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3 Introduction

Ice booms are very wide structures intended to provoke the formation of a stable ice
cover and/or retain or store ice in a certain location. They can be deployed on rivers to
manage ice or at sea to contain an oil spill or to protect a fixed structure. A simple one
span boom consisting of 13 cylindrical steel pontoons is shown in Figure 3.1.

Figure 3.1. Wakefield ice boom (courtesy of Fleet Technology)
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More typically, as shown in the following sketch, booms are multi-span structures:

s FLOATING PONTOONS
i 2 METAL PIPES 247 8
e s - 11 Of 13 PER BECTION
ICE COVER _ .
; OF B00M
BECTIOR
i

Figure 3.2. Three-dimensional view of a multi-span ice boom, Yamachiche, Québec

Historically, there were many ice booms deployed in the 1960s. They were composed
primarily of rectangular 14" by 22" Douglas Fir pontoons Following a major ice jam at
Lac St. Pierre on the St. Lawrence River in February, 1993, the principal author
designed and deployed a new boom based on cylindrical pontoons similar to the ones
shown in Figures 3.1 and 3.2.

It was essential to deploy the booms quickly to prevent another ice jam in order to
restore confidence in winter navigation on the river. As such, three consultants were
called upon to aid in the design. Donald Carter (1995) did some analytical work. Fleet
Technology (1993 & 1996) did some analytical studies and some very rudimentary
physical model studies. The Canadian Hydraulics Centre (1995) performed detailed
model studies of both a typical boom section and different pontoon geometries and
densities. Le Groupe Conseil LaSalle (1993) performed a physical model of Lac St.
Pierre to help optimise the location of the booms. INRS-Eau (1993 and 1994)
complemented the work using a 2-dimensional study.

A prototype section was installed in Lac St. Pierre in 1993. The section seemed to
perform very well and as such, a new boom consisting of 18 sections and 13 pontoons
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per section was designed and constructed (with some assistance from Public Works
Canada) in 1994. Each section was 400 ft (122 m) wide. All pontoons were 30" (61 cm)
in diameter except for sections 5, 10 and 15 (see Annexe 1) which were constructed out
of 76 cm pontoons. After observing the performance of the boom during the first winter,
a 19 section was added on the south side (section no. 0), all 76 cm pontoons were
removed and replaced with 61 cm pontoons and all sections were reduced from 13 to 11
pontoons per section. The extra section was added to promote the ice cover interaction
with the artificial islands. The 76 cm booms were replaced because it was noted that
these sections carried too much of the load for no good reason. Two pontoons per
section were removed to avoid the pontoons hitting in to each other under wave action
(during the no-ice period). (Removing 2 pontoons per section did not noticeably reduce
the boom's efficiency in subsequent years).

As can be seen in Figure 3.2, the booms were deployed with load cells to measure
forces in the cables. After a couple of years of deployment, a statistical analysis of the
measured loads was performed primarily by the Canadian Hydraulics Centre (Cornett et
al, 1997 and 1998). In addition, these booms were monitored in real time using an
Integrated Ice Information System (Morse & Crookshank, 1998).

Due to the success of these booms and the enthusiasm of Fleet Technology, a number
of similar booms have recently been deployed elsewhere. Locations include the Rideau
River, the Ottawa River, the Pickering nuclear power station and Lake Erie. Ice booms
are also proposed for the Chaudiere River, to prevent jams at the Missouri / Mississippi
Rivers (Tuthill and Gooch, 1998) and to control ice on the St. Maurice River (Carter,
2000).

Regarding estimated loads, Cornett et al. (1997 & 1998) demonstrated that maximum
recorded loads on ice booms follow a Gumbel distribution. Timco and Cornett (1994)
measured model forces required to free a boom which is frozen into an ice sheet. They
also measured forces generated by ice pieces accumulating in front of booms of various
sizes and shapes. Foltyn and Tuthill (1996) presented loads measured on booms
deployed across North America.

Abdelnour et al (1994) and Cornett and Timco (1995) demonstrate that measured loads
depend on boom geometry (size, shape and relative density) and the nature of the links
between the pontoons and the cable. For Douglas Fir pontoons, Le Groupe Conseil
LaSalle showed that applied forces were very dependent on the nature of the ice sheet
geometry at the ice/structure interface. In the physical model studies, Cornett and
Timco confirmed this finding.

Michel (1966), among others, demonstrated that loading is a function of the driving
forces such as water currents and wind. In fact, he suggested that the most critical
conditions could be those generated by wind.

Both the laboratory work and the statistical analysis work on prototype data done at the
Canadian Hydraulics Centre (CHC) showed that applied loads are a stochastic process.
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4 Theissues

There are principally two issues regarding these booms. First, despite all the research
conducted to date, there is still no definitive document that clearly describes and
guantifies the ice/structure interaction for these booms. Second, there is no document
that describes the performance of the booms in view of their design.

5 Scope of work

In this report, we would like to address these two issues.
First, we estimate ice/structure loading based on three theoretical approaches:

1. We describe different formulas to calculate the environmental forces that the
ice cover can apply on the structure. This section is based on very traditional
formula and has been applied to calculate potentially extreme loading
conditions. It does not take into account an alternative expression developed
by Carter (2000) because at the time of writing, we have not yet received his
permission to do so. It does not use Shen's (2000) new material aggregate
ice model for ice accumulations. It does not use historically recorded wind
speed and flow rate data to calculate historical estimates of the ice loading.
This data was received to late from the Canadian Coast Guard to include it in
this report.

2. The second component of our analysis is an attempt to estimate the maximum
applied force that an ice sheet can deliver under bucking and flexural modes
of failure. We note that Timco and Cornett's study indicates that for booms
similar to the ones examined here (61 cm pontoons), the mode of failure is
flexural.

3. The third component of the theoretical analysis is a little more detailed. Using
a simple perpendicular-faced ice sheet, based on an analysis of the boom
geometry, we develop equations describing the boom's capability to retain the
ice.

Second, we present the measured data over the last five winters at three ice booms on

the St. Lawrence River. The locations are, from upstream to downstream, Lavaltrie (10
sections), Lanoraie (11 sections) and Yamachiche (20 sections) (see Figure 5.1).
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Figure 5.1. Location of St. Lawrence River Ice booms
(Note no. of sections in 1999 is 10, 10 and 20 respectively)

We analyse the force balance equation between the forces in the section cables and the
anchor cable. This is followed by an analysis of the force interplay between the tension
in one section cable and its neighbour. We analyse spatial distribution of the line loads
applied on the anchor cables. Using a spectral analysis we analyse the forcing
frequencies and periods. We perform a statistical analysis of the maximum annual
measured loads.

During the whole report, we will provide information regarding the performance of the
boom, the expected loading and the associated design criteria. We hope to make a
more formal summary of these findings at a latter time.

We are proud of some elements of this report. We feel that it does significantly
contribute to the advancement of our understanding of the interaction between ice and
wide flexible structures form a theoretical point of view, from a temporal-spatial point of
view and from a statistical point of view. We also believe that its makes some inroads to
explain the large variability in measured loads.
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6 Environmental Forces

6.1 Theoretical background

Many authors have studied loads generated by ice accumulations against ice booms.
The most important forces result from water shear on the underside of the ice cover, the
wind stress on the ice cover surface and the down slope component of the gravity forces
on ice accumulation. Additional forces include ice impact forces, hydrodynamic forces on
the frontal edge of the ice accumulation and forces resulting from vessel passing close
to the boom (Foltyn and Tuthill, 1996).

The total force on an ice boom ca be expressed as the sum of the following forces:

P=F,+F +W, +P+P, +F, (6.1)

Where:
Fw: water shear on the underside of the ice accumulation
Fa: wind drag force on the ice cover
W;: down-slope component of the gravity force on the ice accumulation
Pi:  force resulting from ice impact
Pw: hydrodynamic force on the frontal edge of the ice accumulation

F,: force resulting from vessel passage

Latyshenkoff (1946) showed experimentally that as the length of the ice accumulation
behind the boom increased, the load exerted by the ice did not build up indefinitely but
reached some maximum value. One of the most common problems of the determination
of the forces exerted by an ice field is estimating the length or area of the ice cover that
contributes to the ice load on the boom. In the literature, there are essentially two
approaches to determine the contributing area pushing against an ice boom. The first,
normally referred to as Caquot's theory uses the grain in a silo analogy. Ice is
considered to be a granular material confined within two parallel side walls. The second
approach is used where confinement is unlimited. In this case, the ice accumulation
takes on the form of a triangle. The area behind the boom is dependent on the boom
width and the apex angle of the triangle.

6.2 Environmental ice loads under laterally confined conditions

In 1959, Beccat and Michel (1959) applied Janseen's grain elevator theory. They
concluded :

- a part of the ice load is applied to the river banks through the arching of inter ice floes

- the maximum force on ice booms is achieved when the reaction of the banks is equal
to any additional incremental load added upstream on the ice accumulation.
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- parabolic arches corresponding to the principle directions of the internal inter ice floe
stresses make up the final equilibrium load system.

The stress distribution in an ice accumulation is similar to the one of the two-dimensional
grain elevator with a top load. The total stress is made up of tangential force (t) and
force exerted at the frontal edge (po) (see Figure 6.1)

The total force exerted on an arch at a distance x from the edge is given by
2
X[ 18 X
F = p, Bex B—E—H+—%—ex B—E—% 6.2
PP BT e i (6-2)

Where:
B: channel width

¢ : coefficient of lateral confinement which depends on angle friction of the ice on
the shore (Michel, 1978).

By taking a value & = 0.3,Michel (1978) obtained the final formulas:

X
F=FH-aex 0.3—
% pE_ B%

F_=3.318°

Po
3.31B

(6.3)
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Figure 6.1 : General stress distribution in an ice cover (Michel, 1978)

The tangential force is calculated as follows:
T=Ty+Ta+10 (6.4)
Where
Tw . Water tangential stress

Ta: wind tangential stress
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n: longitudinal component of the weight of the ice accumulation

T, = pCoV> (6.5)

where V is the water velocity (m/s), p is the mass density of water (1000 kg/m3) and
Cp is the drag coefficient of water.

Suggested values of Cp are presented in the following table.

Table 6.1: Measured water drag coefficients (based on Carter, 1995)*-

Author Cp (1m)
X 10-3
Johannessen (1970) very rough 26.6
rough 12.8
smooth 13.4
Untersteiner & Badgley (1965) 10.5
McPhee (1975) 3.4
Campbell (1965) 12.0
Hunkins(1966) 7.8
Michel (1978) 3.9
Carter (1995) 41.3
Ty = PuCouU’? (6.6)

where U is the wind velocity (m/s), pair iS the mass density of air (1.293 kg/m3 at 00C)
and Cpyr is the drag coefficient of flowing air over the ice cover.

The range of values of Cpgir reported by Michel (1978) is 1.3x10-3 to 4.4x10-3. Foltyn
and Tuthill (1996) gave a range 1.7x10-3 — 2.2x10-3.

The gravity stress is given by :
r’ = (l_ e)yicehS (67)
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where yice is the specific weight of ice and e is the porosity (0.3), it is found

1 = 4410hS (6.8)

The hydrodynamic force on the frontal edge (po) is given by the momentum theory. This
force is generally neglected in the computation of forces exerted by ice on structures.

Michel (1978) estimated the maximum hydraulic thrust and thrust caused by wind by
using the following assumptions:

the porosity of the ice accumulation =0.3
the internal angle of friction = 30°

the wind speed = 33 m/s at standard 10 m above the ground

Michel (1966, 1978) proposed the following formula to determine the ultimate push of an
ice accumulation against a boom :
Maximum hydraulic-induced load (Py):

Pw = 0.016 h? B (kN) (6.9)
where h is the ice thickness (m) and B is the width (m).

Maximum wind-induced load (P,):

P,=0.0176 B® (kN) (6.10)
However, since the ice accumulation cannot thicken by an amount greater than
the river depth (H), (the river bottom would then take a great part of the load),
there is a limitation given by

P, < 1.0n*B (6.11)

Michel (1978) stated that the maximum possible thrust on a structure could readily be
obtained from equations 6.9 to 6.11.

