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PREFACE

This report presents the results and final analysis of the local ice
load measurement conducted on four deployments aboard the USCGC POLAR SEA
between 1982-84. Ilatawere collected in first year and multiyear ice in the
Bering, Chukchi, and Beaufort Seas and first year level ice in McMurdo Sound,
Antarctica. The first and second deployment results from trips to the Alaskan
Arctic as well as the instrumentation and data analysis techniques were pre-
sented in “Ice Loads and Ship Response to Ice” (SSC-329) (Reference 1). The
third deployment results from the Antarctic were presented in a report to the
Maritime Administration (Reference 2). The intent of this report is to pre-
sent the data collected in the Beaufort Sea in the summer of 1984 (the fourth
data collection program presented in Volume I), to summarize the previous
three data collection programs and to provide the final analysis of all data
as a whole (Volume II).

The objective of the most recent data collection effort (Beaufort
Summer 84) reported herein, was to gather additional data in heavy first year
and multi-year ice in the Beaufort and North Chukchi Seas. A total of 337
events were analyzed of which 32 are known multi-year ice impacts. Level ice
conditions varied in thickness from 2 to 3 ft (.6 to .9 m) and pressure ridges
were transitted with sail heights as high as 8 ft (2.4 m). Speeds of advance
during impacts varied from less than 1 kt to 7.5 kts (0.5 to 3.9 MPS).

The highest single subpanel pressure measured was 1041 psi (7.2. MPa)
and the highest peak force measured was 374 LT (380 MT). These values are
about 25% smaller than the peak values for multi-year ice impacts measured on
previous deployments.

Extreme value analysis of the pressure and force data was performed for
the data collected on all four deployments and is presented in Volume 11.
Pressures over one subpanel, four subpanels, and total forces were fitted to 3
parameter extreme value distributions. The results of the extreme value sta-
tistics performed were then used to suggest ice load criteria in support of
icebreaking ship design and hull design regulations for icebreaking ships.

.“.,

v



TABLE OF CONTENTS

1.

2.

3.

4.

5:

6.

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . .

NARRATIVE OF DATA COLLECTION ACTIVITIES
AND OBSERVED ICE CONDITIONS. . . . . . . . . . . . . . . . . . .

TEST RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . .

3.1 Overview of the Measured Loads . . . . . . . . . . . . . . .
3.2 Pressure Variation with Contact Area

and Comparison with the Previous Data . . . . . . . . . . .
3.3 Pressure and Contact Area Variation with Time . . . . . . .
3.4 Statistical Analysis of Extreme Loads . . . . . . . . . . .

VERIFICATION OF CONSISTENT PANEL RESPONSE . . . . . . . . . . .

SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . . . . . . . . .

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . .

APPENDIX A -

APPENDIX B -

APPENDIX C -

APPENDIX D -

APPENDIX E -

SUMMARY OF MEASURED DATA RANKED BY SINGLE
SUB-PANEL PRESSURE . . . . . . . . . . . . . . . . .

SUMMARY OF MEASURED DATA RANKED BY
TOTAL PANEL FORCE . . . . . . . . . . . . . . . . .

THE FIVE EVENTS OF HIGHEST SINGLE SUB-PANEL
PRESSURE. . . . . . . . . . . . . . . . . . . . . .

THE FIVE EVENTS OF HIGHEST PANEL FORCE . . . . . . .

THREE EVENTS SHOWING THE TIME VARIATION OF PEAK
AND AVERAGE PRESSURE AND CONTACT AREA . . . . . . .

Page

2

4

6

6

10
12
14

18

20

21

A-1

B-1

c-1

D-1

E-1

vi



* .--,- *.- -.*. ,F----

Number

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

L131 UF FLWKL3

Title

Strain Gage Locations for Instrumented Bow Panel Aboard
POLAR SEA . . . . . . . . . . . . . . . . . . . . . . . . .

USCGC POLAR SEA Position at 0800 Hours November 12 -
December 4,1984 . . . . . . . . . . . . . . . . . . . . .

Highest Average Pressure on One Sub-Panel
versus Ship Speed. . . . . . . . . . . . . . . . . . . . .

Total Panel Peak Force versus Ship Speed . . . . . . . . .

Highest Average Pressure for All Data from
Beaufort Summer 82 and Beaufort Summer 84
versus Impact Area . . . . . . . . . . . . . . . . . . . .

Envelope of Highest Average Pressure vs. Length Along a
Frame (Vertical Slice Through the Panel) . . . . . . . . .

Envelope of Highest Average Pressure vs. Length Along a
Waterline (Horizontal Slice Through the Panel) . . .. . .

Event of 28 November 1984 at 19:19:4 Showing Peak and
Average Pressure Variation with Time . . . . . . . . . . .

Event on 28 November 1984 at 19:19:4 Showing Contact
Area Variation with Time. . . . . . . . . . . . . . . . .

Extreme Value Distribution of Highest Average Pressure
on a Single Sub-Panel for the Beaufort Sumner 84 Data . . .

Extreme Value Distribution of Highest Average Pressure
on Four Sub-Panels for the Beaufort Summer 84 Data . . . .

Extreme Value Distribution of Highest Force on the
Entire Panel for the Beaufort Summer 84 Data . . . . . . .

Extreme Value Distribution of Highest Average Pressure on
a Single Sub-Panel for the Beaufort Summer 84 Data . . . .

Extreme Value Distribution of Highest Force on Four
Sub-Panels for the Beaufort Summer 84 Data . . . . . . . .

Extreme Value Distribution of Highest Force on the
Entire Panel for the Beaufort Sumner 84 Data . . . . . . .

Page

3

5

9

9

10

11

11

13

13

15

15

16

16

17

17

vii





Number

1

2

3

4

5

6

7

8

LIST OF TABLES

Title Page

Conversion from Number of Sub-Panels to Area . . . . . . . 6

Frequency of Impacts Versus Highest Average Pressure for
Beaufort Summer 1984Data. . . . . . . . . . . . . . . ..7

Frequency of Impacts Versus Highest Average Pressure for
Known Multlyear Impacts in the Beaufort Summer 1984
Program. . . . . . . . . . . . . . . . . . . . . . . . . . 7

Frequency of Impacts Versus Location at Time of Peak
Pressure . . . . . . . . . . . . . . . . . . . . . . . . . 8

Frequency of Impacts Versus Location at Time of Peak
Pressure . . . . . . . . . . . . . . . . . . . . . . . . . 8

Comparison of Measured and Computed Strains at the
Upper Padeye . . . . . . . . . . . . . . . . . . . . . . . 18

Comparison of Measured and Computed Strains at the
Middle Padeye . . . . . . . . . . . . . . . . . . . . . . 19

Comparison of Measured and Computed Strains at the
LowerPadeye . . . . . . . . . . . . . . . . . . . . . . . 19



1.0 INTRODUCTION

In 1982,USCGC POLAR SEA was instrumented with an array of strain gages
on the port bow for the purpose of measuring ice impact pressures. Two trips
to the Alaskan Arctic were made in October of 1982 and in March-April 1983
during which time about 1400 impact events were collected. The research was
carried out on behalf of the Interagency Ship Structures Committee, the U.S.
Maritime Administration, and Transport Canada (Transportation Development Cen-
tre). Work was performed in conjunction with environmental data collection
programs sponsored by the Alaskan Oil and Gas Association and the U.S. Mari-
time Administration.

Ten cant frames (CF 35 to CF 44) were instrumented at 8 vertical
locations by strain gauging the webs of the frames in compression
perpendicular to the shell plating (Figure 1.1). A total of sixty active
channels of strain gauges allowed contact pressures over an area of up to 98
ftz (9.1 mz) to be measured. An individual strain gauge channel was related
to an area of 1.63 ftz (.15 mz) for which a uniform pressure was computed for
a measured strain. A complete description of the data acquisition system and
the data reduction procedures as well as the results of the two deployments
can be found in Reference [1]*.

The POLAR SEA’s trip to the Antarctic in January 1984 offered a third
opportunity to collect ice impact data in thick level ice in conjunction with
resistance tests sponsol
Engineering Division of
Centre (TDC). An addit
effort and are reported

A fourth data co”

ed by the Maritime Administration (MARAD), Naval
U.S. Coast Guard and Canadian Transportion Development
onal 310 ice impact events were collected by this
under contracts to MARAD [2] and TDC [3].

lection program was conducted in October and November
of 1984, termed the 1984 Summer Deployment, to gather additional data in sum-
mer multiyear ice conditions where the highest loads could be expected. This
deployment recorded 337 impact events which are presented and analyzed in
Volume I. Volume II summarizes data from all four deployments and presents
further analysis of the complete data set.

