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Executive Summary 

Rice University is a small, private institution 

located in the heart of Houston, Texas. Since its 

founding in 1912 through the generous estate left by 

its namesake, William Marsh Rice, Rice University 

has strived to become a world-class institute for 

advancement of learning. Nearly a century later, Rice 

continues to conduct cutting-edge research and offer 

its students a great quality of life. The Rice University 

Concrete Canoe Team is doing its small part to 

commemorate Rice University’s passage into its 

second century by christening the canoe 

CENTURIONCENTURIONCENTURIONCENTURION. 

While Rice University has a storied century-long 

history, its Concrete Canoe team is only in its third 

year of competition. However, in those short years, 

the Rice University team is vaulting itself into a 

position as a top competitor in the Texas-Mexico 

Region Competition. Although the aptly named 

TITANIC sank in 2010, last year’s REVENGE placed 

in all of the academic categories and 2nd overall in the 

conference competition, only narrowly behind the 

team from the University of Texas at Austin. Now, 

with another year of experience under its belt, the 

team hopes to again contend for the title with 

CENTURIONCENTURIONCENTURIONCENTURION. 

    CENTURIONCENTURIONCENTURIONCENTURION features substantial innovation in 

nearly every aspect of design and construction. 

Structural analysis of multiple load cases was 

completed in SAP 2000 for the first time this year, 

yielding better analytical data. The canoe shape was 

slightly modified to improve aesthetics, reduce 

stresses, and provide stability for paddlers. Accuracy 

in the testing of strength properties of mixes was 

improved by switching to a third point loading test, 

allowing for measurement of pure bending failures. 

Mold construction was altered by removing last 

year’s plywood cross-sections, speeding construction 

and allowing for a smoother mold. The interface 

material was improved to ease application and 

smoothing, and the concrete placing procedures were 

better organized to facilitate bonding between 

concrete layers. These innovations have helped the 

team to develop a final product of higher quality 

without increases in work or expenditures, and have 

given the team a better understanding of the behavior 

of the canoe as a structural system. 

 

Table 1 Concrete Properties 

Properties Structural 

Mix 

Patch 

Mix 

Unit Weight (pcf) 59.86 57.59 

Compressive Strength 

(psi) 

689 522 

Tensile Strength (psi) 39.1 31.4 

Flexural Strength (psi) 264 240 

 

Table 2 CENTURION Specifications 

Weight 320 lbs (estimated) 

Length 20’-0” 

Width 33.16” 

Depth 14” 

Thickness 1” 

Color Gold and Red 

Reinforcement   

--Type 

--Strength 

 

Fiberglass Woven Mesh 

80 +/- 5 lbs per inch width 
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Hull Design 

The original canoe shape was mandated by the 

competition rules in previous years. Several 

alternative canoe shapes were investigated this year, 

each of which kept the overall canoe profile, but 

slightly altered the cross-sectional shape. The team 

was satisfied with the general performance of the 

2011 shape, so it was determined that a complete 

redesign of the canoe geometry was unnecessary. 

Instead, simple solutions to several concerns with the 

original shape were addressed. The three objectives in 

modifying the canoe shape were: to better distribute 

stresses developed during competition, to improve the 

aesthetics, and to make the canoe easier for paddlers 

to kneel in.  

The first two objectives were achieved by created 

a more rounded cross-section. The original shape had 

an abrupt bend part way up each side, which was 

identified as an aesthetic concern and an inefficient 

method of transferring stresses through the hull. The 

third objective was achieved by making the bottom of 

the canoe flatter and wider, giving paddlers a more 

level surface to kneel on, which they identified as a 

concern during the 2011 competition. 

The cross-sectional shape that was selected used a 

quartic function to modify the canoe profile. The 

quartic function was generated using the formula: 

�������� = �
 ∗ �

/�
���

 	 where the subscript ‘o’ 

refers to the coordinates from the original cross 

section. The x coordinates were kept the same as in 

the original cross section. This function generated a 

profile that maintained the locations of the two points 

on the gunwale and the point at the bottom of the 

canoe, while modifying the profile between those 

points. This was desirable because it maintained the 

shape of the canoe along the gunwale and bottom, 

thus preserving the overall shape. The resulting cross-

section made the desired changes, but to too large of 

an extent. To correct for this, the quartic y-values 

were averaged with the original y-values. This created 

a more reasonable shape with a flatter bottom and 

more rounded sides than the original.  

