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ABSTRACT

The Cambridge University has sought assistance from IOT for computer simulations of
the gouging process using DECICE. The objective of this project was to study the
conditions in which an ice keel will break up, partially or completely, when in contact
with the seabed during the process of ice gouging. The ice friction angle and the
cohesion of ice were the two key parameters investigated, as they have a significant
effect on the fracture of breakable ice ridges. The data obtained from DECICE aimed to
establish a relationship between the fracture of ice ridges and their mechanical
properties.

IOT was primarily responsible for the DECICE simulations of the problem and the
transfer of results obtained for analysis work. At the writing of this memorandum, we
have only completed simulations with varying ice friction, seabed inclination and
trajectory angle. This memorandum documents the results of these simulations.
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DECICE SIMULATION OF ICE GOUGING

1.0 INTRODUCTION

Seabed gouging by ice is a potentially serious problem for Arctic marine pipelines and
other seabed structures. Due to the influence of large deformations that extend below
the gouge base, a pipeline may need to be trenched well below the maximum expected
gouging depth. The cost of deep trenching is high enough to threaten to make some
projects uneconomic.

The Institute for Ocean Technology (IOT), in collaboration with C-CORE and MUN, has
conducted a preliminary study of the problem using DECICE, discrete element software.
Details of the modeling and results were published by Lau et al (2000).

Dr. Palmer and Mr. Paul Lee of Cambridge University have sought assistance from I0OT
for additional computer simulations of the gouging process using DECICE. The
objective of this project was to study the conditions in which an ice keel will break up,
partially or completely, when in contact with the seabed during the process of ice
gouging. The ice friction angle and the cohesion of ice were the two key parameters
investigated, as they have a significant effect on the fracture of breakable ice ridges.
The data obtained from DECICE aimed to establish a relationship between the fracture
of ice ridges and their mechanical properties.

IOT was primarily responsible for the DECICE simulations of the problem and the
transfer of results obtained for analysis work. At the writing of this memorandum, we
have only completed simulations with varying ice friction, seabed inclination and
trajectory angle. This memorandum documents the results of these simulations.
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20 PROBLEM SET-UP

The DECICE model developed in the preliminary DECICE study (Lau et al, 2000) was
used in this investigation. Lau et al’s paper gives details of the model. Table 1 shows
the test matrix with the following standard ridge characteristics:

e Density of ice: 900kg/m?®

o Density of water: 1024kg/m®

¢ Rigid plate boundary at sea level: ice blocks compact due to buoyancy
force

o Keel width: 81m

o Keel depth: 13m

e Repose angle: 24°

e |ce block thickness: 0.5m

e Ice block width: 1m

e Number of blocks: 950

e Seabed load plate: 37.5m (Runs 2-1 to 2-5) and 75m (Runs 3-1 to 3-5)

Table 1: Test matrix
Test Seabed Cohesion Ice Horizontal | Vertical | Trajectory
Number | Inclination c Friction | Velocity V, | Velocity Angle

(#) a(®) (kPa) Y (m/s) Vy (m/s) (deg)
2-1 5 0 0.4 0.4 0.1 15
2-2 5 0 0.6 0.4 0.1 15
2-3 5 0 0.8 0.4 0.1 15
2-4 10 0 0.8 04 0.1 15
2-5 1 0 0.8 0.4 0.1 15
3-1 5 0 0.4 0.4 0.03 5
3-2 5 0 0.6 0.4 0.03 5
3-3 5 0 0.8 0.4 0.03 5
3-4 10 0 0.8 0.4 0.07 10
3-5 1 0 0.8 0.4 0.07 1

The simulations began at t = 28.2s; enough time to allow the loading plate to move
vertically to contact the ridge keel with an initial width of 7.76m, 6.96m, and 5.45m for
seabed inclination angles of 5°, 10°, and 1°, respectively. This resulted in pre-stress in
the keel. Once the plate was allowed to move horizontally at the start of the
stimulations, this pre-stress was rapidly released. Hence, this pre-stress is artificial and
does not have any influence on subsequent contact pressure. The simulations were
conducted until the load plate completely penetrated the keel base. Runs 2-1 to 2-5
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have a trajectory angle of 15 degrees, while Runs 3-1 to 3-5 have trajectory angles
equal to the respective seabed inclinations. Figure 1 shows a typical initial configuration
of the ridge keel/sea bed system.

RUN 2-2¢ alphoe 5 deq, betos I5-a:|e-5
Frictian=@_ B, ¥Yh= B.0w/s, Yue P Infs

1Z-@
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OCMENS[OKM ©H)

ot By T sy o i B e | T
4 r} = ST h
e ST - bl e A PRCF LR
b ‘I}:‘hﬂr\'."'h? :'.'!“:’ "'ﬁn.:i‘i:‘: e
e w5
SHEA T

L

=
R 6.0
Figure 1: Typical initial configuration of ridge keel/sea bed system
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3.0 RESULTS

The required outputs were: maximum nominal pressure, pressure at peak events,
pressure-time history graph, and snap shots of the different initial configurations of the
ridge keel/sea bed system.

The pressure data is summarized in Table 2. A typical force-time history (Run 2-2) is
shown in Figure 2. The ice forces increased with increase contact. Individual peak
events can be identified in the time history. The contact force at each peak event was
identified from the time histories and the corresponding contact width was then
estimated from the geometry snapshots. This information was used to compute the
contact pressure.

