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Abstract

This experimental research addresses the dynamic ice-structure interaction of marine structures.
The main objective was to obtain data on the phenomenon known as steady-state vibration of
vertical offshore structures. Such data is needed while researchers develop numerical and simplified
models of the vibration. A further objective was to find data on ice-induced vibrations of conical
structures. A common belief has been that ice cannot create significant vibrations on conical
offshore structures. Recent full-scale data has shown that this assumption is not correct. Hence, the
present project aimed at obtaining laboratory data on this kind of vibrations. The third aim of the
project was to demonstrate that additional structural damping can be used to mitigate the dynamic

response caused by ice actions.

Tests were done at the ice basin of the ARCTECLAB using the carriage of the ice basin. An
experimental structure was installed on the carriage and penetration tests were done on three sheets
of columnar-grained ice. The dynamic properties of the structure were modified during the test
series. Two different indentors were used, a vertical cylinder and a cone. This test report provides
detailed descriptions of the test set up and the test programme. The main results are also shown in
terms of the measured time signals. The report serves as a background document for more detailed

analysis and subsequent exploration of the data.



Preface

This experimental research was conducted jointly by the VTT Technical Research
Centre of Finland, Hamburgische Shiffbauversuchsanstalt, Dalian University of Tech-
nology and Helsinki University of Technology. The need for new tests was identified
while these institutes were working together in the EU funded research project "NEST —
Networking Studies on Ice and Compliant Structures" (Contract No ICA5-CT-2001-
50002). The tests serve also the needs for new laboratory data as identified in the
research project "ARKI — Arktiset Merirakenteet (Arctic Offshore Structures)" spon-
sored by the Finnish Technology Agency (Dno 40857/99).

The research team would like to thank the Hamburg Ship Model Basin (HSVA),
especially the ice thank crew, for the hospitality, technical support and professional
execution of the test programme in the ARCTECLAB. The research activities carried
out at the Major Research Infrastructure ARCTECLAB were financially supported by
the Human Potential and Mobility Programme from the European Union through
contract HPRI-CT-1999-00035.



Contents

AADSITACT e et e e e et e e e e e e e e e e e e e e e e e e e e e e aaeeee e e et ——aaaaaeeereaa————— 3
PrOIACE et —————a e e e et ———————ervenan——— 4
L. I EEOUCTION e 7
1.1  Physical problems invoIVed...........cocceiiiiiiiiiiiiiiieee e 7

1.2 ODJECHIVES cuvteviieiiieiiie et eciee ettt et et e ebeesteeebeeteesabeenseessseessaessseenseensseensaensseenns 8

2. EXPErimental SETUP.......ccoieriieiieiieeiie sttt ettt et e sae e esnbeetaesnbeeseeenseenees 9
2.1 MOAEL DASIIL et e e e e e e e e e e e e e e e e e e e eeaaaaaaaeeeenaaes 9
2.2 TESE SITUCKULE ettt e e e e e ettt reeeee e e e e eaeea e aeeeeeeeeeeanaaaaseeaaens 10
2.2.1 Basic properties of the Structure...........ccceeverevieerieeciienieeieerie e 11

2.2.2  SErUCTUTAL VATIAIILS oottt e e e e e e e e eeeae e e e e e eeeeesaaeeaaaaees 14

2.2.3  Numerical modal analysis.........ccccceervuieriieriiienieniieiie e 17

228 TNAENEOTS ..ot nnmnnna 19

2.3 Measuring qUIPIMIENT .......eeruteiierieeiiesiieeieeeiteeieeseeeebeesateenbeeseeeebeesaseenneesnnes 22
2.3.1  FOICE MEASUIEIMENTS .....eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeeeeeeanaaeseeeeee 22

2.3.2  Displacement MEaSUr€MENtS..........cecueerieerieeriieeriieeieeneeeieesneesseenaneans 22

2.3.3 A CCELETATIONS ..ottt e e e e e e e e e e e ae e e e e e e aeeaaaaaaaaaees 23

2.3.4  (Carriage MeEASUTCIMENLS ......ccuveeriieeriieerieeenieeenreeeereeesreeesseeesseesnnnes 25

2.3.5  Data aCqUISITION....ccuuiiitiieiieiieeieeiee et erite et siee e esteeebeesseeebeessaeenneans 26

2.4 VISUAL ODSEIVALIONS «..eeeeeeeiieee e et e e e e e e e e e e e e e e e aaeaeeeeeeeeaeraaaeaeeas 26
2.5 Calibration METROAS ...coooeviieieiiieeeeeeeeeeeeeeeeeeeeeeeee et eeeeeeeeeeeeeeaeeeaeaeee 27
2.5.1 Force calibration before insStallation...............eeeeeeeeeeeeeeeeeieeeeennns 29

2.5.2 Calibration tests on Structural VariantS............eeeeeeeeemeeeeeeeeeeeeiseeeeeeeeens 30

B O ettt ——————————ae ettt —————————————————— 32
4. TSt PIOGTAIIIINIC ...eueveeeiiieeiiieeiteeeiteeeteeesteeesateeesateeeateesssaeesnbeeessseeesnseeennseesnseesnneeas 33
S TESE TESUILS e et e e e e e e e e e e e e e e e e e e e e eee e aaaaeeeeeeeeaeaaaaaaaans 36
0. SUIMIMATY ...eeiiiiieeiiie ettt ettt et e et e e e bt eesteeesaaeeeesseeessseesssseeesseeensseessseesnnneenns 43
ACKNOWIEAZEIMENLS ......viiniiieiiieiieeit ettt ettt et e st e et e s abeenbeessaeenseens 43
RETETEIICES ..o et e e e e e e e e e e e e e e e e e e eaaaaeeeeeeeaeeas 43

Appendix A. Compressive strength of the ice sheets
Appendix B. Bending strength of the ice sheets

Appendix C. Time histories of representative indentation tests






1. Introduction

Ice-induced vibrations of compliant marine structures have been studied on several
occasions since Peyton (1966) published his experimental results. Phenomenological
and numerical models are available to analyze this phenomenon. However, details of the
ice-structure interaction process that lead to this phenomenon are not properly
understood. Ice-induced vibrations may occur on several kinds of structures. These
include offshore structures for hydrocarbon production and aids of navigation.
Designers will face the same problem in future while constructing offshore wind power
generators for the ice-covered areas of the Baltic Sea. Therefore, there is now an urgent
need to understand the physical phenomena involved in ice-induced vibrations.

1.1 Physical problems involved

Ice-induced vibrations that occur on vertical structures have been characterized in the
past using either the concepts of resonant vibration or self-induced vibration. The latter
is known also as a lock-in phenomenon. Installing a cone at the ice level is one of the
methods to reduce the quasi-static global ice force and the ice induced vibrations.
However, recent full-scale data from the Bohai Bay (Yue and Bi, 2000) shows that
vibrations on conical structures can be excessive. It is anticipated that a similar situation
may arise on offshore wind power generators.

The ice-induced vibrations have traditionally been described using macroscale or
phenomenological theories. More recently, researchers are trying to understand the
basic reasons for these vibrations. Hence microscale aspects of the ice-structure
interaction are considered. Several concepts have been tried or proposed in attempts to
understand the self-induced vibrations. These include the macroscale phenomena

¢ the strain rate dependence of the uniaxial compressive strength (drop at the ice
strength at a critical strain rate)

¢ transition from nonsimultaneous failure to simultaneous failure
¢ two variants of the concept known as the ice failure depth

and also microscale phenomena such as

¢ horizontal splits as a mechanism that creates the change from nonsimultaneous to
simultaneous failure

¢ wing-crack mechanism in ice crushing
¢ pressure melting under a high pressure

¢ velocity dependence of the kinetic friction.



Full scale observations indicate that transition from nonsimultaneous to simultaneous
failure is a prerequisite for self-induced vibration. However, the basic reason for such a
transition is not properly understood. It should also be noticed that the famous event on
the Moligpak structure in 1986 exhibited simultaneous ice failure with large global
loads and dynamic response. However, the response was not self-induced vibration.

Previous work suggest that the following macroscale parameters influence the arise of
self-induced vibration:

¢ ice velocity

¢ peak force

¢ structural damping

¢ modal amplitude at the ice level

¢ aspect ratio and the ice thickness.

In addition, several microscale features related to ice behaviour influence the interaction
process. In the test condition we can influence:

¢ ice temperature

¢ ice quality.

1.2 Objectives

The aim of this work is to improve the understanding of the physical phenomena
involved in ice induced vibrations. Therefore, tests were carried out as physical tests
that support the development of theoretical modelling. While planning these tests, the
following desirable features of the test set-up were identified:

¢ Freshwater ice or other kind of natural ice should be used to provide natural
brittleness.

¢ Simple indentors should be used.

¢ Attempts should be made to measure or observe relevant physical phenomena.



