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Abstract: Testing a physical model of an ice-resistant marine structure in an ice tank is one of the
methods used for design validation. For a stationary structure design, not only is the possible
global ice load of interest but also the processes of creation and evolution of ice rubble in front of
the contacting surface. While the load registering technique in model-scale experiments is very
well-developed, the photogrammetric analysis of broken ice morphometry and locomotion is not.
The photographs taken to illustrate the breaking process do not usually accompany the information
necessary for the photogrammetric reconstruction of the scene. This paper outlines a systematic
approach to the photogrammetric analysis of the scenes in model-scale conditions. Using this
approach, the broken ice dimensions were measured in seven model-scale experiments for which
the model of a sloped marine structure was reconstructed. In these experiments, a 700 mm wide
slope with an inclination angle of 53◦ caused an upward flexural failure of the model’s granular ice.
Reference global load histories for these experiments are provided. For the first contact episodes,
the successful reconstruction of the broken ice mosaic in the polynya showed the insignificant
contribution of compressive failure. In continual ice–structure interaction, the morphometry of the
ice blocks visible on the slope of the rubble pile and on the surface of the surrounding ice sheet was
retrieved from orthorectified video frames. The results were compared with the after-test nadir drone
view of the polynya. The error in estimating the top-side area and the maximum linear dimension
of the ice block fell into the interval of 0–10%. The morphometric information of the broken ice
floes obtained in ice tank experiments with physical models can be used for the improvement of the
mechanical models of ice fracture and failure against inclined offshore ice-resistant structures.

Keywords: ice model; ice tank; ice failure; photogrammetry; inclined structure; ice load

1. Introduction

Recording visual information on ice features to estimate their sizes, shapes, and
locations is a common practice in both natural and model-scale investigations. In natural
conditions, observations are usually made from a navigating ship by a specially trained
observer [1]. The measurements performed in this way depend on the experience of the
observer, and sometimes, it can be difficult to match visual observations made by different
people. In model-scale experiments, for video and photo documentation, attention is paid
to a better view of a scene and not to the parameters that may help photogrammetrically
reconstruct the scene. Thus, the focal length, height, and inclination angle of imaging
are rarely recorded, and images are often taken from an oblique view with both the
inclination and rotation of a camera. However, obtaining a full set of parameters required
for photogrammetry is easier in ice tank conditions than in in situ observations.

The algorithmic photogrammetry of automatically recorded images is the desired
solution for data acquisition, both in model-scale tests and in natural ice conditions. In ex-
pedition studies, reliable algorithmic photogrammetry may decrease the required number
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of staff members on vessels while at the same time providing results convenient for compar-
ative analysis. In model-scale ice tank experiments, the automatization of photogrammetry
will help to include the broken ice morphometric data in the output of experiments on a
regular basis.

At the moment, the photogrammetry of natural ice objects is being studied in relation
to satellite, aerial, and ship-based images taken both with the nadir or inclined position
of a camera. In airborne studies of ice conditions, the nadir position of a camera is widely
used [2–5]. For the ship-based registration of ice thickness, the nadir position of a camera
is used as well. Obtaining information about the thickness of ice by analyzing video
recordings of ice fragments on board the ship has been used since the 1990s [6]. This
method is also actively used in recent studies [4,6–9] and does not require orthorectification.

For estimating the ice concentration and ice features from a vessel [1,10,11] or close-
range pancake ice observations from a buoy [12], oblique view cameras are used. In this
case, the obtained images demand orthorectification for the subsequent retrieval of the
dimensions of ice objects and their relative positions.

For example, when recording ice from an icebreaker, described in [10], the following
original method is used for orthorectification. When a vessel is moving through the ice,
a transformed image of the ice situation is made from sequentially received data from a
single row of pixels of the video camera image recorded at a constant frequency. However,
it should be noted that this method will not be effective if a vessel has rolling or pitching
motions. The dynamic behavior of broken ice also prevents using this method in ice tank
experiments. In other studies, orthorectification was performed with the use of calibration
images [1] or analytic equations [13].