For a grounded ice field in a depth of water H (m), Carter (1994) deduced from Michel’'s
analysis that the maximum ice line load (w in KN/m) can be written as follows:

w=1.0 H? (6.12)
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Carter (1994) used this equation to compare loads calculated by this limiting value with
those measured experimentally on the Yamachiche ice booms on Lac St. Pierre. He
characterised the correlation as very good given the dynamics of the loads in question.

6.3 Environmental ice loads under laterally unconfined conditions

The ice force depends on the size of the ice accumulation in front of the boom. The
problem of the determination of the extent of the upstream ice accumulation has been
studied since 1935 by many investigators. Latshynekoff (1946) found experimentally that
the length of the ice cover attained a constant value after a length of three to four times
the width of the field. The U.S. Army Corps of Engineers (1999) recommends to derive
ice loads acting on the boom from an area that extends upstream an amount
corresponding to five river widths. Abdelnour and al. (1993, 1996) estimated this area
by evaluating the apex angle (see Figure 6.2). They state (1996) « The area covered by
ice pieces retained by the boom will probably increase steadily during an event, starting
with the areas in front of the individual spans (e.g. the areas labelled Al to A8 in Figure
6.2). When two or more adjacent spans are completely filled with ice, ice pieces will then
collect over a large area (e.g. areas B, C, D and E in Figure 1.2 ). The ice area will
increase until it covers the total width of the boom. This will produce the highest ice
forces on the boom as the ice area has reached its maximum. »

An ice cover length of three to four times longer than the width of the boom is equivalent
to an apex angle ranging from 15° to 20° (Abdelnour and al. 1993). Abdelnour and al.
(1991) found that an apex angle of 60° correlated well the drag force required to drive
the ice cover past two different types of bridge piers at Laviolette Bridge on the St-
Lawrence River. Consequently they used an apex angle of 60° in the study of Lavaltrie
ice boom.
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Figure 6.2: Ice accumulation in front of the boom (Abdelnour et al. (1993))

Abdelnour et al. (1995) assume that the ice accumulation in front of the boom is acted
upon by wind and current forces. With their approach the currents and winds are
assumed to be uniform over the area of ice cover. The wind and current forces were
predicted as follows :
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current pC V A& (113)
wmdt pCDalrU AN (114)

Where Fcurent and Fuing are the current and wind drag forces respectively and A; and Ay
are the surface areas of the ice cover acted upon the current and the wind respectively
given by
BZ
A=A =

4tan(a /2) (1.15)

where a is the apex angle of the triangular ice area upstream the boom.

It should be noted that the U.S. Army corps of Engineers determines the ice forces by
using

A =A, =5B? (1.16)

For estimating the value of drag coefficient current, Abdelnour et al. (1995), expected a
rafted ice cover. A value for Cp = 0.015 was selected in the analysis of forces acting on
Lac St-Pierre ice booms and Cp,ir was taken as 0.0033. These values were found to be
within the range of the loads measured by Cowper et al. (1994). It should be mentioned
that these values are not constant during the winter. The ice is rough during the ice
formation stage and becomes smoother when the ice consolidated (Abdelnour et al.,
1995)

The line load is given by:

[10000v +1.293C,,,U7)] (1.17)

Dair

4tan(a/2

With the values of the drag coefficients and the apex angle assumed by Abdelnour et al.
(1995), equation (1.17) becomes:

w =0.433B|15V % +0.0043U 2| (1.18)
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6.4 Environmental loads for St. Lawrence River booms

The wind velocity, the water currents and the ice thickness are prerequisite to the
determination of loads on ice booms.

6.4.1 Water currents

For the Yamachiche boom, experimental observations were made on the northern part
of Lac St-Pierre during the month of January 1995 and are reported by Carter (1995).

Current profiles were made at ten locations under the ice covers. The average value of
all current velocity is calculated by Carter (1995). The maximum velocity of all average
values is 0,27 m/s and the mean velocity is approximately 0.16 m/s. The average current
velocity in Lac S-Pierre was also obtained by Abdelnour et al. (1994) from a 2D
hydrodynamic model run. The average current velocity reported is 0.35 m/s for open
water current conditions.

For Lavaltrie and Lanoraie boom, an ice survey was made by the St Lawrence Ship

Channel group (Department of Transport) in January, February and March 1973. The
values obtained are summarised in Table 6.2.

Table 6.2 Average and maximal currents at Lanoraie and Lavaltrie

Location |maximal |average |discharge at
current currents | Sorel
(m/s) (m/s) (m3/s)
Lanoraie |0.66 0.32 11540
Lavaltrie |0.55 0.38 11334

It should be noted that these measurements were made a few metres downstream of
booms. The estimated discharge in the St. Lawrence river at Sorel at that time show that
the currents were measured under very in high winter discharge conditions.

Beauchemin and Pellegrin, 1969, measured the surface currents at Lavaltrie boom
location. The average values are summarised in table 6.3
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Table 6.3. Average surface currents at Lavaltrie boom location

Mean surface | Mean surface
Survey time current across |current across
and date full width of|boom spans 2, 3
boom and 4
(m/s) (m/s)
13h00 June 2, 1969 |0.70 0.68
15h00 June 2, 1969 |0.67 0.64

Since the Lavaltrie ice boom is located in channels parallel to the navigation channel, for
the same discharge in the river, the current near the boom is expected to be lower in
winter than it is in summer. Once an ice cover forms upstream of the boom, because of
the increased resistance on that side of the island, relatively more of the flow will follow
the main (navigation) channel.

Finally, Abdelnour et al. assumed a “design current” of 0.76 m/s for the study of Lavaltrie
ice boom. The current used for the Lanoraie ice boom is slightly less than 0.70 m/s
(Abdelnour et al., 1995).

6.5 Wind conditions

The wind speeds were recorded at Sorel weather station for winter 1994/1995. The wind
speeds normal to the ice boom for Lavaltrie, Yamachiche and Lanoraie are shown in
Figure 6.3 (Abdelnour et al., 1995). This figure indicates that the normal wind speeds are
almost identical for all three booms. So, it can be assumed that all three booms are at a
45° angle with the north direction (Abdelnour et al., 1995). This angle corresponds to
Lavaltrie’s one. In a previous study, Abdelnour et al. (1993) suggested a design wind of
11.2 m/s acted perpendicularly on the boom.

Using the data of wind speed and direction recorded in January 20-21, 1995, Carter
(1995) reported an estimated value of 20.6 m/s for wind speed in the northern part of
Lac St-Pierre.

6.6 Ice thickness

There are many meteorological and hydrodynamic factors which affect ice formation and
growth. The ice conditions in Lac St-Pierre have been described by earlier work (Carter,
1980, Abdelnour et al 1989). Border ice thickness during December is less than 10 cm
and increases during the months of January and a full ice cover in February. An
approximate value of 90 cm can be reached in March (Abdelnour, 1995).
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Measured ice thickness in Lac St-Pierre for the years 1983 to 1986 has been presented
in Abdelnour et al. (1989) (Figure 6.4). Ice thickness differs from one location to another
and from one year to year. The maximal value recorded is about 70 cm.

Experimental observations are also made on the northern part of Lac St-Pierre during
the month of February 1996 (Carter, 1995). The data obtained give an average value of
approximately 38 cm for the ice thickness.

From the statistical study of the freezing index, Carter (1994) provided a predication of
the average and maximum ice thickness along the St Lawrence waterways (see Figure
6.5). The values has been obtained by the use of this equation:

z=axs (6.18)

Where z is the thickness of the ice cover (inches), s is the freezing degree-day
accumulation (°F-days) and a is a shelter coefficient having a value ranged from 0.4 to
1.

Table 6.4 gives the mean values for the 20-year period and the probable ice thickness
for three various intervals of recurrence 5, 10 and 50 years.

Table 6.4. Maximum and average ice thickness (cm) for
Lac St-Pierre (Carter, 1995)

Mean Periods of recurrence
value |5 years 10 50
years | years

Maximum 111 118 121 127
thickness

Average 78 83 85 89
thickness
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Figure 6.3: Wind speed normal to the ice booms — Winter 1994/1995 (Data from Sorel
weather station in Lac-St Pierre (Abdelnour et al., 1995).
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Figure 6.4: Measured ice thickness and its location on Lac St-Pierre (Abdelnour et al.
1994).
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Figure 6.5: Predicted ice thickness on Lac St-Pierre (Carter, 1995)
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6.7 Force calculation

The ice forces acting on the ice boom were calculated using equations suggested by
Michel (1966, 1978) and Carter (1995, 1999) and the approach developed by Abdelnour
et al. (1993, 1995). For the drag coefficients, we use the values suggested by Carter
1995 because these values were deduced from experimental observations of wind and
currents made in Lac St-Pierre in 1995. The drag coefficients adopted are

Forwater Cpatlm =41.1x103
For wind Cpatl0m = 3.4x10°

6.7.1 Michel's equation

In order to use Michel's equation, the water level is required. The daily water levels in
Lac St-Pierre for a number of winters are shown in Figure 1.6. The water level fluctuates
from 3.7 m to 6.3 m. The average value of water is approximately 4.5 m. So the force
per unit width is calculated as follows:

w= 1.0 H? (kN/m) = 20.2 (kN/m) (6.20)

The value given by the above equation is the maximal trust that can be exerted on a
boom (under the influence of the wind force). It should be noted that equation 6.20
should not be applied for Lavaltrie and Lanoraie since the current there is relatively high
and therefore the ice accumulation doesn’t ground.

The equation given by Abdelnour et al. is expressed as follows:

[1000(:v +1.203C,, U] (6.21)

Dair

4tan(a/2

With the value of drag coefficient estimated by Carter (1995), it may be written as:

=5 [a.1v?+0.0044u7] (6.22)
4tan(a /2)

A 60° apex angle and a 20.6 m wind speed are assumed in this study. So equation
(1.22) becomes:

w=0.433B [41.1v 2 +1.87] (6.23)
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The forces obtained for the three ice boom are shown in Table 6.5.

Table 6.5. Average forces estimated by Abdelnour et al. equation (kN/m)

Boom location |With average | With
velocity maximal
velocity
Yamachiche 3.1 5.1
Lanoraie 3.2 10.4
Lavaltrie 8.2 15.1

6.7.2 Comparison of estimated forces

The comparison of maximal values of line load estimated by different methods is shown
in Table 6.6. The values obtained by Michel’'s equations are higher than those estimated
by equations suggested by Abdelnour et al. It should be mentioned that Abdelnour et al.
assumed a triangular area of ice accumulation which does not always correspond to in-
situ observations. The ice field can be fully or partially confined. Alternatively, the
triangular of ice accumulation sometimes extends to the shore. The area should be
multiplied approximately by two to get more realistic values of forces. On the other
hand, because the fields are not always fully confined, one cannot use the Caquot
approach in all cases.

Table 6.6. Maximal forces estimated by

different equations (kN/m)

Boom location |Michel's Abdelnour et
equations al.’s
equations
Yamachiche 20.2 5.1
Lanoraie 21.6 10.4
Lavaltrie 21.5 15.1
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7 Analysis of Ice/Structure interaction
7.1 Analysis of load retaining capacity

Previously, we have estimated the magnitude of the ice push on the boom. We saw that
it was a function of the effective area of the ice sheet and the environmental driving
forces. In this chapter, we will examine the boom's ability to counteract a push. We will
see that it is primarily a function of the size of the boom and the thickness of the ice
sheet.

To our knowledge, previous analyses of a boom's ice retention capacity have been one-
or two-dimensional. However, in reality, booms behave in a fully three-dimensional
fashion. While the following analyses remain primarily two-dimensional, we will at least
try to incorporate some of the three dimensional aspects of a booms behaviour.

