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Abstract: Local ice pressure refers to the ice pressure exerted on a very small area of a structure
during ice failure. The existence of high-pressure zones may lead to local deformation and damage to
ice-resistant structures, posing a serious threat to the overall structural stability. This study simulates
the interaction between sea ice and structures through model tests, analyzing the timing of extreme
local ice pressures. The results show that at low loading speeds, there is a 50% probability that the
extreme local ice pressure occurs at the peak of the global ice force, while at high loading speeds,
this probability drops to around 25%. Further investigation into the relationship between the global
ice force peak, ice thickness, loading speed, and local area with local ice pressure amplitude reveals
that the local ice pressure amplitude decreases with increasing loading speed and increases with ice
thickness. Based on the area averaging method for square regions, the relationship between local ice
pressure amplitude and local area is studied, showing that ice thickness, local width, and loading
speed all influence the pressure—-area relationship. Based on the square area averaging method, the
relationship between the local ice pressure amplitude and the local area was studied. It was found
that a linear relationship exists between the power function coefficient of local ice pressure—area
and the thickness-to-width ratio. Compared to brittle failure, the local ice pressure amplitude under
ductile failure of the ice sheet is more significantly affected by ice thickness. This study provides a
foundation and reference for the analysis of ice-resistant performance and structural design of polar
marine engineering structures.
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1. Introduction

With the growing global demand for energy and the deepening exploration of polar
resources, the ice-resistant design of polar ships and offshore platforms has garnered
increasing attention. However, global climate change and the increasing complexity of ice
conditions in the Arctic and Antarctic regions have heightened the uncertainties and risks
associated with the design and safe operation of marine structures. Ice loads are one of the
primary factors affecting the safe operation of polar marine structures. Therefore, in-depth
research on the characteristics and influencing factors of ice loads is crucial for enhancing
the safety and sustainability of polar marine engineering.

In the design of ice-resistant vertical structures, researchers need to focus on both the
global and local ice loads on the structure, i.e., the global and local ice pressures. Global
ice pressure represents the average pressure across the entire contact surface when sea ice
interacts with the structure, reflecting the structural load state as a whole. Local ice pressure,
on the other hand, characterizes the ice pressure exerted on a very small local area of the
structure during ice failure. The stress concentration areas generated by asynchronous
failure of ice and structure are known as high-pressure zones [1,2]. Due to the unique
properties of sea ice materials and the complexity of field ice conditions, the interaction
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process between ice and vertical structures is highly complex. As illustrated in Figure 1 [3],
when an ice sheet interacts with a vertical structure, the middle layer of the ice sheet remains
in a triaxial stress state, maintaining high compressive strength and resisting failure. As
the ice sheet is continuously compressed, the middle layer bears most of the load, causing
the initial internal cracks to extend toward the free surfaces on both sides, resulting in
significant spalling and crushing of the ice sheet’s middle damage zone and flanks. The
spalled ice is extruded, further reducing the actual contact area between the ice and the
structure, leading to the formation of “line-shaped” high-pressure zones on the contact
surface. Extensive measurement data and model tests have shown that the maximum local
ice pressure can exceed 60 MPa, far surpassing the global ice pressure of the structure [4,5].
Therefore, the presence of local high-pressure zones may cause localized deformation and
damage to the structure, posing a serious threat to the stability of the overall structure.
In 1990, pressure panel data provided by the Finnish icebreaker I.B. Sampo [6] during its
transit through the Baltic Sea indicated that as ice thickness increased, high-pressure zones
would randomly move within a certain vertical range, directly affecting the reinforcement
and installation positions of vertical structure panels, frames, and stiffeners. As a critical
parameter of ice loads, the magnitude of local ice pressure directly impacts the stability and
safety of the structure. The magnitude of local ice pressure refers to the maximum pressure
exerted on a localized area of the structure during the interaction between ice and the
structure, and its accurate prediction is essential for the design of polar marine equipment.
Therefore, the ice-resistant design of vertical structures must consider the magnitude of
local ice pressure and the distribution characteristics of high-pressure zones.

palls and
Extrusion

High Pressure
Zones

S nd

Ice Sheet

Figure 1. Diagram of interaction progress between sea ice and structure from Jordaan [3].

