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Executive  Summary      

 The University of Toronto was founded in 1827 
and since that time the City of Toronto has grown 
around it into a bustling metropolis. The University 
itself has grown in size with almost 5000 
engineering undergraduate students currently in 
attendance. 

The University Of Toronto Concrete Canoe Team 
(UTCCT) has competed in the Canadian National 
Concrete Canoe Competition for 21 years since its 
revival. The UTCCT has had a strong showing in 
the past placing 4th with Unladen Swallow in 2012, 
3rd with Cheshire’s Grin in 2013 and 4th in 2014 
with Jinkies. That momentum will be continued 
forward and with U of T hosting the CNCCC this 
year, the UTCCT intends to impress. 

Many new executive and general members were 
welcomed into our team this year. They have 
brought fresh perspectives on all aspects of our 
club. General members have also been encouraged 
to take an active role, so that they may learn from 
past mistakes of their predecessors.  

Traditional hull analysis was based upon bending 
capacities of the gross sections with the use of finite 
element method to verify that other effects did not 
govern. Lacking this option, this year’s analysis was 
based on an element stress capacity approach 
opposed to a moment capacity approach to 
incorporate the effects of global shear and 
transverse bending of the canoe walls. The 
overriding structural design principle is to prevent 
any cracking in the canoe and therefore remain in 
the linear elastic range of the concrete.  

The hull shape was designed for stability and 
paddling practices focused on synchronization to 
maintain a stable performance. This year many 
improvements were made in the construction of the 
female mould. A split arrangement of hull pieces 
allowed for a reduction in the amount of foam 
required with PVC piping used to align the 
increased number and complexity of the pieces.  

 

 

 

Prepare to be taken on a journey filled with the 
magic of ice and concrete. Our team has Let it all 
go, and their new found mastery is embodied in this 
report. So for the first time in Forever, the 
University of Toronto would like to present Vuelie 
inspired by Disney’s Frozen. 

Table 1. Summary of Canoe Properties 

 

Vuelie 

Length 5.73m 
Maximum Width 70cm 
Maximum Depth 32cm 

Bow Rocker 15.6cm 
Stern Rocker 3.77cm 

Mass 75kg* 
Nominal Hull Thickness 8-10mm 

Material Properties 
Composite Mix 

28-day Flexural Strength 3.21 (MPa) 
28-day Compressive Strength 11.71 (MPa) 

Modulus of Elasticity 2.72 (GPa) 
Colour grey 

Wet Density 933.6 (kg/m3) 
Oven Dry Unit Weight 920.1 (kg/m3) 

Finishing Mix 
28-day Flexural Strength 1.31 (MPa) 

28-day Compressive Strength 3.92 (MPa) 

Modulus of Elasticity 1.34 (GPa) 
Colour white 

Wet Density 868.9 (MPa) 
Oven Dry Unit Weight 847.9 (MPa) 

Reinforcement Properties 
Single Layer Carbon Fibre Mesh (T300) 

Ultimate Tensile Strength 3750Mpa 
Modulus of Elasticity 231GPa 

Polyvinyl Alcohol Fibres 
Reinforcement Ratio 1.5% 

Ultimate Tensile Strength 1600MPa 
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Project  Management  
Team Structure and Schedule 
This year the CNCCC is being hosted by the 
University of Toronto, and establishing a separate 
organizing committee took many of our experienced 
members. The University of Toronto Concrete 
Canoe Team (UTCCT) prides itself on new 
involvement and this year we welcomed many first 
time members to our executive team from a variety 
of disciplines, who brought a fresh perspective. 

New, dedicated positions were added to the team 
organizational structure for webmaster and safety 
officer to reduce the workload on manager 
positions. Also added were co-lead, or apprentice 
positions for technical design areas, increasing 
knowledge transfer, and enabling collaborative 
design to challenge past design practices.    

The critical path of the project is generally governed 
by the technical activities of the hull and structural 
analysis, because these activities must occur 
sequentially. This year due to unforeseen 
circumstances Material Acquisition governed. After 
the design is complete, construction activities 
including mould preparation, curing, and sanding 
define the critical path. Other activities such as 
paddler training, and theme preparation may occur 
in parallel. Delays were encountered along the 
critical path when inexperience with new suppliers 
resulted in material discrepancies that caused 
serious delays to mix selection, and casting 
milestones, as listed in Table 1. Sanding and 
staining activities were then crashed two weeks to 
achieve on-time project completion. 

Table 2. Major Milestone Variances 
Major 
Milestone 

Schedule 
Variance 

Reason 

Mix 
Selection 

+14 days Material change 

Mould 
Preperation 

+7 days  Equipment 
failure 

Casting Day +21 days Mould Delay/ 
Material 
Acquisition 

Canoe 
Finishing 

-14 days Increased Work 
Hours 

Cross 
Section 

-7 days  Cross section 
mould prepared 
individually 

Table 3. Labour Resourcing 

Resources and Financial Allocation 

Person- hours have increased slightly on all 
technical aspects compared to last year leading to 
more advanced mix and hull designs. However, this 
increased workload was spread between two people 
per design task, reducing individual workload. 

This year, the team’s student levy-fund, voted on 
every two years by the student body, was up for 
renewal. Increased person-hours were dedicated to 
the campaign to ensure financial security for the 
next two years. To alleviate financial risk, 5% of 
budgeted expenses was devoted to a rainy day 
reserve for unforeseen costs and damages.  

