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\ PREFACE

" This paper presents work toward development of local ice load criteria
for icebreaking ships. A bow panel of approxfmately 100 ft2 (9.1 m?) was in-
strumented to measure ice pressures by measuring compressive strains in the
webs of transverse frames. The panel was divided into 60 sub-panel areas, six
rows of -ten frames, over which uniform pressures were calculated during an im-
pact with ice. A sophisticated digital data acquisition system recorded only
events over a preset threshold strain. A microprocessor controlling data ac-
quisition allowed real time data to be streamed through memory such that the
recorded data were the 60 channel strain time-history from one second before

" -to four seconds after the threshold was exceeded, sampling each channel at 32

Hz. Approximately 1400 such events were recorded on two deployments, one to
the Beaufort Sea in September-October 1982 recording summer multiyear ice im-
pacts and one to the Chukchi Sea in Maréh=April” 1983 recording both first year
and multiyear winter ice impacts. All strain data were converted to pressure
timne-nistories over each of the 60 sub-panels.

Finite element models of the hull structure were used to develop a data
reduction matrix relating the-measured strains to uniform pressures. The re-
5ult is a spatial and time representation of each impact. Extreme pressure- -
area curves were developed for each event. Extreme envelopes of pressure . -.
versus area were developed from Ghe“data for each of five geographical.areas;
south Bering Sea, north Bering Sea, south Chukchi Sea; horth Chukchi Sea, and
Beaufort Sea. Trends in peak force and pear pressure are examined in terms of
ship impact speed and ice conditions. . Frequency of occurrence tables for
highest average pressure are developed as a function of impact area for each
geographical area. A statistical analysis of the extremes of the north
Chukchi Sea data indicated that the peak pressure data followed a Gumbel ex-
treme value distribution. Pressure-area curves are predicted for longer re-
turn periods indicating a pressure of 2920 psi (20.1 MPa) for a ten year re-
turn period in these ice conditions. Finally, a non-dimensicnal analysis was
performed on selected data and an empirically based approach is presented for
developing extreme pressure-area curves as a function of ice conditions, ship
impact speeds, and the return period., Suggestions are made for further data
collection and further analysis toward a rational design procedure based on
ice conditions. It is recommended that this procedure be compared to the
statistical analysis of extremes for each type of ice condition--first year
ice, multiyear ice, and glacial ice~-to ensure that the limiting conditions,
ice mass far greater than ship mass or extreme ice thicknesses, are properly
represented.
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1.0 INTRODUCTION

With the imminent oil exploration on the West Coast of Alaska and the
ongoing oil exploration in the Canadian Arctic, commercial shipping in the
Arctic will soon be a fact. For these ships to meet the rigors of maintaining
a shipping schedule, a vast amount of information must be gathered about the
environmental conditions and how they affect a ship. The USCG POLAR Class
winter deployments sponsored by the Maritime Administration (MarAd) have pro-
vided a platform from which to gather this information. Environmental condi-
tions, trafficability, and ship performance data have been collected in prev-
ious deployments. For the Phase V program, a deployment of the POLAR SEA in
March and April 1983, the Ship Structure Committee in conjunction with the
Canadian Ministry of Transport, sponsored a program to collect ice loads in
addition to the MarAd sponsored research.

The ultimate objective of this jointly funded research is to develop
ice load criteria for the design of ships. Specifically, the objective of
this study was to measure the pressure that the ice exerts on the hull and the
area or extant of that pressure for local impacts while transiting or ramming
31 “z2 “ietd, Tne emohasis was io understand the loading in one particular
ar23 of tne sneil that is heavily loaded rather than attampting to detarmine
the total load on the entire ship. Hull girder bending therefore was not
investigatad.

This test orogram documented the ice conditions, features, and the
associatea ice properties, with the force and pressure time histories col-
lected for ice loads. It is important that in the development of an ice load
criteria, the design pressure be linked to the anticipated ice conditions., A
snip designed for the Bering Sea would experience lower ice loads than one in
year-round Beaufort Sea service. The route and locations for the tests are
shown in Figure 1 on the opposite page. A summer deployment, September-
October 1982, was used to test the data acquisition system and valuable multi-
year impact data were gathered. The major testing period, the winter deploy~
ment, began in the mildest ice conditions at the ice edge in the Bering Sea
and eventually reached severe conditions of multiyear ice in the Chukchi Sea.
Data were gathered which showed the variation in ice loads with changing ice
conditions and the severity of ice impacts in most of the operating areas of
the Alaskan Arctic.

This report describes the way the ice impact pressures were collected
as well as a presentation and analysis of the collected data. A unique in-
strumentation procedure was used to measure local ice impact pressure as a
function of area by strain gaging the webs of the cant frames (transverse
framing perpendicular to the hull plating) for compression perpendicular to
the hull plating. Finite element models of the hull structure were developed
to relate the measured strains to uniform ice pressures over 60 equal areas on
the bow of the ship. Full scale loading of the hull was performed to verify
the finite element model. The elements of the test program are described in
Sections 3.0 to 6.0. The data collected, approximately 1400 impacts, are
analyzed with respect to measured and observed ice conditions, geographic
area, and impact velocity in Sections 7.0 and 8.0. A non-dimensional analysis
of the peak forces and pressure has been conducted and is presented in Section
9.0. Time variation of the pressure and a statistical analysis of extremes
are presented in Sections 10.0 and 11.0. Finally, the data are compared to
other measured data and classification society rules. These comparisons as
well as the conclusions drawn from the study and recommendations for future
research are given in the final sections.
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2.0 EXPECTED ICE LOADS

2.1 Location of Maximum Loads

The departure point for any examination of the location of ice loads on
a ship must be the operational draft and trim. The knowledge of draft and
trim as well as the expected ice thickness will determine the vertical area of
loading on the hull. Allowances, of course, must be made for pitching while
ramming significant ice features.

Expected ship draft was predicted for various points along the proposed
route based on hotel loads and fuel rates measured on the POLAR Class ships in
these areas at the same time of the year from previous trafficability tests.

A hotel load of 11 LT/day (0.11 MN) and a fuel rate of 1 LT/NM (0.1 MN/NM) in
the Chukchi Sea were used. The weight loss due to fuel consumed was sub-
tracted from the operational full load displacement and, using the ship's
curves of form, the draft was predicted. Calculations assumed that the ship
did not take on ballast. The range of operating drafts was calculated to be
Sezween 31.75 fa2et {9.7 m) ang 26 ‘fset (3.2 7).

Trim was not expected to be a problem. The large number of both fuel
and ballast tanks made it relatively easy to keep the ship at level trim,
Extreme pitches recorded on previous deployments were about 1 degree.

A number of different studies were examined to determine where the max-
imum loads might occur along the ice belt., It was initially felt that the
peak loads would be experienced directly on the bow in a ramming condition
where bending failure of the ice sheet did not occur to relieve the load (com-
pression failure only). This was found not to be the case. A computer pro-
gram developed by ARCTEC CANADA Limited which takes into account the response
of the ship and the floe, was used to investigate the impact of the POLAR
Class huli form with a 33 foot (10 meter) thick multiyear floe at different
points aft of the bow. The results are shown in Figure 2. The peak load is
shown to be at Station 2 on a 20 station ship. Also shown on the same plot
are curves of the results of Johansson's methodology for the same conditions
{1]* ¢nd the theoretical work of Dayton used in the design of the POLAR Class
ships [2]. Dayton's work was tiased on a 1957 Russian paper by Tarshis [3] us-
ing the impact of 3,300 foot (1,000 meter) diameter floe of 24 foot (7.6
meter) thickness. The peak load, predicted by Dayton, is just aft of Station
2'1/2.

Figure 3 shows the occurrence of damage reported by Dayton on the WIND

Class icebreakers of the U.S. Coast Guard [23. The local stiffening of the

hull in way of a bulkhead appears to be the reason for the double peak in the

curve. This plot also shows that the most damage was sustained at about

Station 2. Conclusions from this figure should be tempered by the fact that

ghe ?teplfgg the bow propeller, a structural weak point, was located at
tation 1.25.

The conclusions drawn from these figures are that the peak loads will
occur at about Station 2 and that the shoulder (about Station 5) will see
loads of the same order as the bow, roughly 50 percent of that at Station 2.

* Numbers in brackets refer to references listed in Section 10.
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2.2 The Magnitude and Extent of the Load

Much of the recent previous work on ice loads has been done by the
Canadians in support and verification of their Canadian Arctic Pollution Pre-
vention Regulations (CASPPR) [4]. A pressure area relationship has evolved
from this effort to define maximum ice loads for ship design. Figure 4 shows
the results of several different investigations done by the Canadians as well
as the design requirements of the CASPPR Rules.

The CASPPR design pressures are presented for the highest and lowest
Ice-Class for Arctic Class ships. These rules specify one pressure for the
design of the plating (the upper left horizontal line in Figure 4) and a
second for the framing (the lower right horizontal line). Though areas of the
hull are defined for ice strengthening by the rules, there is no limit on the
extent of impact area or total load.

Johansson's proposad rules for CASPPR Ice Class 10 [1] are also pre-
s2nt27 as well as Tunik's comments to that naper 78]. These proposed rules
calculate the desian pressure as a function of the displacement and horsepower
of the ship. The total load or extant of area over which the pressure acts is
a function of the ship speed and displacement.

For design purposes, it is desirable to have a pressure versus area re-
lationship for areas from the minimum unsupported panel size (the hull plating
bounded by the frames and the longitudinals or decks) to as large as prac-
tical, A minimum unsupported panel area might be as low as 4 ft< (0.37 m2) for
an icebreaking ship. The peak areas associated with the impacts predicted by
the ARCTEC CANADA LTD Program presented in Figure 2 were 182 ft2 (16.9 m2) for
the 16 kt (8.2 MPS) impact and 75 ft2 (7.0 m2) for the 8 kt (4.1 MPS) impact.
It was decided that the measurement system should be capable of resolving the
minimum area, yet be large enough, 100-200 ft2 (9.3-18.6 m2) to also record
the maximum area. Peak impact pressures during any given impact in the range
of 400 psi (3 MPa) to 1,500 psi (10 MPa) could be expected depending on the
impact speed and the extent of the load.
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2.3 Time-History of the Loading

The time-history of loading is important for a number of reasons. The
rise time of load application will determine how the data are collected and,
if digital instrumentation is used, the sampling rate. The frequency of load-
ing, when compared to the natural frequency of the structure, will determine
whether dynamic analysis techniques must be used to analyze the structure or
if the structure can be treated statically. This is also important in
determining the use of a static or dynamic calibration technique.

Time-histories of previous tests on both the U.S. Coast Guard POLAR
Class and the Canadian icebreakers were reviewed. For the original sea trials
of the POLAR STAR, the flange of cant frames 40 to 44 were strain gaged and
typical traces from a gage on each frame are shown in Figure 5 [9]. The dur-
ation of the load is up to 1.5 seconds and the rise time is typically 0.3 sec-
onds. The fastest rise times are approximately 0.1 seconds. These measure-
ments agree with the results obtained from the instrumentation of the CCGS
LOUIS ST. LAURENT [6] and the CCGS PIERRE RADISSON [10].

The hull structure of the POLAR Class is very stiff. The unsupported
panel natural frequency was calculated to be over 3,000 Hz. High natural fre-
quencies can be expected for the plating acting with the frames as well. With
loading typically at 1 Hz, or at the most 2.5 Hz, it seems unlikely that dy-
namic effects would influence the loading. The structure will respond much
more rapidly than the load will be applied and, therefore, a quasi-static ap-
proach to the analysis appears valid.
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3.0 DESCRIPTION OF THE SELECTED TEST PANEL AND INSTRUMENTATION

3.1 Rationale for the Location and Area Selected

The work presented in Section 2.0 showed that the loads on the bow
would be highest near Station 2. However, in choosing a suitable test loca-
tion, other factors had to be considered. Access to the hull was of course a
necessity and, due to the large number of tanks next to the snell plating on
the POLAR Class, it was necessary to consider the ship's normal operating
practice. Forward tanks were examined to determine whether they were normally
full or empty and whether they were used for ballast or fuel. The aft end of
the port side of a forward ballast tank designated 4-D-0-W was chosen for its
easy access from the windlass room; its proximity to Station 2 and predicted
high loading; its normally dry status; and its access to the cant frames and
shell plating. The selected area is shown with an expanded view of the tank
framing in Figure 6.

As one can see, the frames are actually full floors in this area of the
hull, The ship is very heavily built. The frames are canted to de perpendic-
ular to the 1-3/4 in (45 mm) shell plating on 16 in (410 mm) centers. The
frames are 1/2 in (13 mm) plate with an 18 in (460 mm) deep web capped by a 1
by 4 in (26 x 102 mm) flat bar for the flange. Decks are fabricated from 1/2
in (13 mm) plate. All material in this portion of the ship is ASTM-537-M, a
steel specially modified from ASTM-537 plate for the POLAR Class to achieve
high notch toughness at low temperatures. The yield strength of this material
is 45,600 psi.

The problem with this area of the hull, in fact any area of the hull,
was how to measure the ice loads on an area of the plating. Measurement of
ice loads was attempted on the ice trials of the POLAR STAR in 1976 [9]. The
flanges of the cant frames were strain gaged at high strain areas to record
the bending of several frames. A pendulum hammer arrangement, hung from the
gunwhale, was used to calibrate the system. The calibration could only be
done in the water and therefore no calibration loads could be exerted below
the waterline where the significant ice loads were expected.

There is difficulty in analyzing the loads with this method even with a
good hull calibration. A load at one location on the frame causes responses
at many or all of the measurement locations. In measuring actual ice loads
where many points along the frame may be loaded simultaneously, one must make
some assumption about the load shape to assess the magnitude. The load to
cause a given set of strain readings is non-unique.

Several other load measurement techniques were examined. The Varsta
type gages were considered [11] but the large amount of fabrication involved
in making many of these type gages and incorporating the gages in the closely
framed structure seemed prohibitive., The MANHATTAN Ice Trials [12] used the
technique of measuring shear in the webs of the frames. This technique works
well for prismatic-shaped frames. However, it would be very difficult to im-
plement on the POLAR Class which has deep brackets above and below the third
deck which is located at the operating waterline.

10




Figure 6

STRAIN GAGE LOCATIONS FOR INSTRUMENTED BOW PANEL
ABOARD POLAR SEA

A new technique was selected; that of measuring compression in the webs
of the frames. This technique leads to a very localized effect of the load on
one area of the hull or, stated another way, a load on one portion of the hull
affects only one sensor significantly and its adjacent neighbors to a lesser
degree, The system provides a one-to-one correspondence between a sensor and
the area where load occurs. A finite element model is used to create a matrix
of strain readings for uniform pressure loadings over each gage area., Invert-
ing the matrix gives a data reduction matrix that uniquely specifies the
position and magnitude of the load for each set of strain gage readings.
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The process assumes a uniform pressure over each area associated with
and centered under each gage. At an instant of time during an impact, the
actual pressure contours over the panel are approximated by the average pres-
sure on sixty sub-panels computed from sixty strain readings. Figqure
7 illustrates how the system would interpret an impact of varying pressure
over the panel.

The size of the sub-panels was selected based on both finite element
analysis and the fact that there is a minimum area of interest for design.
This minimum area of interest is probably the minimum unsupported panel size.
The finite element analysis showed that a gage spacing as large as 15 inches
(380 mm) would work well if the strain gages were mounted 9 inches (230 mm)
away from the shell plating on the webs of the frames. Two gages were mounted
at each location, one on either side of the web. The gages were wired in a
half-bridge arrangement such that the output of the strain gage pair gave an
average reading, eliminating any web bending effects. Each of the strain gage
pairs, therefore, was associated with a section of hull plating 15 inches high
by 15 inches wide (380 by 410 mm). The gage pair was centered over the areza;
tnat is, eiach area ext2nadea from 7.5 inches (190 mm) beiow the gage pair to
7.5 inches above the gage pair and from the midpoint of the plating forward of
the frame to the midpoint aft of the frame.

Each of these areas was termed a sub-panel. The entire panel contained
80 sub-panels, eight rows over ten frames, of which six rows can be active at
one time (see Figure 6). The latter allows adjustment of the instrumented
area with changes in the ship's draft. The panel extended from cant frame 35
to cant frame 44 and from approximately 5 feet (1.5 m) above to 5 feet below
the margin plate at the third deck. The total panel area was 130 ft2 (12.1
m2) of which 98 ft2 (9.1 m2) is active at any single time.

PRESSURE

Y4 2
LS

FRAMES

Figure 7
TYPICAL REPRESENTATION OF LOAD

12




3.2 Description of the Instrumentation System

Several conclusions were quickly reached about the design of the in-
strumentation system. A large number of channels were required to give the
greatest total panel area if one channel of data would be required for each
sub-panel area. If digital recording was employed, data records would have to
be sampled at high frequency and, with many channels and potentially long dur-
ation events, real-time data storage would be required. Since the panel would
likely encounter many impacts throughout the deployment, one could potentially
be overwhelmed with data; making data reduction an exceedingly complicated
task. It was apparent that the data recorded should ideally be limited to
only the data of interest; that is, the data above some predetermined pres-
sure, minimizing the data that must be reduced. It was also of interest to
provide onboard data reduction of strains to pressures to give the engineers
acquiring the data a feel for the level of loading and the validity of the
data.

A microprocessor-driven digital system was selected; therefore the sys-
tem constantly monitored and digitized all channels at 32 Hz, If the strain
level on any one channel exceeded a threshold strain, all sixty channels were
recorded to a high speed digital tape recorder in real-time. The recording
duration was 5 seconds and, at the end of the recorded event, if the threshold
strain was still exceeded on any channel, a second event was recorded. One
second of data was constantly saved in memory in the data acquisition micro-
processor. When the strain on one channel exceeded the threshold, the strains
from one second before the current time were written to the digital recorder,
thus capturing the initial rise to the threshold on all channels (see Figure
8).

The limiting factor in the size >f the system was the speed with which
data could be written to the digital tece recorder. Since the rate of data
transfer to the tape recorder was limited, this forced a tradeoff between
sampling frequency and the number of channels recorded. A sampling frequency
of 32 Hz and a filter frequency of 10 Hz were selected as the practical mini-
mum given the rise times shown in Section 2. These resulted in the capacity

STRAN
oAGE  *A ~T THRESHOLD
'
sTRAN PN
aace #8 THRESHOLD
et L

3 Sec. | Thrsshotd Excesded an Channel A

§ Sec. of Recorded Deta

Figure 8
ILLUSTRATION OF TWO CHANNELS
OF DATA AND HOW THE SYSTEM CAPTURES THE
IMPACT EVENT WHEN THE THRESHOLD 1S EXCEEDED
ON ONE CHANNEL
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for sixty channels of data which, with the size of each sub-panel, resulted in
a maximum area of almost 100 ft2 (9 m2), At the time the decision was made
this was the largest area over which published ice pressures had been measured
on ships, however, it was still a small portion of the area that was loaded on
such large structures as ships or offshore platforms where the data would be
useful in developing design criteria.

An overview of the system is presented in Figure 9. Eight rows of
weldable, single-axis strain gage pairs were installed on each of ten frames
(160 gages in total). All the gages were waterproofed in the event that the
ballast tank had to be used. Each gage was wired to one of five large multi-
conductor cables through a waterproof junction box and these large cables
exited the tank top through stuffing tubes. The cables connect the junction
boxes in the tank to a set of terminal strips, one for each row of gage pairs,
on the back of the instrument rack located in the windlass room two decks
above the ballast tank. Instrumentation amplifiers were connected to six of
the terminal strips and therefore six rows of gages, providing the sixty chan-
nels of data input. The rows of active gages could be changed as the ship's
draft changes by shifting the instrumentation amplifiers to different terminai
strips at this point.

Filters, Analog to Digital convertors, and the data acquisition com-
puter were all housed in the instrument rack in the windlass room. The data
acquisition computer performed all the collecting of data, the saving of one
second of data in memory, and the tests for threshold exceedance. As one can
see from the system layout in Figure 9, the digital tape recorder was located
in the Scientists' Office which was approximately 300 feet (90 m) away in the
after part of the ship. A high speed interface bus with bus extenders was
used to transfer the data serially from the data acquisition computer to the
tape deck.

A second computer, the data reduction microprocessor, listened on the
bus as well. This computer was able to save five events in memory ranked by
the highest peak strain. When an event was received from the data acquistion
computer, the data reduction software immediately started converting each time
step's set of strains to pressures. Each time a new event was sent to the
tape recorder, the data reduction software would be interrupted long enough to
receive the new event into the next space in memory. When five events filled
memory, the new event was received in the space of the lowest peak strain
event, thus causing the highest events to be reduced.

It took about 11 minutes to perform the 160 sixty-by-sixty matrix mul-
tiplications necessary to reduce a single 5 second event. Thus, only a por-
tion of the data could be reduced while the system was receiving data. The
reduced pressures would replace the raw data in memory until all five events
had been reduced. The system would remain with the memory filled with reduced
data and unable to accept new raw data until the operator allowed the reduced
data to be stored and printed, Storing the reduced data prevented the system
from receiving new raw data since both operations required the digital tape
recorder. Having the program operator choose a convenient time to store data
when all 5 events were reduced prevented the acquisition of raw data from be-
ing interrupted. The "convenient time" for storing reduced data was when the
ship was backing or transiting a lead such that new impacts were not expected.

14
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4.0 DESCRIPTION OF THE FINITE ELEMENT MODELS

4.1 Overview of the Modeling Approach and Presentation of the
Single Frame Model

A portion of the ship structure at the location of the instrumented
panel was modeled using the finite element technique. The objectives were
twofold. It was necessary to determine the area of shell plating where impact
pressures would influence the compression-type gages as a function of the dis-
tance of the gage away from the plate. This would determine the location of
the gages and the spacing along the frames that would be possible. Secondly,
a matrix of the average pressure over each sub-panel as a function of the
strain reading at each gage had to be built for data reduction. This would be
done by loading the sub-panels with a uniform pressure in a finite element
model of the structure and determining the strain at each gage location, The
resulting matrix was inverted to obtain the data reduction matrix.

The need to analyze the details of the strain distribution in the area
o7 each gage combined with the large size of the structure posed conflicting
requirements on the development of a structural model. The approach used was
to model one frame at the center of the panel in detail, the single frame
model referred to in the following sections. A second model, called the
multi-frame model, was developed to assess the transfer of loads through the
hull plating to the adjacent frames., The multi-frame model was considerably
simpler and smaller than the single frame model. The assumption throughout
the analysis was that the frames were similar and that the strains at the gage
Tocations on one frame would be similar to the strains at the same gage on
other frames, This decision was based on the high cost of modeling each frame
to the detail of the single frame model and the fact that the actual structure
would be loaded to verify the frame-to-frame effects.

The single frame model is shown in Figure 10. The model was built and
analyzed using the "STARDYNE-3" program [13]. Almost the entire port side of
cant frame 41 was modeled, including the hull plating, to the next frame fore
and aft. The model consisted of 798 nodes, joined by 661 quad-plate elements,
73 triangular-plate elements, and 134 beam (or bar) elements. With 192 nodes
with restraints, the model had a total of 3552 undeleted degrees-of-freedom
and a bandwidth of 249 degrees-of-freedom after reordering.

The boundary conditions consisted of complete fixity along the center-
line longitudinal bulkhead and at the extreme upper end of the model (the in-
board nodes of the frame at the uppermost deck), out of plane restraint along
the decks and a pinned connection along the edges of the shell plating at the
points where the neighboring cant frames would join the shell, It was recog-
nized that pinned connections at the neighboring cant frames do not exactly
represent the true structure. In fact, a moment can be transferred across the
neighboring cant frames by the shell plating. This difference is quantifiable
for specific loading conditions and was accounted for with a correction fac-
tor. A larger model would have made the correction unnecessary but it was not
felt to be worth the increased cost. For a uniform pressure centered over a
web the correction for boundary conditions results in a 7% reduction in the
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reaction (and strain) at the loaded webs. For a point load applied at mid
span, as in the case of the full scale hull loading, the change in boundary
conditions results in a 10% decrease in the reaction (and strain) in the cant
frame. These corrections have been taken into account in both the evaluation
of the full scale hull loading and the determination of the matrix for con-
verting measured strains to ice loads. (See Appendix A for the development of
the corrections and how they were applied).
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4.2 The Influence of Strain Along the Web and the Selection of Gage Spacing

The detailed finite element model of frame 41 (single frame model) was
run with point loads at each strain gage location to investigate the influence
on gages adjacent to the load. With a spacing along the web of approximately
the frame spacing and the gages placed 9 inches (230 mm) away from the shell
plating, the crossover of influence lines was approximately midway between the
gages at 50 percent of the peak strain (see Figure 11). Figure 11 is an ex-
panded view of the elements surrounding the gages in the single frame model
shown in Figure 10. This figure shows that the load was very localized; a
point load at one gage caused a strain close to zero at the adjacent gages up
and down the frame. Therefore, only adjacent gages up and down the frame need
be considered in the reduction equation for the pressure on a given pane’.

One idiosyncrasy of the structure was noted in the finite element runs.
The influence of a load went to zero on the other side of a tripping bracket
if the bracket was oriented roughly perpendicular to the hull., (The tripping
brackets are shown in Figure 6.) This was to be 2xpected since the bracket
carries most of the compressive strain in the web. The effect of the tripping
brackets was highly dependent on how close to the hull the bracket ended.
These distances were measured on the ship to ensure proper representation in
the model. Gages were placed to keep the brackets at the boundary between
measurement areas, minimizing their influence on the strain measurement. The
result was a spacing along the web averaging 14.7 inches (373 mm). The finite
element model accounted for the influence of the tripping brackets in areas
where the brackets adjoin a measurement area.

Table 1 presents the results in a slightly different form. The strains
at all eight locations are given for eight separate point loads applied at
each gage location. Again the results show no significant remote effects.