2. Experimental setup
2.1 Model basin

The testes were made at a Large Scale Facility of EU, known as ARCTECLAB, which
is operated by the Hamburg Ship Model Basin (Hamburgische Schiftbauversuchs-
anstalt, HSVA). This institute has been operating ice research facilities for more than 25
years. The main facility is the 78 m long, 10 m wide and 2.5 m deep ice model tank (see
Figure 1). An air forced cooling system generates air temperatures as low as —20 C.
A motor-driven carriage runs at velocity that can be varied between 3 mm/s and 3 m/s,
and provides a towing force up 50 kN. Service carriages above water as well as
underwater are available to carry experimental equipment, measuring devices e.g. a
variety of load cells, dynamometers, accelerometers, and video cameras.

Figure 1. HSVA's 78 m long, 10 m wide and 2.5 m deep ice basin.



2.2 Test structure

A simple structure was built for ice-structure interaction tests. The objectives in the test
structure design were the following:

- The tests structure should incorporate two eigenmodes. The first eigenfrequ-
ency f, should be in the range from 2 Hz to 6 Hz and the second frequency f,
from 10 Hz to 15 Hz.

- The stiffness of the structure, at the ice-level stiffness should be adjustable,
the initial target value is k=~ 1.0 kN/mm

- Load bearing capacity of the structure must be at least 60 kN (static force on
ice-level)

- Ice-level indentors must be easily interchangeable.

The sketch of the structure, which meets the requirements presented above, is shown in
Figures 2 and 3. The structure was cross-type, welded steel structure. Columns and
torsion beam were fabricated from rectangular hollow sections. The vertical column was
connected to the horizontal torsion beam. The torsion beam-ends were connected to the
HSVA's carriage columns. The stiffness of the torsion beam connection was adjustable.

-
Carriage Carriage
Column A Column B

—
Adjustable TN
distance H
NN
: | | | Direction of
Adjustable 7 |——— ||| Carriage movement
K
. . -\
Cylindrical J | 1ce level
Indentor ﬁ

Figure 2. Sketch of the test structure and it's connection to the HSVA's Carriage.
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The carriage moved along the rails located on the ice basin sides with a pre-defined
velocity (Figure 3).

Column A

Carriage -

Torsion

-z _:a.'_'_ .. =
e [ o ":,-.-

Figure 3. Test structure and the carriage.

2.2.1 Basic properties of the structure

The detailed drawings of the test structure are shown in Figures 4 and 5. It was possible
to vary the two weights of the upper column (74 kg and 105 kg in Figure 4) to adjust the
first two eigenfrequences. The lowermost weight of 90 kg was constant and it was
located inside the lower column (RHS 200x100x8).

The rotational stiffness of the torsion-beam connection was varied by using different

types of rubber springs between the structure and the carriage (Figs 6 and 7). Rubber
and steel pads were used in the tests.
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Ice-level stiffness was adjustable by changing the distance of structure (H) and the
position of the indentor (%) as shown in Figure 2. The stiffness was experimentally
verified before each test.

215
300 H \—{ m = 105 kg
350 | |
/—{ m =74 kg
s 2
SIng i =
100x80x4 |——
N
180x180x8
(e}
< g B o B s
v | ! v —
s
<
200x100x8 |—
N
(=}
m=90kg|—— ,% I S
= & =
N Loading
© direction
(=3
(=)
(o)
—>
2000 c-C

Figure 4. Front and side view of the structure.
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Figure 5. Top view of the structure.

Steel plates
t=20 mm
a
FORCE = Rubber plates,
N t=16..26
DIRECTION % j mm
] 160
40x40x170
200 steel bar. Takes the
ggg shear forces
S 2
¢ o
7 &
- 80
017 |

Figure 6. Torsion beam end details.
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Figure 7. Structure connection to the HSVA's carriage. Klaus Niederhausen (right)
tightening connection bolts between upper and lower columns.

2.2.2 Structural variants

The structure was modified before each test to achieve desired stiffness and dynamical
properties. Before actual tests, stiffness and eigenfrequences were experimentally
determined by calibration tests.

Ice-level stiffness modification was based on the rotational stiffness of the torsion beam
and vertical location of the structure (distance H and /4 in Figure 2). Rotational stiffness
of the torsional beam was modified by using rubber springs between the beam end and
the carriage as show in Figures 6 and 7. The rubber material was a mixture of natural
rubber (NR) and Styrene-Butadiene (SBR). The indentation hardness of the rubber was
60. Steel plates of 3 mm thickness were glued on the top and the bottom sides of the
rubber plate to ensure designed behaviour of the rubber springs. The dimensions of the
spring are shown in Figure 8. The stiffness and damping properties of the spring were
measured (see Sect. 2.5). Steel pads were used instead of rubber springs when structure
stiffness was set to maximum.

14
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Figure 8. Rubber spring dimensions.

Table 1. Description of the structural variants. Parameter h shown in Figure 2.

Variant | /4 (m) Description

SV1 1.60 | The basic structure (Figs 4-9). Rubber springs active, No tension
bars.

Sv2 1.60 | The same as SV1 but tension bars active in the loading direction.

SV3 1.60 | Rubber springs were made inactive using steel pads as shown in
Figure 7. No tension bars.

SV5 1.60 | Rubber springs not active. All tension bars active. The upper part
of the structure had an additional tie to increase the structural
stiffness in the loading direction. The tie is shown in Figure 10.

SVe6 1.60 | The same as SV5 but the vertical tie is removed. (NOTE: A weld
in the end of the torsional beam was damaged during a test).

SV6B 1.60 | The same as SV6 after re-welding the damaged connection.

SvV7 1.05 | The variant SV6B was changed by installing three additional
weights 4 15 kg on top of the structure. The rubber springs were
activated.

SV8 1.05 | The same as SV7, but the torsion beam was welded directly to the

consoles of the carriage columns (no rubber springs).

15




Two kinds of tension bars were used in the tests. The bars shown in Figure 10 (right)
were used to stiffen up the upper column in the loading direction and to rise the value of
second eigenmode. The tension bars shown in Figure 10 (left) were used to prevent
sideward vibration of the upper column. An additional vertical tie (Figure 10 (left)) was
used in some tests (SV5) to increase the structure's stiffness in the loading direction.
Table 1 shows the notations and descriptions for different structural variants that were
used.

A friction damper was used in some of the tests. The damper was located on the top of
the structure as shown in Figure 9. Damping forces were experimentally measured by
HBM U9B load cell. Two spring loaded screws were used to adjust the damping force.

PRiction damper adjustment screws

Figure 9. Friction damper on the top of the structure.

16



Figure 10. Upper column of the structure with all the tension bars and the vertical tie
(left). Upper column tension bars under construction (right).

2.2.3 Numerical modal analysis

The structural stiffness, eigenfrequences and eigenmodes were numerically determined
before manufacturing the structure. ABAQUS 6.2-1 and EMRC NISA II Finite element
programs were used in the analysis. The structure was modelled using both shell and
beam elements. According to the numerical analyses the beam model results were as
reliable as the results given by the shell model. Figure 11 shows the 2nd eigenmode of a
structural alternative when shell elements were used in the modelling.

The first 4 eigenmodes are shown in Figure 12 and the eigenfrequences in Table 2.
Deflections in modes 1 and 3 were in sideward direction while modes 2 and 4 were

17



vibrating in loading direction. The rubber spring stiffness was assumed to be 10" N/m,
elastic modulus for the steel structure was set to 210 GPa and Poisson's ratio was 0,3.
Static stiffness was found to be 1.05 kN/mm, when a concentrated force was acting on

the lower end of the column (Fig. 13).

Viewport: 1 ODB: d-abaajeSVAjousillab3k odb

Figure 11. Second eigenmode for

one of the structure alternative.
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Figure 12. The first 4 Eigenmodes for the test structure.
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Figure 13. Column deflection in static loadig.

Table 2. Eigenfrequences (FEM).

Mode Frequency, Hz Remark
1 5,81 Sideward direction, tension bar inactive
2 5,98 Loading direction, tension bar active
3 18,0 Sideward direction, tension bar inactive
4 36,8 Loading direction, tension bar active

2.2.4 Indentors

Three different types of indentors were prepared for the tests; cylindrical, conical and
inclined cylindrical (Figs 14 and 15). All indentors were made of steel. Indentors were
fixed to the column by M10 bolts so that the position of an indentor was adjustable (% in
Figure 2). Detailed indentor drawings are shown in Figures 16—18. The diameter of
cylindrical indentor was 114 m. The angle of inclination was 30 degrees for the conical
indentor.

19



Figure 15. Inclined cylindrical indentor.
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Figure 16. Cylindrical indentor drawing.
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Figure 17. Conical indentor drawing.
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Figure 18. Inclined cylindrical indentor drawing.
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2.3 Measuring equipment

Direct measurement of the ice force not feasible because the indentor had to be moved
while changing the length parameter 4. Therefore, ice force measurements were done
indirectly. Bending, torsion and shear strains were measured for stress calculation.
Accelerations and displacements were measured for displacement and dynamical state
calculations. Damping forces were measured, when the friction damper was active. The
measurement set-up is shown in Figures 19 and 20.