The study of local ice loads on vertical structures has a long history, with various
research methods, including field monitoring, model tests, and numerical simulations.
Overseas, the field measurement of ice loads on ship and offshore platform structures
started early, accumulating a large amount of ice load data under complex ice conditions.
Through the study of local ice pressure, it has been found that its magnitude is directly
related to the contact area with the structure. The exponential relationship fitting local ice
pressure and contact area has gained widespread recognition. Timco and Sudom summa-
rized a large amount of experimental and field data, showing that ice pressure significantly
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decreases with increasing contact area [7]. Frederking et al. [8] and other scholars used
the measurement data from the Molikpaq platform to establish a method for calculating
local ice pressure based on contact area, clarifying the vertical and horizontal distribution
characteristics of ice pressure. Masterson [9] analyzed a large number of measured ice
load data and confirmed that an increase in contact area leads to a decrease in ice pressure.
Based on measured data (contact area greater than 100 m?), they fitted a local ice pressure—
contact area curve and proposed a calculation method for local ice pressure. Masterson
et al. [10] considered the impact of ship collisions and Molikpaq platform measurements
to revise the local pressure—contact area curve proposed in 1993, making it more specific
in its applicability. Sanderson [11] analyzed data from indentation tests, impact hammers,
offshore platforms, and medium-scale model tests and proposed that the average ice force
decreases with increasing contact area between ice and the structure, a conclusion that
has become a cornerstone of ice mechanics research. Karnd, based on measured data from
lighthouses in the Baltic Sea, found that ice pressure caused by ice fragmentation decreases
with increasing ice thickness [12]. When ice floes are thicker, due to changes in the ice
failure mode, the distribution of local ice pressure is no longer concentrated along the cen-
terline, and multiple high-pressure zones may appear [13,14]. Sodhi also pointed out that
the loading rate affects the failure mode and pressure distribution of sea ice [15]. Frederking,
based on field data, found that the variation in local ice pressure tends to synchronize
with the global ice load variation [4]. Palmer made new assumptions about the stress of
high-pressure zones during the ice crushing process and redefined the local ice pressure
region [16]. Su used numerical methods to analyze the characteristics of local ice loads
during ship navigation [17]. Timco analyzed the effects of ice speed, width-to-thickness
ratio, ice failure mode, and ice mechanical properties on local pressure, in addition to area,
and found that not all data conform to the pressure—area curve [7]. Taylor proposed a
probabilistic model for simulating local high-pressure zone loads [18]. Shamaei, based on
ship-measured data, studied the negative correlation between the peak local ice pressure
and ice thickness [19]. Long, using numerical analysis, proposed that the effect of loading
rate on local ice pressure is caused by changes in sea ice failure modes [20]. Wang, through
model tests, suggested that under different ice speeds, the local ice pressure exceeding
three times the uniaxial compressive strength accounts for less than 2% of the nominal
contact area [21]. Zhao, using numerical methods, found that ship speed has a significant
impact on local ice loads [22]. The ISO 19906 standard [23] provides some guidance in the
assessment of local ice pressure; however, its methods and parameter selection still have
limitations in practical applications.

In summary, recent years have seen numerous studies on the relationship between
local ice pressure and local contact area, based on numerical simulations and full-scale
measurements. These studies include the distribution characteristics of high-pressure areas
and the influence of various factors on local ice pressure, resulting in calculation methods
for local ice pressure under single-factor or dual-factor conditions. However, there is a
lack of research that analyzes the failure mechanism and the conditions under which the
maximum local ice pressure occurs, particularly focusing on the regularity of changes in
local ice pressure caused by variations in ice speed and ice thickness.

In recent years, many scholars have conducted extensive ice load research based on
field prototype testing, model testing, numerical simulation, and other methods [24-27].
Field monitoring can obtain real ice load data, which has good reliability; however, it
is difficult to analyze the influence of various parameters finely due to the impact of
natural conditions in actual sea ice conditions [28]. Numerical simulations can model
various conditions in a relatively short time and avoid some uncertainties present in field
measurements. However, the accuracy of the simulation results depends on the precision
of input parameters, and the random nature of defects within sea ice introduces some
errors in the outcomes [27,29]. Model testing, as a research method, can precisely control
experimental conditions, simulate the interaction between sea ice and structures, and
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intuitively observe the process of ice load application, providing verification for theoretical
analysis and prototype experiments.

To clarify the main factors influencing the magnitude of local ice pressure, this study
conducted research on the interaction between sea ice and structures under different
conditions based on model tests. By collecting local ice pressure data, this study provides
an in-depth analysis of the conditions under which maximum local ice pressure occurs
and investigates the regularity of changes in local ice pressure caused by load speed and
ice thickness. This research offers valuable data references for ice-resistant design in polar
marine engineering.

2. Model Tests
2.1. Sea Ice Loading Model Test

This study investigates the factors influencing local ice pressure amplitude based on
the ice loading device in the low-temperature environment laboratory of Dalian University
of Technology.

