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ABSTRACT

A series of tests was to study the ion of a i conical structure
with multi-year ridges. The tests were conducted in three phases, one in Calgary. Alberta,
one in Ottawa, Ontario, and the third at the Institute for Marine Dynamics in St. John's.
Newfoundland. The St. John's phase of the program tested some of the largest ice features
everattempted at this facility, including an attempt at a one in one hundred year consolidated

multi-yearridge. This thesis he de and testing of the force and

moment measurement system developed for use in the St. John's tests. A series of

tests. inthe Laboratory of The Faculty of Engineering

in which the global force measurement system was secured to the floor. and loads of known
magnitude and direction were applied using a hydraulic ram with an in-line force transducer
installed. Fourteen different orientations were tested and a fifteenth test was conducted in
which one half of the loading system was chilled using ice to simulate the condition of
having half of the force measurement system submerged in the IMD ice tank. Following this
series of calibration tests, the equipment was taken to the Institute for Marine Dynamics and
installed. Calibration tests were conducted there to verify the integrity of the force and
moment measurement system, and a series of dynamic “pluck’ tests were carried out to
determine the natural frequencies of the towing system and model. In this thesis. the results
of these pluck tests are compared to the frequency of the forces observed during an ice test

to ensure that resonance did not occur during testing, and that the data collected are sound.
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Chapter 1

1.0 INTRODUCTION

‘When conducting model tests to study such events as ice/structure interaction. 1t 1s important
10 perform the tests at a number of model scales to determine precisely what parameters

should be accounted for in the analysis. This is of particular importance when studying

events I Is. A model test series was conducted to study

between multi-vear ice ridges and multi-faceted conical structures.
with the goal in mind of testing at as large a scale as possible to facilitate the development

of an algorithm to predict forces experienced in such an interaction at full scale.

1.1 Background

In the past two decades extensive research has been conducted to examine the feasibility of

using smooth cones to protect offshore structures such as oil rigs and bridge piers from sheet



and multi-year ice. A recent state-of-the-art review of ice forces on comcal structures
(Wessels and Kato. 1988) describes ice failure modes around conical structures. and has
summarized available model scale and full scale measurements. These tests showed the
effectiveness of conical structures in ice defence. However. it was highly desirable from a

manufacturing standpoint to replace the rounded conical surface with a flat faceted one.

This program was developed 10 study the different aspects of ice loading on a mulu-faceted

conical structure. The loads with a multi-vear ndge was of p interest 1o
designers as this would be the design ice condition for structures located in the Beaufort or

Chukchi Seas.

Another point of interest was the effect of using a conical structure with a larger diameter
neck than previously considered. This would have the obvious benefit of permutung a
smaller cone to protect a larger piece of equpment such as bridge piers or structural

members of offshore oil rigs.

Scale effects are also considered with a total of four model scales being examined. The 1:10
and 1:20 scale tests were conducted at ERCL's outdoor basin in Calgary. a 1:50 model was
utilized at the tests in IME in Ottawa. and the 1:25 and 1:30 scale models were tested at the

IMD’s facility in St. John's.



and multi-year ice. A recent state-of-the-art review of ice forces on conical structures
(Wessels and Kato, 1988) describes ice failure modes around conical structures, and has
summarized available model scale and full scale measurements. These tests showed the
effectiveness of conical structures in ice defence. However, it was highly desirable from a

manufacturing standpoint to replace the rounded conical surface with a flat faceted one.

This program was developed to study the different aspects of ice loading on a multi-faceted
conical structure. The interaction loads with a multi-year ridge was of particular interest to
designers as this would be the design ice condition for structures located in the Beaufort or

Chukchi Seas.

Another point of interest was the effect of using a conical structure with a larger diameter
neck than previously considered. This would have the obvious benefit of permitting a
smaller cone to protect a larger piece of equipment such as bridge piers or structural

members of offshore oil rigs.

Scale effects are also considered with a total of four model scales being examined. The 1:10
and 1:20 scale tests were conducted at ERCL's outdoor basin in Calgary, a 1:50 model was
utilized at the tests in IME in Ottawa, and the 1:25 and 1:50 scale models were tested at the

IMD’s facility in St. John’s.



The test parameters that were varied in each of the test facilities are indicated in Table 1.
The first two phases of the test program were completed and documented by Metge and
Weiss, (1989), Metge and Tucker, (1990), and Irani et al, (1992). The third phase of the

program was carried out at IMD and forms the basis of this thesis.