7.1.1 Anchor cables

Anchor cables have a catenary shape. Under small loading conditions, the anchor
cables rest on the river bed. As soon as important loads are applied, the cable becomes
taut from anchor to junction plate. Consider the boom at Yamachiche. Typically, the
junction plates are about 2 m above the bottom. The anchor cables are 38 m in length.
Applying the equations for a catenary, at the water surface, under small loads, the cable
forms a 5° angle with the horizon. At larger loads, the angle approaches 3° (=
arcsine(2/38)). In the previous analysis, we assumed that the barrels attached to the
junction plates (see Figure 3.3) have sufficient buoyancy to keep the junction plates
afloat. However, strictly speaking, the junction plates' depth below the surface depends
on total water depth (2 to 6 m), the cable's length (normally 38 m depending on how
precisely the anchors were installed), on the barrel dimensions, on the ice conditions
around the barrel and on the applied load. We also note that at Lavaltrie and Lanoraie,
the water depths are greater (typically 5,5 m) but the cable are longer (typically 76 m)
and therefore the calculated angles of 3° to 5° presented above are still approximately
correct for all St. Lawrence River boom locations.

7.1.2 Section cables

The section cables start at the junction plates. Although we have just seen that their
depth below the surface (at the junction plate) is variable, in normal conditions, we can
assume it to be equal to that distance from the junction plate to the centre of floatation of
the junction barrel. In the case of the Yamachiche booms, this value is about 1,5 m.

As we move along the section cable away from the junction plate, pontoons are attached
and keep the cable afloat near the water surface. As the ice applies a load on the
pontoons, they pull the section cable up nearer the surface. Therefore, the depth of the
cable near the pontoon will depend on the diameter of the pontoon (0,61 m in our case),
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the length of chain connecting the pontoon to the cable and the angle that the chains
make with the horizon. For the sake of argument, let's say that the chain is about 1,2 m
long and the angle of the chain is 10 degrees. The cable will then be about 0,8 m below
the surface.

So at the junction plate, the section cable is about 1,5 m below the surface whereas in
the middle of the cable, under the stretching of the cable by the applied force on the
pontoons, the cable will be about 0.8 m below the surface. If we assume that this climb
is linear between the plate and the middle portion of the cable, we can calculate its
horizontal rise = about 0.3°. The calculation is based on a linear distance between the
plate and the middle of the cable equal to the sag = 137 m (0.3° = arcsine((1,5-
0,8)/137).

7.1.3 Connecting chains

Let's now consider the chains. At one end of the chain, the net applied force on the
pontoon is horizontal. Any vertical forces are counterbalanced by the buoyancy of the
pontoons. At the other end of the chain, it is being pulled down by the cable at an angle
of 0,3°. The chain must also support its own net weight and that of the cable's under
water. The chain's weight is negligible and given that the cable weight is relatively small
(6.4 pounds per foot), under high loading conditions, since the forces at each end of the
chain are near horizontal, the chain itself will tend to form a very small angle with the
horizon. Its actual value is presented in Figure 7.3.

The above reasoning about the anchor cable, section cable and the chains will govern
our analysis of the force required to fully submerge the pontoons.

In an ideal analysis all pontoons attached to the section cable should be individually
examined. In a complete analysis, there are important lateral forces that must be
considered. It is only the centre pontoon that is perpendicular to the flow. All other
pontoons have loads applied at an angle to the current (due to the aggregate
characteristics of the ice). Starting with the pontoons near the junction plate, the booms
form an angle of about 56° with respect to the flow. This angle promotes the
concentration of ice towards the centre of the section cables. Therefore, the loads
applied at centre pontoons are much larger than those applied on the pontoons near the
junction plates. In addition, due to the projected buoyancy of the pontoons per unit
width, the resisting force per unit width is larger near the junction plates than it is at mid-
span. Finally, in the centre, there is greater lateral confinement of the accumulation.
These three facts explain why we will often see an ice run only over the central 5
pontoons.

Notwithstanding the latter, we will analyse the retaining capacity of the centre pontoon
only. After multiplying by the number of pontoons per section cable (11), we will
calculate approximate the retaining capacity of the section cable. Given the fact that we
are not doing a force balance on each pontoon, we realise that the analysis is simplistic.
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Really, a complete analysis of the three dimensional structure of the boom and of the
applied ice loads is required but is beyond the scope of this effort.

7.1.4 Pontoons

Referring to Figure 3.1, assuming that acceleration is zero, we can write the static force
equilibrium for different components.

Force balance free body diagram for pontoon-cable system

Figure 7.1 Definition sketch for pontoon force balance equations

7.1.5 For pontoon equilibrium:

7.1..Moment :.......(Tccos(8))(Rsin(a)) — (Tcsin(8))(Rcos(a)) + UNR =0
7.2..Horizontal :...N cos(3) —Tccos(8) + uN sin(B8) =0
7.3.Vertical : ........ Nsin() +Wp - B +Tcsin(6) — uN cos(B) =0

7.1.6 For section cable equilibrium:

7.4..Horizontal :...T, cos(a,) —Tccos(8) =0
7.5.Vertical : ........ T,sin(a,) -Tcsin(@) +W,'=0
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7.1.7 From geometric relationships:
7.6..Buoyancy...B = yLp(R?(cos(d)sin(d) + m— o/ 1)
..... where.......0 =arccos(Hb/R)
7.7..Load.at....3 = arcsin[(Hb - 0,5Hi — Hi")/ R]

7.1.8 For theice sheet:
7.8a..Horizontal....Fi = N cos(f3) + uN sin((3)
7.8b.Vertical........ P = Nsin(B) — uN cos(B)

7.1.9 For the whole thing:
7.9..Horizontal....T, cos(¢) — N cos(B) + uN sin(8) =0

where the angles are defined in Figure 7.1 and:
T. is the tension in the chain (kN)
R is the pontoon radius (m)
K is the coefficient of ice/steel kinetic friction (-)
N is the normal load applied by the ice sheet (kN)
W, is the weight of the boom (kN)
B is the buoyancy for of the boom (kN)
T3 is the tension in the cable caused by the pontoon (kN)
W3' is the net weight of the cable and chains in water (kN)
y is the density of water (kN/m?)
L, is the length of the pontoon (m)
Hy, is the submergence of the pontoon (m)
H; is the ice thickness (m)
Fi is the horizontal thrust of the ice sheet (kN)
a is the angle of rotation of the pontoon
B is the angle of contact between the ice sheet and the pontoon
0 is an angle proportional to the degree of submergence of the pontoon
@ is the angle at which the section cable is being pulled with respect to the
horizon
0 is the angle of the chain with respect to the horizon

Note that the analysis is made for a whole pontoon. Therefore (11 times F)) is the load in
the anchor cable (kN) and (0.5 times Tc) is the actual load in each chain (kN).

For the solution of these non-linear equations, we assumed that the pontoon was fully
submerged (H, = R). We then solved the equations by trial and error using an Excel

spreadsheet. Note that ¢ changes very little nor are the equations overly sensitive to the
value of a.

The results of the analysis are given in the following Figures.
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Angle of the chain with the horizon (theta) (degrees)

Calculated line load capacity (kN/m)
for 122 m sections having 11 pontoons 0,61 cm in diameter
(based on submergence of the center pontoon)
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Figure 7.3 Calculated chain angle
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Figure 7.2 demonstrates that the calculated boom capacity corresponds very well to
observed values. We note that retention capacity increases more or less linearly until
such time as a critical ice thickness is reach. The resistance capacity then skyrockets.
The critical thickness is a function of the friction coefficient p. For p =0, the critical
thickness is about 70 cm. For pu =0.1, the critical thickness is about 60 cm. For p=0.2,
the critical thickness is about 50 cm. For pu =0.3, the critical thickness is about 45 cm.

The angle that the chain makes with the horizon is presented in Figure 7.3. As soon as
there is any applied force at all, the angle becomes less than 5 degrees.

Figure 4 shows that at small loads, the rotation of the pontoon is very sensitive to the
coefficient of friction. This means that the booms are rotating a good deal at the
beginning of the season. As soon as significant forces are applied, the pontoons stop
rotating. They take on a stable angle to counter the rotation produced by the friction
between the ice and the pontoon.

Rotation angle of the pontoon
for 122 m sections having 11 pontoons 0,61 cm in diameter
(based on overturning of center pontoon)
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Figure 7.4 Rotation angle of the pontoon
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Figure 7.5 presents the tension in the chains. We note that as soon as the forces
become interesting, the working load limit of the chains (75 kN) is exceeded. We also
know that, occasionally chains break. (The ultimate load of the chains is evaluated at
about 450 kN). To achieve this load, the ice must be somehow wedged in or frozen into
the boom.

Calculated tensile force (kN) in chains
for 122 m sections having 11 pontoons 0,61 cm in diameter
(based on overturning of center pontoon)
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Figure 7.5 Calculated tensile force (kN) in chains

7.1.10 Summary

The above analysis provides very realistic values of both forces and angles. The
analysis for the 65 cm cover is the limiting applied force and is essentially valid for any
cover greater than 65 cm. The actual ice boom's retention capacity is very sensitive to
the ice/pontoon interface geometry and adhesion. Of course, the calculated values
assume that the ice sheet is infinitely strong and can therefore generate these pushes.
On the sketch 7.1, we can see that the horizontal push F; must be transformed (by M;
and W) into a normal push N without the ice sheet cracking. Thinner ice sheets will not
be able to support this transformation. They will break in flexure before they are able to
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push with sufficient force to fully submerge the pontoon. This limitation is discussed
more fully in section 7.2 of this report.

7.1.11 Limitations regarding the ice/structure interface

In the foregoing analysis, we assumed that the ice formed a perpendicular face at the
pontoon interface. In reality many different boundary conditions may exist. In one
known case where there was structural failure near the north shore at Lavaltrie in1999,
the ice interface was semi-circular. In other words, it surrounded the boom like a glove.
At the time, the ice was thick and strong. There was no way the pontoons could
submerge and avoid the applied load. Given the imposing environmental forces that can
be generated by the border ice sheet near the bank, the only choice was for the
structure to break. The ice face may take on a semi-circular form is when the cover
forms during a substantial snow fall. The ice congeals in the shape of the pontoons. On
the St. Lawrence River, this usually happens when the wind is contrary to the current.
Should the cover have sufficient chance to freeze and the wind dramatically change
directions and speeds, it is possible that high loads could subsequently be generated.

More typical loading conditions are those described in the CHC by Timco & Cornett,
1994, Figures 5.10 and 5.30). During failure of the ice cover, rubble accumulates
upstream of the boom. At the lake Erie boom, ice accumulations are also reported. In
fact for boom studies, it is virtually always assumed that there is an accumulation of ice
pieces occurs upstream of the structure. Based on my observations over the last 6
years of the St. Lawrence ice booms and those of Marc Choquette's over the last 25
years, | am not convinced that ice rubble accumulates to any great extent in front of the
those booms. 1 think that during the ice cover formation, there is some pushing and
shoving. However, given the weak Froude numbers associated with ice booms, I
believe that the thickening is very limited before the cover backs up. Within the next few
days, these pieces have frozen together into a solid sheet. Then, when environmental
driving forces become great, there can be four possible scenarios:

1. If the ice/structure interface is semi-circular (as witnessed at Lavaltrie in 1999), the
section cables of the boom break.

2. If the ice/structure interface is more or less as describe in the sketch above, then
equations 7.1 to 7.9 apply: The forces increase until which time the pontoons
submerge and the ice cover overtops the pontoons. Once this begins to happen, it
does not stop until such time as the full ice cover is gone.

3. Finally, during melt conditions, the ice may become weak. At this time, the cover
stops adhering to the bank and the cover breaks as the pieces form an ice run over
the pontoon and are gone. This possibility corresponds to the ice breaking in flexure.

4. The final possibility is of an ice cover frozen into the booms. This situation is
discussed in the CHC laboratory study (Timco and Cornett, 1994, Figure 5.12, page
55). If the ice is thin and was formed at such a time when there was virtually no force
applied to the boom, as the force increases, the boom can rotate and break the
cover. However, if the ice is thick or if it was frozen in under high loading conditions,
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the above analysis shows that break-out will be very difficult. Fortunately, this type of
event is not a frequent one in ice booms deployed to date.

7.2 Analysis of flexural resistance

In an analysis of ice overthrusting during the breakup of intact river-ice covers, Demuth
and Prouse (1990) provide the following equation to describe the vertical force P of the

boom on the ice sheet (see Figure 7.1 above) required to break an ice sheet in bending:

0 gef O s
710..P = B0 [F o
s (EEa-v)’

where S is the tensile strength of the ice (it can vary widely depending primarily on

temperature - say 400 kPa), e is the natural number 2.718, K is the foundation stiffness
of water (= gp = 10 kN/m°), E is the effective strain modulus (normally 3 GPa), v is the

Poisson ratio (normally = 0.3) and as before H; is the ice thickness (m).