The interaction between ice and structures in model tests can be categorized into active
and passive loading methods. Passive loading involves driving the structure against a
stationary ice sheet or large iceberg, similar to ice-ship interactions. Active loading, on the
other hand, uses hydraulic actuators to push the ice against the structure, making it more
suitable for studying the interaction between fixed structures and ice.

The model test apparatus for the interaction between sea ice and vertical structures, as
shown in Figure 2, is located in a low-temperature laboratory where the lowest controlled
temperature is —28 °C with a control accuracy of 0.1 °C. The test procedures is as follows:

1.  Model Ice Preparation: To obtain low-strength sea ice that meets the experimental
requirements, high-salinity seawater was prepared using sea salt within the loading
device. The ice sheet froze from top to bottom, forming columnar ice. The laboratory
temperature was set to —20 °C for rapid freezing, followed by a temperature recovery
process to control the internal temperature of the sea ice.

2. Sensor Installation: After calibrating thin-film pressure transducer, they are installed
on the model structure.

3.  Test Loading: Different loading speeds are set, and the support platform pushes the
sea ice at the corresponding speed to interact with the vertical steel plate (vertical
structure model). Loading continues to a specific displacement before automatic
unloading and returning to the initial position.

4. Data Extraction: Using imaging software and a MATLAB-based data processing
program (MATLAB R2021a (9.10)), the experimental data were processed to obtain
time-history graphs of local and overall ice forces at each moment. The peak points of
each force measurement unit were extracted, and the relevant data were exported.

Figure 2. Model test system in laboratory.
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2.2. Test Data

The ice failure mode is mainly influenced by ice speed. Different loading speeds and
varying thicknesses of model ice were used to study local ice pressure under different
failure modes. The test conditions and main parameters are shown in Table 1.

Table 1. Key parameters for discrete element calculations.

Test Number Start Time (s) End Time (s) .Ice Sheet Loading Speed
Thickness (mm) (mm/s)
0304-v10h33 13 33 33 10
0305-v10h45 13 33 45 10
0306-v1h18 75 280 18 10
0308-v1h12 75 280 12 1
0309-v10h14 13 33 14 1
0516-v1h55 60 200 55 1
0531-v1h42 60 200 42 1
0602-v7h65 22 52 65 7
0606-v4h65 22 75 65 4
0606-v15h65 8 22 65 15

A thin-film pressure transducer installed on the outside of the structure measured
and recorded the local ice pressure data during the ice-structure interaction process. The
sensors divided the structure’s width into 32 columns, with each 10 mm along the ice
thickness direction constituting a collection unit, allowing for the collection of local ice
pressure data across 32 X h local regions. The local ice pressure data were analyzed using a
MATLAB-based data processing program.

During the preparation of the model ice, the front end was constrained by a smooth
baffle, freezing into a relatively flat and smooth surface. As a result, at the initial stage of
loading, the flat ice sheet came into full contact with the structure, causing the ice sheet
to break simultaneously. This led to the first peak value being significantly higher than
subsequent breaking peaks, as shown in Figure 3a. With continued loading, the ice sheet’s
section was no longer flat, and the ice force peak gradually decreased. Excluding the first
peak in the initial loading stage, the remaining data was selected for analysis. The local
ice pressure data at the global ice force peak (as shown in Figure 3b, where the red dot
represents the selected ice force peak moment) was used to create local ice force distribution
maps (as shown in Figure 3c,d). The results indicate that the locations of extreme local ice
pressures (the brown areas in Figure 3c,d) varied across different global ice force peaks,
with larger local ice pressure areas distributed more randomly. Extreme local ice pressures
could occur at various locations across the contact surface.
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Figure 3. Analysis of global ice force and local ice pressure data for 0516-v1h55: (a) time history
diagram of global ice force; (b) processed history diagram of global ice force; (c) diagram of local ice
pressure distribution for 99.42 s; (d) diagram of local ice pressure distribution for 108.5 s.

