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A Probabilistic High-Pressure
Zone Model for Local and Global
Loads During Ice-Structure
Interactions

For temperate ice regions, guidance provided by current design codes regarding ice
load estimation for thin ice is unclear, particularly for local pressure estimation. This
is in part due to the broader issue of having different recommended approaches for
estimating local, global, and dynamic ice loads during level ice interactions with a
given structure based on region, scenario type, and a variety of other conditions. It is
essential from a design perspective that these three scenarios each be evaluated using
appropriate definitions for local design areas, global interaction area, and other struc-
tural details. However, the need for use of different modeling approaches for ice loads
associated with each of these scenarios is not based on ice mechanics but rather has
largely evolved as a result of complexities in developing physics-based models of ice
failure in combination with the need to achieve safe designs in the face of limited full-
scale data and the need for implementation in a probabilistic framework that can be
used for risk-based design assessments. During a given interaction, the ice is the same
regardless of the design task at hand. In this paper, a new approach is proposed based
on a probabilistic framework for modeling loads from individual high-pressure zones
acting on local and global areas. The analysis presented herein considers the case
of thin, first-year sea ice interacting with a bottom-founded structure based on an
empirical high-pressure zone model derived from field measurements. Initial results
indicate that this approach is promising for modeling local and global pressures.

[DOI: 10.1115/1.4042386]

1 Introduction

Modeling extreme ice actions is essential in the design of ships
and offshore structures for ice environments. During the compres-
sive failure of ice against a vertical-walled structure, global and
local pressures associated with ice crushing failure have important
implications for design. Widely accepted trends of decreasing ice
pressure with increasing area have been incorporated into design
codes such as ISO 19906 [1] and considerable effort has been
placed on reducing uncertainty associated with such pressure—area
relationships [2—6]. While such pressure—area relationships provide
valuable guidance, many approaches do not explicitly account for
statistical exposure effects and rather assume that extreme value
for design can be modeled from these data as the mean peak pres-
sure plus three standard deviations. Such an approach assumes
normally distributed residuals and moreover does not allow the
analyst to account for differences between structures experiencing
very infrequent interactions, which would be expected to experi-
ence smaller extreme loads than those exposed to many annual
interactions.

Various probabilistic models of ice pressure behavior have
been developed to model loads during interactions between ships
and offshore structures with ice (e.g., see Refs. [7-19]). Many of
these approaches treat ice loads as a Poisson-type process and rely
on statistical information or empirical relations extracted from
force—time series measurements from instrumented ice load pan-
els with fixed area. Ice failure is a complex process and the direct
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use of field data as a basis for design load estimation continues to
be a necessity in ensuring safe, economical designs.

Probabilistic methods for extreme ice pressure analysis, such as
the event-maximum method, also show very clear scale effects
but provide an approach in which design exposure and exceedance
probability are explicitly accounted for (e.g., see Refs. [8] and
[13]). Such an approach allows the designer to more clearly link
estimated design loads with target safety levels based on the
operational profile of the vessel or structure. Such probabilistic
methods are well suited to the analysis of local panel pressure
data, where ice loads are measured over structural panels of fixed
areas. High-resolution tactile pressure sensor data, such as that
made available by the Japan Ocean Industries Association (JOIA)
medium-scale field indentation program, have provided opportu-
nities to study and model pressures at the scale of the fundamental
element of compressive ice failure: the high-pressure zone.

High-pressure zones (hpzs) are regions of localized contact
through which the ice transmits intense local pressures to the
structure during an ice—structure interaction [20,21]. Individual
hpzs have high temporal and spatial variability, and collectively,
all hpzs present during an interaction are responsible for the
majority of loads transmitted to the structure. For structures inter-
acting with level sea ice, linear patterns of Apzs or “line-loads”
are typically observed across the width of the interaction area
[22-25]. The ice feature geometry plays an important role in the
shape of the contact pressure distribution, as was recognized in
the geometrical model of Spencer and Masterson [26]. For the
case of level ice interactions, the shape of the spatial distribution
of hpzs is influenced by the occurrence of spalling fractures which
extend to the top and bottom surfaces of the ice sheet and tend to
concentrate /spzs near the center of thickness of the ice sheet.
Observations from the JOIA tactile pressure sensor dataset suggest
that the total contact area (combined area of all /ipzs) during
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crushing events is on average only about 10% of the nominal
interaction area [24,25].

