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Executive Summary 
Queen’s University’s Concrete Canoe Design 
Team was founded in 1979, and is one of 
many engineering design teams within the 
Faculty of Applied Science and Engineering 
at Queen’s. The Canadian National Concrete 
Canoe Competition (CNCCC) for 2015 will 
mark the 21st year of participation for 
Queen’s Concrete Canoe Design Team. The 
Competition history for the past three years 
shows Queen’s placing 10th at the 2014 
competition in Sherbrooke, QC the Team 
placed 8th in Montreal, QC at the 2013 
competition, and placed last due to 
irreparable damage to the canoe at the 2012 
competition in Moncton, NB.  

The Leviathan is Queen’s University’s entry 
for the 2015 Canadian National Concrete 
Canoe Competition. Properties of the 
Leviathan are given in Table 1.  

Table!1!Properties!of!the!Leviathan!

Leviathan 
Weight 841 Lbs 
Length 5.7 m 
Width 0.78 m 
Depth 0.43 m 

Thickness 0.025 m 
Concrete Colour Light grey 

Engineering Properties 
Density (Wet) 1074.4 kg/m3 
Density (Dry) 1031 kg/m3 
Compressive 

Strength (24 days) 
16317 KPa 

Tensile Strength 
(27 days) 

1173 KPa 

Reinforcement 
One layer of basalt geo-mesh was used 

(POA 70%) 
 

The goal for this year was to improve upon 
the previous year’s canoe, the 
DANGERZONE, as it was short in length at 
5m and wide at a maximum of 0.88m. The 
shape of the DANGERZONE made it difficult 
to steer and therefore hindered the Team 
during the race portion of competition. In 
order to create a canoe that was easier to 
steer the length was increased, and the width 
was decreased to produce a longer more 
slender canoe.  

A larger section of the basalt geomesh used 
within the DANGERZONE was planned for 
use within the Leviathan in order to increase 
the tensile strength of the canoe. A coated 
version of this basalt geomesh with an 
acceptable percent open area was used 
within the Leviathan in order to increase the 
tensile strength of the concrete.  

 

The Team looks forward to representing 
Queen’s University with the Leviathan at the 
2015 Canadian National Concrete Canoe 
Competition.  
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Project Management  
An integral part of the planning process for 
the Leviathan was the creation of the project 
budget, project timeline, and risk 
management plan. In order to create the 
project timeline, the executive Team met, 
discussed the requirements for the 
competition and created a Gantt chart 
outlining the year with respect to time. The 
Gantt chart contained major milestones and 
what had to be done to reach them. This was 
updated and referred to throughout the year 
to keep the Team on track. 

To manage the finances, a comprehensive 
budget was created based on the 
expenditures of past years. This was done in 
conjunction with determining what materials 
were needed, and where to get them. The 
Team categorized expenses into necessary 
and wanted categories, then again into what 
was needed for this year and for future 
years. The materials needed for this year 
were set as a priority, and the Team ensured 
it had enough resources for these. 

Several factors were important to consider 
for  the initial planning and scheduling for the 
Leviathan. The main concerns with this 
project were the completion of the foam 
mold, and the finalization of a concrete mix. 
In order to complete the project on time a 
number of milestones were set for 
scheduling these milestones include 
finalizing the canoe design, completing the 
foam mold, finalizing a concrete mix, and the 
final construction of the canoe. In order to 
accomplish these tasks general meetings 
were held twice a week, executive meetings 
were held once a week, and additional hours 
were logged on evenings and weekends to 

complete large portions of the project such 
as the mold and canoe construction. Hours 
were tracked at all meetings and additional 
hours to give a final person hour total of 
1031.5 hours.  

The critical path for this project was set using 
the above milestones, and the time required 
for the concrete material procurement. 
Delivery of some of the materials required for 
the final concrete mix was delayed this year 
due to harsh weather conditions and this set 
the final construction portion of the project 
back in the schedule.  

Safety and cleanliness were very important 
during this project. The construction of the 
canoe stands and mold as well as the 
pouring of the concrete took place in a 
communal lab space. Time was taken each 
session to help keep the space well 
organized and maintained year-round. 
Additionally, all team members were 
provided with personal protective equipment 
including safety glasses, gloves, dust masks, 
respirators, steel-toed boots, and knee pads 
when necessary as materials used in 
concrete mixing have the potential to cause 
eye, skin and lung irritation. Protocols for 
using tools, equipment, and materials were 
established by the executive Team, put into a 
Safety Manual, which was approved by the 
faculty advisor, and taught to all new 
members at the beginning of the year. 