The test program conducted in IMD was a collaborative effort between Memorial University
of Newfoundland (MUN) and the National Research Council (NRC) of Canada. The general
concept of the test series as well as the execution was done jointly, and several individuals
were involved in this project. The detailed design, fabrication and testing of the model and
the load measurement assembly were done by J. Tucker of MUN under the supervision of

D.B. Muggeridge. M. Lau of NRC had the responsibility of executing the test plan

Table 1.1: Test Parameters Varied in Test Facilities at ERCL, IME and IMD

Variation Tested ERCL Calgary NRC Ottawa NRC St. John's
Model Scale 1:10, 1:20 1:50 1125, 130
Structure Orientation No Yes No

Neck Diameter No Yes Yes

Ice Movement Rate No Yes Yes

Ice Floe Thickness Yes Yes Yes

Ice Floe Strength Yes Yes Yes
Ridge Thickness Yes Yes Yes
Ridge Strength Yes Yes Yes
Ridge Orientation Yes No No




Engineering Research Council of Canada (NSERC). The program involved a total of four
test series conducted in three phases. The first phase consisted of tests conducted over two
winter seasons (scales 1:10 and 1:20) at ERCL's outdoor ice testing basin in Calgary. The
second phase consisted of model tests conducted at NRC’s Institute for Mechanical
Engineering (IME) in Ottawa (scale 1:50): and the final phase was a series of tests conducted
at NRC's Institute for Marine Dynamics (IMD) in St. John’s (scales 1:25 and 1:50). The St.

John’s test matrix had several features incorporated into it:

- The 54 kPa ridge was built using the “brick layer’ method whereas the lower strength
ridges (28 and 14 kPa) were constructed using the *dump truck’ method (Spencer et
al, 1990). These ridge building techniques were developed at the IMD in an attempt
to produce consolidated ridges of appropriate strength and dimension to simulate a
one in one hundred year, multi-year ridge.

- Tests from the phase conducted in Calgary with ERCL which were selected for
comparison were incorporated into the matrix.

- A model speed of 0.06 m/s was used in both the ERCL. and IME tests series and was
used as a standard speed for this series as well.

- A number of extreme ice conditions were also simulated.

Smooth cones have been fairly widely used to protect bridge piers, caissons and offshore
structures, and it is generally accepted that forcing ice to break in bending results in less force
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being experienced by the structure than if the ice were to fail in crushing. The manufacture

of large, smooth conical i pet di h f rounded

plates and internal supporting structures. An alternative to the smooth conical design is to
approximate the surface with a multifaceted conical design. The interaction of ice features
with these faceted conical structures was the subject of investigations that consisted of a
combination of model tests and analytical studies. Loads associated with this interaction
could not be accurately predicted, this required that tests be carried out on scaled models of

a generic design in an effort to produce an appropriate numerical algorithm.

At present several methods are available to measure the forces and moments exerted by ice
features. A newly developed method for the purposes of this study consisted of three six-
component force and moment transducers sandwiched between two plates. Concerns over
the inability to rigidly fix the three load transducers to two plates led to a design
enhancement in which the load cells were rigidly fixed to one plate using a bolted connection
while the connection to the other plate was achieved using flange-mounted spherical

bearings.

Totest this and to all concerns about this new systems’ ability

to measure forces and moments accurately, a series of mock-up tests were performed on the

load cell in the i Lab in the S.J. Carew Building at

2t ial University of The system was later used in the test program to

6



measure the ice forces experienced by a six faceted conical structure interacting with a multi-

year ice pack consisting of embedded multi-year ridges.

1.3 Objectives and Scope of the Overall Program

The principle objectives of the program were:

0] To understand how multi-year ice floes and ridges would interact with a

multifaceted conical structure: and

(ii) To investigate the effects on ice interactions and forces of having the
diameter of the above-water vertical neck’of the structure be almost as large

as the waterline diameter.

Two scaled models, 1:25 and 1:50, of a prototype Beaufort Sea structure were used in the

tests, and two neck sizes were tested at the 1:25 scale.

Two ridge targets were used. The first ridge target was one that would represent
approximately the yearly average multi-year ridge size and strength tested at the 1:15 scale.

This was chosen because itisa i ition in which full scale




data might be available in the near future. Furthermore, this ice condition was also tested in
Esso’s 89-90 test series from which a direct comparison was possible. The second target
wasa | in 100 year multi-year ridge to be tested at the 1:50 scale. This was tested as part of

the grant mandate.

The ridge used in the tests in Calgary and Ottawa were

employed in the present test series. This permitted examination of the effects of ridge

onice failure isms and loads. Italso helped correlate the test
results from the three phases of the test program. Ridge strength and thickness as well as

sheet ice strength and thickness were varied throughout the five weeks of tests conducted.

A transducer system had to be designed. manufactured and calibrated which would permit
the measurement of global (total overall) forces and moments on the model. Due to the
model scale being used and the ice features being tested, the predicted global forces and
moments would be greater than any previously measured in a test program at the IMD. and
would be close to the capacity of the towing carriage. For this reason, use of a single six

component load transducer was ruled out.



1.4 Thesis Objectives

The major objectives of this thesis were:

@) To outline a new design of a transducer system intended for use in the

multifaceted conical structure program outlined above.

