed experiments with a wider structure, their focus was on
ice encroachment and no ice loads were measured. In addition, the previous laboratory-scale work on shallow water ice-structure
interaction, even when the ice strength have been varied, have been conducted with ice having the flexural strength of about 100 kPa
at maximum. The largest variation in the flexural strength within a single campaign of all the previous model-scale experiments
was by Repetto et al. [18,19]. Reported results on experiments with systematic ice strength variation in a larger range do, however,
not exist.

This paper provides new experimental insight on ice-structure interaction process in shallow water. The work is based on a series
of model-scale experiments performed in the Aalto Ice Tank. In the experiments, an ice sheet was pushed against an inclined, 10 m
wide, structure (Fig. 1a–c). The horizontal load acting on the structure was recorded and the interaction process monitored and
analyzed. Three test series with different ice properties were conducted: In one of the series the compressive and flexural strength
of ice was ∼50 kPa; in the two other series, the ice was two and four times stronger. The ice thickness in all experiments was about
50 mm.

The novelty of the present study is the very wide structure — the ice thickness to structure width ratio was 1:200. This allows
a study on a nearly two-dimensional ice accumulation process. Even if the structure is not a prototype of a real structure, its width
and inclination angle are comparable to ice barriers in shallow water areas such as the Caspian Sea. As described above, previous
model-scale work on shallow water ice-structure interaction have been conducted with ice having the flexural strength of about
100 kPa at maximum. We believe that such ice might lead to the ice rubble pile, forming during the interaction process, to consist
of slush rather than individual ice blocks. Full-scale ice rubble piles, however, are often likely to consist of individual ice blocks,
rather than slush. Thus, the ice strength in the presents study, was systematically varied in a fairly wide range, which exceeded the
values in the previous laboratory-scale experiments. We also believe that, even if the effect of ice strength on the ice loads on a
shallow water structure have not previously been observed, with a sufficient range of ice strengths, an effect might be found.

This paper has the following structure. Section 2 describes the experimental set-up, testing procedure, ice properties and
instrumentation. Section 3 presents the results from the experiments. In Section 4, the results are analyzed, discussed, and compared
2

with earlier studies. Section 5 ends the paper with conclusions.
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Fig. 1. Experimental set-up: (a) main dimensions and instruments, (b) general overview and (c) the pushing plate at the far end of the ice sheet strip used to
move the ice.

2. Methods

2.1. Experimental set-up

The experiments were performed in the Aalto Ice Tank, equipped with a retrievable false bottom. Figs. 1a–c describe the
experimental set-up and Table 1 summarizes the instruments used. The structure was 10 m wide, 1 m tall, and it had a freeboard
of 0.5 m. The inclination angle of the structure was 60◦ and the structure width to ice thickness ratio was ∼200; the structure
was designed to be as wide as practically possible with a goal to mimic a two-dimensional ice accumulation scenario. The ice was
moved against the structure by a pushing plate with a width equal to that of the structure (Fig. 1c). Sideways motion of the ice
was constrained by vertical plexiglass panels on each side of the structure. The water depth was selected based on results from
two-dimensional finite-discrete element simulations conducted by Lemström et al. [4], so that the rubble pile would have room to
grow, yet also ground in all experiments.

The structure consisted of ten identical one-meter-wide segments, each mounted on an aluminum beam attached to one side
3
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Table 1
Summary of the instrumentation used in the experiments.
Type of instrument Model Location Range Resolution [Hz] Function

Data acquisition system QuantumX MX410B – – – Collection of data
Horizontal load cells HBM: PW29C3 Segments 0–1000 kg 2400 Ice loads on segments
Horizontal load cells Tedea-Huntleigh: Model 620 False bottoms 0–500 kg 2400 Ice loads on bottoms

Table 2
Test matrix. 𝐻𝑖 is the ice thickness, 𝜌𝑖 is the ice density, 𝜎𝑓 is the flexural strength of the ice, 𝜎𝑐 is the compressive strength of the ice, 𝐸 is the elastic modulus
and 𝐿𝑚𝑎𝑥 is the total length of ice pushed against the structure.
ID 𝐻𝑖 [mm] 𝜌𝑖 [kg/m3] 𝜎𝑓 [kPa] 𝜎𝑐 [kPa] 𝐸 [MPa] 𝐿𝑚𝑎𝑥 [m]

W-1 50 926 44 46 107 23.2
W-2 52 928 50 51 112 19.7
W-3 52 934 42 54 103 21.6
M-1 50 916 109 121 387 25.3
M-2 51 920 108 130 328 25.9
S-1 52 915 211 214 2023 25.7
S-2 52 909 197 261 1529 24.6

and aluminum plates attached behind them. The segments were coated with 1 mm thick stainless steel sheets to provide a realistic
surface for the structure. The ice-structure friction coefficient was measured to be about 0.1. The horizontal load on each segment
was measured independently by a uni-axial S-shaped load cell, installed at the interface of the segment and the beam. The global
load on the entire structure was taken as the sum of the ten segments. Segments and the mountings of the load cells were sufficiently
stiff for the set-up to be considered rigid under the measured loads.