This equation is based on the work of Mellor (1986). He show (Figure 6) that it is a valid
simplification of a more general equation as long as the ratio of the axial force (F;) to the

vertical force P is less than 20.

An analysis of Figure 7.1 and equations 7.8a and 7.8b shows that this ratio can be

expressed as follows:

711..F /P = [09513 + pisin B
" Jsinp-ucosg]

In our application, for all but the thickest ice sheets (H; > 0,5) and the highest values of

friction (u > 0.2), the assumption is valid: Therefore, the calculated value of P given by

7.10 is valid (within 3% of the exact solution).
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In Demuth and Prouse's application, they considered the force F; required to push a
sheet of ice on top of another just after overthrusting occurred. For this scenario they

assumed that 3 = 0. Substituting into equation 7.11 gives follows:

712...F =P
where L is the ice to ice friction coefficient (= 0.3). For example, for an ice sheet 60 cm

thick having a flexural resistance of 400 kPa the maximum horizontal load prior to

breaking in flexure is Fj = 2 kN/m.

In our case, when the ice sheet breaks in bending near the boom, given the geometry at
the ice/lboom interface, the axial load F; may be greater than that calculated using
equation 7.12. In addition, whereas Mellor showed that the axial force does not cause
additional significant moments (since Fi/P < 20), the axial force does tend to reduce the
tensile stress in the ice sheet prior to failure by an amount equal to Fi/H;. Incorporating
these two concepts leads to the following adaptation of equations 7.10 and 7.11:

i F_% %%E 0 [oosp+ psin f]

B 6sin() a-v ) g [sin B- i cos B]

This equation was evaluated for critical conditions at the ice/boom interface. Once
again, we assumed the 61 cm boom was just submerged. For a chosen value of ice
strength S and thickness H;, we calculated 3 from equation 7.7 and using equation 7.13,
by trial and error in an Excel spreadsheet, we determined F;. It was found that the value
of friction p at the ice/boom interface had virtually no effect on calculated results for ice

sheets less than 50 cm. The dependency on the ice strength S was linear.
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The following are the results:

Calculated line load capacity
for pontoons 0,61 cm in diameter
(based on submergence of the center pontoon and friction coefficient = 0)

20

18 +

16 4

14 +

124 - - - - - o —<&—boom submergence analysis

10 4

mesdie====|ce resistance: flexural analysis

Maximum line load (kN/m)

0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70
Ice thickness (m)

Figure 7.6 Comparison of line loads based on boom retention capacity and
internal strength of ice against breaking in flexure

The ratio of calculated stresses from bending and boom stayed virtually constant for all

values of u tested except the very high combined values of both p and H;.
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The following figure shows the ratio of values:

Calculated line load capacity required to submerge a pontoon
compared to flexural resistance of ice

100

—— 400 kPa ice
—@— 200 kPa ice

Note: For medium strength‘(400 kPa) |ce,lat Fhlckness less = 800 kPa ice
than 15 cm, the calculated line load capacity is greater than -

the internal strength of the ice. Therefore, sheets less than ) Push F)n dams
|15 cm will break by bending before submerging the boom. ‘ —*— Buckling

10 + -

Note: For weak (200 kPa) ice, at thickness less
than 28 cm, the calculated line load capacity is
greater than the internal strength of the ice.

The internal resistance of
the ice is directly
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Calculated line load /Ice resistance
-
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Figure 7.7 Ratio of ice boom line load capacity to internal resistance of the ice
accumulation under flexural failure and buckling.

We note that as soon as the ice is at all thick, its flexural strength is greater than the
boom's capacity to hold it back. Depending on the ice strength, the critical thickness is
9, 15 and 28 cm for ice 800, 400 and 200 kPa. So thin and weak ice sheets will fail in
bending while thicker and stronger ice sheets submerge the booms rather than break.

Also included in the figure is the boom's capacity to retain ice as compared with ice's
internal resistance to failure by buckling. Two curves are provided. The first is based on
the work done by Sodhi and Nevel (1980) as reported by Timco (1986, Figure 4):

EH .’

713..F, =CK(——
12K (1-v?)

)0.5

where C is a dimensionless factor which depends on the structure's width and on the
friction coefficient. For wide structures, we chose C between 1 to 2 depending on the
value of p. The figure demonstrates that for standard values of Young's modulus, for
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ice thickness greater than 10 cm, the retaining force of the boom is 10 times less than
the internal strength of the ice in buckling. Therefore when forces are large and the
sheet is greater than 10 cm, the boom will submerge — the ice will not buckle.

Also shown in Figure 7.7 is the ratio of the boom's retention capacity as compared with
extreme forces generated on dams in reservoirs as derived by Carter (1999):

7.14...F, = 250H %

Clearly, equation 7.14 is derived for completely different conditions and from different
principles. Itis only included for sake of comparison of loads that are generated on wide
flexible structures (booms) to those generated on wide fixed structures (dams).
Depending on ice thickness, the load on booms is 0.05 to 0.1 times that on a fixed
structure.

In interpreting Figure 7.7, one must also recall that the analysis was made for a 61 cm
boom only. For larger booms, the retention capacity is approximately proportional to the
buoyancy force at submergence. For a given pontoon density, the buoyancy force is
proportional to the square of the pontoon's diameter.

8 Estimating ultimate applied loads: Methodology
8.1 From elements that occasionally break

8.1.1 Anchor cables

Applied forces are estimated using one of three methods. When a structural component
breaks, we can assume that applied force is equal to the ultimate breaking strength of
the component. Sometimes, this can be inferred with a fair degree of confidence. For
example, the standard 2 inch diameter "6/19 bridge rope" (traditionally used for section
cables and also previously used for anchor cables) has a specified breaking strength of
169 tons (1503 kN). Depending on production conditions, the actual breaking strength is
probably 2% higher (1530 kN).

However, one must also factor in the condition of the element at the time of breakage.
For example, in 1994-1995, a number of anchor cables broke at Lanoraie. They were
about 8 years old. From experience, we know that these cables were weakened
through fatigue some 2 m below the junction plate. So the strength of the cable at the
time of the break is a guess. One could assume any value between 25% and 90% of
the original value. In this case, Using an estimated value 75%, the applied load during
1994-95 was therefore in the order of 1530 x 75% = 1200 kN. This corresponds to a line
load of 1200/122 m = 10,3 kN/m.
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One can also infer applied loads when the cables don't break. Knowing the ultimate
cable strengths, if the cables don't break, the applied loads were less than that value.
For example, at Lavaltrie and Lanoraie, from their initial deployment in the late 1960's up
to 1995, when the booms were made out of Douglas fir (14" x 22" x 30'), when the
anchor cables were new, there were no breaks during many years of deployment. This
leads to the conclusion that the applied line loads did not exceed 1530/122 = 12,3 kN/m.

8.1.2 Section cables

One must also take into account the way that the load is applied. The specified ultimate
strengths are for cables loaded in tension only. Often, other loads are applied to the
cables, particularly the section cables that hold the booms. The pontoons apply a load
perpendicular to the axis of the cable and thereby add to the axial loads. The cable
clamps wear the cable at the contact points reducing its strength by some value (2% to
10%7?). Depending on the age of the cable, this reduction must be applied when a
section cable breaks.

Figure 8.1 Cable clamp twisting a section cable

Forces on wide structures, B. Morse, PERD/CHC Report 10-56, page 41




Other structural elements that have broken are the "fuses" installed on the section
cables. The fuses are "weak links" installed between the junction plates and the section
cables. They ensure that if the applied load is too large, the fuse blows before the
anchor cable breaks. The inclusion of fuses was necessary at Lavaltrie and Lanoraie
because the initial design of the boom was faulty. Under the original design, the same
cable was used for anchor cables as was used for section cables. Without the fuses,
given the fact that the load in the anchor cable is about 63% higher than in the section
cables, it is obvious that the anchor cable will break before the section cables do.

This is highly undesirable because once an anchor cable breaks, its entire load is
immediately transferred to the neighbouring anchor cable causing it to break too. The
ensuing domino effect causes all anchor cables to fail in sequence causing a massive
failure of the structure. This is what happened at Lavaltrie in 1994-1995. Since itis very
difficult and expensive to replace the anchor cables with ones that have greater strength,
we opted to insert fuses in the section cables so that they would break before the anchor
cables would. The fuses have the appearance of a tension link. They were built and
tested by a local contractor. Given that a fairly good quality control was used, the
breaking load of the fuses is estimated at between 75 and 85 tons (670 to 760 kN). In
both 1999 and 2000, fuses broke on the northern most section of the Lavaltrie boom.
This corresponds to a line load of at least 6 KN/m.

(It should also be noted that we tried to increase the strength of the anchor cables by
changing the cable from a "rope" to a "bridge strand" but we were limited by the size of
the connection at the anchor itself. On the newly constructed Yamachiche boom, no
fuses are required because the anchor cables are properly dimensioned to support at
least 1.8 times the section cable strength).

8.1.3 Chains

There are also some 3 to 8 chains that break annually. Estimating the corresponding
force is more difficult in this case for two reasons. First, two types of 7/8 inch chains are
used. The most common is a grade 30 chain that has a working load limit (WLL) of
12,800 Ibs (57 kN). However, there is also some grade 80 mixed in and it has a WLL of
34,200 Ibs (152 kN). The specified breaking strength of chain is four (4) times the WLL.
However, the actual breaking strength is not provided by the manufacturer. We will
assume it is 2% higher. When a old chain breaks, we will assume it to be 3% lower. In
this case, assuming a break in a grade 30 chain, the applied force in about 4x57x97% =
220 kKN. This corresponds to a local line load of 220 kN per chain x 22 chains per
section cable / (122 m per section cable) = 40 KN/m.

8.2 From mechanical means
The second way to estimate the ultimate applied load on the boom cables is through

mechanical means. Since it is difficult to measure tensile forces, they are converted to
compression forces through the use of a cage developed for that purpose. One end of

Forces on wide structures, B. Morse, PERD/CHC Report 10-56, page 42



the cage fits into the junction plate while the other end is attached to the cable (see
Figure 3.1). The cage is made in two parts such that it is possible to fit a ball bearing
sandwich in the cage that will be compressed as the tension in the cable augments.
Figure 8.2 and 8.3 show a small cage used to measure tensile forces on chains.

The sandwich is composed of two 2 cm thick pieces of aluminium about 7 cm by 7 cm
square which hold three hard steel ball bearings in place forming an equilateral triangle.
The bearings are about 1 cm in diameter and are prevented from moving around by the
use of a foam keeping them in position. The more the sandwich is compressed the
more the bearings are driven into the aluminium plates. Similar to the Brinell hardness
test, the degree of penetration indicates the applied load. (Also in the cage is a load cell
sampling the load twice a second that is connected to a data acquisition unit).

Figure 8.2 Very small cage deployed on chain between pontoon and section cable
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Figure 8.3 Load cell and ball bearing sandwich (for chains)

It shows the principle of converting tensile force acting on the chain into a compressive
force within the cage. The two yellow (plain) arrows point to the two distinct parts of the
cage. The blue arrows (with balls at the tail) point to the aluminium plates which form the
sandwich. In between the plates are three ball bearings (not visible) which are
compressed into the sandwich as the tensile forces in the chain increase. The red arrow
(diamond at the tail) points to the load cell which is in series with the sandwich and is also
compressed at the same time as the ball bearings. This particular instrument was set up
on the prototype boom deployed during the winter of 1993-94. Very early in the season,
the data communication cable between the load cell and the data acquisition CR10 unit
broke and so no load cell data was retrieved. This particular instrument for forces on
chains has not been deployed since.