3. Study on Factors Influencing Local Ice Pressure Amplitude
3.1. Analysis of the Timing of Local Ice Pressure Occurrence

To investigate the relationship between the timing of extreme local ice pressure and
the global ice force loading-unloading cycle, the extreme local ice pressure data at each
moment were extracted and compared with the global ice force curve. Considering that the
ice failure mode varies with different loading rates, the timing of the maximum local ice
pressure pT'® within one global ice force loading cycle differs. To account for both ductile
and brittle failure modes of sea ice, loading rates of 1 mm/s, 4 mm/s, 7 mm/s, 10 mm/s,
and 15 mm/s were set in this study. As shown in Figure 4a, the red dashed box represents
a loading cycle, and the red cross marks the moment when pT'®* occurs. The probability
of p7® occurring at different stages (loading stage, peak moment, unloading stage) of
the ice force variation is presented in Table 2. From Figure 4a—c, it can be seen that when
ductile failure dominates, the waveform is a rectangular wave, and p7® has about a 50%
probability of occurring at the peak moment of the global ice force, with the remainder
occurring mainly in the loading stage, particularly as the global ice force approaches its
peak. In contrast, as shown in Figure 4d, when brittle failure dominates, the waveform is a
triangular wave, and pT® has about a 25% probability of occurring at the peak moment,
with the remainder mainly occurring in the loading or unloading stages.
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Figure 4. Relationship between local ice pressure distribution and time history of global ice force:
(@) v=1mm/s; (b)v=4mm/s;(c) v=7mm/s; (d) v=15mm/s.
Table 2. Probability of pT'®* occurring in three stages.
. Loading Stage Peak Time Unloading Stage
Loading Speed
/ Proportion Number of Proportion Number of Proportion Number of
(mm/s) P Occurrences P Occurrences P Occurrences
1 52.9% 9 47.1% 8 0 0
4 45.5% 10 40.9% 9 13.6% 3
7 30.0% 6 65.0% 13 5.0% 1
10 16.7% 3 33.3% 6 50.0% 9
15 46.2% 6 23.1% 3 30.8% 4

The above analysis shows that during the unloading stage of ductile ice failure, local-
ized loading across the contact surface is rare. However, during the loading and unloading
stages of brittle ice failure, there is a certain amount of localized loading across the contact
surface, leading to a difference in the distribution probability of pT®* across different stages
under high and low ice speeds. Nonetheless, pT'®* occurring at the global ice force peak
poses the greatest threat to the structure. Therefore, this study selects the moment of the
global ice force peak to study local ice pressure amplitude.

The region where the ice pressure exceeds one time the uniaxial compressive strength
is defined as the local high-pressure zone. The location of the local ice pressure is within
the local region [1,30].

Multiple global ice force peak moments were selected; the local area ratio g5 at each
moment is defined as the ratio of the total area a of the local region to the nominal contact
area A. The maximum local area ratio g®* at the peak moment of the total ice force under
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each condition is calculated, and the results are shown in Figure 5. The results indicate that
under all conditions, the ratio g3'®* of the high-pressure local area is less than 0.375, which

means that the area of the local region should not exceed 37.5% of the nominal contact area.
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Figure 5. Proportion of local ice pressure high-pressure zone.

3.2. Influence of Loading Speed on Local Ice Pressure Amplitude

To study the influence of loading speed on local ice pressure amplitude, four loading
speeds of 1 mm/s, 4 mm/s, 7 mm/s, and 15 mm/s were selected for analysis. For each
scenario, the local ice pressure data at three global ice force peak moments was considered.
The local region size was defined by taking continuous 1 X n units (n=1,2, 4, 8) in a
single row, with the maximum average ice pressure in the local region representing the
local ice pressure amplitude p;,™®*. The maximum value of the average local ice pressure
over the nominal contact area represents the local ice pressure amplitude. By normalizing
the local ice pressure amplitude, the ratio of the local ice pressure amplitude to the average
ice pressure over the nominal contact area at the corresponding moment is defined as the
local ice pressure amplitude ratio, calculated as follows:
max

RP = PL ave /
Pt

@
where p; ™® is the local ice pressure amplitude, p1'¢ is the average ice pressure over
the nominal contact area at the corresponding moment, and Ry, is the local ice pressure
amplitude ratio.

After normalization, the relationship between the local ice pressure ratio (R,) and
different loading speeds is shown in Figure 6. The results indicate that R, generally
decreases as the loading speed increases, with a more significant drop when the loading
speed is <7 mm/s. However, when the loading speed exceeds 7 mm/s, the decline becomes
relatively gradual. The primary reason for this behavior is that at lower loading speeds
(<7 mm/s), the ice failure mode is ductile, resulting in relatively smooth fracture surfaces.
Multiple regions of the ice undergo simultaneous compressive failure, leading to higher
synchronicity in local ice pressure. In this case, changes in loading speed significantly affect
the simultaneous failure characteristics of local ice pressure, causing a noticeable decrease
in R,. Conversely, at higher loading speeds (>7 mm/s), the ice failure mode shifts to
brittle failure, producing uneven fracture surfaces. The synchronicity of local ice pressure
is reduced, and more non-simultaneous compressive failures occur in the local regions.
The ice failure process becomes more random, and changes in loading speed have a lesser
impact on the simultaneity of local failure, resulting in a more gradual decrease in R,.
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Figure 6. Relationship between local ice pressure amplitude ratio R, and loading speed.