The false bottom reached approximately 4 m away from the structure (Fig. 1a). The bottom was made of plywood covered with
a polypropylene carpet. The aim in using the carpet was to exaggerate the bottom friction in shielding the structure from ice loads.
The friction coefficient between the bottom and the ice was measured to be 0.55. The horizontal load acting on the false bottom
was measured by S-shaped, uni-axial load cells at its interface with the side wall of the basin. The load cells were pre-stressed to
the side wall with springs. The structure was further equipped with a 1.25 m long horizontal encroachment zone (Fig. 1b).

2.2. Ice properties and test procedure

The experiments were performed with granular ice, produced following the standard techniques of the Aalto Ice Tank [8] and
tempered for achieving target ice properties. The ice was grown in a continuous process, where a fine mist of 0.3% ethanol-doped
water was uniformly sprayed into the −10⋯ −16 ◦C ambient air above the basin to form ice, layer-by-layer, until the desired ice
thickness was reached. The air temperature for tempering the ice was determined according to the target ice strength.

Table 2 summarizes the ice properties in the experiments which consisted of three test series: W, M, and S. In series W, ice with
the flexural and compressive strength of ∼50 kPa was used, whereas in series M and S, ice with approximately two and four times
higher strength, respectively, was used. The test series W, M and S are thus referred to as ‘weak’, ‘medium’ and ‘strong’. Table 2
shows the ice thickness, 𝐻𝑖, ice density, 𝜌𝑖, flexural strength, 𝜎𝑓 , compressive strength, 𝜎𝑐 , elastic modulus, 𝐸, and the maximum
length of ice pushed against the structure, 𝐿𝑚𝑎𝑥, for each experiment. The target thickness for all ice sheets was 50 mm. The ice–ice
friction coefficient, measured separately in all experiments, varied between 0.1⋯ 0.15.

The flexural strength of the ice was measured using the in-situ cantilever beam method recommended by the International
Towing Tank Conference (ITTC) [25]. Fig. 2 shows an example of the force–time curve for an experiment with ice in the W, M and
S series. The dimensions of the cantilever beams follow the ITTC guidelines. The compressive strength was also measured in-situ
by loading short cantilever beams axially until ice failure. The force was recorded and the compressive strength was calculated
from 𝜎𝑐 = 𝑓∕𝑏𝐻𝑖, where 𝑓 is the force at failure, 𝑏 the width of the ice beam, and 𝐻𝑖 the ice thickness. The length and width
of the beams in the compressive strength measurements were both equal to the ice thickness within the range of ±1 mm. The
compressive strength test and measured failure load might be influenced on the beam dimensions [25] and, thus, the measured
compressive strength cannot be considered as an absolute value. The elastic modulus was measured with the infinite plate test, also
as recommended by ITTC and which is common practice in all model test basins. Model ice has previously been observed to exhibit
non-linear behavior under flexural loading [6,9,26]. Slight non-linearity can also be observed in the graphs of Fig. 2. Furthermore,
the weak ice appear to bend more before failure, than the medium and strong ice (Fig. 2). The elastic modulus could also be
determined using the cantilever beam test method [25], which von Bock und Polach et al. [9] suggest that should be preferably
used instead of the infinite plate method. The displacements during the flexural strength experiments were, however, not measured
and the results from the cantilever beam experiments cannot be used to calculate the elastic modulus here. It should, however, be
noticed that the elastic modulus determined by using cantilever beam tests might be lower than those yielded by infinite plate tests.

Before each experiment, a strip of ice of width of the structure was sawn out of the surrounding ice sheet. During an experiment,
the strip was pushed against the structure with a constant velocity of 0.05 m∕s. The ice sheet surrounding the strip was left in
place to offer support in case the strip would have shown sideways motion. However, visual observations and the results from the
experiments showed that there was virtually no contact between the pushed ice strip and the surrounding ice field. The ice edge
facing the structure was cut into an irregular form (Fig. 5a and e).
4
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Fig. 2. Force–time plots of cantilever beam experiments with the three different ice types. The displacement was not measured in the experiments, but the
velocity of the plunger was 5 mm/s.

