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Probabilistic Analysis
of Local Ice Loads on
a Lifeboat Measured
in Full-Scale Field Trials
This paper presents an analysis of local ice loads measured during full-scale field trials
conducted in 2014 with a totally enclosed motor propelled survival craft (TEMPSC) in
controlled pack ice conditions. These data were collected as part of an ongoing research
program that aims to identify the limitations of conventional TEMPSC operating in sea
ice environments and to provide insight as to how these limitations might be extended.
During the 2014 trials, local ice loads were measured at two locations on the TEMPSC’s
bow area. These loads were the most severe measured to date and corresponded to an
average ice floe mass that was approximately 1.25 times the mass of the fully loaded
TEMPSC. The event-maximum method of local ice pressure analysis was used to analyze
these field data to improve understanding of the nature of ice loads for such interactions
and to evaluate the suitability of this approach for design load estimation for TEMPSCs
(i.e., lifeboats) in ice. The event-maximum method was adapted for the present applica-
tion, so as to link exceedance probabilities with design load levels for a given scenario.
Comparison of the 2014 results with a previous analysis of 2013 field trials data supports
earlier conclusions that these interactions are highly influenced by kinetic energy, since
more massive ice floes are observed to impart significantly higher loads on the lifeboats.
Illustrative examples examining the influence of ice concentration and sail-away distance
have also been provided. The work establishes links between extreme loads and the expo-
sure of the lifeboat to ice for different operating conditions. Based on this work it is con-
cluded that the event-maximum method provides a promising approach for establishing
risk-based design criteria for lifeboats if field data are available which adequately repre-
sent ice conditions encountered during the design life of the lifeboat.
[DOI: 10.1115/1.4030184]

Introduction

Lifeboats are the most common type of survival craft and in an
emergency may have to be used in sea ice conditions. These small
craft are usually made from composite materials (glass reinforced
plastics-(GRP)) and are designed for temperate regions that do not
contain ice. Although their fiberglass hulls are adequate in open
water conditions, there is a lack of design and operating standards
that consider ice conditions [1]. In addition, there is a lack of in-
formation relating to the durability of marine composite hulls sub-
ject to various ice loads while transiting through prevailing ice
conditions under power. Compared to the high strength steel typi-
cally used in larger ice-going vessels, the composite materials
used in lifeboats are very flexible, which means that the
ice–structure interaction between the composite structure and ice
is markedly different than what is seen with stiff steel structures.

The use of lifeboats in more severe ice conditions is anticipated
to increase in the coming years, as the offshore petroleum and
minerals industries explore for and develop resources in northern
frontiers. Conventional lifeboats, which are fitted on vessels and
offshore petroleum installations as a means to evacuate personnel
during hazardous situations, may not have the required

capabilities to operate in some ice conditions because of their low
hull strength and limited navigational capabilities [2]. Regulations
and standards [3] define the broad performance goals of escape,
evacuation, and rescue systems, but do not offer any detailed
design guidance related to the structural strength of lifeboat hulls
during ice loading.

This paper focuses on the analysis of local ice load data, meas-
ured during full-scale lifeboat trials, using the “event-maximum”
method [4]. This method was originally developed to analyze
local ice loads measured on icebreakers based on probabilistic
approaches. Later, an update to this method was proposed by
Taylor et al. [5]. The revised method was adapted for analyzing
the peak loads measured on the lifeboat during field trials for vari-
ous ice-interaction scenarios that help to inform design methodol-
ogy for evacuation craft operating in ice covered waters.

Field Test Details

The 2014 field tests were completed in an ice covered lake
using an instrumented, full-scale, TEMPSC. Details of the particu-
lars of the ice field, full-scale TEMPSC, and instrumentation are
provided below in the “Ice Field and Weather” section.

Ice Field and Weather. Field trials with an instrumented
TEMPSC were carried out in March 2014 in a fresh water lake.
The trials site consisted of a pool cut in the surrounding level ice.
The pool was approximately 80m long and 35m wide. The ice
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field dimensions are representative of a channel broken by an ice-
breaker, through which a TEMPSC can be expected to navigate.
Ice thickness was measured multiple times throughout the test
period at different locations along the ice field perimeter. The ice
thickness varied slightly throughout the duration of the field test
period, resulting in small changes in the ice piece mass. Ice floes
were cut from this level ice cover to an average size of 3m long
by 3m wide and the average measured ice thickness was 51 cm.
The average ice piece mass, 4590 kg, is about 1.25 times the mass
of the full-loaded TEMPSC.

The ice comprises two distinct layers: a bottom layer of solid
ice and a top layer of frozen, flooded snow. Weather during the
testing program included periods of sun, snow, rain, and high
wind. A summary of the general weather trends on each day of
testing is provided in Table 1. Wind speed was measured using a
hand-held Kestrel anemometer multiple times throughout each
test day. The average value of wind speed over a given day is
provided.