TABLE 1 RESULTS OF THE SINGLE FRAME FINITE ELEMENT MODEL
STRAIN LEVELS AT ALL GAGE LOCATIONS DUE TO AN
APPLIED POINT LOAD AT EACH GAGE LOCATION

LOAD APPLIED AT LOCATION

(LOAD = 50 L.T, = .51 MN) _
1 2 3 4 5 6 7 8
1] -214] 31 8 4 0l-1]-1 1
STRAIN | 2| 35 |-234| 23| 14 8 6 5 5
ATGAGE |3 |- 1|- 6|-220] 20{ 24| 14 9 6
106 in/in | 4 | -11|-10 73|-262| 31| 29 19 | 12
or 5| - 4|-18| 36|-70]-365 2| 1 | 17
10-6 mm/mm | 6 | 7 3|-2|-5|-37{-315]|-15 | 17
7] 5 3[-2|-5|-5|-38[-385 [-23
8| 5 6 6 7 a|- 8- 8 [-365
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4.3 Across the Frame Influence on Strain

A second simple finite element model was built to show the effects of
strain effects across the frame. If one frame was individually loaded, this
model was used to predict the strain at the gage locations in the frames that
were not loaded. The model is shown in Figure 12. The shell plating was
modeled as a series of plate elements. The stiffness of the frame structure
was modeled as a series of spring elements attached at the gage locations,
The stiffnesses were determined by loading the single frame model at each gage
location and computing the resulting deflection. A single frame had a differ-
ent stiffness at each gage location; however, each frame was assumed the same
“as described previously.

Figure 12 shows the deflected shape for a uniform pressure loading over
one sub-panel centered on a gage in the middle of the panel, If the strain at
the gage under the load was considered to have a strain of 100 percent, the
gage on the same row one frame removed from the load had a strain of ten
percent and the gage two frames removed had a strain of 0.1 percent.
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4.4 Construction of the Data Reduction Matrix

The data reduction matrix is the heart of the system, the algorithm
that converts the measured strains to ice impact pressure. The algorithm was
based on the premise that the ice load on the instrumented panel can be suf-
ficiently well approximated as a group of distinct uniform pressures each act-
ing over an area ot approximately 15 x 16 inches (380 x 400 mm). Further re-
finement of the ice pressure over a smaller area was not needed since the
smallest area of interest was one sub-panel. An average ice pressure over
this area was sufficient for the design of the plating. The averaging of more
and more of these individual sub-panel pressures gave the average pressure for
larger areas that are of interest in design of the internal scantlings.

The actual ice load algorithm transformed 60 measured strains into 60
distinct uniform pressures using the inverse of an influence matrix [K]. In
the matrix formulation:

{Strains} = [X] {Pressures} (1)
60 x 1 60 x 60 60 x 1
and inverting:
[Pressures} = [K]=1 {Strains} (2)
€0 x 1 60 x 60 60 x 1

where each column in the influence matrix [K] represents the 60 strains that
resulted from the application of a unit pressure on one sub-panel in the
model. The large matrix [K] can be constructed by the superposition of small-
er matrices [k] for each frame which are 6 x 6 and relate the strain at 6 gage
locations to a uniform pressure over the area for each gage on a frame (see
Figure 13). The across web influences are handled by adding off-diagonal
terms of appropriate magnitude, which are 10% of the diagonal terms. The 10%
factor results from work with a small across web finite element model which
showed that for a uniform load centered over one frame, the reaction at the
neighboring frames is 10% of the reaction under the load.

(k] (0.1k] [0.01k] [10-%]
[x] =] [0.1k] [k] [0.1k]
[0.01k] [0.1k] [k] (3)

[10-9%] (k]

Separate matrices were m;ae for Rows 1 to 6, Rows 2 to 7, an; Rows 3 to 8.
The form of the matrix is shown above., The actual matrices used are shown in
Appendix B. :
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4.5 Sensitivity Analysis of the Matrix

Two questions were raised during the development of the project and
were treated in further detail in a sensivity analysis presented in this sec-
tion. The first question regarding sensitivity was to assess the effect of
varying the 0.1 or ten percent factor for the off-diagonal terms. Two events
from the Summer deployment were chosen and the raw strain data was reduced
with matrices using a factor of 5, 10, and 20 percent for calculating the off-
diagonal terms. The two events were chosen as representing a very localized
impact and a very broad impact. The reduced data are presented in Appendix C
and summarized in Table 2. The table shows that if the off-diagonal terms are
dcubled or halved, the worst case is to reduce the pressure and total load by
1 percent.

The second question was the error that resulted due to the assumed
boundary conditions in the single frame finite element model. The model pre-
sented in Figure 13 and used for the development of the data reduction matrix
assumed single degree-of-freedom in-plane restraints at the nodes associated
with the decks. This assumption does not account for the stiffness of the
decks and the fact that most of the load on the bow plating is eventually dis-
tributed into the rest of the hull through shear in the decks. To account for
this affect, loads were applied to the model at the decks to simulate a deck
shear load reaction (see Figure 14), It was assumed that for 45 LT (0.45 MN)
ice load acting at the 2"d deck, the decks would react in such a way as to
apply a distributed l1oad along the web as follows:

3.3 LT (0.33 MN)
15.6 LT (.156 MN)
3.3 LT (0.33 MN)

along 3rd deck
along 2nd deck
along 15t Platf,

[ L I 1]

which represents 50% of the total reaction to the ice load. Table 3 presents
the eight strains that were determined for a 45 LT (0.45 MN) ice load at the
second deck and the eight strains that resulted from the above applied
reaction, It can be seen that the resulting error is less than 5%.
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TABLE 3 STRAINS DUE TG ICE LOAD AND SIMULATED REACTIONS

ROW NUMBER STRAINS DUE STRAINS DUE % OF

FOR GAGE TO ICE LOAD TO REACTION -156
1 9 - 3 2
2 15 -2.9 1.8
3 5 -4.2 2.7
4 -156 -6.9 4.4
5 - 42 1.5 1.0
6 - 5 1.6 1.0
7 - 4 1.2 8
8 -1 1.7 1.1
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5.0 FULL SCALE LOADING OF THE INSTRUMENTED PANEL

5.1 Selection of a Loading Method

Prior to acquiring data in an ice cover, the instrumented panel was
Toaded with a known load and strains were recorded on all the gages. This
test correlated the actual structure to the finite element model, determined
the influence effects of loads remote from gages, and ensured that all
channels were operational,

Several alternatives for loading the hull were possible. An in-the-
water calibration using a hydraulic jack was used on the tests of two Canadian
Coast Guard Ships [6, 10]. The jack was fitted on the end of a long pipe and
the pipe was placed between the ship and a breakwater or pier. This method
gave a good calibration; however, the rigging for the pipe and jack assembly
was difficult to handle and was further complicated by the ship springing on
her mooring away from the load. This method also requirad a foundation that
would carry the load; such as at the water's edge or below watar where the
ship coula oe tied. Such a place is difficult to find.

In the previous test on the POLAR Class [9], a dynamic calibration was
performed in the water with a large hammer hung from the gunwhale. The hammer
consisted of a weight on a long pendulum with springs between the pad that im-
pacted the hull and the weight. The conclusions drawn from the hammer test
were that it was extremely difficult to hit the hull square in a specific
place becausa of the complex angles involved., Also, in this test, the ship
could not be heeled or trimmed sufficiently to load the lower portion of the
test area.

After considering these and all alternatives, internal loading seemed
the most feasible. It was doubtful that an external in-the-water loading of
the hull could reach the entire area to be calibrated. At the time of devel-
oping the test planmit was not clear whether the ship would be drydocked, but
if it was, there would be a very short time frame in which to install all
equipment. A foundation would have to be built in the drydock if the loading
was done externally. The internal method allowed the flexibility to load the
hull at anytime. The mechanics of this method are greatly simplified and are
much less labor intensive after the initial shipyard work is performed.
Figure 15 shows schematically how each frame bay was loaded.

It should be noted that the full scale loading of the test panel dif-

-fered from previous and similar tests in several ways. Typically, the hull
was loaded to provide a “calibration" for the strain gages; that is to de-
termine the strain at each gage for a known load on the shell plating. For
the cases where hulls have been loaded, the frames or plating were generally
instrumented in bending. Loading one portion of the hull caused significant
strain levels on many gages. The full scale tests were used to develop com-
plicated algorithms to relate the strain to pressure for an assumed load shape
for ice impacts. In this study, the scheme of strain measurement causes the
response to be localized around the load. The strains were related to uniform
pressures on the sub-panel areas centered over the gages by using a finite
element model. The objective, therefore, of this full scale test was to ver-
ify that the finite element mode! gave a good approximation to the response of
the real structure.
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5.2 Description of the Test

Figure 15 on the previous page showed the arrangement used in the full
scale tests. The shell plating mid span between the frames, at various
heights vertically in the test area, was loaded by a hydraulic tensioning ram
The process was repeated for every other frame bay to ensure the activation of
all gages by the several separate test loads. Padeyes were welded to the
shell plating at points vertically between every other frame as shown in Fig-
ure 15, Padeyes and sufficient backing structure to span the frames were added
to the deck beams inboard to carry the load from the other end of the hy-
draulic tensioning ram. Four frame bays longitudinally and three positions
vertically in each bay, or a total of twelve load points, were used. The pad-
eyes were installed between frames 44 and 43; 42 and 41; 40 and 39; and 38 and
37. Padeyes could not be installed between frames 36 and 35 due to a shell
plating seam at midspan between the frames,

Previous calibrations on this class of ship and others have used a load
of aporoximataly 22 LT (.22 MN), For this test, it was possible to develop
1oacs of twice what w~as previously usad, or 44 LT (.44 MN). This represents
aporoximately two percent of the peak load or 2,000 LT (20 MN) predicted by
the computer simulation described in Section 2.1 for an 8 kt (4 m/s) impact,
or 8 percent of the highest load measured in the ice tests to date. The test
10ad is a2quivalent to a uniform pressure of 419 psi (2.89 MPa) over one sub-
panel.

The tensioning device was remotely operated such that no personnel were
required in the tank during tensioning for safety reasons. A video camera was
installed in the tank so the operator could observe the tensioning process.
Great care was taken to test and observe the padeye welds at lower loads prior
to test loads. The typical test at each location involved applying a load of
about 9 LT (0.09 MN) and recording strains on all sixty strain gage channels.
The load was then removed and all welds and the structure were visually in-
spected by entering the tank. The process was repeated in approximately 9 LT
(0.09 MN) increments until the maximum load was recorded. The procedure al-
lTowed a check on the linearity of the load-strain relationship in the actual
structure. Figure 16 shows the relationship to be very linear for a typical
set of measurements.

The load was measured simultaneously with the strain readings using a
shear pin type load cell installed in the padeye at the deck beam end. The
load cell had an 80 LT (.8 MN) capacity and a factory calibration factor was
used to convert the strain reading of the load cell to force. Figure 17
shows the sketch of the tensioning system.
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5.3 Modification of the Finite Element Model! to Model the Internal Test loads

The full scale load tests applied a line load to the plating midspan
between the frames by introducing the load to the hull plating through the
padeyes. To properly account for the distribution of these loads into the
hull plating in the finite element model, the details of the padeyes were
modeled as shown in Figure 18. The elements for the padeyes were added to the
single frame model shown in Figure 10 and, applying a 44.64 LT (.4448 MN) load
at the padeye centers, the strains at each gage location were calculated. The
strains were corrected for the boundary conditions of the adjoining frame not
included in the model (Appendix A describes this correction) and the resulting
strains compared to the strains recorded during the full scale tests. The
full scale recorded strains were linearly scaled to obtain the strains cor-
responding to the modeled condition by the ratio of the modeled load to the
measured load. The results are presented in the following section.

ANGLE DETERMINED FROM ACTUAL
PADEYE GEOMETRY

MODELED
LOAD

PADEYE PIN CENTER

LINE OF NODES FOR
HULL PLATING ELEMENTS

Figure 18

TYPICAL ARRANGEMENT OF PLATE ELEMENTS

FOR THE FINITE ELEMENT MODEL OF THE PADEYES
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5.4 Comparison of the Measured and Calculated Strains for the Full Scale
Test Loads

Figure 19 shows a graphic comparison of the measured and calculated
strains, The dotted lines in the figure follow the average measured strain
readings between the gages on either side of the loaded section of plating at
each row,

It is perhaps easier to examine the data in tabular form., Tables 4, 5,
and 6 present the strains predicted by the finite element model and the mea-
sured strains for the upper, middle, and lower padeye locations shown in Fig-
ure 15. The average and root mean square (RMS) errors in microstrain (ue) are
also presented in the tables. The average error for all the data was 1.4 ue
and the RMS error was 0.9 ye.

More importantly, one must examine the error associated with the gages
most heavily loaded, the row directly in line with the padeye center for each
test load. The middle padeye, which was the only location where the load
could be applied normal to the plating, showed excellent agreement with the
model. The average error for all measured strains on Row 4 was -0.8 ue and
the RMS error was 3.2 ye. This represents an error of less than 4 percent,
The gages directly in line with the padeyes at the upper and lower padeyes
showed RMS errors of 4.5 ue at Row 2 and 9.2 ue at Row 7, respectively., The
average errors for these locations, however, were -10. 1 ue or 16 percent low
and -25.8 pe or 25 percent low, respectlvely.

For the measured strains of Rows 6 and 8 of Frame 37 and 38 on the low-
er padeye loading, there is a large difference between the two strains at each
of these rows. Frame 37 carried more of the load at Row 6 and frame 38
carried more load at Row 8, This is believed to be caused by a slight mis-
alignment of the padeye at this location. This location had the poorest
access and the shortest distance between padeyes making alignment more
critical,

Whiie the error for Row 7 is shown to be 25 percent low, several fac-
tors would indicate that the errors for strains measured in an ice impact sit-
uation would not be this high, The model used for these test loads apparently
does not fully explain the twist introduced into the plate and structure by
loading the padeyes at an angle relative to the normal. In the case where
normal loads were applied, excellent agreement was achieved. The ice impact
loads will, of course, be normal to the hull., Secondly, the strain distribu-
tion along the frame is less peaked than the model would predict, indicating
that while the strain under the load is lower than predicted, the strains
around the load are higher than predicted. This would tend to decrease the
error s1ightly given the fact that the off-diagonal terms contribute to the
predicted pressure, Lastly, since the pressure data will be averaged over
many sub-panels, the accuracy will be better at large areas even though there
was an error in a single sub-panel measurement. In summary, the error in ice
loads is expected to be similar to the error on the middle padeye plus the er-
rors introduced by noise, gage misalignment, temperature, drift, gage calibra-
tion error, etc., The far most significant of these is drift wh1ch was mini-
mized by frequent zeroing., The range of these errors fs approximately £15 ue
or 5 percent of an average peak strian of 300 ue. Pressure data are expected
to be accurate to t 10 percent.
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6.0 DESCRIPTION OF THE DATA COLLECTED

6.1 Description of the Locations and lce Conditions Where Data Was
Gathered

Data were initially collected on the September-October 1982 (Summer)
deployment of the POLAR SEA in multiyear ice in the Beaufort Sea. The test
program was conceived with testing being conducted only on the Fztruary-March
1983 (Winter) deployment, however the ship drydocking schedule dictated in-
stalling instrumentation prior to the summer deployment. The summer deploy-
ment became an opportunity to check out the system in real ice conditions as
well as gather valuable impact data in multiyear ice.

This first deployment was quite successful. The system performed well
and 167 good impact events were recorded over a two week period. A detailed
map of the test area is shown in Figure 20 for the two legs of the deployment.
Results of the data collected on this trip are summarized in Section 7.0. The
data presantad reprasants the impacts r2corded for 13-1/2 hours and 34 nours
of actual operation in jce for Legs 1 and 2, respectively., The ship was
stopped to profile multiyear ice features and gather other environmental data
much of the time in ice. Impact data was recorded either in dedicated rams of
multiyear floes or in transiting from one test area to another. Three basic
modes of operation were employed; impacting multiyear floes while transiting
in open water or thin first year ice at slow to moderate speeds; backing and
ramming in heavy multiyear ice; and slow, continuous progress in multiyear
jice. Typical ice conditions were 70% coverage of multiyear ice, 10 to 20%
coverage of grey ice, and 10 to 20% cnen water. Multiyear ice averaged 10 ft
(3 m) thick with a maximum consolidated thickness of 48 ft (15 m) in the
largest multiyear ridges. Grey ice was typically 4 inches (0.1 m) thick. By
October 6, pancake ice had started to form as far south as 30 n.m. from the
coast. The new ice was 8 inches (0.2 m) thick and extended to within a few
miles of Barrow by October 17. Flexural strength, based on temperature and
salinity using Vaudrey's method [14], averaged 81 psi (560 kPa) with a
standard deviation of 19 psi (130 kPa) based on 18 ice cores in multiyear ice.
A complete description of the ice and weather conditions is presented by
Voelker, et al [15].
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. The March-April-May 1983 (Winter) denloyment departed Dutch Harbor,
Alaska on March 23, The ice edge was encountered on the morning of the fol-
lowing day. Forty-one days were spent in ice gathering impact and environ-
mental data until the deployment ended on May 3 at Nome. The principal oper-
ating area was in the northern Chukchi Sea off Wainwright., The ship stayed in
this area from April 4 to April 26 profiling small multiyear floes and then
ramming them, Impact data were collected in dedicated ramming tests in this
area as well as transiting in predominately first year ice from one profiling
area to another, Important impact data were also gathered on the transits to
and from the operating area. These data have been separated into three sets
of data for the southern Bering Sea, the northern Bering Sea (north of St.
Lawrence Island), and the southern Chukchi Sea (north of the Bering Straits
and south of Point Hope). The complete route of the ship during this
deployment is shown in Figure 21.

Observed ice conditions were recorded at half-hour intervals during the
transit, Average ship speeds were also computed each half-hour based on ship
posizion. Average obsarved ice thicknesses varied from 0.5 to 6 faet (J3.15 to
1.3 m} i1 the southern Bering Sea. Ice condi:ions wer2 guita diverse in tne
area. There was a large shadow of light ice south of both St. Matthew and St.
Lawrence Island due to northeasterly winds but heavily rubbled ice with con-:
siderable pressure in the ice was encountered when rounding the islands. Op-
erating conditions varied from steaming at high speed in light ice conditions
to backing and ramming at slow to moderate speeds in heavy rubble fields. Ob-
served average ice conditions ranged from 0.5 to 4 ft (0.15 to 1.2 m) in the
northern B8ering Sea. All impact data that were recorded in the southern
Bering Sea was in 100 percent coverage; coverage varied from 50 to 100 percent
in northern Bering Sea.

Average ice thicknesses in the southern Chukchi Sea were from 0.25 to 6
ft (0.08 to 1.8 m). Coverages were predominately 100 percent, falling to as
low as 380 percent near the Bering Strait. Extremely pressured ice and rubbled
ice fields were encountered in the lower Hope Basin on the northbound trip and
in the northern Hope Basin while returning south,

On the transit through the northern Chukchi Sea and in our primary
operating area, heavy first year ice prevailed. Most impacts occurred when
the average ice thickness was 3 to 6 ft (0.9 to 1.8 m), however some data were
gathered in thicknesses as low a 0.5 ft (0.15 m) in refrozen leads.

Nine multiyear ridges were profiled in the operating area for which im-
pact events were recorded while the ship transited the ridge. The ridges were
located in relatively small multiyear floes of less than 500 feet (150 m) in
diameter. These were completely constrained by a first year ice cover of ap-
proximately 5 feet (1.5 m) in thickness. A complete description of the
environmental and weather conditions is presented in Voelker, et al [16].
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6.2 Overview of the Data Collected

The raw data that was collected during an impact of the panel with ice
consisted of a 60 channel strain time histery sampled 32 times a second for 5
seconds (winter deployment) or 6.25 seconds (summer deployment). The data
were collected when the strain on any channel exceeded a preset threshold
strain. Each exceedance of the t-. _shold value triggering the recording of a
fixed amount of data on 60 channels, 5 seconds for the winter deployment, was
labeled an event. If the loads remained high during an impact and therefore
the strains, several events could be recorded for a single impact.

The significant difference between the data for the summer and winter
deployments is that there was insufficient time to install the planned data
reduction and data storage system for the summer deployment. While the system
used in the winter deployment could store data as fast as it was received, the
system used in the summer required 30 seconds to store each event. Conse-
quently, there was some loss of data when events occurred very close together
in the summer depnloyment.

A total of 167 events were recorded in the summer deployment and of
trese, 29 involved multiple events where some loss of data above the thAreshold
strain occurred. The winter deployment acquired 1,226 events of which 67
multiyear events, 61 occurring in dedicated and documented rams of multiyear
ridges, were recorded,

Reduced data for each event consist of a 60 channel pressure time
history; a summary file of the pressure area curve, the total panel force time
history, and the pressure versus length and height along the hull at the time
of peak pressure on a single sub-panel; and a directory of events including
comments on observed jce conditions and ship speed. These data were stored on
floppy disk for subsequent data analysis. Additionally, for the winter de-
ployment, the reduced data were analyzed for the time of peak force as well
and this data was also stored in the summary file. The summary files for the
peak events in each geographic area are presented in Appendix D.

Observed ice conditions and the ship's average velocity were recorded
during almost all of the time the ship was transiting to and from the operat-
ing area off Wainwright during the winter deployment. These data have been
incorporated in the form of comments in the directory of events. Additional-
ly, 8 channel of data for ship speed was added to the data acquisition system
on the transit north on the winter deployment such that ship speed would auto-
-matically be recorded during an impact. For the summer deployment, ship speed
was observed from the ship's doppler radar speed indicator during many of the
impacts. A summary of all of the data showing the number of events where ob-
served ice conditions and ship speeds were recorded is shown in Figure 22.

It should be noted that most of the multiyear events occurred in dedicated
tests where the floes or ridges were profiled and ice cores were taken to
document ice strength prior to the impacts.
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7.0 SEPTEMBER-OCTOBER 1982 (SUMMER) DATA

7.1 Presentation of Highest Average Pressures

The summer data were reduced prior to the winter deployment to appre-
ciate the problems involved in reducing the data. Much was learned from the
summer deployment both in the data acquisition and data reduction to improve
the system for the winter deployment. Consequently, the summer data are not
as complete., They are stored in a different format by a different computer,
they have a longer time record, and they are only summarized for the time of
the highest peak pressure on a single sub-panel. The emphasis throughout all
of the data reduction and data analysis has been concentrated on the peak
pressures that have been recorded, since these are the most interesting from a
design point of view. Complete time histories of reduced pressures for all
events have been generated and saved on disk, however the shear volume of data
precludes presenting it all, Approximately ten thousand individual pressures
are computed for each event. '

13 is interesting to examine the distribution of the frequency of oc-
currence of highest average pressures. Figures 23 and 24 present this data
for several different areas for the summer Beaufort Sea impacts. The data
presented in these figures include all the data recorded on both legs of the
deployment. For the first leg, the threshold strain level was set at 100
micro-strain (ue), roughly equivalent to a single sub-panel pressure of 200
psi (1.4 MPa). The first leg recorded 73 events. The second leg experienced
heavier ice, and since the interest was in the extreme events, the threshold
was increased to 250 ue or about 500 psi (3.4 MPa) on a single sub-panel.

The figures show that 126 of the 167 events of the data, or 75 percent,
had an impact area of at least 9.79 ft2 (0.91 m2?). Twenty-four percent, or 40
events, had an impact area of at least 24.5 ft2 (2.28 m2). Eight events, or 5
percent of the data, had an impact area of at least 50.6 ft2 (4.70 m2). The
largest impact area covered an area of 88 ft2 (8.2 m2) with an average pres-
sure of 22 psi (0.15 MPa).

Figure 23 shows that 4 events or 2 percent of the recorded data ex-
ceeded an average pressure of 1400 psi (9.7 MPa) on a single sub-panel of 1.63
ft2 (0.15 m2)., The highest single sub-panel pressure was 1617 psi (11.15 MPa)
whighloccu;red while backing and ramming in multiyear floes at 3 to 4 kts (1.5
to 2.1 mps).

An envelope curve was developed from the pressure area curves for each
event (Figure 25). This figure, therefore, shows the highest average pressure
recorded for each area. This curve was developed from the pressure area
curves for the time of peak pressure on a single sub-panel. A proper develop-
ment of the envelope curve would examine each time step of each event. This
process would require the analysis of an extremely large amount of data. The
winter deployment data have shown that it is sufficient to analyze two time
steps for each event; the time of peak pressure on a single sub-panel and the
time of peak force on all sub-panels. Unfortunately, when the reduction and
analysis of the summer data was performed, the pressure area curves were not
developed for the time of peak force. The result was that the envelope curve
shown in Figure 26 gives slightly lower pressure than the actual recorded max-
imum at the larger impact area. All data seems limited by a 500 LT (5 MN)
Tine of constant force,
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The highest event shown in Figure 25 is typical of the pressure area
relationships observed in all the data. Extreme events approach a constant
pressure line at small impact areas and a constant force line at large areas.

-No attempt was made to limit the data to impacts that are totally contained
within the panel. Such a curve represents the highest average pressures re-
corded at each area given a large number of impacts and the random nature of
where the loads hit the hull. The pressure-area relationship of a single im-
pact totally contained within the panel may be slightly different and could be
examined individually.

A table of the locations where the highest single sub-panel pressures
occurred is shown in Table 7. Impacts appear randomly distributed over the
frames but there were a large number of impacts low on the panel in the thick
ice. Forty-eight percent of the impacts peaked in pressure on the lowest two
rows.
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7.2 Force and Pressure Variation with Ship Speed

The summer data include 112 events where the ship speed was recorded
during the impact. An observer, who was positioned on the bridge, was in tel-
ephone communication with an operator at the data recording system. When an
impact was registered by the instrumentation, the bridge observer would record
the ship speed from the ship's doppler radar display. Since most of the tests
were dedicated rams for this deployment, this procedure was adequate to docu-
ment most of the ship impact speeds for the data. An automated system was de-
veloped and installed during the winter deployment to record ship impact speed
directly with strain data.