Since the CNCCC is in Toronto this year, the 
expenses budgeted towards transportation was 
considerably lower. This allowed the team to attend 
an additional competition in Gatineau, gaining extra 
race experience. The subsequent transportation 
savings (Page 8, Construction) resulted in being 
significantly under budget in this sector. The 
construction budget of the canoe was also increased, 
following overruns procuring Jinkies’ mould last 
year. By decreasing mould material consumption 
(Page 9, Construction), Vuelie’s construction also 
was completed under budget. Redistributing these 
underruns allowed the team to upgrade tools, and 
experiment with high-tech solutions to traditional 
problems. 
Quality and Safety 
During casting, colour coded toothpicks designed to 
pre-marked thicknesses were key to measuring the 
depth of concrete being laid since the thickness 
varied along the hull.  

Safety is a top concern so downdraft table was 
purchased to remove ultra-fine particles that pose a 
health risk. Additionally, activated carbon testing 
was done to measure the level of particulates in the 
air to ensure it was at a safe level. It was ensured 
that at all the times proper PPE was worn and that 
health risks were made known. The MSDS and 
material handling procedures were accessible.

Task Person-hours 

Concrete Mix Design 60 
Hull Design 160 
Concrete Testing 110 
Hull Analysis 200 
Canoe Construction 600 
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HULL  AND  STRUCTURAL  
Objective Formulization  
The design approach was based on improving last 
year’s hull design. Based on feedback taken 
immediately after 2014 CNCCC, various 
performance characteristics were ranked. Stability 
and speed were chosen as the major areas of 
improvement for Vuelie.  
In order to assess the stability of Jinkies, to be used 
as a baseline for Vuelie, competition footage from a 
bow-mounted camera was studied. The video 
revealed that when paddlers stroked in sync, Jinkies 
experienced negligible sway. Consequently as speed 
and stability are competing factors, it was decided 
to focus on shaping a faster hull and placing 
emphasis on practicing paddler synchronization to 
achieve the desired stability. Thus, the theoretical 
performance parameters for secondary stability 
were held constant, and Vuelie’s design aims to 
reduce drag while maintaining maneuverability for 
the extended slalom course, and maintain a safe 
freeboard for the wavy Lake Ontario conditions.  
Hull Generation  
An in-house designed software, PANDA, was used 
to generate and evaluate potential hull designs. 
PANDA generates canoe specifications bounded by 
a range of user-defined geometrical parameters and 
evaluates each against the paddler weighted 
performance characteristics. Starting with Jinkies as 
a baseline, 1400 hull shapes were analyzed. 

Table 4. Comparison of selected hull properties between 2013-2014 
Property (mm) 2013 

Jinkies 
2014 
Vuelie 

Change 

Waterline Length 5490 5730  4.4% 
Waterline Beam 790  783  -0.9% 
Freeboard (3 paddlers)  179 178  -0.6% 
Beam-Draft Ratio 4.39 4.88 -11.1% 

Design Selection 
To optimize the speed of Vuelie, a more 
asymmetrical shape was selected, as seen in Figure 
1, decreasing the fullness of the canoe and moving 
the center of mass towards the stern to create a more 
streamlined shape. The overall length of the canoe 
was increased by 24 cm to improve tracking, which 
allows for better performance in straight races. To 
ensure that maneuverability was maintained, the 
bow rocker was increased by 2.6 cm. This change, 
when combined with the sharper entry angle of 
Vuelie, achieves a smoother transition to the rocker. 
The resulting effect on drag was analyzed using the 
Beam-Draft equation; 

𝐵 𝑇 = 𝐵!"# 𝑑  

 
Where 𝐵!"#  represents the maximum beam at the 
waterline and 𝑑 is the height of the canoe below the 
waterline. By minimizing this ratio, drag is reduced. 
This slight increase for Vuelie, shown in Table 1, 
was found to be negligible based on the design 
changes.   

Figure 1. Hull Shape Comparison between Jinkies (Red) and Vuelie (Blue). 

The bow is on the left hand side of the figure. 
Overall Structural Approach 
The design of this canoe emphasizes the importance 
of analysis based on first principles. Applying 
principles from Beam Theory, Hydrostatics, and 
linear elasticity, a MATLAB program, CAP, was 
written to perform the bulk analysis. The design 
envelope was based on element stresses as opposed 
to moments because the objective is to prevent 
cracking. Cracking will occur where tensile stresses 
exceed capacity, not necessarily at the location of 
maximum moment. The analysis considers flexural, 
shear and lateral wall bending (LWB) stresses. 
Axial and biaxial tensions are deemed to govern the 
design. 
Assumptions 
The assumptions are as follows: general beam 
theory, Archimedes principle, all horizontal 
hydrostatic loading remains fully in the cross 
section to which it is applied, and the tilt of the 
canoe has a minimal effect on the perpendicularity 
of the loadings. We have neglected the effects of 
out of plane shear flows. Lacking a nodal stiffness 
approach, these assumptions permit analysis. 
Analysis and Results 
CAP allows arbitrary load placements and 
weightings and solves for a unique freeboard based 
on vertical and rotational equilibrium. Over 300 
probable loading cases were considered (including 
transportation) because each loading case produces 
a different set of moments, shears and lateral 
moments. Loading cases consisted of 1 to 4 paddler 
combinations at different locations with weights 
varying between 50%, 100%, and 150% of 80kg to 
account for unsymmetrical loading due to varying 
paddler weight, and oscillation of weight during the 
paddling motion.  
300 cross sections along the length of the canoe 
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were taken (~ 20mm in length) and each cross 
section was defined by a set of 600 points. CAP 
solves for flexural, shear and wall bending stresses 
at the defined elements for each loading cases. 
These are then converted into principle stresses and 
inclinations. A combined stress was evaluated to 
account for biaxial tension occurring in the canoe. 
This combined stress is defined as,  

!!
!
+ !!