TEMPSC and Data Acquisition System (DAS). The
TEMPSC that was used in the field trials was 5.28m in length,
2.20m in beam, 2.70m high, and had a fully loaded mass of
approximately 3665 kg. The laminate for the lifeboat used com-
prises E-glass layers of chopped strand mat, light woven roving,
and heavy woven roving held together with a polyester resin. A
series of laboratory tests were conducted (to ASTM 1996 stand-
ards) on the lifeboat laminate material to determine a subset of the
material properties including ultimate strength and tensile strength
of this material [6]. These experiments indicated a mean tensile
strength for the untreated specimens of approximately 130MPa. It
is noted that these experiments were focused on modeling compo-
nents of the vessel and not the overall strength of the lifeboat
structure itself; please see [6] for additional details. A six-
component dynamometer was fitted to the port side shoulder of
the TEMPSC to measure the local ice loads on a 0.10m thick
acrylic panel that was machined with the same curvature as the
hull. The TEMPSC was also outfitted with a bow structure,
referred to as “bow visor.” The bow visor was located at the stem
of the TEMPSC and intended to capture the maximum local ice
loading on the hull. The bow visor was fitted with two load cells
to measure the ice loads directed normal to the lifeboat’s stem.
Further details of the lifeboat’s instrumentation package and
design specifications have been reported elsewhere [7–9].

The TEMPSC’s trajectory was measured using a differential
global positioning system (DGPS), which recorded the
TEMPSC’s latitude and longitude. The DGPS measured data at a
constant frequency of 10 Hz. Externally mounted video cameras
that were integrated into the DAS, recorded each field test from
different vantage points on the TEMPSC. The video recordings
provide images of the ice field, including individual ice floes relat-
ing to a given impact. These recordings were used to confirm
parameters that were manually recorded and fill in gaps where
there were no manual records.

Description of Data. The peak local ice loads measured at the
stem and bow shoulder are described in this section. A “peak” ice
load in this context refers to a load that exceeds a previously

established threshold value of 4 kN. Only loads that exceed the
threshold value are presented and included in the probabilistic
analysis. During the 2014 test program, 48 individual tests were
completed. Each test consisted of an attempt by a coxswain to
transit the length of the ice field. Each individual test was con-
ducted in a specific ice concentration. In general, testing began at
nine-tenth concentration and ended at five-tenth concentration.
Throughout the test program, operational variables (e.g., cox-
swain, operation type, and visibility) were varied, as described in
Ref. [9].

During each test, the local ice load time history was measured
on the TEMPSC as it maneuvered through the ice floes within the
field. The duration of each test was dictated by the progress of the
TEMPSC through the ice field. Once the TEMPSC was unable to
make further progress through the field, or a test duration of
5mins was surpassed, the test was stopped. If the TEMPSC was
successful in transiting the entire field, the test was stopped when
it reached the far end of the field. A DGPS plot for a single test in
eight-tenth ice concentration is shown in Fig. 1. Peak loads above
4 kN that occurred during lifeboat–ice collision in this trial are
shown in rectangular boxes. The lifeboat heading was changed as
it progressed through the ice field in an attempt to find an accessi-
ble path. The coxswain had to do several maneuvers to enter leads
through ice floes to reach the other end of the ice field. Figure 2
shows the time series data indicating impact loads and speeds of
the same test. The bow shoulder peak load of each ice collision in
the load trace was considered as a single event, which is illus-
trated in Fig. 3. The data set consists of a total of 2433 impact
events, of which 1875 were recorded at the stem and 558 were
recorded at the bow shoulder.

Probabilistic Analysis of Ice Loads

In the development of operational ice load models, emphasis is
generally placed on the mean behavior by using ensemble data to
model the overall distribution. For design ice loads, focus is on
the extreme values of ice pressure and the event-maximum
method has been used.

Ice load data were categorized according to three different lev-
els of ice concentration. Ice concentrations from eight-tenth to
nine-tenth were defined as high ice concentration (CH). The next
two levels, six-tenth and seven-tenth, were labeled as medium
(CM), and ice concentrations of five-tenth were defined as low ice
concentration (CL). Histograms of impact loads for the stem and
bow shoulder were generated to investigate the probability distri-
bution for each of the ice concentration levels. Although there was
variation in the nominal contact area for each lifeboat–ice interaction
event, a constant instrumented area was considered for the stem load
panel (0.2008 m2) and bow shoulder load panel (0.4590 m2). These
areas were estimated using the width of the panel and the average
ice thickness (0.51m).

Table 1 Weather characteristics

Test day Weather condition Wind level
Ice concentrations

tested

1 Sunnyþ light snow Low (average 20 kn) 9
2 Cloudyþ rain Low (average 20 kn) 9 and 8.5
3 Fog Low (average 20 kn) 8
4 Cloudy Moderate

(average 40 kn)
7, 6, and 5

5 Cloudy High (gusting to 80 kn) 5
Fig. 1 DGPS plot of a single test
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Distributions of Peak Ice Loads During Transiting

Ice Load Distributions for Stem (2013 Data). During each test,
the TEMPSC progressed through a defined ice concentration and
made a series of impacts with ice. The vessel’s speed was vari-
able, largely dependent on how it was operated by the coxswain.
The overall distribution of 2013 stem load data for all tests is
shown in Fig. 4.