Up to now, the photogrammetry of broken ice in model-scale experiments with the
retrieval of the geometric characteristics of single ice objects has been successfully im-
plemented using nadir view cameras [14–16]. In these cases, the planar dimensions of
thousands of objects floating on the water surface have been retrieved, which allowed re-
searchers to draw conclusions on the floe size distribution after a physical action, i.e., wave
ice breakage. The nadir position of a camera can be achieved by using a crane, which can
move high above the scene [16,17]. For nadir images, there are still some issues of recog-
nition demanding manual corrections such as the over-segmentation of peculiar-shaped
ice floes or the under-segmentation of tightly positioned floes. The recognition of separate
modeled ice pieces in an image of the ice tank surface is not an easy task due to fuzzy edges
and errors in the recognition of the closing ice floes [14,16,18].

The images captured with a hand camera are usually inclined to the horizon. To the
best of the authors’ knowledge, the oblique-view images of ice tank experiments have not
been the subject of photogrammetric scene reconstruction thus far.

The photogrammetry of broken ice on the surface of an ice tank is relevant in the
context of both analyzing the results of a model experiment [16,19–21] and verifying the
loading models of broken ice [22].

Apart from retrieving data on broken ice from natural and model-scale experiments,
predictions can be made by using mechanical models. In the case of a sloping structure, the
analytical model of level ice failure against an inclined plane [23] or its numerical model [24]
has previously been developed. The particular interest in ice–slope interactions involves
the loads caused by the structure and their connection with the behavior of broken ice.
Several studies have been performed on the DEM and FEM simulation of these processes,
the results of which were compared with ice tanks’ results [24–26]. Currently, the behavior
of broken ice pieces in the ice–slope interaction is understood only with a high degree
of generalization. Model-scale experiments have shown that the loads on a structure in
this kind of interaction do not show any signs of stationarity [27]. Photogrammetry in
a model-scale experiment with a sloped structure is applicable to the study of the ice
fragments formed after the first contact of the ice floe with the structure. In this case,
by stopping the towing trolley immediately after the formation of these fragments is
completed, their morphometry can be studied in detail. However, if the trolley continues
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moving, the appearing fragments will be submerged, split into several pieces, and milled.
Such continuous transformation demands using a special approach of photogrammetry
of the ice blocks positioned on an inclined plane. For this purpose, transparent walls and
templates with rectangular arrangements were previously used [28,29].

This paper presents a systematic study of broken ice photogrammetry in ice tank
experiments with a model-scale sloped wall. The structure of the paper is as follows: An
introduction is provided in the first section. In the second section, the characteristics of
the model-scale experimental setup and conditions are provided. In the third section,
image processing is described, including the correction of distortion and orthorectification.
In the fourth section, the results of broken ice photogrammetry in experiments are pre-
sented, including the photogrammetry of the broken ice from the pile in front of a moving
sloped structure. The fifth section contains a discussion, while the sixth section provides
the conclusions.

2. Experiments
2.1. Experimental Setup

To obtain the broken ice images for the photogrammetric study, experiments were
performed in the ice tank of Krylov State Research Centre (KSRC), St. Petersburg. In all
the experiments, a 700 mm wide model with a frontal wall inclination of 53◦ was used
(Figure 1). The experiments were performed according to the principle of inverse motion:
The model was towed against the ice floe with a towing carriage, while the floe itself was
standing still. No false bottoms were used in the tests. In the first part of the experiment,
four large cantilever beams were prepared from the ice floe and broken by the sloped wall of
the model at a velocity of 2.5 mm/s (Figure 1a). After the first beam–slope contact, the crack
in the beam appeared in about 8 s, then the “support” phase took place, when the broken
fragment behaved like a spacer, transmitting stress to the remaining part of the beam and
resulting in new cracks. After release, the photogrammetry of the broken fragments that
contacted the structure was performed. In the second part of the experiment, level ice sheets
imitating a semi-infinite plane were broken by the sloped wall of the structure at velocities
of 2.5 mm/s and 5 mm/s (Figure 1b). After the first plane–slope contact, circumferential
and radial cracks appeared, generating several fragments. The photogrammetry of these
fragments was performed for all the tests, while for the last test, the photogrammetry of the
ice pieces observable during the evolution of rubble piles in the continuous ice–structure
interaction was performed.
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Figure 1. A scheme of the experiments with an inclined model: (a) against a large ice cantilever beam
and (b) imitating contact with a semi-infinite plane.

