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The University of Southern
California is one of the world’s leading
private research universities located in
the heart of Los Angeles, California.
First opening in 1880 to 53 students,
the
university
has
expanded
exponentially,
now accommodating
approximately 38,000 undergraduate
and graduate students. In addition to
the Andrew and Edna Viterbi School of
Table 1.1: Quick facts about the Mystery Canoe.

Mix Strength
Compressive 1356 psi
Strength (28
Day)
3
Unit Weight
56.9 lb/ft
Reinforcement
Aluminum Mesh
Design Specifications
Length
20’
Max Beam Width
31.2”
Max Depth
16”
Hull Thickness
1”
Weight
270 lb*
Colors
Primary:
Green, Blue
Secondary:
Red

making a better mix design. Having two
captains lead the team allowed effective
combination of skills and allocation of
duties. This dual leadership allowed for
an expedient design and construction
process, and also allowed flexibility in
scheduling activities necessary to build
the canoe. 20 members of ASCE were
actively involved, spending most of their
time in ASCE dedicated to constructing
the concrete canoe. The theme for the
2011-2012 canoe was chosen as
SCooby Doo, with the canoe itself being
named
. This
theme stood out this year from the other
proposed themes due in part to the “SC”
present in “SCooby” and the idea of
returning to a good common past
experience (watching the television
show “Scooby-Doo”) shared by the
members of the team. This ties into the
idea of going back to past designs of the
concrete canoe in order to improve it for
this upcoming competition.

* estimated weight

Engineering, USC is also home to 19
other diverse schools of learning
ranging from the Keck School of
Medicine to the Thornton School of
Music. In the Viterbi School of
Engineering specifically, the Sonni
Astani
Civil
and
Environmental
Engineering
department
has
approximately
232
undergraduates
enrolled. In past competitions, USC has
done quite well, placing first for canoe
design in 1984 and 1985. In 1986, we
came in first place for construction. This
year, to save on materials and money,
the 2012 canoe used last year’s mold
which was the correct dimensions.
Furthermore, reusing the mold meant
that a lot of time was saved, and this
time was consequently allocated to

ii

The hull design of
is a copy of the
standardized hull design created for
the2009-2011 ASCE National Concrete
Canoe Competition rules. The main
reason for using the hull design from
previous years was that we already had
a female foam mold from the previous
year that was in good condition.
Producing a new mold would have not
only required extra funding, which this
year’s team was particularly short on,
but also required a significant number of
man-hours to construct. Seeing as the
previous year’s mold was still in good
condition, it was determined that the hull
design of
would not be changed from the previous
year. The hull is twenty feet long, with a
maximum beam width of 31.2 inches
and a maximum depth of 16 inches. It
sports an elliptical cross section with 4inch radial chines.
has 0 inches of
bow and stern rocker, since this year’s
flotation test does not require the canoe
to break the water’s surface when it is
submerged.

For the analysis and design of
, we decided to
rely heavily on the designs used in past
years (excluding the design of the failed
2012-2011 canoe). Since the canoes
from a few years past turned out
especially stable and sound for
competition, the Mystery Canoe was
built with those canoes in mind. From
the CAD model generated, we were
able to model the canoe in SAP 2000.
Once modeled, each load case and load
combination was defined using an
average paddler being about 150
pounds. For the material strength, the
strength of 1100 psi was used. From the
analysis, the required strength was
about 500 psi (from values that varied
based on the race combination), which
mean that our design was perfectly in
range for this requirement. In the SAP
model, we were unable to account for
the exact behavior of the water during
the race. For instance, the buoyant force
of the water pressure will relieve the
canoe of compressive stresses from
heaver paddlers during the races
requiring a four-man team. To analyze
the canoe during transportation, we
used the self-weight of the canoe to be
140lb (also assumed in the LRFD
calculation below).
Furthermore, we used the
principles of Load and Resistance
Factor Design to approximate the
structural demands for the concrete
canoe. It is important to note that this
analysis was done early on in the design
phase, when the exact dimensions of
the canoe were unknown and the mix
design was in progress. Assuming the
Figure 2.1: Plan and profile views of the canoe.