Histograms for the high, medium, and low ice concentration
cases are shown in Figs. 5–7, respectively. The frequency of low
magnitude impact loads is high and decreases exponentially with
increasing load. Impact loads on the stem are well fitted with a
Weibull distribution in each category. More than 50% of all stem
load events are lower than 8 kN. The largest load values on the
horizontal coordinate of each histogram decrease slightly with
decreasing ice concentration. The maximum ice load measured on
the bow visor was 63.3 kN at high ice concentration, 57.4 kN at
medium ice concentration, and 51.5 kN at low ice concentration
level.

Ice Load Distributions for Bow Shoulder (2013 Data). Figures 8–11
illustrate the 2013 bow shoulder load histograms for all tests,
high, medium, and low ice concentration cases, respectively.
Again, the Weibull distribution provides a reasonable fit for all ice
concentration categories. The maximum range of measured ice
loads is significantly lower on the bow shoulder area than on the

stem. The maximum load measured on the bow shoulder was
34.3 kN during a test in a medium ice concentration level.

Ice Load Distributions for Stem (2014 Data). The overall distri-
bution of 2014 stem load data for all tests is shown in Fig. 12. In
the lower range, this distribution is generally consistent with the
2013 stem loads distribution as 43% of measured loads were
below 8 kN during the 2014 field trials. The maximum range of
impact loads is higher in the 2014 tests as is clearly seen from the
histogram. Several loads measured during the 2014 tests had mag-
nitudes higher than 63.3 kN (the highest load measured in 2013
tests). The maximum 2014 load was 117.9 kN. Similar operating
conditions as the 2013 field test were maintained during 2014 field
tests, except the use of heavier ice blocks having higher average
ice thickness. The lifeboat experienced higher magnitude impact
loads while it was progressing through the ice floes of higher mass
than the previous year’s tests.

Histograms for the high, medium, and low ice concentration
cases are shown in Figs. 13–15, respectively. The largest load val-
ues on the abscissa of each histogram decrease slightly with
decreasing ice concentration, as was the case for the 2013 stem
load data.

Ice Load Distributions for Bow Shoulder (2014 Data). Figures 16–19
illustrate the 2014 bow shoulder load histograms for all tests,
high, medium, and low ice concentration cases, respectively. The

Fig. 2 Impact loads and speed of the same test

Fig. 3 Expanded load–time traces (section marked as A in Fig. 4)
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Weibull distributions are fitted for all ice concentration categories.
The maximum range of measured ice loads is significantly lower
on the bow shoulder area than on the stem. The maximum load
measured on the bow shoulder was 62.7 kN, which is close to the
highest load (63.3 kN) measured on the stem during 2013 field tests.

Maximum Peak Loads During Straight-Line Impacts. As
discussed in Ref. [10], the maneuvering technique appears to have
a strong effect on the impact load magnitude. While the maximum
open water speed of the TEMPSC is approximately 6 kn, during
the ice field transiting tests, the largest impact speed observed was

Fig. 5 Histogram of stem loads of 2013 tests at high ice concentration

Fig. 6 Histogram of stem loads of 2013 tests at medium ice concentration

Fig. 4 Histogram of stem loads for all 2013 tests
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approximately 3.5 kn. In general, impact speeds within the ice
field were lower than 2 kn. A straight-line impact refers to a test-
ing scenario where the vessel accelerates through a region of open
water before directly impacting the ice floe, which leads to higher
ice loads.

During the 2014 field trials, a subset of eight tests were conducted
to measure the ice impact loads from events in which the TEMPSC
transited at relatively high-speeds in comparison to speeds observed
during ice field testing. These straight-line impact tests were carried
out specifically with the goal of measuring extreme loads during

Fig. 7 Histogram of stem loads of 2013 tests at low ice concentration

Fig. 8 Histogram of bow shoulder loads for all 2013 tests

Fig. 9 Histogram of bow shoulder loads of 2013 tests at high ice concentration
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individual impact events, rather than measuring loads that occurred
while transiting under different conditions. In these tests, the
TEMPSC navigated at set shaft speed values toward an individual
ice floe and then impacted the ice floe at the stem.

In the present analysis, the data corresponding to these tests
have been treated separately from the transiting data discussed in
the Distribution of Peak Ice Loads During Transiting section.

Results from these eight tests were not included in the probabilis-
tic analysis as this type of severe ramming condition was deemed
to be unrepresentative of typical transiting operations used
throughout the rest of the test program. However, it is recognized
that in extreme circumstances, coxswains may possibly use such a
technique when attempting to clear through the ice. The approach
employed here is to use these straight-line impact data to perform

Fig. 10 Histogram of bow shoulder loads of 2013 tests at medium ice concentration

Fig. 11 Histogram of bow shoulder loads of 2013 tests at low ice concentration

Fig. 12 Histogram of stem loads for all 2014 tests
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an upper-bound check on design load estimates calculated with
the 2014 ice transiting data using the event-maximum method.
This is done to ensure the design satisfies the demands that would
be placed on the lifeboat if the straight-line impact technique is
employed.