!
≤ 1  or equivalently,  𝜎! + 𝜎! ≤ 𝑓 

This design decision aims to account for the 
reduction in tensile capacity of elements subjected 
to biaxial tension (Francois, 2008). Where 
combined stresses exceed tension stresses, biaxial 
tension is present (Figure 3 (top figure) at two 
meters). 
The shear force and moment diagram for a single 
loading case is shown in Figure 2. The maximum 
moment occurs at approximately 3 meters. Figure 3 
depicts the maximum tension, compression, and 
combined stresses for this three person loading case.  

 
Figure 2. Shear force in N (blue) and moment diagram in Nm (red)  

for a three person loading case (100kg, 100kg, 80kg) 

 

 
Figure 3. Combined stresses in MPa considering stresses due to bending in 
the lateral walls of the canoe (top) and neglecting these stresses (bottom). 

Upon examining the maximum stresses above, it is 
clear that the critical section does not correspond to 
the section of maximum moment. Figure 3 shows 
that LWB introduces biaxial tension and has a 
major contribution to the stresses, meriting an 
element stress based design over moment-capacity 
design.  
The maximum element stresses from all loading 
cases, are concatenated to produce the design 
envelope in Figure 4.  
The strength requirement is defined as,  

𝜙𝑓! ≥ 𝛼𝜎! 
𝜙  is the resistance factor, taken as 0.65 (Cement 
Association of Canada, 2005), to account for 
material deficiencies. 𝑓!   is the tension capacity. 𝛼  is 

the load factor, taken as 3 (Oberg, 2012), to account 
for model limitations, unaccounted loadings, 
rotation of canoe, and variance in the construction 
thickness. Taking maximum stress as 0.7 MPa seen 
in Figure 4, with previously defined factors, the 
required tension capacity for the concrete is 
3.23MPa.  

 
Figure 4. Plot of the compressive, tensile, and combined stresses in MPa of 

all loading cases considered along the length of the canoe formulated utilizing 
the combined stress definition. 0.7 MPa corresponds to the safe tensile limit of 

concrete after the application of appropriate factors of safety. 

Structural Design 
To prevent cracking the primary considerations 
were hull thickness and the use of ribs. Lacking the 
ability to sufficiently analyze the local effects of 
ribs on LWB, ribs were excluded from the design. 
Instead, emphasis was placed on efficiently 
proportioning the thickness of the hull.  
LWB causes tension and compression on the outer 
and inner surfaces respectively. The middle surface 
corresponds to the neutral axis of this transverse 
bending, thus resulting in no contribution to stresses 
from LWB at this surface. Figure 5 depicts the 
greater of the two principal stresses on the mid 
surface, and the outer surface. 

 

 
Figure 5. Max. Principal stress (tens) mid surface in MPa (top) and outer 

surface (bottom). Every set of two vertical bars above the canoe represent a 
knee and toe of a paddler while the buoyant force is depicted along the 

bottom.  
The highest tension stresses are present on the 
bottom of the outside surface as a result of LWB.  
Also high tension stresses at the bottom of the 
canoe decline quickly up the cross section. These 
observations led to the design decision of varying 
thickness along the cross section of the canoe from 
12 mm at the bottom, to 8 mm just below the 
gunwale. This allowed the theoretical weight of the 
structural layer of the canoe to be reduced from 
over 65kg to 50kg while maintaining the required 
factored capacity. 
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DEVELOPMENT  AND  TESTING  
This year the mix design was focused on improving the 
tension strength of our concrete mix, while 
maintaining the density to within 5% of the baseline, to 
allow for a thinner, lighter, and more efficient design 
of the canoe. To achieve this, we experimented with 
new aggregates, fibres, and an iterative design 
procedure for the concrete mix. U of T has received the 
lightest canoe award at the National Competition for 
several years consecutively, and continuing this 
tradition is of high importance to the team. Ultimately, 
unanticipated, last minute supplier changes forced the 
mix design to pivot days before casting day causing a 
drop to 51%. The team overcame this material 
challenge and managed to regain 54.5% of the strength 
decrease, while delaying the project by only two 
weeks. To accommodate the lower strength, the weight 
of the canoe increased to 75kg, with which UTCCT 
hopes to remain amongst the lightest canoes.  

Aggregate Grading 
In order to achieve the desired strength increase, 
adjusting the aggregate grading was used as a guide. In 
recent year’s designs, aggregate grading was not used 
extensively in the design process due to a lack in 
selection of different particle sizes. The number of 
different aggregates used in the mix was increased 
from four to eight to produce a smoother gradation 
curve. Three new grades of a previously employed 
product, expanded glass spheres were added (0.04-
0.125mm, 0.1-0.3mm, and 0.5-1.0mm) to smooth out 
the mid and larger ends of the aggregate spectrum. The 
fourth addition was perlite microspheres, a hollow 
volcanic mineral. At an average grade of 45µm, the 
perlite was used also to smooth out the small end of the 
particle size distribution (PSD) and to reduce weight 
via its comparatively lower density to similarly sized 
structural aggregates. As our main concern for 
aggregate grading was to reduce inherent voids, the 
PSD we modeled our preliminary mix off of was the 
0.45 Power Maximum Density Curve (Roberts et al, 
1996) based off a 1mm max aggregate size. The curve 
was picked due to its maximum theoretical packing 
factor. Last year’s structural mix was then 
superimposed over the curve, and our main structural 
aggregate of 0.25-0.5mm expanded glass spheres were 
divided over the range of new glass sphere grades to 
ensure a well distributed curve. From this, we 
iteratively changed aggregate ratios with information 
gathered from our weekly flexural strength tests. The 
final aggregate grading achieved is shown in Figure 6.  