During ship—ice ramming events with multiyear ice, pressures
as high as 70 MPa have been measured [27]. Similarly, very
intense local pressures have been measured during medium-scale
indentation tests on multiyear sea ice and pressures as high as
60 MPa [28] and 80 MPa [20] have been reported. From small-
scale indentation tests on polycrystalline freshwater ice at —10 °C,
pressures greater than 100 MPa have been reported for areas of a
few squaremillimeters, while pressures on the order of 35 MPa on
areas of a few hundred squaremillimeters have been reported
[29,30]. Given the important role of high-pressure zones in deter-
mining the loads transmitted to a structure during an ice—structure
interaction, understanding the nature of Apzs and associated
mechanics is key to developing improved models of local and
global ice pressures.

While panel measurements provide valuable data for ice load
modeling, they typically do not provide adequate resolution to
track the spatial and temporal evolution of individual Apzs. Tactile
pressure sensor data, such as those available from the JOIA
medium-scale field indentation tests, provide detailed information
about pressure distributions at a higher resolution than previously
available. These data provide valuable insights into the nature of
compressive failure processes for thin first-year sea ice [23,31-35].

Tactile pressure sensor data also highlight the complexity of
the load limiting processes present during an ice—structure
interaction. Throughout a given crushing event, the loads acting
on a given region may be attributed to either a single hpz, a par-
tial hpz, or multiple Apzs. If one has sufficient full-scale panel
data to confidently represent all loading conditions encountered
by a structure over its design life, this high degree of detail may
be considered as unnecessary since the designer is primarily
concerned with the extreme level of load acting over the speci-
fied area (local or global). However, when designing for condi-
tions for which such data are unavailable, when there is
significant uncertainty regarding interpretation of available
data, or in developing next generation dynamic ice—structure
interaction models, the behavior of Apzs is critically important.
In such cases, understanding the details of ice failure processes,
hpz behavior, and associated mechanics provide an additional
layer of information to help guide design load estimation.

Several models have been developed that utilize inferences
about /pzs from local panel pressure data, see, for example, Refs.
[1], [10], [11], [16], and [21]. In many of these models, pressure is
modeled as a combination of /spz pressures and a low background
pressure, with estimates of pressure contributions being inferred
from local pressure panel data. For many datasets, the size of the
instrumented panels provides adequate resolution to allow one to
estimate the area of the loaded region but does not provide

adequate detail to track the true contact areas of individual /pzs
within that region. To identify, track, and extract data for individ-
ual /ipzs from tactile pressure sensor data, a new algorithm has
been developed [36]. Using this algorithm, an analysis of the
JOIA dataset has been undertaken and a database of “empirical
hpzs” has been compiled to help characterize hpz attributes and
associated load limiting mechanisms.

To provide insights into the behavior of /pzs during the com-
pressive failure of first-year sea ice, a detailed analysis of the tac-
tile pressure data from the JOIA program has been undertaken and
a new ice load model based on extracted /pz data has been devel-
oped. In the present paper, a description of the data analysis and a
summary of results are provided. A new ice load model based on
the ensemble behavior of empirical /pzs has been developed and
implemented to simulate level ice loads for interactions between a
structure and thin first-year sea ice. Results obtained using this
model are compared with results from existing local and global
ice pressure models.

2 Methodology

As illustrated in Fig. 1, the methodological framework employed
in the present work is comprised of three main steps: (1) analysis of
data, (2) statistical /sipz characterization, and (3) design load estima-
tion. These are described below.