In order to ensure quality various concrete 
mixes were tested. Additionally the 
thicknesses of each of the final canoe layers 
were measured frequently during the pour.  
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Hull Design  
Based on the performance of previous 
canoes, the form design of the Leviathan 
was created to balance maneuverability with 
the ability to track in a straight line. The goal 
was to optimize performance on both sprint 
and slalom courses by reducing total drag 
and increasing the paddler’s control over the 
trajectory of the vessel. The hull shape of the 
Leviathan was based on the design of the 
2014 canoe, the DANGERZONE.  

The length at waterline was increased from 
last year by 270mm to 5.77m to reduce wave 
drag. However, this enlarged the wetted area 
and therefore the frictional drag on the 
canoe. To counter this, the hull was 
narrowed. The maximum beam was reduced 
770mm to decrease the total wetted area. 
This reduced the frictional drag on the canoe, 
allowing for higher speeds to be achieved. 

The widest part of the canoe was set 19cm 
back from the centre of the canoe, allowing 
for a more tapered bow. This asymmetry has 
the advantage of narrowing the bow to 
improve tracking, while still the maintaining 
maneuverability afforded by a wider stern.   

A rounded hull design was used to reduce 
surface area and frictional drag and to 
improve maneuverability. However, this 
improvement came at the expense of the 
overall stability of the canoe for its 
occupants. This risk was deemed acceptable 
because of the improved training of the 
Team’s paddlers this year, and the increase 
in speed it will afford. 

Similar to the DANGERZONE, the Leviathan 
has an asymmetrical rocker. In the stern has 
a rocker depth of 9cm. This will allow for 

greater maneuverability by decreasing the 
stern’s resistance to turning. A smaller rocker 
of 5cm was introduced to the bow, to 
maintain the vessel’s ability to turn quickly, 
while still ensuring that the canoe will be able 
to maintain a straight trajectory. 

Structural Analysis  
The concrete mix selected this year is a 
denser, but stronger mix than that used in 
the DANGERZONE. At 1031kg/m3, this 
made the canoe slightly more dense than 
water. A conservative model was used to 
estimate the amount of water displaced when 
the canoe was empty, and under two and 
four passenger loading conditions. It was 
found that the canoe would displace 
sufficient water under these conservative 
conditions for the waterline to remain below 
the gunwales.  

 To guarantee that the canoe will pass a 
swamp test, large foam bulkheads were used 
to reduce the volume of water able to enter 
the vessel if it is submerged. This will ensure 
floatation in the event of submersion. 

Using AutoCAD, the neutral axis and 
moment of inertia of a cross section of the 
canoe was calculated at the location of 
largest bending moment. Figure 1 shows the 
location of the neutral axis at this point. The 
moment of inertia was found to be 7.24x1012 
mm4. 
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Figure 1 Neutral Axis for the Leviathan 

Using an excel spreadsheet, the shear forces 
and bending moments in a number of loading 
conditions were analyzed. To estimate the 
maximum bending moment along the length 
of the canoe, a triangular approximation of 
the hull shape was used to approximate the 
buoyancy force by calculating the weight of 
water displaced. The self-weight was taken 
to be uniform along the length of the vessel 
for simplicity. Paddlers and the display 
supports were taken to be point loads for 
analysis. The mass of the paddlers was 
estimated to be 100kg. Figure 2 shows the 
free body diagram along the length of the 
canoe.  

 

 

Figure 2 Free Body Diagram (Two paddler loading scenario)  

For every loading condition, the largest 
bending moment occurred in the centre of 
the canoe’s length. The largest bending 
moment occurs in the event of a two 

passenger loading condition. Figure 3 shows 
the bending moment diagram along the long 
axis of the canoe for three loading 
conditions. 

 

Figure 3 Bending Moment Diagram for a Variety of Loading 
Scenarios  

Based on the maximum moment developed 
in the most severe loading case (two male 
paddlers) the requisite material property 
values for the concrete are shown in Table 2.  