3. Results

3.1. Load–displacement records

The horizontal ice load, 𝐹 , as a function of the length of ice pushed against the structure, 𝐿, for each experiment is shown in
Fig. 3. The similarity of the load records from the experiments in each series indicates good repeatability of the tests. The load
records demonstrate two distinct phases: (1) At the beginning of each experiment, 𝐹 increases more or less linearly. The slope of
this increase was equal in all the tests. During this phase the ice sheet failed against the structure and the rubble pile in front of the
structure grew. (2) The latter part of each experiment is characterized by a steady-state phase with an approximately constant ice
load. Comparison of the load and video recordings of the tests showed that the steady-state phase started when the ice sheet started
to fail against the edge of the rubble pile, and not against the structure anymore. The highest peak loads were measured during the
second phase.

Fig. 4 shows the horizontal bottom load, 𝐹𝑏, for three experiments with weak, medium and strong ice. Initially, 𝐹𝑏 is zero as
the ice piling against the structure has not reached the bottom. This grounding starts at 𝐿 ≈ 4 m, and after that the loads increase
monotonically until at 𝐿 ≈ 8 m they start to decrease. After 𝐿 ≈ 11 m, the load records diverge and reflect the individual failure
rocesses. In general, the loads transmitted to the bottom are low compared with the loads on the structure. In the case of weak
ce, the load on the bottom fluctuates between positive and negative values. A negative value means the load is acting away from
he structure. With strong ice, at 𝐿 ≈ 17 m, an abrupt increase in 𝐹𝑏 can be observed. This matches a sudden decrease in the load
o the structure in Fig. 3(c): The ice load becomes suddenly transferred from the structure to the bottom.

.2. Maximum and average loads

Table 3 shows the maximum loads on the structure and the bottom, 𝐹 𝑝 and 𝐹𝑏
𝑝, respectively. As described in Section 3.1, the

load records show two phases, an increasing load at the beginning of an experiment, followed by a steady stage. Table 3 gives also
the mean load during the steady-state phase for the structure and the bottom, 𝐹 𝑎𝑣𝑔 and 𝐹𝑏

𝑎𝑣𝑔 , respectively. The beginning of the
teady-state phase was estimated visually. Additionally, the table presents the ratios 𝐹𝑏

𝑝∕𝐹 𝑝 and 𝐹𝑏
𝑎𝑣𝑔∕𝐹 𝑎𝑣𝑔 .

Table 3 shows that even if the highest loads were measured with the strongest ice, higher loads were measured with the weak
ce than with the medium ice — although both the flexural and the compressive strength of the weak ice were only about half of
hose of the medium ice. Interestingly, the ice loads were not directly proportional to the ice strength. As will be discussed below
n detail, the failure mode of the ice in this ice-structure interaction event was affected by the ice strength.
According to Table 3, the bottom loads follow the same trend as the structure loads. The peak bottom loads for test series W

nd S were larger than those for test series M. However, the mean bottom loads during the steady-state phase were highest for the
trong ice and lowest for the weak ice. As Fig. 4 shows, with weak ice 𝐹𝑏 fluctuated between negative and positive values, which
leads to low 𝐹𝑏

𝑎𝑣𝑔 .
If the grounded ice rubble was to protect the structure from high loads, the loads from the incoming ice sheet should be

transmitted to the bottom. Table 3, however, demonstrates that both 𝐹𝑏
𝑝 and 𝐹𝑏

𝑎𝑣𝑔 are small when compared to 𝐹 𝑝 and 𝐹 𝑎𝑣𝑔 .
The ratio 𝐹𝑏

𝑝∕𝐹 𝑝 varies in the range 0.16⋯ 0.36 and the ratio 𝐹𝑏
𝑎𝑣𝑔∕𝐹 𝑎𝑣𝑔 in the range 0.05⋯ 0.36. The bottom, thus, carried only a

small portion of the horizontal load.
5
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Fig. 3. The horizontal ice load, 𝐹 , plotted against the length of pushed ice, 𝐿: (a) weak, (b) medium, and (c) strong ice. The load records show two phases: First
𝐹 increases linearly and then settles into a steady-state with an approximately constant value. The dashed lines in the figures will be addressed in Section 4.1.