Figure 26 shows the single sub-panel highest pressures versus ship im-
pact speed. There appears to be an increase in impact pressure with velocity
up to a ship speed of 3.5 kts (1.8 mps). This is the range of speeds where
most of the dedicated rams in heavy multiyear ice occurred. Higher impact
speeds correspond to cases where the ship was transiting in lighter ice
conditions and impacted the edge of a multiyear floe, in general,
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8.0 MARCH-APRIL-MAY 1983 (WINTER) DATA

8.1 Frequency of Highest Average Pressures by Geographic Area

The first step in any statistical analysis of the data is an assembly
of the distributions of the highest average pressure over different impact
areas for each geographical area. The distributions are computed for six im-
pact areas, the area associated with 1, 6, 15, 31, 46, and 60 sub-panels. The
actual area for each number of sub-panels is shown in Table 8. These distri-
butions are presented in Tables 9 through 12. All data collected during the
winter deployment are represented in the tables. The total events shown in
the single sub-panel column of each table ind.cstes the number of events col-
Tected in that geographical area. For the north Chuacni S23, Table 12, the
data include both first year and multiyear events. It should be noted that
the threshold value was varied in each ar2a to some extent. The distributions
for each threshold setting are presented in Appendix £. The thresholds for
most of the data in each area were as follows; south Bering Sea 75 ue, north
dering Sea 120 ue, south Chukchi Sea 120 ue, and north Chukchi Sea 150 pe.
Jhii2 an 2xact correlation between the threshold strain and the minimum for
the nighest average pressure on a single sub-panei depends on the impact loca-
tion on the panel, the strain roughly corresponds to half the average pressure
in psi on one sub-panel, The data collected in the north Chukchi Sea are the
events above approximately 300 psi (2.1 MPa), for instance.

In examining the data in the tables, one can see that there was one ex-
ceptional event in the south Bering Sea that was well above the rest of the
data in that geographical area and even the data collected ir the north Bering
Sea, This was a very localized event that generated a single sub-panel pres-
sure of 1137 psi (7.84 MPa). Similarly, there was one extreme event that oc-
curred while transiting in the north Chukchi Sea, exceeding the single sub-
panel pressure of all thz data measured to date. This event was also very
localized and had a single sub-panel pressure of 1640 psi (11.3 MPa). Summary
data for the peak events in each geographical area are presented in Appendix
D. There is no obvious explanation for these exceptional events. Both oc-
curred while transiting first year ice. However, the Chukchi Sea event could
have been caused by impacting a small undetected multiyear floe.

Underway times and actual miles traveled are shown for each geograph-
ical area in Table 13. Underway times exclude the time that the ship was
stopped to gather environmental data or for other reasons. Often night opera-
tions in heavy rubble fields became impractical and the ship stopped until
dawn. The intent of the data in Table 13 is to relate the frequency distri-
buticns of pressures presented in Tables 9 to 12 to actual hours of
operation or miles traveled. Such information allows one to qualitatively
assess the frequency of encounter of impacts to this - cther ships in
different operating scenarios or return periods.

TABLE 8 AREAS ASSOCIATED WITH EACH NUMBER OF SUB-PANELS

NUMBER OF AREA
SUB-PANELS T2 WZ
i 1.63  0.15
6 9.79  0.91
15 24.5 2.28
3] 50.6 4.70
a5 75.1 6.98
48 60 97.9 9.10




TABLE 9 FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR SOUTH BERING SEA

NUMBER OF SUB-PANELS

PRESSURE 1 6 |15 [ 31 |46 | 60

(psi)

0-50 9 41 | 94 | 130 | 97 1

50-100 6 88 | 57 5 2 0
100-150 18 35 4 0 0 0
150-200 59 5 0 0 0 0
200-250 38 0 0 0 0 0
250-300 24 0 0 0 0 0
300-350 8 1 0 0 0 0
350-400 7 0 0 0 0 0
400-450 2 0 0 0 0 0
450-500 1 0 0 0 i} 0
500-550 0 0 0 0 0 0
1100-1150 1 0 0 0 0 0
TOTALS 173 | 170 ] 155 | 135 | 99 1

TABLE 10 FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR NORTH BERING SEA

NUMBER OF SUB-PANELS
PRESSURE 1 6 |15 |31 | 4 | 60

(psi)

0-50 0 11| 38| 81| 73 0

50-100 0 63 | 112 | 35 7 0
100-150 2 95 | 14 3 0 0
150-200 15 42 3 0 0 0
200-250 24 8 1 0 0 0
250-300 63 3 0 0 0 0
300-350 41 0 0 0 0 0
350-400 42 3 0 0 0 0
400-450 26 0 0 0 0 0
450-500 11 0 0 0 0 0
500-550 7 0 0 0 0 0
550-600 8 0 0 0 0 0
700-750 2 | .0 0 0 0 0
TOTALS 241 | 225 | 168 | 119 | 80 0




TABLE 11 FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR SOUTH CHUKCHI SEA

NUMBER OF SUB-PANELS
PRESSURE 1 6 |15 |31 |46 | 60
(psi)

0-50 0 2| 39| 52| 18 0
50-100 0 73| 96| 15 2 0
100-150 0 | 121 | 20 0 0 0
150-200 1 41 2 0 0 0
200-250 36 9 0 0 0 0
250-300 85 6 0 0 0 0
300-350 72 2 0 0 0 0
350-400 46 0 0 0 0 0
400-450 27 0 0 0 0 0
450-500 11 0 0 0 0 0
500-550 4 0 0 0 0 0
550-600 8 0 0 0 0 0
600-650 3 0 0 0 0 0
650-700 2 0 0 0 0 0
700-750 0 0 0 0 0 0
750-800 2 0 0 0 0 0
800-850 0 0 0 0 0 0
850-900 1 0 0 0 0 0
900-950 0 0 0 0 0 0
950-1000 0 0 0 0 0 0
1000-1050 1 0 0 0 0 0
TOTALS 299 | 254 | 157 | 67 | 20 0




TABLE 12 FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR NORTH CHUKCHI SEA

NUMBER OF SUB-PANELS
PRESSURE 1 6 [15 |31 |46 | 60
(psi)

0-50 0 0] 15| 46| 20 0
50-100 0 26 [ 158 | 81 | 50 0
100-150 6 | 155 | 95 4 0 0
150-200 1 [ 133} 15 0 0 0
200-250 1 60 1 0 0 0
250-300 38 29 2 0 0 0
300-350 90 5 0 0 0 0
350-400 78 8 0 0 0 0
400-450 63 i} 0 0 0 0
450-500 60 2 0 0 0 0
500-550 34 0 0 0 0 0
550-600 34 1 0 0 0 0
600-650 15 0 0 0 0 0
650-700 14 0 0 0 0 0
700-750 11 0 0 0 0 0
750-800 8 0 0 0 0 0
800-850 3 0 0 0 0 0
850-300 2 0 0 0 0 0
900-950 4 0 0 0 0 0
950-1000 0 0 0 0 0 0
1000-1050 4 0 0 0 0 0
1050-1100 0 0 0 0 0 0
1100-1150 1 0 0 0 0 0
1150-1200 0 0 0 0 0 0
1200-1250 2 0 0 0 0 0
1250-1300 0 0 0 0 0 0
1300-1350 2 0 0 0 0 0
1600-1650 1 0 0 0 0 0
TOTALS 466 | 419 [ 286 | 131 | 70 0

TABLE 13 SUMMARY OF UNDERWAY TIME FOR EACH OPERATING AREA

UNDERWAY* ELAPSED APPROX, ACTUAL
AREA TIME (hrs) TIME (hrs) MILES TRAVELED
Southern Bering Sea 16-1/2 29 167
Northern Bering Sea 29-1/2 48-1/2 137
Southern Chukchi Sea 68 206-1/2 400
Northern Chukchi Sea 143 617 2470

* Underway time when the system was recording data.

51




8.2 Impact Frequency Versus Location on the Panel

Tables 14 through 17 show the number of impact occurrences at each sub-
panel location for each of the geographic areas. The tables use the position
where the highest pressure on a single sub-panel was recorded as the impact lo-
cation. At the start of the deployment, Rows 1 to 6 on the panel were active,
however, as heavier ice was encountered, the instrumentation was shifted to Rows
3 through 8, This change took place in the south Chukchi Sea on April 1. Forty
events from the northbound trip and all of the 72 events from the southbound

"trip recorded in the south Chukchi Sea were taken with Rows 3 to 8 active. Only
four of the impacts occurred on the top two rows so the data are all presented
in a single table.

Impacts occurred more frequently in the after half of the panel center-
ing around Frame 43, except in the north Chukchi Sea where a significant num-
ber of events were also centered in the lower front quarter of the panel.
Vertically, most of the events appeared to occur within the panel except again
for the north Chukchi Sea, wher2 24 percant of the data occurred on the >0liom
row and 48 percent of the data occurred on the bottom Iw0 rows.

Appendix F presents the frequency of impacts versus location data at the
time of peak force. Thesa tables present the number of occurrences where a giv-
en sub-panel recorded the highest average pressure at the time of peak force on
the entire panel. As expected, the peak force data are more centrally located
on the panel than the peak pressure data. The peak force is the pressure on
each sub-panel integrated over the total panel area. If the impact is centrally
located on the panel, the force will be higher than when the impact is partially
on the panel and a portion is not recorded.

TABLE 14 FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK PRESSURE
ON A SINGLE SUB-PANEL, WINTER DEPLOYMENT, SOUTH BERING SEA

FRAMES

ROWS 44 43 42 4] 40 39 38 37 36 35 TOTAL
1 2 2 1 0 2 3 [1] 0 3 3 16
2 0 1 4 0 0 0 3 0 0 0 8
3 3 11 6 1 1 2 5 2 3 1 37
4 1 A 0 b 1 / 1 1 2 1 2/
3 1 31 5 6 2 1 8 4 10 1 69
b 3 1 4 1 J 2 0 2 2 1 16

TOTAL 12 53 20 14 6 15 17 9 20 7 173
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TABLE 15 FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK PRESSURE

ON A SINGLE SUB-PANEL, WINTER DEPLOYMENT, NORTH BERING SEA

FRAMC 5
ROWS 44 |43 |42 |41 |40 |39 |38 |37 |36 |35 |TOTAL
1 o | 1 | 1 | 2 1 0 [ 0 1 0 [0 1 00 T
2 2 10 1 0 | 2 [ 1 ¢ 010102 3
3 8 | 7 | 2 [ &4 3 | 7 | 31512 34 50
Z I (12 [ 0 1 9 [ 2 | 3 [ 72 [ 21573 1]
5 15 |21 |15 [ 5 | 8 | 0 |1z |10 (10 | & [ 100
3 2 | 5 |16 [ 3 [ & [ 8 0 & 5 [0 7
TOTAL 30|46 |34 |20 |18 |15 |17 |21 |22 |14 | 241

TABLE 16 FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK PRESSURE
ON A SINGLE SUB-PANEL, WINTER DEPLOYMENT, SOUTH CHUKCHI SEA

FRAMES

ROWS 44 43 42 | 41 40 35 38 37 36 35 TOTAL

i 0 0 1 1 0 U 2 U 0 0 0 3

2 0 1 0 0 0 0 0 0 0 0 1

3 1/1 1 3/1 1 0 4/1 0 0 0 0 13

4 472 | 8/1 0 3/3 1 3/1 1 1 1 1 1/2 3¢

5 7/2 13074 111/5 [ 5/1 | 4/4 0 g/7 [12/7 (7/4 | 0/1 119
6 6/6 4 122/3 / 3 9/1 | 2/1 1 10 4 82

U 1 2 1 1 0 2 1 1 14 B! Z3

8 2 5 3 0 1 6 1 2 1 0 24
TUTAL 1-6] 18 44 37 16 10 1o 11 14 18 5 189
TOVAL 3-81 14 13 16 5 b 10 1 10 10 21 > 110
TOTAL 32 53 ;53 21 16 26 21 24 39 10 299

TABLE 17 FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK PRESSURE

ON A SINGLE SUB-PANEL, WINTER DEPLOYMZNT, NORTH CHUKCHI SZA
FRAMES

ROWS 44 43 42 4] 40 39 38 I 37 36 35 TOTAL

3 5 7 5 0 2 5 2 7 2 4 39

4 14 15 0 5 0 8 2 9 2 1 56

S 10 36 8 5 114 0 17 23 118 8 139

6 7 4 11 0 1 2 1 4 4 0 34

/ 5 4 3 2 1 11 4 31 45 17 123

| B 13 14 24 6 0 36 18 b 5 0 122
TOTAL | 54 80 51 18 18 62 a4 80 76 30 513
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8.3 Pressure-Area Relationships as a Function of Qbserved Ice Conditions
and Ship Speed

For much of the impact data collected during the transit to and from
the primary operating area off Wainwright, average and maximum ice thicknesses
were recorded on half-hour intervals by pilot house observars, This thickness
data was correlated with the impact data to examine the effect of increasing
impact pressure with increasing ice thickness. Figure 22 indicated the number
of events for which ice conditions were observed for each operating area.

Figures 27 and 28 present the extreme pressure-area curves sorted by
maximum ice thickness for each geographic area. The extreme pressure-area
-curve is determined by comparing each event that occurred at the specified
range of maximum ice thicknesses. The highest average pressure, whether at
the time of peak pressuyre or the time of peak force, is determined for all
events over each area (number of sub-panels). This determines the extreme
prassure-area envelope recorded for the range of maximum ice thicknesses being
studiec, Three o five ranges of maximum ice thicknesses are presentad in the
figures for each geograpnical area.

One can see an increase in the average pressure with fncreasing ice
thickness up to a certain value, In general, the trend reverses above this
thickness., The thickness where the pressure-area curves reach the extreme
values is in the range of 4 to 6 feet (1.2 to 1.8 m) for maximum observed
thickness.

A similar trend can be seen when the data are analyzed according to
average observea ice thickness as shown in Figure 29. For average thickness,
the trends of increasing pressure with increasing thickness appears to reverse
at about 2 feet (0.6 m) for the Bering Sea data. The Chukchi Sea data, shown
in Figure 30, are less conclusive. It does appear that the loads, and there-
fore the pressure-area curves, decrease at the highest observed ice conditions
in almost all areas.

This fact is presumably due to the way the ship was operated rather
than a physical phenomenon involved in the icebreaking process. In predom-
inantly 100 percent ice coverage, the ship was forced to slower and slower
speeds as the ice thickness increased. Even when ramming, it was difficult to
gain high speed .prior to a ram in the pressured ice conditions encountered
much of the time in heavy ice. Several investigators [17, 18, 19] have shown
that impact force increases with impact speed. Forty-five degree lines de-
creasing with increasing area on the pressure-area curves represent lines of
constant force. One can see that at high areas, the pressure-area curves ap-
proach constant force. 1[It is postulated that at light ice conditions and high
speeds, the loads were low and at heavy ice conditions and low speeds the
loads were also lower. The impact force peaked at intermediate ice conditions
before the ship was slowed greatly.

Figures 31 and 32 show the data for which the speed at the time of im-
pact was recorded. Ship speed for this data were digitized simultaneously
with the strain data from a doppler radar. There are no apparent trends in
this data when speed is examined independent of ice conditions. Speed will be
discussed in more detail in the following sections.
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The extreme envelopes for each gecgraphical area are compared in Figure
33. One can see that pressures increased with the severity of ice conditions
going north, in general, The exception was the north Bering Sea which
recorded slightly higher pressures than the south Chukchi Sza. The multiyear
impacts determine the extreme envelnpe for the north Chukchi Sea over most of
the range of areas. The north Chukchi Sea envelope is substantially higher
than the other operating areas.
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EXTREME ENVELOPE PRESSURE~-AREA CURVES
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8.4 Force and Peak Pressure as a Function of Observed Ice Conditions and

Ship Speed

The winter deployment recorded 785 first year impacts for which ob-
served ice conditions were recorded. These were recorded predominantly in the
transit north to the operating area off Wainwright, however, some were re-
corded while moving from test area to test area in *the Wainwright area and
others on the transit south to Nome.

Figures 34 and 35 present the peak force recorded for each event as a
function of observed maximum and average thickness, respectively, Level ice
thicknesses up to 6 feet (1.8 m) and maximum thicknesses to 12 feet (36 m)
were recorded. One can see that the peak force increases with ice thickness
to a maximum at intermediate values of thickness as described in Section 8.3,
At extreme ice thicknesses, the peak force decreases again, The highest
forces in first year ice occurred at an average thickness of 1.5 to 2 feet
(10.46 to 0.61 m) and a maximum thickness of 4 to 6 feet (1.2 to 1.8 m). The
cause 9F the decrzase in peak force is presumably due to speed effects, At
extreme ice thicknesses, the ship was slowed to the point where an increasing
trend in peak force does not occur, This could be due to the increased re-
sistanc2 or, more likely, the operator's perception of the increasing
severity.

Figures 36 and 37 show the highest average pressure on a single sub-
panel as a function of the same ice thickness data. There is a slight trend
for the pressures to peak at intermediate values of observed ice conditions.
However, the trend is less distinct than that for the peak force. The "peak"
in peak pressures at intermediate ice thicknesses is caused by a few events
that are far higher than the bulk of the data.

During the northern transit to Wainwright, it was decided to add a
channel of data to record ship speed directly with the strain data when an im-
pact occurred. This modification was effective on April 8 when the ship
reached the north Chukchi Sea. As a result, 351 events in first year ice con-
ditions were recorded with the impact velocity of the ship. These data were
all recorded in the Chukchi Sea. The peak force and the highest average pres-
sure on a single sub-panel are presented versus speed in Figures 38 and 39.
Peak pressure appears independent of ship speed (Figure 39). Peak force in-
creases with increasing ship speed but again, as in the trend with ice thick-
ness, the highest values of peak force are achieved at intermediate speeds of
7 knots (3.6 mps). A non-dimensional analysis of these data and the data col-
lected during the dedicated multiyear ridge ramming are presented in Section
9.0. This analysis treats the combined effects of speed and ice thickness
variation of peak force and peak pressure,
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8.5 Dedicated Multiyear Ridge Ramming Tests

The POLAR SEA operated in the north Chukchi Sea off Wainwright from
April 4 to April 26. During this time period, multiyear floes and ridges were
located by helicopter reconnaissance. The ship would transit to an area with
several ridges and dock in a floe. Environmental data collection would begin
by surveying profiles along and across the crests of the ridges. Subsequent-
1y, holes would be drilled at regular intervals along these profiles to de-
termine the consolidated depth. An upward-looking sonar and an electronic
thickness measuring device aided the bottom profiling operation. A complete
description of the data collection procedures and the collected data are pre-
sented in the 1983 Trafficability Report [16]. Ice cores were taken in each
ridge and temperature-salinity data compiled for computing structural proper-
ties. Ice cores were also taken for a crystallographic analysis of the ice
grain structure.

After the ridges were profiled, the ship transited through the ridges
impacting the ice feature in a manner to cause high loads at the panel. Data
wers coliectad for 9 multiyear ridges with consolidatad thicknesses up to 32.2
feet (10.0 m). A1l ridges failed in bending after multiple rams. The ridges
were located in relatively small multiyear floes of less than 500 feet (150 m)
in diameter completely constrained by a first year jce cover 3f approximately
5 feet (1.5 m) in thickness, A total of 61 events were recorded in the
ramming of these 9 ridges. The data collected are summarized in Appendix F.

The multiyear events occurred at speeds up to 9 knots (4.6 mps). The
peak force and highest average pressure on a single sub-panel are plotted as a
function of ship speed in Figures 40 and 41, respectively. There is an upward
trend of peak force with velocity throughout the whole speed range. It is in-
teresting to note that the three peak events in Figure 40 at the low speeds
occurred during the same ram on Ridge 1l1. The times of occurrence are shown in
the figure for the peak events. Summaries of the data collected for
individual events can be found in Appendix G.
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9.0 NON-DIMENSIONAL ANALYSIS OF PEAK FORCE AND PRESSURE

Measured snip speed and observed ice conditions were both recorded for
151 first year events. Trese events oczurred in the north Chukchi Sea between
April 9 and April 30. During *nis tine period, 15 first year ice cores were
taken for whicn fiexural and unconstrained crushing strengths have been calcu-
Tated ([16] and Appendix H!. The average of the nine cores taken in level ice
was 95.5 ps1 (D.661 MPa) and 528 psi (3.04 MPa) for flexural and crushing
strengths, respectiveiy. These data are concidered to be representative of
tne ice conditions Tor the impacts recorced, Six cores were taken in a large
first year ridge on Apri} 28 and showed much lower strengths. These data were
nct included 1n the average ice sirenqgths,

Addizionally, for the dedicated multiyear ridge rams, Speed was re-
cordea for &ll impacts. A1l but one of the ridges were completely profiled.
The one rigge that was not profiied was directiy between two other ridges that
were profiled such that a gond estimatz of thickness can be made. Ice cores
Wwer2 taken i1 tne arez of earn rigge suco that flexural and crushing strengths

225u 2 e letztwinegs for ridce. Appendix ! presents the thickness and
strzngtn Cata ‘ur eacn i Flaxural and crusning st'engtns averaged 121.5
psi (2.835 MPar und 703 3,85 MEs ), respectively.

217 =vents descrivea abuve reprzsent an excellient data base for a
nor-2imensiona’ ana"s 3. The analysis presenten here was limited to the non-
gimensignatl relationsnips commonty aresentad in the literature. Comparison
wisn otier measured cata is shown in Section 13.0.

The non-dimensional ~elationshiip between peak force (F*) and the pro-
duct of flexiral strenginh (o¢*) and normal velocity (Va*) at the panel is
shown in Figure 22, (ATl dsta are presented in Appendix L). Non-dimensional
peak force is ootained by divi d1ﬂg tne peak force (F) by the product of the
weight aensity of seawater [, g anc the zube of the ice thickness (h). Non-
gimensional flexural strenzth 1s computed by dividing the strength (of) by the
product of tne weigit density of seawater and the ice thickness., Speed is
non-dimensionallzed h) using a trickness tased Froude Number mu1t1p11ed by the
direction ¢acire (20 of an outward normai vector at the panel on an axis along
the ship's centerline at the wateriine. Irvestigators (17, 18] have found
that trne peax ‘orce follcws the relationship:

1 -]

ca A3 oy
Fro=C g (o Va*)

where n {5 the direction c¢3sine of an outward normal at the panel on a
vertical axis ir the ship's centerline plane, and

a. b, and ( a&re corstants.
The direction zovices, 1 ard n, car be related to the waterline half-angle at

the panel [a) ard ir¢ pane’ flire angle froin the vertical (g) by the
E-q\JaY'H‘u: s

¢+ tan « / Kan* w2 tan? g+ 1 (5)

ros o tan g S AanY (- tanl g v 1 (6)
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For the panel location on the POLAR SEA, a = 30° and g = 54°, This gives
values of 0.3 and 0.77 for & and n, respectively.

Figure 42 shows that the coefficient b = 1.4655 fits the data well,
The coefficient a cannot be determined since n is constant unless the data are
compared with other ship data. It should be noted that the average value of
flexural strength was used for all the first year data in Figure 42.

The peak pressure or the highest average pressure on a single sub-panel
should be related to the crushing strength of the ice. In Figures 43 and 44
the peak pressures were non-dimensionalized by the crushing strength and
plotted against the Froude Number normal to the panel. No speed effects are
~evident in this data. It should be noted that, as in the force relationship,
the first year data uses the average crushing strength for all data. The peak
values of non-dimensional pressure are 1.61 for first year ice and 1.99 for
multiyear ice. The highest recorded event of 1640 psi (11.3 MPa) is not in-
cluded in this data since speed was not measured for this event. This event
would have a non-dimensional pressure of 3.11 using the average first year
crushing strength, There is a good chance that this extreme event could have
been caused by an impact with a small multiyear floe imbedded in heavy first
year ice, If this were the case, the non-dimensional pressure would be 2.33
using the average value of compressive strength recorded for multiyear ice or
2.20 using the highest value recorded.

70




P Max

Max

OC—TT77TTmTm T 77T T TTTTI] T T
- =
— —
P t—
S5 FIRST YEAR IMPACTS -
r a—
2 —
MAXIMUM = 1.61 .
- ::4"
e
1‘-——- - ‘“.*‘ ———
— AVERAGE:.76 1?. “E.sgvf}g =
- ¢ @ * " -
= <+ * - > —
N ¢ P ‘.Sof\g.¢¢ * p—
b —
<
r— pu—
— -
R 11 111111' 11 lJlJJll BN 111111' R ERIT
001 01 K 1 10
ve
v eh
10— ITHTrI T IIHH] =T 11l1nll T T 1777
- .
§ b= MULTIYEAR IMPACTS -
MAXIMUM= 1.99
24— —
- -
* >
-~ +
1 LS "Q ]
E . L8 AVERAGE:.78 =
= s W, I a -
- ¢ 4 .
e ‘= —
.5L_ - o 0.": 7]
- e
3 L L 1i il fopd g unu] Lot
001 .01 1 3 10

Figure 43 and Figure 44

NON-DIMENSIONAL RELATIONSHIP
BETWEEN HIGHEST AVERAGE PRESSURE
ON A SINGLE SUB-PANEL AND NORMAL VELOCITY

71




10.0 VARIATION OF THE PRESSURE-AREA RELATIONSHIP WITH TIME

Five events have been investigated in greater detail to better under-
stand the variation of peak and average pressure and impact area with time.
The events were selected from the highest 13 events on the basis of peak
strain recorded in the north Chukchi Sea. All data are presented in Appendix
J. One event, the event that recorded the highest single sub-panel pressure
for a dedicated multiyear event, is presented in Figures 45 through 47,

Figure 45 presents an isometric plot showing the pressure-area curves
changing in time for this event. The pressure and area axes are log scales.
It is interesting to note the curves do not change too drastically from one
time step to the next. The smoothness of the plot indicates that the sampling
rate was sufficiently high. An oscillation of the peak pressure can also be
seen, with a period of approximately 0.5 sec. Figures 46 anbd 47 show the
peak pressure, the average pressure, and the total contact area versus time.