Peak load data and other corresponding details associated with
the straight-line impact tests are presented in Table 2. As observed
in this table, the local ice impact loads at the stem ranged from
58 kN to 139 kN and the impact speed ranged from 1 kn to 6 kn. It
is also observed that the instantaneous speed values corresponding
to all maximum loading events are not consistently high. The load
magnitudes from test 9 and test 32 were similar (94.9 kN versus

95.6 kN) but the corresponding TEMPSC speeds for each event
are very different (0.4 kn versus 3.4 kn). In the case of test 9, the
ice field contained a thin layer of level ice between the individual
ice floes. This test was the first test performed during that day and
a thin layer of solid ice had formed between the floes overnight.
By comparison, the large stem load event that occurred during test
32 resulted from a direct impact with a free floating ice floe edge.
The impact resulted in negligible damage to the ice piece but
caused the ice floe to move away from the TEMPSC.

It is noted that the three smallest loads and the three lowest
impact speeds correspond to low mass ice pieces (1.0�mTEMPSC).
The impact loads were plotted against the impact speed to

Fig. 13 Histogram of stem loads of 2014 tests at high ice concentration

Fig. 14 Histogram of stem loads of 2014 tests at medium ice concentration

Fig. 15 Histogram of stem loads of 2014 tests at low ice concentration
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illustrate the correlation between the two parameters and highlight
variations from this trend in the data (see Fig. 20). In general, the
local ice load at the stem has a positive correlation with the impact
speed. The correlation coefficient between stem load and
TEMPSC speed, for the larger ice pieces, is approximately 0.88,
although there are two data points that do not agree with this gen-
eral observation. This is believed to be due to differences in the
tests conditions associated with these two events. These points are
indicated with superscripts in Fig. 20 and details that help to
explain the differences are provided as comments in the figure.

The first of these noted points (marked with number 1 in
Fig. 20) relates to an impact load of approximately 104 kN and an

impact speed of 1.5 kn. There was another high-speed impact test
with the same ice floe mass and impact speed that resulted in a
much lower impact force. During the test that resulted in the
higher load, the ice floe was not fully independent: the aft edge of
the ice floe was adjacent to ice floes within the ice field. In this
case, when the TEMPSC hit the ice floe, it pushed the target ice
floe as well as the adjacent floes. In all other individual ice floe
impact tests, the ice floe was completely independent from the
surrounding ice.

The second noted data point (marked with number 2 in Fig. 20)
relates to the largest load observed during the straight-line impact
tests, which corresponded to a force of 139.0 kN, a peak pressure

Fig. 16 Histogram of bow shoulder loads for all 2014 tests

Fig. 17 Histogram of bow shoulder loads of 2014 tests at high ice concentration

Fig. 18 Histogram of bow shoulder loads of 2014 tests at medium ice concentration
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of 0.69MPa over the panel area, and an impact speed of approxi-
mately 5.5 kn. The test at 5.5 kn resulted in the ice floe fracturing
into two separate parts. This was the only test in the individual ice
floe impact series that resulted in the floe being split into two
halves and for all other tests, negligible damage to the ice floe was
observed. The load associated with this test is significantly higher
than the impact load measured during a similar test conducted at
an impact speed of 6.0 kn. A possible implication of this result is
that higher loads may have been experienced by the lifeboat if the
ice floe did not fail (e.g., a thicker or stronger floe).

It is important to highlight here that during all of the straight-
line impacts and other field experiments discussed in this paper,
no damage to the lifeboat was observed. Similarly, no cumulative
damage effects associated with fatigue were observed, and fatigue
was not identified as being a concern for the loading scenarios
considered.

Local Ice Design Pressures for Transiting Conditions. To
model the extreme loads of interest in design for a lifeboat transit-
ing through a broken ice field, the event-maximum method was

applied to the ice transiting data set (straight-line impact data
points were not included here. According to the event-maximum
method, which has been effectively applied for the analysis of
local ice pressure data sets for other types of vessels and structures
[3–5], the peak pressures calculated from the measured loads were
ranked in descending order on a given area for high, medium, and
low ice concentrations and plotted against the natural logarithm of
the plotting position (Pe). The Weibull plotting position was used
for simplicity, given as [i/(jþ 1)], where i is the rank of the indi-
vidual data points from a set of j pressures. Based on the techni-
ques presented in Refs. [4,5], a best-fit line was fitted to the tail
(top 20% peak pressures) of each distribution, which was assumed
to follow an exponential distribution, to give

FxðxÞ ¼ 1� expð�ðx� x0Þ=aÞ (1)

where x0 and a are constants for a given area, and x is a random
quantity denoting pressure. The parameter a is the inverse slope
of the best-fit line, and x0 is the intercept of this line with the
abscissa. Here, the parameter a is a function of area, represented
by the curve a ¼ CaD , where a is the local area of interest, and C
and D are constants that depend on the physical characteristics of
ice, while the parameter x0 represents the exposure for a given
design curve [4,5]. It is noted that the values of these parameters
are determined so as to provide the best agreement between the
model and the extreme load values in the tail of the probability
distribution. As a consequence, it is possible that a nonphysical
negative value of x0 could potentially result during an analysis.
This does not mean that a negative pressure may occur, but rather
is a merely reflection of the parameter values required in this
method to best model the extreme loads. If one is interested in
capturing the typical range of pressures encountered during opera-
tions, rather than the extremes for design, other approaches such
as those used to generate Figs. 4–19 may be better suited (albeit at
the cost of reduced model accuracy for extreme loads).