Table 2: Summary of pressure data
Run | Time (s) | Fn(kN) | FokN) | Fokny | B398 fwin (my|  Prom
(nom) (KPa)
39.3 180 -680 120 | 11.72 | 11.76 | 1020
417 240 710 177 | 11.95 | 12.00 | 1477
> 433 301 | 1140 | 200 | 11.86 | 11.91 | 16.84
446 180 770 112 | 1177 | 1181 | 950
491 609 | -1850 | 445 | 1177 | 11.81 | 37.70
49.9 490 | -1970 | 316 | 11.95 | 1200 | 26.38
35.7 120 2350 89 1081 | 1085 | 8.21
40.2 250 740 185 | 1151 | 1155 | 1597
- 44.4 610 | -1490 | 478 | 11.95 | 12.00 | 39.83
455 430 | -1370 | 309 | 11.95 | 1200 | 25.76
46.6 430 | -1130 | 330 | 11.95 | 1200 | 27.50
493 550 | 1720 | 398 | 1160 | 1164 | 34.18
335 170 -380 136 | 11.07 | 1111 | 12.26
406 400 | -1240 | 290 | 11.95 | 1200 | 24.21
23 453 | 1150 | 2530 | 925 | 1160 | 11.64 | 79.45
482 | 1340 | 3890 | 996 | 1142 | 1146 | 86.87
499 | 1890 | -4570 | 1485 | 1177 | 11.81 | 12565
31.3 140 210 67 922 | 936 | 712
35.7 450 ~960 276 | 1041 | 1057 | 26.15
od 37.9 300 | -1190 89 1050 | 10.66 | 833
39.3 220 -690 97 1001 | 10.16 | 953
433 300 -880 143 | 10.89 | 11.06 | 12.90
491 1320 | 2840 | 807 | 1063 | 1079 | 74.74
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Table 2: Summary of pressure data (cont’d)

Run | Time (s) | Fn(kN) | Fu(kN) | Fo(kN) (Eiff) Wiom (M) (E?gg)
380 230 -550 220 11 A0 11 A0 18 99
434 500 -220 496 11.16 11.16 44 .45
45.1 414 -992 397 11.07 11.07 35.82

0.5 45.7 486 -956 469 11.24 11.24 41.74
46.6 341 -992 324 11.42 11.42 28.34
47.3 370 -956 353 11.46 11.46 30.82
48.2 402 -992 385 11.51 11.51 33.41
49.8 472 -1300 449 11.95 11.95 37.59
34.9 23 -48 19 6.46 6.48 2.89
37.6 59 -84 51 11.45 11.49 4.46
40.1 45 -56 39 12.46 12.51 3.16
42.6 30 -56 25 10.33 10.37 2.43
44.6 45 -56 39 8.21 8.24 4.79
52.0 273 -513 227 13.68 13.73 16.55
57.0 416 -827 342 14.19 14.24 24.03
59.0 244 -584 193 14.09 14.14 13.61

3-1 60.8 202 -470 160 13.98 14.03 11.38
62.0 216 -470 174 15.05 15.11 11.52
65.4 230 -427 192 15.96 16.02 11.98
68.9 244 -541 196 15.81 15.87 12.37
73.4 202 -456 161 14.39 14.44 11.15
79.8 430 -1070 335 12.38 12.43 26.99
81.3 316 -898 236 13.68 13.73 17.21
86.3 330 -770 262 12.92 12.97 20.19
88.8 273 -756 206 13.07 13.12 15.71
34.2 16 -33 13 6.08 6.10 2.21
36.1 29 -45 25 9.73 9.77 2.53
39.4 90 -181 74 11.55 11.59 6.39
41.1 115 -169 100 11.39 11.43 8.72
55.5 311 -638 255 16.27 16.33 15.59
59.0 201 -416 164 15.20 15.26 10.72

3.2 62.0 385 -736 319 15.65 15.71 20.34
63.5 324 -711 260 15.88 15.94 16.33
67.9 225 -452 185 16.34 16.40 11.27
69.9 250 -489 206 15.66 15.72 13.12
74.9 373 -859 297 14.64 14.70 20.18
76.4 361 -687 299 14.59 14.65 20.43
81.3 238 -489 194 14.87 14.93 12.99
86.3 299 -452 258 13.38 13.43 19.24
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Table 2: Summary of pressure data (cont’d)

Run | Time (s) | Fn(kN) | Fu(kN) | Fo(kN) (Eiff) Wiom (M) (E?;g)
234 28 -5R 23 R OR R OR FER
38.6 14 -70 8 10.34 10.38 0.76
411 42 -84 35 12.00 12.05 2.87
44 .6 126 -304 99 13.38 13.43 7.37
46.6 154 -325 125 13.38 13.43 9.31
49.6 126 -304 99 13.98 14.03 7.06
51.6 140 -360 108 14.59 14.65 7.38
55.6 234 -402 198 16.11 16.17 12.25
57.1 178 -388 144 16.01 16.07 8.93

3-3 59.1 192 -409 156 16.05 16.11 9.66
61.6 318 -566 267 15.81 15.87 16.85
64.1 395 -856 319 15.81 15.87 20.09
66.0 290 -559 240 16.57 16.63 14.44
69.5 444 -1010 354 16.11 16.17 21.91
73.5 388 -814 316 12.92 12.97 24.33
78.0 220 -402 184 13.22 13.27 13.87
80.5 206 -388 171 15.50 15.56 11.02
85.5 248 -706 186 15.00 15.06 12.32
87.5 206 -360 174 15.10 15.16 11.47
38.6 310 -776 171 13.38 13.59 12.55
41.6 853 -1500 580 13.68 13.89 41.72
43.0 672 -1500 401 15.35 15.59 25.75
46.3 1577 -2947 1041 16.11 16.36 63.65
50.1 2300 -4700 1449 19.15 19.45 74.50
53.0 3000 -5700 1965 19.15 19.45 101.03