In total, two ice floes were employed: Floe 1—for the tests with beams and for two
of the three tests with planes; Floe 2—for the third test with an ice plane. Both floes were
of nearly equal thickness and were prepared in a similar way. Their characteristics are
provided in Table 1.
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Table 1. Characteristics of ice fields used for the experiments.

Floe No Date
Ice Floe

Thickness,
mm

Compressive Strength at Longwise
Middle, kPa

Flexural Strength at Longwise
Middle, kPa

Beginning of the Day End of the Day Beginning of the Day End of the Day

1 17 February
2021 49–50 26.0 33.1 23.6 -

2 18 August
2021 48–50 18.3 29.5 11.2 30.8

2.2. Ice Model’s Characteristics

In the KSRC ice tank, as a rule, granular ice floe models are used, which are prepared
according to fine-grain technology. These ice floes have sizes that allow for performing
several different tests with one floe [30]. The technology for producing granular ice models
was invented in the 1980s [31] in order to improve the modeling of strength properties.
Granular ice is obtained by depositing small ice granules on cooled water in several layers.
When a layer of the required thickness is formed, a long-term stage of cooling is performed.
A similar approach but with differences in dopants was used in the ice tank at Aalto
University, which is in Espoo, Finland [32]. However, this is not the only way to obtain
the material applicable for testing the models of ice-resistant structures and ships [33].
For instance, the natural growth of ice crystals from an initially seeded thin layer of ice
microgranules was used in the HSVA ice tank model [34] located in Hamburg, Germany.

After finishing all the stages of the modeled ice floe’s preparation, the temperature
in the ice tank was raised to different values that would be comfortable for operating the
experiment and high enough for preventing the natural ice appearance in the openings of
clear water. The mechanical properties of ice were usually measured at the beginning of the
experimentation day and at the end of it. As is common, the measurements were performed
according to the recommendations of the International Towing Tank Conference [35]. In
fact, the mechanical properties of the modeled ice floe did not remain constant during the
experimentation day for the ice model grown naturally from a thin seeded layer [36] or
for the fine-grain ice model used in the experiment for this study. In Table 1, the separate
meanings of the properties analyzed at the beginning and end of the day are provided.

The measurements of compressive and flexural strength require making holes in the
ice floe, while the elastic modulus measurements use the temporal deformation of the
floe using a dead weight without punching it through. This fact was used to control the
elastic modulus of the ice in the experimented places before making a beam or cutting a
polynya. For Floe 1, the spatial differentiation of the elastic modulus throughout the first
half of the ice tank is presented in Figure 2b. The black dots represent the averages of four
measurements at the specific distance from the edge of the ice tank: two measurements from
the right side of the floe and two from its left side. One can see that the longwise tendency
for the elastic modulus E for this particular floe is well-described by linear tendency.

E = 13.84 MPa + ax (1)

where x is the longitudinal coordinate in meters, and coefficient a = 0.44 MPa
m . The fitted

tendency is given in Figure 2b with a red line, while the approximate positions of the
cantilever beams along the floe are provided with colored rectangles. For Floe 2, the elastic
modulus was measured 18 times before the test in different places throughout the ice plane.
The average value was 24.4 MPa, the minimum measured value was 21.1 MPa, and the
maximum was 26 MPa.
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Figure 2. (a) The overview of an ice model’s cantilever beam prepared for an experiment
and (b) variations in the elastic modulus of the ice model throughout the length of Floe 1:
black points—measurements, red line—fitted linear tendency, colored rectangles—positions of
cantilever beams.