This analysis was completed for the loads that occurred at the
TEMPSC stem and bow shoulder independently, resulting in two
unique plots of local pressure. For this analysis, emphasis is on

Fig. 19 Histogram of bow shoulder loads of 2014 tests at low ice concentration

Table 2 Largest stem and bow shoulder loads and corresponding TEMPSC speeds

Test # Load location Ice piece mass (�mTEMPSC) TEMPSC speed (kn) Maximum load (kN) Maneuvering technique

9 Stem 1.25 0.4 94.9 Straight-line impact
32 Stem 1.25 3.4 95.6 Straight-line impact
11 Stem 1.25 0.8 102.9 Straight-line impact
8 Stem 1.25 1 105.1 Straight-line impact
6 Stem 1.25 2.3 117.9 Straight-line impact
18 Shoulder 1.25 0.7 57.4 Straight-line impact
45 Shoulder 2.25 2.1 62.7 Straight-line impact

Fig. 20 Individual ice piece impacts stem loads
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the peak loads measured in a given ice concentration. The results
of each assessment were compared to the results of a similar anal-
ysis conducted on data from previous 2013 field tests [11].

Stem. As this analysis is driven by an interest in design loads,
the analyses are performed using the top 20% of loads measured
at each ice concentration category, based on the event-maximum
method of local pressure estimation. The local pressure curve rep-
resenting the extreme values within the histograms is provided in
Fig. 21. There does not appear to be a significant difference
between the high, medium, and low ice concentration categories
in the lower local ice pressure range. On the mid- to high-end of
the local pressure range, the low, medium, and high concentration
categories become more distinct and have uniquely defined trends.
The a and x0 values representative of the 2014 and 2013 data for
each ice concentration category are summarized in Table 3.

The 2014 data for each ice category were compiled to develop
a general local stem pressure curve representative of ice loads
from all ice concentrations. This result was compared to a similar
plot which was created for data resulting from a previous set of
field trials conducted in 2013 [11]. During these previous field tri-
als, the mass of a single ice floe was approximately equal to the
mass of the fully loaded TEMPSC and thus smaller than the aver-
age ice floe mass in 2014 (by a ratio of 1:1.25). The general local
stem pressure curves resulting from both 2014 data and 2013 data
are provided in Fig. 22.

The local pressure curve for the stem based on 2014 data is dis-
tinctly different from that based on 2013 data. Both curves have
strong trends with few outliers.

Bow Shoulder. The extreme values within the tail portions of
each bow shoulder histogram were used to devise a local pressure
curve representative of the bow shoulder (see Fig. 23). The local
pressure values for the bow shoulder are much smaller than the
pressure values for the stem (Fig. 21).

Consistent with the analysis process for the stem loads, the
local pressure values for each ice concentration category were
compiled to allow for development of a general local pressure
curve. This general curve is representative of all ice loads

measured during 2014 field trials. This result was compared with
a similar local pressure curve for the bow shoulder that was
devised based on 2013 data. Both local pressure curves are pro-
vided in Fig. 24.

Similar to the 2013–2014 comparison of local stem pressure
curves in Fig. 22, the local bow shoulder curve for 2014 was dis-
tinctly different from that resulting from 2013 data. The a and x0
values representative of the bow shoulder for the 2014 and 2013
data are provided in Table 4. These values define the local bow
shoulder pressure curves for each ice concentration category. The

Fig. 21 Local pressure curve for impact events on the stem
(2014)

Table 3 Parameters estimated from local pressure curve (2013
and 2014 stem loads)

Stem loads 2013 Stem loads 2014

Ice concentration A (MPa) x0 (MPa) a (MPa) x0 (MPa)

CH 0.068 0.029 0.095 0.020
CM 0.068 �0.002 0.087 �0.014
CL 0.054 0.006 0.076 �0.008

Fig. 22 Comparison of local pressure for impact events on the
stem measured in 2013 and 2014 field tests

Fig. 23 Local pressure curve for impact events on the bow
shoulder

Fig. 24 Comparison of local pressure for impact events on the
bow shoulder measured in 2013 and 2014 field tests
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a does not consistently increase or decrease with increasing ice
concentration for the bow shoulder data. This is different from the
alpha values determined from the stem load analysis.

Exposure. The exposure of the vessel is an important consider-
ation in assessing the extreme load. One important aspect of expo-
sure is the number of impact events that the vessel will encounter
during a given time period. The number of impact events can
depend on a variety of factors, such as the ice conditions (e.g., ice
concentration and floe size), the required sail-away distance, and
the threshold chosen for impact events. The effects of these fac-
tors are discussed below.