The events recorded were, of course, not controlled experiments and
many unknowns exist. However, a particular gquestion that arisas is the re-
lationship between average pressure and total area. Do confinement effects
lead to increasing average pressures as the contact area grows? In Figures 46
and 47, there is a definite trend toward increasing average pressure as areas
increase, suggesting a confinement effect. Three of the other four events ex-
hibit the same trends. The event that recorded the highest single sub-panel
pressure of all data, however, shows the reverse trend.

1f confinement effects are taking place, this would suggest that large
ships could experience much higher pressures, since larger contact areas could
be experienced. A knowledge of the ice interaction process is necessary be-
fore the pressure-area relationships for large vessels can be fully
understood.
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11,0 STATISTICAL ANALYSIS OF ICE PRESSURES

11.1 Analysis of the Type of Extreme Value Distribution That Fits the Data

Ice pressure must be viewed as a random variable. For the purposes of
structural design, the single extreme ice load occurring during a given time
period is the critical load. Extreme value analysis provides a means of
estimating expected maximums from measured data.

It is necessary to understand the rationale behind each distribution
before one is chosen to represent the data. There are three common forms of
extreme value distributions, TYPE I (also called GUMBEL), TYPE II, and TYPE
I11 [20]). They represent the extreme values of three different types of
random variables:

TYPE 1 - Values are unbounded both positively and negatively; represents the
extremes of an additive process such as variables that are
"normally' distributed

, -aly-u)
Fyly) = e%® (8)

TYPE Il - values are bounded by zero, but unbounded positively, represents
the extremes of a multiplicative process, such as variables that
are 'log normally' distributed

Fyly) = e-(U/y)k (9)

TYPE 111 - Values are bounded in the tail of interest, such as minimum
strength, or any phenomenon whose largest values have a physical
Timitation

Fy(y) =e ™ (10)

cumulative distribution function of the random variable Y (CDF)
mode of the distribution

constants

upper limit of y.

A portion of the data collected in the north Chukchi Sea was chosen for
statistical analysis. Data from all 368 events collected between April 7,
1983 and April 24, 1983 have been included in the analysis. For each five
second event, the extreme pressure for each area (1 to 60 sub-panels) was ob-
tained. This was done by constructing a pressure-area curve from the highest
of the two pressure-area curves developed for each event, the curve for the
time of peak pressure on one sub-panel and the time of peak force on the en-
tire area, Eleven areas (representing impact areas of 1, 2, 3, 4, 6, 8, 10,
15, 20, 30, and 60 sub-panels) were considered in the subsequent analysis of
the extremes.

A1l pressures of the same area were ranked and assigned a probability
according to the following formula:

N
Fp(p) = 1 - 359 (11)
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COF of ice pressure (p)

where Fp(p)
N rank of p

The probability of the peak pressure is therefore:

F(peak) = 1 -3-23 = .997 (12)

The data were plotted on extreme value type probability paper (Figure
48) such that TYPE | extreme value equations are represented by a straight
line. A more detailed view of the distributions for the larger areas is shown
in Appendix K. The dashed lines in the figure are TYPE I equations as a
function of area that have been fitted to the data.

These equations take the following form:

_e-alp-u)
Fo(p) = 2 n»
wnera p = ice pressure (MPa)

u=0C; A+ 5

a “ Cz A+ .35

A = impact area
€, = -.066, €, = 1,563 for area in square meters

C, = -.00428, C, = 0.145 for area in square feet

It can be seen that while Equation 13 above fits the data in the upper
region, it does not fit well in the lower region, especially for the smaller
areas. This can be explained by the fact that the equation is meant to fit
the extremes, not necessarily all the data.

Figure 43 represents the same body of data plotted as if it were TYPE
I1 extreme value distribution (a straight line on this type of paper is a TYPE
Il distribution). Clearly the TYPE Il cumulative distribution function (CDF)
of the single sub-panel pressures fit very well., Refer again to Figure 48 and
note that the TYPE I equation appears to fit the large areas very well. It
appears that the nature of the distribution may change as the area grows, with
small areas following a TYPE Il (multiplicative process) distribution whiie
large areas follow a TYPE I (additive process) distribution. This could be
explained by the fact that the large area pressures represent the sum of many
small area pressures. Conversely, pressure on a very small area results when
the weakest (not average) ‘ayer in the adjacent ice fails.

An understanding of the physics of the ice failure phenomena would help
to clarify which type of distribution is correct. It is quite important to
know which is correct because, while the TYPE I distribution results in a one
year extreme pressure of 2320 psi (16 MPa) and a ten year extreme pressure of
2900 psi (20 MPa), the TYPE II distribution predicts a one year extreme of
4060 psi (28 MPa) and a ten year extreme of 7100 psi (49 MPa). For the pur-
poses of further analysis of TYPE I distribution, Equation 13 is assumed to
be valid,
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11.2 A Pressure-Area Relationship Based on Prooability

The data shown in Figure 48 can be plotted in another format, ¢f more
use to the ship designer. A vertical line in Figure 48 gives a number of
pressures and areas of equal probability. Figure 50 compares the measured
data to Equation 13 for four levels of probability from .5 to .997. The
equation fits the data quite well and allows for extrapolation to higher, less
1ikely, pressure-area curves. Figure 51 shows the same equation extrapolated
to a probability of .99999 (approximately equivalent to ten years of contin-
uouf operations in conditions similar to those seen in the north Chukchi
Sea),

The curves shown in Figure 51 can be described by reworking Equation
13 into the form:

- \
(1) = 5y 0 5 - Lo felp Ealg) oo

pressura as a function of areaa
probability of not exceeding P.

wnera  P{A’
Falp)

As described above, the data presented here were collected over a two
week period and consisted of 368 events. An event was triggered when one of
the cells exceeded a strain of 150 ue (approximately 300 psi (2 MPa)). To use
this data for prediction purposes it is necessary to relate the severity of
this data to another vessel. One way would be to convert on the basis of the
number of impacts. However, since it is very difficult to estimate the total
number of all discrete impacts for any vessel, total time will be used. Since
this data represents two weeks of data, the level of the CDF can be expressed
in terms of the total number of weeks operating (in similar conditions):

Fo(p) = 1 - Tgaey (18)

where N = number of weeks
i.e., 10 years = 520 weeks; Fp(p) = .99999

It would be ideal to generalize this data by knowing how many impacts
any given ship is likely to encounter, There are so many variables involved
that this would prove nearly impossible. The eventual solution will be
reached when considerably more ice impact data exists for a full range of
ships.

Equation 14 and Figure 51 should be used with discretion. They are
only valid for the range of areas, probabilities, and conditions covered in
this study. Extrapolation beyond the bounds of the data is not advised, due
to the limited amount of impacts used in the analysis compared to the number
of impacts that a ship would experience in its lifetime.
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12.0 COMPARISON WITH OTHER MEASURED DATA AND CLASSIFICATION SOCIETY
DESIGN PRESSURES

The results of the non-dimensional analysis of force versus flexural
strength and ship speed presented in Section 9.0 have been combined in Figure
52 with data from tests on three other ships; the LEON FRAZER [17], the CCGC
NORMAN MCLEOD ROGERS [18], and the USCGC MACKINAW [19]. Just the envelopes of
the other measured data have been presented, however, these represent indi-
vidual force measurements for a variety of different ice conditions. One can
see there is good agreement with the previously collected data. As shown in
Figure 52, the mean regression line of the POLAR SEA measured data with an
exponent of 1.4566 seems to fit the other measured data well.

Comparisons of the extreme envelopes of both the summer and winter data
with other measured pressure data are shown in Figure 53 [6, 7, 10, 11, 12,
21, 22]. The ice conditions, test conditions, and the geographical area of
the tests varied considerably among the data; however, the comparison is an
interesting one. It indicates the range of areas over which this research
project was able to gather pressure data, compared with previous efforts,
With the exception of the damage incident on the MV ARCTIC [7], the data would
indicate a decreasing trend in pressure and force with ship size. This trend
is contrary to the expected trend and, in this case, presumably results from
the ice and test conditions. The KIGORIAK was tested to a point beyond the
yield of the hull structure by repeated rams into the same bow-print in thick
multiyear ice [21]. The MANHATTAN data were collected while transiting in
weak summer ice [12]. It is not surprising that the current data falls be-
tween these two when the conditions during the tests are considered. Even
considering the test conditions, however, the data would most likely indicate
that the peak pressure is not a strong function of ship size.

Figure 54 shows the envelope curves for the summer and winter deploy-
ments plotted against the design pressures recommended by various Classifica-
tion Society Rules [4, 23, 24], the proposed CASPPR Ice Class 10 Rule of
‘Johansson [1], and Tunik's proposed A5 Rule [25], which nresumably describe
the recent ABS efforts towards high Arctic rules development. Johansson's
proposed rule is a function of ship displacement and power and has been calcu-
lated using the appropriate values for the POLAR Class. The new Soviet Rules
[23] and Tunik's proposed rules are a function of the position on the hull and
the ship size and displacement. These have been calculated at the location of
the panel for the POLAR SEA,

The CASPPR Ice Class 10 [4], Tunik's proposed rules, and the Soviet
Rules agree well with each other and with the measured pressures at small
areas. It should be noted that average pressures on a single sub-panel ex-
ceeded those design pressures by 100 to 150 psi (0.7-1.0 MPa) on two occasions
in the eight weeks of data collection. Tunik's proposed rules and the Soviet
Rules do not treat the decrease in pressure with increasing area. They do
calculate a length over which the pressure acts which is approximately 2.7
feet (0.8 m). The CASPPR frame design pressures appear more conservative when
compared with the measured data than those for the plating. Johansson's pro-
posed rules are much higher than the measured data at large areas and do not
converge to a constant force as the measured data would indicate. In summary,
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there is good agreement between the CASPPR and the Soviet Rules and the mea-
sured data. This is surprising since one would expect the measured data to be
below the design pressures. The rules do not address the higher area
pressures so conclusions cannot be drawn.
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13,0 A RATIONAL PROCEDURE FOR DETERMINING ICEBREAKING SHIP DESIGN PRESSURES

The non-dimensional analysis of Section 9.0 has confirmed previous
analyses that the peak force in an impact is related to the flexural strength,
ice thickness, and the normal velocity at the impact location. The
relationship that fits measured data appears to be:

e O [(2L) ()55 (16)

g h

Similarly, the highest average pressure over one sub-panel can be relat | to
the unconstrained crushing strength by a factor that is a function of the
level of confinement during the impact. The non-dimensional analysis of
Section 9.0 also shows that this factor is independent of the thickness-based
Froude Number.

The pressure-area curves presented throughout this study, either for a
single impact or for the extreme envelope of many impacts in a geographical
area, exhibit a decreasing trend in highest average pressure with increasing
area. Further, the envelope curves can be described in most instances by a
1imiting pressure and force when plotted on a log-log scale (see Figure 55).

It is postulated that the rational design pressure-area curve should be
developed from these two values, the expected peak force, and the expected
peak pressure during the ship's lifetime (see Figure 55). From the work of
Sections 9.0 and 11.0, it appears that these two values can be generated for
any ship as a function of expected ice conditions, ship speed, and location
along the hull, That is not to say that the current body of data is adequate
to generate design pressures for all ships. What is proposed is a framework
to generate design pressure-area curves based on ice and ship parameters that
directs further research and data collection toward a useful result.

The extremes of the data presented in Figures 42, 43, and 44 can be
analyzed for an extreme value distribution similar to che work of Section
11.0. For Equation 16, the coefficient C; can be expressed as a function of
probability from lines parallel to the mean regression line through the
extremes in the data (see Figure 56). The probability for each line is
obtained by the rank of the data point divided by the number of points
measured. A similar analysis can be done for the data in Figures 43 and 44
following the equation:

F
o 2 (P) (17)

If the data are normally distributed about the mean regression line,one
would expect the coefficients C; (P) and C, (P) to follow a TYPE I (Gumbel)
distribution, Figure 57 presents the two coefficients plotted on TYPE I
probability paper.
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Summarizing the procedure for developing the design pressure-area
curve, the maximum expected force (Fo) and pressure (Po) are related to the
expected (design) ice conditions (ice thickness, flexural strength; and uncon-
strained crushing strength), the ship shape factors (local waterline half-
angle and the local flare angle), the ship speed, and the return period by the
following equations.

1.4566

%= & () ) (16)
A h
P
-2n (2n 13)
C, (P) = 0.6278 (2.,5542) (18)
1
-2
C, (P) = 0.7115 (1.2193) " (en pJ (19)

1
l1-P= 0.6 X N = Number of days operating in (20)
110.6 N ° design ice conditions in the
life of the ship

2 = tan o/ /an? o + tanZ g + 1 (5)

Speed can be related to ship displacement and power by several empirical
relationships summarized by Tunik [26]. He suggests the following:

SHP ~ C A-87 (V)2.5 (21)

as the appropriate relationship for icebreaking ship design where C is a
function of ice conditions. Such a formulation is useful in determining the
1imiting speed possible in a given set of ice conditions which would then be
used with Equation 16 to predict the limiting force.
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14.0 CONCLUSIONS

88

Conclusions from the study are summarized below.

1.

The measurement system, measuring compression in the webs of the
cant frames, worked well and should be considered in the instru-
mentation of closely spaced, transversely framed ships. The inclu-
sion of spacial variation of pressure proved useful in
understanding the load shape changes with time.

The accuracy of the pressure measurements is approximately plus or
minus 10 percent and falls within the range of other measured data
at the same impact areas.

The pretest internal loading of the panel was easy to conduct and
compared well with the analytical model for normally loaded loca-
tions, however, the eccentrically loaded locations were difficult
to interpret. An external uniform Yoad would be much more diffi-
cult to conduct but affords a direct comparison with the ice load
finite element model for this type of measurement system.

Impacts were randomly distributed over the frames but were grouped
on the lower two rows of the panel in multiyear ice.

The highest pressures were recorded in dedicated rams in multiyear
ice and, specifically, while ramming summer multiyear floes. This
is presumably because the ship's progress was not impeded by the
presence of thick first year ice surrounding the multiyear floes in
the summer conditions.

Ice forces for transiting data increased with increasing ice thick-
ness to a maximum observed ice thickness of about 4 to 6 feet (1.2
to 1.8 m) and then decreased at thicker ice conditions. The de-
crease at greater ice thicknesses is thought to be due to the oper-
ator's perception of more severe ice conditions manifested in re-
duced speed and therefore lower loads. The authors are not aware
of other data that support or refute this conclusion. Loads due to
dedicated ramming at large ice thicknesses will be limiting for
design in any case.

Peak pressures appear relatively independent of speed and ice
thickness.

Peak pressures on a single sub-panel were approximately 2 times the
unconstrained crushing strength calculated from temperature and
salinity measurements.

Non-dimensfonal force is related to the non-dimensional flexural
strength and normal velocity by the equation:

o 1.4566
o - 12908 (%) ()]

This is _the mean regression line of the data presented in Figures
42 and 56.




10.

11,

12,

14,

Comparison of pressure-area curves for available measured data in
Figure 53 does not show a strong trend of peak pressure with ship
size. Variations in ice conditions among the measure preclude any
specific conclusions,

Analysis of the impacts with time showed that the average pressure
can increase simultaneously with increasing impact area indicating
confinement effects.

Statistical analysis of the extremes of average pressure over dif-
ferent areas indicated that small area pressures are best repre-
sented by a TYPE Il (log-normal) probability distribution and large
areas are best represented by a TYPE I (Gumbel) probability distri-
bution. The TYPE I distribution can be used to approximate the ex-
tremes of average pressure over all areas and extrapolate the
pressure-area curve to longer return periods with good agreement.

An approach to the development of the design pressure-area curve
based on ice conditions and ship parameters is presented in Section
13. The method presented has promise. The non-dimensional rela-
tionship for peak force needs a complete regression analysis and
additional data to fully describe the relationships for different
failure modes. (Equation 16 presumably describes the peak force
for conditions where the impact {s limited by a bending failure.
The ultimate load in extreme events could be limited by crushing or
shear failure or the total energy of the ship in the impact. These
Timits need to be investigated in future studies.) An approach
that incorporates the appropriate characteristics of the ice fail-
ure process is necessary to relate the ship design to the area in
which it is intended to operate. The ice class, therefore, is di-
rectly related to the expected extremes of ice conditions in the
operating area., Currently, ice class rules are not related to ice
conditions except for the CASSPR Regulations in the Canadian
Arctic, so the designer must choose an appropriate ice class, a
difficult decision,

Current rule design pressures are at the same level as the measured
data for small areas. Larger area pressures are not treated in
general in the rules. Increasing area impacts appear to be limited
by a peak force.

89




15.0 RECOMMENDATIONS

Recommendations are grouped into three categories: additional data
collection with the current instrumentation, future instrumentation programs,
and future analysis. The recommendations are outlined below and described in
more detail in the paragraphs below.

1. Recommendations for Additional Data Coliection with the Current
Instrumentation

1.1 Collect additional summer multiyear data in September 1984 in
the Beaufort Sea.

1.2 Collect glacial ice impact data near Valdez or Glacier Bay
on the transit to the Beaufort Sea.

1.3 Add two rows of strain gages below the existing rows.

1.4 Attempt an external calibration in ice using an ice floe as

a foundation for the hydraulic jack.
2. Recommendations for Future Instrumentation Programs

2.1 Measure ice pressures in other locations to evaluate the
effect of local hull angles.

2.2 Measure ice pressures on larger ships to evaluate the effect
of ship displacement.

2.3 Measure total bow load and midship bending response to
evaluate hull girder strength requirements,

3. Recommendations for Future Analysis

3.1 Regress the data from all deployments to develop empirical
equations to relate the pressure-area curve to ice conditions,
ship speed, and expected return period.

3.2 Statistically analyze the extremes of the data from all
deployments for first year and multiyear ice.

3.3 Compare the two approaches to ensure there {is agreement for
limiting ice conditions.

3.4 Develop an ice-structure interaction model

15,1 Recommendations for Additional Data Collection with the Current
Instrumentation

The 1982 summer deployment showed that pressures were higher in summer
multiyear ice than in winter 1983 ice conditions for most impact areas. The
open ice conditions around summer multiyear floes allow a more controlled ex-
periment; the ship can impact the floe at higher speeds and control the impact
location much easier in summer. Unfortunately, in 1982, there was only a
short time frame for data collection and the data collection system was not
fully complete. It is recommended that another summer deployment be conducted
in September 1984, On this deployment, more accurate velocities can be re-
corded during the impacts since direct measurement of ship speed has been
added to the instrumentation. Hopefully, many more events will be collected
and substantially extend the data base of multiyear events. It fs recommended
that as many temperature/salinity profiles be taken as possible to provide
good fce strength data on this deployment.
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One type of ice that has not been recorded is glacial ice. This type
of ice is a danger to shipping in the form of bergy bits and growlers on the
east coast of Canada and parts of Alaska such as Valdez. The upcoming summer
deployment offers an excellent opportunity to gather data on glacial ice at
minimal cost. Impacts could be measured in one of the areas along the south-
ern coast of Alaska near one of the glaciers that calve bergs at that time of
year. This would be a minor diversion of the ship on its northern transit to
the operating area off Barrow. It is recommended that glacial ice impact data
be gathered.

Two enhancements should be considered in future data collection efforts
with the current instrumentation system. Loads in multiyear ice were heavily
grouped toward the lower portion of the panel. Future collection efforts
should consider adding two additional rows of strain gages below those already
instalied.

Also, the full scale loading of the hull compared measured strains from
a line type loading to the finit2 element model modified for the same loading.
Strains compared very well for loads perpendicular to the hull but not as well
for eccentric loads. Additionally, the line load does not allow a direct com-
parison with the model used to reduce the ice loads. It appears that for this
type of pressure measurement, an external calibration distributed load would
have been more appropriate. It may be possible to calibrate portions of the
panel by ramming and riding up on a floe sufficiently to load the hull from
the ice floe. The ice floe would become a foundation for a hydraulic jack to
apply the load. It is recommended that this be included in a future program.

15.2 Recommendations for Future Instrumentation Programs

It is expected that the summer 1984 data collection, with the data from
the summer 1982, winter 1983, and the recent January 1984 Antarctic deploy-
ment, will provide adequate data for a proper regression and statistical anal-
ysis. Three important future measurement programs could be undertaken when
this program is complete. The first measurement is of the pressures at other
locations along the hull or on different ships to examine the change in ice
pressures with local hull angles. Secondly, it would be of interest to mea-
sure ice pressures on other size ships, particularly larger ones, to under-
stand the effects of displacement on ice pressures. However, few ships exist
currently that are suitably strengthened. Thirdly, *otal bow load and midship
section response, and therefore the measurement of these, is an important
aspect of icebreaking ship design where little work has been done,
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15.3 Recommendations for Future Analysis

When all data collection for this program are complete, it is recom-
mended that a regression analysis be conducted to examine the relationships of
peak force and pressure for varying ice conditions. This should be a study
that examines all the non-dimensional relationships appropriate for the var-
ious limiting conditions or failure processes. A statistical analysis of the
variation of the data about a mean regression line should also be done. The
result should be a predicted extreme pressure-area curve based on ship speed,
ice conditions, and return period similar to Section 13.0 and based on
collection of data on four deployments.

Simultaneously, a statistical analysis should be conducted similar to
Section 11.0 on both the multiyear and the first year data. The two analyses
represent different approaches to the same problem. The regression analysis
attempts to understand the loads and pressures at any given set of ice condi-
tions and the statistical analysis of Section 11.0 addresses the limiting con-
ditions in a type of ice, first year or multiyear, directly. The two ap-
proaches should give the same results as ice thickness and ice strength in the
former approach, tend toward limiting values. This fact should be verified by
comparing the two approaches.

It would appear that the next step would then be the development of an
ice~structure interaction model for ships. The model should probably start
with a level ice impact allowing correlation with the Antarctic deployment
data. The model could then be extended to examine more significant ice
features and correlated with the dedicated tests in the Arctic.
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APPENDIX A

CORRECTIONS TO THE FINITE ELEMENT MODEL
FOR ACTUAL BOUNDARY CONDITIONS

The web frame model was used to determine the gage strains due to both
the simulated ice load and the applied calibration load. In the model the
plate was assumed pinned at the fore and aft adjacent frames. In actual fact,
the plate extended over the adjacent frames, providing a reaction moment to
any plate bending. This reaction moment caused a reduction in the load
carried by the central web, resulting in a corresponding decrease in actual
strain, as compared to model predictions.

To determine the true reaction it is necessary to match the angular de-
formation (slope) in the modeled plate to that of the adjacent plate by means
of an internal moment. At the frame adjacent to the gage the angular
deflection due to ice load as modeled was:

_ 011 w3
I 3 S
Also
8 + 62 = 8; (for continuity)
where
8; = angular deflection in modeled plate due to internal moment
8, = angular deflection in adjacent plate due to internal moment
8, ='IE%T (for end fixed)
ML
82 = 5 py (for end pinned)
7 ML .011 w il
: 12T €
M= .0189 w2
where:
M = internal moment (boundary condition adjustment)
L = plate span
w = ice load
EI = plate propertfes.

The reaction at the gaged frame due to moment i{s:

R = - IM
2T
substituting for M
R=-.029 wl
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This is compared to an original reaction of .43 w L, to result in a 7% de-
crease in reaction in the gaged frame due to modified boundary conditions for
the ice load.

In the case of the calibration load applied ts the center of the web,

the load is asymmetrical with respect to the web and therefore the web must be
considered as a pinned support rather than fixed.

2
oc = .047 EE%— {angle due to calibration)

6, = 02 ='£r  (for end pinned)

Again

8 = 6, + 0,

It can be shown that
M= 07PL
where:
P = applied fce 1load.
The reaction due to the moment M fis
R= .07P
which when compared to the original reaction of .69 P results in a 10%

decrease in the reaction in the gaged frame due to the modified boundary
conditions for the calibration load.
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APPENDIX B
DATA REDUCTION MATRICES

The matrix for rows 1 through 6 is labelled “Row 1 Version® and
the matrix for rows 3 through 8 is labelled "Row 3 Version".

K is the row number of the matrix. Matrix row 1 corresponds to
gage row 1, frame 44; matrix row 2 corresponds to gage row 2,
frame 44: etc. Frames are in reverse order, 44 to 35.
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APPERDIX C

CALCULATION OF PRESSURES VARYING THE EFFECT
OF THE MATRIX OFF-DIAGONAL TERMNS

FIVE PERCENT FACTOR USED FOR OFF-DIAGOMAL TERMS

SVENRT AT 10:13:20:14:4! BACKING & RAMMING & 3 KT
FIR SENSOR ROW: 2

Ael CRECTRRED 1122057 PSIL TIME FRAME 35, REAL TIME 1.09: FRAME 10. ROW

“IAEGE PRES?URE tpe1i vs AREA (square f

eet)
Sies 'LES 3.26 4,90 £.53 8.16 9.79 ]
Frozzocs 12287 631.02 L46.27 450.96 381.93 322.3% 2e
EICE 15,06 14,69 16.32 17.95
Freszz. . - 260,0% 225.2% 203.55 185.09

M4 ToTaL FORCE: 246,25 LONG TUNS AT TIME FRAME 79, REAL TIME:

Timo Frams 35

BRCKING L RARMING 8 3 KT
190:13:20:14:41
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TEN PERCENT FACTOR USED FOR OFF-DIAGOMAL TERMS

£ ENT AT 10:12:20:14:4) BACKING & RAMMING & 3 KT

FTRST SENSOR ROW: 3

MAX O PRESIURE:D  1115.27 PSI. TIME FRAME 35, REAL TIME 1.03: FRAME 10, ROW 1

AVERAGE PRESSURE (ps1) ve AREA (square feet)
r ea 1,63 3.26 4,90 6.53
Fressurs 1118.27 £83.86 $24.49 431.80 36

.69 16.32
.22 195.32

a1 0
~ =
-

£ ea3 15.086 1
Freszure 240,54 21

[ealF

&

*. X TOT7AL FORCE: 234.43 LONG TONS AT TIME FRAME 79, REAL TIME: 2.47

Timo Frema 35

BRCKING 3 RFIMING ¢ 3 KT
10:13:20:14:41
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THENTY PERCENT FACTOR USED FOR OFF-DIAGONAL TERMS

EVENT AT 10:13:20:14:41 BACKING & RAMMING & 3 KT

FIRST SENSOR ROM: 3

MAX PREZSURE:  1116.08 PSI. TIME FRAME 25, REAL TIME 1,080 FRAME 10, ROW !