Forces on wide structures, B. Morse, PERD/CHC Report 10-56, page 44




Figure 8.4 Typical load cell deployment at Yamachiche boom

(Note large cage for anchor cable (bottom) and smaller cages for section cables (top).
Teflon-coated yellow armoured cables link load cells in cages to data acquisition unit in
barrel (top out of view). Note pontoons in the background which will be deployed under
the supervision of the foreman Georges Gouin (far right))
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Figure 8.5 Load cells ready for deployment

(This is another view of the previous photo. Note the huge barrel which houses the
CR10 data acquisition system and data transmission system. The domes on top of the
barrel serve as antennas for real-time data transmission to a local booster station).
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Figure 8.6 Extreme penetration of ball bearings into aluminium plates for the most
extreme event on record at Yamachiche on anchor cable no. 17 in February-March
1999. Estimated load: 1820 to 1970 kN

(We believe that the load was generated because the pontoons were frozen into the
border ice near the bank. After a rise in water level, the ice sheet broke away from the
bank and tore the boom in that location)

Load-penetration relationships are developed in a workshop. The sandwich is put in a
press and loaded in steps. The resulting penetration measured. Normally, the load is
applied three times to account for the effects of possible dynamic loading in the field.
The press was calibrated using a load cell.
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Figure 8.7 Press used in workshop to calibrate mechanical measurements of loads

(Note the ball bearing sandwich consisting of two plates (blue arrows) holding three ball
bearings (one of which is shown by the red arrow) which is in series with an off-the shelf
load cell (yellow arrow) that is used to validate the recorded loads of the press).

For the Yamachiche boom, the Canadian Coast Guard (CCG) installed a ball bearing
sandwich at about every second section cable. Some anchor cables were also
equipped in a similar manner and one anchor cable was also monitored at both Lavaltrie
and Lanoraie.

Since the effect of sustained high level loading on the penetration of the bearings into
the aluminium plates was unknown, we made a comparison values estimated by
mechanical means and those maximum loads registered by the load cells. We know
that they were measuring the same phenomenon since the load cells were placed in
series with the sandwich in the same metal cages (e.g., Figure 8.2).

The following Table 8.1 and associated Figure 8.8 is a comparison of estimated
maximum loads measured in the field using ball bearing sandwiches as compared with
the maximum recorded values using the load cells. (For the location of junction plates,
please refer to Annex 1. Basically, for Yamachiche, there are 20 junction plates
numbered 0 through 19 from the south to the north shore respectively):
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Mechanical Load cell Difference:
measurements maximum @ -®@

ultimate load load
(kN) (kN) (kN)
Lavaltrie 95-96 641 673 -32
Lavaltrie 96-97 1139 1023 116
Lavaltrie 97-98 855 675 180
Lavaltrie 98-99 732 404 328
Lanoraie 95-96 645 667 -22
Lanoraie 97-98 723 637 86
Yamachiche no. 4 96-97 746 762 -16
Yamachiche no. 4 97-98 437 426 11
Yamachiche no. 9 96-97 1142 1084 58
Yamachiche no. 9 97-98 495 447 48
Yamachiche no. 14 96-97 1142 932 210
Yamachiche no. 14 97-98 447 403 44
Yamachiche no.11S 95-96 1260 1225 35

Table 8.1 Comparison of ultimate annual loads from mechanical means and load cells.

Comparison of measured loads
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Figure 8.8 Comparison of measured loads from ball bearing sandwich and load cells.
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Excluded from the comparison are values from the 1994-1995 winter. For that winter,
we are unsure of the exact location of the gauges. Except for Lavaltrie 98-99, the
comparison of estimated ultimate loads is excellent. (We believe that the exception was
caused by a malfunction of the load cell.) With very little scatter, we can see that the
extreme loads estimated mechanical means are about 8% higher than those recorded
using the load cells. Whenever two measurements aren't the same, it is always
uncertain as to which one is right. However the load cells are laboratory calibrated. We
explain the 8% difference by the fact that the calibration curve is based on the load
being applied only three times whereas in reality, the sandwich is being compressed all
winter. As such, in all our analyses, we subtracted 8% from the calibration curve when
we worked with ball-bearing estimates.

8.3 From load cells

As already mentioned above, the final method of estimating applied loads is by
examining load cell data. Whereas Fleet Technology uses calibrated custom made
tension links to measure loads on the New York Power booms, CCG opted to use "off
the shelf" load cells. The advantage is cost and ease of calibration. The disadvantage
is that one must build special cages to house the cells. (However, as shown above, this
also provides the opportunity to include a ball bearing sandwich as a backup).

The load cells are connected to Campbell Scientific CR10 data loggers via cables that
have a double sheath. The first is a double armoured rubber tube which is in turn
shielded by a Teflon hose (to minimise friction). The CR10 is powered by three
independent battery packs. Under normal conditions all three packs drain equally.
However, should one pack become faulty, a diode prevents it from draining the other
two. In this way, power is assured for the whole winter period.

The CR10 is programmed to sample twice a second. Every two minutes, it saves the
maximum and the instantaneous recorded load. In our analysis, the maximum two
minute values were always used. During a previous in-house analysis, we showed that,
on average instantaneous forces were about 2% to 5% lower than maximum recorded
values over a two minute period. This gives some idea about the relative non-
importance of high frequency loading. Because the ice booms are flexible, most of the
high frequency energy is absorbed by the structure.

The CR10 also records temperature and battery voltage. Temperature data has not
been analysed in this study.

Three times a day, the CR10 wakes up a radio-modem for data transfer. In the office in
Québec City, some 100 km away, an automated phone dial up is initiated to a nearby
tower that serves as a boosting station. When the barrel containing the CR10 is not
frozen under the ice cover, the call goes through and the near real-time data is
downloaded.
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Comparison of measured anchor loads
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Figure 8.9 Comparison of measured anchor loads: maximum hourly load compared to
the two minute instantaneous value

Once the data is received, a system devised by Stéphane Dumont, ing. at CCG is used
to automatically look up the most recent calibration coefficients for the individual load
cells and the conversion to pounds, tons or kN is made according to the user's choice.
Usually, CCG works in tons. However, we use kN in this report. We occasionally
convert the anchor loads into a line load (kN/m) by dividing by the section width (122 m).

Once collected, the hourly loads are plotted using QUATTRO PRO. Two types of hourly
loads are recorded using the macros devised by Dumont. First, the two-minute
maximum values are recorded on the hour. In a second column, the hourly maximum
value is saved. For operational purposes, only the hourly maximum values are posted.
For this study, depending on the nature of the analysis one or the other value was used.
Figure 8.9 shows a typical recording of both values. During the whole year of 1999-
2000 at Yamachiche junction plate no. 4, the maximum hourly value was greater than
the average of the maximum two minute values by 3.4%. Combining the two finds, the
maximum hourly value is about 5 to 8% higher than the average of values sampled at 2
Hz.

At some locations, both section cables and anchor cables were equipped with load cells.
This is the only such deployment known to the authors. In addition to providing
redundancy, both section cables and anchor cables were monitored to investigate the
dynamic behaviour of the flexible structure. During the analysis of the break of the boom
cables at Lavaltrie, some suggested that the sum of forces in the cables at the junction
plate could be very different from zero. We wanted to refute this hypothesis. Also, we
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wanted to establish the interdependencies between the loads in one cable and those in
a neighbour in order to investigate eccentric loading. Finally, some section cables are
monitored for operational reasons which will be explained in another section of this
report.

Data at various locations over a 5 year period indicates that there is a small zeroing
error in the load cells. Typically instead of reading zero during no-load conditions, the
load cells will read anywhere from +/- 20 kN. This may be due to drifting in the load
cells, to the extra resistance in the cabling system between the load cell and the data
recorder or to the variation in water temperature. In any case, normally the error is in
the +/- 10 kN range and the offset seems to be very consistent during the whole season.
To account for this slight discrepancy, after the calibration curve is applied, we made a
small additional adjustment to zero the data vector.

In the following example, we examine the loads in the cables joined at junction plate no.
4 at Yamachiche during 1999-2000 winter. The anchor cable read 18 to 20 kN during a
no load condition. This is believed to be more or less accurate because there is some
drag on the cable due to water forces prior to the ice season. The section no.3 cable
read about —19 kN prior to the ice season. We therefore added 19kN to the calibration
in order to get a reading of zero. (Admittedly, we could have added an additional 10 kN
to account for water drag but we chose not too). The section cable no. 4 read — 3 kN
prior to the ice season. We therefore added 3 kN to the calibrated values.
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Measured loads at junction plate no. 4: Yamachiche boom
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Figure 8.10 Measured loads at junction plate no. 4 of the Yamachiche boom

We note that all the three data sets show the same rises and falls in applied loads.
Using the hypothesis that the applied load is uniform over the width, that each section
cable is 153 m long and that each section is 122 m wide, the section cables form a
parabola and meet the anchor cable at an angle of 36.6 degrees (see development
below). Therefore, if there is no acceleration, the sum of the forces in the section cables
times cos (36.6) should equal the recorded force in the anchor cable. Figure 8.11
demonstrates that, in general, the load is balanced at the junction plate. During the
whole winter, the vector sum of the section cable loads varies between -20 and +10 kN
except during the peak load period of December 28" to January 10". Most of the time,
the vector sum is about 10kN less than the recorded load on the anchor cable. This
offset could come from a number of sources including the non-uniformity of ice loading
or the imprecision in the assumed dimensions of the section geometry. It could also
depends on the amount added to zero the calibration of the load cells. However, one
conclusion is clear: In general, there is a force balance at the junction plate and the
assumed parabola cable shape is acceptable.
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Load (kN)

Measured and reconstituted loads on anchor cable no. 4: Yamachiche ice boom
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8.11 Measured and reconstituted loads on anchor cable no. 4 at the Yamachiche ice
boom

The peak difference of up to 150 kN could come from three sources. First, the
calibration of the load cells at these higher loads may be imprecise. This hypothesis,
though possible, is unlikely because during the rest of the winter, strong loads were
measured but there was no significant difference.

The second reason may be due to the omission of a term (Ma) representing dynamics
(mass times acceleration). This would be probable if the difference was positive (i.e. if
the calculated vector sum of the forces was greater than the measured values in the
anchor cable). However, it is hard to imagine the how this term could account for a
negative value.
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The third possibility is that in addition to the section cables loads, the anchor cable has
an additional burden. This may be the case because attached to the junction plate is a
barrel to ensure that the junction plate stays near the surface. Normally, the dimensions
of the barrel are some 90 cm in diameter and 1,5 m long. This means that its volume is
about 0,38 times the volume of a typical pontoon. However, since this particular junction
plate must support three very heavy cages (Figure 8.4) and must float well out of the
water to transmit the recorded loads three times a day, the barrel is huge (see Figure
8.5).

It must have a volume at least equivalent to a pontoon. Given that there are normally
eleven pontoons per section, we can assume that the anchor cable must carry 1.09
(=(11+1)/11) times more load that the vector sum of the section cables. Given the
maximum recorded value of 1133 kN, this extra 9% would represent 100 kKN. Although,
this does not account for the full difference of 150 kN, it is very close.

The final possibility is that if the load on the boom is somehow concentrated over these
two sections, then the boom will contract, the angle between section cables at the
junction plate (2 x 36.6°) will contract and more load will be transferred to this anchor
cable at the expense of its neighbours.

8.4 Load measurement methodology: Summary & Conclusion

This section showed that there are essentially three methods for estimating the ultimate
annual load on the structure: (1) by considering broken or intact elements, (2) by
mechanical means making use of "ball bearing sandwiches" and (3) by load cell data.
Method (1) can be useful if the elements that break are relatively new, if not, it is very
difficult to get a reliable estimate. Method (1) also tells us that the loads did not reach a
critical value if the elements did not break. Analysis of load cell data (Method no. 3)
points to a precision in the order of +/- 20 kN. This conclusion is reached by noting the
recorded values during a no-load condition and by comparing the vector sum of the
forces. Given this confidence in the load cells, an analysis of mechanical means
(method 2) indicates that there is an excellent correspondence between the two
methods. The analysis indicates that the factory calibration curve over-estimates the
ultimate load by 8%. As such, mechanical values were reduced by 8%.

9 Load dynamics

During the previous discussion, we saw that the maximum load during any given two
minutes is about 2% to 5% higher than a given load sampled each half second.
Furthermore, Figure 8.9 showed that the maximum hourly load is, on average, 3.4%
higher than the maximum instantaneous two minute load. These two facts indicate that
the boom is not overly subject to high frequency loading.

