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Compliance Certification

We, Normand Jr Bélair and Vincent Lapointe, captains of Université Laval Concrete Canoe Team, certify that the
canoe was designed and constructed in complete compliance with the rules and regulations of the 2003 ASCE/MBT
National Concrete Canoe Competition. We also attest that all of the official members of the team are students
currently enrolled in an engineering program and that all of them have actively participated in the development and
completion of this project. Furthermore, we certify that our canoe was conceived, demgned and built during the
present 2002-2003 academic year.

Phoenix Members

Normand Jr Bélair (captain) 1 — ' S e
Vincent Lapointe (captain) \ } P [ Mﬂ:
John Cafarelli . : !

Alexandre Leclerc

Hugo Marcotte

Cindy Hallé
Evelyne Malouin
Marie-Hélene Tremblay

Sabrina Martinean

Marianne Berthelo ¥




1. Analysis

The main objective is to optimize the structural design
in order to obtain a strong, stiff and light hull. A lighter
canoe is easier to race, and hull stiffness makes paddle
strokes more efficient. In order to identify the
structural requirements for Phoenix, a finite element
software was used to evaluate the stresses and strains
in the hull structure. The design criteria were based on
its output, particularly with regards to material
properties.

1.1. Structural Design Concepts

The canoe is, as in past years, designed with a thin hull
reinforced by ribs, gunwale and end-caps; indeed the
UL-Team still believes that this is the optimal way to
distribute the stresses in the structure and to obtain a
lighter canoe. The ribs increase the stiffness and
prevent the "opening” of the hull sides. Ribs also help
to reduce hull thickness, because most of the stresses
are redirected to the ribs, thereby reducing the strains
in the hull and the overall weight. The gunwale and
end-caps contribute to rigidify the edges of the hull,
preventing waving between the ribs and avoiding
cracking at the stern and bow. These structural
elements also increase the torsional rigidity.

Several teams choose to design a thicker hull to insure
structural integrity, which is an equally efficient
solution. The weight gain of a thicker hull is important
(hull weight can be estimated as 6 kg/mm of
thickness). On the other hand, structural elements such
as ribs, gunwale and end-caps are very strong
compared to their weight offering an overall better
solution.

In order to reduce the canoe’s weight, the UL-Team
decided to reconsider the sandwich mutli-layered
composite hull section developed successfully in 2001.
This kind of section consists of a high-resistance
concrete for the outer layers and a lighter concrete in
between. Reinforcement materials are embedded in the
surface concrete where maximum stress occurs to
increase their effectiveness. The final hull structure is
then considered optimized in resistance and in weight.

1.2. Model
The entire structure of the canoe, including ribs and
gunwale, has been modeled and analyzed using the
[-Deas® software. Several dispositions for ribs and
gunwale were tested to determine the most efficient
structure. The rib and gunwale dimensions were
optimized with regards to constructability and
effectiveness. These analyses were made using four
loading patterns: the canoe simply supported at both
ends, right side up and upside down (typical
transportation loading patterns), and on water (elastic
bed) with two and four paddlers (typical racing load

patterns). The ribs and hull were also analyzed
separately with loads at the critical locations with
regards to stresses.

The model was used to evaluate the minimum hull
thickness that could be used considering the composite
section and rib properties in order to keep the critical
stresses below the theoretical tensile strength of the
concrete. This maximum stress design criterion is a
protection against the development of structural cracks.
Furthermore, deflection was maintained at less than 5
mm (for the simply supported condition). This
maximum displacement design criterion was based on
past years experience, ensuring that the canoe will be
sufficiently stiff, efficient on water and that no fatigue
cracks will appear.

1.3. Results

The results reveal that it is more efficient to construct
the canoe with six equally spaced ribs, 1.2 m from
either end. The rib dimensions were set to 45 mm high
and 16 mm thick. The gunwale width was set to 45 mm
to match the nibs, and to 9.5 mm in thickness. The
figure below, taken from the final analysis for two
paddlers, shows the stress distribution in the canoe.
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Figure 1: Stress distribution with two paddlers.