 

Figure 6: Particle Size Distribution Curve showing aggregate grading of final mix 
(blue) relative to the baseline (yellow) 0.45 Power Curve 

Aggregate Composition 
The aggregate composition is divided into two major 
categories; structural aggregates which increase the 
strength of the mix, and a filler aggregate Expancel, 
which does little to aid in the mixes mechanical 
properties but aids in lowering the density of the mix. 
Through our testing procedure, the mix of 70.2% by 
volume structural aggregates and 29.8% by volume of 
the aggregates comprised from filler was found to 
yield the greatest flexural strength while maintaining a 
low density and thus was chosen as our final structural 
mix. 

The finishing mix was designed for ease of sanding, 
high work ability and low density while trying to 
maintain a white appearance for staining convenience. 
To ensure that these requirements were met, 13.2% by 
volume of the structural aggregates were removed 
from the mix and replaced with our filler aggregate, 
which has a relative density of 6%. This was 
determined via principles of aggregate grading and 
with respect to the aggregate’s lack of mechanical 
properties allowing for easy sanding. With the 
replacement of structural elements with filler, it 
ensured that the concrete mix would both be 
lightweight, and have the potential for a high finish-
ability. Finish-ability of the concrete relates to the 
ability to stain and sand the cured mix. The 
replacement of structural aggregate also eliminated an 
aggregate type which we have been having logistical 
issues with. Since the finishing mix was not considered 
in the structural design, the mix was desired to be as 
light as possible and as workable as possible, without 
concern for flexural strength.  

Approaching the end of our development cycle a major 
logistical error with two components of our aggregates 
occurred. Using the same mix but substituting the 
erroneous materials in place of their forbearers, it was 
found that a flexural strength reduction of 51.5% 
resulted. Fortunately, by regrading the aggregate curve, 
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12.9% of the strength lost was recuperated in just one 
week of testing. The final mix properties were able to 
meet the minimum flexural strength requirement of 
3.23MPa while unreinforced. 

Table 5: Strength Change over the Course of Aggregate Size Change 

 Pre-Radius 
Change 

Radius 
Change 

Post-
Radius 
Change 

Flexural 
Strength sans 
Carbon Fibre 

6.4MPa 3.3MPa 3.5Mpa 

Average 
Aggregate 
Size 

193.2µm 191.135µm 134.6µm 

Testing regime  
Over the course of 5 months, 35 different mixes were 
tested. For each mix 400mmX60mmX11mm beams 
were tested under three point bending tests as specified 
by ASTM C947-03 Standard Test Method for Flexural 
Properties of Thin-Section Glass Fiber-Reinforced 
Concrete to measure the mix's flexural strength. Each 
week the highest strength mix was selected to be used 
as the base of the next week’s designs to ensure that 
only the best performing mixes were iterated upon. 
Flexural strength was chosen as the main indicator of 
mix strength as it is directly correlated to the tensile 
strength which has been deemed the governing 
consideration in structural analysis. As compressive 
strength was deemed not a priority, cylinder tests were 
only preformed on the final mix candidates.     

Iterative Process 
The iterative process that the mix design underwent 
comprised of the modification of different variables for 
the first period of design where previous iterations 
were curing. This caused a lack in the mechanical data 
available to base further changes off of. Each week 
during the first period a different aspect of the mix was 
selected to undergo modification allowing for a more 
controlled modification of the mix properties. Once the 
first set of testing data was acquired it allowed for mix 
modification to be based off of known mechanical 
properties of that mix, with each batch of mix the 
highest flexural strength mix in that batch was chosen 
to proceed to the next iteration phase where it 
underwent more modification to attempt to continually 
improve the strength based on the differences between 
the successful mix and those within its batch. This 
process continued until the end of November when the 
final candidates for the structural mix were selected 
based on their flexural strength and standard deviation 
and cast totaling to around 35 different iterations of 
mix before final selection. 

Delayed Casting  
Important requirements in regards to the final casting 
procedure are a consistent strength and workability 
over the placement period of each mix. To ensure that 
a delay between the mixing of our concrete and its 
casting did not negatively affect the properties of the 
resulting canoe a testing procedure was devised in 
which the same batch of concrete was proportioned out 
and cast at timed offset from mixing. Three batches 
were cast; beginning immediately after mixing, 30 
minutes later, and finally one hour after mixing. Both 
the workability of the concrete and resulting flexural 
strength were recorded. It was found that a delay in 
cast of up to an hour resulted in a negligible change in 
flexural strength. While workability decreased notably, 
it was still within a range where casting could occur. 
Based on this finding a QC procedure was 
implemented for casting day such that each batch 
would be labeled with the time of production. The use 
of concrete over an hour since mixing was prohibited, 
since high workability was crucial for bonding layers 
of concrete.  

Admixtures 
Three different admixtures were used this year with the 
intent to increase workability and consistency of the 
concrete. RheoTEC Z-60, Glenuium® 7700 and 
Delvo® Stabalizer aid in workability retention of the 
concrete mix allowing for ease of casting. The 
admixtures were tested over the recommended range of 
dosages to find the optimum proportions. 

Primary Reinforcement 
Vuelie contains one double-woven layer of carbon 
fiber located in the middle of the cross section. The 
reinforcement layout decided upon serves multiple 
roles in the integrity of the canoe structure. Firstly, it is 
used as a stiffening element and secondly, it improves 
the pre-cracking strength shown in Figure 7 below. 

Table 6: Chemical Admixtures 

 
 
 

 

Chemical Admixture Type 

Glenuium® 7700 High range water reducer 

RheoTEC Z-60 Work-ability retaining 
Delvo® Stabilizer Hydration controlling 
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Figure 7. Concrete Stress-Deflection curves of concrete mix with 

(top) and without (bottom) fiber reinforcement. 