3.4 54.7 2400 -5900 1339 19.46 19.76 67.76
57.5 3400 -7700 2011 19.15 19.45 103.43
60.2 4400 -9700 2649 19.15 19.45 136.22
62.9 5400 -12600 3130 19.15 19.45 160.96
64.6 6000 -12800 3686 19.15 19.45 189.56
65.6 5400 -12300 3182 19.15 19.45 163.64
67.9 4800 -9300 3112 18.54 18.83 165.31
69.2 3700 -7600 2324 17.63 17.90 129.82
41.2 2 -4 1.63 5.28 5.28 0.31
46.3 4 -6 3.54 5.85 5.85 0.61
491 5 -8 4.48 5.77 5.77 0.78
50.4 19 -38 18.33 547 547 3.35
52.9 11 -33 10.42 4.86 4.86 2.14

3-5 58.0 6 -10 542 3.04 3.04 1.78
60.8 11 -17 10.70 3.34 3.34 3.20
63.1 13 -23 12.60 3.65 3.65 3.45
71.9 11 -23 10.60 9.12 9.12 1.16
78.0 15 -28 14.51 5.17 5.17 2.81
82.2 31 -77 29.65 4.70 4.70 6.31
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Figure 2: Typical force-time history

Time histories for the forces and the moment for each run are documented in Appendix
A. A selected set of snapshots for each run is given in Appendix B.
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4.0 DISCUSSIONS AND CONCLUSIONS

These series of simulations supplement the previous work (Lau et al, 2000). For
background information and additional analysis, the reader should refer to Lau et al
(2000). When modeling the keel as a frictional material (with zero cohesion), the
functional relationship given in Lau et al between the internal friction and the ice friction
coefficient should be used.

Data documented in Table 2 is of a preliminary nature. For example, the pressure
values given at times beyond t=42 for Run 3-4 were suspicious as the loading plate was
substantially interacting with the fixed top plate. For the 3* series, an extra data
reduction at an earlier part of the interaction may give a better comparison with the 2*
series. We will revise Table 2 accordingly.

The pressure development over time for each run is given in Figure 3. (Run 3-4 was not
plotted based on the reason stated above.). The figure suggests a large influence of
trajectory angle on pressure development.

140.00
A *+ Fun 2-1

120.00 " Run 2-2
= L Run 2-3
< 100.00 A * Run 2-4
T . r Fun 2-5
= 30.00 . & Run 3-1
@ - o Run 3-2
2z aRun 3-3
= i
= £0.00 v U 35
= z
S 40.00 + . Lt
= v

= . * < n I &
20.00 = . . J oo . &
--g.u"g.-:l o A iﬁﬁw} foped £ a':'_r aaﬁ
0.00 . — " 4 3 .
282 382 452 552 B5.2 782 55 .2 95 .2
Time (s)
Figure 3: Pressure development over time
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Appendix A
Force and Moment Time Histories for Each Run
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Appendix B
Selected Snapshots for Each Run
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Figure B-5: Snapshot of Run 2-1 at t=36.19 s
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Figure B-6:

Snapshot of Run 2-1 at t=38.19 s




DECICE SIMULATION OF ICE GOUGING
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Figure B-7: Snapshot of Run 2-1 at t=40.19 s
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Figure B-8: Snapshot of Run 2-1 at t=42.19 s
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Figure B-9: Snapshot of Run 2-1 att=44.19 s
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Figure B-10: Snapshot of Run 2-1 att=46.19 s
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Figure B-11:  Snapshot of Run 2-1 at t=48.19 s
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Figure B-12: Snapshot of Run 2-1 at t=50.19 s




DECICE SIMULATION OF ICE GOUGING
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Figure B-13: Snapshot of Run 2-2 at t=28.19 s

= FUN 2-2¢ alphos 5 deq, betas |Sdeg

o Friction=@_B. Yh= B.Bm/s. ¥yu B Inis

TIME (SECG) 3@.1

ol Fodey

(:-.!\1-':“‘-"".-‘: 1=k

il —
L e ST
e T
N
AN
s
=11
)
@' . et e
e A 0
A Th S

OIMENZ[ON (H]

(]
w180 16.2
Figure B-14: Snapshot of Run 2-2 at t=30.19 s
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Figure B-15: Snapshot of Run 2-2 at t=32.19 s



DECICE SIMULATION OF ICE GOUGING
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Figure B-16: Snapshot of Run 2-2 at t=34.19 s
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Figure B-17: Snapshot of Run 2-2 at t= 36.19 s
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Figure B-18:

Snapshot of Run 2-2 at t=38.19 s




DECICE SIMULATION OF ICE GOUGING
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Figure B-19: Snapshot of Run 2-2 at t=40.19 s
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Figure B-20:  Snapshot of Run 2-2 at t=42.19 s
= RUM 2-2! alpho= 5 deq. bBetas |Sde
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Snapshot of Run 2-2 att=44.19 s
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Figure B-22:  Snapshot of Run 2-2 at t=46.19 s
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Figure B-23: Snapshot of Run 2-2 at t=48.19 s
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Figure B-24:

Snapshot of Run 2-2 at t=50.19 s
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Figure B-25:  Snapshot of Run 2-3 at t=28.19 s
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Figure B-26: Snapshot of Run 2-3 at t=30.19 s
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Figure B-27: Snapshot of Run 2-3 at t=32.19 s
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Figure B-28: Snapshot of Run 2-3 att=34.19 s
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Figure B-29:  Snapshot of Run 2-3 at t=36.19 s
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Figure B-30: Snapshot of Run 2-3 at t=38.19 s
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DECICE SIMULATION OF ICE GOUGING
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Figure B-31: Snapshot of Run 2-3 at t=40.19 s
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Figure B-32: Snapshot of Run 2-3 att=42.19 s
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Figure B-33:
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Snapshot of Run 2-3 at t=44.19 s