2.3. Image Acquisition and Processing

In this section, image acquisition equipment and the rectification of the obtained
images are described. Having a rectified image with a restored scale, it was possible to
reconstruct the dimensions and contours of the fragments to obtain metric information
about the location of their mass centers at the time of taking pictures, as well as to identify
the ice fragments on sequentially obtained video frames or photographs.

Knowing the parameters of both photo or video cameras and the shooting condition
plays a key role in the successful photogrammetric reconstruction of the details of a scene. In
the ice tank experiment, simulated ice with a constant thickness was used, so the restoration
of the 2D contours of the flat ice floes was the main concern. This task can be performed
most successfully by photographing them from a nadir position from a known height,
while it is desirable to have a contrasting background (water). The design features of the
towing carriage in the KRSC ice tank prevent the stationary location of a video camera in
the nadir position in the ice-breaking zone; therefore, the recording of the processes in the
described experiments was conducted at an angle.

For the acquisition of the broken ice images, both stationary and hand cameras were
used. Two GoPro HERO9 Black cameras were deployed on the towing carriage: one
to provide an inclined view from the above and the other to provide a side view of the
breaking processes. The images with a general view and the final results of the ice floe
breakage were acquired with a hand high-resolution camera NIKON D800. GoPro HERO9
cameras had a focal distance of 2.92 mm, while NIKON D800 used a variable focal length,
recorded each time in the metadata of the resulting image. In the studied images, this focal
length varied in a range of 35–55 mm.

The cameras were tested on radial distortion, which is the optical aberration making
straight lines in the scene curvilinear in the image. Following [1], the images of a tile
floor were used for testing and calibration. The images captured with NIKON D800 had
noticeable distortion (Figure 3a), while the images captured with GoPro HERO9 did not.
For correcting the distortion in NIKON D800 images, the method developed in [37] was
implemented, which uses a straight-line distortion in the image.
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3. The Method

Let the image under consideration be the matrix of h × w pixels. We consider the
central point of the image

(
h
2 , w

2

)
as the distortion center. Following [38], for correcting the

distortion, we applied the simple version of his division model:

iu =
i

1 + λr2 ; ju =
j

1 + λr2 (2)

where r =
√
(i− icd)

2 + (j− jcd)
2 is the distance of the pixel (i, j) from the distortion

center (icd, jcd) in the distorted image, while the new undistorted position of this point is
(iu, ju), and λ is the parameter of radial distortion, which for the images from NIKON D800,
happened to be −0.069. The undistorted orthorectified calibration image is provided in
Figure 3b.

After the distortion correction (if needed), the orthorectification of the image was
required due to the non-nadir position of the camera. Orthorectifying an oblique view
bitmap image or contours in it, we evaluated the new positions of pixels obtaining a nadir
view of the scene. Let us denote the position of the image inclined by the angle α with
π and introduce the coordinate system (x, y) with the origin at the point of normal to
S (Figure 4). Following [39], let us denote the plane of the ice tank surface with δ and
introduce the coordinate system (u, v) there. Let the origin (u, v) be located at the point of
the incidence of the normal to plane π passing on through the origin (x, y). At the nadir
position of the camera, for parallel π and δ, the coordinates of their points are proportional,
with the proportionality coefficient of f /H. Here, f is the focal length of the camera, and H
is the height of the point S above δ. For every point (x, y) in π, the corresponding point in
δ can be found using the following formulas:

u(x, y, f , H, α) =
Hx

f cosα− ysinα
(3)

v(y, f , H, α) =
Hy

( f cosα− ysinα)cosα
(4)
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Figure 4. Geometric orthorectification of the image taken from the inclined position: π is the image
inclined on angle α to the scene plane δ, while γ is the plane with the orthorectified image.