live load was 150 pounds (weight of the
average paddler), and an approximated
140-pound self weight of the canoe was
considered
as
the
dead
load,
calculations were performed with the
canoe simulated as a concrete beam.
Please see diagrams for assumptions
and specifications used.
LRFD Calculations:
C=0.85f’cbamax(ACI 10.2.7.1)
Muc=C(d-amax/2)Φ
(Compression
resisted by concrete)
Mpoint loads = 315 lb-ft
Mdistributed load = 0 (continuous support of
the water resists all moment)
Mfactored = 378 lb-ft
f’c = 170.75 psi
Based upon our calculated value
of f’c, we should expect to design
concrete with a compressive strength of
170.75 psi. Many of the assumptions
made for this calculation, however, do
not reflect the potential uses of the
canoe. The 150lb user weight is variable,
as is any torsional forces caused by
turning the canoe during racing. In
previous years, the
conservative

Figure 2.2: Canoe cross section at center and moments of
inertia.

estimate of f’c = 1100psi has been used.
This calculation has confirmed that a
compressive strength of 1100 psi is
much more than the moment demand.
Therefore, the canoe should not yield or
rupture in the field, including in the case
of heavier paddlers or strong torsional
forces from turning the canoe.

The 2012 USC Concrete Canoe
team learned from the mistakes of the
previous year’s team, and made
changes to the mix design as well as the
reinforcement in order to ensure that
they would not be repeated.
The first factor that was
determined to have led to the failure of
the 2011 canoe was a poor mix design.
When the concrete was being mixed on
the canoe pour day, students who were
in charge of mixing complained that the
mix was not workable enough to place
in the canoe mold. Water was added to
the mix, meaning that the concrete
placed in the canoe deviated from the
original mix design. While the water
increased the workability of the mix, it
ultimately weakened the concrete and
led to its crumbly nature upon removal
from the mold. The root of the problem
with the concrete, however, was that the
original mix design was simply not
strong enough. The mix design might
have
been
stronger
had
the
development of the mix been started
earlier in the year; the 2012 USC
Concrete Canoe team observed this and
determined that mix development
process needed to be started earlier so
that the mix would be stronger and more
workable than the previous year’s mix.
Since the previous year’s mix
was a failure, the 2012 USC Concrete
Canoe team decided to start over and
draw from the mix design used for the
2010 canoe, “Rapscallion.” This mix
design
used
Portland
cement,
metakaolin, and blast furnace slag as
cementitious materials, and it used

Extendospheres,
recycled
tumbled
glass, and Poraver as aggregate. The
team also drew on the 2009 canoe’s
(“The Escape”) use of glass bubbles, an
extremely lightweight aggregate. An
initial mix design was created in which
50% of the aggregate was Poraver, 20%
glass bubbles, 20% Extendospheres,
and 10% recycled tumbled glass. After
28 days the concrete had a compressive
strength of 1130.4 psi, which met the
established design requirements for the
canoe, but the team decided they would
try and tweak the design to increase the
mix’s compressive strength. After
breaking open a test cylinder of the
baseline mix, it was observed that the
large aggregates appeared to be lost

Figure 3.1: A test cylinder of the baseline mix after a
compression test.

amongst the smaller aggregates. Since
the smaller aggregates have a greater
total surface area, they were requiring
more cement. The amount of glass
bubbles was decreased, and the rest of
the
aggregate
materials
were
proportionally increased. The final mix