Evident from the bottom graph, the fiber reinforcement 
has a significant positive effect on the flexural 
strength. The linear range in the beams with fibre 
reinforcement is approximately 4 MPa while in the 
beams without, it is approximately 2.7 MPa. The 
results from the test beams with carbon fiber 
reinforcement are used in guiding the design envelope 
for the structural design. Through this testing, the 
addition of reinforcement directly affects the structural 
design limitations.  

Secondary Reinforcement 
Four different varieties of fibres were tested as 
secondary reinforcement this year; ferrous fibres, 
carbon fibres, zylon fibres, and PVA fibres. The 
ferrous fibres were approximately 4mm in length and 
significantly reduced the flexural strength of the 
resulting concrete. Clear fracture lines could be seen 
around the fibres following completion of the bending 
tests. The zylon fibres behaved similarly to the ferrous 
fibres but had the added detriment of being light-
sensitive which reduces their ductility and tensile 
strength. The carbon fibres were collected as by-
products of modifying the reinforcing mesh for the 
interior of the canoe and test beams. These fibres were 
difficult to separate from clumping and decreased the 
strength of resulting mixes. The ideal mix of fibres was 
found to be an equal balance of 6mm and 8mm PVA 
fibres, used in our final structural concrete. These are 
easily separated and handled, compared to the other 

fibres, while maintaining the strength of the baseline 
concrete. 1.5%v/v of each PVA fibre was used in a 
litre of concrete where it was evenly dispersed via the 
use of a mixer ensuring uniform mechanical properties 
throughout the mix.  

Sustainability 
A series of environmentally oriented changes were 
implemented to increase the sustainability of the 
casting process this year. Waste management was a 
major concern as in previous years an average of 5% 
of a mix was excess and disposed of. To alleviate this 
issue the concrete batches were monitored throughout 
the casting period to ensure that through diligent use of 
batched concrete the waste was reduced to 0.9% by 
weight during casting day. To eliminate waste from 
weekly beam casting, test plates were cast to practice 
with advanced finishing procedures thereby 
eliminating unused excess concrete reducing overall 
waste to a negligible amount. To aid in the 
sustainability of the mix itself, a higher proportion of 
recycled aggregates were introduced into the mix. A 
total of 39% by volume of all aggregates used in the 
mix were recycled aggregates which was an increase 
from 38% in last year’s mix. 

Dynamic Loads during Paddling 
To take into consideration the changing load during 
paddling, an apparatus was used to determine forces 
caused by their motion. As seen in Figure 8 below 
which shows the load diagram of a paddler on a load 
cell moving a piece of rebar in a paddling motion, the 
load oscillation range up to 25% of their weight. To 
account for the dynamic nature of paddling, loads were 
amplified to 50%, 100% and 150% of their design 
weight in the analysis. It is thus reasonable to believe 
that the oscillations experienced during the race will be 
much lower than calculated. 

Figure 8. Dynamic Load due to Paddling Motion	  
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Figure 9: Bow and stern tips arranged on a single sheet for milling. 

Construction  
Construction practices this year were a mix of 
familiar practices and innovative new ideas, 
motivated by a desire to reduce: costs, man-hours, 
and maintain or increase quality of the finished 
product. Proof of concepts were developed for 
advanced technological solutions, an area which 
UTCCT feels has significant potential to increase 
operational efficiency in the construction industry. 

Mold Construction  
Vuelie was constructed using a mould CNC milled 
out of expanded polystyrene (EPS) sheets. Team 
experience has shown EPS to be highly machinable, 
at a fraction of the cost of previously used extruded 
polystyrene. A female mould was first used at U of 
T last year with the construction of Jinkies, and was 
selected again this year because of the high 
smoothness and accuracy of the outboard surface, 
which improve the hydrodynamic performance of 
the canoe with reduced sanding time. Aspects of the 
mould, listed below, were redesigned to allow for 
rapid alignment, reduced material consumption, and 
more accurate casting.  

To eliminate mould misalignments which occurred 
with the construction of Jinkies, four vertical 
alignment holes were added through each slice. 
Two inch PVC pipes were inserted through these 
holes, drastically simplifying alignment, and 
reducing differential movement at mould joints.  

In order to reduce material usage and milling time, 
the mould parts were creatively arranged for CNC 
milling such that the bow and stern were cut from a 
single sheet lengthwise (Figure 5). This choice 
sacrificed the pointedness of the stern tip, which 
was deemed not to have a significant effect on 
hydrodynamic performance. In contrast, the bow 
tip, where a streamlined entrance to the water is 
important, was reversed about the centreline of the 
canoe such that the mould part would be cut as an 
outer edge, accounting for the dimensions of the 
tool bit. Compared to 2014, UTCCT’s first and 
baseline year for judging the female mould, material 
consumption and milling setup time were reduced 
by 1/3. 

 
Finally, a MDF cover, also cut by CNC router, was 
placed over top of the EPS mould to act as a casting 
surface for the top edge of the gunwales. This 
ensured a uniform plane and thickness along the top 
edge of the canoe; two factors judged as crucial in 
exhibiting final product workmanship. These final 
mould pieces were cut from wood, rather than EPS 
to achieve high rigidity in a thin section, without 
obstructing workers’ reach while casting.  