* Numbers in brackets refer to references listed in Section 6.
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figure 1

STRAIN GAGE-LOCATIONS FOR INSTRUMENTED BOW PANEL

ABOARD POLAR SEA



2.0 NARRATIVE OF DATA COLLECTION ACTIVITIES AND OBSERVED ICE CONDITIONS

Ice impact data were collected during the transit of POLAR SEA from
Barter Island to Nome, Alaska. Operations were conducted in the Beaufort Sea
from November 18 until November 30, 1984 and in the north Chukchi Sea on
November 30 and December 1, 1984. Three hundred thirty-seven events, each of
five second duration, were recorded during these dates. Of the 337 events, 32
are known multiyear events.

Personnel boarded POLAR SEA on November 11 about 100 n.m. north of
Barter Island. The ship then proceeded to a position just offshore Barter
Island which was reached on November 14. Data collection software revisions
were made during this time and no data were collected.

Ice conditions from Barter Island to a position 60 n.m. offshore
Prudhoe Bay were generally mild in the sense that POLAR SEA operated in a
shore lead for most of the distance. Level ice thickness in the lead was
under one foot (.3 m), but some thicknesses as high as 2 to 3 ft (.6 to .9 m)
we?e experienced. The largest pressure ridge transited had a sail height of
about 5 ft (1.5 m) although some were observed in the vicinity to be as high
as 15 ft (4.6 m). Multiyear ice floes were also encountered during the tran-
sit. Ice impact data collection began on November 18’and continued through
November 21. By this time about 100 ice impacts were recorded, mostly from
first year ridges. On November 21 POLAR SEA became stuck in an active shear
ridge which halted data collection for six days.

During the period of November 27 through November 29, about 300 events
were recorded, many of which were impacts with multiyear ice. During this
part of the transit, from Prudhoe Bay to Barrow, ice conditions were highly
irregular. Avoidance of difficult ice features which might cause POLAR SEA to
become stuck again was paramount. As a result, considerable ice maneuvering
was performed which allowed POLAR SEA to transit much of this distance in thin
level ice 2 ft (.6 m) or less in thickness. Pressure ridges were encountered
throughout this part of the transit as well as multiyear ice. The maximum
ridge sail height transited was reported as 8 ft (2.4 m), although the major-
ity were under 3 ft (.9 m). Multiyear ridges were relatively few compared to
the number of multiyear floes. Detection of multiyear floes could not be
determined until the ship was on the verge of impact because most of the floes
were small and many lacked pressure ridges making early detection difficult in
the available lighting conditions. The last sunrise occurred a week before.

On November 30, a partial transfer of personnel was made at Barrow.
Data collection continued for two more days and on December 2, the ice impact
data collection instrumentation was shut down for removal at Nome and the
final departure of project personnel.
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3.0 TEST RESULTS

3.1 Overview of the Measured Loads

The 337 events that were recorded are of excellent quality. The im-
pacts are extremely well centered on the panel and occurred over a wide range
of speeds. To aid in understanding the loads measured on the panel, Table 1
gives the conversion from number of sub-panels to area in square feet and
square meters for use with Tables 2 and 3. Tables 2 and 3 show the frequency
of impacts versus highest average pressure for different contact areas for the
entire data set and the known multiyear data set, respectively. Approximately
37 percent of the impacts have contact areas of at least 50 ftz (4.7 mz). One
exceptional event occurred which had a peak pressure of 1041 psi (7.2 MPa).
This was very localized affecting three sub-panels at the time of peak pres-
sure. As shown in Table 2, all the events above 400 psi (2.8 MPa) were very
locali;ed having contact areas at the time of peak pressure less than 9.8 ftz
(0.9 m ).

Tables 4 and 5 show the frequency of impacts as a function of panel
location for peak pressure and peak force, respectively. These tables show
that the impacts are well centered on the panel.
ally high number of occurrences. No obvious exp-

Figures 3 and 4 are scatter diagrams show”
forces plotted versus ship speed, respectively.
range of ship speeds from 0.5 kt to almost 6 kts

Frame 40 Row 6 has an unusu-
anation is apparent, however.

ng peak pressures and peak
Impacts were recorded over a
(0.25 to 3.lmPs). An inter-

mittent problem with the speed channel caused some loss of velocity data.
Impact velocities were obtained for most of this data by detailed analysis of
the velocity time-histories. Only in cases where the system was down for the
entire 5 second event was there a loss of impact speed. These impacts are not
included in the figures. The figures show that the impacts were distributed
evenly over the range of ship speed indicating that there is no apparent rela-
tionship between peak pressure and ship speed. The extremes of panel force

show a weak trend of increasing severity with increasing speed.

TABLE 1 CONVERSION FROM NUMBER OF SUB-PANELS TO AREA

NUMBER OF AREA

SUB-PANELS FT 2 M2
—

1 1.63 0.15
6 9.79 0.91
15 24.5 2.28
31 50.6 4.70
46 75.1 6.98
60 97.9 9.10

6



TABLE 2 FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE
FOR BEAUFORT SUMMER 1984 DATA

PRESSURE
(psi)

0-50
50-100
100-150
150-200
200-250
250-300
300-350
350-400
400-450
450-500
500-550
550-600
600-650
650-700
700-750
T50-800
800-850

1000-1050

TOTALS

1

0
4
20
21
34

n
40
35
18
20
12
3
4
5

:

1

337

NUMB
6

42

1::

:?
4
3
1
0
0
0
0
0
0
0
0
0

0

323

102
128
29
3
1
0
0
0
0
0
0
0
0
0
0
0
0

0

263

JB-PAI
31

103
20

i!l
o
0
0
0
0
0

:
0
0
0
0
0

0

124

ELS
46

3
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

4

60

0
0
0
0
0
0
0

:

:
0
0
0
0
0
0

0

0

TABLE 3 FREQUENCY OF IMPACTS VERSUS HIGHEST AVERAGE PRESSURE FOR
KNOWN MULTIYEAR IMPACTS IN THE BEAUFORT SUMMER 1984 PROGRAM

PRESSURE
(psi)

0-50
50-lUO
100-150
150-200
200-250
250-300
300-350
350-400
400-450
450-500
500-550
550-600
600-650
650-700
700-750
750-800
800-850

1000-1050

TOTALS

1

0
0

;
7
3
5
1
4
2
1
2
0
1
1
1
0

1

32

NUMBER OF SUB-PANELS
6

4
10
6
6
5
0
0
0
0
0
0
0
0
0

:
0

0

31

15

11
8
6
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

25

31

2
3

:
0

:
0
0
0
0
0
0
0
0
0
0

0

5

46

0
0

:
0
0
0
0
0
0
0
0
0
0
0
0
0

0

0

60

0
0

;
o
0
0
0
0
0
0
0
0
0
0
0
0

0

0



.

TABLE 4 FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK PRESSURE

I FRAMES
ROWS

I
44 43 42 41 40 39 38 37 36 35 TOTAL

3L 2 1 8 4 3 4 2 3 0 36
4 4 10 0 7 1;6 1 4 51
5 2 13 6 6 6 13 11 9 76

5 /5 o 93
7 0 0 2 ,2 1 5 3 18 14 4 49
8 1 5 4 3 1 6 2 2 8 0 32

TOTAL 11 34 27 22 88 21 3(I 52 41 11 337

TABLE 5 FREQUENCY OF IMPACTS VERSUS LOCATION AT TIME OF PEAK PRESSURE

FRAMES
ROWS 44 43 42 41 40 39 38 37 36 35 TOTAL
3 3 3“ 8 2 3 1 1 4 2 0 27
4 13 1 7 4 0 6 5 3 3 45
5 5 11 5 5 1 6 14 13 66
6 8 3 1 0 105 0 2 12(J
7 3 (1 3 1 0 1 rJ 1: 1; : 41
8 6 c1 11 4 3 3

TOTAL 24 37 19 19 117 14 19 36 37 15 337
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3.2 Pressure Variation with Contact Area and Comparison with Previous Data

The data analysis plots the highest average pressure during each event
verus impact area, impact length along a frame and impact length along a
waterline. These are the formats that would be most useful to a designer.
All of the events are then analyzed to determine the extremes of these data
for the deployment, i.e. the extreme envelope of pressure for all events.
Figure 5 shows a comparison of the highest average pressure versus impact area
for all data from Beaufort Summer 1982 and Beaufort Sumner 1984 deployments.
In 1984, the pressures recorded for small impact areas are lower than in 1982
by a significant amount (more than 570 psi or 3.9 MPa). The 1982 envelope
curve has a more typical shape, approaching a line of constant force at large
contact areas. The 1984 curve is relatively linear over the entire range of
impact areas. Simiarly, the maximum recorded force in 1982 was significantly
higher, 495 LT versus 374 LT in 1984.