For the racing load pattern, the maximum tensile
stresses occur under the paddlers’ knees and in the
gunwale. The maximum tensile stresses of 1.96 MPa
occur in the ribs. This analysis shows that Phoenix’s
design must resist a 2 MPa tensile stress. In
compression, past years' experience determined that the
concrete has to resist at least 10 MPa in order to protect
the hull’s integrity against accidental paddle impacts.



2. Development and Testing

The main objective is to design a high tensile strength
concrete mixture with high modulus and low density to
prevent the canoe from cracking and structural
damages while getting a light canoe. The reinforcement
design must comply with the rules and be adapted to
the concrete properties and workability.

2.1. Concrete Mixture Development
The 2003 mixtures were based on the final 2002 mix
design and adapted to this year’s rules and regulations.
The epoxy resin is replaced with fly ashes (20 % by
weight of the binding material). Ottawa sand
(ASTM C778) is also incorporated at 15 % by volume
of the aggregate particles.

Three different types of fly ashes were tested in order
to determine the best one (i.e. Micron3). A literature
review on concrete properties with fly ashes
incorporated identified Micron3 as the one that offers
the fastest strength gain. This was confirmed by
laboratory tests. The most important part of the work
was to find a satisfactory balance with low density,
high tensile strength and workability. Several water to
cement ratios were tested. They ranged from 0.70 to
1.50. Different dosages of carbon micro-fiber, from 0.5
% to 2.0 % per volume of concrete, were incorporated.
The paste content varied from 40 % to 55 % in order to
produce different workability properties. K1 glass
bubbles were added to the K46 and the ratio was
optimized in order to obtain a better workability and
lower density. K1 glass bubbles are lighter but weaker
when compared to K46. The particle size distribution
of these two types of glass bubbles, and their
individual granular bulk densities are slightly different.
The optimized combination of glass bubbles, with
regards to bulk density, was found to be 30 % of K1
and 70 % of K46, per volume. This optimized bulk
density is favorable to a lower amount of paste needed
to fill the aggregates skeleton, therefore increasing the
mixture workability for a fixed amount of paste.
Finally, three specific mixtures were selected: the RIB
miX, the SURFACE mix and the CENTRAL mix. For all
mix designs, the carbon micro-fibers content is set to
1.0 %.

2.2. Reinforcement

Research for the reinforcement material was done to
find low-density materials that increased the ductility
of the hull in order to prevent complete structural
cracking. Reinforcement also had to be compatible
with the relatively low workability of the micro-fiber
reinforced concrete mix. Many types of fiberglass
meshing, whose yarns are spaced widely enough to
comply with the new rules and with the concrete mix
workability, were studied: reinforced hull specimens
were tested to verify their effectiveness.

2.3. Test Methods

Elastic tensile strength was measured during a third-
point flexural test, based on the ASTM C1018
standard, on 170x30x8 mm thick plates (hull sections).
The elastic tensile strength is defined as the stress
generated when the material has reached its elastic
limit. At that point, internal micro-cracking appear.
Elastic tensile strength is used as the upper limit in the
finite elements analysis. Compressive strength was
assessed following the ASTM C39 standard on
cylindrical specimens measuring 50x100 mm. Elastic
moduli were measured during the flexural test
according to ASTM C1018 standards. It was also
measured in compression tests according to
ASTM C469 to crosscheck the results. The structural
design was made with material properties measured
after 7 days of curing.