2.1 Analysis of Data

2.1.1 Experimental and Full-Scale Data. Data considered in
the present analysis were obtained from indentation tests con-
ducted on thin, first-year sea ice during the medium-scale field
indentation test program carried out by the JOIA. Between 1996
and 2000, more than 30 field indentation experiments were carried
out in the harbor of Notoro Lagoon in Hokkaido, Japan (44°05'N,
144°10'E). The field indentation apparatus consisted of a large
mobile test frame that was suspended from the side of the main
dock and which could be moved using a 65-ton mobile crane to
allow the indenter to be placed at specified locations along the
dock [23]. For test data considered in the present work, ice condi-
tions consisted of brackish first-year sea ice, with some snow ice
and an average ice thickness on the order of 30 cm. During this
program, the mean air temperature was about —3°C and the
indentation rate, which was controlled by a servo-controlled
hydraulic system, varied between 0.3 cm/s and 3 cm/s. Details of
the ice conditions and the physical and mechanical properties of
the ice during the program are detailed by Kamio et al. [33]. The
indenter structure consisted of an instrumented beam (40cm
deep x 150 cm wide) fitted with 15 contiguous 10 cm wide load
panels, which for many experiments were also instrumented with
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Tekscan tactile pressure sensors. The tactile pressure sensors used
in test events considered in the present work consist of a 44 ele-
ment high by 176 element wide array, in which each sensor ele-
ment was 5.1994 mm x 5.1994 mm (27.0322 mm?) and covered a
90 cm wide central region of the beam. Additional details of the
JOIA program have been published by several authors
[23,31,33-35,37].

2.1.2 Tactile Data Visualization and Extraction of Individual
High-Pressure Zones. To facilitate easier processing, filtering,
analysis, and interpretation of the raw JOIA data, a set of numeri-
cal tools and a graphical user interface (GUI) were developed in
MATLAB. This work included an overall assessment of the dataset
to examine general observations of ice failure behavior under dif-
ferent loading conditions. Sample data for Test 980126-1 plotted
using the GUI developed for analyzing these data are shown in
Fig. 2.

From an initial analysis of the tactile sensor data, it was evi-
dent that there are regions of surrounding background pressure,
such as the regions shown in blue in Fig. 2 (for interpretation of
the color, the reader is referred to the web version of the article),
which can make it difficult to discriminate between contact areas
associated with individual ipzs. To address this issue, several dif-
ferent techniques for identifying and delimiting /pzs have been
explored. The selected technique was based on a combination of
a threshold-based contact area definition and an /pz centroid
tracking algorithm. For each time-step, contour lines correspond-
ing to regions defined by areas having pressures above a specified
threshold pressure were extracted from the tactile sensor data. To
track the /pz evolution in time, it was assumed that if the centroid
of a given hpz area did not shift by a distance of more than half
the area width during subsequent time steps, then these areas
could be assumed to correspond to the same /pz. For the purpose
of this calculation, the width of each hpz was defined for each
time-step as the difference between the maximum and minimum
horizontal extents of the corresponding /pz contour line. Shifts in
the centroid that were greater than half the sipz width were taken
as an indicator of the “death” of one /ipz and if a nearby /pz area

was present in the time steps following a death, this was inter-
preted as the “birth” of a new /pz. Upon detection each hpz was
assigned an ID number and it was tracked in time until it “died”
(either due to pressure everywhere within the spz dropping below
the threshold pressure or due to a major failure event that resulted
in a centroid shifting greater than half the /pz width). A typical
example of a single Apz evolving in both space and time is shown
in Fig. 3. On this basis, an empirical /pz is therefore defined as
an extracted subset of tactile pressure sensor data, which consists
of a single contiguous array of sensels having a pressure greater
than or equal to the specified threshold pressure, and for which
the “lifetime” of that empirical /pz is defined based on its criteria
associated with its birth and death as defined earlier.

2.2 Methodology for Statistical HPZ Characterization.
The development of a statistical description of /pzs requires
extraction of detailed information about many individual /Apzs.
To develop these statistical distributions, the JOIA tactile pres-
sure sensor data have been analyzed using the approach
described in Sec. 2.1.2, and characteristics of each hpz have
been extracted and used to populate a database. The database
included characteristics of individual #hpzs, such as areas,
widths, heights, aspect ratios, perimeters, and Apz centroid posi-
tions (x, y), as well as pressure attributes including means, maxi-
mums, and standard deviations of /ipz pressure. For each tactile
sensor element inside the boundary of a given Apz, the elemental
force was also calculated. Summing forces from all elements
within an /pz boundary for a given instant yielded a record of
hpz force as a function of time. Further, by multiplying this
instantaneous force by the incremental indentation distance
(i.e., the indentation speed multiplied by the time increment of
the tactile sensor recording), an estimate of the energy dissi-
pated through a given hpz could be obtained. Once all of the tac-
tile sensor datasets had been processed using the automated /pz
analysis routines, the empirical hpz data were then analyzed to
extract information about high-pressure zone characteristics
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such as distributions of Apz area, aspect ratio, location, duration,
crushed depth, crushed volume, and pressure.