3.3. Influence of Ice Thickness on Local Ice Pressure Amplitude

According to the above analysis, an increase in loading speed leads to a decrease in
the local ice pressure amplitude ratio. To study the impact of ice thickness on local ice
pressure amplitude, this study analyzes a total of seven conditions under low and high
loading speeds. The selected conditions include a constant loading speed of 1 mm/s with
four different ice thicknesses (12 mm, 18 mm, 42 mm, and 55 mm), as well as a loading
speed of 10 mm/s with three different ice thicknesses (14 mm, 33 mm, and 45 mm).

As shown in Figure 7, the local ice pressure amplitude increases with the increase in ice
sheet thickness. This occurs because, during the fracturing of the ice sheet, the maximum
average ice pressure in the local region typically appears in the middle layer of the ice
sheet. Since the middle layer is in a triaxial stress state, it maintains a higher compressive
strength, making it relatively more resistant to failure. As the ice sheet thickness increases,
the boundary constraints on the middle layer strengthen, allowing the local region to
bear greater loads, leading to an increase in the local ice pressure amplitude, and a more
pronounced rise in the pressure ratio (Ry).

—=— 1X1 unit
6 |—e— 1X2 units
—&— 1 X1 units
—¥— 1X8 units

—&— [ X1 unit
—8— [ X2 units
| —A— 1X4 units
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S
3k
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1 1 1 1 1 1 1 L ! L L
10 20 30 40 50 60 10 20 20 10 50
h (mm) h (mm)
(a) (b)

Figure 7. Relationship between local ice pressure amplitude ratio R, and ice thickness:
(@) V=1mm/s; (b) V=10 mm/s.

Compared to high loading speeds, the upward trend of R, with increasing ice thickness
is more significant at low loading speeds, consistent with the results mentioned earlier. This
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Stepl 1x1 sub-area

is because, at a low loading speed of v = 1 mm/s, the ice failure mode is ductile, leading
to simultaneous failures; whereas, at a high loading speed of v = 10 mm/s, the ice failure
mode is brittle, resulting in non-simultaneous failures.

4. Study on the Influencing Factors of Local Ice Pressure—Area Relationship
4.1. Local Area Calculation

In the study of the relationship between local ice pressure and local area, there is
currently no unified standard. Daley [31], while analyzing the measurement data from the
“Polar Sea”, utilized a method that starts from the point of highest pressure and gradually
expands the local area within a continuous region to investigate the local ice pressure—
area relationship. This method is suitable for handling a single high-pressure area but is
not applicable when multiple high-pressure areas are distributed separately. Kim [1,32]
proposed the contour-averaging method (CAM) in his stepped crushing test, as shown in
Figure 8. This method starts from the point of highest pressure, with the average pressure
in area S1 as the starting point of the curve. The second point is the average pressure in
areas S1 and S2, and it progressively includes the average pressure of adjacent areas until
the entire contact area is covered. However, this method is primarily suitable for studying
local ice pressure in cone-shaped ice compression tests.

Pressure -—--- Step 1: A1, Pavgl
Measurement

Film -==- Step 2: A2, Pavg2

-==- Step 3: A3, Pavg3

-—-—- Step N: AN, PavgN

50 MPa

40 MPa

A0 MiPa

20 MPa

10 MPa

o MPa

Figure 8. Concept diagram of CAM method [1,32].

Based on the analysis methods mentioned above, this study proposes a new method
for selecting local areas—the continuous maximum method (CMM), as shown in Figure 9.

Step2 1x2 sub-area Step3 2x2 sub-area

Z:::m

Step 8xn sub-area

As the sub-area continues to expand,
search for the maximum pressure under the current sub-area

Step5 3x3 sub-area Step4 2x3 sub-area

When the vertical ion reaches
its i expand horizontally
by twice the step size

e

Figure 9. Local area selection method.
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The CMM method begins with the highest pressure value in the smallest unit, first
expanding the subarea laterally with a specific step size and selecting the maximum
pressure value under the expanded subarea within the nominal contact area. Then, the
subarea is expanded vertically with the same step size, and the maximum pressure value
within the expanded subarea is selected again. If the vertical expansion exceeds the nominal
contact area, the vertical expansion stops, and the lateral expansion continues with double
the step size. Figure 9 details the steps of the CMM method. The CMM method ensures
that each selected subarea is the maximum value under the corresponding area within the
entire pressure sensor area, while maintaining the continuity of the area, ensuring that the
pressure—area curve shows a decreasing trend.