AVERAGZ PREZSURE (pe1) ve AREA (sguare feet)

Area 1.3 3.26 4,90 6.53 8.16 9.79 1.4z
Prezzure 1116.08 £75.€9 497,723 400. 26 340,93 257,357 200,07
Area 12,06 14,69 16.32
Frezzure 223,77 200.92 181.45

MAX TOTAL FORCE: 220.85 LONG TONS AT TIME FRAME 79, REARL TIME: 2.47

Time Fruma 35

BACKING & RAMMING @ 3 KT
10:13:26:14:41
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Ilotal Force (long tons)
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FIVE PERCENT FACTOR USED FOR OFF-DIAGONAL TERMS

EVENT AT 10:08:09:00:44 Ram 1n MY, ice at 3 kts.

FIRST SENSDOR ROMW:

(X%

MAX FPREZSURE: 706,82 PSI. TIME FRAME 66, REAL TIME  2.06: FRAME 1, ROK 6

CLSURE (pe1) ve AREA (square feet)
Area 1,672 .26
Prezsure 706,52 492,47

MAX TOTAL FORCE: 34,34 LONG TONS AT TIME FRAME 12, REAL TIME: .38

66

Tlm. Frame

Ram in MY. ice &t 3 kts. :»
10:88:89:00: 44 31
c-7
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TE! PERCENT FACTOR USED FOR OFF-DIAGONAL TERMS
ctYENT AT 10:08:09:00:4 Ram in MY. ice at 3 kts.
FIRST SENSOR ROW: 2

qR FRESIURE: £A6.14 PSIL TIME FRAME €6, REAL TIME 2.06: FRAME 1, ROW

AVERAGZ FRESSURE (pe1) vs AREA tsquare feat)

Qrexz PR S J.oh
Prezzure 53k, 1y 477,45

MeA TI7AL FORCE: 125,22 LONG TONS AT TIME FRAME 12. REAL TIME: .38

B ]

b
|
¢
¥
Ram in MY. ice at J kts.
L 18:88:89:00:44
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TWENTY PERCENT FACTOR USED FOR OFF-DIAGONAL TERMS

SVEHT AT 10:03:09:00:44 Ram in MY. ice at 3 kts.

FIRST SENSOR ROW: 3

Met PRECIURE: fg4.10 PST. TIME FRAME 66, REAL TIME 2.06% FRAME 1. ROW 6

t (S

AVERAGE PRESSURE tvpsit vz AREA (szquare feet)
Area R 3,08 4,30 6.53 8.16 9.79 11.4
Frezszure bk, 435,85 291.0S 219.65 176.7% 189,02 137.5
Mest JOTAL FORCE S vt o _3NG TONS AT TIME FRAME 13, REAL TIME: .41

Ram in MY, ice at 3 kts.
10:08:09:00: 44
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APPENDIX D (CONTINUED)

WINTER DEPLOYMENT - SOUTH BERING SEA

EVENT ON 26 MAR AT 2:52:14

TAPE NUMBER 2 : TRACK NUMBER 1
PEAK STRAIN 505; THRESHOLD 75
RELATIONSHIPS FOR TIME OF PEAK PRESSURE

; FILE NUMBER 66

MAX PRESSURE 1137 PSI; TIME FRAME 146; REAL TIME 4.56

FRAME 38; ROW S

AVERAGE PRESSURE (psi) vs AREA (square feet)

3.
688.

14

]86’

26.
120.

37
91

48

74.

60.
63.

71

54,

83.
47,

(PST) VERSUS

(PSI) VERSUS LENGTH ALONG WATERLINE (FT)

6.
37.

Area 1.63
Pressure 1137.00
Area 13.06
Pressure 207.00
Area 24.48
Pressure 123.00
Ares 35.90
Precsure 35.00
Area 47 .33
Pressure 76.00
Area 58.75
Pressure £4.00
Area 70,17
Pressure 55.00
Area 81.60
Pressure 48.00
PRESSURE

GIRTH 1.25
PRESSURE

PRESSURE

LENGTH 1.33
PRESSURE 1137.00
LENGTH 10.67
PRESSURE 30.00

2.
1137.00 592.00

2.
588.

12.
29.

26 4.90
00 487.00
.69  16.32
00 169.00
11 27.74
00 114.00
.53 338.17
.00 88.00
.96 50.59
6o 72.0"
38 62.01
00 &61.00
.61 73.44
00 53.00
23

00

6

17

71

)

.53
382.

.95
154,

29.
109.

40.
85.

52.

00

00

38
00

80
00

22

000
63.

65

.00

/5.
52.

07
00

8.
315,

19.

143,

31
106.

420

82.

53.

69.

65.

59.

76.

51.

GIRTH ALONG FRAME (FT)

50 3.75
57.00

67 4.00
00 487.00
00 13.33
00 28.00
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5.
20.

S.
375.

00
00

33
00

16
00

58
00

.01

00

43
00

85
00

28
00

70
00

6.25
17.00

67
00

9‘
268,

.22
134,

32.
102.

44,
80.

55,
67.

66.
57.

/8.
50.

21

79
00

00

64
00

06
00

49
00

91
00

33
00

oun
o0

.00
.00

11.42
234.00

22.85
127.00

34,27
98.00

45.69
78.00

57.12
66.00

68.54
56.00

79.397
49.00

9.33
33.00




RELATIONSHIPS FOR TIME OF PEAK FORCE

MeX TOTAL FORCE 280 LONG TONS: TIME FRAME 106: REAL TIME 3.3
FRAME 37: ROW 5§

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 3.16 3.7S 11.42
Pressure 717.00 689.00 537.00 435.00 361.00 311.00 268.00

.06 14.69 16£.32 17.95 19.58 21.22  22.8%

Area 3

6.00 215.00 200.00 184.00 171.00 162.00 153.00
4

b=t

1
Pressure 23

48 26,11 27.74  29.28  31.01 32.64 34,27
50 137,00 120,00 124.00 120.00 115.00 110.00

Ares 3€.90 37.53 39.17 40.80 42,43 44,06 4% B9
Preszure 196,00 102.00 98.00 35.00 92.00 90.00 87.00
Erzz 47t , 3 as, 3k €N.2s £2.z2z2 $2.83% CC.,4¢% g7,z
Preszurs 55.30 52.90 20,90 75.00 75.900 74,09 72.00
Arez £5.78 60.3R B2.01 63.£5 65.29 66,97 £aL.Ce
Sressure 71,00 63.00 67.00 £6.00 £5.00 63.00 52.00
frea 70,47 71.91 72,44 75.07 75.70 75,33 79,497
Preszure 51,00 B0.90 £3.00 57.00 £5.00 SS.00 4,00
Ares 21,60 33.27% 24,26 36.49 32,12

Precsure £3.00 52.00 51.00 50.00 49.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.28 2.580 3.75 5.00 6.25 7.50
PRESSURE  717.00 423.00 103.00 81.00 63.00 £3.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00 5.33 6.67 8.00
PRESSURE  717.00 689.00 537.00 64.00 37.00 36.00
0
1

W W

O W
XA

(3]

LENGTH 10.67 12.00 13,
PRESSURE 31,00 30.00 29,

2
2

O

0
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EVENT ON 25 MAR AT 22:2:30

TAPE NUMBER 2 ; TRACK NUMBER 1 : FILE NUMBER 12
PEAK STRAIN 212: THRESHOLD 75%
RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 369 PSI: TIME FRAME 128: REAL TIME 4.00
- FRAME 41; ROW 6

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 8.16 9.79
Pressure 369.00 276.00 193.00 151.00 122.00 102.00
Area 13.06 14.69 16.32 17.95% 19.58 21.22
Pressure 78.00 70.00 64.00 59.00 65.00 53.00
Area 24,43 26.11 27.74 29.38 31.01 32.64
Pressure 48.00 45,00 43.00 41.00 40.00 39.00
Area 35.90 37.53 39.17 40.80 42.43 44,06
Pressure  36.00 35.00 33.00 32.00 31.00 31.00
Area 47.33 48.96 50.59 52.22 53.85 55.49
Precsure 29.00 28.00 27.00 27.00 26.00 25.00
Area 58.75 60.38 62.01 63.65 £5.28 66.91
Precsure 24.00 24.00 23.00 22.00 22.00 22.00
Ares 70.17 71.81 73.44 75.07 76.70 73.33

Pressure 21.00 20.00 20.00 20.00 19.00 19.00
PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.25 2.50 3.75 5.00 65.25 7.50
PRESSURE 369.00 27.00 19.00 8.00 £.00 6.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00 5.33 6.67 8.00
PRESSURE 369.00 276.00 193,00 145.00 16.00 16.00
LENGTH 10.67 12.00 13.33

PRESSURE 7.00 7.00 7.00

D-19

11.42
89.00

22.85
50.00

34.27
37.00

45.69
30.00

57.12
25.00

©8.54
21.00

9.33
16.00




RELATIONSHIPS FOR TIME OF PEAK FORCE
MAX TOTAL FORCE 103 LONG TONS: TIME FRAME 35: REAL TIME 1.0%
FRAME 38: ROW §

AYERAGE PRESSURE (psi) vs AREA (square feet)

Area .63 3.26 4,80 6.53

1 . ! .16 9.79 11.42
Pressure 182.00 151.00 121.00 94,00 7

8

7.00 66.00 57,00
.58 21.22 22.8%
0

Area 13.06 14,69 16.32 17.9% 1

Pressure £1.00 47.00 44,00 41,00 40,00 39.00 37.00
Area 24.48 26.11 27.74 29.38 31.01 32.64 34,27
Precsure 36.00 34.00 23.00 32.00 31.00 29.00 28.00
Area 35.90 37.53 39,17 40.80 42,43 44,06 45,69
Pressure 28.00 27.00 27.00 26.00 256.00 26.00 29.00
Arzs 27,33 43,96 §0.c4 §z.22 52,25 £5.49 €7.12
Pressure 29.00 238.00 28.00 27.00 27.00 2€.00 26.00
Area €5.75 60.38 62.01 63.6% 55.29 665.91 63.54
Pressure 25.00 25.00 24.00 24,00 23.00 23.00 23.00
Area 70.17 71.81 73.44 75.07 76.70 78.3: 79.97
Pressure 22,00 22.00 21.00 21.00 21.00 20.00 20.00
Area 31.60 82.23 84,86 86.49 83.12 39.76
Pressure 20.00 19.00 19.00 19.00 18.00 18.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.25 2.50 3.75 5.00 6.25 7.
PRESSURE  182.00 122.0C 45.00 37.00 32.00

oro
-

o
oo

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00 5.33 6.67 &.00 3.33
PRESSURE 182,00 151.00 103.00 78.00 63.00 17.00 17.00
LENGTH 10.67 12.00 13.233
PRESSURE 11.00 11.00 11,00
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EVENT ON 26 MAR AT 10:1:28

TAPE NUMBER 2 ; TRACK NUMBER 2 : FILE NUMBER S
PEAK STRAIN 174: THRESHOLD 75
RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 367 PSI: TIME FRAME 59; REAL TIME 1.84
FRAME 40: ROW S
AVERAGE PRESSURE (psi) vs AREA (square feet)
Area 1.63 3.26 4,90 6.53 8.
Pressure 367.00 196.00 137.00 107.00 87.
PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.7%
PRESSURE 367.00 187.00 20.00
PRESSURE (PSI) VERSUS LEMGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67
PRESSURE 367.00 196.00
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SLATTONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 59 LONG TONS: TIME FRAME 63: REAL TIME 2.12
FRAME 40: ROW 5

AYERAGE PRESSURE (psi) vs AREA (square teet)

63 3.26 4,90 6.52
00 141.00 131.00 120.00

Area 1.
Precsure 139,
PRESSURE (PSI) VERSUS GIRTH AILLONG FRAME (FT»
GIRTH 1.25 2.50

PRESSURE 189.00 141.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1,32 2.67
FRESIURE  133.00 139,00
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EVENT ON 25 MAR AT 21:49:3

TAPE NUMBER 2 : TRACK NUMBER 1 : FILE NUMBER 9
PEAK STRAIN 168: THRESHOLD 75
RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 483 PSI: TIME FRAME 74; REAL TIME 2.31
FRAME 42: ROW 3

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 8.16 9.79 11.42
Pressure 483.00 367.00 275.00 228.00 199.00 176.00 153.00
Area 13.06 14.69 16.32 17.95 19.58 21.22 22.83%
Pressure 149.00 151.00 143,00 134.00 126.00 121.00 115.00
Area 24.48 26.11 27.74 29.38 31.01 32.64 34.2

Pressure 110.00 105.00 100.00 96.00 93.00 83.00 86.00
Area 35.90 37.53 39.17 40.80 42.43  44.06  45.88
Pressure 82.00 79.00 76.00 74.00 72.00 70.00 63.00
Area 47.33 48.96 50.59 52.22 53.85 55.43 57.12
Pressure 67.00 65.00 63.00 61.00 59.00 57.00 56.00
Area 58.75 60.38 62.01 63.65 65.28 66.91 62.54
Pressure 54.00 53.00 52.00 51.00 50.00 48.00 48.00
Area 0.7 71.81 73.44 75.07 76.70 78.33 79.97
Frecsure 47.00 46.00 45.00 45.00 44.00 43.00 42.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.25 2.50 3.75% 5.00 6.25 7
PRESSURE 483.00 258.00 192,00 98.00 20.00 18.

FRESSURE (P5I) VERSUS LENGTH ALONG WATERLINE (FT)

00

LENGTH 1.33 2.67 4.00 5.33 6.67 8.00 9.33
PRESSURE 483.00 367.00 275.00 228.00 1S85.00 171.00 16S.
LENGTH 10.67 12.00 13.33

PRESSURE 160.00 150.00 139.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 236 LONG TONS: TIME FRAME S51: REAL TIME i.5%

FRAME 42: ROW 2
AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 g8.16 Q.79 1.
Fressure 281.00 247.00 221.00 200.00 200.00 185.00 172.
Area 13.06 14,69 16.32 17.9% 19.58 21.22 22.
Pressure 158.00 153.00 151.00 .43.00 136.00 123.00 125.
Area 24.483 26.11 27.74 29.38 31.01 32.64 34,
Pressure 119,00 114,00 110.00 105.00 101.00 97.00 94,
Area 35.90 37.53 39.17 40,80 42 .43 44,06 45,
Prescure S0.00 87.00 84.00 82.00 79.00 77.00 74,
Ares 47,33 42,96 €0.59% £2.22 53.85 65.45 57.
Prascurs z-.DO 70.99 63.90 66.00 64.00 53.00 b1.
Area £8.75 60.38 62.01 63.65 65.28 £6.9" 68
Precsure £9.00 £8.00 §7.00 56.00 £5.00 £4.00 53
Aresz 70,17 71.81 73.44 75.07 76.70 76.33 79
Pressure £2.00 S1.00 £0.00 49,00 48.00 47 .00 46
Area S1.60
Pressure 45,00
FRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75 5.00 6.25 7.50
PRESSURE 281.00 226.00 158.00 91.00 28.00 24.00
PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)
LENGTH 1.33 2.67 4.90 5.33 6.67 8.00 g,
PRESSURE 281.00 247.00 210.00 207.00 178.00 167.00 182
LENGTH 10.67 12.00 13.33
PRESSURE 1438.00 139.00 127.00
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Total Force (long tons)
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EVENT ON 26 MAR AT 19:39:42

TAPE NUMBER 2 : TRACK NUMBER 3 : FILE NUMBER 22
PEAK STRAIN 168; THRESHOLD

S0

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 327 PSI: TIME FRAME 108; REAL TIME 3.38

FRAME 43; ROW S

AVERAGE PRESSURE (ps:) vs AREA (square feet)

Area
Pressure

Area
Pressure

Area
Pressure

Area
Pressure

Area
Precssure

Area
Precsure
PRESSURE
GIRTH
PRESSURE
PRESSURE
LENGTH
PRESSURE

LENGTH
PRESSURE

1.63
327.00

13.06
50.00

24.48
38.00

35.90
29.00

47.33
24.00

58.75
22.00

3.26
165.00

14.69
55.00

26.11
37.00

37.53
28.00

42.96
24.00

60.38
21,00

4.90C
128.00

16.32
54.00

27.74
36.00

38.17
28.00

50.53
23.00

62.01
21.00

6.53
101.00

17.95
50.00

29.38
34.00

40.80
27.00

52.22
23.00

63.65
21.00

8.16
84.00

19.58
46.00

31.01
32.00

42.43
27.00

£3.85
23.00

65.28
20.00

(PSI) VERSUS GIRTH ALONG FRAME (FT)

1.25
327.00

(PSI) VERSUS LENGTH ALONG WATERLINE (FT)

1.3
327.

10
"

2.50
165.00

32.00

3.75
116.00

4.00
25.00
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5.00
92.00

£.33
19.00

6.25
78.00

6.67
15.00

9.79
74.00

21.22
43.00

32.64
31.00

44,06
26.00

55.49
22.00

66.951
20.00

11.42
66.00

22.85
40.00

34.27
30.00

45.69
25.00

57.12
22.00




RELATIONSHIPS FOR TIME OF PEAK FORCE

MaX TOTAL FORCE 117 LONG TONS: TIME FRAME 100: REAL TIME

FRAME 42: ROW 5
AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4,90 .53 8.16 3.79
Pressure 315,00 225.00 189.00 163.00 144.00 125.00

Area 13.06 14,69 16.32 17.95 19.58  21.22
Pressure  99.00 90.00 ©3.00 77.00 72.00 68.00

Area 24,43  26.11 27.74 29.36 31.M 32.64
Pressure  60.00 57.00 S4.00 51.00 50.00 43.00

Ares 35.90
Precszure 44,00
PRESSURE «PSI) VERSUS GIRTH ALONG FRAME (FT)

.25 2.50 3.75 5.00 6.
00 171.00 115.00 90.00 77.

GIRTH 1
PRESSURE 319,

ro
<

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4,
PRESSURE  319.00 225.00 189.00 24,

D-32




Event at 19:39:42

e v - v ey v
~ L
» [ <
g 10 ]
e Wt 1
o™ ”» ) ﬁ
c 4
o - | 4
— -
-’ ”» } L
o
[ 4] ™ p
o )
1 9 s
o = ]
L - b
— <
s w -
< ]
o o}
= 1
e b r
| 4
i . - A s re e A 'y - e
] a B 3 1.8 ? 2.8 9 2.5 . 4.8 |
\ Time (seconds)
Event at 19:29:42
[}
- :
@
a
i -
o
198
=
]
1% ]
0
| S -
' .
<
Pl y i
= HESEEE! HEREH
- T SANETE ¢ 3 430

| 19
Area (square fest)

D-33




!
i
1
i
|
i

'SuED.Z0N Sude sunes soun Saun aemn et Sbe s thed aaet abd IRaN 4 -l.‘,i!.al-||j “
”
| -
ﬁ H]
o | |
; -
or :
™
(1] |
1))
—-— 3 «H ‘
) -
ol B i
- v |
- _. |
; |
[T} I
V 3
4 e ) o )

(1sdy sunssaay yea,y

(¥t

Length Along MWaterline

laie ans aadl aute anll Aun Sl Al Al ban o tadi Ao sl an o And aes i K

{=

2 i1~
~
[4N] »
= -

1]

o) ; 1
o [ "o
[1)] [
— F

4.
v ¢
1 o
o - 1 e aO
c e
o1 -
» 8
L -
(&

DI W § 4 -

“ . . °
-

(13d) =2anesauy eay

D-34




EVENT ON 28 MAR AT 7:54:47

APPENDIX D (CONTINUED)

WINTER DEPLOYMENT - NORTH BERING SEA

TAPE NUMBER 3 { TRACK NUMBER
PEAK STRAIN 308: THRESHOLD 120
RELATIONSHIPS FOR TIME OF PEAK PRESSURE

¢ FILE NUMBER 70

MAX PRESSURE 745 PSI: TIME FRAME 62: REAL TIME 1.94

FRAME 43: ROW 4
AVERAGE PRESSURE (psi) vs AREA (square feet)
Area 1.63 3.26 4,90 6.53 8.16 9.78

recsure 745.00 637.00 S570.00 469.00 376.00 32!.00
Area 13.06 14,69 16.32 17.95 19.58 21.22
Preczure 246.00 220.00 200.00 187.00 172.00 160.00
Area 24,48 26.11 27.74 29.38 31.01 32.64
Precsure 140.00 132,00 125.00 119.00 114.09 109.00
Area 25.90 37.53 39.17 40,80 42 .43 44,06
Preszure 133.00 99.00 96.00 33.00 S0.00 87.00
Area 47,37 48.96 50.%9 §2.22 £3.85 65.49
Prescure 31.00 79.00 78.00 76.00 75.00 75.00
Grea 8,75 60.38 62.01 £3.€65 65.28 €6.91
Frescure 71.00 70,00 £8.00 66.00 £5.00 £3.00
Area 70,17
Pressure 51.00
PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.25 2.50 3.75 5.00 6.25 7.50
PRESSURE 745.00 482.00 34.00 33.00 12.00 10.00
PRESSURE (PSI) VERSUS LENGTH RLONG WATERLINE (FT)
LENGTH 1.33 2.67 4.00 5.33 6.67 8.00
PRESSURE 745.00 637.00 426.00 326.00 264.00 222.00
LENGTH 10.67 12.00

PRESSURE 168.00 157.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 359 LONG TONS: TIME FRAME 47: REAL TIME 1.47
FRAME 39: ROW 2

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4,90 6.53 8.16 S.78 11.42
Pressure 660.00 622.00 553.00 489.00 429.00 387.00 345.00
Ares 13.06 14.69 16.32 17.95 19.58 21.22 22.85%5
Pressure 313.00 295.00 271.00 250.00 234.00 219.00 207.00
Ares 24.48 26.11 27.74 29.38 21.01 32.64 34.27
Pressure 195.00 184,00 175.00 166.00 161.00 154,00 147.00
Ares 35.90 37.53 39.17 40.80 42 .43 44,06 45,69
Pressure 142,00 136.00 131,00 127.00 123.00 112.00 115.Q0
Arzz T.3% 432,96 50.5¢ £2.22 €2.8% €S .¢L5 7.2
Pressure 111,00 108.00 105.00 101.00 99,00 96.00 S3.00
Arez £s.75 £0.3 £2.01 62.€5 6E.2%

Preszure 31.00 88.00 86.00 84.00 82.00

PRESSIURE (PST) VERSUS GIRTH ALONG FRAME (FTi

GIRTH 1.25 2.50 3.75 5.00 6.25 7.
PRESSURE 650.00 622.00 S£13.00 126.00 12.00 il

on
oo

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 2 2.67 4.00 $.33 6.67 8.00 9.33
PRESSURE 0 499.00 395.00 308.00 256.00 215.00 187.00
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EVENT ON 28 MAR AT 19:41:14

TAPE NUMBER 3 : TR4CK NUMBER 2 3 FILE NUMBER 41

PEAK STRAIN 271; THRESHOLD 120

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 5°° PSI:; TIME FRAME 33; REAL TIME 1.03

FRA*

A=
&

7. ROMW

~VE rck PRESZOAE

o -
°r< -ure
Ar-
Pr

Ule

T 53
.00
.06
00

C

Y
1

il

QW

(psi) vs AREA (square feet)

3.26
380.00

14.69
106.00

4.90

275.00 222.00

8.16

179.00

\URE «PSI) VERSUS GIRTH ALONG FRAME (FT)

{
S5URE

1

O

om i
™
w
(#2)
C
o)
m

(G T}
n—
cCxI
x
m

1.25
593.00

(PSI) VERSUS LENGTH ALONG WATERLINE (FT)

1.33

2.50
380.00

2.67

3.75
15.00

4.00

539.00 333.00 223.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 123 LONG TONS: TIME FRAME 33: REAL TIME 1.0%
FRAME 33: ROW S

RAYERAGE FRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4,90 6.53 B.16 Q.79 11.42
Pressure 599.00 380.00 275.00 222.00 179.00 150.00 132.90
Area 13.06 14.69
Precsure 113,00 106.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

CITRTH 1.25 2.50 3.75
PREZSURE 532,00 380.00 15.0¢C
~REZIuRE W =ZI YERSUS LENGTH ALONG WATERLINE (FT)
LZNGTR R 2.57 4.00
FRESSURE 533,00 333.00 223,00
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EVENT ON 27 MAR AT 1:3:25

TAPE NUMBER 2 : TRACK NUMBER 3 ; FILE NUMBER 74
PEAK STRAIN 260: THRESHOLD 100
RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 584 PSI: TIME FRAME 57: REAL TIME 1.78
FRAME 35; ROW 3

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 8.16  9.79
Pressure 584.00 319.00 246.00 208.00 177.00 177.00
Area 13.06 14.69 16.32 17.95 19.58 21.22
Pressure 151.00 142.00 131.00 123.00 116.00 109.00
Area 24.48  26.11 27.74 29.38 31.01 32.64
Pressure 97.00 93.00 90.00 88.00 87.00 88.00
Area 35.90 37.53 39.17  40.80 42.43  44.06
Pressure 86.00 85.00 84.00 82.00 81.00 79.00
Area 47.33  48.96 50.59 52.22 53.85 G5w4g
Pressure 76.00 75.00 73.00 72.00 70.00 6€3.00
Area 58.75 60.38 62.01 63.65 65.28 66.91
Pressure  66.00 64.00 63.00 62.00 61.00 60.00
Area 20.17  71.8%1  73.44  75.07 76.70  78.33
Precsure 58.00 57.00 ©56.00 55.00 54.00 54.00

S
Area $1.60 83.22 84.8¢
Pressure £2.00 §1.00 50.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75 5.00 6.25 7.50
PRESSURE 584.00 319.00 246.00 62.00 S51.00 46.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00 5.33 6.67 8.00
PRESSURE 584.00 318.00 107.00 98.00 €3.00 74.00
LENGTH 10.67 12.00

PRESSURE  58.00 52.00
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RELATIONSHIPS FOR TIME QF PEAK FORCE

MAX TOTAL FORCE 301 LOMG TONS: TIME PRAME 35: REAL TIME 1.0%

FRAME

S50 ROW 3

AVERAGE PRESSURE (psi) ve AREA (square feet)

Area
Preccure
Area

Pressure

Area
Pressure

Rrezs
Frezzure
fres
Freczure

PRESSURE

LENGTH
PRESSURE

LENGTH
FRESSURE

_1.83 3.26 4.90 6.53 8.16 9.79
<61.00 224.00 215.00 206.00 190.00 201.00
13.06 14,69  18.32 17.95 19.58  21.22
170.00 158.00 148.00 139.00 135.00 134.00
=4.48 26,1 27.74  29.38  31.M1 32.64
i24.00 119,00 114,00 109.00 107.00 102.00
25.90  37.53 29,17 40,80  42.43 44,06
¥2.00 95.00 932.00 90.20 89.00 88.00
R £3,9€  =).8- £2,22  B3.8% E8.4%
4000 e300 30,300 79.94¢ 77,30 75,90
to.7% 0 B0.28 0 BZ.00 £3.6% £5.23 E6.9
72,00 71,80 73,00 68.00 68.00 67.00
THLYT 7. T3.44 0 75,07 76,70 7&,3%
55.00 84,00 53,00 61.00 60.00 5%.00
21,60 33,23  24.8t  86.49 88,12
57.J0  56.00 £5.00 54.00 53.00

(PZI) VERSUS

1.25 2.
ZB1.00 194,

(PSI) VERSUS

1.33 2.87 4,00 5.33 6.67 8.