2.2.1 Effect of Pressure Threshold. The selection of a pres-
sure threshold value to use in the identification and tracking of
hpzs is an important consideration. To study how the characteris-
tics of hpzs vary as a function of pressure threshold, these values
have been varied in increments of 1 MPa, between values of
1 MPa and 10 MPa. The influence of pressure threshold on the per-
centage of total force carried and total energy dissipated by all
hpzs is shown in Fig. 4. Similar results were obtained for both the
slower indentation (0.3 cm/s) and faster indentation (3.0cm/s)
rates and the results do not appear to exhibit a strong dependence
on indentation speed. At a given instant, the Apzs defined by a
pressure threshold of 1 MPa will carry on average about 80% of
the total load and dissipate about 80% of the energy during a
given interaction.

The duration, crushed depth, and crushed volume of individual
hpzs are also plotted as a function of lower pressure threshold for
the two speeds considered. As seen from Fig. 5(a), the duration of
individual Apzs is about an order of magnitude smaller for the
higher indentation speeds. For a threshold value of 1 MPa, indi-
vidual /ipzs seem to survive for about 1s at an indentation speed
of 0.3cm/s and about 0.1s at an indentation speed of 3.0 cm/s.
Correspondingly, the crushed depth of an /pz is taken as the total
depth that the structure indents into the ice sheet before a given
hpz is destroyed. This is calculated by multiplying the Apz dura-
tion by the indentation speed. The crushed depth for all Apzs in
the database is shown in Fig. 5(b), where it can be seen that the
mean /pz depth is roughly the same for both indentation speed for
pressure thresholds values lower than 8 MPa. The mean depth of
an hpz, based on this figure, would be around 3 mm, which corre-
sponds to approximately 1% of the ice thickness (nominally
30cm). It is worthwhile noting that the duration and depth of /pzs
are relatively insensitive to threshold values below about 5 MPa,
whereas the swept volume of individual Apzs is more sensitive,
due to its dependence on contact area, which is more sensitive to
threshold pressure Fig. 5(c). It is important to note that this choice
of threshold pressure was a matter of judgment and not based on a
physical rationale. While other values of threshold pressure may
be used, it is essential any component of force associated with that
threshold level which is excluded from the correspondingly
defined Apzs be added back in through an appropriate background
pressure factor B. For example, considering Fig. 4 we see that if a
1 MPa threshold captures regions that on average contain 80% of
the force, then accurately modeling the total force necessitates
inclusion of a factor to account for the remaining 20% of force

051604-4 / Vol. 141, OCTOBER 2019
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outside the /Apzs to avoid underestimating the total load. In this
case, the background pressure factor would be calculated as
B =0.20/0.80 =0.25. Similarly, considering Fig. 4, it is observed
that if a pressure threshold of 2 MPa was used, this choice would
result in an average of 60% of the total force being captured by
the regions defined as Apzs, with the remaining 40% of force out-
side the /pzs that needing to be factored using a background pres-
sure factor of B =0.40/0.60 = 0.67. Based on the results discussed
earlier, a constant value of threshold pressure of 1MPa was
selected for use throughout this analysis.

222 Area of High-Pressure Zones as Percentage of Total
Area. To assess the percentage of the nominal interaction area that
may be attributed to Apzs during an interaction, histograms of total
contact areas as a percent of nominal interaction area for a pressure
threshold value of 1 MPa have been plotted in Fig. 6. As may be
observed, the percentage of nominal interaction area defined as /pzs
spans a range from about 2% to 10% of the nominal interaction
area, with a mean of about 5% of total area for both speed ranges.