The ice conditions in 1982 and 1984 had significant differences which
presumably contributed to the differences in measured pressures. Multiyear
ice was much more severe in 1982 and, since the deployment was earlier in the
se~son, the ship operated in open water or light refreeze between the floes.
The ship therefore had room to maneuver and accelerate in open water before
impacting the floes. This was not the case in 1984. The multiyear floes were
smaller and fully embedded in first year ice about two feet thick.

Curves from the Beaufort Summer 1984 deployment are also presented for
the highest average presure versus length along a frame and a waterline in
Figures 6 and 7, respectively. Both show the typical exponential decay with
distance (these approach straight lines of constant force when translated to
the log-log pressure-area curve.)

Figure 5

HIGHEST AVERAGE

PRESSURE FOR ALL DATA

FROM BEAUFORT SUMMER82

AND BEAUFORT SUMMER 84

vs. IMPACT AREA

LT

10



a -

1100

7- Ifj~n

900
6-

000

s- 70~

1saa
4

ma

3
4aa

t

26!4

I
I En

e a Ft
m

.
1 2 3 4 s 6 7 e 9

) !
m I

M
2

GIRTH ALONG FRAME

Ftgure6
HIGHEST AVERAGE PRESSURE FOR ALL BEAUFORT SUMMER 84

DATA VS. IMPACT LENGTH ALONG A FRAME
(VERTICAL SLICE THROUGH THE PANEL)

g m
, 120a

L

I .,4 .,. ,, .,. , 7 1
8-

liaa

7 - 1aa~

9aa
6 -

ma

I.us -
a ?m

.2
CI)4 - ‘aa
I.u
E san
n

3 -
4aa

z - 3an

20E

I -

1wt

r -,
eL m I ,,. ,., , ,,, ! t ‘ Ft

01234s6 7n91@lllz13 l~,~*E
I !
o I 2 3 4

M

LENGTH ALONG WATERLINE

Fg.tre 7
HIGHEST AVERAGE PRESSURE FOR ALL BEAUFORT SUMMER 84

DATA VS. IMPACT LENGTH ALONG A WATERLINE
(HORIZONTAL SLICE THROUGH THE PANEL)

il



3.3 Pressure and Contact Area Variation with Time

To better understand the ice impact process, it is of interest to
examine the variation of peak and average pressure and contact area with time.
These are the important variables used in many mathematical models of ice-
structure interaction.

Three events have been analyzed and are presented in Appendix E. The
one of those three events presented in Figures 8 and 9 includes the highest
single sub-panel pressure recorded on the deployment (1041 psi or 7.2 MPa).
For this event, contact area increases very rapidly and then levels off while
there is a steady rise in average and peak pressure in the early part of the
impact. Maxima in average pressure occur at local minima in the contact area.
The extreme of peak pressure occurs as contact area is rapidly decreasing.
Peak pressure has less fluctuation with changes in contact area where average
pressure appears directly correlated. Similar trends were seen in the event
shown in Figures 46 and 47 of Reference 1 where sudden drops in,the contact
area caused corresponding sudden increases in the average pressure near the
time of the maximum single sub-panel pressure. The sudden decreases in con-
tact area could be caused by flaking of ice pieces near the edge of the impact
zone typical of brittle failure of ice. The early stages of the event of
Figures 8 and 9 also shows a simultaneous increase in average and peak pres-
sure and contact area indicating confinement effects. This phenomenon is evi-
dent in other events shown in Reference 1 as well.

12
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3.4 Statistical Analysis of the Extreme Loads

The 337 recorded impacts were rank ordered by highest single sub-panel
pressure, by highest average pressure over four sub-panels and by highest
total panel force. The probability of occurrence was computed for each rank-
ing as the reciprocal of one plus the order number. One minus the probability
of occurrence is the probability of non-occurrence or the probability that,
given an impact, the measured value will be less than the given value.

The three data sets are plotted on extreme value probability paper in
Figures 10, 11, and 12. All three plots show a linear relationship of forces
or pressures to probability indicating a Gumbel type distribution. The three
types of asymptotic extreme value distributions have been discussed in previ-
ous reports [1,4].

A subset of 32 of the 337 recorded events were known multiyear events
and these were analyzed separately. Figures 13, 14 and 15 show the extreme
value plots for highest average pressure over one sub-panel, four sub-panels
and total force on the panel, respectively. While it is much more difficult
to see a trend in the data due to a small data set, Figures 14 and 15 show a
general linear pattern indicating a Gumbel type distribution. This type of
extreme value distribution plots linearly on log-extreme value paper. The
single sub-panel pressures shown in Figure 13, however, have:a definite upward
curvature indicating a Frechet or Type II distribution.

The Frechet distribution for single sub-panel multiyear events agrees
with the data from 1982 taken in the summer Beaufort Sea. The data from 1982
were much more severe, however, and the distribution of all events from that
data set was a Frechet distribution. A Gumbel distribution is appropriate for
all data from 1984 as shown in Figure 10. Upward curvature appears to
increase with increasing severity of multiyear ice. The comparison of data
sets will be discussed in more detail in Volume II.

14
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4.0 VERIFICATION OF CONSISTENT PANEL RESPONSE

As part of the 1984 Beauf,ort Sea tests, the panel was physically loaded
with known forces to verify that the response of the panel had not changed
with time. When the strain gages were originally installed in the POLAR SEA,
padeyes were installed on the inside of the hull plating between the frames
such that the strain gages could be loaded with a known load. The padeyes
were placed between frames 37 and 38, 39 and 40, 41 and 42, and between 43 and
44 at three vertical locations in each frame bay. Each padeye was loaded
individually to approximately 40 LT (40 MT) and the strains were read at all
gages for each load. The original 1982 test results were compared to a finite
element model of the area that was given the same loading conditions. The
objective of the 1982 test was to validate the finite element model such that
it could be used to generate the data reduction matrix to reduce the strains
from an ice impact to uniform pressures on the hull.

Tables 6, 7 and & show the results of repeating the measured loading at
12 places on the panel in 1984. The tables compare the results to the previ-
ous test and the finite element calculations. The results of both measure- -
ments are extremely similar. Overall error relative to the finite element
model results actually improved slightly from the 1982 test. The conclusion
is that the panel has not changed its response significantly over the span of
time it has been used for testing.

The 1984 tests were performed about three weeks after the measurements
were taken in the Beaufort Sea. Blanks in the tables indicate gages that
failed during the testing period or on the return trip to Seattle and were not
replaced.

TABLE 6 COMPARISON OF MEASURED ANO COMPUTED
STRAINS AT THE UPPER PADEYE
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TABLE7 COMPARIS~NOFMEASUREDAND_COMPUTED
STRAINS AT THE MIDDLE PADEYE

ERR(

7
7

3
2

19
19

11
12

-6
2

6
7

,2
,1

.4

.7

26
26

92
93

29
29

1:

4.3
4.3

4.2
4.3

.4

.4

.7

.7

21
22

02
86

24
27

10

0.3
1.0

i:(

AVG RMSROW FEM

5

.4

7

81

40

5

\VG

RMS

REM

-3

-6

-8

36

102

27

IVG

1
1

7
7

12
13

;:

34
37

11
12

0.:
2.i

2.:
2.[

r

-1
-1

-7
-8

-4
-7

25
26

75
83

50
55

.1.7
0.0

6.2
5.9

1
1

9
8

16
16

86

27
23

8
12

0J
o.:

;:!

2
1

8
10

15
15

85
87

33
39

7
4

l.i
2.[

2.4
2.;

3
3

,1
~10

;:

60
64

34
13

1:

,2.!
~5.(

4.(
5.!

;

.1

.2

16
18

71
84

33
42

11
11

2.2
5.2

2.5
2.:

-1
-1

-7
-8

-5
-9

50
55

77
89

.8

.12

,7.0
,5.7

7.5
7.6

1.7
1.7

1.3
1.6

:::

3.2
3.2

3.5
4.6

1.6
2.3

1.1
1.3

3
2

9
10

12
15

85
82

31
32

9
-,.

0.i
+.1

2.:
2.(

1
1

-5
-6

:

-21
-17

-16
-27

2
-1

4.1
4.4

-2.5
-3.6

9.8
11.1

-0.8
1.9

-9.4
-9.8

4.25
4.8

0.9
1.5

AVG

:::

- 0.5
- 1.3

4.0
1.0

5.9
7.2

-25.8
-19.1

-10.9I
-10.8

- 4.2
- 3.7

1

2

3

4

5

6

ROW
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5.0 SUMMARY AND CONCLUSIONS

A total of 337 events were collected in the Beaufort Sea in summer
multiyear ice conditions. Ship impact speed ranged from 0.5 to almost 6 kts.
Ice conditions were generally less severe resulting in lower loads than in

1982. Extremes of the data showed a single sub-panel pressure as high as 1041
psi (7.2 MPa) and a maximum total panel force of 374 LT (380 MT). This pres-
sure and force are about 65 and 75 percent, respectively, of those recorded on
the previous deployment to the Beaufort Sea in 1982.