The orthorectified image can be obtained as the rectangular fragment of the plane
γ, which contains the line of the unchanged scale of the image and at the same time is
parallel to δ. The area in δ represented in a rectangular, inclined image π has a trapezoidal
shape. Thus, in the orthorectified image, the informative area is also trapezoidal (Figure 4).
Frequently, in such an image, only the central part of the scene is left, which results in
unpainted lateral triangles. All the coordinates in γ are proportional to those in δ with
coefficient f /H:

xγ(x, y, f , α) =
f x

f cosα− ysinα
(5)

yγ(y, f , α) =
f y

( f cosα− ysinα)cosα
(6)

The direct pixel-by-pixel orthorectification from π to γ leaves unfilled gaps. There-
fore, the inverse procedure is widely used, which consists of finding a pixel in π with
coordinates (x, y), which corresponds to a pixel in γ with coordinates (xγ, yγ):

x =
xγ f cosα

f + yγsinαcosα
(7)

y =
yγ f cos2α

f ∓ sinαcosα
(8)

Then, the pixel in γ is assigned to a color of the pixel in π, which results in obtaining
the orthorectified image scaled by f /H in γ.

For correct orthorectification in scale, the values of three parameters ( f , H, α) should
be known. For a stationary camera, height H is known, while for a hand camera, the
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exact meaning of H is usually unknown. Focal length f can be either static or dynamic,
depending on the camera, and is usually recorded in the properties of an image. When
shooting with a manual camera, it is necessary to maintain the parallelism of the base of
the frame to the axis u. However, the immediate angle α of the inclination of π to δ, as a
rule, remains unknown. For an after-experiment evaluation of this angle with a known H,
an apriori known dimension in an image can be used. If a distance L between two points
(u1, v1) and (u2, v2) in the scene are known, as well as their positions (x1, y1) and (x2, y2) in
image π, then with respect to (3) and (4), we can find α by numerically solving the equation

(u1(H, α)− u2(H, α))2 + (v1(H, α)− v2(H, α))2 − L2 = 0 (9)

After the transformations, we obtain a system with unknown A and B at f > 0: y = f 2+y1y2
f 2+y2

1
x− f (y1−y2)√

f 2+y2
1

√
1− A2

f 2+y2
1

(x1B− x2 A)2 + (y1 − y2)
2 f 2 = L2

H2 A2B2
(10)

where
A = −y1sin(α) + f cos(α) (11)

B = −y2sin(α) + f cos(α) (12)

Additionally, hence

α = arcsin
(

B− A
y1 − y2

)
, 0 ≤ α ≤ π

2
(13)

However, if H is unknown, this approach does not help. Though with known L1 and
L2, the system of these two parameters in Equation (9) with unknown (α, H) can still be
formulated, it is too complex. Thus, for hand camera images with both unknown angle and
height but with a template object in the scene, the brutal force search of the inclination angle
α in the expected range of values was performed first, and the evaluation of H from (9) was
made afterward. The summary of the approaches implemented for the orthorectification of
hand and stationary camera images is outlined in Figure 5.
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4. Results
4.1. Modeled Ice Beams and Planes: Floe Fragments

The study of the modeled ice fragments formed shortly after the inclined slope en-
countered the ice edge was mainly performed with the use of the high-resolution images
taken with NIKON D800. For the scale and calibration, a rectangular template with a size of
200 × 200 mm was deposited on the ice surface in each of the photographed scenes except
in the Plane 3 experiment. In the broken beam scenes, a ruler was additionally laid along
the beam fragments, as it is shown in Figure 6a. As soon as the images were captured
with the hand camera, each time the angle α was different. The example of the original
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unrectified image of the broken plane scene is provided in Figure 6b, while Figure 6c
represents the orthorectified image of this scene; Figure 6a presents one of the orthorectified
scenes with a broken ice beam.
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Figure 6. The examples of orthorectification: (a) Beam 1, orthorectified from α = 18◦; (b) Plane 1, the
original image, α = 35◦; (c) Plane 1, the orthorectified image.

After orthorectification, manual tracing was used to obtain the contours of the ice
pieces. This ground truth approach for ice visual analysis has been in practice since the
1980s [40]. It should be noted that the experiment in the ice tank was carried out with
artificial illumination using a variety of light sources, which led to flares. Furthermore, the
ice fragments, due to being soaked and submerged in water, changed their color to a darker
one, which hindered the accurate recognition of the boundaries of a floating ice object. For
the case of “ice on ice” (rafted ice or an ice rubble pile), the positions of some contours
could only be guessed, leaving much uncertainty in the resulting dimensions. In addition,
the ice surfaces not parallel to the orthorectification plane were misshaped: an example
of this contortion can be seen in Figure 6c for the ice thickness visible at the utmost left
ice fragment.