2.3.1 Force measurements

The damping force was measured using a "HBM U9B" load cell when the damper was
active. Ice forces were measured indirectly by strain gauges (Fig. 18). Load measure-
ment included the use of up to four electrical resistance strain gauge full bridges. These
were arranged to measure the applied load through beam bending, shear and torsion.
Each of the strain gauge measuring channels contained a full Wheatstone bridge with all
the four bridge element being formed by active strain gauges attached on the specimen.

Strain gauges were Kyowan type. The bending gauges were composed of 4 single
uniaxial gauges while torsion and shear gauge groups composed of two element
rectangular rosette gauges. The k-values were 2,1 for single gauges and 2,14 for two
element rectangular rosette gauges.

Calibration tests were done before each test series.

2.3.2 Displacement measurements

Displacements were measured using two Laser Distance Sensors (Micro Epsilon Type
LD 1605-100). The sensors were installed to measure deflection of the lower column.
The actual distance between the sensors was 500 mm. The set-up is shown in Figures 19
and 22. The distance D in Figure 20 was proportional to the vertical position of the test
structure. The height positions zp; and zp, of the displacement sensors are shown
subsequently in Table 5.

22
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Figure 19. Force and strain measurement set-up.

2.3.3 Accelerations

Accelerations were measured using 4 HBM B12/500 sensors. The locations of the
accelerometers are indicated in Figures 20, 21 and 22. Accelerometers 1 and 2 were
installed into the lower column (Fig. 22). The exact height positions z,; and z,, of these
two sensors are shown subsequently in Table 5.

Accelerometers 3 and 4 were installed below the two masses of the upper column. The
accelerometer 1 was on the opposite side of the lower column during modal tests. In
some of the tests also carriage accelerations were measured using sensors nearby torsion
beam ends as shown in Figure 23. Accelerations were measured only into the direction
parallel with loading direction, except in calibration tests where accelerometer 1 was
rotated 90 degrees to measure sideway vibration also.
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Figure 20. Displacement and acceleration measurement set-up.

Accelerometer no 4 Jv '

Figure 21. The 3rd and 4th accelerometers.

24




|
Displacement sensor 2
1
Video camera

Accelerometer no 1

.

Figure 22. The Ist and 2nd accelerometers, displacement sensors and video camera.

2.3.4 Carriage measurements

Test carriage position and speed were measured during each test using the permanent
facilities of the carriage.
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Figure 23. Carriage column acceleration measurement sensor, located at the torsion
beam ends.

2.3.5 Data acquisition

The data was collected using a Spider 8 PC measurement system. Each unit of this
system consists of eight carrier amplifiers. In maximum, eight units can be cascaded to a
maximum of 64 channels. The carrier frequency is 4.8 kHz. The sampling frequency
range is from 1 Hz to 9600 Hz. Digital filters are build in. Data was transferred via a
parallel interface to the connected PC.

In the tests at moderate or high carriage velocities (v>0.08 m/s), the sampling frequency
was set to 1200 Hz and the low-pass filter at 150 Hz. When the carriage velocity was
lower the sampling frequency was either 600 Hz or 300 Hz while the low-pass filter was
set correspondingly at 75 Hz or 40 Hz.

2.4 Visual observations

All the test runs were recorded using video cameras and digital cameras. One
conventional VHS camera was attached to the carriage beam above the indentor so that
the indentor behaviour and ice failure could be recorded (see Fig. 22). Freehand digital
video and still cameras were used also.

Compressed air was used to blow crushed ice away in front of the indentor as shown in
Figure 24.
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Figure 24. Test set-up for blowing cruched ice away.

2.5 Calibration methods

Calibration tests were done before each test series. The main aim of the force calibration
tests was to find calibration factors for bending, shear and torsion force measurement
channels. Also, dynamic calibration tests were performed before each test series using
hammer blow excitation. These tests were done to measure the eigenfrequences and the
structural damping of the tests structure.

Force calibration tests were performed using hydraulic jack for pulling the lower
column end. The test set-up is shown in Figure 25. The calibration force was measured
using a load cell between the steel frame and a rope as shown in Figure 25. Loads up to
30 kN were applied in this kind of calibration.

In dynamic calibration tests the structure was exited by a hammer blow. The excitation
points are shown in Figure 20. All structural variants were exited by hammer blow into
the lower column end (point 1). Some of the structural variants were also exited via
points 2 and 3 where the test structure was fixed to the carriage. At the point 1, the
structure was exited both in the main direction of ice loading and in the transverse
direction. These directions are indicated in Figure 20 as a and b respectively. When the
excitation was done in the transverse direction b, the accelerometer No 1 was rotated 90
degrees to measure accelerations in the transverse direction.
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Figure 26. Hammer blow excitation in direction "a" by Bi Xiangjun.
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The first calibration tests were done by VTT in Finland before the test structure was
shipped to HSVA. The test set-up is shown in Figure 27. The end displacements and
rotations of the torsion beam were restrained. The lower column was loaded with a
point load using a variable bending arm. The objective of these calibration tests was to
find calibration factors for the channels measuring bending-, shear- and torsion forces.

The shear force-measuring group was shown to be dependent on bending arm length.

2.5.1 Force calibration before installation

This was an unexpected results. Calibration factors are shown in Table 3.

Table 3. Calibration factors for VIT calibration tests.

Channel mV/V Factor

Shear SG1, position 1 1 -454,55 kN
Shear SG1, position 2 1 -285,71 kN
Shear SG1, position 3 1 -188,68 kN
Bending SG2, all positions 1 -22,94 kNm
Torsion SG3, all positions 1 -123,46 kNm
Torsion SG4, all positions 1 -114,94 kNm

Strain gauges, Torsion
Channel no SG4

Restrained ends

Strain gauges, Torsion
Channel no SG3

Restrained/ends

475 | | 475
' \ |
\ ) |
o}
Strain gauges, Shear || A
Channel no SG1 e 3
|
Strain gauges, Bending /% §
Channel no SG2 N -~
N
o o
o ©
": -~
—[pos2]
N/
2
Loading point %
—|Pos 1
\/
VN

Figure 27. Test set-up for VIT calibration. Positions of strain gauges and loads.
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2.5.2 Calibration tests on structural variants

The structure was varied between each test series. The variables were the following:

- Ice level distance from torsion beam (variable 4 in Figure 2)

- Tension bars and the lateral tie (active or inactive, see Figure 10)

- Stiffness of the springs at the ands of the torsion beam (Figs 6 and 7).

Force and dynamic calibration test were done before each test series or immediately

afterwards. The results of mechanical calibration tests are shown in Table 4.

Table 4 shoes the positions of the accelerometers and displacement transducers for each

structural variant. Selected results of the impact tests are shown in Table 6, as analysed

during the test campaign. Further results can be obtained by a further analysis of the

original data files.

Table 4. Calibration factors for each mechanical calibration tests.

Calibration file SGI1, SG2, |SG3, |SG4, FL",
kN kN kNm kNm mm

SG 02 05 17 15 27 mech -444.196 | -19.978 | -41.324 | -39.648 | 1620
SG 02 05 17 15 56 _mech -453.480 | -19.581 | -40.640 | -39.597 | 1620
SG 02 05 17 20 30 mech SV3 | -444.603 | -19.716 | -38.177 | -41.584 | 1620
SG 02 05 22 18 04 mech SV5 | -506.316 | -17.778 | -46.847 | -51.055 | 1740
SG 02 05 27 14 33 mech SV6 | -402.017 | -20.359 | -47.330 | -37.045 | 1570
SG 02 05 28 19 45 mech SV6b | -415.944 | -20.310 | -40.465 | -42.350 | 1570
SG 02 05 30 15 25 mech SV7 | -268.947 | -40.899 | -62.384 | -72.282 | 890
SG 02 06 04 14 58 mech SV8 | -266.840 | -41.269 | -65.065 | -69.706 | 990

DFL is the distance of the loading point from neutral axis of the torsion beam
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Table 5. Positions of the sensors (see Fig. 20).

Structure ZH Zal Za2 Zpi Zp2
mm mm mm mm mm
SV3 1490 1475 935 752 1255
SVs5 1490 1475 345 1255 752
SVé6 1490 1505 995 1255 752
SV6B 1490 1505 995 1255 752
SV7 950 950 365 - 645
SV8 950 950 365 - 645
Table 6. Results of the impact tests.
Structure Jfu & o &
Hz Hz
SV3 6.6 0.05 18.4 0.04
SVé6 6 18
Sv7 53 0.12 15.1 0.08
SV8 6.7 0.007 17.2 0.02
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3. lce

Sheets of columnar grained ice were grown in the ice basin from a water that had a
salinity of 9.1 ppt. The whole water solution was first cooled to about -0.2 °C. When the
water surface froze the ice was skimmed twice and the water was then seeded by
spraying. After this, the growth of a columnar grained ice started at a rate of 18 mm/h to
20 mm/h at a room temperature of -20 °C. The salinity of the newly formed ice was
about 4 ppt.