DECICE SIMULATION OF ICE GOUGING
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Figure B-34: Snapshot of Run 2-3 at t=46.19 s
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Figure B-35: Snapshot of Run 2-3 at t=48.19 s
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Figure B-36: Snapshot of Run 2-3 at t=50.19 s
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DECICE SIMULATION OF ICE GOUGING
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DECICE SIMULATION OF ICE GOUGING
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Figure B-40: Snapshot of Run 2-4 att=34.19 s
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Figure B-41: Snapshot of Run 2-4 at t=36.19 s
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Figure B-42:

Snapshot of Run 2-4 at t=38.19 s
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DECICE SIMULATION OF ICE GOUGING
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Figure B-43: Snapshot of Run 2-4 at t=40.19 s
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Figure B-44: Snapshot of Run 2-4 at t=42.19 s
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Figure B-45: Snapshot of Run 2-4 at t= 44.19 s
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DECICE SIMULATION OF ICE GOUGING
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Figure B-46: Snapshot of Run 2-4 at t=46.19 s
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Figure B-47:  Snapshot of Run 2-4 at t=48.19 s
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Figure B-48:

Snapshot of Run 2-4 at t=50.19 s
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DECICE SIMULATION OF ICE GOUGING
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Figure B-49: Snapshot of Run 2-5 at t=28.19 s
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Figure B-50: Snapshot of Run 2-5 at t=30.19 s
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Figure B-51:  Snapshot of Run 2-5 at t=32.19 s
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DECICE SIMULATION OF ICE GOUGING
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Figure B-52: Snapshot of Run 2-5 at t=34.19 s
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Figure B-53:  Snapshot of Run 2-5 at t=36.19 s
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Figure B-54:  Snapshot of Run 2-5 at t=38.19 s
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DECICE SIMULATION OF ICE GOUGING
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DECICE SIMULATION OF ICE GOUGING
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Figure B-58: Snapshot of Run 2-5 at t=46.19 s
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Figure B-59:  Snapshot of Run 2-5 at t=48.19 s
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Figure B-60:
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Snapshot of Run 2-5 at t=50.19 s




DECICE SIMULATION OF ICE GOUGING
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Figure B-61: Snapshot of Run 3-1 att=28.2 s
= AUN 3-1: @lpho= E{IE‘ﬂr hato= Sdaa
L) Froot var=@3.9,. Yh=3,8m/5. Yv= @.@3n s TIME (SECES 2. |
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Figure B-62: Snapshot of Run 3-1 att=32.2 s
= RUN 2-1: @lpho= Sdeg. heto- Sda
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Figure B-63: Snapshot of Run 3-1 att=36.2 s
= RUN 3-1: @lpho= Sdeg. beto= Sda
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Figure B-64: Snapshot of Run 3-1 att=40.2 s
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DECICE SIMULATION OF ICE GOUGING

= RUN 3-|: @lphg= E-dE'ﬁr beto= Sgm
o Frootvan=@.9, ¥Yh=3,8m/5. Yw= B.ESN.’E
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Figure B-65: Snapshot of Run 3-1 att=44.2 s
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Figure B-66: Snapshot of Run 3-1 att=48.2 s
= RUN 2-1: @lpho= Sdeg. heto- Sda
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TIME (SECSY 52-1
OIMENEION tH)
=
~ 2P 2.0
Figure B-67: Snapshot of Run 3-1 att=52.2 s
= RUN Z-1: @lpho= 5{195; heto= Sda
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Figure B-68: Snapshot of Run 3-1 att=56.2 s
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DECICE SIMULATION OF ICE GOUGING
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Figure B-69: Snapshot of Run 3-1 at t=60.2 s
= RUN 3-|: @lphg= E-dE'ﬁr betn- Sdaa
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Figure B-70: Snapshot of Run 3-1 att=64.2 s
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Figure B-71: Snapshot of Run 3-1 att=68.2 s
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Figure B-72: Snapshot of Run 3-1l att=72.2 s
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DECICE SIMULATION OF ICE GOUGING
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Figure B-73: Snapshot of Run 3-1 att=76.2 s
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Figure B-74: Snapshot of Run 3-1 att=80.2 s
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Figure B-75: Snapshot of Run 3-1 att=84.2 s
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Figure B-76: Snapshot of Run 3-1 att=88.2 s
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DECICE SIMULATION OF ICE GOUGING

RUN 3-1: glpho= Sdeq, beto- Sda
Frioot var=@.4, Yh=@, td;sg. Yu= @ a:in.‘s

12.8

TIME (SECSY 32. [
OIMEME[OM [H)

=
~ 2P .0
Figure B-77:  Snapshot of Run 3-1 att=92.2 s
= Rul 3-2: alpho= Zdeq. heto- Sdeg
o Froot var=@.68, ¥Yh= B 4mig. Vu= ﬂ BmiE
TIME [SECSY 5.1
OCHENSION tH)
=
~ 2.0 @
Figure B-78: Snapshot of Run 3-2 att=28.2 s
= RUN 3-2: @lpho=- Sdeg. beto- Tdag
2} Friootvar=@8.5. Yh= B.4mss. vwu= B, BImis
TIME [SECSY 321
OCHEMS[ON £H)
=
~ 280 -2
Figure B-79:  Snapshot of Run 3-2 at t=32.2 s
= RUN 3-2: alpho= Zdeq. heto- Sdag
o Frigot var=@8.5, Y= B 4mig. Yu= EI BdmsiE
TIME (SECSY 361
OCHENE[ON tH)
(=]
o -28.0 29.8