(i)  To record a series of calibration tests conducted at the S.J. Carew Building
in which a known load was applied to the load cell system and its outputs
recorded. resolved into meaningful data and compared with the recorded

applied loads

(iii) To develop a meaningful method for comparing the results of these

calibration tests with the known applied load

(iv)  To examine the performance of the test equipment in the IMD phase of the

multifaceted conical structure program.

The i designed, and verified was an essential component to the success

of the program.



Chapter one is the introduction to the thesis, outlining the rationale behind the project and
the background behind the multifaceted conical structure project and chapter two is a review

of relevant literature. Chapter three discusses the design of of the force measurement system.

and details a set of calil tests inthe Laboratory of the S.J. Carew
building. A set of two indices are also developed and presented which can be used to
indicate the degree of error in the calibration tests. Chapter four describes the entirety of the
test equipment and the installation of it in the IMD ice testing facility. A discussion of the
multifaceted conical structure test program is also included which describes the test
parameters varied throughout the series. Chapter five is an evaluation of the equipment’s
performance in the test series. Calibration data gathered during the program is analysed and
discussed and a dynamic analysis is performed comparing the natural frequency of the test
structure with the frequency of the loading function during an ice test. Chapter six presents

an overview of the thesis as well as findings and suggested directions for future work.



Chapter 2

2.0 LITERATURE REVIEW

Physical testing, be it of model structures in a simulated environment or of full scale
sfructures in nature, requires the accurate measurement of all important parameters. The

modeling of physical environments and objects for testing purposes is necessary for the

of lled envi but the use of modelling and similitude laws for
scaling purposes then becomes necessary. In the ideal situation, one would test a full scale
structure in a controlled environment. This is of particular interest when developing
algorithms for predicting events on full scale structures based on model tests. The repeated
testing of the same conditions through a variety of scales would then optimize the algorithm,

and enhance our ing of and simili laws.

Ice-structure interaction testing has been carried out by researchers for decades with the

motive of reducing the risk to offshore structures from such threats. Strain gauged proving
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rings were among the first of the precise ice force measurement devices (Saeki, 1977). used
by a variety of researchers to measure forces acting on a structure in a single axis. Devices

such as this were used in conjunction with plates to infer pressure or to permit the use of

multiple sensors to measure [ti-axi: but their and

is difficult and

Indeed, there have been tests conducted on actual structures where they have been

instrumented to measure the loads on them resulting from interaction with ice. In 1975, the

KemiIli (Mits 1977) andi forthe

of forces acting upon it from ice forces. The total ice load was measured by monitoring and
recording the bending deformation of the lighthouse (5.8 m diameter) underwater structure.
Four 7.4 m long rods were mounted vertically inside shielded tubes so that they were free to
move relative to the concrete structure. Strain gauge transducers were used to measure the
relative movement of the rods. The notion was that output would be directly proportional

to the bending moment or the total ice load on the structure. It was stated by the author that

the total ice load y reducedasa f ignal

to noise ratio” and the vertical situation or location of the ice load.

The JZ20-2-1 platform was instrumented in Liao Dong Bay (Fan and Jin. 1990)to measure
the total ice force on the jacket or platform in October of 1987. They used three types of
sensors, viz., strain gauges, accelerometers and load panels which were used together to

12



determine the total ice force on the structure resulting from what was termed severe ice
conditions. The load panels measured the forces on the structure only at the location of ice-
structure interaction. and had to be mounted such that they could be adjusted to

accommodate the tide levels.

A study was performed (Masroor and Zachary, 1991) on the use of applying strain gages to
structures, using the structure itse{f as the force measurement device for a physical test. In
this study. the authors demonstrated the viability of this technique. but cautioned that one
should be careful in locating the position of the strain gages. Errors may be propagated
through structural members. resulting in significant errors. They recommend that different
combinations of strain components could be studied and evaluated on the basis of error-
propagation. and that the best among these could be selected for the placement of strain
gages. Their study. however. was restricted to linearly elastic structures with small strains

where the principle of superposition retained its validity.

In 1990, a joint Sino-German project to explore the correlation berween model and full scale
ice forces on a jacket platform was conducted (Wessels and Jochmean, 1991) in which
research was conducted in twc phases. In the first stage, one of the four legs of a jacket
platform in Bohai were instrumented using custom designed ice force measuring panels.
Five such panels were mounted on the surface of the leg and adjacent to each other so as to
cover the entire front sector (180°) of the leg in the direction of ice impingement at rising

13



tide. For the scale model tests. a single force dynamometer was positioned at the top of a
frame to which the test structure was mounted and driven through the model ice. In this case.
only sheet ice was tested and the vertical structure used tended to promote failure of the ice
in crushing, which resulted in very little movement of the line of action of the force

experienced by the test structure relative to the axis of measurement of the load transducer.