 

 
Figure 1 Hull Shape Changes 

 

Other smoothing functions were investigated in a 

similar manner, including quadratic, cubic, and 

circular. Ultimately, the quartic smoothed shape was 

the most desirable, and it performed well in the SAP 

analysis discussed in the next section. Although the 

modification to the cross-section appears to be minor, 

it produces a noticeably more rounded canoe shape 

and sufficiently flatter bottom, meeting the objectives 

of the design team 

The nominal canoe shape is 240” in length, with a 

height of 14” and a width of 33.16” at its maximum 

cross section. The actual length will be about 242” 

due to inherent errors associated with the more 

manual method of construction of the expanded 

polystyrene sections for the bow and stern. 
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Structural Analysis 

Analysis of CENTURIONCENTURIONCENTURIONCENTURION performed in SAP 

2000. This was a dramatic improvement over the 

2011 analysis, which modeled the canoe as a 

rectangular beam in CalFEM and investigated only 1 

loading case. 

Once the two candidate canoe shapes (original 

and quartic smoothed) were developed in Excel, 3

dimensional coordinate data for 904 definition points 

was organized and imported as a table into SAP. The 

canoe was modeled using quadrilateral (roughly 

rectangular) shell elements in SAP with a thickness of 

1”. The elements were given a compressive strength 

of 1000psi, a modulus of elasticity of 1800ksi, and a 

density of 60pcf (conservative for weight estimation). 

These elements were defined in a table in excel based 

off of the nodal data, and then imported into SAP. 

Four loading cases were investigated: 

transportation, display, race with 2 paddlers, and race 

with 4 paddlers. CENTURIONCENTURIONCENTURIONCENTURION will be transported 

on its mold, so the canoe is supported at essentially 

every point. Stresses developed in this support 

condition are negligible, so modeling was 

unnecessary. The display support condition was 

modeled using the weight of the canoe and line 

supports at the two sections where the canoe will be 

held up by ropes on the stands. The location of 

stands was varied to determine the stand location that 

caused minimal stresses in the canoe. The ideal 

support condition has the stands 4’ in from each end 

of the canoe. In this case, the maximum principal 

stress developed is 56psi in the quartic canoe

occurs at the edge the rope supports.  

Figure 2 FEM Model in Display Support Condition
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Support Condition 

The next two loading cases were modeled with 

point loads for the knees of the paddlers, spaced 

evenly along the length of the canoe wide enough for

kneeling, which simulates the locations of the 

paddlers during competition. A weight of 150 lb per 

paddler was used. The canoe was supported at the 

bow and stern, and uniform water pressure was 

applied to the bottom of the canoe to offset any 

support reactions. As expected, the maximum stresses 

in both cases were developed around the knees of the 

paddlers, emphasizing the need for careful entry and 

exit from the canoe. The 4 paddler case developed the 

larger stresses, with a maximum principal stress of 

136psi in the quartic smoothed canoe

Figure 3 FEM Model with Four Paddlers

 

Analysis here is inherently conservative because 

the reinforcement mesh, which provides additional 

strength, was not included in the model.

smoothed shape had slightly lower peak stress values, 

and had a slightly smoother stress distribution across 

the canoe. Although either design would have been 

structurally acceptable, the aesthetic benefits of the 

quartic smoothed section made it the best c

for the CENTURIONCENTURIONCENTURIONCENTURION hull design.

Based on the load cases investigated, the required 

bending strength of the concrete is 

easily achievable. The canoe geometry appears to be 

accurately represented by the model, and the lo

cases and support conditions were consisten
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Development & Testing 

In developing a structural concrete mix for 

CENTURIONCENTURIONCENTURIONCENTURION, the team set out with the aim of 

creating a workable, flexible, and generally 

impermeable mix, incorporating more sustainable 

materials, while exceeding the strength requirements 

given by the structural analysis. 

Due to the fact that 2011’s REVENGE was the 

one proven canoe available to draw experience from, 

its structural concrete mix was chosen as a baseline. 