Previous research (Cornett et al. 1997) also showed that temperature-related forcing
can be present especially late in the year when a thick intact cover undergoes thermal
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expansion during the day. However, such loading is also shown to be an insignificant
design parameter. This is due to the fact that only very rigid structures react to the
strains induced by thermal expansion. These two facts demonstrate the beauty of using
a flexible structure. They are neither subject to thermal stresses nor to high frequency
impact events. Compare this to the results of the CRREL laboratory testing of an rigid
structure to arrest ice jams (CRREL, 1999): They found that high frequency dynamic
loading was the most important source of forces.

On the other hand, daily fluctuations in loads can be important particularly during the ice
cover consolidation period. Data from 1999-2000 at Yamachiche (anchor cable no. 4)
show that during the period from December 27" to January 10", hourly values varied
dramatically. In fact the variation in values during any 24 hour period was of the same
order of magnitude as the maximum daily value itself. This means that the ice pushing
process builds up and is released over period of hours. The boom is really working
during this period as the ice cover gradually consolidates and freezes into the bank. So,
in a sense, during this period, daily maximum values are somewhat independent. This
lends some support to the methodology used in previous studies (Cornett et al. 1997 &
1998) where daily maximum values were fitted to statistical distributions.

Loads on anchor cable no. 4: Yamachiche ice boom
Comparison of instaneous and daily maximum values
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Figure 9.1 Loads on anchor cable no. 4: Yamachiche ice boom, Comparison of
instantaneous and daily maximum values section cables
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However, there is still important dependence in inter-daily values during this period. All
load cell data from all years and all stations show a typical trend. The fluctuation in the
hourly and daily loads has a certain amplitude that reaches a peak after some time (say
one to two weeks). It is followed by a period where the force fluctuations are gradually
smaller until such time as they reach a minimum. In the example presented, the ice
cover begins to form on December 21, 1999. Loads reach a maximum of 1293 kN on
December 30™. They then fall off to around 200 kN on January 11",

After the consolidation period, there is often a long period where there are virtually no
loads applied to the boom. (However, this is not the case in our example). In the case
at hand, the boom is always working, resisting loads up to 700 kN throughout the whole
winter. One reason for this fact is that the winter was very mild. (Note on Figure 9.1 that
cover cleared out at the 29" of February.) This is a far cry from the winter of 1992-93
when there was a 4 day ice jam from March 17 to March 21, 1993.

In our example, during the winter period, load dynamics are very different than those
during the cover consolidation period. Except for a couple of "events"”, the maximum 24
hour load minus the instantaneous load is usually less than 200 kN and is often less
than 100 kN. In other words, dynamics during the winter period are no longer happening
on an hourly basis. Rather, we detect about 9 peak loads over a 2 month. This
frequency will show up later on in the spectral analysis of the data.

The last period is the break up of the ice cover. Prior to building the booms, forces at
break-up were a major concern. Theoretically, the ice cover at this time can be very
thick and well consolidated. It was feared that this may generate very high loads that
would break the boom. Fortunately, this has not been the experience to date. Perhaps
it is because the ice looses its inner strength because of internal melting. Perhaps it is
because there are favourable conditions at the ice/lboom interface. During the spring,
the boom could be an effective source of solar radiation, melting the ice at its interface.
Once the cover moves, it just slides over the boom. The only force that generated is that
caused by friction.

This year (2000), break-up at Yamachiche occurred on February 29". The forces
associated with the event are only about 600 kN. Most years, the applied load at break-
up is not as severe as the loads during the consolidation period. We will discuss these
aspects further in our discussion of ultimate loading scenarios.
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9.1 Section to section loading dynamics

The following is a sketch of the section and anchor cables at the typical junction plate
no. 4 of the Yamachiche boom:

section cable no. 4 tensile forces section cable no. 3

junction plate no. 4

skewed position normal position

tensile force in

anchor cable no. 4

Figure 9.2 Sketch of cables at junction plate under normal and skewed loading

If we assume balanced and uniform loading, then angle no. 3 must equal angle no. 4
because the force in cable no. 3 is equal to the force in cable no. 4 and a =0.

For parabolic cables, the length of the cable is given by:

S/2

S/2 S/2
L:ZJ' 1+ 8hx
0

dy,, WX, 2
—)°dx =2 1+(—)dx=2 1+ (—-)°dx 9.1
dx) ‘([ (To) ‘([ (SZ) 9.1)

Traditionally, the Taylor expansion
n(n '—1) U+ n(n-1)(n-2)

3| ud+... (9.2)

@+u)"=1+nu+

is used to analytically integrate the equation:
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L=S(+ 2.6667(2)2 - 6.4(2)4 +36.57(g)6 - 284.44(2)8) (9.3)

Often people use the first three terms to find the sag h since the span width S is known
to be 400 ft (122 m) and the length of the cable L is known to be 500 ft (152 m). The
calculated value is 150 ft (45.7 m).

However, the Taylor expansion only converges for h/S < 0,25 and therefore in our case,
we cannot use expression 9.3. We must solve equation 9.1 directly for h using a
numerical method. The resulting value for his 134,82 ft (41.09 m).

Substituting dy/dx = 8hx/S? at x = S/2 gives dy/dx = 4h/S at the junction plate.
Substituting h = 134.82 ft (41.09 m) and S = 400 ft gives tan(a4)=tan(a3)=dy/dx= 1.348
and a, = a3z = 53,4°. (Note 53,4° is the complement of the value 36.6° quoted above).

The force in the anchor cable should therefore be 2sin(as) = 1.606 times the force in
each section cable.

This value was confirmed in the preceding section above (Figure 8.11). Except during
peak loading during the consolidation period, the vector sum of tensile forces in cables 3
and 4 equalled the measured force in the anchor cable. We explained that the
difference was easily attributed to the extra applied force on the barrel is directly
connected to the junction plate.

Furthermore, under this assumption, the force in all the section cables must be equal to
each other and the force in all the anchor cables must also be equal to each other. In
other words, the geometry of the boom cables promotes an equal distribution of loading.
This is a very positive design feature.

However, even under ideal conditions, we know that the applied load is not uniform.
Under Fleet Technology's depiction of the upstream ice cover, the applied load comes
from shear forces acting on a triangular ice cover. Under Caquot's depiction, the forces
are more uniform but are still larger in the centre. In fact, Fleet's depiction is valid for a
laterally unconstricted booms whereas the silo equation applies to a laterally constricted
boom. In our case, depending on the number of boom sections deployed and on the
time of the year, the booms at Lanoraie and Lavaltrie are subject to either the triangular
or the silo type of loading. At Yamachiche, initially, the loading is triangular. Very
quickly, the cover begins to adhere to the north shore and therefore becomes a skewed
triangle. Later in the year, the cover becomes well frozen into the artificial islands to the
south and hence the loads are more of a silo type.

There are other additional factors that make for non-uniform loading. The first is the fact
that the value of the water current pushing the cover from underneath is not laterally
uniform. We can easily expect a variation of 30% over the length of the booms.
Secondly, we know that the forces are generated by a series of pushes and shoves.
Except during a break-up event when the ice is typically flushing simultaneously across
the whole boom, we can expect that there are local pushes and shoves which may affect
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one or more sections but which do not occur simultaneously across the whole width of
the structure.

Figure 9.3 The 2.5 km wide Yamachiche boom viewed from the N-E towards the S-O.
At the bottom of the image is the boom. On the viewer's right is the north shore. On
the left is the navigation channel. The ice cover is partially retained by artificial islands

(too small to see). Further upstream, the cover has a triangular shape because it is
unconfined to its right (left side of image).
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Measured loads in anchor cable no. 4 (kN)

In our example, under non-uniform time-varying loading, the load in section cable no. 3
must be different than that in section cable no. 4. This is clearly seen in the following
figure.

Difference in section cable loads at junction plate no. 4, Yamachiche boom
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Figure 9.4 Force on anchor cable no. 4: Yamachiche boom section cable

During the ice consolidation period (December 27" to January 10"), measured loads in
section cable no. 4 were higher than in section cable no. 3. The difference is clearly
seen to be directly in phase with the amplitude of the loads. The peak difference is 125
kN. It occurs during one of the peak loading events on January 7". After that period,
the load in cable no. 3 is consistently higher than that in no. 4. Again, there are peaks
that correspond to events. As the winter progresses, there is a definitive upward trend.
The maximum differences were on January 27" (150 kN) and again on Feb 23 (123 kN).

We believe that these differences are explained by the following. During the ice cover
formation period, the ice acts as an aggregate and as we explained, the forces in the
centre portion of the boom (section 4) are expected to be greater than the forces near
the end of the boom (section 3). This is explains the observed differences in first period.
After January 10™, the ice cover becomes consolidated and the cover becomes frozen in
on the north side whereas there are only a few artificial islands to hold the cover on the
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south side. Therefore over the winter period, the ice sheet is subject to increasing
differential creeping as the consolidation process continues. To understand the second
contributing reason for the difference, one must examine the cable set up at anchor
plate no. 5. At this location, instead of having just one anchor cable, there is a second
one located at an angle of 45° to stabilise the ice boom when it is subject to lateral
loading (see Annex 1). As such, forces on the north part of the boom generated in
sections 19 through 5 are partially intercepted by the angled anchor cable before they
are passed on to section cable no. 4. For the south part of the boom, forces generated
in sections 0 through 2 are passed on to section 3. This means that the force in Section
no. 3 is a result of all forces applied over sections 0, 1, 2 or 3 whereas the lateral anchor
cable at junction no. 5 stops the distribution of forces coming from the north. Therefore,
the loads in cable no. 4 are due to local forces only. Therefore, all things being equal,
there is more chance of having higher loads in cable no. 3 than in cable no. 4.

9.2 Spectral analysis

A spectral analysis was performed on the two-minute force data at Yamachiche anchor
cable no.4 for the 1999-2000 season (approximately 65536 data points). Figure 9.5 is a
semilog plot of the energy (kN?) against the frequency (cycles per hour). There is a
clear decreasing trend from the low frequency down to about 0.15 cycles per hour after
which point, there is only noise.
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Figure 9.5 Spectral analysis at Yamachiche, winter 1999-2000
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It is perhaps easier to visualise the results in the second plot of energy against the
period of the dynamics (Figure 9.6). Clearly most of the energy is in the ice cover
consolidation period corresponding to about 28 days. Interestingly, there is also energy
peaks at 14 and 7 days. One wonders if there is a link with the fortnightly tide (probably
not). Despite our previous analysis showing the importance of the daily loading cycle on
loading dynamics, the spectral analysis shows that there is comparatively little energy
for periods of 1 day compared to the energy in the longer periods.
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Figure 9.6 Spectral analysis at Yamachiche — alternative view

9.3 Seasonal loading

The anchor load data for each year is plotted in Annex 2. Within the data, we detect
three loading cycles. The first is at the beginning of winter when the ice cover is building
behind the boom in both area and thickness. As the cover builds, the force on the boom
increases until some 2 weeks later the maximum force is reached (denoted by the full
circle symbol). At the same time, the ice pieces become frozen together to form a full
ice sheet and are also freezing into the banks. Over the next couple of weeks, as the
cover becomes more frozen into the banks, applied forces on the boom decrease. We
call this the consolidation period. The magnitude and the duration of the event vary from
one year to the next. For example, at Yamachiche anchor no. 4 during 1998-1999, the
consolidation period lasted 10 days and the peak load was very small (333 kN).
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Once the cover is well frozen in, there can be a long period during which the forces are
very stable and/or close to zero. The most classic example is at the Yamachiche boom,
cable no. 4 during the 1998-1999 winter. During this year, the cover froze in quickly
during December (consolidation period) and subsequently, all was quiet during January
and February (winter period). The exception is a short duration mid-winter event which
occurred at the beginning of February. At that time, there was probably a mid-winter
thaw, water levels rose, the ice sheet cracked away from the bank and a large load was
applied to the boom during a few days. In this particular example, the mid winter load
was very high (801 kN) but in some years, the mid-winter event is small and- in other
years, non-existent.