Structures which are bottom founded and which interact with ice in nature experience
extraordinarily large forces. The ice failure on and about the structure could result in large
overturning moments also being experienced during these types of interactions. This is
particularly the case where the walls of the structure have a slope, permitting the ice to slide
up or down the surface prior to failure. Such conical structures have been used to protect
offshore platforms, lighthouses and bridge piers. These structures often have a sloped
surface at the waterline which would either lift the ice interacting with it up, or force it down
in order to cause the failure of the ice in bending as opposed to crushing. Many of these
structures have more than one inclination of sloping surface, and a vertical wall or pillar
beyond the sloped surfaces. The net affect is that as the ice slides up the inclined surfaces.
the line of the action of the force relative to some datum is constantly changing. In their

book, “Ice ion with Offshore ", Cammaert and M idge (1988) present

a number of algorithms which may be used to predict the forces experienced by an inclined

structure iencing ice. These i extend from two dimensional to three
dimensional analysis and include both elastic and plastic limit failure modes (Nevel, 1972;

14



Ralston, 1977). The location of the forces and the resulting overturning moment experienced

by the structure would be a consequence of the location of the centre of mass of the ice.

During the physical test of a structure in which the line of action of the force moves about

the location of the sensors, it is not i for very large moments to

be experienced by the force transducers being used. One method used by researchers to

which are to i this type of loading is to use single axis load
transducers and install them with couplings that are rigid in only the axis of measurement.
Using these, only forces in the load bearing axis of this coupling unit will be transferred to
the force sensor. Instrumentation such as this was used in the second phase of the
multifaceted conical structure program (Irani, 1992), as well as a number of other tests
including a series of tests of impact forces on a flat jacket deck (Murray, 1997). This method
of instrumentation is effective, but does not lend itself to quick modification of the test

equipment due to the large number of components required for the setup.

In the book *“Vibration and Testing - Theory and Practice” (McConnel, 1995), the issue of
the effects of bending moments on measured forces is addressed. Using an example of the

of the dy i e f a steel bar rigidly attached to a force transducer and

struck with an impulse hammer, ghost resonances appeared in the measured experimental
frequency response functions. This issue is principally the one being addressed in this thesis,
and more specifically a method to reduce the moment being applied to the force transducers

15



used in an experimental setup. He goes further to state that force transducers are sensitive
to bending moments and shear forces, and there is little known of the definition of bending

moment sensitivities, let alone the prescription of methods of correction.

Nonlinearity in force transducers is defined as the amount by which the transducer output
deviates from between a straight line zero load and the rated load outputs (Antkowiak and
Rencis, 1994). This percentage of the rated output can be used to classify the performance
of a transducer (setup). In their paper, they evaluate the linearity of a small strain gage force
transducer and compare their experimental calibration results with a finite element analysis
of the same structure. In their study, they found that small discrepancies occured between
the FE and test results. They theorized that these could be the result of nonlinear material
behaviour, machining tolerances or residual stresses due to machining. Such issues as these

would certainly be in a complex setup like that in this

thesis.

For accurate force measurements and to simplify analysis of the forces being measured, it is

b ial to attach the ystems base to an ideal or ‘rigid’ foundation (McConnell,
1995). In such a case, the mass of the foundation is considered infinite, and the
transducer/model! configuration acts like a single degree of freedom system where the

transducers may be considered as very stiff springs.



A two di i ical model for si ing the bet of a force

when subjected to bending moments was developed in 1993 (McConnell and Varoto, 1993).
The analysis was verified with experimental results and it was demonstrated that bending
moment sensitivity affected the transducer’s overall sensitivity, and that this may cause large

errors ling on how the is in atest.

From the above review, it can be seen that a force measurement system should be: (i) rigid:
(ii) linear in response; (iii) should not respond dynamically to the applied forces: (iv) have
low signal to noise ratios, and (v) be able to measure forces and moments in a repeatable
manner. The following pages outline the design. fabrication and verification of a system to

measure the ice loads exerted on a faceted conical structure.



Chapter 3

3.0 THE DESIGN, FABRICATION, CALIBRATION AND ASSEMBLY OF

THE FORCE MEASUREMENT SYSTEM MOCK-UP

To measure the high forces and moments experienced by the test structure and maintain as
rigid a test structure as possible, three large capacity six-component dynamometers were
utilized simultaneously and the global forces and moments were resolved from the recorded
data streams. The dynamometers were rigidly attached to an upper [oad cel( pfate using
spherical bearings in flanged housings (Figure 3.1). This was done for ease of assembly and

to reduce the moment pre-load on the due to i in the

manufacture of the instrumentation assembly. For the test series in the IMD, the upper load
cell plate was attached to a tow post and the model was rigidly secured to the lower load cell

plate. The load cell details and specifications are given in Appendix A.