4.2. Factors Affecting the Local Ice Pressure—Area Relationship

Existing studies suggest that local ice pressure and area generally follow a power law
relationship, which can be expressed as p = kA™*.

The above studies indicate that the magnitude of local ice pressure is influenced by
loading speed and ice thickness. To further analyze the impact of these factors on the local
ice pressure-area relationship, this study selected different combinations of loading speed
and ice thickness for analysis. Four sets of ice thickness (12 mm, 18 mm, 42 mm, 55 mm)
were chosen for a loading speed of 1 mm/s, and three sets of ice thickness (14 mm, 33 mm,
45 mm) were selected for a loading speed of 10 mm /s, making a total of seven conditions.

Three moments of peak global ice force were selected, and the CMM method was
used to expand the local area and obtain the maximum average ice pressure pr, ™ under
different local areas. The normalized local ice pressure amplitude ratio R, was calculated.
Simultaneously, the ratio of the local area a to the nominal contact area A was calculated to
obtain the normalized area ratio R4, ensuring that Ry is less than 0.4.

In the model tests, under two different ice velocities (1 mm/s, 10 mm/s), R, increased
with the increase in ice thickness, and the R,—curves generally showed a trend of first
decreasing and then stabilizing. The power law function-fitting formula of the R,—R4 curve
under different ice thicknesses is shown in Equation (2):

At three peak moments of the total ice force, the CMM method was used to expand
the local area and obtain the maximum average ice pressure p;,™® for different local area
sizes. The normalized local ice pressure amplitude ratio R, was calculated, along with the
normalized local area ratio R4 using the ratio of the local area to the nominal contact area,
ensuring that R4 is less than 0.4.

In the model tests, under two different loading speeds (1 mm/s and 10 mm/s), R,
increased with the increase in ice thickness, and the R,~R 4 curves generally showed a trend
of first decreasing and then stabilizing. The power law function-fitting formula for the
Ry—R4 curves under different ice thicknesses is shown in Equation (2):

R, = kR, )

where k is the coefficient, « is the exponent of the power law function, R4 is the local area
ratio, and R, is the local ice pressure amplitude ratio.

The fitted parameters of the power law fitting curve are shown in Table 3, where the
coefficient k increases with the increase in ice thickness. This is because under large ice
thickness conditions, the central part of the ice sheet is more constrained, leading to higher
local ice pressure. Under high loading speed conditions, the range of variation of the coeffi-
cient k is smaller with increasing ice thickness; under low-loading-speed conditions, the
range of variation of k is larger compared to high-loading-speed conditions. This is because,
under low loading speed, sea ice undergoes ductile failure, with better synchronization
during the failure process, resulting in a wider range of local ice pressure variation.
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Table 3. Fitting parameters of local ice pressure area curve under different ice thicknesses.
Loading Speed (mm/s) Ice Thickness (mm?)  Coefficient k Exponent « R?
12 0.854 —0.269 0.99
1 18 0.874 —0.411 0.98
42 0.976 —0.342 0.96
55 1.120 —0.342 0.94
14 0.900 -0.317 0.96
10 33 0.930 —0.327 0.98
45 1.097 —0.300 0.92

The ISO 19906 standard [23] provides the following formula for calculating local
ice pressure.

Based on the ice thickness, there are two formulae for calculating local ice pressure [25].

(1) Formula for calculating ice pressure over the full ice thickness:

pp= 23510, 3)

where pr is the average ice pressure over the full ice thickness, & is the ice thickness; when
h > 0.35 m, this formula is used; and when & < 0.35 m, pr = 4.0 MPa. Ice pressure is mainly
distributed in the central region of the ice sheet, and the local ice pressure can be calculated
using Equation (3):

PL = TLPE 4)

where py, is the local ice pressure, and 1, is taken as 2.5.
(2) If the ice thickness is greater than 1.5 m, the formula for calculating local ice
pressure is as follows:
pL = 7.40A7070, (5)

where A is the local area; and when A < 10 m?, this formula is used; and when A > 10 m?,
pr = 1.48 MPa.