Table 3
Measured loads. 𝐹 𝑝 and 𝐹𝑏

𝑝 are the peak loads on the structure and the bottom, respectively. 𝐹 𝑎𝑣𝑔 and 𝐹𝑏
𝑎𝑣𝑔 are the mean loads acting on the structure and

the bottom during the steady-state phase of the experiment, respectively.
ID 𝐹 𝑝 [N] 𝐹𝑏

𝑝 [N] 𝐹𝑏
𝑝∕𝐹 𝑝 𝐹 𝑎𝑣𝑔 [N] 𝐹𝑏

𝑎𝑣𝑔 [N] 𝐹𝑏
𝑎𝑣𝑔∕𝐹 𝑎𝑣𝑔

W-1 15540 4640 0.30 9190 490 0.05
W-2 19230 3010 0.16 11610 1830 0.16
W-3 15790 5020 0.32 8600 390 0.05
M-1 12700 3280 0.26 8560 1820 0.21
M-2 12700 4600 0.36 7820 1540 0.20
S-1 20 560 5520 0.27 11030 3920 0.36
S-2 24 690 5910 0.24 13750 3100 0.23
6
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Fig. 4. The horizontal ice load on the bottom, 𝐹𝑏, from experiments with weak, medium and strong ice, as functions of the length of ice pushed against the
tructure, 𝐿.

.3. Visual observations

Figs. 5 and 6 present snapshots from experiments W-1 (with weak ice) and S-1 (with strong ice). Additionally, examples of the
orphology of the final rubble piles are presented in Fig. 7. As the figures show, the ice block size and the morphology of the
ubble piles were influenced by the ice strength. Compared to test series W, the ice blocks in test series M and S were larger, and
he piles were formed by distinct ice blocks and pores. The rubble piles consisted of rafted ice pieces both above and below water
ine (Fig. 7b). In the tests with weak ice, the top layer of the rubble consisted of small blocks but the interior of the piles consisted
f a slush-like substance (Fig. 7a). The average edge-to-edge dimension of the blocks in test series W, M, and S were approximately
.2, 0.40 and 0.5 m, respectively, while the largest measured blocks, respectively, exceeded widths of 0.6, 0.8 and 0.90 m.
Ice encroachment, the process of ice accumulating on top of the structure, occurred in all of the experiments. As Figs. 5 and 6

show, the amount of encroached ice increased with ice strength. The strong ice started to encroach soon after the start of a test due
to ride-up, that is, ice fragments were pushed along the structure all the way to its top by the incoming ice, and continued until
about 15 m of ice was pushed (Fig. 5). With the weak and medium ice, encroachment occurred during the intervals 4 m < 𝐿 < 9 m
Fig. 5) and 2 m < 𝐿 < 12 m, respectively. In the case of the weak ice, the encroachment occurred only through pile-up, that is,
he incoming ice broke into ice blocks, which accumulated into a rubble pile that eventually reached the height of the structure.
xperiments with medium and strong ice showed encroachment through both, pile-up and ride-up. As discussed in Section 3.1, the
ce started to fail against the rubble pile as the steady-stage period started (Fig. 3). Logically, this also seems to be approximately
he time instance, after which no more ice encroachment occurred.

.4. Rubble pile geometries

Fig. 8 presents top and side views of the rubble piles at the end of experiments W-1, M-1 and S-1. The side profiles above water
escribe the average of three profiles: one from the both ends and one from the middle of the structure (points 𝑌 = 0 m, 𝑌 = 5 m
and 𝑌 = 10 m of Fig. 8a). The side profiles below water illustrate the profiles at point 𝑌 = 10 m only.

As Fig. 8 shows, the rubble piles after experiments M-1 and S-1 were similar in length and height, whereas the rubble pile after
experiment W-1 was shorter and slightly lower than the other two. As the amount of ice pushed into the piles is known, the rubble
porosity can be estimated by using the side profiles. The rubble porosity was 0.33 for experiment W-1, whereas for M-1 and S-1,
the porosity was 0.42 and 0.48 respectively. As described above, medium and strong ice led to rubble piles with distinct ice blocks,
whereas the piles formed by the weak ice consisted also of very small particles, or slush (Fig. 7). Additionally, Fig. 8 shows the
difference in ice encroachment between ice types. Experiment S-1 shows extensive encroachment, whereas experiment W-1 had
virtually no ice on top of the structure. The geometry of the rubble piles at the end of the other experiments in the three test series
were similar to the ones in Fig. 8.