Rigidly attaching several multi-axis force transducers together with rigid, reinforced plate

18



system. For the installation to be successful in the case where three load cells would be
attached between two plates, the six surfaces on the plates which will contact the load cells
must all be perfectly parallel. and in the same plane. This is a difficult construct to
manufacture given the size of the plates in question. If any irregularities exist between two

mating surfaces or in one or another of the plates, the result upon installation is that the force

AMTI MC8 Load Cell

Figure 3.1: Global Load Measurement Assembly
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transducer would be pre-loaded with a force equal to that required to deform the plates such

that their surfaces mate with the end plates of the transducers.

Another issue is that any deformation in one or another of the plates would result in a
moment being applied to the load cells in the area of the setup. It has been found that large
moments applied to a multi-axis load cell will introduce errors in measurements obtained
on other channels of that transducer. To alleviate these concerns, a novel concept was

introduced.

3.1 Design And Fabrication Details

The IMD maintain
five tri-axial force
transducers, three of
which were used in
the global force
measurement system

(Higurel 5.0

[produced by
ol ga s e :
Advanced Figure 3.2: AMTI 6 Component Force Transducers
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Mechanical Technology Inc. (AMTD)] of the MC8 series (1 X 89 kN capacity and 2 X 44.5
kN capacity). These are splashproof, six component load cells designed to measure forces
in each of the X, Y and Z directions as well as moments about each of these axes. If these
three force transducers were placed in series in the newly designed transducer setup. they
would have a combined force capacity in the Z direction of 178 kN and 89 kN in each of the
Xand Y axes. These load cells are strain gage transducers. structural members with strain
gages attached to them which, when loaded register a precise and consistent amount of strain
on any of a number of sets of strain gages installed on them. The gages are positioned
strategically to avoid any strain being measured on them when off-axis loading is taking
place by fixing them on the neutral axes of the two non-sensing axes. A problem arises when
sufficient plastic or elastic deformation of the structural member takes place to alter the
geometry and shift the neutral axis of the member. In this instance, errors will be registered
on the unloaded axes. This scenario most often occurs when large moments are being
applied to the force transducers. To alleviate this problem, a mechanism was devised to

minimize the moments experienced by the individual load cells during loading.

The load cells were attached to a rigid 25.4 mm thick steel plate with gussets applied to the

underside for additional rigidity. This mounting plate was the one to be used in the actual

test program (Lower Plate in Figure 3.4). Plate and
was determined using plate bending theory and forces anticipated from the maximum
forecasted testing conditions. All plates and mounting fixtures were manufactured by the
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welding and
machining
technicians of
Technical Services in
the S.J. Carew
building, at MUN.
The load transducers

were bolted to

seating pads on this

Figure 3.3: Angular Contact Spherical Bearings

plate (called the ‘lower load cell plate’) which had been ground and polished flat. The
purpose of the polishing was to reduce the chance of any
surface irregularities causing a deformation in the mounting
plate of the load cell, resulting in a moment applied to the i

load cells during assembly in the system.

angular contact spherical plain bearings (Figure 3.3) were
mounted in each of three flanged cups and separated bya

spacer. The spacer was designed such that the centre of

rotation of each of the spherical bearings would coincide, Flgure~3 4 ngular Contact

Spherical Bearing and Flanged

resulting in a ‘ball joint’ type arrangement. The flanged Housing



cup was bolted to its mating flange, and
a 1.0 mm spacer was installed to permit
preloading of each of the bearing
assemblies preventing vibration and any
movement other than rotation. The

flanged assemblies were attached to the

second of the two mounting plates
(Figure 3.5), and provided the coupling
mechanism for attachment of the load

cells.

Figure 3.5: Test Assembly

One of the two plates were to be
attached to a rigid surface (the floor of the Structures Laboratory in the case of the
calibration, and the tow post in the case of the madel tests), while the load was applied to the
second plate. Assuming that the bearings were ideal. the effect of this arrangement was to
remove any moment application to the load cell by the mounting fixtures. The only moments

by the individual load would be a result of the axial forces applied

at each of the respective spherical bearings. Physical limitations of the bearings resulted in
friction along the sliding surfaces and a net moment being observed at the centre of
rotation/connection points between the load cells and the bearings. The amount of friction
observed and the amount of moment applied to each load cell was directly proportional to
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the amount of axial load applied to bearing at that instant in time. Subsequently, an effort

was made in the design to minimize the distance between the centres of the bearings and the

mounting plate of the load cell.

3.2 Global Load Cells

One AMTI model SRMC8-6-20000 and two AMTT model SRMC8-6-10000 six component

load cells, by Advanced ical Te (AMTD, were
used in this configuration. The measurement axes (X', Y". Z) for the individual {oad cefls
(Nos 1. 2 and 3) were oriented as shown in Figure 3.5. and the forces and moments were
resolved to a global X, Y, Z coordinate system. The origin of the global coordinate system
was [ocated afong the centerfine of the cone at the water level. The X-axis was positive in
the direction of ice motion, the positive Z-axis was directed vertically upwards. and the

direction of the Y-axis was such that X, Y. Z form a right handed, orthogonal coordinate

system.