261.00 224.00 208.00 188.00 201.00 172.
10.67 12.00 12.32
37.00 125,00 119,00

GIRTH ALONG FRAME (FT)

€0 3.75 5.00 65.25 7.
00

00 135.00 117.00  95.

LENGTH ALONG WATERLINE (FT)
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Force (long tons)
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EVENT ON 27 MAR AT 16:0:0
TAPE NUMBER 2 ; TRACK NUMBER 4 ; FILE NUMBER 57
PEARK STRAIN 255: THRESHOLD 120

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 462 PSI: TIME FRAME 49; REAL TIME 1.53
FRAME 43; ROW 6

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4,90 6.53

Pressure 462.00 265.00 192.00 - 146.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.25 2.50

PRESSURE 462.00 27.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00
PRESSULRE 462.00 265.00 192.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE
MAX TOTAL FORCE 387 LONG TONS: TIME FRAME 4S: REAL TIME 1,41
FRAME 43: ROW 6

AYERAGE PRESSURE (pei) vs AREA (square feet)

Ares 1.673 3.26

Precssure 413.00 306.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.25

PRESSURE 413,00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)
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EVENT ON 28 MAR AT 19:9:5
TAPE NUMBER 3 : TRACK NUMBER 2 : FILE NUMBER 40
PEAK STRAIN 245! THRESHOLD 120

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 475 PSI; TIME FRAME 107: REAL TIME 3.34

FRAME 41: ROW S
AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4,90  6.53 8.16
Pressure 475.00 301.00 209,00 162.00 132.00
Area 13.06 14.69 16.32 17.95 19.58
Pressure S0.00 81.00 73.00 70.00 65.00
Area 24.48 26.11 27.74 29.38 31.01
Pressure 55.00 55.00 63.00 51.00 49,00
Area 35.90 37.53 39.17 40,80 42,43

Pressure 45.00 46.00 45.00 44.00 43.00
PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75 5.00
PRESSURE 475.00 251.00 53.00 41.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00 5.33 6.67
PRESSURE 475.00 301.00 23.00 21.00 19.00
LENGTH 10.67 12.00 13.33
FRESSURE 18.00 16.00 15.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 162 LONG TONS:
FRAME 41

ROW 4

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area
Precsure

Ares
Pressure

Area
Prescure

HR;JQURE

LENGTH
PRESSURE

LENGTH
PRESSURE

— s

21

~Nd

£

1
3
2
8

sv

T
(Qlﬁ

C)(J'

.63
.00

.06
.00

.48
.00

90
J0

3.26 4.90 6.53 8.16 3.79
176.00 171,00 167.00 163.00 157.00

14,69 16.32 17.95 12.58 21.22
126.00 126.00 117.00 109.00 102.00

26.11 27.74 29,38  31.01 32.64
84.00 79.00 75.00 72.00 682,00

37.53
£3.00

tP51) VERSUS GIRTH ALONG FRAME (FT)

2.50 3.75 5.00
152.00 103,00 76.00

(PSI) VERSUS LENGTH ALONG WATERLINME (FT)

10
31

3%
.00

67
.00

2.67 4.00 £.33 6.67 &.00
76 00 153.00 148.00 124.00 107.00

12.00 13.2373
73.00 67.00
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APPENDIX D (CONTINUED)

WINTER DEPLOYMENT ~ SOUTH CHUKCHI SCA

EVENT ON 30 APR AT 12:16:55

TAPE NUMBER 7 : TRACK NUMRER 3 : FILE NUMBER 62
PEAK STRAIN 502: THRESHOLD 150

AVERAGE SHIP SPEED ©5.60 Knots
RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 851 PSI: TIME FRAME 38; REAL TIME 1.19

FRAME 326: ROW 6
AVERAGE PRESSURE (psi) vs AREA (szquare feet)

Area 1.63 3.26 4,90 5.53 8.16 9.79 11.42
Pressure 851.00 572.00 454.00 414.00 353.00 302.00 263.00

Area 13.06 14.69 16.32

Pressure 233.00 209.00 18&9.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75

PRESSURE 851.00 S35.00 149.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4,00
PRESSURE 851.00 572.00 416.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 204 LONG TONS: TIME FRAME 3S: REAL TIME 1.19

FRAME 36: ROW 6

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area
Pressure

Area
Pressure

PPESSURE
GIRTH

PRESSURE
FREZZURE

LENGTH
PRESSURE

1.63
851.00

3.26 4.90 6.53 8.16 S.79 11.42
572.00 454.00 414,00 353.00 302.00 263.00

14.69 16.3
203.00 189.0

(=41

(P5T) VERSUS GIRTH ALONG FRAME (FT)

2.50 3.75
535.00 149.00

(PSI) VERSUS LENGTH ALONG WATERLIME (FT)

1.33

851.00

2.67 4,00
572.00 416.00
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Event at 12:16:55
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Event at 12:16:55%
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EVENT ON 2 APR AT 21:28:46
TAPE NUMBER 4 : TRACK NUMBER 2 ; FILE NUMBER 25
PEAK STRAIN 426; THRESHOLD 150

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 1010 PSI; TIME FRAME 35: REAL TIME 1.09

FRAME 44: ROW S

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1
Pressure 1010,
Area 13.
Pressure 166.
Area 24.
Pressure 100.
Area 35.
Pressure 73.
Area 47
Pressure 60.
Area 58.
Pressure 54,
Area 70,
Pressure 48,
Area 81
Pressure 43,
PRESSURE

GIRTH

PRESSURE
PRESSURE
LENGTH
PRESSURE 1010.
LENGTH 10.
PRESSURE 40.

.63

00

06
00

48
00

30
00

.33

00

75
00

17
00

.60

00

3.
513.

14,
150.

26.
9s.

37
70.

48,
58.

60.
53.

71
47

83.
430

(PSI) VERSUS

1. 2
1010.00 513,

25

(PSI) VERSUS

1.

33
00

67
00

2.
17.

12.
38.

26
00

69
00

11
00

.53

11

96
00

38
00

.81
.00

23
00

4

S0
57

090
415.

16.
137.

27.
90.

39.
68.

.53
.00
62.
53.

73.
47,

84.
42,

00

32
00

74
00

17
oo

01
00

44
00

36
00

6.53
312.00

17.95
128.00

29.38
86.00

40.80
67.00

52.22
56.00

63.65
52.00

75.07
46.00

86.49
41.00
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GIRTH ALONG FRAME (FT)

.50

00

LENGTH ALONG WATERLINE (FT)

4.
80.

13.
36.

67
60

00
00

3.
42,

75
00

00
00

33
00
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5.00
21.00

5.33
65.00

6.
21.

o
oul

6.67
56.00

9.79
214.00

21.22
112.00

32.64
78.00

44,06
64.00

55.49
56.00

66.91
50.00

78.32
44.00

8.00
49.00

11.

187.

22.
106.

34.
75.

45,
62.

57.
54,

53.
49.

79.
44.

S.

43.

00




RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 287 LONG TOMS: TIME FRAME 41
FRAME 44: ROW 7

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area
Precssure

Area
Pressure

Area
Pressure

Area
Precsure

a

Area
Pressure

PRESSURE

LENGTH
PRESSURE

LENGTH
PRESSURE

1.63 3.26 4,30 6.53 8.16 9.79
318.00 174.00 141.00 123.00 113.00 109.00
13.06 14.69 16.32 17.9% 13.58 21.22
122,00 129.00 129.00 128.00 125.00 121.00
24.48 26.1 27.74  29.38  31.01 32.64
113.00 110.00 107.00 104.00 103.00 100.00
35.90  37.52 39,17 40.80  42.42 44,06
95.00 93.00 90.00 88.00 86.00 84.00
47.33  42.96 50,59 52,22 52,85 £S, 4a
30,09 Te2.90  77.00 75,00  74.00 72.00
$3.75 B0.3¢  62.01 63.65  65.28 66.91
70.00 £2.00 57.00 66.00 6€5.00 63.00
6.17 71,41 73.44 75,07 76,70  78.23
61.00 60.00 59.00 ©S8.00 57.00 56.00
51.60  83.23 84,36 86.43 €8.12
54.00 53.00 52,00 51.00 51,00
(PSI) VERSUS GIRTH ALONG FRAME (FT)
1.25 2.50 3.75 5.00 5.25 7.50
318.00 174.00 145.00 124.060 102.060 65.00
(PSI) VERSUS LENGTH ALOMNG WATERLINE (FT)
1.33 2.67 4.00 5.33 6.67 8.00
318.00 173.00 138,00 121.00 111.00 105.00
10.67 12.00 13.33
100.00 96.00 87.00
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Total Force (long tons)
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EVENT ON 30 APR AT 1:29:50
TAPE NUMBER 7

AVERAGE SHIP SPEED

TRACK NUMBER 3
PEAK STRAIN 419: THRESHOLD 150

3.64 Knots

¢ FILE NUMBER S

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 764 PSI;

FRAME 3S: ROW .8

AVERAGE PRESSURE

Area
Pressure

Areca
Pressure

Area
Pressure
PRESSURE
GIRTH
PRESSURE
PRESSURE

LENGTH
PRESSURE

1.63
764,00
13.06
213.00

24.48
125.00

TIME FRAME 57; REAL TIME

(psi) vs AREA (square feet)

3.26
630.00

14.69
198.00

26.11
117.00

4.90

6.53

8.16

496.00 386.00 318.00

16.32
183.00

17.95
168.00

19.58
155.00

(PSI) VERSUS GIRTH ALONG FRAME (FT)

1.25

2.50

3.75

764.00 410.00 288.00

(PSI) VERSUS LENGTH ALONG WATERLINE (FT)

1.33

2.67

4.00

5.33

6.67

9.79
270.00

21.22
143.00

8.00

764.00 630.00 496.00 378.00 315,00 275.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE

FRAME 3S: ROW 8

Area
Fressure

Ares
Pressure

Are
Pr

3
essure

PRESSURE

LENGTH
PRESSURE

MAX TOTAL FORCE 214 LONG TOMS: TIME FRAME 59: REAL TIME 1.84
RAVERAGE PRESSURE (psi) wve AREA (square feet)
1.63 3.26 4,99 €.53 8.1¢ 9.79 11.42
696.00 S45.00 485.00 406.00 330.00 287.00 254.00
13.06 14,69 16.22 17.95 19.58 21.22 22.85
230.00 207.00 183.00 174.00 161.00 150.00 140.00
24, 4¢
121.00
(P5I) YERSUS GIRTH ALONG FRAME (FT)
1.265 2,80 3.7¢
556,50 423,00 297.00
(P5I) VERSUS LENGTH ALONG WATERUINE (FT:
1.33 2.67 4,00 5.33 6.67 8.00 9.33
B36.00 545,00 485.00 370.00 310.00 268.00 232.00
D-64




Total Force (long tons)
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EVENT ON

2 APR AT 23:0:25

TAPE NUMBER 4
PEAK STRAIN 398: THRESHOLD 150
RELATIONSHIPS FOR TIME OF PEAK PRESSURE

TRACK NUMBER 2 : FILE NUMBER 47

MAX PRESSURE 783 PSI; TIME FRAME 49 REAL TIME 1.53

FRAME 42:

ROW 8

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area
Prescsure

Area
Pressure
PRESSURE
GIRTH
PRESSURE
PRESSURE

LENGTH
PRESSURE

1.

783.

13.06

258.

63
00

00

3'
447 .

14,
232,

(PSI) VERSUS
1.25

783.00 339.

(PSI)

1
783.

2

VERSUS

.33

00

20
447,

26 4,90 6.53 8.16 9.79 11.42
00 409.00 393.00 328.00 282.00 2S0.00
63
00

GIRTH ALONG FRAME (FT)

50 3.75 5.00

00 263.00 210.00

LENGTH ALONG WATERLINE (FT)

67 4,00
00 322.00

D-67




RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE. 254
FRAME 42: ROW 8

LONG TONS: TIME FRAME 47: REAL TIME 1.47

AVF™ :GE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3

Ares 13.06 14,
Precsure 268.00 2a5,

(=] 48]
o

1.
URE ©&5.

FRESSURE (PSI) VERSLS

LENGTH 1.33 p
PRESSURE B25.00 474

.26 4,90 6.52 8.16 9.79
Prescure G25.00 474,

2.
399.

42
.00

Lo Y
[\ IR

U0 441.00 362.00 365.00 340.00 3

69
0Q

GIRTH ALONG FRAME (FT)
50 3.75
00 307.00

LENGTH RALONG WATERLINE (FT)

E7
.00

D-68




Total Force (long tons)

19

Event at 23:8:25

v v Y

P ST VU U G N TS

4
4
AA‘

" d

l‘ 1.8 4 2.8 ] 2.8 [ ) 4.5 1
Time (seconds)

Pressure (ps1)

Event at 23:8:25

] N N O
2 3430 2 383
) 18

Rrea (square feet)

D-69




Evernt at 22:80:25

mhnatn e e atn s Ben abe s dies b e sty Reass sl HIRS Ry Seladd

S ISP RPN JUIPUIY U WU S SUNR SRR S——

-» - ~ -

(18d)y eunssaay vesg4

2.5 b ] 3.5 4 ]
(ft

4

13 1.8

.5
Length Along Waterline

[, ]

)
4V

1

]

Event

(1sd)

4
m ] ﬂ

34NSSE3 .Uy

e ed

-
“
-
"
-
PR
»
-
- 0
- €
[ ]
"u
"o
~ C
(o}
‘a
" c
-
[
"o
“
e

D-70




EVENT ON 2 APR AT 21:28:53
TAPE NUMBER 4 § TRACK NUMBER 2 : FILE NUMBER 26
PEAK STRAIN 310; THRESHOLD 150

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 611 PSI; TIME FRAME 405 REAL TIME 1.25
FRAME 35! ROW 7

AVERAGE PRESSURE

Area
Pressure

Area
Pressure

Area
Pressure
PRESSURE
GIRTH
PRESSURE
PRESSURE

LENGTH
PRESSURE

LENGTH
PRESSURE

1.63
611.00

13.06
238.00

24.48
179.00

(psi) vs AREA (square feet)

3.26 4.30 6.53 8.
449.00 386.00 346.00 311,

14.69 16.32 17.95
220.00 210.00 201.00 1

1
9
26.11  27.74 29.38 3
173.00 164.00 156.00 14

6 9.79
284,00

0
8 21.22
.00 200,00

1.01  32.64
8.00 142,00

(PSI) VERSUS GIRTH ALONG FRAME (FT)

1.25
611.00

2.50 3.75
307.00 62.00

(PSI) VERSUS LENGTH ALONG WATERLINE (FT)

1.33
611.00

10.67
150.00

2.67 4.00 5.33 6.67 8.
449.00 374.00 162.00 138.00 134,

12.00 13,233
136.00 123.00

0-71

11.42
252.00

22.85
189.00

34.27
135.00




RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 310 LONG TONS: TIME FRAME 40: REAL TIME 1.2
FRAME 35: ROW 7

AVERAGE PRESSURE (psi) vs AREA (square feet)

DwW

Area 1.63 3.26 4.90 6.53 8.16 9.73 1.
Pressure 611,00 44S.00 386.00 346.00 311.00 284.00 2%2.
Area 13.06 14.69 16.32 17.95 19.68  21.22  2:.
Pressure 238.00 220.00 210.00 201.00 197.00 200.00 1§9.
Area 24.48 26.1 27.74 29.33  31.01 32.64  34.:
Pressure 179,00 173.00 164.00 156.00 148.00 142.00 135.
PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH = 2.50 2.75%

PREZSURE »31.00 367.00  €2.00

#REZSURE PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.32 2.67 4.00 5.33 €.67 8.00 3
PRESSURE 611,00 449.00 374.00 162.00 138.00 134.00 136
LENGTH 10.67 12.00 12,32

PRESSURE  150.00 136.00 123.00
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APPENDIX D (CONTINUED)

WINTER DEPLOYMENT - NORTH CHUKCHI SEA

EVENT ON 8 APR AT 17:22:20

TAPE NUMBER S ; TRACK NUMBER 1 3 FILE NUMBER 42
PEAK STRAIN 763: THRESHOLD 150

AVERAGE SHIP SPEED -.25 Knots

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 1640 PSI: TIME FRAME 56; REAL TIME 1.75
FRAME 365 ROW 7

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4,90 6.53 8.16 9.79
Prescure 1640.00 1004.00 73%.00 6569.00 457.00 382.00
firea 13.06 14,.€E9

Presesure 290.00 261.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75 5.00

PRESSURE 1640.00 214.00 143.00 115.00
PRESSURE (PSI) VCRSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00
PRESSURE 1640.00 1004.00 7339.00

D-75
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RELATIONSHIPS FOR TIME OF PEAK FORCE
MAX TOTAL FORCE 273 LONG TONS: TIME FRAME 73: REAL TIME 2.28
FRAME 37: ROW 7

AVERAGE PRESSURE (psi) vs AREA (square feet)

63 3.26 4,90 6.53 8.16 5.79 11.42
00 1049.00 759.00 5865. 00 469.00 393.00 343.00

(qx)

Area

1.
Pressure 1273.

[pR)

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 2.75

PRESSURE 1273.00 444,00 293.00

PRESSURE (PSI) YERSUS LENGTH ALONG WATERLINE (FT)
LEHM
R

1 D0

¥ 2 E )
EJQUR" 1273.00 104S.,30 752,00

“ur-
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EVENT ON 8 APR AT 18:39:39

TAPE NUMBER 5 ¢ TRACK NUMBER 1 : FILE NUMBER 77
PEAK STRAIN 666: THRESHOLD 150

AVERAGE SHIP SPEED -.27 Knots

RELATIONSHIPS FOR TIME OF PEAK PRESSURE
MAX PRESSURE 1327 PSI: TIME FRAME 35: RERL TIME 1.0S
FRAME 37; ROW 7

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 8.16 9.78

11.42

Pressure 1327.00 835.00 607.00 507.00 428.00 371.00 325.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75

PRESSURE 1327.00 687.00 156.00

PRESSURE (PSI) VERSUS LENGTH AL_NG WATERLINE (FT)

LENGTH 1.33 2.67 4.00
PRESSURE 1327.00 835.00 607.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 260 LONG TONS: TIME FRAME 35: REAL TIME 1.09

FRAME 37:

ROW

AVERAGE PRESSURE (psi) vs AREA (square feet)

Rrea
Pressure

PRESSURE
GIRTH

PRESSURE
PRESSURE

LENGTH

PRESSURE

1.63
1327.00 835,

2

o oe

(PSI) VERSUS

1.25
1327.00 63

2.
7.

(PSI) VERSUS

26 4.90 6.53 8.16 9.79 11.42
00 607.00 507.00 428.00 371.00 325.00

GIRTH ALONG FRAME (FT)

LENGTH ALONG WATERLINE (FT)

E7 4,00
.00 €07.00
D-80




Total Force (long tons)
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EVENT ON 20 APR AT 13:6:18
TAPE NUMBER 6 ; TRACK NUMBER 4 ; FILE NUMBER 5
PEAK STRAIN 685: THRESHOLD 150

AVERAGE SHIP SPEED

3.20 Knots

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 1319 PSI: TIME FRAME 113: REAL TIME 3.53
FRAME 44 ROW 8

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area
Pressure
PRESSURE
GIRTH
PRESSURE
PRESSURE

LENGTH
PRESSURE

1.63 3.
1319.00 1077.
(PSI) VERSUS

1.25 2.
1313.00 251.
(PSI) VERSUS

1.33 2.
1319.00 1077.

26 4.90 6.53 8.16 9.79
00 861.00 717.00 6588.00 436.00
GIRTH ALONG FRAME (FT)

50

00

LENGTH ALONG WATERLINE (FT)

67 4.00 5.33
00 861.00 717.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 443 LONG TONS: TIME FRAME 92; REAL TIME 2

FRAME 42: ROW 7
AVERAGE PRESSURE

Area 1.63
Pressure 956.00
Area 13.06
Pressure 378.00
Area 24.48

Pressure 274.00

(psi) vs AREA (square feet)

3.
680.

'69
369.

26,
258.

14

PRESSURE (PZI) VERSUS

26
00
00

1"
0

o

4.90 6.53 8.16
527.00 519.00 491.00

16.32 17.95 19.58
358.00 345.00 330.00

27.74  29.38  31.01
243.00 231.00 220.00

GIRTH ALONG FRAME (FT)

LENGTH ALONG WATERLINE (FT)

IRTH 1,25 2.50
PREZSURE  S55.00 580.00
FRESSURE (PSI) VERSUS

LENGTH 1.33 2.67
PRESSURE 956,00 680.00
LENGTH 10.67 12.00
PRESSURE  391.00 372.00

3.7% .00
171.00 133.00

4.00 5.33 6.67
557.00 519.00 491.00
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EVENT ON 24 APR AT 16:11:59

TAPE NUMBER 6 : TRACK NUMBER 4 ; FILE NUMBER 50
PEAK STRAIN 637:

AVERAGE SHIP SPEED
RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 1141 PSI:
FRAME 42; ROW &

AVERAGE PRESSURE

1.63 3.
966.

Area

Precsure 1141.00

13.06 14
472.00

-24.48
283.00

35.90
210.00

Area
Pressure

Area
Pressure

Area
Pressure
PRESSURE
GIRTH
PRESSURE
PRESSURE

LENGTH
PRESSURE

LENGTH
PRESSURE

1141.00

(PSI) VERSUS

1.25 2
475

(PSI) VERSUS

1.33 2
1141.00 966
0.67 12
3.00 59

429.

26.
273.

37.
202.

26
00

.69
00

THRESHOLD 150
7.80 Knots

4.90
899.00

16.32
395.00

27.74
261.00

39.17
194.00

6.53
751.00

17.95
368.00

29,38
251.00

40.80
187.00

(psi) vs RAREA (square feet)

8.
637.

19.
353.

001

31

240.

42.
180.

GIRTH ALONG FRAME (FT)

.50
.00

LENGTH ALONG WATERLINE (FT)
6.

.67
.00

.00.

.00

3.75
325.00

4.00
899.00
13.33
53.00

5.00
246.00

5.33
751.00

16

00
58
00
00

43
00

67

599.

21

330.

32.
229,

44,
173.

8

166.00 < 169

TIME FRAME 56; REAL TIME 1.75

.79
00

.22
60

64
00

06
00

.00
.00

11.42
530.00

22.85
308.00

34,27
219.00

9.33
148.00




RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 491 LONG TONS:

FRAME 42:

AVERAGE PRESSURE

Area
Pressure

Area
Pressure

Area
Prescure

Area
Pressure
PRESSURE

GIR
PRESSURE

FREZSURE

LENGTH
FRESSURE

LENGTH
PRESSIIRE

1.63
1141.00

.06
.00

.48
.00

.90
.00

o
~) -
o w

n)
— 0y o2
o wWe

)

(P5I) VERSUS GIRTH ALONG

Il

.2
1141.00

ROW 8

(psi) vs AREA (square feet)

3'
366.

14,
429.

26.
273.

37

202.

-~

2
475

(PS1) VERSUS

.33
.0

.67
.00

— s

114

[o Py
wo

2

966

12
59

26
00

€9
00

1
00

.53
00

.50
.00

LENGTH ALONG WATERLINE (FT)

6.
166,

.67
.00

.00
.00

4,
899.

16.
395.

27.

261

33.
194,

328

4,

899
13

3.

30
00

32
00

74
.00

17
00

.75
.00

00

.00

3
0

(=X
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6.53
751.00

17.95
368.00

29.38
251.00

40.80
187.00

8.
637.

19.
353.

.01

31

240,

42,
180.

FRAME (FT)

5.00
24€.00

5.32

751.00

16
00

S8
00
00

43
00

67
00

9.
599.

.22
330.

32.
228.

44,
173.

21

793
00
00

64
00

06
60

.00
169.