This mix had a cementitious makeup of 50% Portland 

cement, 17.5% Class F Fly Ash, 17.5% Slag Cement, 

and 15% Metakaolin by weight. The aggregate blend 

was composed of 65% Poraver at three different 

grades, 10% paver sand, and 25% bottom ash by 

weight. 

However, while previously compressive strength 

had been relied on as a benchmark, this year, flexural 

strength was instead chosen as the controlling factor 

in the mix selection. The reasons for this were 

twofold. The first was the observation of the number 

of canoes that failed at the 2011 Texas-Mexico 

Regional due to bending-related stresses, leading to 

the belief that flexural strength was more likely to 

control than compressive. The second was the 

convenience of conducting flexural strength tests 

compared to compressive strength tests. 

Last year, a method for testing thin concrete 

beams by cantilevering them and applying a load in 

the form of a water bucket was developed. This was 

done to reduce the large amount of concrete needed to 

cast cylinders and to avoid the need to use a lab 

technician to operate the heavy compressive testing 

machinery. This year, that testing method was altered 

so that the water bucket was placed in a third point 

loading scheme on a simply supported beam as shown 

in Figure 4, rather than loading a cantilevered beam. 

The new method is an adapted form of the procedure 

described by ASTM C 947, however, the beams were 

instead sized to 1.25”x3.5”x12” to reuse the beam 

form constructed for the cantilever tests. During the 

loading, a digital dial gauge was also used to measure 

the deflection of the beam at the center. 

 
Figure 4 Third Point Loading Test for Flexural Strength and 

Deflection 

 

Using this new test method, the baseline mix was 

shown to have a 28-day flexural strength of 165 psi 

with a unit weight of 65 pcf. 

Once a baseline had been delineated, the first 

order of business was to investigate the feasibility of 

creating a more sustainable mix that met or exceeded 

the flexural strength of the REVENGE. This was 

done by removing the metakaolin and sand, and 

replacing them respectively with VCAS 160 and 

finer-grained bottom ash. The cementitious material 

ratios, aggregate ratios, and water-cementitious 

materials ratio were then systematically tweaked until 

a sustainable mix was found with satisfactory 

workability, unit weight, and flexural strength. 

VCAS 160 was the major new component 

introduced into the structural mix this year. VCAS is 

the by-product of fiberglass reinforcement production 

that tested to show similar strength characteristics as 

the less sustainable metakaolin that it replaced.. While 

having some amount of slag cement and VCAS was 

shown to provide strength benefits, the final 

cementitious material proportions contained a higher 

percentage of fly ash than in the baseline. This was 

due to consistent test results showing significantly 

higher strengths with higher amounts of fly ash than 

the other cementitious materials. 
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Poraver spheres, recycled glass spheres, continued 

to serve as the main aggregate due to their low 

specific gravity and availability at several grades to 

maximize compaction. Bottom ash, a coal combustion 

by-product, was sifted using a No. 40 sieve to fill in 

the remaining space around the Poraver. The 

adjustment in the aggregate ratio was to increase 

compaction after the removal of paver sand as a 

component and to offset increases in unit weight from 

the change in the cementitious makeup. 

In addition to these cements and aggregates, 

polypropylene fibers, a plasticizer, and air 

entrainment agent were added at the manufacturer 

recommended dosage. In the structural mix, fibers 

help to increase the flexural strength and durability by 

adding a secondary reinforcement. The plasticizer and 

air entrainment agent aided the workability, allowing 

for a lower water content and thus stronger concrete. 

Several other admixtures were also tested, 

including Rhoplex MC-1834P and DLP 2101. 

However, in the first couple of attempts to incorporate 

them into the structural mix, the workability of the 

mix became too high. At such workability, the 

concrete was unable to retain its form when placed on 

the near-vertical walls of the male mold. However, 

this high, almost fluid, workability was exactly what 

was desired for the patch mix that would be used to 

fill in shrinkage cracking issues that developed during 

the curing process. 