In Figure 7, the drawings of the broken ice beams’ free ends are provided as a result
of the orthorectification and contouring of the original images. The largest and smallest
longitudinal dimensions, as well as the widths, were restored from the images and are
provided in the figure in mm. The reconstruction of ice plane failure in the episodes of a
sloping structure encounter was carried out using NIKON D800 pictures of the floating
fragments (Planes 1 and 2) and using GoPro video frames (Plane 3). All the images required
orthorectification, after which the dimensions of the fragments were evaluated, and their
mosaic was put together, thus reconstructing the cracks in a broken plane.

In Figure 8a–c, the orthorectified and reconstructed mosaics of broken Plane 1, Plane 2,
and Plane 3 are provided, respectively.
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Figure 7. End fragments after beam failure: Beams 1–4 (from left to right). Sizes are given in mm,
and the separating crack is presented with red color.
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Figure 8. Reconstruction of broken ice mosaic after the first episode of a sloping structure–ice sheet
contact obtained in experiments: (a) Plane 1; (b) Plane 2; (c) Plane 3.

A better understanding of a failure process can be achieved from the force measure-
ments performed using a dynamometer mounted at the place of the connection of a sloping
model with a towing trolley. In Figure 9, the curves of the force longitudinal component
are provided, illustrating the interaction processes in the considered experiments. The first



J. Mar. Sci. Eng. 2022, 10, 1590 11 of 16

phase of the contact occurred before the ice fracture was characterized by a rapid, linear-like
rise of the load. In the experiments with the beams, this phase was very similar (Figure 9a),
while in the experiments with the planes, it is more variable. In Figure 9b, with black and
red curves, the loads caused by the ice planes at the interaction velocity of 2.5 mm/s are
provided, while the load at the velocity of 5 mm/s is given with a blue curve. Note that in
terms of the load vs. horizontal displacement, the 5 mm/s experiments showed similarity
with the 2.5 mm/s experiments, though the values were measured in Floe 2, not in Floe 1.
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Figure 9. Longitudinal loads recorded: (a) at velocity of 2.5 mm/s in experiments with Beam 1 (black),
Beam 2 (red), Beam 3 (blue), and Beam 4 (green); (b) in experiments with ice planes at velocity of
2.5 mm/s, Plane 1 (black), Plane 2 (red), and at velocity of 5 mm/s, Plane 3 (blue).

After the main crack appeared, a “support” episode took place in every experiment
with a plane or a beam: The fragment contacting with the slope of the structure was
supported by it from one side and compressed by the remaining beam/plane from the
other side; thus, it did not slip down to the water but bridged the unbroken ice edge and
the structure. The structure continued to move, and the contact of the fragment with the
unbroken ice floe worked as a joint. This lasted until this “joint” broke, and the broken
fragment fully (for a beam) or partially (for a plane) slipped into the water. In the beam
experiments, complex “joints” consisting of a sequence of fragments were observed.

4.2. Modeled Ice Plane: Ice Rubble

The third experiment imitating a semi-infinite ice plane failure against the sloped
structure (Plane 3) was continued beyond the first failure of the ice sheet and the “support”
stage. In total, 5 min of the interaction was performed; the sloping structure passed 1.5 m
through the ice sheet, breaking out new fragments from it and grinding the previously
broken ones. During the interaction, the released fragments accumulated in front of the
sloping structure as a pile, deposited on the ice surface aside on the channel, submerged
into water, and remained under the ice sheet or floated up behind the model. Three op-
tions were used for retrieving the morphometry of the ice fragments in this experiment:
the orthorectification of the fragments distributed on the slope of the structure, the or-
thorectification of the fragments slipped on the surrounding horizontal ice sheet, and the
after-test nadir imaging of the ice left around the polynya. All these three options are based
on knowing the parameters H and α required for the photogrammetric interpretation of
the scene.