Choice of Mould Coating 
The epoxy resin used as a mould coating last year 
created a safety hazard due to the VOC content, did 
not allow sufficient working time, and made de-
moulding difficult. This year, Tuck Tape 
(contractor’s sheathing tape) was chosen to coat the 
mould, eliminating many of the concerns with the 
resin, including: safety, workability time, and 
consistency of thickness. By overlapping mould 
joints with strips of tape, discontinuities between 
these joints were eliminated ensuring a smoother 
surface. The tape’s flexibility, in combination with 
the ability to break continuity simply with an 
incision, allowed for quicker form removal relative 
to the rigid epoxy.  Furthermore, the economical 
solution contributed to over a 60% reduction in the 
overall mould cost. 

Concrete and Reinforcement Placement 
Designed for near-zero slump, the concrete mix 
allowed for familiar concrete placement via hand 
casting. This technique was chosen over a fluid 
concrete because it affords the ability to varying 
cross sectional thickness, and to use multiple 
concrete mixes where different characteristics are 
required. Between layers of structural concrete, a 
single, continuous sheet of carbon fibre (CF) 
reinforcement was placed. By removing strands, the 
CF sheet was reduced to 45 percent open area 
(POA), which allowed sufficient bonding between 
layers of concrete on either side. The CF was 
unrolled in concurrence with the placement of the 
outer layer of concrete, to minimize time between 
layers and reduce the risk of delamination. The 
reinforcement POA was increased beyond 45% in 
the tips to account for spatially restricted casting 
conditions which last year led to surface 
delamination in the bow.   

On casting day, experienced members wore 
designated shirts to allow for quick identification by 
less experienced members. Before beginning 
casting, all members were given a briefing by team 
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captains and provided with placement schematics, 
detailing the plan for varying thickness. Colour 
coded toothpicks denoting different depths were 
inserted into the concrete regularly by each member 
casting, and were periodically visited by a 
designated quality control manager well versed with 
the design. Original plans detailing variations in 
thickness along both the length and width of the 
canoe were deemed infeasible due to the large 
number of people involved in casting and the 
widely ranging experience of members. The final 
design was therefore simplified to vary from 12mm 
along the bottom of the canoe to 8mm just below 
the gunwale. This increased the theoretical weight 
of concrete used by 10%, however, significantly 
improved constructability.   

Due to project delays related to casting, the mould 
could not be reused for the cutaway section as has 
become yearly practice. The discrete milling of the 
cross section resulted in improved cross section 
workmanship. The choice also allowed cross 
section construction concurrent with the curing of 
Vuelie, shortening the critical path. The 3ft section 
selected was chosen in order to minimize foam and 
concrete requirements, while also avoiding the tip, 
which remains the most labour intensive portion to 
cast. After accounting for the extra foam used in the 
cross section, mould material savings still exceeded 
20%.  

Concrete Finishing 
The absence of ribs or other structural elements 
enabled a larger, uninterrupted canvas for staining. 
An elaborate, two-scene design has been planned to 
take advantage of this. The familiar method of hand 
painting the canoe with acid stains will be used on 
Vuelie. The technique is preferred over air brushing 
because the translucency exposes the concrete 
below. 

Technological Solutions  
An electronic sensor was developed using an 
Arduino microcontroller to monitor temperature and 
relative humidity (RH) in the humidity tent during 
curing. This ensured the canoe or test specimens 
never dropped below 100% RH. The same Arduino 
was attached to a pump, placed in a reservoir, 
allowing automatic filling of the humidifiers, 
without disassembling the tent. In the future, the 
device could be connected to the internet to 
wirelessly alert the team should curing conditions 
drop below desired threshold.  
 

A 3D scan of canoe was conducted allowing 
targeted sanding to proceed with increased 
accuracy. This confidence in hull thicknesses will 
allow future canoes to be thinner and lighter with 
reduced safety factors for construction tolerances. 
Targeted, and higher powered sanding tools, 
including a diamond pad polisher were used to 
reduce person-hours devoted to sanding, 
traditionally a highly time consuming process.  

With a desire to push the boundary of finishing 
practices, 3D printed stencils were used to create 
decorative concrete protrusions along the side walls 
of the canoe. Using 3D printing technology allowed 
for intricate designs that would not be possible 
through other manufacturing means. The decorative 
elements were decided to be cold-jointed, rather 
than cast monolithically, both to reduce time 
requirements on casting day, and to prevent forces 
from being transferred to the structure in case of 
impact.   

Environmental Transportation Decisions 
In a society increasingly conscious of reducing 
transportation emissions, UTCCT took a firm stance 
this season, reducing CO2 emissions per kilometer 
travelled to competitions by 55%, calculated using 
proportional distances travelled and percent 
reductions per trip. The sizable reduction was 
accomplished through a combination of carpooling 
with other canoe teams, and using a custom built 
bike trailer for canoe transport within Toronto. Both 
decisions had positive ramifications; carpooling 
allowed UTCCT to develop and strengthen 
relationships within the concrete canoe community, 
while the bike trailer allowed for more frequent lake 
paddling practices with a wider rotation of past 
canoes.
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The	  figure	  below	  depicts	  the	  moment	  and	  shear	  diagram	  for	  a	  2-‐male	  loading	  condition.	  Although	  the	  bulk	  of	  
this	  analysis	  is	  based	  on	  an	  element	  stress	  approach	  and	  not	  a	  moment	  envelope	  approach,	  the	  cross	  section	  
to	  be	  analyzed	  in	  this	  appendix	  is,	  as	  specified,	  the	  cross	  section	  corresponding	  to	  the	  point	  of	  maximum	  
moment.	  In	  this	  case	  the	  maximum	  moments	  occurs	  at	  approximately	  3.7	  m	  along	  the	  length	  of	  the	  canoe	  
with	  a	  numerical	  value	  of	  approximately	  430	  Nm	  corresponding	  to	  a	  positive	  moment	  with	  tension	  on	  the	  top.	  