Conclusions from the study are as follows:

1. Speed effects were not apparent in the single sub-panel pressure
data and only weakly evident in the total force data.

2. Total force and pressue data fit a Gumbel probability distribution
for the events collected (337 events). Known multiyear data also
fit a Gumbel distribution except for the single sub-panel pressure
which fit a Frechet distribution, though there is a very small
number of events.

3. Loading the panel with known forces, as was performed in 1982 for
validation of the finite element model, showed no significant dif-
ferences in the measured response.

No specific recommendations result from these measurements and their
analysis. The entire measurement program, encompassing four ship deployments,
is discussed in Volume II where recommendations are made for ice load design
criteria.
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APPENDIX A

SUMMARY OF MEASURED DATA RANKED BY
SINGLE SUB-PANEL PRESSURE

KEY :

PM1 - Maximum single sub-panel pressure (psi)
PA1 - Average pressure over the contact area at

the time of peak pressure (psi)
Al - Contact area at the time of peak pressure

(sub-panels)
F1 - Total panel force at the time of peak

pressure (LT)
PM2 - Maximum single sub-panel force (psi)
PA2 - Average pressure over the contact area at

the time of peak force (psi)
A2 - Contact area at the time of peak force

(sub-panels)
F2 - Peak total panel force (LT)
VEL - Ship velocity at impact
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10:39:S0
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14:49:ZE

19:11:4S

14:14:41

3:20:38

7:49:21

20:19:31
20:32:g

10:44:22
1~:~ 1:15

16:14:42

16:14:28

13:42:16
3.C7.47----

25:2:1:

.+13: 16:3s

lE:l:l.1

PM2 Pfi2 A2 F2
~liJ~ -IT 38 88
142 H 14 14
7Q 13 37 50
177 27 30 85
10E 13 42 57

224 29 38 llE
214 75 11 87
184 35 25 92
65 13 29 40

228 3s 2 36
229 44 10 46

231 46 19 92

179 ’42 20 8’2
179 41 16 69
234 71

. 18 40

235 G4 4 2?
184 44 30 138
77 12 41 52

236 26 13 35
237 36 24 91
201 40 lE 67
lf2s 15 33 52
245 17 33 5s

167 33 44 152
247 41 8 34
lo~ ~o 31 65

24~ 43 10 45
177 E4 8 54
m~ 17 71

. 57
238 B1 15 127
1S5 48 22 111

22E 3E 34 129
62 15 38 60

1’22 24 39 98
2!4 79 4 33
254. 31 42 137
1~~ 14 38 55

252 33 21 75
~~~ ~~ 55 99
178” 34 1s 54
l]g 20 42 88

135 20 24 5@
230 51 19 102

~6~ 42 8 35
193 29 18 55
25: 59 5 ~~

125 25 38 1U4

IS6 46 Zo 145

253 91 11 105
-<
?- 14 $5 6B

VEL

.1
1.3

.9
a.0
0.0

7.0
0.0
0.0

2.4
1.9
0.0
2.1

0.0
0.0

O.@

0.!3
2.6
0.0
1.0

4.s

0.!3
0.0
0.0

1.4
0.0
0.0

3.4
0.?l
1.1

0.0
0.0
.7

3.?
~.~

0.0
.1

2.(7
Q.o

1.9
0.0
0.tJ

Z1.m

0.0
.1

4.4

a.a
a.o
YJ.7

2.5
.6
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i)f+TE
27 NUV 19S4

1s Nou 1984
1S NOV 1994

2B N(7U 1984
18 NOV 1984

18 NOU 1964

19 NOV 1934
27 NCV 1984

28 NCIU 1984
1 i3EC 19a4

29 NO(J ]9g4

18 NO’J 1584
2S NilV 1994

28 NOU 1984

29 NOW 1984
25 NQu 1954

29 NOV 1984

1s NCiu 19s4

28 Nou 1ss4

29 NOU 1SS4

29 NOU 1954

18 NOU 1984

2s NOU 19s4

29 Now !984
29 NOV 1984

16 NOV 1984

29 NOU 1934
29 Nov 19s4
2E NOW 19S4
18 NOV 1984
18 NOV 1954
28 Now ]g84

28 NOW 19E4
i DEC 1994

~~ pj~(j ]~EJ

28 NU{J 19s4
29 NO(J 19s4
23 Nou 1994
29 NOIJ 1994
~~ p~o~l lg:4

29 NOIJ ]994

2E NOIJ 1984

29 NO(J 1934
28 Nou 1584

28 NOV 1SE4
28 Now 19~4

2’a Nc)v 19s4
i9 7.lIJ~J!E!84
~~ r,j~l,l lgg4
~ ;~ :.,0 IJ ~qall
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14:s4:1
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13:1:43
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7:47:14

7:47:20

8:29:30

8:7:4s
13:31:57

“Z1:Z4:11J
~:~~:~~

PM1 P61 Al F1 PM2 PA2 f)? F~ VEL
267 3!2 22 69 263 20 24 7! 0.0
26a 27 17 49 257 S8 11 67 @.@

26? 64 6 40 131 15 40 63 0.9
269 49 11 S7 269 49 11 57 1.2
270 25 30 91 179 40 27 113 0.131
271 25 31 81 243 27 32 9! a.~

272 26 17 46 178 19 30 ELI 0.0

272 S5 7 40 214 48 9 45 0.0
274 99 11 114 217 36 42 ~~g 5-4

274 49 12 62 Z34 41 17 73 4.3
275 75 20 157 275 ?!i 20 157 6.7

277 76 4 32 l@8 34 22 7’3 0.lzl
277 6g 6 3s 277 60 6 38 .9

27g 72 11 83 223 31 26 as .2
279 S1 22 118 ~4~ a~ 14 12E 4.1

279 71 11 82 12S 24 39 98 .1
282 106 5 56 282 10s 5 55 ?

2S3 36 10 38 89 25 19 S0 0:;

289 36 27 102 ~~1 S1 30 161 0.0
290 67 20 147 ~:fJ E? 20 141 .7

291 168 2 55 117 15 42 S6 1.8
pq~ ~6 17 64 144 28 35 103 0.!3
292 31 ~: 107 292 31 33 ~@7 0.@

293 32 56 121 ?93 32 36 121 1.3
294 54 39 139 2g4 34 39 139 3.5

297 31 24 78 202 ~g 29 115 0.0

297 34 12 43 29? 36 12 45 .4

Z:e 53 23 12s 27’7 67 19 134 6.1
-)oa
A.. 30 21 66 17? 26 37 101 .1

3Q5 42 14 6: 69 17 39 70 0.0

303 80 9 76 ~~~ 27 37 195 0.0

304 34 14 50 124 32 20 67 4.2

305 61 ~~ 147 27! 49 30 154 0.D

305 24 :2 81 50s 24 32 81 1.4

30E 130 3 41 189 44 27 125 2.9

306 31 40 15!3 281 ~~ 39 151 Q.iJ

306 306 1 32 -1-1LL 4 15 41 E5 6.4

306 29 ~~ 1ma 197 29 35 106 6.EI

308 69 6 43 52 12 38 48 0.0

311 216 ~ 45 233 61 20 12S 1.s

511 3s 14 51 114 19 27 54 1.8

312 ~~ 13 45 27E 43 14 6Z 0.!2

313 63 23 152 ~~6 67 ~~ 190 0.Q

314 39 ~~ 74 314 29 25 94 ~.~

314 43 21 95 276 37 3s 140 2.9
314 117 ? 37 314 117 3 ~y 5.5
316 50 26 113 51G 30 36 113 ~m~

:1s 42 15 66 267 45 14 66 Q.@

321 321 1 34 2!7 7E 5 40 0.9
~.
-JL1 ~G I!J lo: :33 29 41 125 0,3
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8:S5:9
19:25:54
22:56:19
14:20:31
13:17:25
18:48:46
8:46:9
14:45:46
5:46:44
13:57:!
2:5:1s
19:45:51
20:2:41
s:~g:~]
10:40:56,
22:6:9
7:54:32
]3:!3:19
12:s4:35
19:~:4Q
j~:~}:~s
8:46:14
16:5:37
21:49:s
10:21:3

6:1:5
18:6:37
8:41:21

14:5:10

iE :23:s4
.5:0:11
1~:1~:~~

5:55:46
20:3: 9
9:11:28
15:1:45
~Q:~’$:~~

14:5:5G

12:1s:30

17:4s:21

21:10:25
14:6:37

10:38:51
10:4O:ZS
8:1:2s
]6:~~:lG

a:z0:5g
:9:A5:23
-.G=.Jr----
1-:?::
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DATE
19 rd~v lg8~

29 No(J lg84

28 NQU 1984

28 Nov 1984

18 NOU 1984

28 NOV 19S4
28 NOU 1984

28 NOIJ 1984
28 NoV 1994

2s Nou 1984
1 DEC 1984

2S NQV 1S84
~g ~ou lg~4

29 NOW 19S4
~? Nou 1994

28 NOW 1984
28 Nov 1994

28 NCIV 1984
29 NOW 1984
2s rmv 19a4

26 NOU ;’S84
29 NOV 1954
29 NOV 1984
Is Nov lg~4

~~ No(j 1594

29 NOV 1994

29 NOV 1984
1 DEC 1984

18 NOV 1984

1S NOV 15S4
ZS Nf)~l 1984

2s NW 1984
28 NOV 19E4
~~ NOIJ 19S4
2s Nov 1954
28 NOV 1SS4
2“9 Nou 19E!4
2s !dov 1s64
19 ~dolJ l~E~

2E Nc~v 19a4
29 NGIJ 19B4
29 NOIJ 1984
29 NOV lgS4
27 NOV 1984
2s Nov 19a4

28 r~ou 1984

28 NO!J 19G4

2E NOv 1984

~S NOIJ !924
‘~ :.jo(j !~~dk.

TIME
12:25:s9

10:lH:45
13:50:0
8:17:46

14:50:47
8:7:21
16:5:57

20:S3:50
19:19:18

10:15:41
21:s:5

8:5i:22

3:5G:15
1:54:52

18:41:11
18:18:9
8:49:29
g:fJ:~~

1:54:13

9:10:S7
14:27:32
2:14:2g

19:11:36
12:3s:1?
2:0:26

22:i5:47
18:46:43

22:4Z:5S
14:28:41
14:15:43
20:17:25

8:0:44
8:31:39

10:1S:34
~~:~~:~~

18:47:$7
12:55:41
~~:~g:~~

13:32:2s
19:17:23
~8:g:55

20:25:29
8:57:5;

20:19:2 4
8:24:5E
18:40:7
g:za:~g

G:51:E
8:5::27
ly:,l~:qq

PM1 Pfil Al F1

367 41 26 112
367 40 35 147

7.369 L3 ~~ 53

372 38 24 96
373 36 42 159

374 ~~ 34 125

376 4G 12 5g

376 38 34 136

377 50 15 7S

577 31 26 85

37’7 44 24 111

379 42 42 185

379 14s 4 61
380 18.9 3 59

383 86 5 45

3G3 25 34 gz

386 56 28 165

387 41 12 S2

387 65 15 la=
388 41 40 172

38E 34 32 114

388 42 30 ~~~

388 ?4 33 118

350 4s 9 45

392 42 27 11s

?92 40 20 84

593 60 19 120

396 148 6 93

393 64 g 60
399 36 38 144

399 e7 11 1OG
401 176 ~ 55

40p 54 15 54
402 67 29 204

402 215 3 62

4Q3 43 19 86

403 271 2 57

404 36 3EI 115

4QE 3t3 46 145

406 406 I 43

407 45 15 85

407 72 13 98

405 546 Z 73

41Q 56 10 S9

410 36 36 I 36

413 69 10 72

415 so 19 15:

415 bi 16 11s
~1~ ~: :5 76
J;:: Jl; I :1d

Pm Pfi2 f12 F2 VEL

367 41 26 112 0.0

337 46 32 154 2.3

569 23 22 53 5.7

265 32 38 128 4.7

373 36 42 ~55 a.g

180 41. 31 133 .1

225 62 12 78 .2

337 43 31 140 0.0

335 54 18 102 0.0

370 32 30 101 3.1
252 5g 21 130 .5

199 43 42 189 0.a

2!6 30 27 85 .9
229 25 43 115 0.0
294 22 27 62 0.0
25q 2s 34 100 1.7

386 56 28 165 0.0
2SE 61 16 102 .3

300 71 18 134 0.0

3S2 41 40 172 0.0

388 34 32 114 .1

316 58 23 140 0.0

3ca 34 33 115 .1
39!7 48 9 45 0.0
195 5s 29 170 0.!3

366 43 32 144 .2

340 37 40 155 6.7

357 139 7 1132 3.?

317 71 19 142 0.i3
395 26 58 144 O.fl
Iqs 51 48 15S .1
210 29 20 61 3.0
401 40 13 55 3.0

402 67 29 204 .1
36E ;;G 2 71 2.2
403 45 19 SF 1.7
302 29 21 86 1.7

404 36 30 113 U.o
406 xl 4G 145 a.a

271 42 15 65 .{

407 45 18 85 2.2

334 34 36 120 2.0
409 346 ~ 73 0.0
386 41 14 60 ti.o
265 49 29 146 3.2
413 69 10 72 6.2

231 69 G5 181 2.8

415 S1 18 li~ ~.J

415 29 25 76 0.’3
41s 41’s ; AZ ),.~
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DATE
28 NOV 1984
18 Nav 15s4
Za New 19s4
28 NGV t9E4
25 NC)V 1984
2E FJOU 1984

25 Nov 19’94
2E NOV 19S4
29 NO(J 1994

934
294

:E4
9~4
9s4

984

VtL

0.0
a.~
2.s
0.0

?.-
O.Q
1.3
0.0
O.@
17.8
0.8
4.s

4Q.4

.1
0.0
0.2!
O.@
7L.?

0.D
0.0
.2

1.2
2.9
0.0
0.0
4.0
0.0
2.~
3.3
2.6
@.Q
0.0
0.!3
1.5
?.0
~.~
2.9
4.:
*k.;
E.Z
1.7
0.0

5.2
a.d
1.3

0.0
2.2

i.,
~,i~

1.,;
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TIME
13:3:37
19:22:30

2Q:s0:52
19:22:48

22:s0:5
19:7:24

9:@:31
21:28:17
8:46:35

19:33:15
23:45:35
18:3S:35

14:16:16
8:54:s7

20:40:52
19:5!3:33
18:S8:33

21:26:S3
18:3s:51
8:43:23
~a:35:3]

1Q:12:Z7
14:15:42

22:16:27
5:46:35
:~:55:~3

8:44:48
l~:5z:40

1a:26:46
~Q:~s:5~

19:25:2

18:45:50
14:35:42

18:50:16
l~:tg:~
g:~:.y

19:19:4

PMI P(+I 61 F1 FM2 Pfi2 A2 F2

558 30 ss IZG

UEL
474 33 38 122 0,0

541 64 22 148 35(ZI 38 38 151 0.0
541 219 9 2Q7 442 259 8 217 .2
544 46 32 154 544 46 32 154 Qmfl

554 31 43 140 ~~1 28 48 141 1,9

555 65 19 130 487 62 27 176 1,1

558 68 16 114 289 70 16 118 0.0

559 97 8 73 ~~~ 24 36 9{ 2.6
550 l@5 15 1~~ 39B 82 21 lal 0.13

561 35 Zg 143 49s 41 35 1s1 0.0
56: 2-75 5 144 416 73 22 168 3.5

58Z 167 4 70 464 25 32 94 1.2

589 133 IQ 140 575 133 11 155 3.5

591 43 2~ 126 291 63 22 145 0.Q
592 592 1 62 575 225 3 71 .2
59s 250 5 131 599 250 5 131 4a”~

610 125 7 92 481 108 11 125 1.4

625 89 18 168 2S7 ?2 23 174 5.6
634 634 1 67 SE: 64 11 74 2,7

G5E 77 2a IE2 414 iOl 20 212 a.’a”
559 59 14 149 639 65 30 217 1.0

666 137 10 144 275 5s 43 26Z .5
6a7 62 15 1Q7 iS& 27 39 110 4.4

719 55 41 241 6?9 s~ 3: 241 4.g

722 7~ 22 IE2 579 69 35 253 0.0
729 56 46 ~7Q 722 55 4E 270 3.D
751 ;~ 14 137 519 227 6 143 0.0
723 53 33 182 733 5: 33 185 1.2
775 170 12 214 775 170 12 214 .5
775 2QE 5 loa 5ZE 45 37 175 2.4
765 735 1 g~ 7i’7104 19 367 0.0.
7g~ g~ 14 142 570 158 I@ 165 2.6

79E 293 4 123 5s4 145 12 183 j,~

811 95 14 140 749 74 18 14G .7
SIB 97 33 335 6ZQ E2 43 374 !.4
823 260 8 215 673 76 39 311 7.5 — +.2

1041 395 3 12E 623 63 2’7 1~~ !3.3
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APPENDIX B

SUMMARY OF MEASURED DATA
RANKED BY PEAK FORCE
DURING EACH EVENT

,.

KEY:

PM1 - Maximum single sub-panel pressure (psi)
PA1 - Average pressure over the contact area at

the time of peak pressure (psi)
Al - Contact area at the time of peak pressure

(sub-panels)
F1 - Total panel force at the time of peak

pressure (LT)
PM2 - Maximum single sub-panel force (psi)
PA2 - Average pressure over the contact area at

the time of peak force (psi)
A2 - Contact area at the time of peak force

(sub-panels)
F2 - Peak total panel force (LT)
VEL - Ship velocity at impact

B-1



Df+TE TIME PMI Ffil Al F1 PM2 PA2 A2 FZ UEL

1 DE’; 19S4 13:49:38 Ill 111 1 12 S5 7 16 12 .7
1 @EC 1984 13:52:11 14s 78 2 16 142 14 13 19 O.zl

IS NOU 19G4 15:1s:28 90 31 6 2El 36 12 17 21 O.G

l~:lq:sg

13:1:33

15:20:46
13:s5:32

13:37:17
13:50:3E
10:32:31
ZO:]0:37

13:7:29
13:53:10

15:a:27

21:4:59

17:14:23
13:5a:20
13:55:4

13:55:34
15:Q:5
1’2:49:58
14:49:36

14:24:14
1.4:52:Q

21:39:0.
13:36:51

1E:14:42
lg:s~:g

13:s4:48

15:13:51
1Q:35:5G
?:42:40

9:39:30
17:45:2!

1s:14:9
14:S::4G

1s:5s:5s

l~:~:.~

10:3s::7

21:34:10
22:6:9
D:34:20

2EI:I:4Q
j~:~:ll

!Z:2Q:1QI

1?:17::3

1 ::~6:lg

14:5:55

I-.;q.a! + . -,. !.
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..

TIME

17:45:4s
13:36:4
15:12:1s

12:35:17

2Et:l:5Q
19:8:1

2Q:3:4Q

14:s3:23
p13:l :45

10:Z:31
1s:2:55

10:44:23
13:4s:4

14:14:22
]3:7:~~

13:11:7
13:43:16

14:4S:46
13:50:0

15:49:27

20:19:31
17:5:7

19:52:27
13:4Q:3

20:10:16
8:31:39
16:14:28
z0:z5:53

14:14:41

15:46:36
15:!:2
~~:~4:43

10:41:22
18:32:31
~:~g:~~

s:~;:~:

14:5:3Q
20:!9:24
4.=0.3,.&-.
8:1:29
12:54:35

19:32:6
3:0:44
15:11:11

4:29:0

13:1:51
~“--:~gu.-+
12::E:::
3:IJ:I0

I::J~::



DhTE
2S NOW
18 Nov
19 NOV
28 NOW
28 Nov
~g Nov

19 NOV

27 NOU
~g Now
1g NOIJ

2B NOV 1984

1 DEC 19S4

18 NO~J 19S4

I’a Nov 19a4

2e NOU 1584
27 NOV

29 NOU
29 Now

1S NOV
2? NOV
28 NOV

TIME
19:18:55
10:35:25
13:31:57

16:1:14
lq:~7:~3

zfl:?8:5g

14:50:S8
22:17:1
5:49:43
12:21:2s
18:48:46

13:55:15
13:17:s!3

13:46:48
~:~1:~~
~2:36:~7
20:~3:55

2el:4Q:s2
10:40:S6
21:49:9

8:46:45

18:4Q:7

14:15:34

3:20:3E
8:S7:53
14:14:24
16:51:29

18:30:37

18:59:51
14:0:11

E:0:Z6
E:S5:27
14:5:]~

10:3E:51
1G:54:16

10:42!3
1s:s:s7
21:10:26

20:=:9
12:15:20
1Z:27:19

4:2:17

E:21:23
17:1:0
19:45:51

3:7:12
s:~~:~
l~:&::y

l~:::sz
::~~::~

I-I ttrlVI=L
0.0
0.9
0.0
.6
.1

1.8

0.0
0.0
4.2

0.0
41.5
4@.4

!3.el
O.zl

5.!3

0.0
2.2

1
.&

O.tl
0.0
0.0
6.2
1.s

0.0

0.0

6.2
4.3
17.9
2.7
0.i?l
?4.2
0.0
1.9
0.0
3.5
0.0
9.-

1.3
4.9
0.!3
1.4
0.!3
2.0
1.3
.3

0.9
.2
1 7.,
-1-L.&
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TINE
i8:47:d7

12:55:41
Id:za:zl

lQ:~4:7

13:49:12

14:s:37

20:32:9
19:45:5Q

2Q:S2:44
19:0:2

20:s:5
13:10:51

16:15:11
18:35:17

21:28:17

5:40:53

6:0:16
16:1:43
16:13:2Q

Ptll PFll (31
405 43 19

403 271 2
323 46 “12

226 64 12
~~~ 62 6