The global forces in the X, Y and Z directions were obtained using a simple algebraic

summation approach:



where:

and F, forces observed and their

Fy = Sns Fr, 3.0

Fy = Sias Fry 32

Fp = Siaas Fy, 33)

Total force in the X direction
Total force in the Y direction
Total force in the Z direction
Measured force in the X' axis direction on the i'th global load cell
Measured force in the Y axis direction on the i'th global load cell

Measured force in the Z” axis direction on the ith global load cett

Global overturning moment induced on the test structure was the result of the Fy;, Fy;

points and di of action with

respect to the global axes.

Due to different water levels that changed with test scales, the relative location of the
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global origin to which all moments were resolved changed. Consequently, the moment arms

changed with varying water level.

The global moments were using the
My = Loias Foin?, = FriZ, G4
My = ooy FeioZ w FoioX, 335
= Lo Pk - Bt 3.6

where:
My - Total overturning moment about the X axis
My - Total overturning moment about the Y axis
M, - Total overturning moment about the Z axis
X, - X location of the i th global load cell with respect to the defined axis system
Y. - Y location of the i th global load cell with respect to the defined axis system
zZ - Z location of the i th global load cell with respect to the defined axis system

The moment arms for each of the three axes used for each of the calibration test setup
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are given in the respecti and are on the location of the

transducer setup as well as the location of the hydraulic ram (or ice ridge/floe level) used to

load the apparatus.

Figure 3.6: Orientation of load cell coordinate axes with respect to global
coordinate axis
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Figure 3.7: Orientation of global coordinate axis with respect to model structure



3.3 Calibration of Test Setup

Prior to the test series in the IMD. a mock-up of the test structure and support system was
created in MUN’s Structural Engineering Laboratory. An in-depth series of calibration

checks were performed on the force measurement systems.

For mock up and

Load Application
Point

calibration purposes, the
flange/bearing assemblies
were bolted to a 25.4 mm
thick mild steel plate (test
plate)(Figure 3.3). A plate
thickness of 25.4 mm was
used to reduce the amount

of deflection during

loading to a minimum and
was additionally stiffened
with 50 mm x 250 mm low
carbon steel flat bars
running lengthwise and
latexally, jand-attachied. o Figure 3.8: Calibration and Mock-up equipment
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the plate with stitch welds. This plate had 12 bolt holes flame cut in it to permit fastening
of the entire transducer setup to the structures laboratory floor. There were a total of 3 sets
of 4 holes cut in 2 600 mm by 600 mm square, each set of holes rotated 30° from the other

such that the setup could be fastened to the floor in a total of 12 configurations. This test

plate was from the floor by cylindrical spacers to permit a safe separation distance
from the flanges to the floor surface. The spacers were fashioned as bushings, aligning the
floor bolts and the test plate. The entire transducer assembly was attached to the Structures
Laboratory 900 mm thick reinforced concrete floor using the floor bolts and bushings, and

restraining the assembly in all axes.

The loading arm shown in Figure 3.8 was also manufactured from 25.4 mm thick steel plate
and had a bolt pattern matching that of the lower cone model to be attached to the transducer
assembly. The mating surfaces of the loading arm and model plate were also milled to a fine

tolerance (+0.05 mm) to ensure a proper fit when attached and reduce residual stresses during

the test.

The 's specified ibrations were verified prior to the start of the test
series and used to compute the calibrati i for the indivi force channels
throughout the test program.
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3.4 Test Setup and Assembly

The test apparatus
described above and the
procedure listed below
were designed to &
compare the forces and
moments measured

about the X, Y and Z

axes by the transducer >
configuration and Elpis S.9; Lading
compare these measurements to the actual loads applied to the plates. The objective of this
test was to prove conclusively that the three tri-axial or six component load cells sandwiched

together between two rigid plates with spherical bearings, to eliminate the moments, would

accurately measure large triaxial forces and moments .

Loads were transmitted to the test jig using a 50 kN hydraulic ram. The ram was mounted
in a test frame constructed for this program using structural steel members available in the
Structures Laboratory and had a load cell attached in series with the loading arm to monitor
the applied forces. The applied load was tensile in nature, and was delivered to the loading

arm through an eye bolt located near its front, using a braided steel cable and steel shackles.
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To change the angle of loading with respect to the Z axis. there were three options: (i)
Change the lateral position of the hydraulic ram: (ii) Change the orientation of the test plates
(12 variations possible): or (iii) Change the position of the loading arm on the front of the

model plate (3 positions). In this test program. variations of all 3 options were used.