 

Admixture Reccommended 

Dosage 

fl oz/cwt 

Actual 

Dosage 

fl oz/cwt 

Superplasticizer 3.5 3.5 

A-Train VR 4 4 

Rhoplex MC-1834P N/A 60* 

DLP 2101 N/A 20* 

Table 3 Admixtures Dosage (*patch mix only) 

 

Flexibility was initially selected as a factor for 

consideration in the mix selection because a more 

flexible mix would be less subjected to sudden brittle 

failures. However, the deflection of the beams varied 

too dramatically between different samples of the 

same batch and too little between different batches. 

This was likely due to the extremely small 

displacements and the frequent malfunctioning of the 

deflection meter. Thus, flexibility was discarded as a 

decision factor. Instead, the design team opted to use 

the more consistently controllable flexural strength as 

a primary decision factor in selecting the final mix. 

At the end of testing, a structural mix was decided 

on with a flexural strength of 264 psi, a unit weight of 

60 pcf with the mix proportions shown in Appendix B. 

This flexural strength is higher than that of 

REVENGE, whose strength was adequate to survive 

the entire 2011 competition without damage. In 

addition, the analysis shows that the canoe only 

experiences a maximum principal stress of 136psi. 

Therefore, this concrete mix was deemed to satisfy all 

of the applicable mix selection criteria. 

In addition to the concrete, a fiberglass mesh was 

placed in the canoe, such that the sides have a single 

layer of reinforcement, while the bottom, where the 

maximum tensile stresses exist, has two overlapping 

layers. The percent open area of a single layer is 

69.4%, while the percent open area of two 

overlapping layers is at a minimum of 47.5%. From 

the analysis, a single layer can support 80 +/- 5 

pounds per inch-wide slice of reinforcement sheet.  

When double-layered as it along the bottom of the 

canoe, this reinforcement can support 160 pounds +/- 

10 pounds per inch-wide section. This is more than 

sufficient to support the analysis max tensile stress of 

30psi. 
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Construction 

This year’s mold design built upon the 

improvements made in the 2010-2011 year. The mold 

base consists of 3/8” plywood sheets with a grid of 

2”x4” beams for support. Thicker plywood and more 

extensive cross-bracing were used this year to 

improve durability and reduce flexibility of the mold, 

which is a concern because the canoe will be 

transported on the mold and base. Last year, bending 

of the mold base during transportation likely 

contributed to cracking of the canoe. This year’s more 

rigid mold base will help to reduce this cracking. 

Cross sections of the canoe hull every 6” along 

the length were projected and traced onto sheets of 

plywood. The plywood was then carefully cut with a 

jig saw and then sanded to remove any remaining 

imperfections. Using a simple assembly station, 

neighboring plywood cross sections were placed with 

a 6” thick block of expanded polystyrene (EPS) 

between them. Using a hot wire cutter, the EPS was 

cut to match the shape of the cross sections, creating a 

linear interpolation between them. This process was 

repeated for each segment of the canoe. Due to 

dangers associated with fumes from melted EPS, all 

cutting took place outdoors, and all individuals in the 

cutting area were required to wear respirators. The 

EPS blocks were fastened together using wood glue 

and sanded to remove imperfections in the surface 

shape. Finish nails were hammered into the mold base 

with 1” exposed, and they served to fasten the EPS 

mold to the base, with the addition of wood glue 

applied to both surfaces. In 2010-2011, a similar 

procedure was used, but the wood cross sections were 

also fastened to the mold. The plywood sections 

caused aesthetic and construction difficulties last year, 

so they were not included in this year’s mold. The 

first problem was that the 6” thick EPS blocks had to 

be cut down to a thickness of 5 3/4” to fit between the 

plywood sections. This procedure was time intensive 

and error prone. Second, imperfections in the mold 

surface were difficult to correct due to the difficultly 

of sanding wood as compared to EPS. Finally, the 

EPS sagged more under the weight of concrete than 

the plywood, creating 6” long waves in the final 

canoe shape. By using a pure EPS mold, time 

intensive procedures have been eliminated, and a 

more aesthetically pleasing final shape will be 

achieved. 

 
Figure 5 Cutting EPS Blocks Using Wooden Cross-Sections 

 

The EPS sections for the 1’ section at the bow and 

the 1’ section at the stern had substantial changes in 

curvature in all dimensions over relatively short 

lengths, making the construction method used for the 

other sections inaccurate and therefore unacceptable. 