Table 2 Required and Failure Strengths 

Critical Stress 2-D analysis 
maximum 

(MPa) 

28 day 
strength of 
Concrete 

(MPa) 
Tensile 0.365 1.17 

Compressive 0.471 16 

 

It can be seen from Table 2 that the 
concrete’s strength will be enough to prevent 
fracture. 
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Development and Testing 
The final concrete mixture was chosen after 
6 months of weekly testing and a total of 17 
test mixes. Each week a new mix was 
formulated by varying the water/cement ratio, 
amount of cementitious materials, 
aggregates and fibres. After allowing 
sufficient curing, specimens were tested 
under a compressive load in order to 
determine compressive strength, as per 
ASTM C 39/C 39M. The concrete mixture 
from the 2014 DANGERZONE canoe was 
used as the baseline throughout the iterative 
design process. The mix last year had a 
desirable combination of density and 
compressive strength and consisted of 
Portland Limestone Cement, class F fly ash, 
silica fume, three sizes of Poravers® and 
K37. The compressive strength of the 
DANGERZONE was 14.8 MPa, the tensile 
strength was 1.5MPa and the density was 
904 kg/m3. The focus of this year's design 
was to test new materials that were not 
previously incorporated.   

Initially three mixes were made and tested 
using the same materials as those in the 
base design, however with a higher 
water/cement ratio and larger replacement of 
cement with fly ash and silica fume (55% 
replacement total). The results of these 
mixes indicated that such replacement of 
cement reduces the strength to unacceptable 
values of about 3 MPa. However this low 
strength might also be due to a slightly 
incomplete hydration reaction caused by 
insufficient mixing, observed by the dry and 
crumbly nature of the tested specimens.  

The Portland Limestone Cement use was 
then discontinued, in favour for Portland 

Cement Type I as per ASTM C150. The 
switch away from limestone cement was due 
to the violation of rules during the 2014 
competition. The Team was informed the 
limestone cement was against regulations, 
thus it was not used in this year's mixture. 
Portland limestone cement incorporates 
more limestone (6%-15%) into the clinker, 
yet still has similar performance 
characteristics compared to regular portland 
cement (Lafarge 2015). The addition of 
limestone reduces the carbon footprint, 
resulting in up to 10% less CO2 emissions 
during manufacturing (Lafarge 2015).  

With the goal of trying to use new materials, 
research was conducted into VCAS™160, a 
pozzolanic material made from Vitrified 
Calcium Aluminio - Silicate, an industrial by-
product that contributes to the sustainability 
of concrete. The VCAS™160 has a fine 
particle size and similar reactive properties to 
silica fume and metakaolin but with the 
advantage of being white. Lighter coloured 
materials within the concrete would produce 
a lighter mix and final product which will be 
easier to stain. This material was deemed a 
suitable choice for the design due to a 10% 
lower water demand than silica fume and the 
ability to replace cement up to 40% thus 
reducing environmental impact (VitroMinerals 
2015). The use of VCAS™160 had no 
significant impact on cost or labour; the 
material is not expensive and no additional 
handling procedures or safety equipment 
were required to work with the material.   

The next step in the design process was to 
create mixes incorporating VCAS™160, the 
first of which replaced cement with 20% 
VCAS™160 and the other with equal 
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replacement values of 15% for VCAS™160, 
fly ash and silica fume. The results indicated 
that the  5% increase in cement replacement 
with VCAS™160 did not increase strength, 
as the strengths for both mixes were 
extremely similar. Mixes were then made 
without silica fume, focusing on the effects of 
VCAS™160. Mixes with a water/cement ratio 
of 0.4 and a fly ash plus VCAS™160 cement 
replacement of 40% were tested and found 
to have strengths ranging from 12 to 19 MPa. 
However the larger amount of cement 
caused the density to increase (calculated 
per ASTM C 138/C 138M) to above that of 
water. From this point, the right balance 
between cement replacement and density 
was sought after in order to produce a mix of 
high strength but low density. Subsequently 
mixes were created with less cement to 
reduce the density, however the lower 
amount of cement led to mixes with 
compressive strengths of around 5 MPa, 
which were not strong enough to support the 
required loading. It was determined after 
much discussion to choose the stronger mix 
in order to reduce the risk of cracking, 
despite the larger density. 