In the considered experiment, after the loading episode, when the first broken ice
fragments worked as spacers, the model ran through polynya almost freely for quite a long
period. This resulted in very small loads from the 19th second (Figure 9b, a blue curve).
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Thereafter, the model continued its motion and broke out into 25–40 cm wide pieces. The
orthorectified snapshot with such blocks is presented in Figure 10a. A few of the initially
broken blocks survived in the following rubble pile evolution: In particular, only Block # 1
was located in the after-test view of the polynya (Figure 10c). Most such blocks could only
be observed shortly in some moments during the test, as they rapidly ground into smaller
pieces and ice brush. This way, the only option to obtain photogrammetric information
on the broken ice fragments was to study the orthorectified surface of the pile in front of
the sloping structure. In the experiment with the ice plane, the slope of the rubble pile
approximately followed the slope of the structure.
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Figure 10. “Plane 3” test: (a) broken ice blocks when the structure moved in the channel, showing the
orthorectified scene on the slope of the structure in the video frame at 02:16; (b) broken blocks ejected
away or slipped down the rubble pile, showing the orthorectified scene on the ice sheet surface in the
video frame at 04:28; (c) after-test nadir drone view of the polynya.

Another way of obtaining morphometric information is to monitor the ice fragments
ejected to the adjacent ice sheet. The uniform ice thickness of the ice floe in the experiment
allowed for a confident elevation of the surfaces of the rafted fragments. An example of
the orthorectified scene of the broken ice falling onto the adjacent ice sheet is provided in
Figure 10b.

Figure 10c presents the nadir image of the resulting polynya with the ice fragments,
most of which were ground. This image was captured after moving the model struc-
ture back. The ice fragments, which were located both in the nadir image and in the
orthorectified video frames of the evolving rubble pile, are contoured with blue color. The
comparison of the estimations of maximum linear sizes and the areas evaluated from the
nadir image and the orthorectified frame is given in Table 2. One can see that the relative
estimation errors for the areas fell into intervals of 2–10%, while for the linear dimension,
these errors were 0–5%. Note that the estimations included errors in positioning the object’s
contour, which is a non-trivial task for white ice blocks on a white background or tightly
contacting blocks.

Some of the smaller ice rubble pieces that were formed in the process of the secondary
failure of the ice fragments are contoured with yellow. The reference statistics on the
contoured pieces are as follows: the mean area was 102.8 cm2, with an area range of
35.1–201.9 cm2; the mean maximum linear size was 14.3 cm, with a respective range of
8.2–21.4 cm. The smaller pieces were visible on the water, but their sizes were comparable
with the ice thickness; thus, it was unclear whether their topside was a part of the ice sheet
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surface or not. The provided data give an idea of what the milled, modeled ice fragments
in this kind of experiment can be.

Table 2. Ice fragments characteristics retrieved from a video recording of the rubble pile and from the
after-experiment nadir photo.

After-Experiment Nadir
Photo

Orthorectified Video
Frame Relative Discrepancy

Fragment
No

Linear
Size, cm Area, cm2 Linear

Size, cm Area, cm2 For Linear
Size, %

For Area,
%

1 28.0 421.1 29.2 411.7 −4.3 2.2

2 22.0 215.8 22.7 195.7 −3.2 9.3

3 32.3 589.8 32.3 554.6 0.0 6.0

4 30.0 341.1 30.2 321.4 −0.7 5.8

5 23.9 310.7 22.7 326.2 5.0 −5.0

6 20.7 251.5 21.7 229.6 −4.8 8.7

7 19.4 188.1 20.3 183.3 −4.6 2.6

5. Discussion

Visual observations of ice blocks are already practiced in model-scale experiments
conducted in ice tanks [41–44] but rarely in the form of systematic photogrammetry. Regular
ice tank tests are, as a rule, photo- and video-documented, but these materials are used for
illustration and not intended for reconstructing the imaged scenes. Such pictures are taken
from variable heights and arbitrary inclination angles, while the parameters of cameras
and calibration images are not provided in the reports. This makes vast amounts of the
visual material inappropriate for further morphometric analysis of broken ice formation
and evolution.