2.4. Final Materials Selection
The SURFACE mixture has medium strength and density
with a w/c ratio of 1.0 and the optimized combination
of K1/K46 bubbles. The CENTRAL mixture has a lower
density and strength, with only K1 bubbles and a w/c
ratio of 1.2. The RIB mixture is a stronger concrete with
a lower w/c ratio (0.8) and only K46 bubbles. The
concrete properties are presented in table 1.
Table 1: Final mixtures

Properties at 7 days ~ SURFACE CENTRAL  RIB

Compressive Strength

[MPa] 13.6 6.1 325
Flexu[riisgength 11.1 46 11.5

Elastic T[ehx/llsln)z Strength  ; , 1.6 43
Elast;;/I I\I/g)]dulus 5940 2970 9880
Dry }?E;l/crrg;nsiw 890 800 1015

Four layers of fiberglass meshing, with a total
thickness of 0.68 mm, with 9.5 mm of space between
each yarn, and with an elastic modulus of 95 GPa,
were selected for the hull. The reinforcement of each
rib consists of 18 carbon yarns having a modulus of
elasticity of 300 GPa, 1 mm wide and 0.15 mm thick.

2.5. Comparison with the analysis

With the FEM analysis, the optimum hull thickness
was set to 9.5 mm to limit the amount of stress.
Flexural strength of 13.7 MPa was measured on hull
plates, with an elastic tensile strength of 5.2 MPa. The
ribs have an elastic tensile strength of 13.6 MPa and a
flexural strength of 26.3 MPa. Compared to the
analysis, these results are safe considering the
additional dynamic loads that occur during
transportation and races.



3. Project Management and Construction

3.1. Management

This year, due to new eligibility rules, rookies account
for 80% of the team. The project started at the
beginning of the 2002-2003 academic year with a
meeting with last year’s project leaders. To promote
the leadership, 7 committees were set up with a
member at the head of each committee (see figure 4).
This structure is highly adaptable and a team member
can be involved in more than one committee. To
ensure a good evolution and a strong communication
between the different groups, a weekly meeting is held
by the captains. This meeting is a great opportunity for
each team member to express their points of view on
the different activities and also be informed on
everything that is going on. Also, several academic
training sessions for each of the milestone activities
where held by the veterans to teach the younger
members how to accomplish the milestone activities.
To complete the transition, a project guide based on the
7 years of concrete canoeing at Laval University was
delivered to the 2003 team. This project management
method allows for good progress control. Also, this
method is very efficient in a managerial point of view
and it also ensures excellent technology transfer.

3.2. Construction

The construction began with the assembly of the mold.
The team agreed to use a male mold made of expanded
polystyrene. This material is easy to shape and to
assemble and does not require specialized
workmanship. The male mold facilitates the pouring of
the concrete and the building of the hull. Moreover,
this mold provides an almost perfect interior finish that
would otherwise be very difficult to obtain by sanding
alone. This technique is also very well mastered by the
UL-Team and has always provided adequate results.
The mold is made of an assembly of 122 polystyrene
sections (51.8 mm thick). All expanded polystyrene
sections were drawn, cut, and glued together and
secured on a rigid wooden base, which was also used
as the gunwale guide. The mold was sanded and a
drywall compound was used to fill the cracks in order
to get a smooth surface free of discontinuities. A
plastic sheet covered the mold to provide a good
interior finish and to ensure easy removal from the
mold.

As usual, the UL-Team was imnovative in the
construction method. The application techniques are a
combination of an enhanced shotcrete process
(developed in 2000 for S.C. MINNOW) and the
traditional hand worked concrete. The first and the last
layers of concrete were placed with the special
shotcreting technique and the other layers were
manually applied.

The shotcrete method was quite rapid and allowed an
evenly placed first layer of concrete on the smooth
plastic surface. The fiberglass reinforcement was then
placed on the canoe and barely covered with hand
placed concrete. The reinforcement meshes were
attached on the baseboard underneath the mold to give
the reinforcement the same shape as the mold and to
allow an easy pouring of the gunwale. Between the
second and the third meshing layer, a 4 mm layer of
CENTRAL mixture was applied manually. To ensure the
adequate and constant thickness of this layer, a 4 mm
wire was wrapped around the second meshing as a
thickness guide. When the concrete started to set, the
spacer was removed and construction resumed. The
last two reinforcement layers were applied in the same
fashion. Construction ended with a finishing layer of
sprayed concrete. The entire construction was made in
100% R.H. conditions to avoid drying. The concrete
canoe underwent moist curing for 28 days and then the
mold was removed from the inside of the canoe. To
remove the mold, the wooden baseboard was stripped
away and the foam broken and taken out of the canoe.
To get a smooth finish, the canoe was wet-sanded and
the minor imperfections corrected with thin local layers
of spayed concrete.