The selected concrete mixture has a water to 
cement ratio of 0.3 (to increase strength) and 
equal replacement values for fly ash and 
VCAS™160 of 20% each. The composition 
of the design mix by percent of the volume is 
shown in Figure 4. The mix was tested to 
have an average compressive strength of 
16.3 MPa and a strength to weight ratio of 
10. While the density of the Leviathan is 
higher than the DANGERZONE, (1031 kg/m3 
and 904 kg/m3 respectively), the use of large 
bulkheads should correct the issue by 
increasing the flotation of the canoe. Tensile 

splitting tests conducted as per ASTM C 
496/C 496M have determined the tensile 
strength to be 1.7 MPa. 

 
Figure 4 Composition of Design Mix by Volume 

Table 3 Comparison of Final Design Properties with Analysis 
Properties 

 Final 
Material 

Properties 

Design 
Properties 

determined in 
the Analysis 

Density 
(kg/m3) 

1031 991.51 

Air Content 
(%) 

17.96 0.1 

 

Table 3 compares the final material 
properties and proportions to the design 
specifications determined in the analysis of 
the final mix. 

Polypropylene fibers from Fibermesh® 150 
were incorporated into the concrete mixture 
in order to strengthen the mix and prevent 
micro cracks (Swicofil 2013). Throughout the 
mixing process there was no measured 
amount or ratio of fibers for each mix, they 
were dispersed qualitatively by estimating 
the amount of fibers in the mix. Once the 
fibers were sufficiently visible in the concrete 
matrix, it was determined to be a sufficient 

10% 
4% 4% 

15% 
15% 10% 

16% 

26% 

Mix 8b by Volume (m3) 
Cement
Fly Ash
VCAS160
Poraver (0.5-1)
Poraver (0.25-0.5)
Poraver (0.1-0.3)
Water
K37
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amount to increase the strength. Fibers left 
over from the 2013-2014 year were used 
throughout the testing mixes and in the final 
canoe mixture. The use of last year's left 
over fibers allowed the Team to eliminate 
ordering additional material, thus reducing 
cost and the environmental impact 
associated with producing the fibers and 
shipping. 

Poravers® are a recycled glass material, 
making them an ideal coarse aggregate due 
to their lightweight and contribution toward 
sustainability. The amount of the Poravers® 
replacing the coarse aggregates did not vary 
greatly throughout the design process. It was 
found that any alterations in the amount of 
each size did not produce noticeable effects 
during testing, thus throughout the majority of 
the mixtures a total of 40% of the mix by 
volume was composed of the Poravers®. In 
addition the Poravers® left over from the 
2013-2014 year were enough to use for this 
year's mixing, eliminating shipping thus 
further decreasing the environmental impact.  

Throughout the design of concrete mixes, the 
ratio of water reducing admixture (as defined 
in ASTM C125) Glenium 7700 
(superplasticizer) was consistently 3g for 1kg 
of cement. This ratio was not varied 
throughout the process as it is a 
recommended dosage (Doug Tomlinson, 
personal communication, Sept 18, 2014) and 
keeping this consistent made it easier to 
assess the effects of the water/cement ratio 
and the amount of cement replacement.  

Water reducing admixtures can reduce the 
amount of water used by 5%-12% while 
improving the workability of the concrete; this 
can produce higher strength concrete with 

lower permeability. (FHWA 2015). Using the 
plasticizer allowed the Team to reduce the 
amount of water added, thus producing a 
lower slump concrete for easier placement 
on a male mold. The plasticizer left over from 
past years was used, eliminating shipping 
and reducing environmental impacts.  

The fine aggregate used throughout all the 
mixes was K37, manufactured by 3M™. The 
small glass microspheres are high strength 
polymer additives with a 45 micron diameter 
which make the material ideal when creating 
lightweight concrete (3M 2010). K37 has 
been used in many years past and this year’s 
Team was able to draw on the past 
experience in order to efficiently and safely 
incorporate the material. The Team was able 
to use the large amount of K37 ordered two 
years previous, once again allowing the 
Team to reduce their environmental impact 
and contribute to the overall sustainability of 
the canoe.  