First tentative tests were done on 22.05.2002 when the first ice sheet had reached a
target thickness of 40 mm. It was found that the ice was too weak. The reason for this
problem was studied. It was found that a saline ice contains immediately after the
freezing process about 30 % water that weakens the ice. The ice will achieve a state of
equilibrium later on when this additional water is fully frozen. Therefore, the target
thickness for the ice sheets was raised to 80 mm. The subsequent experience showed
that ice sheets that had a thickness of 80 mm to 90 mm were strong enough for the tests.

Three ice sheets were used in the tests. The strength of the ice sheet was studied by
making uniaxial compressive tests and bending tests (Fig. 28).

Figure 28. Uniaxial compressive test.

Appendix A shows the results of the compressive tests. Bending tests were also made to
further characterize the ice. Appendix B shows the results of the bending tests.
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4. Test programme

Several parameters were varied in the test. Most of the tests were done using the
cylindrical indentor (Figs 14 and 16). The faceted cone depicted in Figures 14 and 17
was also used in one series of tests. The inclined cylindrical indetor (Fig. 15) was used
only in preliminary tests. The main variables in these tests were the mean velocity of ice
penetration and the structural variant. Table 1 provides a description of the structural
variants. The height position (parameter 4, Fig. 1) was also varied.

Three ice sheets were used in the actual tests that were conducted between 24.05.2002
and 06.06.2003. Tables 7 to 12 show details of the parametric variations in different

tests. In these tables, /;.. is the ice thickness and v is the nominal velocity.

Table 7. Tests with the structural variant SV5 and the vertical cylindrical indentor (V).

The damper was in use.

Test Date Sheet No hice (mm) h (m) v (mm/s)
SV5V02 24.05.2002 1 92...93 1.60 3
SV5V05? 24.05.2002 1 92...93 1.60 5
SV5V10 24.05.2002 1 92...93 1.60 10
SV5V20 24.05.2002 1 92...93 1.60 20
SV5V40 24.05.2002 1 92...93 1.60 40
SV5V50PR™Y 24.05.2002 1 92..93 1.60 50
SV5V60 24.05.2002 1 92...93 1.60 60
SV5V80 24.05.2002 1 92...93 1.60 80
SV5V100PR 24.05.2002 1 92..93 1.60 100
SV5V150 24.05.2002 1 92...93 1.60 150
SV5V200PR 24.05.2002 1 92..93 1.60 200
SV5V500 24.05.2002 1 92...93 1.60 500

(1) PR = Preliminary tests ;

(2) The damper became ineffecive during this test

Table 8. Tests with the structural variant SV6 and the vertical cylindrical indentor (V).

Test Date Sheet No hice (mm) h (m) v (mm/s)
SV6VO05 24.05.2002 1 94..97 1.60 5
SV6V10 24.05.2002 1 94..97 1.60 10
SV6V20 24.05.2002 1 94..97 1.60 20
SV6V40 24.05.2002 1 97 1.60 40
SV6V60 24.05.2002 1 94..97 1.60 60
SV6V80 24.05.2002 1 94..97 1.60 80
SV6v100 24.05.2002 1 94...97 1.60 150
SV6V150 24.05.2002 1 94..97 1.60 150
SV6v200 24.05.2002 1 94...97 1.60 200
SV6V500 24.05.2002 1 94..97 1.60 500
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Table 9. Tests with the structural variant SV6B and the vertical cylindrical indentor (V).

Test Date Sheet No hice (mm) h (m) v (mm/s)
SV6BV100 29.05.2002 2 77 1.60 100
SV6BV150 29.05.2002 2 1.60 150
SV6BV200 29.05.2002 2 80 1.60 200
SV6BV250 29.05.2002 2 76 1.60 250
SV6BV300 29.05.2002 2 1.60 300
SV6BV350 29.05.2002 2 77 1.60 350
SV6BV400 29.05.2002 2 77 1.60 400
SV6BV450 29.05.2002 2 1.60 450
SV6BV500 29.05.2002 2 1.60 500
SV6BV600 29.05.2002 2 79 1.60 600
SV6BV _SW1 29.05.2002 2 1.60 50...100 @
SV6BV_SW21) | 29.05.2002 2 80 1.60 95
SV6BV_SW2 29.05.2002 2 82 1.60 80...180®

(1) The damper was used by increasing the damping force from zero to a maximum
(2) The velocity was varied in steps from 50 mm/s to 100 mm/s
(3) The velocity was varied in steps from 80 mm/s to 180 mm/s

Table 10. Tests with the structural variant SV7 and the vertical cylindrical indentor (V).

Test Date Sheet No | /e (mm) h (m) v (mm/s)
SV7vV_AP1" 30.05.2002 2 1.05 50...250
SV7v_AP2®" 30.05.2002 2 1.05 200...700
SV7V_SWI 30.05.2002 2 98 1.05 50...150
SV7V_SW2 30.05.2002 2 95..98 1.05 170...250
SV7V_SW3 30.05.2002 2 1.05 275, 300
SV7V_SW4 30.05.2002 2 95 1.05 400, 500
SV7V_SW5 30.05.2002 2 98 1.05 200, 220, 240
SV7V_SW6 30.05.2002 2 1.05 10...50

(1) Two "Approach" tests were done by driving the structure in the partially refrozen
channel produced in the previous tests, one day before
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Table 11. Tests with the structural variant SV8 and the vertical cylindrical indentor (V).

Test Date Sheet No Rice h (m) v (mm/s)
(mm)

SV8V SWI 05.06.2002 3 73 1.05 3,8,13, 17

SV8V_SW2 05.06.2002 3 79 1.05 18, 28, 38, 48, 58

SV8V_SW3 05.06.2002 81 1.05 58,78, 98, 118,
138

SV8V_SW4 05.06.2002 3 81 1.05 138, 168, 198, 228,
257

SV8V_SW5 05.06.2002 3 80 1.05 | 258,308, 358, 407,
457

SV8V_SW6 05.06.2002 3 81 1.05 456,517,637, 697

SV8V_SV6 05.06.2002 3 81 1.05

SV8V F1@ 05.06.2002 3 1.05

SV8V_F2@ 05.06.2002 3 1.05

Sv8v_ 60" 05.06.2002 3 1.05 60

SV8V F3@ 05.06.2002 3 1.05

(1) The damper was in use
(2) The ice fracture process was strudied at a very low indentation velocity

Table 12. Tests with the structural variant SV8 and the faceted cone (C).

Test Date Sheet No | 4., (mm) h (m) v (mm/s)

SV8C used SW1V | 06.06.2002 3 90...100 1.05

Sv8C 20 06.06.2002 3 94...100 1.05 20
Sv8C 50 06.06.2002 3 85...90 1.05 50
Sv8C_100 06.06.2002 3 95...100 1.05 100
Sv8C_150 06.06.2002 3 86...90 1.05 150
Sv8C 200 06.06.2002 3 94...95 1.05 200
Sv8C_400 06.06.2002 3 90 1.05 400

(1) An "Approach" tests were done by driving the structure at an increasing velocity in the
partially refrozen channel produced in the previous tests, one day before
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5. Test results

Appendix C provides representative ice signals from the tests. Besides the directly
measured signals, the Appendix C shows also estimated of the ice force signal. This
signal was obtained indirectly from a two-degree-of-freedom model for the structure.
The model was derived by applying a regression analysis on the static and calibration
tests. A separate report on this method is stored with the data files.

Figures 29 to 32 show results obtained with the test structure SV6 having the two lowest
natural frequencies at 7 Hz and 17 Hz. Figure 29 shows results in conditions where a
cylindrical indentor was moving at a low velocity against the ice sheet. The force signal
has a saw-tooth pattern, which is typical for this kind of condition. The waterline
stiffness of the structure appears to be the main controlling parameter of the interaction.
As the ice velocity is low, the structure follows more or less passively the displacement
of the ice edge during a loading phase. A phase of transient vibrations is triggered when
the ice fails. These transients influence the ice force during each loading phase.

The inertia forces of the structure start to control the interaction as the indentation
velocity increases. Steady state vibrations may occur, in particular if the structural
damping is low. In this test structure, the first eigenmode dominated the dynamic
response in tests with medium indentation velocities (Figs 30 and 31). At high
indentation velocities the second mode dominated as seen in Figure 32.