Table 2.1: Final Mix Compression Test
Trial
Comp. Strength (psi)
1
1383
2
1350
3
1335
Average
1356

contained 14.4% glass bubbles and had
a compressive strength of 1356 psi.
One of the 2011 mix’s biggest
problems was that on pouring day, the
mix was not very workable; it was
extremely dry, and when all of the
batched water had been mixed, the
concrete appeared to require more
water. This year, a super plasticizer was
added to the mix design to guarantee an
increase the workability, making it easier
to place on pour day. This proved to be
a helpful addition to the mix, as it was a
lot wetter this year when it was placed
on pouring day. Another addition made
to the mix was polyvinyl alcohol (PVA)
fibers. Kim, Shamin, and Strochkova
(2009) found that the addition of these
fibers would increase the concrete
flexural strength and reduce cracking.
Another significant factor that
contributed to the failure of the 2011
canoe was the design of the canoe
reinforcement.
The
reinforcement
consisted of sheets of steel mesh that
were stitched together with wire and
shaped into the form of the canoe.
When the 2011 canoe was pulled out of
the mold, the concrete failed first at the
locations of the seams in the
reinforcement. Not only was the wire
holding the steel sheets together too

weak, but also there was no overlap
between the sheets of reinforcement,
meaning that there were seams of
unreinforced concrete (clear points of
weakness) in the canoe.
To
determine
the
right
reinforcement material for the canoe,
steel hexagon shaped sheets of
reinforcement, oval shaped aluminum
mesh, and fiberglass mesh were tested.
These materials were chosen based off
of the results of the research of
Boynton, Dempster, and Paredes
(2008), who tested plastic, rubber, and
steel reinforcement and found that
plastic and rubber meshes were not
viable options. Slabs of concrete with
each of these reinforcement metals
were tested in a Universal Testing
Machine. The steel proved to have the
greatest allowable load, and while the
aluminum was not as strong, the large
oval shapes in the mesh allowed the
layers of concrete to better bond with
each other across the layer of
aluminum. Additionally, the 2011 canoe
used a steel mesh which caused
difficulties on pour day because of its
rigidity – the reinforcement along the
gunwales kept popping up. Aluminum,
being more malleable, was ultimately
selected as the reinforcement material

for
because it
was adequately strong, malleable, and
inexpensive. The aluminum mesh has a
percent open area (POA) of 66%, which
meets
the
Table 2.2: Loads at Failure for Four-Point Loading Test
requirements of a
Trial
Steel (lbs)
Aluminum (lbs)
Polyethylene (lbs)
minimum of at
1
311
135
75
least 40% POA.
2
520
311
172
3
Average
Max. moment

131
320.7
962 lb-in

277
241
723 lb-in

-123.5
370.5 lb-in

The canoe mold used to form
was the same
one used to cast the previous year’s
canoe. Although the canoe from the
previous year failed upon removal from
the mold, the mold was not responsible
for its failure, and its conditioned was
not worsened from already being used
once. The mold was a female foam
mold produced by a 3D CNC milling
machine at a local company in southern
California. The mold came in four pieces
– these pieces were glued together with
a spray adhesive to make the complete
mold.
The reinforcement material was
aluminum oval mesh. Five 3’x10’ sheets
of this material were purchased and cut
into seven pieces. These sections were
shaped by placing the material in the
female mold and marking them to a size
slightly smaller than the outer edge of
the mold to account for the outer layer of
concrete. The sections were then
stitched together, with the seams being
perpendicular to the axis running along
the length of the canoe. One of the main
reasons that the 2011 canoe failed was
the fact that the sheets of reinforcement
did not overlap each other at the seams
and were stitched together with weak
wire. To address these problems, the
team overlapped 1.5” of each sheet with
the next, and stitched each seam twice.
The first goal the team had on
pouring day was to place the concrete
quickly and efficiently. In 2011 there
were only 11 students in attendance at
pouring day, meaning the concrete was

placed slower than it would have been
with more hands. There was also a 2
hour time gap between the placement of
the first and second layers, and the USC
Concrete Canoe team believes that this
was also a contributing factor to the
failure of the 2011 canoe. This year,
only 14 students were on hand to help
on pouring day, so measures were
taken to ensure that the concrete could
be placed as fast as possible. The team
gathered up as many concrete mixing
bins as possible and filled all of them
with dry batches so that the placement
of the concrete would not be held up
because the dry batches were still being
mixed.
Figure 4.1: Students placing the second layer of concrete.