Ice Conditions. An example is presented here to illustrate the
effect of ice concentration and ice floe mass on the number of
impacts. In defining example scenarios, the total sail-away dis-
tance was calculated by adding the sail-away distance values
measured from each test in a given ice concentration category.
The total number of interaction events for each ice concentration
category was found by taking the sum of the total number of inter-
action events for each test in that given category. The average
number of interaction events v per kilometer was then estimated
by taking the total number of events and dividing by the total sail-
away distance. This was calculated for low, medium, and high ice
concentrations and the corresponding values are summarized in
Table 5, for both 2013 and 2014 data. The actual distance (path
length) transited may be larger than the sail-away distance, partic-
ularly for high ice concentrations where coxswains have to find
their way through small leads in the ice.

A comparison of estimated number of impacts per kilometer of
sail-away distance at the stem for two data sets, 2013 and 2014, is
shown in Fig. 25. The level of exposure (number of impacts)
increased with rising ice concentration, which indicates that the
possibility of encountering ice impacts rises as the lifeboat passes
through a denser pack ice region. In addition, the comparison of
2013–2014 data indicates that for the thicker ice conditions, a
higher number of impact events with load levels exceeding the
threshold occurred at each ice concentration level. The movement
of the lifeboat through ice during 2014 trials was limited by the
ice floes having a larger average mass than those in the 2013 tri-
als, which resulted in a larger quantity of impacts and lower sail-
away distances.

Navigation of small vessels through pack ice is sensitive to
local variations of ice concentration. In applying this method, one
must consider the local ice concentration as the individual floe
sizes (mass) will have a big effect on resulting ice loads. Typi-
cally, ice concentration reflects an average areal distribution of ice
in a region. As depicted in Fig. 26, different spatial configurations
of ice will present very different operating environments. This
also affects the number of impacts per kilometer of sail-away dis-
tance, which in turn influences design loads estimates.

Sail-Away Distance. It is important to consider how the expo-
sure is defined in terms of sail-away distance and the ice concen-
tration. To simplify the discussion, if we assume that each impact
event corresponds to essentially a single floe–ship interaction,
then we can illustrate, as in Fig. 27, the relationship for (a) con-
stant exposure, different sail-away distances and (b) different
exposures, constant sail-away distance in different ice concentra-
tion levels. In the first case, illustrated in Fig. 27(a), as the ice
concentration increases, the sail-away distance required to be
exposed to the same number of impacts decreases. The second
case is illustrated in Fig. 27(b), which shows that if the vessel is
transiting a fixed sail-away distance, we expect exposure to
increase as ice concentration increases. In applying the techniques
presented in the section Local Ice Design Pressure for Transiting
Conditions, it is essential that a consistent basis is used to define
exposure, which typically will correspond to the case of fixed sail-
away distance, not a fixed number of impacts.

Table 4 Parameters estimated from local pressure curves
(2013 and 2014 bow shoulder loads)

Bow shoulder loads 2013 Bow shoulder loads 2014

Ice concentration a (MPa) x0 (MPa) a (MPa) x0 (MPa)

CH 0.015 0.002 0.020 0.009
CM 0.025 �0.018 0.019 0.002
CL 0.011 0.005 0.027 0.020

Table 5 Number of interaction events on the stem for different
ice concentrations (2013 and 2014 tests)

2013 tests 2014 tests

Number of
events CL (4–5) CM (6–7) CH (8–9) CL (5) CM (6–7) CH (8–9)

v (0.5 km) 125 225 325 375 575 775
v (1.0 km) 250 450 650 750 1150 1550
v (5.0 km) 1250 2250 3250 3750 5750 7750

Fig. 25 Comparison of expected number of ice impacts per kil-
ometer sail-away distance at stem area in two different ice
thicknesses

Fig. 26 Idealizations of different ice floe configurations of five-tenth ice concentration
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Threshold Effects. For analyzing the data, a minimum ice load
threshold of 4 kN was set for both 2013 and 2014 tests. In thicker
ice (2014 tests), there were more events above the threshold as
depicted in Table 5. For interactions with thicker ice, more impact
events will result in loads that exceed the 4 kN threshold, which

results in larger numbers of events registering on the load panels.
This threshold effect is illustrated in Fig. 28, in which the loads
measured above the threshold are plotted against test time for two
individual tests during 2013 and 2014 field trials. Both tests were
performed in five-tenth ice concentration and in both, the
TEMPSC traveled similar sail-away distances. The 2014 test
involved a longer path length, longer test duration (due to the
heavier ice floes), and a higher number of ice impacts when com-
pared to the 2013 test. A significant number of the ice impacts
that occurred during the 2014 test had a magnitude just above the
threshold load value.

If a load (force) threshold is used in the analysis, as the ice
thickness increases, the number of events exceeding the threshold
will also increase. For example, the vessel may nominally come
into contact (impact) 1000 ice features, but for the case of thin ice
only 250 of those may register a load above 4 kN, whereas for
thicker ice 650 events may register a load above the threshold.