Figure 33 shows the response of the test structure SV8 in conditions where the faceted
cone was used as the indentor. Comparisons with conditions where the same structure
had a vertical indentor show that the cone reduced the response when the indentation
velocity was smaller than about 180 mm/s. A resonant condition was found at the
indentation velocity of 200 mm/s. This was caused by the particular ice failure mode
that prevailed at all ice velocities while the cone was used. The grain boundaries of the
columnar grained ice were weak. Therefore, the ice did not fail by a bending failure
mode that is common for conical structures. Instead, sequential shear failures occurred
along the grain boundaries due to the vertical load component created by the cone. The
ice failure length varied between 30 mm and 40 mm for the 90 mm thick ice sheet.
Figure 34 shows how a fractured piece of ice of this length extrudes upward between
the indentor and the intact ice sheet. Due to this failure process, the ice force
fluctuations can be characterised as a narrow band periodical force.
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Figure 29. Measured accelerations close to the water level (Acceleration 1) and at the
top of the structure (Acceleration 4) at a low indentation velocity of 10 mm/s.
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Figure 30. Measured accelerations
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top of the structure (Acceleration 4) at a medium indentation velocity of 100 mm/s.
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Figure 31. Measured accelerations close to the water level (Acceleration 1) and at the
top of the structure (Acceleration 4) at a medium indentation velocity of 150 mm/s.
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Figure 32. Measured accelerations close to the water level (Acceleration 1) and at the
top of the structure (Acceleration 4) at a high indentation velocity of 400 mm/s.
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Figure 33. Measured accelerations at the top of the structure at different indentation
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Figure 34. Ice failure in front of the inclined indentor.

Figure 35 shows a comparison between the measured response in the two cases where a
cylinder and a faceted cone were used as indentors on the same structure. It is
commonly deemed that the dynamic response is reduced significantly when the
waterline geometry of the structure is inclined instead of vertical. In this test series the
cone reduced the maximum response. However, the reduction was only small.
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Figure 35. Peak acceleration at the top of the test structure SV8 as a function of

indentation velocity.
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6. Summary

A series of indentation tests was done using saline columnar grained ice. The dynamic
properties of the test structure were varied during the test series. In particular, the
stiffness of the structure "as seen by the ice" was varied as well as the structural
damping. The present test report describes all the essential details of the tests. All test
results are included in three Appendices. Selected results are shown for a structure that
had a low structural damping. Steady state vibrations occurred at the lowest natural
frequency at some ice velocities when a cylinder was used as an indentor. Heavy
vibrations were found also when a faceted cone was used as the indentor. These
vibrations were caused by a resonant condition that occurred due to a specific ice failure
mode.
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APPENDIX A: Compressive strength of the ice sheets

Spec. Cross-Head-
Date Time Location Dimension Specimen Temp Salility Layer Speed Strength mean value
No [°C] [ppt] [mm/s] [kPa] [kPa]
23.5.2002 13:00 55m 40x80x160mm 55 1 -3.3 0-40mm 2 198
55-2 3.5 243
55 3 3.4 220
55 4 3.2 183
55 5 -3.1 159 201
23.5.2002 14:00 55m 30x60x120 55 6 -4.1 total thickness 2 160
55 7 147
55 8 3.3 121 143
23.5.2002 17:00 55m 40x80x160mm 55 9 -4.4 0-40mm 2 574
55 10 427
55 11 -3.8 551 517
23.5.2002 15:30 22m 40x80x160mm 22 2 -3.2 0-40mm 2 266
22 3 3.3 240
22 4 2.3 277
22 5 -2.0 326 277
2452002 8:00 22m 40x80x160mm 22 21 -4.9 0-40mm 2 439
22 22 3.8 0-40mm 431
22 23 3.0 40-80mm 265
22 24 -3.9 0-40mm 629

22 25 -3.2 40-80mm 326 418
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eV

5.6.2002 10:45 22m  40x80x160mm 22 41 4.1 3.4 0-40mm 2 698

22 42 4.4 4.3 513

22 43 4.1 4.1 513

22 44 438 4.1 437

22 45 -3.8 4.6 396 511
5.6.2002  10:00 55m  40x80x160mm 55 51 4.1 4.3 0-40mm 2 647

55 52 4.4 4.3 560

55 53 3.7 46 350

55 54 43 4.4 383

55 55 4.1 4.4 347 457
6.6.2002  9:45 55m  40x80x160mm 55 61 -3.1 2.4 40-80mm 2 296

55 62 3.0 4.1 0-40mm 274

55 63 23 2.7 40-80mm 248

55 64 32 4.0 0-40mm 273

55 65 3.1 2.4 40-80mm 365

55 66 2.9 4.0 0-40mm 317

55 67 25 2.5 40-80mm 499 325






APPENDIX B: Bending strength of the ice sheets

Versuchsserie: VT T-1000 |Abschaltdaten: 22.5.02 5:30
Datum Uhrzeit: | Ifd. | Kraft Liange Breite Dicke Sigma
Nr.:| [N] [ mm] [mm] | [mm] [ kPa] Mittelwerte
Position: [Tm] | 2 5.0 235.0 82.0 37.5 61.1
22 / 7 3 4.5 232.0 83.0 37.5 53.7
4 5.1 230.0 78.0 37.5 64.2
Mittelwerte: 4.9 232.3 81.0 37.5 59.7 1. Messreihe
Position: [Tm] | 5 5.8 234.0 82.0 38.0 68.8
6 8.2 235.0 82.0 38.0 97.6
38 I 7 7 6.0 227.0 81.0 38.0 69.9 72-5
Mittelwerte: 6.7 232.0 81.7 38.0 78.8 [ kPa]
Position: [Tm] | 8 7.0 235.0 87.0 38.0 78.6
I 9 6.9 237.0 80.0 38.0 84.9
55 7 10 6.2 230.0 80.0 38.0 74.1 Dateien:
Mittelwerte: 6.7 234.0 82.3 38.0 79.2 M020522A-C
Datum Uhrzeit: | Ifd. | Kraft Liange Breite Dicke Sigma
7R N VAR Nr.: | [N] [mMmm] | [mm] | [mm] [kPa]
Position: [ Tm] | 11 5.0 235.0 75.0 39.0 61.8
22 I 7 12 5.0 235.0 76.0 39.0 61.0
13 5.0 225.0 80.0 39.0 55.5
Mittelwerte: 5.0 231.7 77.0 39.0 59.4 2. Messreihe
Position: [Tm] | 14 7.0 235.0 80.0 40.0 771
15 7.5 231.0 82.0 40.0 79.2
38 I 7 16 6.0 235.0 80.0 40.0 66.1 668
Mittelwerte: 6.8 233.7 80.7 40.0 74.1 [ kPa]
Position: [Tm] | 17 5.5 235.0 75.0 40.0 64.6
55 I 7 18 6.5 231.0 79.0 40.0 71.3
19 6.2 227.0 82.0 40.0 64.4 Dateien:
Mittelwerte: 6.1 231.0 78.7 40.0 66.8 M020522D-F
A-Sigmalh: -1
Datum Uhrzeit: | Ifd. | Kraft Lange Breite Dicke Sigma
PRIV PRHER Nr.: | [N] [mm] | [mm] | [mm] [kPa]
Position: [Tm] | 2 20.0 335.0 125.0 52.5 116.7
F I 2 3 21.0 300.0 109.0 52.0 128.3
e d 4 18.7 303.0 105.0 52.0 119.7
Mittelwerte: 19.9 312.7 113.0 52.2 121.6 3. Messreihe
Position: [Tm] | 5 16.5 297.0 95.0 53.0 110.2
6 18.8 288.0 105.0 53.0 110.1
Feld 5 7 20.0 295.0 98.0 53.0 128.6 1276
Mittelwerte: 18.4 293.3 99.3 53.0 116.3 [ kPa]
Position: [ Tm ] 8 23.0 295.0 100.0 52.0 150.6
9 20.0 292.0 94.0 52.0 137.9
Feld 8 10 | 24.0 280.0 102.0 52.0 146.2 Dateien:
Mittelwerte: 22.3 289.0 98.7 52.0 144.9 MO020523A-E
A-Sigmalh: 2.861365501