The basalt geomesh reinforcement used in 
the DANGERZONE was also used in this 
year’s canoe. The geomesh is lightweight 
and easy to bend and place on the canoe 
and is comparably as strong as metal net 
reinforcement. The mesh is very durable and 
ecologically safer as it uses rock materials in 
replacement of the process used to create 
metal reinforcement, enhancing the 
sustainability of the canoe 
(http://www.sudaglass.com/geomesh.html). 
Since the same reinforcement was used as 
last year, no new precautions or safety 
procedures were required to work with the 
mesh since the Team was familiar with 
handling and safety procedures. 
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Construction  
A main objective of this year’s construction 
Team was to improve project management to 
allow for more time to be spent on quality 
control. This approach coupled with more 
technical knowledge from the previous year`s 
build led to a better constructed mold.  

Leviathan was constructed using a male 
mold because of the simplicity of 
construction and the ability to measure and 
check the concrete during the pour. The 
mold was constructed by drawing and tracing 
the 2 inch thick cross sections of the canoe 
onto polystyrene foam that were printed from 
the design created using Rhinoceros 
modeling software. The sections were cut out 
in pairs using jigsaws. This technique was an 
improvement from the wire cutter approach 
used previously in terms of both speed and 
accuracy. A two inch wide by five inch deep 
slot was cut into the centre of each section to 
allow for straight 2x4s to be running through 
the mold for alignment of the pieces. A total 
of 112 cross sections were used and then 
glued together in 6 to 9 section groups using 
polystyrene adhesive. This adhesive was a 
large improvement over the glue used 
previously since much less glue was used 
and therefore the process was cleaner. The 
small groups of sections were glued together 
forming the complete mold. Sanding of the 
foam was followed by applying Plaster of 
Paris and more sanding. This was used 
cyclically until the mold was at the desired 
smoothness and symmetry. Figure 5 depicts 
the mold during the sanding process when 
some sections had been glued.  

 

 
Figure 5: Sanding canoe form 

The Team was able to gather much of the 
wood required for building the support box 
from the deconstruction of elements of 
Queen’s Science Formal. This reduced 
waste from the event and decreased this 
year’s environmental footprint as well as 
reduced project costs. The Leviathan also 
utilizes Basalt geomesh, which is more 
environmentally friendly than alternative 
styles of reinforcement. This material was 
chosen for the added tensile strength 
properties, as well as the lower 
environmental impact.  

After the mold had been sanded thoroughly it 
was wrapped in Tuck© Tape so that 
vegetable oil could be placed over the mold 
to make the canoe easier to remove after 
curing. The tape provided a barrier between 
the porous mold and the application of the 
vegetable oil. All events leading up to the day 
of the pour were completed on schedule; 
however, there was a 2 week delay due to an 
ordering error of fly ash. These events 
allowed for the canoe to be mixed and made 
on February 21st 2015. Part of the mold can 
be seen as well as the Basalt Geomesh in 
Figure 6. 
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Figure 6: The Leviathan during the Pour 

The day of the pour utilized many techniques 
that had been learned and improved upon 
from previous pours. Batches were prepared 
in 20L and 40L sizes. The smaller sizes were 
used as trials to ensure the quality of the mix, 
as indicated by slump and water content was 
maintained. Once these were confirmed the 
larger batches were prepared. The concrete 
was applied in a layered technique to allow 
for the geomesh to be placed between the 
layers. A simple and effective method to 
improve ease of mixing was to utilize an 
additional mixing tool, in this case a metal 
rod. This reduced the possibility of the mixes 
being improperly mixed. Figure 7 provides a 
glimpse into the mixing process used when 
creating the Leviathan.  

 
Figure 7: Mixing Process 

The Leviathan was left to cure for 28 days. 
To ensure adequate surface moisture the 
canoe was wrapped in a burlap sheet and a 
tarp. A misting schedule was made which 
ensured the task was completed and to split 
the work amongst Team members. Sanding 
of the exterior took place while the canoe 
was still on the mold, which decreased the 
risk of damaging the canoe and also 
provided a sturdy base and access. Staining 
followed using an acetone based stain to 
produce the design on the Leviathan in 
accordance with competition rules. This was 
the first exposure to the staining technique, 
which created a learning curve for the Team. 
To help lessen the impacts of this, the stain 
was first tested on samples until the desired 
finish was achieved. Sealant was not used 
since the canoe was stained first and the 
sealant would therefore be less effective 
according to the product manufacturers.    