Illustrative Example. To illustrate how the results may be
used to estimate local design pressures for the stem, the event-
maximum method is used to estimate the extreme pressure ze
using the following equation:

ze ¼ x0 þ af� ln½� lnFZðzeÞ� þ ln vþ ln rg (2)

where a and x0 are constants, FZðzeÞ is the exceedance probabil-
ity, v is the expected number of events, and r is the expected pro-
portion of impact loads on the given region. In this method, a is
generally taken as an area-dependent relationship that is deter-
mined from ship–ice impact data given by the expression

a ¼ CaD (3)

where the coefficients C and D are empirical constants determined
from ship–ice impact data [5]. For the present study, it is not pos-
sible to develop such an area-dependent relationship, since loads
have only been collected for a single panel area at the stem/bow
shoulder.

The values a and x0 from Table 3 and the values for the
expected number of events v given in Table 5 can be used to esti-
mate the extreme pressures for the stem, summarized in Table 6.
These extreme pressure estimates assume that the expected pro-
portion of ice impacts on the stem, r, is 0.5 (e.g., 50% of the
impacts occur on the stem panel, while all others occur on the
sides or elsewhere on the vessel), and that FZðzeÞ corresponds to
a probability of exceedance of 10�2.

The extreme design pressures at the stem were calculated based
on the 2013 and 2014 data sets separately. The design pressure
values based on 2013 data and 2014 data are each illustrated
in Fig. 29 for the 1.0 km transit distance case. Design pressure val-
ues are provided for each category of ice concentrations: low,
medium, and high.

The design pressure guidance based on 2014 field results is dis-
tinctly higher than that from 2013 test results. This indicates that
the design pressure should be higher for thicker (heavier floes) ice
conditions. These design pressure values can be used to guide the
design of ice capable evacuation craft and other GRP vessels that

Fig. 27 Effect of number of impacts and sail-away distance on
exposure (a) constant exposure (constant number of impacts
and different sail-away distance) and (b) different exposures
(constant sail-away distance and different number of impacts)

Fig. 28 Threshold effect on the number of impacts in 2013 and
2014 test at five-tenth ice concentration

Table 6 Local design pressures at stem for example scenario

Stem local design pressures (MPa) for different ice concentrations and transit distances

2013 tests 2014 tests

Transit distance (km) CL (4–5) CM (6–7) CH (8–9) CL (5) CM (6–7) CH (8–9)

0.5 0.48 0.63 0.69 0.74 0.88 1.02
1.0 0.52 0.68 0.74 0.79 0.94 1.09
5.0 0.60 0.79 0.84 0.91 1.08 1.24
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operate in ice covered waters. It should be cautioned that more
severe conditions, including thicker ice floes and floes with larger
mass, will likely require a higher design pressure. This result
reflects that when using empirical approaches as presented here,
the parent distributions associated with a given set of measure-
ments are reflective of that particular data set, which in turn is
associated with a given combination of structural configurations
and ice conditions, and not an underpinning physical law that can
be universally applied. Consequently, one must exercise caution
in applying those data to structure–ice combinations other than
those embodied in the data.

Discussion

The stem loads result in local pressure curves that are unique
for high, medium, and low ice concentrations. These local pres-
sure curves each represent different pressure levels and are
defined with unique a values that increase with increasing ice con-
centration (e.g., exposure). In contrast, the bow shoulder loads
result in intermingled local pressure curves for the low, medium,
and high ice concentrations. The a values do not increase with
increasing ice concentration. Therefore, a specific local pressure
curve relevant to a certain range of ice concentrations may be
used to guide the design pressure for the TEMPSC stem, whereas
a generic local pressure curve may be more relevant for the bow
shoulder.

The peak bow pressure measured for all transiting events during
2013 and 2014 field programs was about 0.42MPa and 0.59MPa,
respectively. From Table 6, it is observed that the local design
pressure for low ice concentrations and short transit distances cor-
responding to an exceedance probability of 10�2 is 0.48MPa and
0.74MPa for 2013 and 2014 tests, respectively, which is greater
than the measured peak bow pressure. It is important to note that
the peak pressure value of 0.69MPa corresponding to the maxi-
mum force of 139 kN from the 2014 straight-line impact data pre-
sented in Fig. 20 is also below the design value of 0.74MPa based
on the 2014 data. This result suggests that the proposed design
method provides a conservative estimate of design pressure for
the range of conditions considered in this study.

A comparison of the results of the probabilistic evaluation of
2014 data with 2013 data indicated a number of distinct differen-
ces. The level of exposure, or number of ice impacts above a
given threshold at a given ice concentration level, was larger for
an ice field with higher average ice piece mass. In addition, the
magnitudes of peak ice loads measured in the higher ice piece
mass cases (2014) were larger than those measured in an ice field
with smaller average ice piece mass (2013). These two factors
lead to higher design pressure values for the ice conditions with
larger ice piece mass. For the high level ice concentration, the
design pressures based on 2013 and 2014 data differ by approxi-
mately 0.35MPa. In general, the estimated design pressure for the
2014 tests is on average 1.46 times greater than that for the 2013
tests for the ice floe mass ratio of 1.34.