The local ice pressure py, calculated based on the ISO 19906 standard [23] is divided by
the global effective ice pressure pg to obtain the pressure ratio R,. The global effective ice
pressure is calculated as follows [25]:

pc= CRK,Z)n(Z)m+fAR], (6)

—w h
far = e [1+5-, (7)

where pg is the global effective ice pressure; Cr is the strength of the ice; w is the width of
the structure in meters; & is the sea ice thickness in meters; /7 is the reference ice thickness,
hy = 1.0; m is an empirical coefficient, taken as —0.16; 7 is an empirical coefficient, when
h<10m,n=-05+h/5 whenh > 1.0m, n = —0.3. This formula is applicable to rigid
structures with a width-to-thickness ratio w/h > 1. The standard recommends that the
ice strength o, be taken as 2.8 MPa for Arctic regions, 2.4 MPa for sub-Arctic regions, and
1.8 MPa for temperate ice zones.

The local ice pressure amplitude data from the tests were compared with the method
recommended by the standards (as shown in Figure 10). The normalized R4—R;, curves
obtained from the model test data and the ISO 19906 standard [23] calculations under
different ice thicknesses are shown in Figure 10. The comparison reveals that the ISO
19906 standard [23] maintains a constant pressure ratio R, under conditions where the ice
thickness is less than 1.5 m (ice thicknesses of 0.5 m and 1 m), considering primarily the
effect of ice thickness while ignoring the impact of local width and loading speed. For
conditions with an ice thickness greater than 1.5 m (ice thickness of 2 m), the pressure ratio
Ry calculation results are the same under two different ice velocities, indicating that the ISO
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19906 standard [23] fails to consider the impact of loading speed adequately. To address the
inadequacies of the ISO 19906 standard [23] in assessing local area and fully considering
the impact of loading speed when calculating local ice pressure, this study conducts an
in-depth study based on model test data.

5

H  0309-v10h14
= 0308-vIhi2 _ ®  0304-v10h33
e 0306-vihi8 5T v e
A 0531-vihd2 v oo
v 0516-v1h55 v 150-h500

150-h500
1S0-h1000
1S0-h2000

v

Figure 10. Ry—Rp curves of tests and ISO [23] under different ice thicknesses: (a) V =1 mm/s;
(b) V=10 mm/s.

4.3. Distribution Pattern of Local Ice Pressure—Area Curve Coefficients

From the above analysis, it can be seen that both ice thickness and loading speed
affect the pressure—area curve. This study investigates the relationship between local ice
pressure—area curves and ice thickness under two loading speeds: slow (v =1 mm/s) and
fast (v =10 mm/s).

The two loading speeds represent primarily ductile failure (1 mm/s) and primarily
brittle failure (10 mm/s) of the ice sheet, respectively. As noted from Table 3, the exponent
o fluctuates within the ranges of —0.411 to —0.269 and —0.327 to —0.300 under the two
loading speeds. To analyze the effect of the thickness-to-width ratio on ice pressure, the
average values of these two intervals, —0.341 and —0.315, were taken as the fixed exponent
«. The coefficients k for different thickness-to-width ratios were then calculated, with
specific parameters shown in Table 4.

Table 4. Simplified R,—R4 local ice pressure-area curve parameters.

Loading Speed Ice Thickness

(mm/s) (mm?) Coefficient k Exponent « R?
12 0.854 0.711 —0.341
1 18 0.874 1.078 —0.341
42 0.976 0.981 —0.341
55 1.120 1.124 —0.341
14 0.900 0.905 —0.315
10 33 0.930 0.968 —0.315
45 1.097 1.039 —0.315

Analysis of Figure 11 shows that under both failure modes, there is a linear relationship
between the local ice pressure—area curve and the thickness-to-width ratio. The coefficient
k of the local ice pressure—area relationship increases with the ice thickness, and the
mathematical expression can be represented as follows:
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Figure 11. The relationship between thickness-to-width ratio R, and coefficient k: (a) the relationship
between thickness-to-width ratio Rj, and coefficient k under ductile failure; (b) the relationship
between thickness-to-width ratio R;, and coefficient k under brittle fracture.

(1) For ductile failure:
kj=1.912R;,+0.784; 8)

(2) For brittle failure:
kp= 1.354R;+0.841, )

where R, represents the thickness-to-width ratio, k; is the function of thickness-to-width
ratio under ductile failure, and kj, is the function under brittle failure.

Further analysis reveals that the slope under ductile failure of the ice sheet is greater
than that under brittle failure. The local ice pressure amplitude is more significantly
influenced by ice thickness in the case of ductile failure. Under conditions of greater
ice thickness, the constraint effect on the center of the ice sheet is stronger, leading to
higher local ice pressure. This study indicates that the power law relationship between
local ice pressure and area is affected by ice thickness and sea ice failure mode. A single
local ice pressure—-area calculation model cannot accurately represent the local ice pressure
magnitude under different conditions. Therefore, the effects of ice thickness and loading
speed should be considered comprehensively.