Ice-resistant marine structural model tests are very promising for regular photogram-
metric investigations. In the case of a marine structure with simple walls, it is easier to
capture broken ice shapes through video recording and evaluate the parameters neces-
sary for image orthorectification. Photogrammetry should become an affordable way of
studying the ice-breaking processes caused by models of offshore structures. The results
of photogrammetry can provide new information for the validation and development of
mechanical models of ice failure. Coupled with the detailed data it provides on the loads
caused by the structure in every episode of the ice–structure interaction, photogrammetric
analysis can be especially powerful.

In the experiments considered in this paper, equal ice thickness and the similarity of the
mechanical properties of Floes 1 and 2 ensured similar results regarding the morphometric
characteristics of the ice fragments as well as the global longitudinal ice load.

The channel made in ice was about 10–15% wider than the model, while the sum
width of the fragments broken out of the intact floe simulating the semi-infinite plane was
more than two times larger than the model width. One can compare the fragments in
Figure 8 with the blocks broken out when the model came in contact with a shaped edge
and made the channel in the ice sheet presented in Figure 10a. In their original dimension,
such blocks survived if they were ejected aside on the rubble pile. The grinding process
significantly decreased the dimensions of the ice rubble. For a more confident location
of the broken ice edges and the automation of such a procedure, further development of
preprocessing and recognition methods are strongly required with a focus on the images of
rafted ice, ice pieces having soaked edges, and floating ice debris.

For automatic data acquisition in a dynamic and long-term experiment such as the
one described in Section 4.2, the most common problems to be solved are:
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- Dynamically moving ice blocks are very often in the plane with unknown angles to
the matrix of a camera. Hence, the correct orthorectification and dimension acquisition
become impossible.

- In a chaotic pile, it can be very difficult to locate the edges of the blocks. Even manual
tracing with a thorough investigation of a zoomed image can be uncertain. There is a
lack of algorithmic solutions for contour tracing that could be applicable to the case of
an ice rubble pile. This is mostly due to the background color of the mashed ice.

A synchronous observation of the scene from several angles and further development
of algorithms may help to partially solve these problems in the future.

6. Conclusions

The photogrammetry of a sloping structure in ice tank experiments can be organized
with simple instruments such as a hand camera with a large focal length and/or action
cameras. For the orthorectified results, either the focal length, height, and inclination angle
should be known, or the in-scene reference object and the camera calibration procedure are
required. In the case in which a reference distance is available in the image, an unknown
parameter can be evaluated with the use of a line segment distance equation. However,
this perfectly works for only one unknown parameter, so if a combination of parameters
is unknown, then a brutal force search coupled with an analysis of the calibration images
is recommended.

The ice tank experiments imitating the contact of a semi-infinite ice sheet with the
inclined wall of the structure resulted in a similar fracturing scheme of the main elliptical
circumferential crack. This crack had a semi-major axis of about the length of the model
and a semi-minor axis of about 60–70% of the length of the model. The experiments with
the ice beam failure resulted in a transversal crack located in the vicinity of 40% of the
length of the beam.

In all of the performed experiments with the artificially made smooth edge of the
modeled ice sheet, a “support” stage was observed when a fractured fragment worked as a
spacer transferring the contact force to the unbroken part of the ice sheet. The photogram-
metric analysis revealed that the modeled ice fragments obtained after the first episode of
the ice sheet failure perfectly fit the edges of each other and the resulting polynya. This
way, the occurrence of a crushing failure was not significant in this stage. However, in the
further evolution of the rubble pile, the crushing failure occurred, producing slush and
ice debris.

Due to the constant thickness of the ice floe, good results were obtained in the pho-
togrammetry of the ice fragments lying on the slope of the structure or the slope of the
rubble pile and for the ice fragments ejected to the surface of the surrounding ice sheet.
The obtained morphometric information on broken ice floes can be used for improving the
mechanical models of ice fracture and failure against inclined structures.
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