Table 9.1 Maximum load cell anchor cable load
by season (kN)

Consolidation Mid-winter Break-up
period period period

Lanoraie  94-95 340
95-96 667
96-97
97-98 302 201 637
98-99
99-00 369 619 611
Lavaltrie  94-95 751
95-96 673 258 344
96-97 1023 78 621
97-98 661 59 675
98-99 404 72 375
99-00 850 432
Yam-no.4 94-95
95-96
96-97 762 237 437
97-98 402 426 380
98-99 333 801 382
99-00 1297 707 585
Yam-no. 9 94-95
95-96
96-97 1084 198 765
97-98 301 447
98-99 454 345 276
99-00 1084 461 372
Yam-no. 94-95
14
95-96
96-97 932 117 344
97-98 355 10 403
98-99 684 507 519
99-00 781 250 227
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The winter period is the break-up of the cover which occurs normally during March.
Sometimes break-up is violent and short lived (e.g. Lanoraie boom 1999-2000) but most
of the time, there is a gradual release of the cover from the banks during which time the
loads increase to a peak value before falling off to zero (e.g. Yamachiche boom 1998-
1999: peak load = 382 kN).

Table 9.1 and Figure 9.7 are the peak loads recorded by the load cells for each season
where and when available. (Obviously, there is some interpretation required in order to
determine which value belongs to which period.) Missing values or events are recorded
as blanks.

Ultimate loads by season on Yamachice anchor cables
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Figure 9.7 Peak load cell seasonal loads on Yamachiche anchor cables

The data show that during any given year at any location, the peak annual load can be
attributed to any season. On the other hand, in general, the loads during the
consolidation period are the largest. They are followed by loads during the break-up
period. They are 60% to 70% of the former. Mid-winter events, though sometimes
severe, are, in general, less than 50% of the those generated during the consolidation
period.
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Of course the largest load is not presented in this table because it was only recorded by
mechanical means. The event was during the break-up period but because the event
happened in an artificial manner (due to ice breaking of the cover from the banks), it is
very similar in nature to a mid-winter event.

9.4 Lateral force dynamics

Consider the situation when the force in section cable no. 3 is greater than that in
section no. 4. In order for the force balance to be preserved in the cables, the junction
plate (no. 4) must move some amount X to the right. This implies that the span of
section no. 4 increases by X and that of section no. 3 decreases by X. Using the
geometric relationships applicable to parabolas, the new angles 3 and 4 can easily be
determined. There will also be a shift in the anchor cable alignment. If the length of the
anchor cable is La then the angle shift will be very close to the value a = X/La.
Substituting these values into the force balance at the junction plate leads to the
following equation 9.4:

_ cos(a,) +sin(a,) tan(a)
- cos(a,) —sin(a,) tan(a)

T3

f
(9.4)

Knowing that La is normally 38.1 m, by varying the span width by an amount X (ft), we

calculate as, azand a. We then apply this equation to build a functional relationship

between the ratio T3/T4 and X(m). The relationships are shown in the following figure

9.8:

X =-2.9277(T3/T4)? + 15.98(T3/T4) — 13.01 (9.5)
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Force imbalance in section cables

Displacement (black) and angle (pink) of anchor cable under excentric loading
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Figure 9.8 Relationship between force imbalance in section cables and displacement of
a junction plate

We then applied the resulting relationship 9.5 to measured data for cables 3 and 4 at

Yamachiche for the year 1999-2000. The interpreted movement of the junction plate is
shown in the following Figure 9.9.
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Shift of junction plate no. 4, Yamachiche boom
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Figure 9.9 Shift in junction plate no. 4 to compensate eccentric loading in section cables

10 Analysis of ultimate loads
10.1 Spatial-temporal distribution at Yamachiche

The force balance analysis has just shown us that the load in one cable influences the
load in all other cables. In fact, in a perfectly symmetrical boom, the force in all cables
would be equal. However, we have also seen that there are three additional elements
that allow a certain independence between loads in individual cables. At the
Yamachiche boom, given that there are lateral anchor cables at junction plates no. 1, 5,
6, 10, 11, 15 and 16, from a force balance point of view, forces in sections 1 to 5, 5 to
10, 10 to 15, 15 to 19 and O (all by itself) can act as 5 sub-systems. For example, this
means that a peak load event in section no. 17 will be passed in to neighbouring cables
15 to 19 but will normally not be passed to any sections 0 to 14. What this means
therefore is measured forces in the 5 different sub-systems can be fairly independent.
Given that we have measured the loads on anchor cables no. 3, 4, 7, 9, 13, 14, 17 and
18, we can make the following groups of dependent loads:
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(3&4)
(7 &9)
(13 & 14)
(17 & 18)

The second element which brings independence is the fact that the boom moves to
absorb non-uniform loading and hence only a certain percentage of the difference is
passed on to its neighbour. The further the neighbour is from the peak load, the more

independent it is.

The third element of independence is the fact that some of the non-uniform loading is
absorbed by the ice cover upstream of the boom. When the ice aggregate is thick and
dense or when the cover is consolidated, this may be a very effective filter of load

transmission between cables.

Spatial-temporal distribution of forces at Yamachiche ice boom
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Figure 10.1 Spatial-temporal distribution of maximum anchor cable loads at Yamachiche

boom
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Figure 10.1 displays the maximum load measured in these anchor cables for each
individual year (for convenience, loads are expressed as line loads). The source of the
data is the maximum value recorded by the load cells or the ultimate value interpreted
from mechanical analysis. In the case of the latter, as explained above, prior to plotting
them, they were reduced by 8% to account for the over-estimation in the calibration
curve. The values of 1994-95 are known, but due to a mix up at the time of recording,
we are not 100% sure of the location of the loads. In addition, the layout of the boom
during 94-95 was different than in subsequent years (there were three sections of 76 cm
pontoons mixed in with 61 cm pontoons elsewhere) and therefore values should not be
directly compared with other years.

How can we interpret the data? First, we see that the load at anchor no. 17 during
1998-99 really stands out. As we explained above, we believe that the mechanism
causing this high value was very different from the norm. We believe this event
happened near the end of the season when the cover was partially frozen into the boom
and the cover was suddenly broken free (on purpose) from the north shore of the lake by
CCG ice breaking.

The second striking characteristic of the figure is that there seems to be no discernible
pattern to the loads. In other words, we do not find (as we may have expected) higher
loads in the centre. Nor do we find higher loads on the south side (A3 & A4) as
compared to the north side (A17 & A18).

The ultimate line loads vary by a factor of 5 (between 2.5 KN/m and 11 kN/m). In
general, we can see that the winters 95-96, 96-97 and 99-00 are years with higher loads
while the winters of 97-98 and (except for the load at A17) 98-99 are lower than normal.
We do not necessarily see grouping of forces (A3 & A4, A7 & A9, etc.) predicted by the
geometry of the boom.

Also, it seems that there is less variation in loads across the boom than there is between
years.

All of the above having been said, there are insufficient data points in space and time to
statistically show any significant spatial or temporal dependence or independence. So
until we get more years of data, we will treat the values as independent - knowing full
well that there are certainly some interdependencies.

10.2 Statistical analysis

We performed a statistical analysis on peak annual loads. Table 10.1 summarises the
data used. For the most part, it is the same data as those just discussed in the spatial-
temporal analysis except that data from Lavaltrie & Lanoraie were also included. Data
was retrieved from load cells and mechanical analysis. The adjustment of 8% was
applied to the data stemming from the mechanical means prior to analysis.
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Lavalt|Lanora|Best estimate of peak annual load at Yamachiche anchor
rie ie cables
Year A3 A4 | mean | max A3 A4 A7 A9 Al3 | Al4 | A17 | A18 | Al19
values|values

94-95+| 751 | 340 | 762 | 947 | 721 723 947 496 922
95-96 | 673 | 667 | 986 | 1335 | 1335 1044 771 909 | 870

96-97 (1048 | 627 | 1073 | 1334 | 1207 | 762 (1294 | 1084 |1334| 1051 | 719 |1131
97-98 | 787 | 665 | 572 | 982 | 982 | 426 | 499 | 455 | 688 | 411 | 650 | 468

98-99 | 673 | 423 | 749 | 1811 | 353 | 801 | 358 | 454 | 742 | 684 | 1811 | 792

99-00 | 850 | 619 | 1054 | 1297 1297 1084 781

Mean: | 797 | 557 | 866 | 1284 | 920 | 822 | 783 | 769 | 896 | 732 | 917 | 815 | 922
Max: |1048| 667 | 1073 | 1811 | 1335 | 1297|1294 | 1084 | 1334 | 1051 | 1811 |1131| 922

* Except for Lavaltrie, the location of measured values is uncertain in 1994-1995

Table 10.1 Maximum annual line loads (kN/m) measured on St. Lawrence boom anchor
cables (data from load cells and/or mechanical means).

Our choice of data inclusion was based on trying to maximise the number of
independent data points while trying to respect data homogeneity. The latter is not
perfect because all the booms were slightly modified each year. (A complete history of
the changes made to the booms is detailed by Stéphane Dumont in an internal report.
The main changes include adding sections at all three locations, changing pontoon sizes
and changing the number of pontoons per section.)

Figure 10.2 presents the basic statistics. The number of data points (n) is 44. The
maximum (max) and minimum (min) values are 14.84 and 2.89 kN/m. The average
value (moy) is 6.79 kN/m. The standard deviation (s) is 2.54 kN/m. The coefficient of
variation (CV) is 0.37; the coefficient of skewness (CS) is 0.79 and the coefficient of
flatness (CK) is 0.094. Linear statistics are also presented for the standard deviation
(A2), coefficient of variation (L-CV), coefficient of asymmetry (L-CS) and flatness (L-CK).
They are respectively 1.413, 0.21, 0.13, 0.14.
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Figure 10.2 Situating Measured line load (kN) peak annual data (black square) within a
generic plot of different distributions

Figure 10.2 is a plot of the linear moments L-CK representing the flatness of the
distribution against L-CS which represents the asymmetry of the distribution (Vogel and
Fennessey, 1993). The normal distribution is represented by an empty square identified
by the symbol N (Anctil, 1998). A normal distribution has the co-ordinates (L-CS, L-CK
=0, 0.1226). The Gumbel distribution is represented by the circle next to the symbol
"EV1". It's co-ordinates are (0.1699, 0.1504). Other distributions do not have unique L-
CS/L-CK co-ordinates. They are represented by lines and include the log-normal-3
(LN3), Pearson-3 (P3) and the Generalised extreme value (GEV) distributions.

Also included in Figure 10.2 are the co-ordinates of the coefficients from the analysed
load data (0.13, 0.14). It is represented by the full black square. As we can plainly see,
the square falls very close to the co-ordinates of the Gumbel distribution (EV1) and also
is next to the lines representing GEV, P3 and LN3. In other words, we can expect that
any of these distributions will adequately represent our data. The only distribution that is
any distance from our data is the normal distribution.
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Figure 10.3 Measured line load (kN) peak annual data plotted (red +) against the normal
distribution

Figure 10.3 represents the fitted normal distribution. In the centre portion of the data,
the distribution is representative but has difficulty representing the tails. The PPCC
criterion indicating the goodness of fit is 0.974 whereas the criterion for acceptance at
the 5% level is 0.9743. Based on this information, the distribution is only marginally
acceptable.
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Figure 10.4 Measured line load (kN) peak annual data plotted (red +) against the log-
normal distribution

Figure 10.4 shows the log-normal fit. All the data pretty well falls on the line and the
goodness of fit 0.989 agrees favourably with the 5% rejection criterion of 0.9743.