5. Discussion

Local ice pressure data obtained from indoor model tests and tactile pressure sensors
were used to investigate the amplitude of local ice pressure and its influencing factors
thoroughly. Due to the characteristics of sea ice failure, the timing of the maximum local
ice pressure differs under different failure modes. Only some of the maximum local ice
pressure occur at the peak of the overall ice force. When the ice sheet experiences ductile
failure, there is an approximately 50% chance that the maximum local ice pressure occurs
at the peak of the overall ice force. In contrast, when the ice sheet experiences brittle failure,
the probability is about 25%. The threat to the structure is greatest when the local ice
pressure occurs at the peak of the overall ice force. Although the occurrence probability
under brittle failure is lower, the maximum local ice pressure in this condition should
be considered in structural design. The overall ice force on the structure is primarily
contributed by high-pressure zones, which have a small proportion of the total contact area.
Johnston et al. [30] found that the critical area for local ice pressure (i.e., the high-pressure
zone) occupies only 10% of the total contact area, and the ISO 19906 standard [23] suggests
that the distribution of local ice pressure is within 0.4 times the ice thickness from the
centerline of the ice thickness. The distribution area of the high-pressure zone is related to
the selected threshold coefficient. Using the uniaxial compression strength of the ice sheet
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as the threshold coefficient, it was found that the proportion of the high-pressure zone’s
distribution area to the total contact area is less than 37.5% under all conditions, with the
proportion under brittle failure being smaller than that under ductile failure.

There is a power law relationship between local ice pressure amplitude and local area.
Masterson et al. [10] developed local ice pressure—area power law curves with different
parameters based on field measurement data. Analysis of the local ice pressure test data
revealed that ice thickness and the failure mode of the ice sheet both influence the local ice
pressure—area curve. Based on the model test data analyzed in this study, it was found that
there is a linear relationship between the power law coefficient of local ice pressure—area
and the thickness-to-width ratio. The slope of the linear relationship differs under different
failure modes of the ice sheet, primarily due to more complete contact between the ice and
the structure under ductile failure. When the ice is under a triaxial stress state at the center
of the ice thickness, changes in ice thickness have a more pronounced effect on the local ice
pressure at the center.

6. Conclusions

Through model tests and theoretical analysis, this study conducted an in-depth study
on the magnitude of local ice pressure and its influencing factors. The study found that
the magnitude of local ice pressure is closely related to ice thickness and loading speed.
The local ice pressure magnitude decreases with increasing loading speed and increases
with increasing ice thickness, which is related to the failure mode of sea ice. From the
perspective of failure mechanisms and the conditions under which the maximum local ice
pressure occurs, the effects of ice thickness and loading speed on the local ice pressure-local
area relationship were analyzed. A comparative analysis with the ISO 19906 standard [23]
revealed certain limitations in the standard’s assessment of local region areas. The main
conclusions of this study are as follows:

1. Atlow loading speed, there is a 50% probability that the local ice pressure extreme
occurs at the peak of global ice forcel; while at high loading speed, there is only about a
25% probability that it occurs at the peak of global ice force.

2. When the ice pressure exceeds one time the uniaxial compressive strength, the
proportion of the local high-pressure area g4 is less than 0.4, and the local area should not
exceed 40% of the nominal contact area.

3. As the loading speed decreases, the normalized local ice pressure amplitude ratio
(Rp) shows a decreasing trend. When the test loading speed is >7 mm/s, changes in loading
speed significantly impact the local ice pressure, leading to a noticeable decrease in R,.
When the test loading speed is <7 mm/s, the effect of loading speed changes on local ice
pressure is minimal.

4. As ice thickness increases, the upward trend in the normalized local ice pressure
amplitude ratio becomes more pronounced. This upward trend is more significant at lower
loading speeds compared to higher loading speeds.

5. There is a linear relationship between the power function coefficient of local ice
pressure—area and the thickness-to-width ratio. Compared to brittle failure, the local ice
pressure amplitude under ductile failure of the ice plate is more significantly influenced by
ice thickness.

This study is based on model test measurement data, where the test involves pushing
an ice plate to interact with a rigid plate of fixed dimensions. The study analyzes the effects
of loading speed and ice thickness on the characteristics of local ice pressure caused by
non-simultaneous failure of the flat ice plate. The structure scale considered in the test is
fixed, and the focus is on investigating the regularity of factors influencing the local ice
pressure amplitude. Future work can expand to tests with different structural sizes and
develop predictive models for local ice pressure amplitude considering multiple factors,
combining field measurements and numerical simulations.

The above research results provide important theoretical support and data references
for ice-resistant design of polar offshore structures.
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