Fig. 9 shows how the rubble piles grew during experiments W-1 and S-1. The side profiles illustrate the piles on the vertical plane
at 𝑌 = 10 m only, that is, at the left end of the structure. There was some variation in the pile profiles throughout the structure
width, but the side profiles in the figure give a fair representation of the pile geometry. For both the experiments, the volume of the
rubble pile is not changing much between 𝐿 = 8 m and 𝐿 = 16 m. The rubble pile appears first to grow in volume, then get more
compact, and then again grow in volume. This development of the rubble can also be observed in porosity, as calculated from the
side profiles. At 𝐿 = 8 m, the porosities are 0.46 for W-1 and 0.49 for S-1. When 16 m of ice has been pushed against the structure,
the porosities are reduced into 0.21 for W-1 and 0.25 for S-1, after which the porosities increase again: into 0.33 for W-1 and into
0.50 for S-1.
7
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Fig. 5. Snapshots of the rubble pile-up (top view) during experiments W-1 and S-1, when 0, 8, 16 and approximately 24 m of ice has been pushed against the
tructure.
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Fig. 6. Rubble piles at the end of experiments W-1 and S-1 performed with weak and strong ice, respectively.

Fig. 7. The morphology of the final rubble piles with (a) weak ice and (b) strong ice. Both figures a and b illustrate an approximately 1 m width of the rubble
iles.
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Fig. 8. Comparison of the (a) top and (b) side profiles of the rubble piles after the experiments W-1, M-1 and S-1.

4. Analysis and discussion

4.1. Load–displacement relation

All the force–displacement records in Fig. 3 show similar general features: First the force increases linearly with displacement and
hen stays more or less constant. For all the tests the slope of the initial linear growth stage is similar, about 1.5 kN/m, demonstrated
y the dashed lines in Fig. 3. Neither the ice strength nor stiffness was affecting the slope of the initial stage. In order to elucidate
his observation, Fig. 10 shows the load–displacement records in non-dimensional form. The data was made non-dimensional by
following the analysis of ridging by Hopkins et al. [27]:

�̂� = 𝐿∕𝐿𝑐 (1)

and

𝐹 = 𝐹∕𝜌𝑖𝑔𝑤𝐻𝑖𝐿𝑐 , (2)

where 𝜌𝑖 is the ice density, 𝑔 is the gravitational constant, 𝑤 is the structure width, 𝐻𝑖 is the ice thickness, and 𝐿𝑐 is the characteristic
length of a semi-infinite beam on an elastic foundation: 𝐿𝑐 = 4

√

4𝐸𝐻3
𝑖 ∕12𝜌𝑤𝑔 [28], where 𝜌𝑤 is the water density and 𝐸 is elastic

modulus.
As Fig. 10 demonstrates, all the tests show initially the same force–displacement relationship, 𝐹 = 𝐶�̂�, where 𝐶 ≈ 0.3. This

relationship can be put into the form

𝐹 = 𝐶𝜌𝑖𝑔𝑤𝐻𝑖𝐿, (3)

showing that during the initial stage, the force is related to the weight of the ice mass. This result allows calculation of the 𝐹 − 𝐿
relation during the initial stage, which a simple model illustrates in Fig. 11a. When an ice sheet has moved a distance 𝐿, a grounded
10
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Fig. 9. The development of the rubble pile geometries. The top and side profiles of the rubble piles at three different stages of the experiments (a) W-1 and
(b) S-1. The side profile is for the vertical plane at 𝑌 = 10 m (left end of the structure).

pile with the length 𝑙 at the water surface has formed (see also Fig. 9). As 𝐿, ice thickness, 𝐻𝑖, and water depth, 𝑑, are known, 𝑙
can be estimated. First, 𝐿𝐻𝑖 ∼ 𝑑𝑙′ leading to 𝑙′ ∼ 0.1𝐿 (here 𝑑∕𝐻𝑖 = 0.1), where 𝑙′ is as shown in Fig. 11a. Then, by taking the
shape of the ice pile, the porosity, and the volume of ice above the water into account, we can make an engineering assumption
that 𝑙 = 0.2𝐿.

When an ice sheet is breaking against the structure in shallow water, the grounded rubble pile inhibits the downwards motion of
the sheet and may force it to move upwards together with the ice blocks that are laying on it. Based on visual observations, Figs. 5b
and 9, it can be estimated that the volume of ice on top of the sheet is 𝑤𝐻𝑖𝑙 and that the volume has a triangular shape, leading to
the model shown in Fig. 11b: a vertical force, 𝐹𝑣, is needed to lift up the floating ice sheet and the ice blocks resting on top of it.
Using the equations shown in Fig. 11b, it can be calculated that 𝐹𝑣 = 3400𝑙 [N/m] and that lifting the ice blocks on the ice sheet
takes about 90% of the force. The horizontal force on the structure due to 𝐹𝑣 can be calculated as the slope of the structure, 𝛼, and
he friction between the ice and the structure, 𝜇𝑠, are known:

𝐹𝑔 =
sin 𝛼 + 𝜇 cos 𝛼
cos 𝛼 − 𝜇 sin 𝛼

𝐹𝑣 ⇒ 𝐹𝑔 = 2.2𝐹𝑣 ⇒ 𝐹𝑔 = 7557𝑙 ⇒ 𝐹𝑔 ≈ 1500𝐿 [N∕m], (4)

where 𝛼 = 60◦, 𝜇𝑠 = 0.1, and 𝑙 = 0.2𝐿 have been used. In addition to this gravitational force, there are frictional forces acting
horizontally; 𝐹𝜇1 between the moving ice sheet and the grounded pile and 𝐹𝜇2 between the moving ice sheet and the ice blocks on
top of the ice sheet. Both the frictional forces are shown in Fig. 11b and by taking 𝜇𝑖 = 0.1,

𝐹𝜇 = 𝐹𝜇1 + 𝐹𝜇2 ⇒ 𝐹𝜇 = 530𝑙 + 451𝑙 = 981𝑙 ⇒ 𝐹𝜇 ≈ 200𝐿 [N∕m], (5)

where again 𝑙 = 0.2𝐿. Finally

𝐹 = 𝐹𝑔 + 𝐹𝜇 ≈ 1700𝐿 [N∕m], (6)

which is close to the relation 𝐹 ≈ 1500𝐿 [N/m] measured during the experiments and shown in Fig. 3. The model outlined above
and illustrated in Fig. 11 included a number of simplifications, but it is important to note that about 90% of the force is due to
weight of the ice lifted upwards. The initial slopes of all the tests are similar because the dimensions and density were the same in
all the tests, and thus the weights were the same.

In addition to the equal initial slopes, Fig. 10 shows that the non-dimensional forces cease to increase and settle to an
approximately constant value at 𝐹 = 1.8 ⋅ 10−3 for the S and M series, but at 𝐹 = 3 ⋅ 10−3 for the W series. Why does the load
stop following the initial linearly increasing trend and settle into a more or less constant value? Why is this value similar for the S
and M series, but higher for the W series, the weakest ice?
11
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Fig. 10. Normalized force, 𝐹 , as a function of normalized length of ice pushed against the structure �̂�.

Fig. 11. The model. When an ice sheet has moved a distance 𝐿, a grounded pile with length 𝑙 at the water surface has formed, and since 𝐿, 𝐻𝑖 and 𝑑 are
known, 𝑙 can be estimated according to Figure (a). Figure (b) illustrates the components of the vertical force, 𝐹𝑣, and their equations, needed to lift the floating
ice sheet and the ice blocks resting on top of it.

The ratio of the dimensional loads during the steady-state phase, 𝐹𝑎𝑣𝑔 (Table 3), of test series S and M is equal to the ratio of the
verage characteristic lengths of the ice used in the S and M series: 𝐹𝑎𝑣𝑔𝑆∕𝐹𝑎𝑣𝑔𝑀 = 𝐿𝑐𝑆∕𝐿𝑐𝑀 = 1.5. The ratio of both the bending
nd compressive strengths in the S and M series is higher: 𝜎𝑆∕𝜎𝑀 = 1.9. The result that the constant part of the load during the
teady-state phase can be made non-dimensional by using the characteristic length, but not by using strength, suggests that the ice
ailure process at this stage is dominated by buckling. For test series S and M, Fig. 10 thus indicates an interesting conclusion. When
hese ice sheets were breaking against an inclined structure, the load was initially dominated by the weight of broken ice pieces
nd later by buckling; the strength of the ice sheet appears not to have affected the ice load. Fig. 3 and Table 3 show higher loads
or the stronger ice, but for the stronger ice also the elastic modulus and thus the buckling load were higher. It should be noted
hat the value for the elastic modulus used in this investigation was determined based on the infinite plate test.
Does all this then suggest that the strength of ice does not affect the ice load? No it does not. It suggest that the strength of ice is

ne of the parameters – together with ice thickness, elasticity, friction, etc. – that define what the dominant ice failure mode is. In
est series W, the ice failed in a different manner than in series M and S and the non-dimensional load for the W series was higher
han for the M and S series (Fig. 10); even the dimensional load for the W series was higher than the load for the M series, although
oth the strength and modulus in the M series were higher. According to the force records from the cantilever beam tests (Fig. 2),
he weak ice was deforming more before the failure than the two other ice types, which could affect its failure process.