After the dry batches had been
made, all of the students on hand
proceeded to mix in the water and
started placing the concrete. The first
.25” layer was placed fairly quickly, and
soon the reinforcement was placed into
the mold. Upon the placement of the
reinforcement, it was observed that the
edges of the aluminum sheets were
protruding from the top edge of the mold
and needed to be cut down. The team
had anticipated that this might happen,

so they were ready with clippers to cut
the mesh down to the proper height in
the mold. Since the mesh was
aluminum, it was much more easily cut
with clippers; in the previous year the
team had to remove the reinforcement
and cut it with a saw because it was
made of steel, which led to the delay.
After 10 minutes the reinforcement was
cut down to the proper level. Two
students used spray bottles to maintain
the moisture of the concrete during the
delay.
A second .25” layer of concrete
was being placed over the layer of
reinforcement
when
the
team
encountered a problem: along the canoe
gunwales, the reinforcement was

Figure 4.2: Concrete in mold with clamp
system in place.

popping up and separating from the first
layer of concrete, and the second layer
of concrete was not bonding across the
mesh because of it. One student came
up with a solution to hold down the

mesh: clamp down wooden planks
along the top of the inside face of the
gunwales so that the aluminum and two
layers of concrete will be forced
together. This solution proved to be
effective upon the removal of the canoe
from the mold; the concrete layers along
the gunwales showed that they had
bonded together.
After both layers of concrete and
the reinforcement had been placed, the
mold was covered in plastic wrap to
make it airtight, and used a humidifier
inside the mold to wet cure the canoe
for 7 days. After 28 days the canoe was
successfully removed from the mold.
Figure 4.3: The canoe in its plastic, humid cocoon.

The next steps in the construction
of the canoe will be to sand the outside
and inside faces of the canoe to create
a smooth surface all around, stain the
canoe with
colors, and finally apply a sealant to
complete its construction.

The 2012 USC Concrete Canoe
amount at USC. By January 29th, 2012,
team is lead by two co-captains: Jake
all of the materials needed to pour the
Hermle and Erin Khan. None of the
canoe were acquired, and the team was
three captains from last year’s team
ready to pour. Pouring day was on
retained their position; one graduated,
February 4th, and the canoe was
one became the ASCE chapter
removed from the mold on February
president, and one elected to relinquish
24th. Sanding of the canoe will be
the second year of their two-year
completed by March 11th, and the
position. Although there was new blood
staining and sealing of the canoe will be
at the top, this year’s
completed by March
Table 5.1: Man-hours worked
captains were able
18th.
Project phase
Total man-hours
to tap the knowledge
Mold design
3
The
budget
of one of last year’s
Mix Design
100
was
one
of
the
captains (and the
Material
20
larger obstacles for
current USC ASCE
Procurement
the team this year.
President),
Oscar
Construction
235
The team had $500
Rivera, to make the
Paddling practice
40
less to work with
transition into this
Total man-hours
398
from the previous
year easier. Oscar
year, meaning that certain budget items
also provided his services as a quality
had to be cut in order to save money.
control manager, as he had the most
Fortunately, most of the materials
experience with concrete canoes.
needed for the concrete did not need to
During construction and during the mix
be ordered because there was a surplus
design phase, Oscar ensured that the
of materials from previous years, so little
design and construction choices made
money
was
spent
on
material
by captains and team members made
procurement.
Additionally,
the
reuse
of
sense based on his expertise.
the female foam mold from the previous
Having two captains meant that
year significantly reduced the amount of
certain duties could be split amongst the
funding demanded by the canoe.
team leadership. Jake Hermle was in
Several measures are taken to
charge of mix design, budgeting, and
maintain a safe environment around the
material procurement, while Erin Khan
USC Concrete Canoe team. When
oversaw
paddling
practices,
working with cement and aggregate
construction, and analysis.
materials, all workers present were
The mix design phase took up
required to wear nitrile gloves and N95
most of the first semester; it is typically
particulate respirator masks. Dry
one of the lengthier portions of the
concrete elements contain fine powders
yearlong schedule, as testing concrete
that can have irritating effects if inhaled,
requires weeks of curing time. Because
so it was important that the proper
of these time requirements, much time
safety precautions were in place.
was allocated to the design phase, and
it lasted all the way up to midDecember. Once a design had been
selected, materials were procured if they
were not already in supply in the proper