For design pressure estimation, focus is on the tail of the ice
load distribution. Here, the analysis was performed considering
the top 20% loads of each histogram. A sensitivity analysis was
also performed to examine the influence of extreme load sample
size used to estimate the design curve parameters (a and x0) for
design pressure estimation, which is presented in Table 7 for 2013
stem loads. There was no significant change of design pressure
when derived from different percentages values of extreme loads.
However, a sample size, which is too small (e.g., less than the top
10%) or too large (e.g., more than the top 30%) may result in mis-
leading design parameter estimates.

The vessel characteristics, such as structural aspects of the
fiberglass hull (e.g., panel stiffness), and panel area, are also fac-
tors that influence the ice loads and warrant further investigation.
Stiffness of the vessel is a critical consideration for design ice
loads as stiffening the structure may increase the resulting ice
loads. The interaction time and the deflection of the hull are rela-
tively higher for composite structure vessels than for stiffer steel

Fig. 29 Comparison of estimated design pressure at stem for
two different ice thicknesses

Table 7 Estimated stem local pressures (MPa) considering different percentage of extreme stem loads of 2013 tests

Stem estimated local pressures (MPa) based on the stem loads of 2013 tests

CL (4–5) CM (6–7) CH (8–9)

Transit distance (km) 10% 20% 30% 10% 20% 30% 10% 20% 30%

0.5 0.48 0.48 0.48 0.60 0.63 0.64 0.68 0.69 0.69
1.0 0.51 0.52 0.51 0.64 0.68 0.69 0.73 0.74 0.74
5.0 0.60 0.60 0.60 0.74 0.79 0.80 0.84 0.84 0.85

Fig. 30 Impact load profile and deflection of compliant and
stiff structure
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structures. For instance, if we consider that a given ice mass dissi-
pates all of its kinetic energy doing work in deflecting a local
panel, as illustrated in Fig. 30, we see that a stiff structure will de-
velop higher forces over a shorter distance (and period of time) to
absorb the same amount of energy than would be the case for a
compliant structure. This is an important consideration for future
work, particularly in considering how the results presented in this
paper relate to stiffer or larger vessels. Further research is recom-
mended to investigate and quantify these effects in greater detail.

Conclusions

Full-scale local impact loads measured at two locations on an
instrumented TEMPSC were analyzed using the event-maximum
method of local pressure estimation to improve understanding of
the nature of ice loads for such interactions and to evaluate the
suitability of this approach for design load estimation for lifeboats
and other GRP vessels in ice. High variability of ice loads has
been observed and emphasis in the present work has been placed
on the extreme pressures of interest for design. The pressure curve
for impact events yielded values of a and x0, parameters that pro-
duced conservative design estimates for the conditions considered
in this analysis. The effects of the following factors on local pres-
sure estimation have been discussed:

• The mean field ice concentration does not have a clearly
defined effect on the magnitude of ice loads; rather these
loads depend on the local variation of ice concentration and
how the vessel impacted the ice (e.g., straight-line impact).
There are more chances for higher peak loads to occur in
higher ice concentration due to the increased probability of
an impact with two or more ice floes that are packed together.
From the data, it was found that most of the high magnitude
peak loads occurred at the stem area of the vessel due to
straight-line impacts with ice. In addition, the vessel is more
exposed in higher ice concentration, which results in a larger
number of ice impacts. These are the considerations that lead
to the increase of estimated local pressure with increasing ice
concentration.

• This method investigated two different ice floe mass cases
(similar floe size, but different thickness). Heavier ice floes
were observed to transmit significantly higher loads on the
vessel.

• The stiffness of the vessel plays a significant role in the mag-
nitude of peak loads measured on the panels. GRP panels are
expected to obtain lower peak force than steel structures due
to the dissipation of energy over a longer deflection time.
This is an important consideration when applying this method
for local pressure estimation. This also highlights that the
parent distributions for experimental data sets such as these
are only representative of the specific structural details and
those ice conditions considered in the data sets. Caution must
be exercised in applying such data to other, significantly dif-
ferent circumstances. For example, loads estimated for larger,
stiffer vessels will likely be under-conservative if these esti-
mates are based on the present data.

The overall distributions of ice loads were also presented in this
paper. These operational ice load models provide guidance to the
general characteristics of ice loads measured on composite struc-
ture vessels operating in certain ice conditions.

The effects of vessel mass, ice floe mass, and vessel speed on
the interaction dynamics are complex and not well understood.
Additional data including larger and stiffer vessels and larger ice

floes are needed. Further work is also recommended to measure
the ice loads on several locations of the vessel having different
panel areas to establish a design pressure–area relationship.
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Nomenclature

a ¼ panel area
C, D ¼ empirical constants that relate the ice pressure to the

nominal contact area
CH ¼ high ice concentration
CL ¼ low ice concentration
CM ¼ medium ice concentration

FZðzeÞ ¼ exceedance probability
mTEMPSC ¼ TEMPSC mass

Pe ¼ plotting position
r ¼ expected proportion of impacts on a given region
x ¼ random quantity denoting pressure
x0 ¼ parameter of a pressure curve that represents

exposure
ze ¼ extreme pressure
a ¼ parameter that defines the dependence of pressure on

contact area
v ¼ expected number of events
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