The test consisted of two phases. the first was the application of known loads at
known distances from the load cell defined origin after the transducer setup was zeroed. The
resultant loads and moments on the loadcell plate were calculated and compared to the loads
and moments measured by the three six-component load transducers. Forces were applied

at each of three points (Figure 3.7) and varied through a range of 0 to 23 kN.

The second phase of the test consisted of zeroing the etup.

and then reducing the temperature of one of the load cell plates by a known amount. This
was achieved by placing approximately fifty kilograms of ice on the upper plate and

monitoring the plate’s temperature. The shiftin the zeroes on all the transducer channels was

noted as a consequence of irregular thermal and and the
was rezeroed. The procedure outlined in phase one was then repeated. This test was referred

to as the ice test.

All tests were conducted in the Structures Laboratory of the S.J. Carew Building, Memorial
University of Newfoundland. In all tests, the test frame was loaded and permitted to “settle’
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Figure 3.10: Loading Equipment for Calibration Tests

or allow for any relaxation of the loading system, and the channels of all transducers were

scanned using a Hewlett Packard 3497A Data Acquisition/Control Unit and recorded.

3.5 Method of Comparison of Results

To determine an evaluation process for the performance of this system, we should first
consider what features an ideal force measurement system would have. Plotting the observed

data from the transducer setup against a known standard, perfect correlation between the new
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system and the standard would be indicated by a perfect fit of this line with the linear
equation of
F, =a-+bF (&)

Appied Measured

where a=0, and
b=1
A perfect fit would be indicated by linear regression with an R*valueof 1, and aslope of 45°

as shown in Figure 3.10, assuming that intercept of this plotted line is zero.

10

Applied Force
~
[}

2 =]

- I
|| Slope=45

0 2 4 6 8 10
Measured Force

Figure 3.11: Perfect Correlation Between Measured and Applied Data
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The value of R* and the slope alone are not good indicators of goodness of fit with the line
of perfect agreement. It is conceivable that the line of Applied Force vs. Measured Force
plotted could have an R* value approaching one. but that its slope and intercept could vary
greatly from the values of one and zero. It has been recommended that the Sum of Absolute
Prediction Error (SAE) (Castillo et al, 1997) would be a good goodness of fit criterion. This

is given as:

SKE = N8\ Fiua, ~ Emost, (3.8)

where n = the number of samples

If the value of the SAE for a given set of measurements is equal to zero, then the values of
aand b given in equation (3.7) are equal to zero and one respectively. Slight modification
of this measure desensitizes it to the number of samples, resulting in a criterion called the

Mean Absolute Percentage Error (MAPE):
1 n
MAPE = — 301 |Fappict, ~ Foasoea, * 100 3.9

The MAPE is a finite measure of the magnitude of error observed through a series of
measurements. To present the error as a percentage of the applied load, the MAPE' could

be presented as:
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ware’ - L3, Foppiied, ~ Fsteanured,
" F sopiea,

- 100 (3.10)

The MAPE’ is a good measure of the performance of the system overall. but to examine and
compare the performance of the system between each axis of measurement. there comes into
play the issue of resolution. The system being examined here has a 89 kN capacity in the X
and Y axes, and a 178 kN capacity in the Z axis of measurement. These electrical

(as are all electrical ) are designed such that they produce a maximum

output of, typically, 10 volts when they are subjected to the peak loads for which they are

designed with the i voltage bei The

of the system is determined by the tools that are used to measure the voltage output of the
transducer. A measurement tool which has 12 bit resolution would take the range of voltage
thatitis designed to measure within and divide itinto 2'* discrete units. registering a detected
change in voltage whenever a change in voltage of at least one of these units has been

detected.

As an example, a system measuring 10 volts with 12 bit resolution would register that a
change in

Discrete Unit = 10/(2'* - 1)= 0.002442 Volis @1

the output from the sensor 0.002442 volts. If we have, as is the case for two of the three
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load transducers used in the setup. a capacity of 44.5 kN for which we would have an output
of 10 volts at maximum load. then we would require a load of 10.867 N to be applied to the
transducer before a change would be registered on the system. In the case of the 89 kN load

cell. a load of 21.734 N would be required before a change in load was detected.

Based on this example. it is obvious that the capacity of the measurement system cannot be
ignored when evaluating the errors of the system. Given two load transducers. one with 2
high capacity and one with a low capacity, if both have equivalent outputs and are connected
to similar data acquisition systems. it would be expected that errors in measurements for low
loads would be greater for the larger capacity system. Dividing the MAPE by the capacity
of the system and multiplying it by 100 will result in the MMAPE being presented as a
percentage of the total capacity of the system in this axis. This will not only desensitize it
to the capacity of the system. but also result in the Modified MAPE' (MMAPE) being a

number that may be considered more universally.