From prior analyses of the JOIA tactile sensor data [24,25], it
has been observed that the total contact area during an interaction
when no threshold pressure is used is on the order of about 10%
of the nominal interaction area. Since a portion of the total contact
area will correspond to a lower background pressure that is below
the 1 MPa threshold value used to define individual /pzs in this
analysis, the total /sipz area (e.g., sum of all hpz areas above the
pressure threshold) will include only a subset (about 50% on aver-
age) of the sensor elements contained in the total contact area.

2.2.3 Area of Individual High-Pressure Zones. Since there are
many individual Apzs present at any given instant, the total spz
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areas represented in Fig. 6 will be comprised of many individual
hpz areas. As shown from the histograms given in Fig. 7, for the
conditions present during the JOIA test program, individual /spz
areas may be up to a few thousand square millimeters in size,
though the majority of these /pzs will on the order of less than a
hundred square millimeters. Considering the data for an individual
hpz given in Fig. 3, it should be noted that the contact area for a
given hpz may evolve considerably over the lifetime of the /pz.

224 Crushed Depth and Crushed Volume. As noted earlier,
crushed depth is calculated by multiplying the duration of Apzs
with the indentation speed. Figure 8 shows histogram of crushed
depth in the direction of indentation for the two different speeds
used in the JOIA test program. It is noted that here an offset value
has been used to discard the depths which are very close to zero
(<0.5mm). The similarity in the trend shown in the histogram
suggests that for the given range of speeds, hpz failure depth is
collectively consistent irrespective of the indentation speed. Such
observations have important implications since these results sug-
gest that the load transmitting mechanism may be dominated by
characteristic failure processes in the ice rather than indentation
speed alone.

For each time-step during the lifetime of an Apz, an incremental
crushed volume value may be estimated by multiplying the instan-
taneous hpz area on the vertical plane by the incremental crushed
depth for that time-step. Summing all incremental crushed vol-
umes over the duration of the /pz yields the total crushed volume
for each individual Apz. For the entire population of /pzs in the
database, the crushed volume values have been calculated and his-
tograms corresponding to each speed are given in Fig. 9. From
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this figure, it is seen that the distribution of crushed ice volumes is
approximately the same for both indentation speeds.

Two critically important pieces of information may be observed
from Figs. 8 and 9 for the indentation speeds and ice conditions
considered:

(1) The distribution of the crushed depth is relatively insensi-
tive to indentation rate, and

(i) The distribution of the crushed volume is relatively insensi-
tive to indentation rate.

While it is well understood that, in general, time dependence is
highly important in ice failure behavior processes (these effects
may be more pronounced for different temperatures or salinities),
the above data suggest that it is reasonable to treat the crushed
layer depth and volume distributions as being relative constant for
the range of speeds considered.

2.2.5 Peak Pressures and Force Within Individual Hpzs. To
assess the distribution of peak pressure and force within individual
hpzs, the empirical cumulative distribution functions (CDFs) for
both speed ranges were plotted in Figs. 10 and 11, respectively.
From Fig. 10, it may be observed that the mean value of the peak
hpz pressure is approximately 3 MPa for both speed ranges. This
pressure intensity is considerably lower than reported for confined
multiyear ice [20,28] and further work is recommended to
improve the understanding of how /Apz pressure and force inten-
sities scale for different ice loading scenarios and temperatures.

2.2.6 Spatial and Temporal Distribution of Hpzs. To assess
the spatial and temporal behavior of individual Apzs, the mean
trajectory (path traced in space—time by the centroid of each hpz over
its lifetime) has been plotted in Fig. 12. In this plot, the length of
each individual line represents the depth of a single /spz. Correspond-
ingly, the depth of each /pz may be determined from the length of
each line, which is calculated as the difference between the maxi-
mum and minimum indentation depths for that individual Apz. This
result shows that the size of individual, independent /pzs is signifi-
cantly smaller and the spatial density of /Apzs is much higher when
compared with values estimated from pressure panel data [11,16].

2.3 Methodology for Design Load Estimation. Individual
hpzs exhibit significant spatial and temporal variability during
their lifetime. For multiple /spzs acting over a region, the nonsi-
multaneous nature of the loads transmitted by these /4pzs results in
the averaging of loads over the total interaction area. As a conse-
quence of this pressure averaging phenomenon, global pressures
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Fig. 10 Peak pressure CDFs within hpzs for indentation speed
of 0.3cm/s and 3.0cm/s
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have a reduced variance when compared with local pressures. To
capture the effects of variance reduction when extrapolating local
pressures to the case of global areas, various pressure averaging
models have been developed [12,14,38—40]. Such models provide
important insights into variance reduction effects for global pres-
sures as a function of increased width but do not fully account for
local pressure scale effects. To address these gaps, details of hpz
behavior and associated load limiting mechanisms need to be
considered.