00

TIME FRAME S6: REAL TIME 1.75

11.42
530.00

22.85
208.00

34.27
219.00

9.33
148,00




Total Force (long tons)
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Event at 16:11:59
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EVENT ON 19 APR AT 13:3:53

TAPE NUMBER 6 : TRACK NUMBER 3 ; FILE NUMBER 3&
PEAK STRAIN 549: THRESHOLD 150

AVERAGE SHIP SPEED 5.63 Knots

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 1243 PSI; TIME FRAME 84: REAL TIME 2.63
FRAME 44; ROW 5

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 8.16 9.79

11.42

Pressure 1243.00 760.00 539.00 498.00 412.00 351.00 305.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75

PRESSURE 1243.00 760.00 530.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67
PRESSURE 1243.00 277.00

0-9N




RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 294 LONG TONS: TIME FRAME 71: REAL TIME 2.27
FRAME 41: ROW 4

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4,90 6.53 8.16 9.79 11.42
Pressure 548.00 492.00 449.00 432.00 418.00 375.00 338.00
Area 13.06 14.69 16.32 17.85 19.58 21.22 ¢2.85%
Pressure 307.00 276.00 252.00 231.00 216.00 201.00 187.00
Area 24.48 26.11 27.74 29.38 31.01 32.64 34.27
Pressure 176,00 165.00 156.00 148,00 143.00 138.00 132.00
Area 35.90 37.83 39.17 40.80 42.43 44,06 45,69
Pressure 126,00 121.00 116.00 111,00 107.00 103.00 100.00

PRESSURE (P31) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.25 2.50 3.75 5.00 6.25 7.
PRESSURE 543.00 457.00 430.00 352.00 287.00

N

B

>
o
[alon)

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.87 4,00 5.33 6.67
PRESSURE 548.00 492.00 96.00 86.00 71.00
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Force (long tons)
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Event at 13:3:53
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EVENT ON 11 APR AT 8:55:30

TAPE NUMBER 6 : TRACK NUMBER 1 ; FILE NUMBER 9
PEAK STRAIN 499: THRESHOLD 150

AVERAGE SHIP SPEED 5.57 Knots

RELATIONSHIPS FOR TIME OF PEAX PRESSURE

MAX PRESSURE 1011 PSI; TIME FRAME 132; REAL TIME 4.13
FRAME 39; ROW 8

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 8.16 9.79 11.42
~ Pressure 1011.00 629.00 458.00 362.00 326.00 317.00 280.00
firea 13.06 14.69 16.32 17.95 19,58 21,22 22.85

Pressure 249.00 233.00 246.00 260.00 241.00 224.00 208.00
PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.25 2.50 3.75
PRESSURE 1011.00 146.00 101.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00 5.33 6.67 8.00 9.33
PRESSURE 1011.00 623.00 458.00 362.00 352.00 360.00 325.00
LENGTH 10.67 12.00 13.33

PRESSURE 294.00 281.00 281.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 393 LONG TONS: TIME FRAME 62: REAL TIME 1.94

FRAME 41: ROW 8

AVERAGE PRESSURE
Area 1.63
Precsure 642.00
Area 3.0€

Pressure 2£3.00

(ps1)

3.
401,

14,
253.

PRESSURE (PSI) VERSUS

GIRTH 1.25
PRESSURE €£42.00

2.
354,

FREZSURE (#SI) YERSUS

LENGTH 1.33
PRESSURE  642.00

2.
473.

vs AREA (square feet)
26 4,91 6.53 8.16

S.79

00 450.00 437.00 385.00 353.00

63 16.32

00 229.00

GIRTH ALONG FRAME (FT)

50 3.75

00 227.00

LENGTH ALONG WATERLINE (FT)

67 4,00 £.33
00 255.00 272.00
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Total Force (long tons)
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EVENT ON 19 APR AT 12:25:12

TAPE NUMBER 6 i TRACK NUMBER 3 : FILE NUMBER 25
PEAK STRAIN 496; THRESHOLD 150

AVERAGE SHIP SPEED 4.37 Knots

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 848 PSI; TIME FRAME 78; REAL TIME 2.44
FRAME 44; ROW 6

AYERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 8.16 9.79
Pressure 848.00 614.00 478.00 388.00 316.00 2693.00
Area 13.06 14,689 16.32 17.95 19.58 21,22
Pressure 218.00 201.00 191.00 175.00 162.00 151.00
Area 24.48  26.11 27.74 29.38 31,01 32.64
Pressure 132.00 125.00 118.00 112.00 106.00 101.00
Area 35.90 37.53 39.17

Precscsure 91.00 88.00 84.00
PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75
PRESSURE 8438.00 6527.00 175.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4,00 5.32 6.67 8.00
PRESSURE €48.00 614.00 414.00 339.00 285.00 254.00
LENGTH 10.67 12.00 13.23
PRESSURE 194.00 173.00 159.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE

FRAME 42: ROW 5
AYERAGE PRESSURE (psi) vs AREA (square feet)

Area
Precsure

Area
Preccure

Rrea
Preszure

FRESSURE
LENGTH
PREZSURE

LENGTH
PRESSURE

1

Y=
oy

aid

1
'

.
(O
L35,

(P5I) VERSUS

.63
433.

13,
230,
24,
143,

35.
103.

g0

06
00

49
00

30
00

"\"v

)U

2

e JJ
2.00
.67
.00

252 LONG TONS: TIME FRAMEZ 67: REAL TIMC
3.26 4.90 6.5 8.16 9.79
473.00 420.00 36).00 316.00 276.00
14.69  16.32 17.95 19.58  21.22
212.00 198.00 184.00 172.00 162.00
26.11 27.74 25.38  31.01 32.64
135. 00 128.00 122,00 13i7.00 112.00
37.52 35.17  40.80  42.43 44,06
99.00 95.00 92.C00 89.00 26.00
47,9  &0.82 EZ.22 G3.8C £S.a49
3.00 75.00 72.00 71.00 £5.00
SUS GIRTH ALONG FRAME (FT)
2.50 3.75% 5.00 6.25
340.00 199.0C 1'50.00 21,00
LENGTH ALONG WATERLINE (FT)
2.67 4.00 .33 6.67 8.00
473.00 420.00 324.00 287.00 254.00
12.00 13.23
184.00 167.00

D-100

9.33
228.00




Total Force (long tons)
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EVENT ON 8 APR AT 18:23:31
TAPE NUMBER S 3 TRACK NUMBER 1 ; FILE NUMBER 63
PEAK STRAIN 477: THRESHOLD 150
AVERAGE SHIP SPEED -.21 Knots -
RELATIONSHIPS FOR TIME OF PEAK PRESSURE
MAX PRESSURE 906 PSI; TIME FRAME 158; REAL TIME
FRAME 39; ROW 8 :
AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53

8.16
Pressure 906.00 545,00 391.00 307.00 263.00
Area 13.06 14.69 16.32 17.95 19.58
Pressure 202.00 182.00 164.00 152.00 140.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75 5.00
PRESSURE 906.00 109.00 40,00 33.00
PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00 5.33 6.67
PRESSURE 906.00 545.00 391.00° 307.00 250.00

D-103

4094
9.79  11.42
251.00 226.00
21.22
130.00




RELATIONSHIPS FOR TIME OF PEAK FORCE
MAX TOTAL FORCE 227 LONG TONS: TIME FRAME 78; REAL TIME 2.44
FRAME 36: ROW 7

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 £.53

Pressure 745,00 6561.00 462.00 410.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.2 2.50
PRESSURE 745.00 499%.00

ounn

PRESSURE (PSI) VERSUS LENGTH ALCMNG WATERLINE (FT)

LEMGTH T332 267 4.00

SRESSURE  745.00 S61.00 462,00

e -
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Force (long tons)

Total

Event at 18:23:21
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EVENT ON 24 APR AT 18:38:32

TAPE NUMBER 6 | TRACK NUMBER 4 : FILE NUMBER 64

PEAK STRAIN 468: THRESHOLD 150
AVERAGE SHIP SPEED 3.18 Knots

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 1008 PSI; TIME FRAME S1; REAL TIME 1.59

FRAME 37; ROW 5

AVERAGE PRESSURE

1.63
1008.00

13.06
249.00

24.48
141.00

Area
Pressure

Area
Pressure

Area
Pressu-e
PRESSURE
GIRTH
PRESSURE
PRESSURE

LENGTH
PRESSURE

(psi) vs AREA (square feet)

3.26 4.50 6.53
684.00 559.00 444.00 36

14,63 16.32 17.85 1
224,00 203.00 186.00 17

26.11 27.74
133.00 125.00

8.16
2.00
9.58
2.00

(PSI) VERSUS GIRTH ALONG FRAME (FT)

1.25
1008.00

2.50 3.75 5.00 6.25
684.00 461.00 123.00 98.00

(PSI) VERSUS LENGTH ALONG WATERLINE (FT)

1.
1003.

3
0

)
2

]

2.67 4.00 5.33
553.00 380.00 173.00
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RELATIOMNSHIPS FOR

TIME OF PEAK FORCE

MAX TOTAL FORCE 257 LONG TONS: TIME FRAME 46; REAL TIME 1.44

FRAME 36: ROW 4
AVERAGE PRESSURE

(psi) vs AREA (square feet)

Area 1.63 3.26 4,90 6.53 8.16
Pressure 658.00 623.00 521.00 478.00 429.00
Area 13.06 14.869 16.32 17.95 12.58
Pressure 231.00 262.00 238.00 217.00 200.00
PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75 5.00
PRESSURE 855.00 623.00 418.00 333.00
PRESSURE (PSIy VERSUS LENGTH ALONG WATERLINE (FT)
LENGTH 1.33 2.67 4,00 §5.33
FREZSURE 658,00 502.00 441,00 333.00
D-108
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EVENT ON 11 APR AT 8:55:50

TAPE NUMBER 6 : TRACK NUMBER 1 ; FILE NUMBER 12

PEAK STRAIN 450: THRESHOLD 150
AVERAGE SHIP SPEED 2.49 Knots

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 1006 PSI; TIME FRRHE 46 REAL TIME 1.44

FRAME 37; ROW 7
AVERAGE PRESSURE (psi) vs AREA (square feet)
Area 1.63 3.26 4,90 6.53 8.16

9.79

11.42

Pressure 1006.00 573.00 562.00 431.00 348.00 291.00 250.00

Area 13.06 14,69 16.32

Pressure 219.00 198.00 180.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)
GIRTH 1.25 2.50 3.75

PRESSURE 1006.00 90.00 64.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00 5.33
PRESSURE 1006.00 573.00 562.00 7.00
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RELATIONSHIPS FOR TIME OF PEAK FORCE
MAX TOTAL FORCE 2324 LONG TONS: TIME FRAME 101: REAL TIME 23.16
FRAME 37: ROW 7

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.2k 4,90 .53 8.16

Precsure 740.00 656.00 492.00 399.00 323.00

PRESSURE (PS1) VERSUS GIRTH ALONG FRRME (FT)

GIRTH 1.25 2.50

PRESSURE 740.00 369.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLIME (FT)

LENGTH 33 .57 4,00

ﬁ
PREZSURE  740.00 656.00 476.00
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EVENT ON 8 APR AT 17:41:16

TAPE NUMBER 5 | TRACK NUMBER 1 : FILE NUMBER 4&
PEAK STRAIN 430; THRESHOLD 150

AVERAGE SHIP SPEED -.24 Knots
RELATIONSHIPS FOR TIME OF PEARK PRESSURE

MAX PRESSURE 762 PSI: TIME FRAME 36: REAL TIME 1.13

FRAME 36; ROW S
AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 8.16 9.78 11.42
Pressure 762.00 521.00 439.00 370.00 308.00 260.00 227.00

Area 13.06 14.69 16,32 17.95 19.58 21.22 22.8%
Pressure 203.00 182,00 167.00 157.00 146.00 135.00 129.00

Ares 24.48 26.11

Precssure 124.00 118.00

PRESSURE (PSI) VERSUS GIRTH RLONG FRAME (FT)
GIRTH 1.25 2.50 3.75

PRESSURE 762.00 382.00 271.00

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4,00 5.33 6.67 8.00 9.23
FPRESSURE 762.00 521.00 439.00 370.00 33.00 32.00 35.00
LENGTH 10.67

PRESSURE 34.00
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KRELATIONSHIPS FOR TIME OF PEAK FORCE

MAX

ROW 5

TOTAL FORCE 238 LONG TONS:
FRAME 37:

TIME FRAME 46: REAL

AVERAGE PRESSURE (psi) ve AREA (square feet)

Area
Pressure

Area
Pressure

Area
Pressure

PRESSURE

FRESSURE

LENGTH
FRESSURE

1.63
565.00 &1
13.06 14
235.00 227.
24.48 28
141.00 134

3.
4.

26 4.90 6.53 8.16 9.79
00 412.00 363.00 328.00 298.00
.69  16.32 17.95 19.68  21.22
00 205.00 188.00 174.00 161,00
a 27.74

.00 126.00

GIRTH ALONG FRAME (FT)

.50 3.7%

00 267.00

LENGTH ALONG WATERLINE (FT)

.67 4.00 5.33 6.67 8.00
.00 412.00 346.00 286.00 265,00
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EVENT ON 8 APR AT 17:22:32

TAPE NUMBER S5 : TRACK NUMBER 1 ; FILE NUMBER 44
PEAK STRAIN 430: THRESHOLD 150

AVERAGE SHIP SPEED -.26 Knots

RELATIONSHIPS FOR TIME OF PEAK PRESSURE

MAX PRESSURE 1235 PSI; TIME FRAME 101; REAL TIME 3.16
FRAME 39; ROW 3

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.63 3.26 4.90 6.53 8.16 8.78  11.42
Pressure 1235.00 843.00 623.00 501.00 413.00 354.00 310.00
Area 13.06 14,69 16.32 17.95 19.58 21.22 22.8%
Pressure 274.00 246.00 223.00 205.00 189.00 176.00 164,00
Area 24.48 26,11 27.74 29.38 31.01 32.64 34,27
Pressure 153.00 145,00 137.00 130.00 125.00 120.00 114.00
Area 35.90 37.53 39.17 40.80 42.43 44.06  45.689
Pressure 109.00 105.00 101.00 97.00 94.00 92.00 89.00
Area 47,33 48.96 50.58 52.22 53.85

Pressure 86.00 83.00 81.00 78.00 76.00

PRESSURE (PS1) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.25 2.50 3.75 5.00 6.25 7.50
PRESSURE 1235.00 255.00 83.00 68.00 56.00 47.00
PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4,00 5.33 6.67 8.00 9.33
PRESSURE 1235.00 843.00 623.00 501.00 403.00 13.00 12.00
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RELATIONSHIPS

FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 347 LONG TONS: TIME FRAME 123; REAL TIME 3,84

FRAME 43: ROW 3

AVERACE PRESCSURE (psi) vs AREA (square feet)

Area
Preccure

Area
Pressure

Area
Pressure

Area
Precsure

fires
Precsure
PRESSURE
CIRTH
PRESSURE
PRESSURE

LENGTH
FRESSURE

.63
.00

.06
.00

.48
.00

.90
.00

.33
2.00

3.
986.

14.
322.

26.
.00

.53

194
37

13€.

42,
169,

(P5I) VERSUS

1.
1014,

D
o
—
<
m
2
w
[ ot
w

26
00

69
00

11
00

a6
uo

4
g21

16.
292.

27,

183.

39.
133.

S0
105

.90
.00

32
00

74
00

17
00

B3
.00

6.
654.

17'
268.

29‘
173.
.8
129.0

52.
102.

40

53
00

95
00

38
00

0
0
22

a0

8.
540.

18.
250.

31

165.

420
124.

52
9

GIRTH ALONG FRAME (FT)

.50
.00
LENGTH ‘ALONG WATERLINE (FT)

067
.00 821.00 654.00

3
29

4

.75
.Q0

.00

5.
6.

5.
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EVENT ON 8 APR AT 16:12:57

TAPE NUMBER 5 : TRACK NUMBER 1 ; FILE NUMBER 38
PEAK STRAIN 421: THRESHOLD 150

AVERAGE SHIP SPEED -.32 Knots

RELATIONSHIPS FOR TIME OF PEAK PRESSURE
MAX PRESSURE 937'PSI; TIME FRAME 35: REAL TIME 1
FRAME 37; ROW S

AVERAGE PRESSURE (psi) vs AREA (square feet)

Area 1.€3 3.26 4,90 6.53 8.16
Pressure 937.00 57%9.00 412.00 329.00 277.00

Area 13.06 14,69 16.32 17.95 19.58
Pressure 202.00 182.00 165,00 151.00 138.00

Area 24.48 26.11
Pressure 121.00 114.00
PRESSURE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 2.50 3.75 5.00 6.25
2.00

1.2
PRESSURE 937.00 508.00 358.00 58.00 52.

ot

PRESSURE (PSI) VERSUS LENGTH ALONG WATERLINE (FT)

LENGTH 1.33 2.67 4.00 5.33 6.67
PRESSURE 937.00 579.00 408.00 59.00 47.00

D-123

.09

9.79
251.00

21.22
133.00

11.42
224.00

22.85
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RELATIONSHIPS FOR TIME OF PEAK FORCE

MAX TOTAL FORCE 214

FRAME 37; ROW 5

AVERAGE PRESSURE

Area
Pressure

Area
Pressure

Area
Pressure
PRESSURE
fIRTH
PRESSURE
FRESSURE

LENGTH
PRESSURE

1.63
937.00

13.06
202.00

24,48
121.00

3.
57s.

14,

182.

26.

114,

(PST) VERSYUS

10'—?5’

937.00

al

508,

(PSI) VERSUS

k)

1.33
3837.0

fen X &)

2.
579.

LONG TONS; TIME FRAME 35; REAL TIME 1.09

(psi) vs AREA (square feet)

26 4.90 6.53 8.1b
00 412,00 329.00 277.00

63  16.32 17,95 19.58
00 185.00 151.00 138.00

11
00

GIRTH ALONG FRAME (FT)

LENGTH ALONG WATERLINE (FT)

67 4.00 5.33 6.67
00 408.00 53.00 47.00
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APPENDIX E

FREQUENCY OF HIGHEST AVERAGE PRESSURE VERSUS
IMPACT AREA AT DIFFERENT THRESHOLDS IN EACH GEOGRAPHICAL AREA

SOUTH BERING SEA

FRECUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR SOUTH BERING SEA

THRESHOLD LEVEL IS 50
"0 OF SUB-PANELS 1 6 15 31 4¢ 60

PRES (PSI)
0 - 50 0 20 37 35 23 0
50 - 100 0 29 5 0 0 0
100 - 150 18 2 0 0 0 0
150 - 200 25 0 0 0 0 0
200 - 250 3 0 0 0 0 0
250 - 300 2 G 0 0 0 0
300 - 3%0 3 0 0 0 0 0
350 - 400 1 0 0 0 0 0
TOTALS 52 51 42 35 23 0

E-1




FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR SOUTH BERING SEA

THRESHOLD LEVEL IS 75
NO OF SUB-PANELS 1 6 15 I 46 60
PRES (PSI)

0 - 50 0 6 36 70 63 1
S0 - 100 0 438 41 ) 2 0
100 - 150 0 26 4 0 0 0
150 - 200 26 4 0 0 0 0
200 - 250 31 0 0 0 0 0
250 - 300 13 0 0 0 0 0
300 - 350 4 1 0 0 0 0
350 - 400 4 0 0 0 0 0
400 - 450 1 d 0 0 0 0
450 - 500 1 0 0 0 0 0
500 - S50 0 0 0 0 0 0
CEL - £00 ¢ i L A 0 ¢
600 - 850 0 0 0 0 U U
6E0 - 700 0 9 0 0 0 0
700 - 750 0 0 0 0 0 0
750 - 800 0 0 0 0 0 0
800 - 850 0 0 0 0 0 0
gs0 - 900 0 0 0 0 0 0
900 - S50 0 0 0 0 0 0
S50 -1000 0 0 0 0 0 0
1000 -1050 0 0 0 0 0 0
1050 -1100 0 0 0 0 0 0
1100 -1150 ! 0 0 0 0 0
TOTALS g7 85 81 75 85 1

FREGUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR SOUTH BERING SEA

THRESHOLD LEVEL IS 100
NO OF SUB-PANELS 1 & 15 3 46 60

PRES (PSI)
0~ 50 0 0 3 1 0 0
S0 - 100 0 3 3 0 0 0
100 -~ 150 0 2 0 0 0 0
150 - 200 0 1 0 0 0 0
200 - 250 1 0 0 0 0 0
250 - 300 1 0 0 0 0 0
300 - 350 1 0 0 0 0 0
350 - 400 2 0 0 0 0 0
400 - 450 ! 0 0 0 0 0
TOTALS 6 6 6 1 0 0
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APPENDIX E (CONTINUED)
NORTH BERING SEA

FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR NORTH BERING SEA

THRESHOLD LEVEL IS 55
NO OF SUB-PANELS 1 & 15 31 46 60

PRES (PSI)
0 - 50 0 3 6 g8 N 0
50 - 100 0 3 S S5 1 0
100 ~ 150 1 4 2 0 0 0
150 - 200 6 2 0 0 0 0
200 - 250 1 1 0 0 0 0
250 - 300 1 0 0 0 0 0
300 ~ 350 1 0 0 0 0 0
350 - 400 1 0 0 0 0 0
400 - 450 1 0 0 0 Q 0
450 - 500 0 0 0 0 0 0
500 - 550 1 0 0 0 0 0
TOTALS 13 13 13 13 12 0

FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR NORTH BERING SEA

THRESHOLD LEVEL IS 75

NO OF SUB-PANELS 1 6 15 3t 46 60
PRES (PSI)
0 - S0 0 5 7 10 7 0
S50 - 100 0 14 8 1 0 0
100 - 150 0 6 1 0 0 0
150 -~ 200 8 5 0 0 0 0
200 - 250 I4 1 0 0 0 0
250 - 300 10 0 0 0 0 0
300 - 350 5 0 0 0 0 0
350 - 400 2 0 0 0 0 0
400 - 450 1 0 0 0 0 0
450 - 500 2 0 0 0 0 0
TOTALS 3% AN 16 1 7 0
-3
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FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR NORTH BERING SEAR

THRESHOLD LEVEL IS 100 -
NO OF SUB-PANELS 1 6 15 3 46 60

PRES (PSI)
0 - 50 0 0 2 15 17 0
50 - 100 0 6 16 7 Py 0
100 - 150 0 12 4 0 0 0
150 - 200 1 4 Q 0 ] 0
200 ~ 250 6 1 ] 0 0 0
250 - 300 8 0 0 0 0 0
300 -~ 350 0 0 0 0 0 0
360 - 400 6 0 i\ 0 0 0
400 - 450 ] 0 0 0 0 0
450 - SG0 1 ¢ ¢ 0 Q ¢
t0g0 - 850 ( 0 0 0 0 0
550 - 600 1 0 0 0 0 0
TOTALS 23 23 22 22 19 0

FREGUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR NORTH BERIMG SEA

THRESHOLD LEVEL IS 120
NO OF SUB-PANELS 1 & 15 3 46 60

PRES (PSI)
0- 5 0 2 21 42 27 0
50 - 100 0 36 74 17 4 O
100-150 0 69 7 3 0 0
150 - 200 0 27 3 0 0 0
200 - 250 6 5 1 0 0 0
250 - 300 42 3 0 0 0 O
300 - 350 31 0 0 0 0 0
3%0 - 400 33 3 0 6 0 0
400 - 450 22 0 0 0 0 O
450 - 500 -8 0 0 O 0 O
500 -550 6 0 0 0 0 0
550 - 600 7 6 0 0 0 0
600 -650 0 0 0 0 0 O
650 - 700 0 0 0 0 0 O
700-750 2 0 0 0 0 O
TOTALS 157 145 106 62 31 0
E-4




APPENDIX E (CONTINUED)
SOUTH CHUKCHI SEA

FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR SOUTH CHUKCHI SEAR

THRESHOLD LEVEL IS 120
NO OF SUB-PANELS 1 & 15 3 46 60

PRES (PSI)
0 - 50 0 1 13 28 1 0
50 - 100 0 36 41 6 1 0
100 - 150 0 62 8 0 0 0
150 - 200 0 18 0 0 0 0
200 - 250 19 4 0 a 0 0
250 - 300 45 2 0 0 0 0
300 - 350 39 0 0 0 0] 0
350 - 400 21 0 0 0 0 0
400 - 450 12 0 0 0 0 0
450 - 500 4 0 0 0 0 0
500 - 550 2 0 0 0 0 0
S50 - 600 3 0 0 0 0 0
600 - €50 2 0 0 0 0 0
650 - 700 1 0 0 0 0 0
TOTALS 148 123 68 34 12 0
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FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR SOUTH CHUKCHI SEA

THRESHOLD LEVEL IS 150
NO OF SUB-PANELS 1 6 15 31 46 60
PRES (PST)

0 - 50 0 0 5 14 2 ]
50 - 100 0 9 25 7 1 0
100 - 150 0 39 10 0 0 0
T80 - 200 0 12 2 0 0 {
200 - 250 | = 0 0 0 0
250 - 300 7 4 0 0 0 0
200 - 3590 23 2 n 0 0 0
350 - 400 12 0 0 0 0 0
400 - 450 14 ] 0 0 0 0
450 - 500 7 0 0 0 0 0
£n0 - S50 2 0 0 0 0 0
550 - 600 g 0 0 0 0 0
600 - 650 ! 0 0 0 0 0
€50 - 700 1 0 0 0 0 0
700 - 750 0 0 0 0 0 0
750 - 800 2 0 0 0 U 0
00 - 850 0 0 0 0 0 0
850 - 900 1 0 0 0 0 0
900 - 950 0 0 0 0 0 0
950 -1000 0 Q 0 0 0 0
1000 -1050 1 0 0 0 0 0
TOTALS 83 77 56 21 3 0




APPENDIX E (CONTINUED)
NORTH CHUKCHI SEA

FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR NORTH CHUKCHI SEA

THRESHOLD LEVEL 1S 7S
NO OF SUB-PANELS 1 6 15 31 46 60

PRES (PSI)
0 - 50 0 Q 0 1 0 0
S0 - 100 0 1 1 0 0 0
100 - 150 0 1 0 0 0 0
150 - 200 i 0 0 0 0 0
200 - 250 0 0 0 0 0 0
250 - 300 0 0 0 c 0 0
300 - 350 0 0 0 0 0 0
350 - 400 1 0 0 0 0 0
TOTALS 2 2 ! 1 0 0