3S0 40 21
~5cJ so l@
~?Jg 22 38
435 76 10
455 49 17

429 77 11

27{ 25 31

237 36 24
Sl! 74 11

553 87 8
2~6 56 19

231 46 19

347 4Z 14
S27 126 7

10:12:4 463
20:2:41 ~~~

20:s:s7 462
7:47:14 314
18:44:!3 206
18:36:35 5s3
p:4a:55

20:31:36

15:13:45
7:49:21

2:5:13
18:18:9

6:0:6

10:15:41

1E!:21:3

10:39:10
12:21:1s

8:O:5i

19:19:18
~::~;:~~

13:1:43
1::59:21
3:53:47

13:47:2
15:1E:38

14:7:4

18:34:5a
5:5:57

lg:cn.a4W.G
14:15:S2

3:243::9

67 5

25 29
99 6

39 25
-,7L. 37
67 4

UEL
1.7

1.7
.1

0.0
0.0

0.Q

0.0

.1
4.5

2.1
0.0

0.9
4.6

1.7

2. 6

0,0
2.1
5.2

. 1

2.9
.6

1.2

3.8
1.3
1.2
:.2

.1
?-!L.-
I.E
0.!3

1.7
.1

3.1
~.~

il.El

Q.fi
7..-

0.0
~.y

0.!3

0.0
0.0

9.CI

3.5
Q.r)
5.9
Q.fl

h.J
4.41
(J..2
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13fiTE
Is Ncu lg~4

28 NOV lg5L$

18 NOW 1984

25 NOV 1S84
28 NOU t9E4
~g Nou 1984

28 NOU 1SS4
2s !’JOu 19s4

28 NOU 1934
18 NOV 1984
2E NOV 19E4
29 NO~J 1SS4

2E NOU 19S4
28 NW 1984

25 NOU 199.4
la NOV 1994

29 Nou 19s4
2S NOU 1SS4
2s No~l 1584

28 NOIJ 1584
25 No’v’

28 NOU
19 NOW
25 NOU
~9 NOIJ

29 NOU
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DATE
29 NOV 1994
~g ~olJ lg64

1 DEC 1984
18 Nou 19’64
2E NOV 1S84

29 NOV 196’4
IE Nou 19B4
28 NOU 1984
25 NOV 1994
19 NGU 1994

28 NOV 19a4

29 NO(J 15S4
29 NOV 19E4
28 NOV 19S4
28 NQIJ
28 NOW
28 Now
ZB NOU

29 NOV
29 N131J

1 EEC
~S N@lJ

28 N131J
29 NO[!

29 Nou

A; F~

77k. 140

2Q 14i

4s 141

19 142
G 143

31 145
39 144
52 144
52 144
46 14s
~z 14s
~? 145
30 145

29 146
26 147
32 151

38 1s1
35 151
29 152

44 152
11 1~~

3e 154

32 154

5: 154
4Q 155

UEL
0.0

7
.,

1.9
0.0
0.0
0.0
0.0
0.Q
.2

0.0
0.0
0.0
3.7
3.2
2.9
0.0
0.0
0.0
0.9
1.4
3.3
0.0
0.0
~.~

6.7
3.2

.1
1.3
G.?
2.s
0.C3
5.4
.1

8.0
0.9
0.!3
0.0
3.7
a.5
2.5
2.5
2.E
2.5
il.m
0.’3
0.2!