OEC[CE

Figure B-80: Snapshot of Run 3-2 att=36.2 s
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DECICE SIMULATION OF ICE GOUGING

= Rul 3-2: alpho= Zdeq. heto- Sdeg
o Frigot var=@.6, Y= B 4mis. vw= B, Bdmris
TIME (SECS) u@. [
O[HMENE[OM (H)
=
v oae @0
Figure B-81: Snapshot of Run 3-2 att=40.2 s
= RUN 3-2: @lpho- Sdeg. beto- Tdag
2} Froot var=@.5. ¥Yh= B 4mss. Yw= B, Bdmig
TIME (SECSY uy_|
O[HENSIOM tH)
=
~ e “.0
Figure B-82: Snapshot of Run 3-2 att=44.2 s
= AUN 3-2: elpho= Zdeq. beto= Sdag
3] Friot var=@.5., ¥Yh= B Umis. vu= @ @dm g
TIME (SECS ug. [
OC[MEMEL[OM tH)
=
e w0
Figure B-83: Snapshot of Run 3-2 att=48.2 s
= RUN 3-2: @lpho=- Sdeq. beto- Tdag
2} Frioot var=@3.5. Yh= B 4mss. vw= P, BImis
TIME [SECSY 57|
OC[MEMEL[OM tH)
=
o 28,0 25.8

OEC[CE

Figure B-84: Snapshot of Run 3-2 att=52.2 s
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DECICE SIMULATION OF ICE GOUGING

= RUN 3-2: @lpho=- Sdeq. beto- Tdag
o Frioot var=@3.5. Yh= B 4mss. vw= P, BImis
TIME (SECS 56. 1
O[HEMNE[OM [H)
=
~ e =
Figure B-85: Snapshot of Run 3-2 at t=56.2 s
= RUN 3-2: glpho- Sdeg. bete- Sdeg
2] Frigtiorn=@.68. ¥Yh= B.4m /5. Vv= B.0dm s
TIME [SECS) 6@. 1
ODIMENSION (M)
=
e -
Figure B-86: Snapshot of Run 3-2 at t=60.2 s
= RUN 3-2: alpho= Zdeq. heto- Sdeg
oy Froot var=@.5. ¥Yh= B 4mig. vu= @ Qdmsis
TIME (SECSY BY.1
O[HMEMEIOM EHI
=
~ e =0
Figure B-87: Snapshot of Run 3-2 att=64.2 s
= RUN 3-2: olpho= Sdeq. bheto- Sdag
o Friot var=@.5, Y= B Umis. vu= @ @dmis
TIME (SECSY Bd. |
O[HMEMEIOM EHI
=
oy 280 5.8

OEC[CE

Figure B-88: Snapshot of Run 3-2 at t=68.2 s
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DECICE SIMULATION OF ICE GOUGING

= RUN 3-2: @lpho=- Sdeq. beto- Tdag
o Frioot var=@3.5. Yh= B 4mss. vw= P, BImis
TIME (SECSY 72|
O[HMENE[OM (H)
=
~ P .0
Figure B-89: Snapshot of Run 3-2 att=72.2 s
= RUN 3-2: olpho- Sdeq. beto- Tdag
) Frogt wgr=@.5. ¥h= B 4mig. vu= B Qdmsig
TIME (SECS) 7B |
OC[MEMEL[OM tH)
=
e w0
Figure B-90: Snapshot of Run 3-2 att=76.2 s
= RUN 3-2: @lpho=- Sdeg. beto- Tdag
o Froot var=@.5. ¥h= B 4mis. vu= P Q@dmris
T[ME (SECSY BA. [
O[HENESIOM (H)
-
o =
e .0
Figure B-91: Snapshot of Run 3-2 at t=80.2 s
= RUN 3-2: olpho= Sdeq. bheto- Sdag
o Friot var=@.5, Y= B Umis. vu= @ @dmis

2.8

TIME [SECTY AU |
O[HMEMEIOM EHI

28,8 £5.8

OEC[CE

Figure B-92:  Snapshot of Run 3-2 att=84.2 s
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DECICE SIMULATION OF ICE GOUGING

12.@

RUN 3-2: glpho= Sdeq. beto= Sdag
Frootar=@.5. Yh= B 4mss. Yu= B Qdmss

TIME (SECSY Ba. [
OIHMEMEION tH)

=

~ e =
Figure B-93: Snapshot of Run 3-2 att=88.2 s

= RUN 3-2: olpho- Sdeq. beto- Tdag

Frogt gr=@.5., ¥h= B 4mig. vu= B Qdmig

TIME [(SECSY 32. [
OIMEME[OM [H)

=
~ e8.p -8
Figure B-94: Snapshot of Run 3-2 att=92.2 s
= RUN 3-3: @lpho=- Sdeg. beto- Tdag
o Froot vaor=@3.8, ¥h= B 4mis. vu= QB Qdmis
TIME [SECSY 2?8.1
OLMENEION tH)
=
~ 28.0 -2
Figure B-95: Snapshot of Run 3-3 att=28.2 s
= RUN 3-3: olpho- Sdeq. beto- Sdeg
T Frioetan=8.0. Y= B Umis. Vu= B Q3mss
TIME [SECSY 3.1
OIMENSION (H)
=
~ 280 -2

Figure B-96: Snapshot of Run 3-3 at t=32.2 s
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DECICE SIMULATION OF ICE GOUGING