FREQUENCY OF IMPACTS YERSUS HIGHEST AVERAGE PRESSURE
" FOR NORTH CHUKCHI SEA

THRESHOLD LEVEL IS 100

NO OF SUB-PANELS 1 €6 15 31 46 60
PRES (PSI)
0 - S9 0 0 1 0 0 0
S0 - 100 0 1 5 0 0 0
100 - 150 0 S 0 0 0 0
150 - 200 0 4 0 0 0 0
200 - 250 1 0 0 0 0 0
250 - 300 5 0 0 0 0 0
300 - 35S0 5 0 0 0 0 0
350 - 400 1 0 0 0 0 0
400 - 450 1 0 0 ] 0 0
450 - 500 1 8 0 0 0 0
TOTALS 14 10 6 0 0 0
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FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR NORTH CHUKCHI SEA

THRESHOLD LEVEL IS 150
NO OF SUB-PANELS 1 & 15 31 46 60

PRES (PSI)
0 - 590 0 0 14 45 20 0
0 - 100 0 24 182 S1 50 0
100 - 1580 ¢ 149 95 4 0 0
150 - 200 0 129 18 0 0 0
200 - 250 0 €0 1 Q 0 0
285 - 200 23 22 Z 0 0 0
SG 2E0 8t g 0 0 0 9
280 - 440 76 e g ) 0 ]
400 - 450 62 { 0 ] 0 0
450 - 500 59 Z 0 0 0 0
500 - 550 24 0 0 0 Q 0
S50 - 600 34 1 3 ) 0 {]
600 - £%50 15 0 0 0 0 0
650 - 700 14 0 1] 0 0 0
700 - 7580 1 0 0 0 0 0
750 - 800 & G 4] 0 0 0
€00 - 85¢Q 3 0 0 0 0 0
850 - 900 2 it 0 Q 0 0
900 - 950 4 0 0 0 0 0
850 -1000 0 0 0 0 0 0
1000 -1050 4 0 0 0 0 0
1050 -1100 0 0 0 0 ) 0
1100 -1150 1 0 0 0 0 0
1150 -1200 0 0 fi 0 0 0
1200 -1250 2 0 0 0 0 0
1250 -1300 0 0 0 0 0 0
1300 -1350 2 0 0 0 0 0
1350 -1400 0 0 0 0 0 0
1400 -145¢0 0 0 0 0 0 0
1450 -1500 0 0 0 0 0 (]
1500 -1550 0 0 0 0 0. 0
1650 -1600 0 0 0 0 0 0
1600 -1650 1 0 0 0 0 0
TOTALS 450 407 273 130 70 0
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APPENDIX F
FREQUENCY OF IMPACTS VERSUS LOCATION FOR EACH GEOGRAPHIC iLOCATION

FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK PRESSURE
FOR SOUTH BERING SEA

Frame Numbers

44 43 42 41 40 33 38 37 3 3%

Row 1 2 2 1 0 2 3 0 0 3 3
Row 2 0 1 4 0 0 0 3 0 0 0
Row 3 5 11 6 ! 1 2 5 2 3 !
RKow 4 1 7 0 6 1 7 1 1 2 1
Row 5 1 31 5 3 2 1 8 4 10 1
Row 6 3 1 4 1 0 2 0 2 2 1
Row / 0 0 0 0 0 0 0 ¥ 0 0
Kow & C 0 0 0 0 0 0 0 0 0

FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK FORCE
FOR SOUTH BERING SEA

Frame Numbers

44 43 42 4 40 39 38 37 36 35

Row 1 2 3 2 3 2 3 0 0 1 0
Row 2 2 1 4 0 0 1 3 0 0 0
Row3 3 8 5 2 1 2 6 3 1 2
Row4 2 6 0 10 2 10 2 1 3 1
Row 2 29 4 6 5 1 8 4 4 0
Row 6 1 0 1 0 0 0 6 1 3 1
Row 7 0 0 0 0 0 0 0 0 0 0
Row 8 0 0 0 0 0 0 0 0 0 0

F-1




FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK PRESSURE
FOR NORTH BERING SEA

Frame Numbers

44 43 42 41 40 33 38 37 36 3%

Rouw 1 0 1 1 2 0 0 0 0 0 0
Row 2 2 0 0 2 1 2 0 0 Y ¢
Rou 3 8 7 2 4 3 2 3 5 2 4
Row 4 3 12 0 8 2 3 2 2 5 q
Rou 5 1521 15 5 8 0 12 10 10 4
Row E 2 5 16 3 4 3 0 4 5 C
Row 7 0 0 a g 0 0 0 0 a 0
Row 8 0 0 0 0 0 G 0 0 0 G

FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK FORCE
FOR NORTH BERING SEA

Frame Numbers

44 43 42 @ 40 3% 38 37 36 3%

Row! I 1 2 1 o6 0 6 o0 0 1
Row2 4 2 0 2 1 & 1 1 0 3
Rw3 9 7 3 S 2 3 6. 6 3 3
Rowd4 S 9 1 12 2 3 3 3 11 4
RwS 7 17 16 6 8 0 13 8 9 3
Rwu6 0 2 8 4 1 S5 3 4 8 1
Rw? ©6 0 0 0 ©0 0 0 0 0 0
Rw8 0 0 0 0 0 ©0 © 0 0 O




FREGUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK PRESSURE
FOR SOUTH CHUKCHI SEA

Frame Numbers

44 43 42 41 40 39 38 37 36 35

Row 1 0 0 1 0 0 2 0 n J 0
Row 2 0 1 0 0 0 0 0 0 0 0
Rouw 3 2 1 4 ! 0 ) 0 0 0 0
Row 4 5 9 0 6 4 1 1 1 1 2
Row § 9 34 s & 8 0 15 19 " !
Row £ 12 4 25 7 2 10 e i 1& €
Row 7 ! 3 1 ! 0 2 1 ] 14 I
Row & 2 = 3 0 1 & 1 2 1 0

FREDQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK FORCE
FOR SOUTH CHUKCHI SEA

Frame Numbers

44 43 42 41 40 39 38 37 36 35

Row 1 0 0 ! 0 0 2 0 0 0 0
Row 2 1 1 0 0 0 0 0 0 0 0
Row 3 4 0 5 1 0 4 < ! 0 0
Row 4 3 1" 1 & 3 1 2 2 1 3
Row 5 5 35 18 15 6 1 17 19 3
Row © 9 & 19 10 l ) 2 2 12 4
Row 7 2 2 3 2 0 3 | 1 9 1
Row 8 1 4 3 1 0 5 2 4 3 0




FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK PRESSURE
FOR SOUTH CHUKCHI SEA

Frame Numbers

44 43 42 41 40 39 38 37 36 35

Row 1 0 0 0 0 0 0 0 0 0 0
Row 2 0 0 0 0 0 0 0 0 0 0
Rouw 3 1 0 1 0 0 1 0 0 0 0
Row 4 2 1 0 3 1 0 0 0 0 2
Row 5 2 4 5 ] 4 0 7 7 4 1
Row & £ 0 3 C 0 1 1 0 2 1
Row 7 1 3 1 1 0 2 ! ! 14 1
Row & 2 < 6 0 1 ) 1 2 1 0

FREGUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK FORCE
FOR SOUTH CHUKCHI SEA

Frame Numbers

44 43 42 41 40 39 38 37 36 35
Row 1 0 0 0 0 0 0 0 0 0 0
Row 2 0 0 0 0 0 0 0 0 0 0
Row 3 1 0 1 0 0 1 1 0 o 0
Row 4 1 2 0 2 1 1 0 0 0 Z
Row 5 1 5 3 ) 2 0 8 S 2 1
Row & 5 ] 1 1 0 1 1 0 3 1
Row 7 2 2 3 2 0 3 1 1 9 1
Row 8 1 4 3 1 0 ) 2 4 3 0




FREQUENCY OF IMPACTS VERSUS LOCATIOM AT TIME OF PEAK PRESSURE
FOR SQUTH CHUKCHI SEA

Frame Numbers

44 43 42 &4 40 39 38 37 36 35

Row 1 0 0 1 0 0 2 0 0 0 0
Row 2 0 1 0 0 0 0 G 0 0 0
Rou 3 1 3 1 0 4 0 ] 0 0
Rou 4 4 8 0 3 3 1 1 1 1 1
Row 5 7 30 1 5 4 0 8 12 7 0
Row b 65 4 22 7 3 9 e 1 10 4
Row 7 i 0 4! 4] 0 0 0 0 0 0
Row 8 0 0 0 0 0 0 0 0 9 0

FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK FORCE
FOR SOUTH CHUKCHI SEA

Frame Numbers

44 43 42 41 40 33 38 37 36 35

Rou 1 0 0 1 0 0 2 0 0 0 0
Row 2 1 1 0 0 0 0 0 0 0 0
Row 3 3 0 4 1 0 3 1 1 0 0
Row 4 2 9 1 4 2 0 2 2 1 1
Row 5 4 30 15 10 4 1 g 10 S§ 2
Row6 4 S5 18 9 2 4 1 2 9 3
Row 7 0 0 0 0 0 0 0 0 0 0
Row 8 0 0 0 0 0 0 0 0 0 0

F-5
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FREQUENCY OF IMFACTS VERSUS LOCATICN AT TIME OF PEAK PRESSURE
FOR NORTH CHUKCHI SEA

Frame Numbers

44 43 42 41 40 39 38 37 36 35
Row 1 0 0 0 0 0 0 0 0 0 0
Row 2 0 0 0 0 0 0 0 0 0 0
Rouw 3 5 7 5 0 2 5 2 I 2 4
Row 4 14 15 0 5 0 8 2 9 2 1
Row 5 10 36 8 5 14 0 17 23 18 8
Row € 7 4 11 0 1 2 1 4 4 0
Row 7 5 4 3 2 1 IR 4 31 45 17
Row & 13 14 24 6 0 3 18 6 g 0

FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK, FORCE
FOR NORTH CHUKCHI SEA

Frame Numbers

44 43 42 41 40 39 38 37 36 35
Row! 0 06 0 ©0 O 06 0 0 0 0
Row 2 0 0 0 0 0 0 0 0 0 0
Row3 4 10 3 1 1 8 &4 7 1 2
Row4 9 18 0 11 2 & 2 g9 8 2
RowS 11 37 14 7 17 1 13 26 11 3
Rw6 3 2 8 1 1 6 2 8 71 0
Row? 2 5 4 8 2 13 4 33 34 12
Rowu8 7 7 12 12 4 24 20 4 15 0




RIDGE  DATE
1 a/7
5 4/11
3 4/11
4 4/11
7 4/12
9 4/19

APPENDIX G

SUMMARY DATA FOR DEDICATED RIDGE RAMS

PRESSURE  FORCE  MAXIMUM AREA VEL  Pavg
TIME (PS1) (LT) (FT2) RAM (KTS) (PSI)
14:40:22 274 111 32.6 1 -- 50
14:44:25 281 159 32.6 2 -- 69
14:44:37 359 105 32.6 2 -- 43
8:36:01 358 69 18.0 1 3.9 54
8:50:10 364 143 60.4 1 7.3 37
8:50:15 591 221 63.7 1 6.8 54
8:50:37 561 224 4.3 1 4.4 99
8:50:43 600 116 9.8 1 3.4 154
8:55:08 462 176 32.6 2 7.9 78
8:55:18 629 169 3.3 2 6.3 402
8:55:25 666 192 22.9 2 6.1 116
8:55:35 799 274 24.5 2 4.2 166
8:55:45 501 132 14.7 2 3.7 130
8:55:57 416 122 8.2 2 1.5 197
9:38:31 443 236 47.3 1 8.4 76
9:38:49 333 78 14.7 1 4.5 66
9:42:52 496 125 4.9 2 8.2 259
14:15:38 419 142 57.1 1 6.6 38
12:25:12 848 252 55.5 1 4.8 69
12:29:54 382 200 55.5 2 5.2 56
12:34:02 472 191 76.7 3 4.3 39
12:36:34 441 126 49.0 4 3.1 37
12:38:48 559 172 47.3 5 3.5 55
12:39:02 575 264 73.4 5 2.9 56
12:42:37 496 168 26.1 6 1.9 80
12:50:09 434 118 75.1 7 4.6 24
12:50:16 573 126 31.0 7 3.2 63
12:51:52 338 123 32.6 7 0.8 57
12:58:33 390 154 18.0 8 3.5 127
13:01:43 627 172 21.2 9 4.0 99
13:03:44 483 168 70.2 10 5.2 37
13:03:53 1243 294 45.7 10 5.2 100
13:05:56 741 329 55.5 11 4.6 92
13:06:23 336 123 29.4 11 0.8 63
13:08:02 312 126 39,2 12 5.0 50
13:10:13 838 314 71.8 13 6.2 68
13:10:18 443 225 45.7 13 6.4 76
13:12:30 309 62 4.9 14 6.6 175
13:12:42 N8 319 39.2 4 6.3 126
13:17:15 456 130 13.0 15 7.0 146
13:17:26 581 113 4.3 15 5.7 51
13:20:51 416 175 47.3 16 1.7 56

G-1




PRESSURE  FORCE  MAXIMUM AREA VEL  Pay
RIDGE  DATE TIME (PS1) (LT) (FT2) RAM (KTS) (P41
11 4/20  12:43:51 435 93 34.3 1 5.2 41

12:54:37 554 230 71.8 2 5.9 50
12:55:17 453 71 13.1 2 0.9 78
12:58:25 607 174 55.5 3 7.0 47
13:06:18 1319 443 32.6 a 2.7 209
13:06:27 485 240 35.9 4 1.1 104
13:06:47 435 207 50.6 4 0.3 63
13:06:52 480 134 42.4 4 1.1 46
13:09:55 706 313 58.8 5 7.4 83
13:10:11 380 142 37.5 5 3.4 57
13-14- 4/24 15:51:44 453 195 40.8 1 3.2 47
15 16:04:14 425 170 39.2 2 4.2 67
16:04:39 551 162 62.0 2 1.1 40
165:11:59 1131 491 44,1 3 7.6 173
16:16:27 494 266 53.9 4 7.2 75
16:16:38 320 110 11.4 4 5.5 138
16:16:52 329 98 9.8 4 1.2 22
16:16:53 312 108 26.1 a 0.7 60
16:17:44 414 102 18.0 4 3.6 81
16:20:12 715 150 13.1 5 6.4 167




APPENDIX H
SUMMARY OF STRENGTHS FOR CORES TAKEN IN FIRST YEAR ICE

FLEXURAL UNCONSTRAINED

DATE CORE CORE STRENGTH CRUSHING STRENGTH
WAS TAKEN NUMBER (PSI) (PSI)
4/7 1 93.0 508
2 93.4 511
4/8 4 86.0 460
5 100.2 558
4/12 23 101.2 564
4/13 24 97.7 540
26 102.9 576
27 101.4 566
4/16 28 87.5 471
Average 85.9 528

Standard Deviation 6.25 42 .8

H-1/KH-2




APPENDIX I
RIDGE STRENGTHS AND THICKNESSES FOR DEDICATED TESTS

AVERAGE* MAXTMUM*
FLEXURAL* UNCONSTRAINED** CONSOL IDATED CONSOL IDATED
STRENGTH CRUSKING STRENGTH THICKNESS THICKNESS

RIDGE (Ps1) (PS1) (FT) (FT)
3 127.2 742.5 19.9 27.0
4 126.4 736.5 21.0 28.0
5 127.3 743.0 15.0 24.4
7 125.4 736.5 12.3 17.1
9 122.1 707.8 17.3 24..6
11 115.6 663.0 16.4 24.5
13 115.3 660.5 19.5 32.9
4% 114.5 655.5 19.2 30.2
15 113.8 650.5 18.8 27.6

* From reference
** Computed from brine volumes used for {iexural strength using reference
*x* Averaged from adjacent ridges 13 and 15

I-1/1-2




APPENDIX J
VARIATION OF PRESSURE AND AREA WITH TIME - SELECTED EVENTS
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APPENDIX K
COMPUTER PLOTS OF THE COMPARISON OF MEASURED DATA
WITH EXTREME VALUE DISTRIBUTIONS
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APPENDIX L
NON-DIMENSIONAL DATA USED IN FIGURE 42

NDF = Non-dimensional force =~;§E3

Vn

NDV = Non-dimensional normal velocity =

NDS = Non-dimensional flexural strength = ;%ﬁ—

FIRST YEAR IMPACTS

DATA FOR FLEXURAL STRENGTH OF 78.4 PSI

THPACT NDF NDV NDS NDV#*NDS
N

1 7549.63 12 235.20 27.49
2 2590.00 1.05  176.40  184.43
3 3045.00 .85  176.40  150.20
4 4690.00 .79 176.40  138.74
5 3255.00 .70 176.40 . 124.08
6 3500.00 .60  176.40  106.60
7 4690.00 .63  176.40  111.50
8  4970.00 .60  176.40  105.29
9  3045.00 .60  176.40  105.05
10  8925.00 .66  176.40  116.66
11 2345.00 .79 176.40  138.99
12 3815.00 .60 ~ 176.40  105.37
13 4620.00 .83  176.40  146.51
14  3535.00 .81  176.40  143.17
15 262.50 .37 88.20 32.60
16 463.75 .51 .  88.20 44.54
17 472,50 . .59 88.20 51.96
18 450.62 .56 88.20 49.62
19  686.88 77 88.20 68.08
20 647.50 .65 88.20 57.32
21 167.22 .19 58.80 11.27
22 149.07 .34 58.80 20.03
23 116.67 .35 58.80 20. 45
24 114.07 .38 58.80 22.51
25  163.33 .38 58.80 22.39




FIRST YEAR IMPACTS

DATA FOR FLEXURAL STRENGTH OF 78.4 PSI

IHPACS NDF NDV NDS NDV=NDS
N
26 197.04 .26 58.80 15.23
27 264.44 .47 58.80 27.54
28 421.30 .26 58.80 15.10
29 112.78 .34 58.80 20.12
30 107.58 .32 58.80 19.02
31 108.89 .46 58.80 27.31
32 187.96 1 58.80 6.50
33 155.56 .50 58.80 29.26
34 200.93 .08 58.80 5.58
35 232.04 .10 58.80 5.86
36 237.22 .06 58.80 3.63
37 103.70 21 58.80 12.47
33 130.93 .52 58.80 30.53
39 98.52 .35 58.80 20.3
40 186.67 .24 58.80 14.02
41 277 .41 .19 58.80 11.02
42 177.59 .61 58.80 35.99
43 127.04 .56 58.80 32.81
44 64.81 .44 58.80 25.89
45 347.41 .64 58.80 37.74
46 123.15 .58 58.80 34.22
47 142.59 .37 58.80 21.49
43 85.56 .23 58.80 13.39
49 137.41 .51 58.80 29.73
50 93.33 .25 58.80 14.86
51 90.74 .20 58.80 12.05
52 92.04 27 58.80 15.86
53 81.67 .15 58.80 8.95
54 110.19 .13 58.80 7.92
55 94.63 .32 58.80 19.05
56 186.67 .37 58.80 21.99
57 95.93 .27 58.80 16.17
S8 101.11 27 58.80 16.03
59 129.63 .15 58.80 8.71
- 60 133.52 .06 58.80 3.53
61 76.48 .36 58.80 21.41
62 155.56 .26 58.80 15.56
63 124,44 .22 58.80 12.72
64 110.18 17 58.80 9.91
65 98.52 .15 58.80 8.54
66 132.22 . 58.80 6.68
67 138.70 .16 58.80 9.53
68 162.04 .10 58.80 5.80
69 151.67 .39 58.80 23.21
70 129.63 .07 58.80 4.1




IMPACT

NO
71

72
73
74
75
76
77
78
/9
80
81
82
83
84
85
86
87
88
89
90
S1
92
93
94
95
96

D ol T h D s o —
—_, s — O OO

VW oW o~

FIRST YEAR IMPACTS

DATA FOR FLEXURAL STRENGTH OF 78.4 PSI

NDF NDV NDS NDV#NDS
123.15 .43 58.80 25.37
- 98,52 .51 58.80 30.07
234.63 .50 58.80 29.34
115.37 .46 °58.80 26.78
263.15 .53 58.80 31.31
234.63 .36 58.80 21.41
264.44 .29 58.80 16.97
123.15 .41 58.80 24.17
57.04 .33 58.80 19.67
160.74 .38 58.80 22.36
79.07 .52 58.80 30.59
99.81 .35 58.80 20.45
92.04 .29 58.80 17.31
76.48 .29 58.80 17.20
110.19 .43 58.80 25.04
176.30 .35 58.80 20.41
106.30 47 58.80 27.74
168.52 .47 58.80 27.91
79.07 .25 58.80 14.68
37.22 .29 58.80 17.17
59.61 .18 44,10 8.08
38.83 .40 44.10 17.73
59.06 .44 44.10 19.59
56.87 .38 44,10 16.58
78.20 .49 44,10 21.43
44,84 .20 44,10 8.70
41,02 19 44,10 8.35
83.13 .16 44,10 7.21
45.94 .28 44.10 12.54
66.17 .20 44.10 8.65
68.36 .37 44.10  16.13
54.14 .13 44.10 5.75
3€.09 7 44,10 7.43
47.58 .14 44,10 6.33
44,30 .16 44.10 7.06
63. 44 .08 44.10 3.58
82.58 .25 44.10 10.97
43.75 .02 44.10 .71
64.53 .06 44,1
80.94 183 44°1 2-8}
43.75 .41 44,10  18.13
17.18 .11 29.40 3.10
22.69 .19 29.40 5.53
19.28 .34 29.40 9.98
16.20 .20 29.40 5.91
L-3




FIRST YEAR IMPACTS

DATA FOR FLEXURAL STRENGTH OF 78.4 PSI

IMPACT NDF NDV NDS NDY#NDS
NO
116 19.44 <11 29.40 3.24
117 35.00 .29 29.40 8.66
118 14.75 .28 29.40 8.16
119 17.18 .27 29.40 7.97
120 19.61 17 29.40 5.00
121 15.72 .32 29.40 9.42
122 11.67 .36 29.40 10.57
123 12.64 .31 29.40 9.00
124 32.73 .23 25.40 6.87
125 24.63 .24 29.40 7.07
126 18.47 .36 29.40 10.63
127 13.61 .19 29.40 5.66
128 32.89 .10 29.40 2.97
129 26.25 .12 29.40 3.47
130 11.50 .08 29.40 2.41
131 26.74 .16 29.40 4.80
132 12.96 11 29.40 3.34
133 15.56 .22 29.40 6.36
134 31. 11 .26 29.40 7.7
135 24.63 .06 29.40 1.71
136 8.75 .24 29.40 6.95
137 36.62 27 29.40 7.96
138 14.42 .18 29.40 5.54
139 20.25 .33 29.40 9.85
140 13.77 .37 29.40 10.84
141 13.29 .33 29.40 3.75
142 20.74 .18 29.40 5.28
143 21.71 .23 29.40 6.81
144 18.63 .24 29.40 7.10
145 11.18 .26 29.40 7.69
146 23.50 .12 28.40 -3.65
147 25.28 12 29.40 3.49
148 29.65 .28 23.40 8.32
143 10.21 .13 29.40 3.82
150 28.52 .08 239.40 2.35
151 9.88 .27 29.40 7.95




IMPACT
NO

N =B et e d et ch e e oed ol
COURNNUNDWN—=OWVWDNDUVILWN —

21

NN
ANLWN

N
O~

WWWWWN
P2PWON—OW

E2DHBWWOWWW
“~OoOuwWB~NOW

DEDDD
DI WN

DD
woo~N

vvutgnn
WN—O

MULTI-YEAR DATA

NDF NDV NDS NDV=ND3
1.64 .01 15.86 .14
.83 .02 15,88 .26
.57 .02 13.62 .22
.83 .02 15.88 .36
1.06 .02 15.86 .39
.56 .03 15.86 .43
1.90 .03 15.86 .48
.76 .03 13.29 .38
«52 .03 13.62 <44
.54 .03 14.38 .48
1.18 .04 15.88 71
1.14 .05 15.88 .15
1.04 .05 14,38 72
.59 .06 14.38 .86
1.78 07" 15.88 1.08
3.52 .07 15.86 1.12
.92 .07 "13.29 .88
1.16 .07 15.88 1.13
.85 .07 15.88 1.15
.85 .07 - 15.88 1.17
.54 .07 - 13.62 1.02
.52 .07 14,38 1.07
1.04 .08 15.88 1.3
72 .09 13.10 1.70
1.13 .09 15.86 1.37
1.16 .09 15.88 1.45
1.70 .09 15.88 1.49
.80 .09 13.29 1.18
1.22 .08 14.38 1.27
1.29 .10 15.388 1.58
.80 .10 15.88 1.60
.99 .10 14,38 1.40
2.22 .10 15.88 1.66
.29 .10 13.54 1.32
74 .12 15.86 1.84
1.14 .1 15.88 1.81
1.35 .12 15.88 1.85
1.75 .11 14.38 1.60
1.99 .12 15.88 1.92
.76 .12 15.88 1.94
.58 .12 13.62 1.65
1.83 .14 15.86 2.17
.79 .13 13.62 1.84
.85 .13 14.38 1 89
2.16 .14 15.88 2.23
2.67 .17 23.12 3.96
.75 <14 14.38 1.98
1.52 .15 15.88 2.36
.42 .15 15.88 2.40
1.38 .16 15.86 2.47
.98 .14 14.38 2.06
2.48 .16 15.86 2.61
.88 .16 15.88 2.57
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IMPACT
NO

54
55
56
57
58

FIRST YEAR IMPACTS

DATA FOR FLEXURAL STRENGTH OF 78.4 PSI

NDF NDV NDS NDV*NDS
.64 .15 14.38 2.21
1.40 .16 13.62 2.16
2.59 .16 13.70 2.20
.78 .16 14.38 2.34
.83 A7 13.54 2.24
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