For the purpose of the present model, the concentration of /pzs
into such patterns is handled through the introduction of a geomet-
rically linked “contact area envelope” (CAE). The CAE is defined
as an idealized geometric region of the ice contact interface in
which all Apzs will occur and through which spz loads are trans-
mitted. As illustrated in Fig. 13, the CAE is modeled here as a
function of the global area based on the geometric model of
Spencer and Masterson [26] for both low aspect ratio (top) and
high aspect ratio (bottom) cases. As discussed by Jordaan et al.
[3], for the purposes of design the global interaction area is
defined as the total projected area of the ice feature onto the
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structure, while the local design area corresponds to some fixed
region on the structure such as a plate between frames. The areas
of individual /pzs are defined as the evolving regions of localized
ice—structure contact through which the majority of loads are
transmitted to the structure. Each empirical /pz that is sampled
from the database [36] has an associated area—time series (e.g., a
variant of the area—time data shown in Fig. 3), which defines how
the area of that ipz will vary in time. The relationships between
these different areas definitions are shown in Fig. 13.

In general, the occurrence of spzs within the CAE may be con-
sidered as a birth and death process. Since in the present model
the evolution and death of each Apz are embodied in the time-
series data for each sampled empirical /spz, only the birth rate
needs to be modeled as a Poisson arrival process. In implementing
this model, the arrival locations and times may be mapped out
using an average spatial-temporal /ipz density i, which can be
used to map randomly drawn Apzs to locations across the center-
lines of the CAE in time. The purpose of the CAE in the model is
to define the region of the ice in which the sampled hpzs are
mapped, which in turn influences how associated modeled loads
are concentrated on the structure. Since this is an empirical
approach, it is important to recognize that the pressures associated
with these empirical /pzs are necessarily linked to the ice condi-
tions corresponding to the JOIA data. As is discussed in ISO
19906, differences may be expected between the index strength
(e.g., uniaxial compressive strength) of ice in a region of interest
for design and the index strength of the ice from the region corre-
sponding to the data used to develop an empirical methodology.
In ISO 19906, Eq. A.8-22 suggests that an index strength factor
A= - may be used where ¢ is the index strength for the area of
interest for design, and g is the index strength for the reference
dataset used to derive the empirical relationship.

For a given interaction, the total load F acting over the area of
interest may be calculated as the sum of loads Fypz; transmitted
through each of the ith Apzs acting on that region, as well as a
component of force associated with background ice pressure. As
described by Richard and Taylor [36], results from an analysis of
JOIA tactile sensor data suggest that this background pressure
component may be modeled being some proportion of the /hpz
load. It is important to note that the physical basis for this back-
ground pressure lies in the presence of fragmented and crushed
ice at the ice—structure interface, which surround these high-
pressure zones and through which a lower, but non-negligible
level of pressure is applied to the structure. Accounting for the
index strength factor A and introducing such a background pres-
sure factor B, the total load acting over a region can be written
using the following simplified expression [41,42]:

FT:;LZ(FHPz,i)(1+B) 1

It is important to recall that the pressure threshold value used in
the analysis of individual Apzs plays an important role in deter-
mining the amount of total load attributed to the individual /pzs
and the proportion attributed to background pressures. It is there-
fore essential that the magnitude of the factor B appropriately
accounts for the proportion of load carried by all spzs, which in
turn is a function of the selected threshold value used in the
extraction of the Apz data.