B2

Versuchsserie: VT T1-2000 |Abschaltdaten: 29.05.2002 06:30
Datum Uhrzeit: | Ifd. | Kraft Lange Breite Dicke Sigma
29-5-02 (EIINr: | [N] | [mm] | [mm] | [mm] [kPa] Mittelwerte
Position: [ Tm ] 2 19.0 557.0 153.0 71.0 82.3
3 15.0 552.0 138.0 71.0 71.4
22 I 7 4 18.0 546.0 146.0 71.0 80.1
Mittelwerte: 17.3 551.7 145.7 71.0 78.0 1. Messreihe
Position: [ Tm ] 5 23.0 538.0 147.0 75.5 88.6
6 23.0 540.0 150.0 75.0 88.3
38 I 7 7 18.0 542.0 141.0 75.5 72.8 80'6
Mittelwerte: 21.3 540.0 146.0 75.3 83.3 [ kPa]
Versuchsserie: VT T1-3000 |Abschaitdaten: 05.06.2002 08:15
Datum Uhrzeit: | Ifd. | Kraft Lange Breite Dicke Sigma
5-6-02 8:15 Nr.:| [N] [mm] | [mm] | [mm] [kPa] Mittelwerte
Position: [Tm] | 2 27.3 460.0 180.0 78.5 67.9
3 39.2 457.0 195.0 72.5 104.9
22 / 7 4 40.9 421.0 204.0 74.5 91.2
Mittelwerte: 35.8 446.0 193.0 75.2 88.0 1. Messreihe
Position: [ Tm ] 5 0.0 0.0 0.0 0.0
6 32.3 526.0 218.0 76.5 79.9
55 I 7 7 35.7 522.0 192.0 76.0 100.8 89'2
Mittelwerte: 22.7 349.3 136.7 50.8 90.4 [ kPa]
Position: [ Tm ] 8
9
Feld 8 10 Dateien:
Mittelwerte: M020605A-C
Datum Uhrzeit: | Ifd. | Kraft Lange Breite Dicke Sigma
6-6-02 7:45 Nr.:| [N] [mm] | [mm] | [mm] [ kPa]
Position: [Tm] [ 12 | 26.0 555.0 174.0 87.5 65.0
13 [ 24.0 580.0 190.0 83.0 63.8
22 / 7 14 | 22.7 560.0 175.0 84.5 61.0
Mittelwerte: 24.2 565.0 179.7 85.0 63.3 2. Messreihe
Position: [Tm] [ 15| 33.9 580.0 170.0 87.0 91.7
16 | 31.0 582.0 175.0 83.0 89.8
55 / 7 17 | 30.2 607.0 192.0 90.0 70.7 73'7
Mittelwerte: 31.7 589.7 179.0 86.7 84.1 [ kPa]




Appendix C:

Time histories of representative indentation tests. The following time signal are
shown for each test case on two pages.

Acceleration 1

Acceleration 2

Acceleration 3

Acceleration 4

Displacement 1

Displacement 2

Carriage speed

Total iceforce

The displacement signals contain occasional noise, which was caused by the crushed
ice impacting on the displacement measuring systems.
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Test SV6V-020
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Test SV6V-020
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Test SV6V-040
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Test SV6V-150
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Test SV6V-200
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Test SV6BV-150
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Test SV6BV-150
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Test SV6BV-200
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Test SV6BV-200
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Test SV6BV-250
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Test SV6BV-250
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Test SV6BV-350
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Test SV6BV-400
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Test SV6BV-400
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Test SV6BV-450
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Test SV6BV-450

sveB\V—450Displacement 1

4.5

3.5

2.5+

1.5+

Displacement (mm)
N
T

0.5

—0.5

5.5 [S]

6.5

Time (Sec)

S\VveB\VW—450 Displacement 2

Displacement (mm)
E RN N
m o 0 o

0

—5

5.5 (S
Time

(Sec)

sveBv—450

Carriage Speed

0.455 —

0.445 [

Speed (mis)

0.435 —

5.5 [S]

6.5

Time (Sec)

sSveB\V—450 Total Ice Force

R
0
T

Total lce Force (kN)
Y]

Time

6.5
(Sec)

C29




Test SV6BV-500
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Test SV6BV-500
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25 T T T T T T
20
= 15
=
=
=53
e 10
a
=
Ra=3
—
§e)
(= 5
o
_10.8 Ju B 11.2 11.4 11.6 11.8 ju =4 12.2
Time (Sec)
SV6eBV—-—500 Carriage Speed
0.505 T T T T T T
0.5
0.495
0.49
]
= 0.485
E=1
D
L o0.as8
(72
0.475
o.a7
0.465
o.4a46 : : : : : :
10.8 Ju e 11.2 11.4 11.6 11.8 j =4 12.2
Time (Sec)
SVeB\V—500 Total Ice Force
25 T T T T T T
20 —
= 15 -
=
a
=2
£ 10| .
a
=
=
= 5 -
o i
_10.8 Ju B 11.2 11.4 11.6 11.8 ju =4 12.2

Time (Sec)
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Test SV6BV-600

SVvVeB\V—600 Acceleration 1

—20 +

—30

—40 -

7.5 7.6

Time (Sec)

7.9 8 8.

B

SVvVeB\V—600 Acceleration 2

—_15

—20

—25 -

7.5 7.6

Time (Sec)

7.9 8 8.

B

SVvVeB\V—600 Acceleration

—10

Time (Sec)

7.9 8 8.

B

SVvVeB\V—600 Acceleration 4

—15

—20 -

7.5 7.6

Time (Sec)

7.9 8 8.

B
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Test SV6BV-600

SVvVeB\V—600Displacement 1

Displacement (mm)

N
7.5 7.6 7.7 7.8 7.9 8 8.1 8.2 8.3 8.4 8.5
Time (Sec)
SV6eBYVW—600 Displacement 2

25 T T T T T T T T T
=
=
= 1
==}
=
553
=
= .
[
L
[==}

—10 N N N s N N N N N
7.5 7.6 7.7 7.8 7.9 8 8.1 8.2 8.3 8.4 8.5
Time (Sec)
SVeBYV—600 Carriage Speed
oO.61 T T T T T
0.605 -

Speed (mls)

0.575 : :
7.5 7.6

Time (Sec)

SVeB\V—600 Total Ice Force

Total lce Force (kN)
R
0

7.9 8 8.1
Time (Sec)
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Test SV7V-SW1-048

SV7V—SWwWI1-048 Acceleration 1

Acceleration (m/sz]

36

36.5
Time (Sec)

37

39

SV7V—SWwWI1-048 Acceleration 2

Acceleration (m/sz]

36

36.5
Time (Sec)

37

39

SV7V—SWI1-048 Acceleration 3

Acceleration (m/sz]
o]

—15 . .
34 34.5 35

36

36.5
Time (Sec)

37

SV7V—SWwWI1-048 Acceleration 4

Acceleration (m/sz]
I
N B BN
0 0 0 0 ©
T T

|
W
o]
T

|

Iy
W°
I
W
:bA
o]
Wl
(U]

36

36.5
Time (Sec)

37
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Test SV7V-SW1-048

SV7V/—SWI1l1-048Displacement 1
o.8 T T T T T T T T T

o.4a |- —

O.2 n

Displacement (mm)

—0.a l
_o.6 4
l

—0.8 -

34 34.5 35 35.5 36 36.5 37 37.5 38 38.5 39
Time (Sec)

SV7\V/—SWI1—-048 Displacement 2

26 T T T T T T T T T

Displacement (mm)

s L
Time (Sec)

SV7\V/—SWI1—-048 Carriag Speed
o.o8 T T T T T T T

Speed (mis)

o0.02 . . . . .
34 34.5 35 35.5 36 36.5 37 37.5 38 38.5 39

Time (Sec)

SV7V—SWwWI1-048 Total Ice Force
40 T T T T T T T T T

25

is

Total lce Force (kN)

—10 " " " " "

Time (Sec)
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Test SV7V-SW1-108

SV7V—SWI1—-108 Acceleration 1

Time (Sec)

40 T T T T T T T
30 -
20 -
<
e
=
= 10 -
=
=3
=
2 o v
=
=
<
—10}F -
—20 -
30 : : : : : : ;
a47.5 a8 48.5 a49 a49.5 50 50.5 51 51.5
Time (Sec)
SV7V—SWI1—-108 Acceleration 2
20 T T T T T T T
<
e
= 4
=
=3
=
=3
553
b=t
=
<
_1s : : : : : : ;
a47.5 a8 48.5 a49 49.5 50 50.5 51 51.5
Time (Sec)
SV7V—SWI1—-108 Acceleration 3
15 T T T T T T T
10 1
s -
<
e
=
= o -
=
=3
=
3 -5
=
=
T
—10 | -
15 -
20 : : : : : : ;
a47.5 a8 a48.5 a49 49.5 50 50.5 51 51.5
Time (Sec)
SV7V—SWI1—108 Acceleration 4
50
a0 - B
30 -
N;(: 20 - -
=
= 10 -
=)
=
= o B
=53
1=
< —10
—20 -
—30 | -
—_a0 : : : : : : ;
a47.5 a8 a48.5 a49 a49.5 50 50.5 51 51.5
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Test SV7V-SW1-108

SV7V—SwWI1l—-108Displacement 1

—O.

—O.

—O0

Displacement (mm)
o dNoONDD
T

—O

—1 . . -

—1.4
a47.5 a8 a48.5 a49 a49.5 50 50.5 51 51.

Time (Sec)

SV7V—SWI1—-108 Displacement 2
25 T T T T T T T

Displacement (mm)

10 s s s s s
a47.5 a8 a48.5 a49 a49.5 50 50.5 51 51

Time (Sec)

SV7V—SWI1—-108 Carriage Speed

Speed (mis)

0.07 : : : : : : ;
a47.5 a8 a48.5 a49 a49.5 50 50.5 51 51.
Time (Sec)
SV7V—SWI1—-108 Total Ice Force
40 T T T T T T T
35 — —
30 — -
= 25 -
=
a
£ 20 1
=1
| .
8 a1s
=
= 10 -1
s - -
o+ -
s N N N s N N N
a47.5 a8 a48.5 a9 a49.5 50 50.5 51 51.