= RUN 3-3: @lpho- Sdeq. beto- Tdag
o Frioetvar=@.0. ¥Yh= B 4mss. vwu= B, QImis
TI[ME [SECSY J&. |
O[HMENE[OM (H)
=
~ e .0
Figure B-97:  Snapshot of Run 3-3 at t=36.2 s
= RUN 3-3: @lpho- Sdeq. beto- Tdag
o Frioetvar=@.0. ¥Yh= B 4mss. vu= B, BImis
T[ME [SECSY 4@. |
OC[MEMEL[OM tH)
=
~ ene 2.0
Figure B-98: Snapshot of Run 3-3 att=40.2 s
= RUN 3-3: elpho= Sdeqg. beto- Sdag
o Froot var=@.8, ¥h= B 4mis. vu= QB Qdmis
TIME [SECSY 4u_|
OC[MEMEL[OM tH)
=
~ ene 2.0
Figure B-99: Snapshot of Run 3-3 att=44.2 s
= RUN 2.3: glpho= Sdeq. befo= Sdag
) Frootan=@.H. Yh= B 4mss. Yu= B Qdmss
TIME (SECSY ug. |
O[HENSION tH)
[=]
oo 28,0 5.8

OECICE

Figure B-100: Snapshot of Run 3-3 att=48.2 s
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DECICE SIMULATION OF ICE GOUGING

= RUN 2-3: elpho= Sdeq. beto= Tdag
L} Frogt gr=@.0, ¥h= B 4mig. vu= QB Qdmig
TIME (SECSY 52.1
O[HEMNE[OM [H)
=
~ e e
Figure B-101: Snapshot of Run 3-3 att=52.2 s
= RUN 3-3: elpho= Zdeq. heto- Sdag
oy Friot var=@.0. ¥h= B 4mig. vu= @ @dmsis
TIME (SECSY 5G. 1
O[HMEMEIOM EHI
=
~ e -
Figure B-102: Snapshot of Run 3-3 att=56.2 s
= RUN 2-3: olpho- Sdeq. beto- Tdag
2} Frioetvar=@.0. ¥Yh= B 4mss. vwu= B, QImis
TIME (SECSY BA. 1
O[HMEMWE[OM [H)
=
~ e -
Figure B-103: Snapshot of Run 3-3 at t=60.2 s
= RUN 3-3: olpho= Sdeqg. bheto- Sdag
o Froot var=@.0, ¥h= B Umis. Vu= @ Qdmis
TIME (SECSY BY4. |
O[HMEMEIOM EHI
=
oy 280 5.8

OEC[CE

Figure B-104: Snapshot of Run 3-3 att=64.2 s
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DECICE SIMULATION OF ICE GOUGING

= RUN 3-3: e@lpho- Sdeq. beto- Sdag
) Frootan=@,0. Yh= B 4mss. Yu= B, Qdms/s
T[ME (SECSY EB. [
O[HENSION (H)
=
~ D -8
Figure B-105: Snapshot of Run 3-3 att=68.2 s
= RUN 3-3: @lpho- Sdeg. beto- Tdag
2} Frioetvar=@.0. ¥Yh= B 4mss. vu= B, BImis
TIME (SECSY 72|
O[HENSIOM tH)
5
=
~ e “.0
Figure B-106: Snapshot of Run 3-3 att=72.2 s
= RUN 3-3: @lpho- Sdeg. beto- Tdag
2 Frioetvar=@.0. ¥Yh= B 4mss. vw= B, BImis
TIME [SECSY FB. 1
O[HMENE[OM (H)
=
e w0
Figure B-107: Snapshot of Run 3-3 att=76.2 s
= RUN 3-3: elpho= Sdeq. heto- Sdeg
2 Frigot ar=@.8, ¥h= B 4mis. vw= @, Bdmris

TIME (SECST B@. [
O[MEMEIOMN tH)

2.0

28,8 £5.8

OEC[CE

Figure B-108: Snapshot of Run 3-3 att=80.2 s
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DECICE SIMULATION OF ICE GOUGING

2.8

AUN 3-3: elpho= Zdeq. beto=- Sdag
Froot var=0.8, ¥h= B 4mis. vu= @ @dm s

TIME [SECTY AU |
O[HMEMEIOM EHI

=

~ e “.0
Figure B-109: Snapshot of Run 3-3 att=84.2 s

= RUN 3-3: @lpho- Sdeg. beto- Tdag

2} Frioetvar=@.0. ¥Yh= B 4mss. vu= B, BImis

TIME [SECSY Ba. |
OIHEMSION tH)

=

AR “-8
Figure B-110: Snapshot of Run 3-3 att=88.2 s

= AUN 3-3: elpho= Zdeq. beto=- Sdag

3] Friot var=@.0., ¥h= B Umis. vu= @ Qdmig

TIME [SECTY 32 |
O[HMEMEIOM EHI

=
oy -20.0 [QECICE | <5.0
Figure B-111: Snapshot of Run 3-3 att=92.2 s

= AUN 3-4: glpho= 18dag, beto= |Bde

2} Friotvan@.0. ¥Yh= B.0mis. vu= B, B7mig
TIME [SECSY 25.1
OCHEMEION tH)

(o=

o -28.8 25.8

OEC[CE

Figure B-112: Snapshot of Run 3-4 at t=28.2 s
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DECICE SIMULATION OF ICE GOUGING

= RUN 3-4: glphg= ]8dag, befoe= LBde
2 Frietvan@.H. Yh= B.0mis. vu= B, B7mig
T[ME [5ECSY 3@. 1
OCHENE[ON tH)
=
~ 28D .
Figure B-113: Snapshot of Run 3-4 at t=30.2 s
= RUN 3-4: glphg= ]@daﬁ. bete= LBde
2 Frietvan@.H. Yh= B.0mis. vu= B, B7mig
TIME [5ECSY 32.1
OCHENS[ON tH)
=
~ 28D .0
Figure B-114: Snapshot of Run 3-4 att=32.2 s
= RUN Z-%: @lpho= ]dE-E. beto= |fde
L Frietan-@, 8, ¥Yh= B.0mis. Vu= B, B7mrs
TIME (SECTY 4.1
OIMENSION tH)
=
~ 280 -2
Figure B-115: Snapshot of Run 3-4 att=34.2 s
= RUN 2-%: @lpho= ]GdaE. beto= lEldea
o Friotan@.8, ¥h= B.0mis. vu= B, B7mriE
T[ME [5ECSY 6. |
OCHENE[ON tH)
(=]
o -28.0 29.8