.2. Scaling of model-scale results

The purpose of these experiments was not to scale the ice properties in any particular way to study full-scale ice loads, but rather
o observe changes in the ice loading process as the ice properties vary. It is, anyhow, worth discussing what kind of full-scale values
he experiments would scale to by using the traditional scaling approach, which is frequently used in model test basins [29]. This
caling apply geometric scaling, while fulfilling Froude and Cauchy scaling laws [26]. Froude scaling considers inertia and gravity,
hich Palmer and Dempsey [30] claim are of very little significance, when ice is moving slowly against a stationary structure. While
12
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Table 4
Values of the measured ice properties and horizontal structure loads in model- and full-scale. The full-scale values are scaled using geometric scaling and the
scaling factor, 𝜆, was selected so that 𝜎𝑓 for all experiments in full-scale was 600 kPa.

ID 𝜆 Model-scale: 𝑣 = 0.05 m/s Full-scale: 𝜎𝑓 = 600 kPa

𝜎𝑓 [kPa] 𝜎𝑐 [kPa] 𝐻𝑖 [m] 𝐸 [MPa] Line load [kN/m] 𝜎𝑐 [kPa] 𝐻𝑖 [m] 𝐸 [MPa] Line load [kN/m] 𝑣 [m/s]

W-1 13.6 44 46 0.050 107 1.6 626 0.68 1455 287 0.18
W-2 12.0 50 51 0.052 112 1.9 612 0.62 1344 277 0.17
W-3 14.3 42 54 0.052 103 1.6 772 0.77 1473 323 0.19
M-1 5.5 109 121 0.050 387 1.3 666 0.28 2129 38 0.12
M-2 5.6 108 130 0.051 328 1.3 728 0.28 1837 40 0.12
S-1 2.8 211 214 0.052 2023 2.1 599 0.15 5664 16 0.08
S-2 3.0 197 261 0.052 1529 2.5 783 0.16 4587 22 0.09

this is a valid argument and demonstrates challenges related to scaling, it is not the intention of this paper to address the validity
of the method, but merely utilize this frequently used scaling technique to discuss the results further.

Table 4 presents the model-scale values of 𝜎𝑓 , 𝜎𝑐 , 𝐸 and of the line load. The line load is defined as the maximum load on the
structure, divided by the width of the structure. Since the model-scale structure did not have any full-scale equivalence, no actual
scale exist, but for the purpose of this investigation, the scaling factor, 𝜆, for each experiment was selected so that the flexural
strength for all the experiments in full-scale was 600 kPa. The full-scale ice properties, line load and ice drift velocities, 𝑣, obtained
with these assumptions are given in Table 4.

It is ambiguous whether the above-described scaling leads to accurate estimates of full-scale ice load magnitudes, but assumed
that it does, the experiments conducted can be interpreted as model-scale experiments at different scales. Test series S can be
interpreted as studying 0.15 m thick ice, while test series M was studying 0.3 m thick ice with similar strength but lower stiffness.
In full-scale, both are rather thin ice and could well be failing through buckling. Test series W can be interpreted as studying 0.7 m
thick ice with low stiffness; soft ice that can be easily compressed. All these combinations of full-scale ice properties are different,
but they all are realistic. When planning model-scale experiments, it is important to consider that the model ice properties affect
the failure process of the ice and care must be used when interpreting the results.

4.3. Grounding and bottom loads

A grounded pile is often assumed to protect a shallow water structure by transmitting portion of the loads to the bottom. Here this
type of protective effect, however, appeared to be weak: Both the mean and the peak horizontal loads applied on the bottom were
5⋯ 36% of those induced on the structure (Table 3). This result agrees well with the results from two-dimensional finite-discrete
element simulations conducted by Lemström et al. [4], who observed a ratio 𝐹𝑏

𝑝∕𝐹 𝑝 of approximately 14% with a similar water
depth to ice thickness ratio. Earlier work [1–3] suggests that a grounded rubble pile protects the structure from high ice loads. These
studies suggested an up to 85% reduction in the peak ice loads, when a grounded rubble pile was present.