Time (Sec)
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Test SV7V-SW2-168

Acceleration [m/sz)

SV7V—SW2—-168 Acceleration 1

50 T

30 —

20

10

—30 |

—40 -

8
Time (Sec)

Acceleration [m/sz)

SV7V—SW2—-168 Acceleration 2

25 T

—20 -

7 8 i=] 10
Time (Sec)

Acceleration [m/sz)

SV7V-—SW2—-168 Acceleration 3

20 T

—20 -

8
Time (Sec)

Acceleration [m/sz)

SV7V—-—SW2—-168 Acceleration 4

20

—20 |

8
Time (Sec)
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Test SV7V-SW2-168

Displacement (mm)

SV7V—SwW2—168Displacement 1

o.4

o.2—

—0.2 |

—0.4a

—_o.e
_o.s |
a1k

—1 .2+

—1.4

8
Time (Sec)

b B

Displacement (mm)

SV7Z7\V/—SW2—168 Displacement 2

7 8 o 10
Time (Sec)

Speed (mls)

SV7V—SW2—168 Carriage Speed

8
Time (Sec)

Total lce Force (kN)

SV7V—SW2—-—168 Total Ice Force

—10

Time (Sec)
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Test SV7V-SW2-228

SV7V—SW2—228 Acceleration

i

—10

—30 |-

—ao0
19.5

20

21.5 22
Time (Sec)

20.5 21

Acceleration [m/sz)

SV7V—SW2—228 Acceleration 2

20

10

20

21.5 22
Time (Sec)

20.5 21

SV7V—SW2—228 Acceleration 3

21.5 22
Time (Sec)

20.5 21

Acceleration [m/sz)

SV7V—SW2—228 Acceleration 4

30 —

20

10

—10

—20

—30

—a0

—50
19.5

20

21.5 22
Time (Sec)
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Test SV7V-SW2-228

SV7ZV—Sw2—228Displacement 1
oO.6 T T T T T T T

o.2 - -1

—0.2 + -

—0.4a

Displacement (mm)

—0O.8 '

—1 i

> L R L L
19.5 20 20.5 21 21.5 22 22.5 23
Time (Sec)

—1

SV7Z\V—SWwW2—228 Displacement 2

40 T T T T T T T

Displacement (mm)

10 N N N N
19.5 20 20.5 21 21.5 22 22.5 23
Time (Sec)
SV7V—SW2—228 Carriage Speed
o.24a T T T T T T T
0.235 —
- 0.23 |
k==
=
==3
=3
P 0.225 n
o.22 . - —
o.215 : : : : : : :
19.5 20 20.5 21 21.5 22 22.5 23
Time (Sec)
SV7\V—SWwW2—228 Total Ice Force
40 T T T T T T T
35 |- - - . |
30 |- : - - : . |
= 25
=
a>
£ 20
=1
| B,
8 as
=
= 10
5 ' -1
o -
s N N N N N N N
19.5 20 20.5 21 21.5 22 22.5 23

Time (Sec)
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Test SV7V-SW3-298

Acceleration [m/sz)

SV7V—SW3—298 Acceleration 1

—10 [y

—20 |

—30 |

—4a0
10

11.5

ju =4
Time (Sec)

Acceleration [m/sz)

SV7V—SW3—298 Acceleration 2

11.5

ju =4
Time (Sec)

Acceleration [m/sz)

SV7V—SW3—298 Acceleration 3

11.5

ju =4
Time (Sec)

Acceleration [m/sz)

SV7V—SW3—298 Acceleration 4

11.5

ju =4
Time (Sec)
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Test SV7V-SW3-298

SV7V—SW3—298Displacement 1
o.a T T T T T T T

o.2 -

_o.2 | .
—_o.a | A ]
—0.6 I

—0.8 -

Displacement (mm)

—1 . f -

—1.2 . -

—1.4aF . -

—1.6 " " " "
10 10.5 11 11.5 12 12.5 i3 13.5

Time (Sec)

SV7Z7\V/—SW3—298 Displacement 2
24a T T T T T T T

Displacement (mm)
R
0
Il

14 . — - . -

10 10.5 ju e 11.5 ju =4 12.5 13 13.5
Time (Sec)

SV7V—SW3—298 Carriage Speed

0.315 T T

o.31 — -

0.305

Speed (mis)

10 10.5 ju B 11.5 =4 12.5 13 13.5
Time (Sec)

SV7V—SW3—298 Total Ice Force
40 T T T T T T T

35 - : : B
30 |- - : B

25 - — — R

2ol

Total lce Force (kN)

10 10.5 ju Ba 11.5 ju =4 12.5 13 13.5
Time (Sec)

C43




Test SV7V-SW4-398

Acceleration (m/sz]

SV7V—SWAa4—-398 Acceleration 1

R
0

[
R
0

|
N
o]
T

I
0]
o]

T

|
Iy
(o]

N|

8.5 i=] 9.5 10
Time (Sec)

Acceleration (m/sz]

SV7V—SWAa4—-398 Acceleration 2

—15

N|

8.5 i=] 9.5 10
Time (Sec)

Acceleration (m/sz]

SV7V—SWAa4—-398 Acceleration 3

R
0
T

—10

N|

8.5 i=] 9.5 10
Time (Sec)

Acceleration (m/sz]

SV7V—SWAa4—-398 Acceleration 4

R
0
T

[
R
0

—20 +

8.5 i=] 9.5 10
Time (Sec)




Test SV7V-SW4-398

SV7V—SW4a4—398Displacement 1

o.2 T T T T T T
O -
—0.2 — -
=
= i
= —0.4
==}
=
= ]
< —0.6 u
=
D
[=
—o.8 | ]
T -
1.2 : : : : : :
7 7.5 8.5 i=] 9.5 10 10.5 ju B
Time (Sec)
SV7\V/—SWA4a4—398 Displacement 2
a8 T T T T T T
A7 1
16
=
=
= 15
=53
=
S
< 14 -
=
D
[=
13 —
12 —
11 s N N N N N
7 7.5 8.5 i=] 9.5 10 10.5 b e
Time (Sec)
SV7\V—SW4—398 Carriage Speed
o.41 T T T T T T T
0.405 —
=
=
=1 0.4 -
D
<53
=
(723
0.395
0.39 : : : : : : ;
7 7.5 8 8.5 t=} 9.5 10 10.5 b e
Time (Sec)
SV7V—SWA4a4—398 Total Ice Force
35 T T T T T T
30 —
25 [ =1
= 20
=
a
=4 15
=1
[ .
8 1o
=
= 5 - -
o -
—5 |- -
—10 L N N N N N
7 7.5 8.5 i=) 9.5 10 10.5 s N

Time (Sec)
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Test SV7V-SW5-238

Acceleration (m/sz]

SV7V—SW5—-—238 Acceleration 1

BN N
o o 0
L

[ B
om0 0 0
T T

[
R
0

T

I
R
o
T

|

!
N

e

0

20.5
Time (Sec)

21.5

Acceleration (m/sz]

SV7V—SW5—-—238 Acceleration 2

20.5
Time (Sec)

21.5

SV7V—-SW5—238 Acceleration 3

20.5

Time (Sec)

21.5

Acceleration (m/sz]

SV7V—SW5—-—238 Acceleration 4

BN N
o o 0
L

[ I
m o 0 o
T

[
R
0

T

I
R
o
T

!
N

e

0

20.5

Time (Sec)

21.5

C46




Test SV7V-SW5-238

SV7V—SW5—238Displacement 1

o.4 T T T T T
o.2 - —
o+ -
=
s —0.2- —
=
=3 A
= —0.4 1l
<53
=
=
&z —o.e .
[=
—o.8 | -
—1 -
1.2 s s N N s
19 19.5 20 20.5 21 21.5 22
Time (Sec)
SV7\V—SW5—238 Displacement 2
19 T T T T T
18 1
17 B
=
=
= 16 b
=53
=
S
< 15
=
D
[=
14
13 —
1> N N N N N
19 19.5 20 20.5 21 21.5 22
Time (Sec)
SV7V—SW5—238 Carriage Speed
0.24a5 T T T T T
o.249 -
2
k=9
=1
D
D
=1
(92
0.235 —
0.23 : : : : :
19 19. 20 20.5 21 21.5 22
Time (Sec)
SV7V—SW5—238 Total Ice Force
30 T T T T T
25 — —
= 20 -
==
a
=4
=1
| . 15 —
a
=
=
S 10} U
= -
o N N N N N
19 19.5 20 20.5 21 21.5 22

Time (Sec)

C47




Test SV8V-SW1-008

Acceleration [m/s2]

SV8V—-—008 Acceleration 1

o]