OEC[CE

Figure B-116: Snapshot of Run 3-4 att=36.2 s
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DECICE SIMULATION OF ICE GOUGING

= AUN 3-4: glphg= ]@deg, betg= lBde
L Froctan-8.H. ¥Yh= B.0mis. Yu= B, Q7msE
TIME (SECSY 35-1
O[HEMEION tH)
=
~ 280 &
Figure B-117: Snapshot of Run 3-4 at t=38.2 s
= RUN 2-%: glpho= 1@deg, beto= |Bde
el Frigtan-8.8. ¥h= E.Emfg. Y= ﬂ.ﬂgmfs
TIME (SECSY 4@. |
O[HEMELON tH)
=
~ 280 -2
Figure B-118: Snapshot of Run 3-4 at t=40.2 s
= FUN 2-%: @lpho= ]Gda-ﬁ. beto= 1%95
L Froctan-8.H. ¥Yh= B.0mis. Yu= B, Q7msE
TIME (SECSY u2.1
O[HEMELON tH)
(=1
~ 28,8 2.0
Figure B-119: Snapshot of Run 3-4 att=42.2 s
= RUN 2-%: @lpho= ]GdaE. beto= lEldea
o Friotan@.8, ¥h= B.0mis. vu= B, B7mriE
TIME [SECSY uZ. |
O[HEMEION tH)
(=]
o -28.0 29.8

OEC[CE

Figure B-120: Snapshot of Run 3-4 att=44.2 s
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DECICE SIMULATION OF ICE GOUGING

= AUN 3-4: glphg= ]@deg, betg= lBde
L Froctan-8.H. ¥Yh= B.0mis. Yu= B, Q7msE
TIME [5ECSY YB. |
OIMENSION tH)
=
~ 280 &
Figure B-121: Snapshot of Run 3-4 att=46.2 s
= RUN 3-4: glphg= ]@daﬁ. bete= LBde
o Frictvan@.H. Yh= B.0mis. vu= B, B7miE
TIME [SECSY ug. |
OCHENS[ON tH)
=
~ 28D .0
Figure B-122: Snapshot of Run 3-4 att=48.2 s
= RUN 2-%: @lpho= 18dag, befo= LBde
o Froot van-@.8. Wh= B.Em—"g. W= EI.EI?M:’E
=] T[ME (5SECS 5. |
- OCHENS[ON tH)
=
~ 28D .0
Figure B-123: Snapshot of Run 3-4 at t=50.2 s
= RUN Z-%: @lpho= ]dEE. beto= |fde
2} Frietvan @, Yh= B.0mis. vu= B, B7miE
= TIME (5SECS 52.
- = OCHEMS[ON £H)
(o=
o 288 25.8

OEC [CE

Figure B-124: Snapshot of Run 3-4 att=52.2 s
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DECICE SIMULATION OF ICE GOUGING

= Eum I EI b= ]SEE. berg- 1%:15
Cu rioton @8 Yh= B Fmis. Ww= B, B7miE
- = =1 T[ME [5ECS: 5U.|
T T ey — - OCHENS[ON £H)
(=]
~ 28D .0
Figure B-125: Snapshot of Run 3-4 att=54.2 s
= Eum Iou: El b= ]@EEE. berg- lgds
e rootan-@.8. YVh= s, = . mes
. = TIME (SECSY 561
o OCHENS[ON tH)
(=]
~ 28D .0
Figure B-126: Snapshot of Run 3-4 at t=56.2 s
= Eum I EI b= JEEE. berg- l%lds
o rictan-d. B0 Yh= B.mds. We= B Bmfs
T[ME [SECSY 5&. |
OCHENSION tH)
4
(o=
~ e8.p -8
Figure B-127: Snapshot of Run 3-4 at t=58.2 s
= EUN Iy EI b= JGSEE. berg- 1%:155
od et ‘A.8, ¥Yh= B.0mis. = B, ¥
- e —= : — T[ME [5ECSY BA. |
g OCHENE[ON tH)
(=]
oo 28,0 25.8

OEC[CE

Figure B-128: Snapshot of Run 3-4 at t=60.2 s
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= FUN 2-%: glpho= 1@deg, beto= |Bde
L Frietan-@.8, Y¥h= ﬂ.ﬁmn"s. Yym El.ﬂgm.r's
TIME (SECSY B2.1
1 DIMENSION tH)
=
~ 280 -2
Figure B-129: Snapshot of Run 3-4 at t=62.2 s
= AUN 3-%: @lpho= ]@daﬁ. bete= |fde
2} Frietvan @, Yh= B.0mis. vu= B, B7miE

p . : TIME (SECSY BU. |
- . P PR = [ [MENS [ON EH]

-]

(o=
~ 280 2.0
Figure B-130: Snapshot of Run 3-4 att=64.2 s
= RUN Z-%: @lpho= ]dE-E. beto= |fde
) Froctan-@8,0. ¥Yh= B.0bmis. Yu= B, Q7mrE
L TIME [SECSY BE. |
OIMENSION tH)
a
o
q - *
- -k
(=1
~ -28.0 2.0
Figure B-131: Snapshot of Run 3-4 at t=66.2 s
= AUN 3-%: olpho= ]Gda-ﬁ. peto= |Bde
) Froctan-8.H. ¥Yh= B.0mis. Yu= B, Q7msE
“ o, TIME [SECSY B&. |