	  
Figure	  1	  The	  moment	  and	  shear	  diagram	  (left)	  along	  with	  Figure	  2	  the	  cross	  section	  (right)	  as	  outputted	  from	  CAP	  	  

for	  the	  corresponding	  cross	  section	  of	  maximum	  moment	  to	  be	  analyzed.	  	  

The	  cross	  section	  is	  defined	  by	  150	  points	  along	  the	  inside	  curve	  which	  is	  then	  shifted	  out	  to	  define	  the	  outer	  
curve.	  All	  assumptions	  that	  are	  stated	  in	  the	  Structural	  Design	  section	  of	  this	  report	  apply	  to	  this	  analysis.	  
What	  follows	  are	  the	  basic	  hand	  calculations	  utilized	  in	  this	  analysis.	  However	  due	  to	  the	  sheer	  number	  of	  
calculations	  not	  all	  calculations	  will	  be	  shown,	  but	  sufficient	  examples	  will	  be	  provided.	  	  
Formulae	  
The	  following	  formulae	  will	  be	  referenced	  heavily	  throughout	  this	  section	  and	  are	  listed	  below.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

	  	  	  	  	  

	  	  	  
	  

Cross-‐Sectional	  Properties	  
The	  first	  step	  is	  calculating	  the	  sectional	  properties	  including	  the:	  (i)	  geometric	  centroid,	  (ii)	  second	  moment	  of	  
area,	  and	  (iii)	  the	  first	  moment	  of	  area.	  

(i)	  Calculation	  of	  centroid	  
In	  calculating	  the	  centroid,	  formula	  (1)	  is	  utilized,	  where	  𝐴! 	  corresponds	  to	  the	  area	  of	  a	  single	  element	  and	  
𝑦!corresponds	  to	  the	  distance	  from	  the	  centroid	  of	  that	  element	  to	  a	  reference	  point	  which	  is	  taken	  to	  be	  the	  
top	  of	  the	  section.	  Ai	  is	  calculated	  by	  averaging	  the	  side	  lengths	  of	  opposite	  sides	  and	  multiplying	  these	  
average	  side	  lengths.	  Finally	  the	  centroid	  of	  each	  element	  is	  located	  by	  finding	  the	  intersection	  of	  the	  
diagonals	  of	  that	  element.	  This	  process	  is	  illustrated	  in	  Figure	  3	  below.	  For	  the	  cross	  section	  being	  analyzed	  
the	  centroid	  is	  calculated	  to	  be  𝑦 = −0.2230.	  
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	  where  𝑀∗	  is	  the	  line	  moment	  	   	   (9)	  	  
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(ii)	  Calculation	  of	  Second	  Moment	  of	  Area	  
In	  calculating	  the	  second	  moment	  of	  area,	  formulae	  (2)	  and	  (3)	  are	  employed.	  Formula	  one	  corresponds	  to	  the	  
second	  moment	  of	  area	  of	  a	  rectangular	  section.	  Formula	  (3)	  is	  the	  Mohr’s	  equivalent	  transformation	  for	  
second	  moment	  of	  area.	  𝐼!  is	  the	  second	  moment	  of	  area	  about	  the	  x-‐axis	  of	  the	  element	  (see	  Figure	  4)	  and	  𝐼!	  
is	  the	  second	  moment	  of	  area	  bout	  the	  y-‐axis	  of	  the	  element	  (see	  Figure	  4).	  Lastly,	  𝐼!"	  is	  the	  polar	  moment	  of	  
inertia	  which	  for	  all	  symmetric	  sections	  is	  zero.	  Therefore,	  𝐼!,	  and	  𝐼!	  were	  calculated	  for	  each	  element	  and	  
then	  transformed	  via	  equation	  (3).	  The	  angle	  in	  formula	  (3)	  is	  calculated	  by	  defining	  two	  vectors,	  one	  along	  the	  
top	  edge	  and	  bottom	  edge	  of	  the	  element	  (see	  Figure	  5),	  and	  taking	  the	  dot	  product	  with	  horizontal	  vectors	  to	  
determine	  the	  angle	  of	  inclination	  of	  the	  element.	  Then	  the	  overall	  second	  moment	  of	  area	  of	  this	  section	  is	  
simply	  approximated	  as	  the	  algebraic	  sum	  of	  all	  elemental	  second	  moment	  of	  areas	  taking	  into	  account	  the	  
application	  of	  the	  Parallel	  Axis	  Thereon	  for	  each	  element,	  shown	  in	  formula	  (4).	  Since	  the	  section	  is	  symmetric,	  
only	  the	  right	  half	  of	  the	  cross	  section	  is	  utilized	  with	  the	  resulting	  second	  moment	  of	  area	  multiplied	  by	  two.	  
The	  overall	  second	  moment	  of	  area	  is	  calculated	  to	  be  𝐼 =   2.197 ∗ 10!!".	  