mix
design uses multiple recycled materials
which
contribute
to
its
overall
sustainability. Poraver, a lightweight
aggregate made of post consumer
recycled glass, comprised 55% of the
aggregate
in
the
canoe’s mix.
Additionally, 9% of the aggregate was
made up of recycled tumbled glass,
meaning that 64% of the canoe
aggregate was composed of sustainable
materials.
The mix design also
Figure 6.1: Sections of the female foam mold.

incorporates fly ash, a cementitious
material that is a byproduct of coal
combustion. Not only does fly ash make
use of what would otherwise be waste
material, it takes the place of Portland
cement, which requires a lot of energy
to produce (“Fly Ash”, 2005). Fly ash is
simply a byproduct of another industrial
process, so no further energy is
expended to create.
Since

the

hull

design

of

is the same as
the standard hull design from the 20092011 ASCE National Concrete Canoe
Competitions, we were able to use the

same mold used to form the previous
year’s canoe. Using a female mold in
the previous year proved to be a
sustainable strategy, as we were able to
reuse it this year, saving the time and
money that would have been spent on
creating an entirely new mold, as well as
decreasing the amount of waste
produced by the team, as no new
materials were expended on this year’s
mold.

ASTM C 39/C 39M Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimens
ASTM C 109 Standard Test Method for Compressive Strength of Hydraulic
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ASTM C 125 Standard Terminology Relating to Concrete and Concrete
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Mixture ID: The Mystery Canoe
YD
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Design Batch Size (ft ):

Cementitious Materials
CM1
CM2
CM3
CM4
CM5

0.287
SG

Design
Proportions (Non
SSD)

Actual Batched
Proportions

Yielded
Proportions

Amount
(lb/yd3)

Volume
(ft3)

Amount
(lb)

Volume
(ft3)

Amount
(lb/yd3)

Volume
(ft3)

Portland Cement Type II
Metakaolin
Fly Ash
Blast Furnace Slag
VCAS
Total Cementitious Materials:

3.15
2.60
2.30
2.45
2.60

313.28
14.11
141.11
116.66
84.67
669.83

1.594
0.087
0.983
0.763
0.522
3.95

3.33
0.15
1.50
1.24
0.90
7.12

0.017
0.001
0.010
0.008
0.006
0.04

310.15
13.97
139.70
115.49
83.82
663.13

1.578
0.086
0.973
0.755
0.517
3.91

PVA Fibers - 12 mm

1.30

19.76
19.76

0.244
0.24

0.21
0.21

0.003
0.003

19.56
19.56

0.241
0.241

0.50

0.020

46.57

1.866

1.06

0.050

98.72

4.653

0.75
0.73
0.50

0.045
0.051
0.003

69.85
67.99
46.57

4.146
4.738
0.262

0.80

0.085

74.51

7.960

1.20
5.54

0.036
0.29

111.76
515.98

3.379
27.00

2.43

0.039

227.39

3.644

0.84
3.27

0.04

78.09
305.48

3.64

0.67
0.40
1.07

0.009
0.008
0.02

62.40
37.25
99.65

0.833
0.746
1.58

Amount
(fl oz)