3.3. Timeframe

Like many' engineering projects, some delays were
encountered and changes to the original timeframe had
to be made to comply with the deadlines. Due to the
new regulations, the mixture and the composite design
required two months of research and development
more than expected. Originally, the activity was
planned to take place from late August to early
January. This delay shifted the finite element analysis
by one month. The mold construction started on time,
but lasted longer than expected because the resources
were concentrated on the mixture and composite
design and less time was devoted to the mold. The
canoe construction and the completion were delayed by
two months since they are the critical aspects (after
mold construction and mixture design). The
completion activity was also shortened. Since the
schedule was tight, the team had to minimize the time
allotted for the design paper and for the oral
presentation because these two activities are normally
done after the construction. All of the other activities
went as initially planned. Overall, the schedule was
followed except for the mixture and composite design
activity.



4. Schedule
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Figure 2: Critical path

The critical path was adopted at the beginning of the project. To establish the priorities and the key activities, the
team analyzed all the activities and estimated the time needed for each activity. After that a Gantt chart was set up
and the dependent activities identified. The project was initially planned to allow for extra time in case of any
mishaps or delays.

Aug | Sep | Oct |Nov | Dec |Jan | Feb Apr | May
Fundraising ==-——
Recruiting and team —
organization S—— === Planned date
— Real date
Hull design —
I
Mix and composite design —————————
Finite element analysis ——
Mold construction Sp——
.. I I
Canoe construction -— -
Canoe completion ——————— ——
R
Oral presentation ——— ——
——
A —
I —
L ; -  — !

e e . A
National Competition: June 20" to 22" -

Figure 3: Time management chart



5. Organization Chart
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Mixture proportion

TABLE I1.C.6.1 —SUMMARY OF MIXTURE PROPORTIONS
MIXTURE DESIGNATION: SURFACE

Units
AIR %
) c:313.1 kg/m?
. . m,: 89.5 | kg/m’
[ my: 44.5 | kg/m?
' cm : 447.1 ~
Cement to cementitious materials ratio c/cm: 0.7
AGGREGATES
Base Quantity ASTM Agg. Batch Quantity
A C127 (At stock
ggrerates (SSD aggregates) BSG (SSD) Volume moisture
3 3
(ke/nr’) (unitless) (™) | Content) (ke/m?)
WSSD,I: 118.7 0.43 0.276 ng_( 1- 118.7
L N Wsspp: 11.5 0.1 0.115 | Wi 11.5
' Wasps: 18.1 1.81 W3 18.1
Wisspa: 184.4 2.66 0.07 Wiu st 183.5
Combined Wssp, age: 332.7 0.46 W age: 331.8
WATER
Water W:3122 Whateh - 310.5

Vol. of superplasticizer

x; : 3100

Water from superplasticizer

Wadmx,1 * 2.56

Total of free (surplus) water all aggregates Wiree - -0.88
Total water w:312.2 w: {3122 kg/m?
1092 1091 kg/m?
w/c:1.0
w/cm : 0.7

* If the binder comes from the manufacturer mixed with water, include only the weight of the binder here.

** We put the carbon micro-fibers there because there was no where else to fit it. Also, we’re not counting the carbon
quantity when evaluating the 15% of Ottawa sand, and the total volume of aggregates.

+ 1* column is used for the desired total water, the 2™ column is for water added directly to batch

1 w in this column = Wyuer + Wagmet T Wadm2 + Wadme3 T Waames- This value should match the value for W in the

previous column.