2.8

TR ——ar] [ [MENSION (H)

2. @

OECICE

Figure B-132: Snapshot of Run 3-4 at t=68.2 s
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= AUN 3-4: glphg= ]@deg, betg= lBde
o Froctan-8.H. Yh= B.0bmis. Yu= B, Q7mss
— = TIME ([SECS! 7@. 1
= - - O[HEMEION tH)
a o
P
a
- »
= L]
=
~ 2P @0
Figure B-133: Snapshot of Run 3-4 at t=70.2 s
= RUN 3-5: glpho= ldeg. befo- ldag
L) Frigtigrn=8.0. Yh= @ 4mis. Yu= B QAE7mss
TIME (SECS! 28. 1
O[HEMEION tH)
=
~ 280 .
Figure B-134: Snapshot of Run 3-5at t=28.2 s
= RUN 3-3: elpho=- ldeg. beto- ldag
o Froot var=@.0, ¥h= B 4mis. vu= Q007 mss
- TIME (SECSY 32. [
O[HENSION tH)
=
~ 28.0 -2
Figure B-135: Snapshot of Run 3-5 att=32.2 s
= RUN 3-5: glpho- ldeg. beto- ldeg
o Friatiorn=@.8, ¥Vh= B.0m/s. Vw= B BB7w'/s
o TIME [SECS) 36. ]
DIMENSION (H)
=
o -28.8 25.0

DECICE

Figure B-136: Snapshot of Run 3-5at t=36.2 s
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= RUN 3-3: @lpho- ldeg. beto- ldag
o Frigt var=@.0. ¥Yh= B 4mis. vw= P OE7mis
. TIME [SECSY 4@. |
OIHEME[ON £H)
=
~ e -8
Figure B-137: Snapshot of Run 3-5at t=40.2 s
= RUN 3-3: @lpho- ldeg. beto- ldag
o Friot var=8.0. ¥Yh= B 4mis. vw= B Q07mis
T[ME (SECSH uh_|
OLHEME [ON £H)
=
~ e =8
Figure B-138: Snapshot of Run 3-5att=44.2s
= RUN 3-5: olpho= ldeg. befo- ldag
o Froot var=@.0, ¥h= B 4mis. vu= Q007 mss
TIME [SECS) 4g. |
OLHEME [ON £H)
=
~ e =8
Figure B-139: Snapshot of Run 3-5att=48.2 s
= RUN 2.5: glpho= ldeq. beto= ldag
) Frootar=8.H. Yh= B 4mds. Vu= B A0 mss
TIME [SECS) 52.1
OIMEMS[ON CH)
=
o; 28,8 25.@

OECICE

Figure B-140: Snapshot of Run 3-5att=52.2 s
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= RUN 3-5: glpho- ldeg. beto- ldag
o Frootar=@,0. Yh= B 4mds. Vu= B AR mss
T[ME (SECSY 5. |
OIHENE[ON ¢H)
=
~ e -8
Figure B-141: Snapshot of Run 3-5 at t=56.2 s
= RUN 3-3: glpho- ldeg. beto- ldag
o Frootvar=@.H. ¥h= B 4mss. VYu= B R Fmis
T[ME [SECS! B@- |
DIMEMS[ON (H)
=]
~ e -2
Figure B-142: Snapshot of Run 3-5 at t=60.2 s
= RUN 3-5: elpho- ldeq. beto- ldag
) Froctan=@.0. ¥Yh= B 4mss. Vu= P AR mss
T[ME [SECSY BH.|
OIMENELON (H)
=
v ae =8
Figure B-143: Snapshot of Run 3-5 att=64.2 s
= RUN 3-5: olpho= ldeg. heto- ldag
o Froot var=@. 0, ¥R= @ Umss. Yu= @ QEFmss
T[ME [SECS) BS. |
OIHENSION tH)
=]
~ e -8

Figure B-144: Snapshot of Run 3-5 at t=68.2 s

B-41
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= RUN 2-3: @lpho= ldeg. beto= ldag
L} Frigt gr=@.0, ¥h= B 4mic. vu= QB Q07mis
TIME [SECS) 72.1
OIHEME[ON £H)
=
v e “.e
Figure B-145: Snapshot of Run 3-5att=72.2s
= RUN 3-5: alpho= ldeg. heto- ldag
o Froet van=@.H, %= B 4mss. Ve= B RAEFmis
TIME [SECS) 7E. 1|
o - e —— = O[HEMELON (H)
=
~ 280 -
Figure B-146: Snapshot of Run 3-5att=76.2 s
= RUN 2-3: glpho- ldeg. beto- ldag
oy Friot var=@.0., ¥h= B 4mic. vu= @, Q07mis
TIME (SECSY BA. L
DIMEME[ON (H)
=
v e “.e
Figure B-147: Snapshot of Run 3-5 at t=80.2 s
= RUN 3-5: glpho- ldeg. beto- ldag
T Frioetiar=8.0. Y= B Umis. Ve= B QEFmss
e TIME (SECSY BY. [
O [HEME[ON ¢H)
[=]
oy -28.0 5.8

OECICE

Figure B-148: Snapshot of Run 3-5att=84.2 s
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DECICE SIMULATION OF ICE GOUGING

12.@

2.0

RUN 3-3: @lpho= ldeg. bheto- lda

Frogt var=@.0. %A= B 4mss. Wu= ﬂ?ﬂﬂ?mfg

TIME [3ECTY Ba. [

O[MEMEIOMN tH)

28,8

OEC[CE

Figure B-149: Snapshot of Run 3-5att=88.2 s
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