3 Illustrative Example: Design Load Estimation

Using the methodology described in Sec. 2.3 along with the
empirical descriptions of Apz attributes presented earlier, a series
of force—time simulations have been conducted. For all cases, the
structure is modeled as a vertical-faced structure interacting with
a level ice sheet having a thickness of #=0.27 m (average ice
thickness of the tests considered from JOIA data). Three different
structure widths were considered for the analysis with a back-
ground pressure factor of 0.25. Based on the JOIA data, the
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spatial-temporal hpz density l//hpz may be estimated to be
23m~!'s7! for a pressure threshold of 1 MPa and birth event of
hpzs may be simulated as a random Poisson arrival process both
spatially and temporally. As may be observed from Fig. 14, the
mean value of force-per-unit width for all the three simulated
datasets corresponds well with the dashed line representing the
mean value from the measured data. The parallel lines to the
mean dashed line represent bounds for one standard deviation,
and by comparison, the simulated data indicate that the standard
deviation of the force-per-unit width decreases as a function of
increasing width. These observations of a constant mean pressure
and a decreasing variance for increasing width are consistent with
random averaging theory (e.g., see Ref. [43]). From a physical
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Fig. 14 Plot of simulated time series data for force-per-unit
width for three structure widths (0.15 m, 1.5 m, and 15 m) com-
pared with the event mean pressure (dashed line)
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viewpoint, this is consistent as well since the loads acting over a
narrow region would be dominated by either a single /4pz or a
small number of /pzs, while loads over a wide region would be
transmitted through many /Apzs. As a consequence, for narrow
regions, the occurrence of random local processes, such as spall
events near a given hpz, would proportionally have much more of
an impact on the total load than it would on the total load acting
over a wide region. As may be seen in Fig. 14 for the case of the
region having a width of 0.15m, there are periods of very high
force-per-unit width as well as regions of low or no load (due to
local ice failure events which can result in gaps in contact). For
the case of the 1.5m and 15 m regions, failure of individual /ipzs
would not result in a load drops completely to zero, since loads
will continue to be transmitted through other Apzs acting on the
structure.

To compare results from the hpz-based model with those
obtained using established local and global pressure models, the
case of a thin, first-year ice sheet (#=0.3 m) interacting with a
vertical-walled structure has been simulated, see Fig. 5. The
global pressure model used for comparison is based on ISO 19906
[1] Eq. A.8-21 with an ice strength coefficient of Cx = 1.8 (based
on Baltic Sea ice data).

The local pressure design method for first-year sea ice given in
Section A.8.2.5.2 of the ISO 19906 code is unclear and implies
that pressure is dependent only on thickness and not on width,
which does not reflect observations from full-scale measurements.
To provide a more representative basis for comparison, the event-
maximum methodology from Section A.8.2.5.4 was used [1]. In
this model, the extreme load z, is calculated using the expression:

Ze = X0 + cx{—ln[—lan(ze)} +Inv+In r} 2)

where x( is a constant and « is an area-dependent relationship
determined from representative ship—ice impact data (see Refs.
[8] and [13] for additional detail of how these parameter values
are determined). F.(z.) is the exceedance probability, v is the
expected number of events, and r is the expected proportion of
hits. The local pressure curve presented in Fig. 15 corresponds
with values of Fz(ze):0.99 (e.g., 100-year load), v=35 x 103,
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Fig. 15 Comparison of simulated pressure—area data from hpz
model, ISO global pressure model, and event-maximum method

r=0.5, and xo =0. The parameter « is modeled using the expres-
sion o = CAP, where A is the area of interest, and values of coeffi-
cient C=0.18 and exponent D =—0.6 are empirical constants
determined from the analysis of ice impact data from the Cana-
dian Coast Guard Ship Louis S. St. Laurent in ice conditions rep-
resentative of those of interest in the present analysis [13].

The data for the hpz pressure model given in Fig. 15 were cal-
culated by simulating the total force transmitted through individ-
ual spzs which have been mapped to the CAE and simulated for
defined increments of global contact area and interaction duration.
For the purposes of comparison, peak pressures are taken as the
values corresponding to the mean plus three standard deviations
of pressure for a given area. Since the individual Apzs within a
simulated event will be randomly sampled from the database,
variation in peak pressure estimates will result for each simulation
run. To illustrate the spread of the simulated results, multiple
repetitions were generated for each area increment, as is shown in
Fig. 15. To account for the differences between the index (uniax-
ial compressive) strength for the ice tested in the JOIA program
(e.g., see Ref. [33]) and the index to “Baltic Sea” ice (e.g., see
Ref. [44]) Corresponding the ISO design curves, an index strength
factor of £~ 2.5 was used. This approach is similar to the
approach used in Eq. A.8-22 in ISO 19906 to account for differ-
ence between index strengths between a given region of interest
and that of the reference region.