Instead, these sections were cut roughly to shape 

using plywood profiles of the bow and stern as guides. 

Then, they were carefully sculpted by cutting and 

sanding to create the desired shape. 

To prevent bonding between the EPS mold and 

the concrete, a thin layer of interface mix, consisting 

of 20% sheetrock and 80% agricultural gypsum, was 

applied with adequate water for workability.  This 

surface was sanded smooth after it dried, and a very 

thin layer of the powder from sanding was left on the 

mold to help reduce sticking between the EPS mold 

and the concrete, facilitating the removal of the canoe 

after curing. Last year, pure agricultural gypsum was 

used for the interfacing material, but it was prone to 

clumping during application, was difficult to smooth, 

and created pocketing in the canoe surface. The team 

investigated use of alternative interfacing materials, 

including sheetrock and paint, none of which could be 

applied in sufficiently thick and smooth layers. 
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Various gypsum-sheetrock mixture ratios were tested 

for workability, ease of application, and ease of 

separation from concrete. The 20-80 mixture 

produced the best qualitative results, and was much 

easier to work with and smooth during the actual 

application process. This resulted in substantial 

reduction of labor time during the application and 

smoothing. 

The concrete was placed on the mold using the 

innovative techniques developed in the 2010-2011 

season with some new improvements. Concrete was 

placed on wet cloths and rolled to a uniform thickness 

of ½” using PVC pipe rollers and ½” wooden guide 

rails. Rectangular sheets of concrete were carried on 

the cloth to the mold, where they were firmly placed 

on the mold by a team of three. Adjacent sheets of 

concrete were overlapped by ½” during placement, 

and the seams were manually worked together, with 

excess concrete discarded. This overlapping 

procedure is intended to reduce pocketing of the 

concrete at the seams between panels. Last year, 

seams were clearly visible in many parts of the inside 

of the canoe, and they contributed substantially to 

water leakage during competition. Eliminating those 

seams will reduce leaking and improve aesthetics. 

Previous canoes have been placed one layer at a 

time, but concerns over delamination were substantial, 

so the procedure was improved. This year, placement 

of concrete began and the stern and progressed 

toward the bow. Once 5’ of the bottom layer had been 

placed, the fiberglass reinforcing mesh was placed 

over the bow section and gently worked into the 

concrete. Placement of the top layer of concrete then 

began in tandem with the bottom layer, starting at the 

stern on top of the reinforcement. The bottom layer 

placement was always 3’ ahead of the reinforcement 

placement, which was in turn 3’ ahead of the top layer 

placement. All layers progressed at that spacing until 

the canoe was completed. Spray bottles with water 

were used to keep concrete surfaces moist between 

layer placement to help ensure proper bonding 

between layers. By placing both layers 

simultaneously, we reduced the open air exposure 

time of the bottom layer. This helps to improve 

bonding between the layers, which is critical to 

prevent delamination of the canoe.  

 
Figure 6 Placing Concrete Sheets and Reinforcement 

 

The canoe has cured for 4 weeks in a curing room 

with humidifiers, which were added to keep moisture 

levels high and reduce shrinkage cracking. The canoe 

will be lifted off of the mold at the end of the curing 

period. In the event of sticking of the mold to the 

canoe, partial disassembly of the mold will be 

required. Sanding (up to 150 grit) will be done to 

remove imperfections and create a smooth surface. 

Once smooth, a stencil will be used to apply stain to 

the mold, creating the distinct CENTURIONCENTURIONCENTURIONCENTURION  look. 

A layer of sealer will be applied to protect the hull 

against water intrusion, completing the construction 

process.
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Project Management 

The primary objective for the CENTURIONCENTURIONCENTURIONCENTURION 

team’s leadership was to construct a cohesive team 

structure that would build off of the success of last 

year’s REVENGE and help the team continue to 

produce high quality canoes in both this year and 

future competitions. The 2012 team was lucky to have 

retained many of the key members of both the 2010 

and 2011 team, including two former captains. 

However, due to the upcoming graduation of many of 

those senior members, recruiting younger members 

and passing on the experience gathered over the past 

three years was of paramount importance. 