100 o Fppties, Fisteasurea,

Fspptia,

MMAPE=

3.12)

n=SystemCapacity

The larger the capacity of the system, the more conservative will be the value of the
MMARPE, a direct result of the system capacity divisor in Equation 3.12. The global force
applied to the system may be defined as the vectorially summed forces in the X, Y and Z
axes being applied to the system. The global force capacity will vary depending on the
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direction of loading, but will be a maximum when a load is being applied along the Z axis
of the system only. Subsequently, calculated values of the MMAPE for the global force
component use the same capacity as that of the Z axis, 178 kN. The system moment
capacities may be determined from the axial load capacities of the load cells multiplied by
the moment arms or the distance from bearing centre to bearing centre about the appropriate

axes. System capacities are given in Table 3.1.

Table3.1:  System Capacities

Ce Capacity | Comp Capacity
F, 89 kN M, 25kNm
E, 89 kN M, 89 kN m
F, 178 kN M, STKkNm
F, 178 kN

The values of the MMAPE and MAPE factors obtained for this set of calibration tests are
given in Tables 3.2 and 3.3 and graphical comparison of the forces and moments for each test

with the line of perfect agreement is given in Appendix B.
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Table 3.2:

MAPE' and MMAPE Factors for Force Measurement During the

Calibration Tests
Test Fx Fy Fz Fg
MAPE'|MMAPE|MAPE' [MMAPE|MAPE' | MMAPE MAPE|MMAPE|

Orientation 1 0.76 | 0.0008 | 3.63 |0.0041 | 4.16 [0.0023 [0.97 |0.0011
Orientation 2 | 0.50 | 0.0006 o' o' 4.05 |0.0023 | 1.09 | 0.0012
Orientation 3 { 0.74 | 0.0008 | 6.33 |0.0071 | 2.08 |0.0012 }0.56 | 0.0006
Orientation 4 | 0.54 | 0.0006 | 13.94 | 0.0156 | 3.41 |0.0019 | 1.37 |0.00l5
Orientation 5 | 2.04 |0.0023 |104.60 | 0.1174 | 6.10 |0.0034 | 1.49 |0.0017
Orientation 6 | 1.73 | 0.0019 [21.20 | 0.0238 | 3.16 | 0.0018 | 1.42 |0.0016
Orientation 7 | 4.81 | 0.0054 [ 11.00 | 00123 | 1.68 | 0.001 |1.03 |0.0012
Orientation 8 | 4.50 | 0.0050 | 2.29 |0.0026 | 1.72 | 0.0010 |0.39 | 0.0004
Orientation 9 | 5.55 | 0.0062 | 3.40 |0.0038 | 2.25 [0.0013 | 169 | 0.001%
Orientation [0 | 3.86 [0.0043 | .32 [00015 | 2.90 {0.0016 (082 [0.0009
Orientation 11 | 0.50 | 0.0006 | 6.32 |0.0071 | 5.35 [0.0030 | 1.06 | 0.0012
Orientation 12 | 0.81 ]0.0009 | 5.24 ]0.0059 | 3.88 |0.0022 |0.81 |0.0009
Orientation 13 | 0.91 |0.0010 | 0.85 |0.0010 | 4.63 |0.0026 (0.8l |0.0009
Orientation 14 | 0.63 |0.0007 | 2.11 |0.0024 | 3.60 |0.0020 |0.66 | 0.0009

Ice Test 093 |0.0010 | 1.05 |0.0012 | 4.16 |0.0023 | 159 |0.0018

NOTE: 1. Due to the direction of loading, there is no error measure possible for this

direction.
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Table 3.3: MAPE’ and MMAPE Factors for Force Measurement During the
Calibration Tests

Test MX MY MZ

MAPE' | MMAPE | MAPE' | MMAPE | MAPE' | MMAPE

Orientation 1 4.08 0.0165 1.54 0.0017 4.84 0.0076

Orientation 2 o' o' 1.80 0.0020 o' o'

Orientation 3 4.34 0.0175 1.06 0.0012 0.60 0.0010

Orientation 4 L14 0.0046 2.06 0.0023 15.16 0.0266

Orientation 5 9.65 0.0389 3.13 0.0035 6.92 0.0122

Orientation 6 2240 0.0905 1.06 0.0012 26.02 0.0457

Orientation 7 1.86 0.0075 1.28 0.0014 5.59 0.0098

Orientation 8 281 0.0113 2.06 0.0023 1.85 0.0033

Orientation 9 2.56 0.0103 L79 0.0020 0.61 0.0011

Orientation 10 | 0.92 0.0037 142 0.0016 1.30 0.0023

Orientation 11 6.89 0.0278 140 0.0016 359 0.0063

Orientation 12 | 248 0.0100 261 0.0029 324 0.0057

Orientation 13 0.24 0.0010 283 0.0032 4.46 0.0078

Orientation 14 | 11.57 0.0467 1.20 0.0013 8.00 0.0141

Ice Test 845 0.0341 L.70 0.0019 7.10 0.0125

NOTE: 1. Due to the direction of loading, there is no error measure possible for this
direction.
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