I
cc--w
-.-
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DATE
29 NGV 1ss4
28 NGV 1SS4

29 Nou 19E4
29 NO~J 1524
2s Now 1s84

2S Ng~J 1984
~g NOIJ 1954

29 NO(J 1984
28 NOu 1994

29 NOU 1984
29 NOU 19a4

28 NOV 1984
1 DEC 19S4

28 N@V 1964

29 NO(J 19S4

28 NOV i984

29 NOV 1994
28 No(j 1984
28 Nou 1.994

29 Nou 19’34
28 NOV 1S84
25 NOU 1984

28 NOV 19S4
2s NOV 1994
29 NGU 1964
29 NO(J 19E4

16 NOU 1994
28 Nou 1584
?8 NOV 19e4
1 f3EC 1994

25 N13~J !gS4
26 NolJ~~94
~~ NOU lgE4

25 NOU {984

2E NOV 19E4

2S NO(J 1S:4

29 Nou 1984
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APPENDIX C

THE FIVE EVENTS OF HIGHEST SINGLE SUB-PANEL PRESSURE
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REL6TIOHSH1PS FCIR

MAX TI)TAL FORCE
FRAME 3.2: ROU 5

TIME OF PEAK FORCE

175 LONG TONS; TIME FRAME 43; REAL TIME 1.34

hVERfiGE FRE5SURE (PSI) vs AREA {square feet)

Area

Pre5suFe

13.06 14.s9

172.00 160.00

4.9LI
398.DO

16.32

14s.00

27.74
9S.00

17.95

132.00

29.38

90.00

8.16 g.?~ 11.42
261.OEl 231.ZJQ 2!70.00

]g.~~ 21.22 22.95
125.00 116,00 Illtau

31.01 32.64 34.27

86.00 i32.OEl 78.00

42.43 44. #6

66.tiO 63.!30
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I I
E~JENT UN. 28 NGV 1984 fiT S: 7:25
T6PE NUHEE~ 2 ? TRfiCK NUMBER 3 ; FILE NUMBER 27
PEAK STRAIN 329 ; THRE~HQLg IQ@

RELATIONSHIPS FOR TIME OF PEAK PFtESSURE

IIRX PRESSUt7E 828 PSI; TIME FRAME 97: REAL TIME 3.D3



RELATIONSHIPS FOR TIME OF PEAK FORCE

tlhX TOTAL FCJRCE 311 LUNG TON:; TIME FRAME 1VJ4; REAL TIME 3.2S
FRP,ME 37; ROM 4

AVERf+GE PRESSURE (psi) vs AREA (square feet)

~r~a 1.G3 3.26 4-50 6.55 8.16 ~.79 11.42

“Pressure 673.00 542.00 491.00 43E.OQ 385.00 344.00 303.00

35+9~ 37.57 39.17 40.80
l~oOQ 122.00 119.00 114.90

47.32 4fi.96 5!3.59 5~.~;

99.OB 96.O@ 9i.aQ 91.00

S5.75 6U.3B 62.al G:.65
82.00 sO.00 7&.!3Ei 76. @@

P.FE55URE (PSI) VERSUS GIRT!+ fiLUNG FRAME (FT)
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1 lH

TAPE NUMBER 3 ; TRfiCl< NUMBEP. 1 ; FILE NUNREP ~g
PEfihi STRfiIN SQ2 ; THRESHOLD ]~g

RELATIONSHIPS FOR TIME OF PEAK PRE55URE

Mhk PRESSURE 818 PSI; TIME FRAME 41; REAL TIME 1.29

AREti (squar= feet)

16.32 17,95 19.5s
265.00 246.00 233.uO

39.17 40.30 42.43
lzl.tltl 125.00 1“21.BO

g.=7g 11.42
386.00 346.00

45.06 45.69
117.00 113.E?Q



PRES’SURE (PSI) UER’5US LENGTH 6LUNG WATERLINE (FT)

LENGTH 10.67
PRESSURE 19.00

RELATIONSHIPS FOR TIME OF PEAK FORCE

MhX TOTAL FORCE 374 LONG TONS; TIME Ffi?IME 40: REAL TIME 1.25
F17fitlE43: ROW 4

hUEi7hGE PRE5SLIRE (psi! vs fiREfi (square feet)

Area 1.63 ~~--- s 4.90 6.s3 a.16 9.79 il.42

Pre~sur= 63Q.tiO 59S.00 4EQ.@O 422.00 360.00 313.DQ 335.OQ

Arza 13.06 14.69 16.32 17.55 19.58 21.22 22.E5

Pressur>” 3!30.00 2?0.00 246.UO 230.90 215.00 l~g.a~ 192.@13

f+r~~ 24.48 26.11 27.74 29.ZG ~lz~] 32,64 7d4.27

Pressure Igl.ukl 172.lzla lE3.09 155.OQ 148.00 142.00 136.00

f?re~

Pressure

Area

Pre5sure

3S.90 57. 5Z 35.]7

130.tlEl 125.aO 121.00

47.32 48.96 SO.59
102.EO 102.00 110.00

53.75 6tl.3E 62.01
99.00 9E.’il0 94.90

7a.17
s3.00

40.30 42.43 44.06 45.ss

16.00 113.00 109.00 Ios.ao

s? “&.&- 53.85 55.49 57.12
05.00 107.00 104.VIQ 102.OH “
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RELATIONSHIPS FI)R

MAX TOTfiL FORCE

FRPIME 40; RCIW G

AVERAGE PRESSURE (

Rrea 1.63

Pressure 749.Ii)O

Area 13.EJ6

pr~ssu~e 142.00

f+~~~ 24.48
pre~~~re 8E.OEi

TIME OF PEAK FORCE

14Q LONG TONS; TIME FRAME 48; R~fiL TIME 1.SQ

psi) vs t4REfi (square feet)

3.26 4.90 G.sz 8.16 5.72 11.4-2

328.130 265,Q0 204.00 179.00 166.O@ 155zD~

14.63 16.32 17.55 19.5a ~1.~~ 22.65

130.00 121.00 113.Oa 106.00 9E.QO g~mag

26.11 27.74 29.38
82.90 78.titi 74.00

PEESSURE (PSI) UERSU5 GIRTH ALONG FRHME (FT)

GIRTH 1.2s 2.5U 3.75
PRESSURE 749.00

5.00
69.00 42.00 32.00

PRESSURE (Ps.1) vEFslJ5 LENGTH ALONG WATEHL~NE (FT)
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TRPE NUMBER 3 ; T17FiCK’NUM5ER 1 ; FILE NLIMEER 16
PE:I+: STRfiIN 361 ; THRESHOLD 150

RELATIONSHIPS FCIR TIME OF PE9ti PRE55UEE

MAX PRESSURE 796 F$I: TIME FRAME 3S; REAL

FRfiPIE 35; ROW 7
TIME 1.13

hUE5PIGE FRE55URE {psi) V5 14REA (square feet)

Area 1.63 g-~~ 4.90 6.~~

Pressure 796.00 5a?.aO 37d,a0 293.00

PRESSURE (PSI) VERSUS GIRTH ALONG FRAME {FT)

GI~~H 1.25 2.50

PRESSURE 795.13d 133.00

PEESSURE {PSI) IJEESIJS LE]q~Tl+ RLONG lJ$ITE~L~NE (FT;

LEIJISTH 1.33 2.E7 4.30
PRESSURE 755.ZIO 507.OIZi 374.00
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RELATION5H1FS FGf?

MA% TOTAL FERCE
FRANE 3S; ROW a

TIME OF” PERK FORCE

1E3 LONG TONS; TIME FRAME 42; REf4L TIME 1.31

PRESSURE (PSI) VERSUS GIRTH HLCING FRAME {FT)

GIRTH 1.25 2.s0 3.7s

PRESSURE S54.00 327.00 2z5.OU

PRESSURE (PSI) UERSUS LENGTH fiLONG WATERLINE (FT)
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APPENDIXD

THE FIVE EVENTS OF HIGHEST PANEL FORCE
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NOTE : Strain time-histories are normalized by the peak strain for the event.
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Tr+PE NUMBEFi 2 ; TRACK NUMBER 4 ; FILE NUMEER 48
pEfiK sTRfilp~ 416 ; THRESHOLD 175

RELATIONSHIPS F(IE TIME OF PE?IK PRESSURE

MAX PRESSURE 7.?5 PSI; TIME FRPiPIE42; REAL TIME 1.31
FR6ME 40; ROW 6

(psi) vs ARES (square feet)

.
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RELATIONSIiIFS FOR TIME OF PEAK FORCE

AUERhGE PRESSURE (psi) vs fN?EFi (square feet)

Area 1.63 3.26 4.9G 6.52 8.16 9.79 11.42

Pressurs 717.00 403.00 304.00 259.00 214.00 1H2.OU 158.lZ?a

fire=. 13.06 14.69 16.52 17.95 19.58 21.22 22.85
pr~ssur~ 139.00 125.00 118.00 146.9@ 172.00 195.00 214.(30

Area 24.48 26.11 27.74 29.38 31.al
Pressure 217,00 2i7.00 2135.oo 194.~~ 184.00

PRESSURE (PSI) UERSUS GIRTH (fLONG FEAhE (FT)

~i~TH 1.25 2.50 3.75 5.90
PRESSURE 717.00 4S3.00 70.00 Sz.afa

PEESSURE (PSI) UE?SU5 LENGTH ALONE WATERLINE (FT)
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Ever-It CILl 2E NCI’d 13:24 at 19:25:2

am

mn

lam

! ,-J -, .
❑

.,- . -, ——~—---- J

Li

D-8



7UR

D-9



h/---%.-.Y--- =----A”’A.-\~&-..\~&

. .