For the case of thin first-year sea ice, the analysis simplifies
since it is reasonable to assume that the local design area is fully
enveloped by the thickness of the ice. Therefore, in this special
case, the local area is defined by the ice thickness and the width of
the panel area of interest. In its limit the maximum design area
width equals the structure width (e.g., is the same as global area).
Since the global interaction area is a function of ice thickness and
structure width, for the special case of thin first-year sea ice, the
local pressure—area curve and the global pressure—area use con-
sistent area definitions, yielding the same pressure curve (assum-
ing the same exposure level). If one is interested in the maximum
local pressure on all panels of width w; on a structure of total
width wg, then the exposure rate for that local area A; must be
increased by y = ;” to account for the number y of local areas of
size Ay within thé global interaction area Ag. Examining the
results shown in Fig. 15, it may be concluded that the /pz pressure
model provides results which have good general agreement with
estimates obtained from established local and global pressure
metholodolgy. Further research is planned to continue develop-
ment of this methodology as a means to model local and global
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pressures and to extend this model to other ice conditions and
interaction scenarios.

4 Discussion and Conclusion

High-resolution tactile pressure sensor data provide significant
additional insight into the nature of interface pressure behavior
during ice—structure interactions than can be inferred from load
panel measurements alone. The present analysis indicates that for
the ice conditions during the JOIA test program, the contact inter-
face is expected to be loaded through many small independently
varying hpzs rather than through a few large /pzs, as might be
inferred if loads were measured by a single panel. However, the
percentage of total area covered by these hpzs at a particular
instant is still very small compared to the global interaction area.
The spatial and temporal variation of these independent /pzs have
important implications for the development of theoretical models
since it is important to understand if correlations arise from failure
processes in the ice or if apparent correlations are a consequence
of pressure averaging over the measurement area. Statistical
characterization of different /pz properties was shown to provide
important insights into the different attributes of the features,
which offer potential directions for linking underpinning physics
with the ensemble behavior of /ipzs and the global failure behavior
of ice. For the range of speeds from the JOIA data considered
here, it was found that spz depths are consistent irrespective of
indentation speed. Such observation suggests that the /pz failure
behavior is dominated by ice failure processes, rather than simply
being a function of the interaction speed. Another important fea-
ture of these data is that the distribution of maximum indentation
depth associated with the failure of each /pz indicates that there
may be a consistent, characteristic failure depth distribution asso-
ciated with high-pressure zones at this scale. This observation is
consistent with prior assessments based on a combination of dam-
age layer theory (e.g., see Ref. [21]) and probabilistic modeling of
fracture (e.g., see Refs. [13] and [45]). Links between the charac-
teristic distributions presented here and underpinning mechanics
are the subject of ongoing research.

The model presented here, which is based on extracted character-
istics of Apzs from JOIA tactile pressure sensor data, yields promis-
ing results for helping understand the nature of pressure—area curves
used for design ice load estimation. This approach serves to provide
a framework for linking ongoing research on fundamental aspects of
individual /pz behavior with design methodology based on ensem-
ble behavior of all Apzs acting over a given region. As with any
model based on empirical results, one must carefully consider how
well the conditions associated with the data used in developing the
model reflect the conditions to which the model is being applied.
For the present work, emphasis has been placed on thin first-year
sea ice at warm temperatures. Factors such as ice thickness, temper-
ature, ice type, and other physical conditions may influence the
resulting /ipz pressures and these factors need to be considered fur-
ther. For interactions involving multiyear sea ice, local pressures
much higher than those observed in the JOIA program have been
reported (e.g., see Refs. [20], [27], and [28]). Further work is needed
to extend the present work beyond the case of thin first-year sea ice
and additional field-scale tactile sensor data are needed to help
advance understanding of /pz attributes, their ensemble behavior,
and associated scaling issues.

Through the development of new models that reflect the behav-
ior of hipzs and which can be more clearly linked to the mechanics
of compressive ice failure, greater confidence in design ice load
estimation can be realized.
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