	  
(iii)	  First	  Moment	  of	  Area	  
Similar	  to	  the	  centroid	  and	  second	  moment	  of	  area	  calculations,	  the	  areas	  of	  each	  element	  to	  be	  used	  in	  the	  
first	  moment	  of	  area	  calculations	  are	  calculated	  by	  using	  the	  average	  of	  opposite	  element	  side	  lengths.	  Using	  
formula	  (5)	  with	  𝐴! 	  corresponding	  to	  the	  area	  of	  each	  element	  and	  𝑦!   corresponding	  to	  the	  distance	  of	  that	  
element’s	  centroid	  to	  the	  overall	  centroid,	  the	  first	  moment	  of	  area	  of	  the	  needed	  subset	  of	  points	  can	  be	  
calculated;	  this	  is	  employed	  heavily	  in	  the	  calculation	  of	  shear	  stresses.	  	  
Stress	  Analysis	  
Next,	  based	  on	  the	  sectional	  properties	  and	  the	  moment	  and	  shear	  diagram,	  using	  formulae	  (5)	  and	  (6)	  
(Navier’s	  and	  Jourawski’s	  equations)	  the	  axial	  stresses	  and	  shear	  stresses	  can	  be	  evaluated	  at	  the	  centroid	  of	  
every	  element.	  Figure	  6	  below	  shows	  the	  relevant	  calculations	  for	  one	  of	  the	  elements	  in	  the	  cross	  section.	  
Figure	  7	  visually	  depicts	  the	  distribution	  of	  stresses	  in	  this	  cross	  section.	  These	  same	  calculations	  are	  simply	  
carried	  out	  over	  the	  entirety	  of	  the	  cross	  section.	  	  

	  

Next,	  the	  stresses	  due	  to	  the	  bending	  in	  the	  lateral	  walls	  of	  the	  canoe	  is	  approximated	  by	  assuming	  the	  local	  
horizontal	  components	  of	  the	  hydrostatic	  loadings	  are	  assumed	  to	  remain	  completely	  within	  the	  cross	  section	  
to	  which	  they	  are	  applied.	  This	  stress	  is	  calculated	  by	  treating	  each	  half	  of	  the	  cross	  section	  as	  a	  cantilever	  with	  
a	  hydrostatic	  load	  on	  the	  outer	  face	  of	  the	  canoe.	  Figure	  8	  depicts	  the	  iterative	  calculation	  to	  determine	  the	  
moment,	  and	  therefore	  stress	  at	  the	  centroid	  of	  each	  of	  the	  elements	  in	  the	  cross	  section	  of	  the	  canoe.	  
Formula	  (9)	  is	  utilized	  to	  calculate	  the	  stress	  from	  the	  moment	  determined.	  M	  corresponds	  to	  the	  moment	  



applied	  to	  that	  element	  while	  t	  corresponds	  to	  the	  thickness	  of	  that	  element.	  Out	  of	  plane	  shear	  is	  neglected	  
due	  to	  the	  limitations	  of	  a	  two	  dimensional	  analysis.	  

	  
Now	  with	  axial	  stresses	  due	  to	  global	  bending,	  global	  shear	  stresses	  and	  transverse	  axial	  stresses	  due	  to	  
bending	  in	  the	  lateral	  walls	  of	  the	  canoe,	  the	  three	  can	  be	  resolved	  into	  principal	  planes	  with	  the	  use	  of	  
formulae	  (10),	  (11)	  and	  (12).	  Firstly,	  the	  direction	  of	  the	  principal	  planes	  can	  be	  solved	  for	  by	  setting	  shear	  
equal	  to	  zero	  in	  formula	  (11)	  and	  solving	  for	  the	  principal	  inclination,	  resulting	  in	  formula	  (12).	  𝜃!	  being	  related	  
to	  𝜃!	  by	  adding	  90	  degrees.	  Then,	  via	  formula	  (10)	  the	  stresses	  on	  these	  planes	  can	  be	  calculated.	  𝜎!	  and	  
𝜎!correspond	  to	  the	  global	  bending	  axial	  stresses	  and	  transverse	  axial	  stresses	  due	  to	  wall	  bending	  
respectively.	  𝜏!"	  corresponds	  to	  the	  shear	  stresses	  applied	  to	  that	  element.	  A	  small	  element	  is	  shown	  below	  in	  
Figure	  9	  to	  more	  clearly	  depict	  how	  these	  stresses	  are	  all	  applied	  to	  each	  element.	  	  

	  
With	  the	  resulting	  principal	  stresses	  this	  data	  will	  be	  compared	  and	  aggregated	  from	  each	  cross	  section	  along	  
the	  length	  of	  the	  canoe	  to	  develop	  an	  element	  stress	  envelope	  focused	  on	  axial	  and	  biaxial	  tension	  as	  
discussed	  in	  the	  Structural	  Design	  section	  of	  this	  report.	  
Punching	  Shear	  
Note,	  we	  were	  unable	  to	  find	  a	  first	  principles	  based	  approach	  to	  analyzing	  the	  effects	  of	  punching	  shear.	  
Ultimately,	  referencing	  an	  ultimate	  limit	  state	  study	  on	  large,	  heavily	  reinforced	  concrete	  slabs	  or	  other	  similar	  
and	  equally	  not	  applicable	  studies,	  will	  not	  give	  a	  realistic	  estimate	  of	  the	  effects	  of	  punching	  shear	  in	  a	  thin	  
shelled	  canoe.	  The	  purpose	  of	  this	  analysis	  is	  to	  adequately	  ensure	  the	  material	  will	  remain	  un-‐cracked	  and	  
these	  ultimate	  limit	  state	  studies	  are	  largely	  based	  off	  of	  the	  effects	  of	  plasticity	  and	  post	  cracking.	  It’s	  poor	  
practice	  to	  try	  to	  draw	  connections	  between	  two	  situations	  that	  are	  not	  adequately	  related.	  Saying	  this,	  below	  
is	  our	  best	  attempt	  at	  analyzing	  the	  effects	  of	  localized	  punching	  shear	  under	  the	  knee	  of	  an	  80kg	  male	  
paddler.	  In	  previous	  years,	  similar	  thicknesses	  of	  canoes	  have	  not	  failed	  due	  to	  punching	  shear	  and	  as	  such,	  we	  
will	  maintain	  a	  similar	  base	  thickness	  to	  ensure	  this	  same	  fact.	  	  

	  