D-10



H

0-11



1+

Lo

..P’._

#f\

7-
Di
IL ./’.._.

,/-”-,
%

I
I

t 1

D-12



l.liJ

H .---——

I

*,_.,
L

UJ

,.._.-- ,;
..

I==a

D-13



E’””’’etltcm Z5’ L!ov 1534 at 22: 5r3:23

t i

{

D-14



m

J

./----L.._

—

, J

t 1

iii
z I

I

i

iJ3 I I
{

w t 1

D-15



I E’v~t-lt Ok] ?5 NG’v’ 1!3E4 at 22:5:2:23
I

I
1 10
Fired [SqLl~rB +Eet)

EUENT ON 29 NCIU 1984 AT 22: S8 :23
T~pE f~uM~ER ~ ; TRACK NUMBER 1 ; FILE NUMBER 7Z
PEati STRAIN 25S ; THRESHOLD 150

RELfiTION5HIPS FOR TIME OF PEfIK PRESSURE

M6X PRESSURE 729 PSI; TIME FF((?ME 46; REfiL TIME

FRAME 43; ROW 4

hUERAGE PRESSURE (ps~) vs AREA (square feet)

1.44

9.?9
241.00

21.22
169.00

32.G4
115.00

44.06

90.00

55.49

73. Zl@

66.91

62.00

Area
Pressure

1.63
7ZSI.OQ

3.26
559.00

4.50
41~,00

6.S5
329.00

17.9s

194.a13

29.58
126,00

40.s0
:6,00

52.22
77,@0

63.65
65.00

75.07
56.00

8.16

278.00

19.5a

lal.oo

31.01
120.50

42.43

53.90

53.s5
75.aLl

65.28

62.00

11.42

229.00

~~.85

1s9.00

54.27

112.#El

45.59

87.00

57.12
71.9@

68.5~

G1.OD

13.06
231.00

14.69
219.k?lel

16.32

209.00

Af-ea
Pressure

24.46

150.00

27.74
133,00

hrea

Pressur=
3s .90

10e.Elu

37.53
l@4.00

39.17

100.00

hrea

Pressure
47.22

E14.t10

4ge:6

81.IZtO
50.53
79.00

hrea
Pressure

5G.75
70.!30

62.@l
67.00

~r=~

?re55ure

70.17

59.20
71.s1

5G.Z10
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PRESSURE (PSI) UERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.25 2.50 3.75 5.E)O 6“25 7.50
PRESSURE 729.00 373.00 d4.lm 35.00 29.ria 2s.!30

PRESSURE (PSI) UERSU5 LENGTH ALONG WATERLINE (FT}

LENGTH 1.33 2.67 4.t)O 5.33 6.57 a.c10 9.33
PRESSURE 729.00 55S.00 412.00 327.00 268,00 124.00 111.00

L~rJGTH 10.67 12.aO
PRESSURE 105.00 97.00
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RELATIONSHIPS FOR

MAX TGTfiL FORCE
FRHME 43; ROW 4

TIME OF PEAK FGRCE

z70 LoNG ToNs; TIME FRfiHE 46; REflL TIME 1-44

AVERAGE PRESSURE (PSI) vs ARE14 (square fee+)

Area 1.63 3.26 4.90 6.53 8.16

pressure 7i!S.E)O S59.00 412.QJO 329.00 275.00

Area 1~.~6 14.69 16.32 17.95 lg.~a

Pressure ~31.00 219.OB 209.00 194.00 181.00

Area 24.4g 26,11 2.7.74 29.58 31.01
Pressure 150.00 141.00 133.00 126.00 120.lz10

fires 35. 9D 37.53 39.17 40.S0 42.43
Pre5sure 108.00 104.00 100.00 96.00 53.OEl

. .
f+p~a 47.35 48.96 sO.59 52.:2 5;.85
Fressure 84.00 81.00 79.00 77.00 7s .00

Area ‘sa.75 60.38 s2.01 63.65 65.28
Pressure 70.!ZIIiI 6E.QEI 67.00 G5.QPl 53.Qa

fires 70.17 7].81 73.44 7!i.07

Pressure 59.00 53.@Q 57.00 56.00

PRESSURE {PSI) VERSUS GIRTH ALUNG FRfjME (FT)

GIRTH 1.25 2.50 3.75 5.QO

FEE35URE 729.00 375.i3G

6.2s

44.00 36.00 ~g.~~

9.79 11.42
241.OD 2Z9.Oa

zlm~~
16QiJ0

32.64

11s.00

44. OE

90.00

55.49

73.00

66.91
6~.jQ

7.s!3
23.u10

PRESSURE (PSI) VERSUS LENGTH ALONG WfiTERLiNE (FT)

*“LENGTH 1.35 2.G7 4.t)a 5.33 6.67 B.00

22.85

59.0I3

34.27

12.EIEl

45.s9

87.00

57.12

71.00

68.54

G1.Qa

PRESSURE 725.00 559.Z)Q 412.00 327.PIQ 25~.O@ ]z4.@o 111.UD

LENGTH 10.67 12.O@

PRESSURE 105.00 97. aa
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T14FE NUMBER 3 ; TR(+CK NIJMEER ] ; F~~E NIJ~l~ER 4
PEAK STRAIN 243 ; THRESHOLD 1S0

RELATIONSHIPS FOR TIME 13F PEAK PI?E5SURE

MAX PEESSURE 656 PSI; TIME FRRME 33; FtEAL TIME 1.03

FRAME 40; F(OW 4

A\JERflGE F’RE55URE (psi) vs ARE14 (square feet !

flrea 1.63 3.26 4.90 6.52 8.16 9.79 11.42
Pressure 666.00 391.00 27Z.QO 2ES.00 207.ao ZOZ.00 175.uO

Area 13.a6 14.69 16.32
Pres5ure 160.00 150.00 137.UO

PRESSURE (P51j VERSUS GIRTH fiLQNG FRNIE (FT)

PRESSURE (PSI) uERSLJS LENGTH ALONG LJATEELINE (FT)
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RELATIONSHIPS FOR TIME OF PEN( FORCE

MAX TOTAL FORCE 262 LONG TONS; TIME Fi7flME 30; RE14L TIHE .94
FRAME 36; ROW S

AUER6GE PRESSURE (psi) vs PIREA (square feet)

Area 1.63 3.26 4.90
Pre55ure 275.00 241.00 204.00

Area 13.06 14.65 15.32

Pre55ure lZ4.EIO IZZ.OQ 11s.00

Area 24.48 26.11 27.74
PreS5ure 84.QQ 80.013 7G.00

fires 3s.90 37.53 39.17
Pressure 63.00 G1.E10 S9.00

fires 47.35 40.96 50.59
Pressure 50.00 49.aO 48.00

flrea 5a.7s 60.3s 62.01
Pre5sure 62.00 63.00 64.00

6.55

172.00

17.55

107.00

29.3S
74.00

40.80
57.V)O

63.65

63.00

8.16

186.00

19.S8

101.00

31.01
71.00

42.43
55.00

55. 8s

54.90

65.28

62.90

g,?g 11.42

164.00 149.00

21.22 22.85

94.00 a9.oQ

32.64 34.27
69.00 66.00

44.06 45.69
53. QO 52.00

55.49 57.12

S8 .00 59.OQ

66,91 68.54
60.i30 59.00

Area 70.17
Pres5ure 58.00

PI?ESSUEE (PSI) VERSUS GIRTH ALONG FRAME (FT)

GIRTH 1.2s ~.5@ 5.75 5.00 6.2S 7.50

PRESSURE 27S.00 184.00 10S.00 82.00 70. OQ 60.Oti

PRESSURE (PSI) UERSUS LENGTH fILONG whTERi_iNE (FT)

LENGTH 1.33 2.G7 4.00 5.23 6.67 8.00 9.35

PRESSURE 27S.0113 241.00 2@4.O@ 163.OG 141.00 128.00 110.00

LENGTH 10.57
PRESSURE lE.Okl
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APPENDIX E

THREE EVENTS SHOWING THE TIME VARIATION
OF PEAK AND AVERAGE PRESSURE AND CONTACT AREA
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Ev~nt nn 29 NC)V 1984 at 19:13:3
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