[
R
0

|
N
o]

|
W
o]

|
Iy
(o]

£

—

o]
o]

60 65 70 75
Time (Sec)

Acceleration [m/s2]

SV8V—-—008 Acceleration 2

25

20

is

R
0

60 65 70 75
Time (Sec)

Acceleration [m/s2]

SV8V—-—008 Acceleration 3

60 65 70 75
Time (Sec)

Acceleration [m/s2]

SVvV8V—-—008 Acceleration 4

R
0
T

60 65 70 75
Time (Sec)

C48




Test SV8V-SW1-008

Displacement (mm)

SVv8\Vv—00o8Displacement 1

[S1e] 65 70
Time (Sec)

Displacement (mm)

S\V8\V—008 Displacement 2

0
T

A
T

N
T

55

[S1e] 65 70
Time (Sec)

Speed (mis)

0.03

0.025

0.02

0.015

o.0o1

0.005

—0.005

—0.01

—0.015

SVvV8\VW—008 Carriage Speed

50

60 65 70
Time (Sec)

Total lce Force (kN)

SV8\V—008 Total Ice Force

N W
(o)

B RN
o 0w 0o o
T

5 |

—70 F

—15
50

55

[S{e] 65 70
Time (Sec)
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Test SV8V-SW2-018

Acceleration [m/s2]

SVv8Vv—018 Acceleration 1

—10

s
Time (Sec)

Acceleration [m/s2]

SVv8V—-—018 Acceleration 2

10

s
Time (Sec)

25

Acceleration [m/s2]

SVv8Vv—-—018 Acceleration 3

10

s
Time (Sec)

25

Acceleration [m/s2]

SVv8Vv—-—018 Acceleration 4

25

20

10 —

—10

—20

—25

10

s
Time (Sec)

25
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Test SV8V-SW2-018

Displacement (mm)

SVv8\Vv—0ol8Displacement 1

s 20
Time (Sec)

Displacement (mm)

SV8\V—018 Displacement 2

35

30 -

25

10

s 20
Time (Sec)

Speed (mis)

0.035

0.03

0.025

0.02

0.015

oO.01

O0.005

SV8\V—018 Carriage Speed

10

s 20
Time (Sec)

Total lce Force (kN)

SVv8\V—018 Total Ice Force

25

20 -

15

5 |

—70 F

—15

10

is 20
Time (Sec)
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Test SV8V-SW2-038

Acceleration [m/sQ)

SV8\V—-—038 Acceleration 1

25

is

10

-5

—10

—15

—20

50

56 58 [S{e] e2
Time (Sec)

Acceleration [m/sQ)

SV8\V—-—038 Acceleration 2

56 58 [S{e] e2
Time (Sec)

SV8\V—-—038 Acceleration 3

—10 H

56 58 [S{e] e2
Time (Sec)

Acceleration [m/sQ)

SV8\V—-—038 Acceleration 4

20
15 iy

10

-

—10 IH

—1s5 4

—20 |

—25

50

56 58 [S{e] e2
Time (Sec)
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Test SV8V-SW2-038

SVvV8\V—0O38Displacement 1
3 T T

Displacement (mm)

—a L L L L L L L L
50 52 549 56 58 (S{e] e2 s4a 66
Time (Sec)

S\V8\VW—038 Displacement 2
14 T T T

Displacement (mm)
0
I

(@ 3 o -

> L L L L L
50 52 549 56 58 (S{e] e2 s4a 66
Time (Sec)

SVvV8V—038 Carriage Speed
0.055 T T T T T T T T

0.05 - —

0.045 —

.oa | i i

Speed (mis)
o]

0.035 |- i

0.03 . -

0.025 : : : :
50 52 54 56 58 60 s2 sS4 66
Time (Sec)

SV8\V—-—038 Total Ice Force
25 T T T T

Total lce Force (kN)

—_10 : : : : : : : :
50 52 549 56 58 [S{e] s2 s4a 66
Time (Sec)
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Test SV8V-SW3-098

Acceleration [m/s2]

SV8V—-—098 Acceleration 1

BN N
oo o
I

R
0

|
R
o mo

—15

—25

33

36 37 38 39
Time (Sec)

Acceleration [m/s2]

SV8V—-—098 Acceleration 2

36 37 38 39
Time (Sec)

Acceleration [m/s2]

SV8V—-—098 Acceleration 3

36 37 38 39
Time (Sec)

Acceleration [m/s2]

SV8V—-—098 Acceleration 4

o]

[
R
0

|
N
o]

—4a0

33

34

Time (Sec)
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Test SV8V-SW3-098

SV8\V—098Displacement 1

a T T T T T T T T
2 -
O § i y i Ll i hil
= -2 i
=
= —4a —
==3
=
£ er -
=
L
a —8 - —
—10 } -
—12 -
—1a : : : : : : : :
33 34 35 36 37 38 39 40 41 a2
Time (Sec)
S\V8\V—098 Displacement 2
25 T T T T T T T T
20 —
= 15 -
=
=
==}
e 10 - -
553
=
<
=
L
[ 5 b
i
O -
5 N N N N N N N N
33 34 35 36 37 38 39 40 a1 a2
Time (Sec)
SV8\V—098 Carriage Spee
0.115 T T T T T T T T
Oo.11 —
0.105 -
]
=
== o.1 f i | -
D
D
=1
(72
0.095
0.09 i~
o.085 : : : : : : : :
33 34 35 36 37 38 39 40 a4l a2
Time (Sec)
SV8V—098 Total Ice Force
25 T T T T T T T T
20
= 15
=
a
=
£ 10 al
a>
=
=
= 5 1
O - -
-5 " N s N N N N N
33 34 35 36 37 38 39 40 41 a2

Time (Sec)
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Test SV8V-SW3-118

Acceleration (m/sQ]

20

SVv8\Vv—118 Acceleration 1

—30

—15

—20

A

a6 a7 a8 a9 50 51
Time (Sec)

53

Acceleration (m/sz)

SVv8\Vv—118 Acceleration 2

a46 a7 a8 a49 50 51
Time (Sec)

53

Acceleration (m/sQ]

SVv8\Vv—118 Acceleration 3

aa

ae a7z as a9 50 51
Time (Sec)

Acceleration (m/sQ]

SVv8\Vv—118 Acceleration 4

30 -

20 |~

R
0

o]

—10 I

(R
W N
0 0
—

|
Iy
o]
T

—50

a3

aa

a6 a7 a8 a9 50 51
Time (Sec)
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Test SV8V-SW3-118

Displacement (mm)

SVv8v—Il1ll18Displacement 1

a7 a8 a9 50 51
Time (Sec)

Displacement (mm)

SVv8\VWwv—118 Displacement 2

a7 a8 a9 50 51
Time (Sec)

Speed (mis)

0.125

0.115

0.105

SVvV8\Vv—118 Carriage Speed

a4s

46 a47 48 49 50 51

Time (Sec)

Totallce Force (kN)

SVv8\Vv—118 Total Ice Force

as

a7 a8 a9 50 51
Time (Sec)
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Test SV8V-SW4-198

Acceleration [m/sz)

20

i1s

-5

—10

—15

SV8\V—198 Acceleration 1

Time (Sec)

R
NON MO OO

SVvV8\V—198 Acceleration 2

Time (Sec)

R
NON MO OO

SV8\V—198 Acceleration 3

Time (Sec)

Acceleration [m/sz)

25

20

15

10

-5

—10

—15

—20

—25

SV8\V—198 Acceleration 4

21.5

Time (Sec)
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Test SV8V-SW4-198

SVv8\Vv—198Displacement 1

a T T T T T T T
3 -
2 —
=
= 1 -
=
£ o ‘ '
| I t
g °| il | !
= -1 A bl | I 1l I | [ Ll I
[=Y
> L -
3 -
—a N N N N N N N
Time (Sec)
S\VvV8\VW—198 Displacement 2
[S1e] T T T T T T T
50 —
=
=
=
=5
=
a
=
=
=
D
[=Y

21.5

22 22.5 23 23.5

Time (Sec)

Speed (mis)

o.204

0.202

oO.198

0.196

O.194

O.192

A9

SVvV8V—198 Carriage Speed

21.5

22 22.5 23 23.5

Time (Sec)

Total lce Force (kN)

ias8s

16

SVv8\V—198 Total Ice Force

22 22.

5 23 23.5
Time (Sec)
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Test SV8V-SW5-308

Acceleration [m/sz)

SVv8\V—308 Acceleration 1

25

20

is

10

—5

—10

—15

—20

—25
9.

10 10.5 b e
Time (Sec)

Acceleration [m/sz)

SVv8\V—308 Acceleration 2
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Test SV8V-SW5-308
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Test SV8C-020
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Test SV8C-020
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Test SV8C-050
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Test SV8C-050
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Test SV8C-100
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Test SV8C-100
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Test SV8C-200
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Test SV8C-200
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Test SV8C-400
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Test SV8C-400
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