As Lemström et al. [4] discussed, the maximum ice loads are likely to occur in a pristine, continuous, ice loading process. The
experiments here mimic this type of process. In the full-scale measurements reported by Marshall et al. [1], Timco and Wright [2] and
Sudom and Timco [3], the rubble piles had already become stable and consolidation had occurred. Thus, it is important to consider
it as a different case than the scenario of the experiments considered in this paper. In model-scale experiments on a Caisson-type
platform by Karulin et al. [16], it was observed that during the initial part of the interaction process, the loads in shallow water
were higher than in deep water. The experiments were, however, conducted in much smaller scale than the experiments here, as
the structure had the width of 1.2 m while the water depth varied between 0.13 and 0.25 m. Further, the ice thickness in their
experiments was only 1–2 mm and the flexural strength of the ice 10 kPa. Saarinen [31] conducted ice-inclined structure tests
on a 5 m wide structure in deep water and found that the ice rubble pile, formed by a breaking ice sheet, sequentially formed
an above-water part growing in size until it slid down along the structure and failed the ice sheet in bending downwards. In his
experiments, he used the same structure inclination angle and similar ice thicknesses to the experiments here, while the ice strength
was similar to the weak ice of this paper. Similar observations of ice rubble sliding downwards and breaking the incoming ice sheet
was also made in two-dimensional finite-discrete element simulations by Paavilainen et al. [32]. In our experiments such downward
motion and subsequent failure of the incoming ice sheet did not occur, which is likely due to the grounded rubble inhibiting the
downward motion. It is suggested that this reason led to the load increase in shallow water compared to deep water observed by
Karulin et al. [16]. Further, the experiments by Karulin et al. [16] showed a load reduction once a stationary grounded rubble pile
had formed. Here no load reduction was observed, yet it was evident that the loading process changed during the experiment, as
the incoming ice sheet started to fail against the ice rubble pile instead of breaking against the structure.

Timco et al. [15] studied the load distribution through a newly-formed grounded rubble pile by performing model tests on a
vertical-sided structure built above a submerged, horizontal berm, determining the apportioning through the rubble pile on the
structure and the berm. The study focused on short ice loading events only and the results showed that small horizontal forces were
transmitted to the berm, but as the applied force increased, the load became mainly transmitted to the structure. The ratio between
the loads acting on the berm and the total applied horizontal load for an individual loading event ranged almost all the way from
0 to 1, but in general, were higher than for the experiments here. Since Timco et al. [15] considered short loading events only, had
a vertical-side structure and the water depth to ice thickness ratios significantly lower than in the experiments, direct comparison
13
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4.4. Encroachment

In the experiments, the encroachment was influenced by the ice properties (Fig. 8a). This finding is in line with the model-scale
ests on ice loading process on shallow water structures by Bridges et al. [24], who observed similar increase in the maximum
ncroachment height and length with increasing ice strength. They suggested that low ice compressive strength may prohibit force
hains from forming and, thus, ice encroachment from occurring. In agreement with the results of this paper, their experiments
howed that ice block sizes increased with ice strength. As in the experiments here, the flexural strength, the compressive strength
nd the elastic modulus were varied simultaneously and, thus, the effect of each individual material parameter could not be
etermined. On the contrary to here, Repetto et al. [19] did not observe a clear effect of the flexural strength on the ice block
ize and breaking length. However, the ice thickness and the flexural strength were varied simultaneously and a direct relationship
etween the flexural strength and the block size was not easy to observe. In addition to this, discrete element simulations by Bridges
t al. [33] suggested that ice encroachment increased with flexural strength of ice.

. Conclusions

Laboratory-scale experiments on shallow water ice-inclined structure interaction process, in the case of grounded rubble piles,
ere performed. In the experiments, a ten-meter-wide ice sheet was pushed against an inclined structure of the same width. In
otal, seven experiments were performed. The ice thickness was about 50 mm in all experiments. The experiments showed good
epeatability between the tests within each test series. The main findings of the paper are:

• The ice loading process on inclined structures in shallow water consists of two distinct phases (Section 3.1): (1) an initial
phase with a linearly increasing ice load due to increase in ice mass above water line and (2) a steady-state phase with an
approximately constant load.

• The magnitude of the ice loads induced in shallow water ice-structure interaction was not directly proportional to ice strength:
The weakest model-scale ice yielded higher loads than the ice having twice its strength (Section 3.2).

• Main features of the loading process could be captured by a model developed based on normalized load data (Section 4.1).
The model highlights how the weight of the ice rubble forming in the process dominates the ice load during phase (1), while
buckling explains the load levels of phase (2) if the ice is strong enough. The failure process for the weakest ice was different
than that the other ice types.

• The rubble pile grounded in all the experiments (Figs. 8 and 9), but only a small portion of the loads was carried by the
bottom. However, the bottom may have changed the ice failure process compared to deep water by inhibiting the ice from
failing downwards, thus potentially increasing the load on the structure.

The simple model developed in this paper describes the loading process with a fair accuracy. More detailed studies are, however, still
needed to establish thorough understanding of the whole ice-inclined structure interaction process. Further, the ice load distribution
of the experiments is of interest and will be addressed in our future study.
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