§ The sum of items in rows (1), (2), and (3)



TABLE 11.C.6.2—SUMMARY OF MIXTURE PROPORTIONS
MIXTURE DESIGNATION: CENTRAL

AIR AND CEMENTITIOUS MATERIALS

* If the binder comes from the manufacturer mixed with water, include only the weight of the binder here.

** We put the carbon micro-fibers there because there was no where else to fit it. Also, we’re not counting the carbon

quantity when evaluating the 15% of Ottawa sand, and the total volume of aggregates.

+ 1¥ column is used for the desired total water, the 2™ column is for water added directly to batch

1 win this column = w, + Wogmx1 T Wadmez ¥ Wadmes T Waames. 1his value should match the value for W in the
+ batch admx, | admx,2 dmx,3 admx,

previous column.

§ The sum of items in rows (1), (2), and (3)

Component Quantity (whether base or batch) Units
Atr content by volume of concrete 3 AIR %
, ASTM Type : 1 - €:291.2 kg/m?
; m,: 833 | kg/m’
. my: 41.4 kg/m?
Mass of all cementitious materials cm:415.8 kg/m* | (1)
c/cm: 0.7
AGGREGATES
Base Quantity ASTM Age. Batch Quantity
Aggrerates (SSD aggregates) C127 Volume (At stock
£& (kgjgmj)% BSG (SSD) | {0 moisture
(unitless) content) (kg/m®)
) _ 0.43 - Waaet: -
1.81 0.0 Wz 18.1
2.66 0.07 Wina: 183.5
Combined 046 | Wy o 2407 | ()
WATER
Water 1 W :348.5 Whatch - 346.8
Vol. of superplasticizer x; : 3100
Water from superplasticizer Wadmx 1 2.56
Total of free (surplus) water all aggregates Wiee : -0.88 kg/m?
Total water w:348.5 w:1348.5 kgm® | G)
1006 1005 kg/m?
| w/c:1.2
w/cm : 0.84




'ABLE I1.C.6.3—SUMMARY OF MIXTURE PROPORTIONS

MIXTURE DESIGNATION: RIBS

Component Units
Air content by volume of concrete %
Super white cement (plain) ASTM Type : 1 c:361.5 kg/m?
Other cementitious material 1* Description : Fly ash (micron 3) “my: 1034 | kg/m?
Other cementitious material 2* Description : Silica fume my: 51.3 kg/m?
cm:516.2 kg/m* | (1) 1
c/cm: 0.7
AGGREGATES
Base Quantity ASTM Age. Batch Quantity
(SSD aggregates) Cl27 Volume (At .StOCk
(ke/m’) BSG.(SSD) (m’) moisture
(unitless) content) (kg/m?)
5 Wssp: 168.1 0.43 0.391 | Wy : 168.1
2. K1 glass bubbles Wasspo: - 0.1 - Weao: -
3. Carbon micro-fiber ** Wgsps: 18.1 1.81 0.0 Was: 18.1
4. Ottawa sand ASTM C778 Wsspa: 184.4 2.66 0.07 Wina: 183.5
Combined Wssp, age: 370.6 0.46 W age: 369.7
WATER
Water W :252.2 Whatch - 250.1 kg/m?
Vol. of superplasticizer x; : 3600 ml/m?
Water from superplasticizer Wadme 1 - 2.97 kg/m?
Total of free (surplus) water all aggregates Wrree - -0.88 kg/m3
Total water w:252.2 w:f252.2 kg/m?
Concrete density § 1139 1138 kg/m?
Water to cement ratio w/c:0.7
Water to cementitious material

* If the binder comes from the manufacturer mixed with water, include only the weight of the binder here.

** We put the carbon micro-fibers there because there was no where else to fit it. Also, we’re not counting the carbon
quantity when evaluating the 15% of Ottawa sand, and the total volume of aggregates.

KX

t 1% column is used for the desired total water, the 2™ column is for water added directly to batch
1 w in this column = Wy, + Wognt + Wadme2 T Wadmi3 + Wagmes.  This value should match the value for W in the
previous column.

§ The sum of items in rows (1), (2), and (3)