In August, the leadership met to set out the team’s 

organizational structure, budget, and schedule. A 

project manager was selected to administer the project 

and effect communication between lead managers of 

the five functional groups: Structural Analysis, Mix 

Design, Construction, Paddling, and Academics. Lead 

managers then closely worked with the rest of the 

team’s members to reach project goals and deadlines. 

While training new members was a priority, lead 

managers were also in charge of meticulous quality 

and safety checking. 

The first goal of the team was to raise the 

necessary funds for the project. Considering the costs 

of previous teams, a $2500 budget was initially 

estimated for the testing and construction materials. 

Between corporate sponsorships and university club 

grants, the ASCE student chapter was able to raise the 

necessary funds. Surplus mix components from last 

year and material donations reduced costs to only 

$1200, less than half the original budget. 

The project schedule was set with the intent of 

casting CENTURIONCENTURIONCENTURIONCENTURION the week before Spring Break, 

so that it would be able to cure over break while team 

meetings were infeasible. Then using the 2011 project 

schedule, the expected duration of each project phase 

was estimated and such phases were organized around 

the casting day. Flexibility in the original schedule 

was given for additional quality control tasks, and 

meetings additional to the regular Saturday meetings 

were scheduled as needed during the week. Activities 

that denoted the end of these phases were selected as 

milestones, including: 

• Selection of Concrete Mix (Feb 11) – Ended 

mix test phase 

• Selection of Hull Shape (Jan 21) – Ended 

analysis phase. Began mold construction 

phase. 

• Completion of Mold (Feb 17) – Ended mold 

construction phase. 

• Casting Day (Feb 18) – Casting of the canoe. 

• Paper Submission (Mar 16) – Design paper 

due. 

• Texas-Mexico Regional (Apr 19) – Canoe 

must be complete. 

Winding its way through these milestones, the critical 

path followed any activity which would hinder further 

progress in the construction of the canoe leading up to 

the construction milestones, including: 

• Selection of Concrete Mix 

• Construction of Mold (Shape Selection, Base, 

Styrofoam Form, Interface) 

• Casting of Canoe 

• Curing of Canoe 

• Finishing of Canoe (Patching, Sanding, 

Staining, Sealing) 

During the course of the project, safety was 

designated as a top priority. A safety policy was made 

available to all members. Highlights of this policy 

include use of proper safety equipment for all tasks 

and adherence to MSDS recommendations. A lab 

technician was used for all jobs requiring the use of 

heavy machinery such as cylinder compression tests 

and large scale concrete mixing. 

To accomplish these tasks, 200 man-hours were 

devoted to design and analysis work, 400 man-hours 

were used developing and testing various mixes, and 

400 man-hours were spent on construction of the 

mold and canoe. An additional 400 man-hours are 

projected for applying finishes to the canoe once it 

has cured. 
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Sustainability 

Despite the removal of the sustainable aggregates 

requirement, an ambition for CENTURIONCENTURIONCENTURIONCENTURION was to 

construct it entirely out of sustainable mix 

components. The requirement for Portland cement 

made full achievement of this target impossible. 

However, a mix was designed such that all other 

cementitious materials and aggregates were 

sustainable.    

The main components of the selected mix are the 

various grades of Poraver spheres, which are 

produced from 100% recycled material. The other 

aggregate (bottom ash) and all of the secondary 

cementitious materials (fly ash, slag cement, and 

VCAS) are industrial waste by-products. In total, such 

materials compose 55% by mass or 69% by volume 

of the concrete used in CENTURIONCENTURIONCENTURIONCENTURION. The only 

other major components were the Portland cement 

and water. 

By replacing Portland cement and quarry-reaped 

gravel with these sustainable materials, the 

environmental impact has been substantially reduced. 

Instead of relying on the energy-intensive and high 

CO2 emitting Portland cement manufacturing process, 

the use of sustainable materials allows use of 

materials that would otherwise take up landfill space. 

The implementation of only sustainable aggregates 

then furthermore cuts the need to strip mine for raw 

aggregate materials. 

Mold construction this year also implemented 

sustainable practices by limiting material use and 

reusing materials from previous years. Many of the 

plywood sections used for cutting the expanded 

polystyrene (EPS) were cut out of larger plywood 

sections left over from the mold of REVENGE. This 

year’s mold will also be used for storing and 

transporting CENTURIONCENTURIONCENTURIONCENTURION. This is a more 

sustainable option than constructing a separate device 

for transport, because it reduces the need for 

construction materials. 