Safety was a top priority during the day of the 
pour and during all construction activities. All 
members wore safety shoes and most 
members also had donated coveralls to 
protect skin and clothes while working. 
Members who were exposed to respiratory 
risk were professionally fitted for respirators 
which were newly purchased including 
proper filters. 

This year served as a great learning 
experience for both the experienced and new 
members to the Team. Many new ideas and 
strategies were attempted with both 
successes and failures. A great emphasis 
was placed on training future executive 
members. 



! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

Project Schedule 
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SECTION A 

CROSS SECTION AT WIDEST POINT 

 

 

SIDE VEIW 

 

0.77 
0.0256 

 

SECTION A 

PLAN VEIW 

0.09 

NO.  Qty  DESCRIPTION 

1  5  3/4’’ Plywood sheet 

2  16m  2” by 4” Wood board 

3  150m  Tuck Tape 

4  40  2’x2”x8’ Polystyrene Sheet 

5  1L  Wood Glue 

6  0.5kg  Plaster of Paris 

BILL OF MATERIALS 

3, 6 

5 The Leviathan 
Queen's University Concrete Canoe Team 

Drawn by: Kathryn Lines 

Date: April 3rd, 2015 

All units in Meters 
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Appendix B – Mixture Proportions  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

14 
 

Appendix C – Bill Of Materials  
Bill of Materials 

Material Quantity Unit Unit Price Total Cost 
Poravers 0.1-0.3 7.4 kg 1box $310.00 $310.00 
Poravers 0.5-1.0 7.3 kg 1box $310.00 $310.00 

Poravers 0.25-0.5 9.2 kg 1 box $310.00 $310.00 
K37 17.1 kg 1 kg $17.78 $314.90 

Fibers 3 bags 1.5 kg $4.75 $14.25 
VCAS 19.1 kg 1 kg $0.90 $17.19 

Portland Cement GU 28.1 kg 1 kg $0.19 $5.34 
Fly Ash 19.1 kg 1 kg $0.14 $2.67 

Glemium 7700 261 mL 1 mL $0.01 $2.61 
Basalt Mesh 5.5 m 7 m $11.28 $78.96 

Acetone Stain TBD 3 bottles $10.00 $30.00 
Acetone TBD 3 gallons $26.99 $80.97 

Acrylic Paint TBD 2 bottles $15.00 $30.00 
Additional Elements 

Element Quantity Unit Unit Price Total Cost 
Foam Mold 1 1 per mold $1,328.52 

Total Materials Cost $2,835.41 
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Appendix D – Example Structural Calculations  
Bending stress: 

Below is the process for finding the flexural stress due to the bending moment (Hibbeler, 2011) 

Compressive: 

𝜎 = 𝑀𝑦
𝐼  

𝜎 = −1552.73𝑁𝑚 ∗ (0.35 − 0.17)𝑚
7.23𝑚4  

𝜎 = −0.4718𝑁
𝑚2  

 

 

Tensile: 

𝜎 = 𝑀𝑦
𝐼  

𝜎 = −1552.73𝑁𝑚 ∗ (0.35 − 0.17)𝑚
7.23𝑚4  

𝜎 = −0.365𝑁
𝑚2  

 

Punching shear  

The following procedure was used to find internal stress due to punching shear: (Muttoni) 

First, the size factor was found: 

𝛿 = 1 + √200𝑚𝑚𝑑  

𝛿 = 1 + √200𝑚𝑚25.6𝑚𝑚 

𝛿 = 7.8125 
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Where d is flexural depth. Next the shear resistance was found: 

𝑉𝑟 = 0.18𝑏𝑑𝛿(100𝜌𝑓)1/3 

Where 

f=specified concrete compressive strength 

b=control perimeter  

ρ=0.02 

𝑉𝑟 = 0.18 ∗ 2450.44𝑚𝑚 ∗ 25.6𝑚𝑚 ∗ 7.8125 ∗ (100 ∗ 0.02 ∗ 16𝑀𝑃𝑎)1/3 

  
𝑉𝑟 = 3.58𝑀𝑃𝑎 

 

The maximum shear stress was found to be 3.58 MPa. 

Below is the shear diagram for three loading conditions: 
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