Water in
Admixture
(lb)

Dosage
(fl
oz/cwt)

Water in
Admixture
(lb/yd3)

0.334
0.000
0.33

49.5
0.0

13.68
0.00
13.68

Fibers
F1

Total Fibers:

Aggregates
A1
Poraver 0.1-0.3mm Abs:
47.04
1.885
35% 0.40
Poraver 0.25A2
99.72
4.700
Abs: 30% 0.34
0.5mm
A3
Poraver 0.5-1.0mm Abs:
70.56
4.188
25% 0.27
A4
Poraver 1.0-2.0mm Abs:
0.23
68.68
4.785
20%
A5
Crushed Glass
2.85
47.04
0.265
Abs:
0%
3M K1 Glass
A6
0.15
75.26
8.041
Abs:
Bubbles
0%
A7
Extendospheres
3.413
Abs:
1% 0.53 112.89
Total Aggregates:
521.19
27.28
Water
Water for CM Hydration (W1a +
W1
229.69
3.681
W1b)
1.00
W1a. Water from Admixtures
W1b. Additional Water
W2
Water for Aggregates, SSD
1.00
78.88
Total Water (W1 + W2):
308.57
3.68
Solids Content of Latex, Dyes and Admixtures in Powder Form
S1
Latex
1.20
63.03
0.842
Ad1
Supercizer 5
0.80
37.63
0.754
Total Solids of Admixtures:
100.66
1.60
Admixtures (including Pigments in
Liquid Form)
Ad1
Ad2

8.8
lb/gal
Latex
0.2
lb/gal
Supercizer 5
Water from Admixtures (W1a):

Cement-Cementitious Materials Ratio
Water-Cementitious Materials Ratio
Slump, Slump Flow, in.
M
Mass of Concrete. lbs
3
V
Absolute Volume of Concrete, ft
3
T
Theorectical Density, lb/ft = (M / V)
3
D
Design Density, lb/ft
= (M / 27)
3
D
Measured Density, lb/ft
Air Content, % = [(T - D) / T x
A
100%]
3
Y
Yield, ft
= (M / D)
Relative Yield
= (Y /
Ry
YD)

%
Solids

40.00
100.0
1.00

Dosage
(fl
oz/cwt)

Water in
Admixture
(lb/yd3)

50.00
44.50

13.82
0.00
13.82

0.468
0.45
0.00
1620.01
50.57
32.04
60.00

8.56
0.00

0.468
0.469
0.000
17.21
0.39
44.08

0.468
0.469
0.000
1603.81
36.38
44.09

60.500

56.900

-

-

-

27

0.285

28.186

0.990

–
Table 6: Bill of Materials
Material
Portland Cement, Type II
Metakaolin
Fly Ash, Class C
VCAS-8™
Blast Furnace Slag
Poraver
Crushed Glass
3M K1 Glass Bubbles
Extendospheres
Nycon PVA Fibers
Aluminum Mesh
Water Sealer
Stain
Supercizer 5
Quickrete Latex
Foam Female Form
Sandpaper (Various Grits)

QUANTITY
2 100-lb. bags
3 lb
1 100-lb bag
15 lb
25 lb
Various Sizes 5 bags
10 1.5-lb bags
15 lb
1 90-lb bag
3.5 lb
5 3'x10' sheets
2 gallons
2 gallons
5 1.5-lb bags
3 gallons
Lump Sum
6 sheets

Unit Cost
$
8.63
$
0.32
$
0.18
$
0.43
$
0.02
lump sum
$
2.60
$
10.60
$
14.95
$
12.20
$
98.54
$
33.00
$
48.95
$
8.52
$
10.70
$
369.80
$
4.79
TOTAL:

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

Total Price
17.26
0.96
18.00
6.45
0.50
287.36
26.00
159.00
14.95
42.70
492.70
66.00
97.90
42.60
32.10
369.80
28.74
$1,703.02