(Unfortunately, Figure 10.5 is not available for inclusion)

Figure 10.5 Measured line load (kN) peak annual data plotted (red +) against the
Pearson-3 distribution

Figure 10.5 shows the Pearson-3 fit. All the data pretty well falls on the line and the
goodness of fit 0.990 agrees favourably with the 5% rejection criterion of 0.968.
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Figure 10.6 Measured line load (kN) peak annual data plotted (red +) against the log-
Pearson-3 distribution

Figure 10.6 shows the log-Pearson-3 fit. All the data pretty well falls on the line and the
goodness of fit 0.989 agrees favourably with the 5% rejection criterion of 0.974.
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Figure 10.7 Measured line load (kN) peak annual data plotted (red +) against the
Gumbel distribution

Figure 10.7 shows the Gumbel distribution fit. All the data pretty well falls on the line and
the goodness of fit 0.990 agrees favourably with the 5% rejection criterion of 0.9617.
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Figure 10.8 Measured line load (kN) peak annual data plotted (red +) against the log-
normal distribution

Figure 10.8 shows the Generalised extreme value fit. All the data pretty well falls on the
line.
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Figure 10.9 Measured line load (kN) peak annual data (red +) plotted against all
distributions

The resulting fitted distributions and the probabilities calculated from the measured data
according to Gringoten's formula are plotted in Figure 10.9. Except for the normal
distribution, all the others are pretty well equivalent. Figure 10.10 provides a zoom in at

the high end of the curves.
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Figure 10.10 Measured line load (kN) peak annual data (red +) plotted against all

distributions (zoom in).

Having fitted the distribution, the following are the calculated line loads (kN/m) according

to a given level of probability:

Estimated line load (kKN/m)
As a function of cumulative probability

Distribution 50% 95% 99%

Normal 6.79 10.96 12.69

Log-Normal 6.34 11.85 15.35

Log-Normal-3 6.60 11.16 13.40

Pearson-3 6.46 11.44 14.11

Log-Pearson-3 6.43 11.57 14.46

Gumbel 6.36 11.67 14.99

Generalised extreme value 6.46 11.50 14.24
Average (not including the normal 6.4 11.5 14.4

distribution)
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10.2.1 Statistical distribution

Putting the results of the normal distribution aside, all distributions predict very similar
values. On average, the 50% probability ultimate annual line load on the booms is 6.4
KN/m, the 95% probability is 11.5 kN/m and the 99% probability is 14.5 kN/m. We note
that the 50% value is slightly lower than the calculated mean (6.8 kN/m). The 99% value
is also slightly lower than maximum measured value (14.9 kN/m). Given the goodness
of fit of the distributions and the consistency of the results, we are led to accept the
average values as representative of the measured loads. Outside of the normal
distribution, one could choose among any distribution.

How should one interpret the results? If we accept that the data really represent
independent events equivalent to 44 winters then we can say that there is a 1% chance
of having a line load in excess of 14.5 kN in any given year. However, we feel that there
must be some interdependence between measured values and the data is not
representative of 44 years. How then should we interpret it?

One way to interpret the data is to assume that the observed measurements correspond
to the risk of an event to occur over a 6 year period (we call this method 1). Since on
average, we have m = 7.3 events (= 44/6) per year, we could say that the actual risk R
corresponding to the 44 year analysis is given by

R=1-P" (10.1)

where P is the calculated probability and m is the number of independent

locations that ice loads can be applied on a boom.

In our case, a 99% value of P yields an actual risk of 7% per year rather than 1% as
assumed above. A 95% value of P yields an actual risk of 30% and a 50% probability is
actually a 99% risk.

Alternatively, (method 2) we could use our knowledge that the log-normal distribution is
representative of the process and analyse only the maximum peak loads for each year
(6 data points), we get line loads of 10.3, 15.2, 17.9 kN/m corresponding to the 50%,
95% and 99% levels respectively. These values are 1.6, 1.3 and 1.2 higher than the
previous assumption. These values are representative of the maximum peak load likely
at any spot on any of the St. Lawrence river booms.

Note that the 95% value of method 2 (15.2 kN/m) corresponds very well with the 7% risk
value calculated above from method 1 (14.5 kN/m). This shows that using the 44
measurements and the concept of risk (method 1) is more or less equivalent to method
2 using 6 measurements and the calculated probabilities.
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10.2.2 Summary

For the St. Lawrence booms, there is a 50%, 95% and 99% likelihood that the peak
annual loads on all the booms for all measured locations will not exceed 10.3, 15.2 or
17.9 kN/m respectively.

For booms similar to those on the St. Lawrence, we can use the statistics calculated
from method 1 to calculate the risk of a load based on the length of the boom. To do
this, one could assume that every fourth anchor cable is independent and calculate the
annual risk based on m' (= no. of anchor cables in the boom + 4) and use equation 10.1
to calculate the risk of having a load of 6.4, 11.5 or 14.4 kN corresponding to the values
of P = 0.5, 0.95 and 0.99. For example, for the Lavaltrie boom, there are 10 anchor
cables giving m' = 2.5. The annual risk corresponding to the values of 6.4, 11.5 or 14.4
are then estimated to be 82%, 12% and 2.5% respectively.
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11 Findings
11.1Peak loads

According to two different approaches, the maximum environmental push exerted by
the ice on the boom is presented in Table 6.6 When there is lateral confinement, the
estimated line loads under very severe conditions are 20 to 21 kN/m for all three
booms. When there is no lateral confinement, the estimated loads are 5, 10 and 15
kN/m for Yamachiche, Lanoraie and Lavaltrie respectively. These values need to be
updated as better field data becomes available. Observations show that the
confinement is partial and therefore the maximum environmental push is closer to the
20kN/m value.

According to the CRREL report EM 1110-2-1612, page 3-4, measured loads on
traditional timber booms vary between 6 and 20 kN/m.

According to laboratory studies at CHC (Timco and Cornett, 1996), in the flexural
failure mode, the maximum peak load for 61 cm booms was 1.76 kN. Dividing by the
width of the boom used in the laboratory test (1.5 m) gives a line load of 1.17 kN/m.
Assuming that the force is proportional to the ice thickness, this would correspond to
prototype loads of 16 kN/m (= 65 cm / 4.7 cm ice thickness used).

The laboratory tests also suggested that in buckling, the line load would be 2.9
instead of 1.76 which would translate into a prototype value of 26 kN/m.

Figures 7.6 and 7.7 show the resistance of the ice sheet as a function of its internal
strength and it's thickness. For a consolidated cover greater than 15 cm, its
resistance in flexure is greater than the boom's ability to support the load. For
example, for 400 MPa ice, a 50 cm sheet can deliver a 16 kN/m push. However, for
thin ice sheets, (less than 10 cm) the ice will fail before the boom will sink.

Figure 7.7 shows that ice is always weaker in flexure than under buckling. It also
shows that the boom will fail before the ice will buckle.

A new method was developed to estimate the load retention capacity of the boom as
a function of pontoon size, pontoon submergence, boom geometry, water levels,
ice/structure friction coefficient and ice thickness. The analysis showed that the
geometry of the ice at the interface, ice thickness and friction coefficient all play a key
role. Estimated retention capacities correspond very well with observed values.

Measured loads on anchor cables, 44 quasi-independent annual peak loads were
statistically analyses for the Yamachiche and Lavaltrie booms. The average peak
load was 6.8 kKN/m with a standard deviation of 2.5 kN/m. The maximum recorded
value was 14.8 kN/m.
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» Peak loads annual loads at Lavaltrie were, on average, 8% lower than the average of
the peak annual loads at Yamachiche. However, they were 38% lower than the peak
maximum annual loads at Yamachiche.

* Peak loads at the Lanoraie rectangular timber boom were correspondingly 20% and
48% lower.

* Whereas there is no statistical difference in the Lavaltrie/Yamachiche data, clearly
forces on the timber boom at Lanoraie are significantly lower and were therefore
excluded from the statistical analysis.

» With the exception of the Normal distribution, virtually all the statistical distributions fit
the data extremely well. Based on the results and a risk analysis, for the St.
Lawrence river booms, in any given year, there is a 7% chance of exceeding a 14.5
kKN/m load, a 30% chance of exceeding a 11.5 kN/m load and a 99% chance of
exceeding a 6.4 kN/m load.

* Based on an alternative statistical analysis of 6 events, data was extrapolated well
beyond the scope of observations to yield the estimated values of 10.3, 15.2 and
17.9 kN/m corresponding to an annual probability of 50%, 5% and 1%.

« A method was also devised to calculate the risk for any given boom structure in
similar environmental conditions. An example is detailed in the report at the end of
Chapter 10.

* Given that there are chains that break every year, the estimated peak local load can
well exceed 40 KN/m.

In general, there is a good correspondence between theoretically computed
environmental loads, those estimated from laboratory studies and the field data.

11.2 Spatial-temporal analysis

» Flexible booms tend to spread local loads over their entire structure. The one
exception are those sections close to the banks. At times, they can be subject to
very high local forces generated by booms being frozen into the ice cover.

e There are no systematic trends in the variation of line loads over the width of the
structure.

» Loads seem to vary from one year to the next (for example, some year's loads are
higher than other years). However, there is no statistically significant way to show
this.

» Section cable analysis shows that the force in one cable can be up to two times the
force in the neighbouring section cable. The boom adjusts to the non-uniform
loading by modifying its span lengths. A new formula (6.2) developed for this
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purpose indicates that junction plate movement can be in the order of 7 m for the
Yamachiche boom corresponding to a shift in the anchor cable of about 10°.

Field data and theoretical analysis tend to show that maximum loads at one anchor
cable are more or less interdependent of their neighbours. We prefer using the
concept that the nearest neighbours are dependent while those cable further away
are independent.

11.3Loading dynamics

Maximum two-minute loads are about 3% greater than loads sampled at 2 Hz.
Maximum hourly loads are about 3% greater than maximum two-minute values.

During the consolidation period, loads may substantially vary during the course of
any given day.

Spectral analysis shows a logarithmic decline of energy with increasing frequency.
Frequencies smaller than 1 per day have virtually no energy in them.

Spectral analysis shows that there seems to be peaks load every week and/or every
other week.

The overwhelming energy content corresponds to the length of the consolidation
period. This normally last between 1 and 5 weeks.

A seasonal analysis of the loading at many locations over the 6-year period shows
that the peak annual load can happen during any given season. However, normally,
it happens during the consolidation period.

On average, peak loads during the consolidation period are normally 40% higher
than at break-up and 50% higher than for mid-winter events.

The data clearly shows that the fact that the boom is flexible, the ice/structure interaction
is very favourable. Peak local loads are distributed and high-frequency impact loading is
negligible.

12 Conclusions

Our analysis shows that the 61-cm pontoon cylindrical ice boom is a very efficient
structure. Due to its three-dimensional nature, it effectively filters out high frequency and
eccentric loading.

Applied forces depend primarily on environmental factors, ice strength properties, ice
thickness, the ice/structure friction coefficient and the size and buoyancy of the
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pontoons. Methods to determine these effects are presented. Calculated and
measured values are in good agreement.

Although deterministic analyses are useful to provide insights into processes and to
design members, observed values are clearly stochastic in nature. Equations are
presented to calculate the probability of load exceeds a given value as a function of the
boom length and the number of years considered. The mean and maximum recorded
peak loads for the St. Lawrence River booms were 6.8 kN/m and 14.8 kN/m. Some 3 to
8 chains connecting the pontoons to the cables break every year. This implies that local
loads (over a 10 m width) exceed 40 kN/m.
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14 Annex 1. Section and anchor cables of the St. Lawrence
river booms
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Figure 14.1 Yamachiche boom
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Figure 14.3 Lavaltrie boom: (Not to scale)
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Figure 14.4 Lanoraie boom (not to scale)
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15 Annex 2. Measured Anchor Loads on St. Lawrence River
Ice booms at Yamachiche, Lavaltrie and Lanoraie 1994-
2000
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables

St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms

Measured Loads (kN)

1300

1200
Yamachiche boom

Anchor cable No 14
96/97

1100

O
wW
N

1000

900

800

700

600 '

500
100 Ll 344

300 *
117

200 | ,

_>

100 - | y i

12/2/96 1/1/97 1/31/97 3/2/97 41197

Forces on wide structures, B. Morse, PERD/CHC Report 10-56, page .107



Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms

Measured Loads (kN)

1300

1200
1100

1023 Lavaltrie boom

1000

i Anchor cable No 3

96/97

900

800
700

600

500
400

300

200

100

12/1/96

12/31/96 1/30/97 3/197 3/31/97

Forces on wide structures, B. Morse, PERD/CHC Report 10-56, page .113



Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
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Measured Loads on Anchor Cables

St. Lawrence River Ice booms
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Measured Loads on Anchor Cables

St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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Measured Loads on Anchor Cables
St. Lawrence River Ice booms
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