CENTURIONCENTURIONCENTURIONCENTURION also reused EPS blocks from the 

2011 mold for testing in 2012. Tests of adhesives for 

EPS interface with adjacent blocks and the mold base 

used 2011 blocks, as did tests for dry interface 

materials between concrete and EPS. By repurposing 

used materials, the team was able to reduce the 

generation of new waste products, thereby 

minimizing environmental impacts. 

Concrete strength testing implemented 

sustainability through the use of very small samples. 

The beams used for bending tests have a volume of 

only 47.25 cubic inches and still delivered reliable 

strength results. By comparison, a single full-size 

compressive cylinder has a volume of 340 cubic. 

Using smaller beams reduced the concrete materials 

used during testing and the associated waste by more 

than 85%. 

In addition to the environmental sustainability 

principles implemented in the construction of the 

canoe, the team makes its small contribution to social 

sustainability by safeguarding the continuation of the 

project in future years. Sustainability is about 

ensuring the availability of the same resources for 

future generations. Over the course of the three year 

lifespan of the Rice University Concrete Canoe team, 

rare is it that a participant has come away from the 

experience without reflecting upon their participation 

as the single most valuable experience gained as a 

Rice University engineer. 

Concrete Canoe serves as an immensely valuable 

experience in design, analysis, hands-on work, 

teamwork, and leadership. Such practice with these 

skills is not often matched in simple coursework. 

By placing an emphasis on training younger 

members at every step of the process, it is the 

intention of the team to continue to provide such an 

opportunity for many generations of Rice engineers to 

come. 
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Organization Chart
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Project Schedule 
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Design Drawing 
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Notes: 

1. Typical connections between wood 

components are 2” coarse thread drywall 

screws. 

2. Items 1-38 are blocks of expanded polystyrene 

foam cut to match the curvature of the canoe. 

3. Section varies along length of canoe per 

profile view. 

4. Gypsum/sheetrock interface mixture applied 

over the entire curing surface of the mold.     

5. Height varies between 1” and 2 ½”, to allow 

for gunwale curvature in elevation. 

6. Bow and stern sections were cut and sculpted 

without use of wooden section guides due to 

shape complexity. 

Job Name: Rice University CENTURION 

Drawn by: Ben Berryhill and Dan Sloat 

Date: 3/10/12 

Checked by: Dan Sloat 

Date: 3/12/12 



 

 

 

 

George R. Brown School of Engineering 

ASCE Concrete Canoe 2012 

Appendix A – References 

ASCE/NCCC (2012). “2012 American Society of Civil Engineers National Concrete Canoe Competition 

Rules and Regulations,” 

<http://www.asce.org/uploadedFiles/Student_Organizations/Events,_Activities,_and_Awards/Concrete_Canoe/

2012%20NCCC%20Rules%20and%20Regulations.pdf> 15 Mar 2012 

 

ASTM (2010). “Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens,” 

C39/C39M-09a , West Conshohocken, PA. 

 

ASTM (2010). “Standard Test Method for Density, Relative Density (Specific Gravity), and Absorption of Fine 

Aggregate.” C128-07a , West Conshohocken, PA. 

 

ASTM (2010). “Standard Test Method for Density (Unit Weight), Yield, and Air Content (Gravimetric) of 

Concrete,” C138/C138M-09, West Conshohocken, PA. 

 

ASTM (2010). “Standard Test Method for Flexural Properties of Thin-Section Glass-Fiber-Reinforced Concrete 

(Using Simple Beam With Third-Point Loading).” C947-03, West Conshohocken, PA.  

 

ASTM (2010). “Standard Specifications for Coal Fly Ash and Raw or Calcined Natural Pozzolan for 

Use as a Mineral Admixture in Concrete.” C618-08a, West Conshohocken, PA. 

 

ASTM (2008). “Standard Specification for Portland Cement,” C150-08, West Conshohocken, PA. 

 

ASTM (2008). “Standard Specifications for Air-Entraining Admixtures for Concrete,” C260- 08, West 

Conshohocken, PA. 

 

ASTM (2010). “Standard Specifications for Concrete Aggregates.” C33/C33M-08, West Conshohocken, PA. 

 

ASTM (2008). “Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens,” 

C496- 08, West Conshohocken, PA.  

 

Rice University Concrete Canoe (2011). “Revenge,” NCCC Design Paper, Rice University, Houston, TX. 

  

A-1 



 

 

George R. Brown School of Engineering 

ASCE Concrete Canoe 2012 

Appendix B – Mixture Proportions 
Mixture ID: Structural Mix Design Proportions 

(Non SSD) 

Actual Batched 

Proportions 

Yielded  

Proportions YD Design Batch Size (ft3):         2.61 

Cementitious Materials SG 
Amount 

(lb/yd3) 

Volume 

(ft3) 

Amount 

(lb) 

Volume 

(ft3) 

Amount 

(lb/yd3) 

Volume 

(ft3) 

CM1 Portland Cement 3.15 375.00 1.908 36.25 0.184 359.38 1.828 

CM2 Fly Ash - Class F 2.51 225.00 1.437 21.75 0.139 215.63 1.377 

CM3 Slag Cement 2.87 75.00 0.419 7.25 0.040 71.88 0.401 

CM4 VCAS 160 2.60 75.00 0.462 7.25 0.045 71.88 0.443 

Total Cementitious Materials:    750.00 4.23 72.50 0.41 718.76 4.05 

Fibers               

F1 Fiber 1 1.00 1.00 0.016 0.10 0.002 0.96 0.015 

Total Fibers:    1.00 0.02 0.10 0.00 0.96 0.02 

Aggregates               

A1 Poraverspheres (1-2mm) Abs: 25% 0.41 223.63 8.741 21.62 0.845 214.31 8.377 

A2 Poraverspheres (0.5-1mm) Abs: 25% 0.54 83.86 2.489 8.11 0.241 80.37 2.385 

A3 Poraverspheres (0.25-0.5mm) Abs: 25% 0.66 139.77 3.394 13.51 0.328 133.94 3.252 

A4 Bottom Ash Abs: 10% 2.40 111.81 0.747 10.81 0.072 107.16 0.716 

Total Aggregates:    559.07 15.37 54.04 1.49 535.78 14.73 

Water               

W1 Water for CM Hydration (W1a + W1b) 

1.00 

252.01 4.039 24.36 0.390 241.51 3.870 

  
W1a. Water from Admixtures 0.74 

  

0.07 

  

0.71 

  W1b.  Additional Water 251.26 24.29 240.79 

W2 Water for Aggregates, SSD  1.00 122.99 11.89 117.87 

Total Water (W1 + W2):    375.00 6.01 36.25 0.581 359.38 5.76 

Solids Content of Latex, Dyes and Admixtures in Powder Form 

S1 A-Train VR 0.40 0.04 0.002 0.00 0.000 0.04 0.002 

S2 Supercizer 1 0.80 1.37 0.027 0.13 0.003 1.31 0.026 

Total Solids of Admixtures:    1.41 0.029 0.14 0.003 1.35 0.028 

Admixtures (including Pigments in Liquid Form)               

% 

Solids 

Dosage 

(fl 

oz/cwt) 

Water in 

Admixture 

(lb/yd3) 

Amount 

(fl oz) 

Water in 

Admixture 

(lb) 

Dosage 

(fl 

oz/cwt) 

Water in 

Admixture 

(lb/yd3) 

Ad1 A-Train VR 3.3 lb/gal 5.00 4.00 0.74 2.90 0.072 3.83 0.71 

Ad2 Supercizer 1 6.7 lb/gal 100.00 3.50 0.00 2.54 0.000 3.35 0.00 

Water from Admixtures (W1a):      0.74   0.07   0.71 

                

Cement-Cementitious Materials Ratio   0.500 0.500 0.500 

Water-Cementitious Materials Ratio   0.50 0.500 0.500 

Slump, Slump Flow, in.    2.0 +/- 1.0 2.0 +/- 1.0 2.0 +/- 1.0 

M Mass of Concrete. lbs   1686.47 163.03 1616.22 

V Absolute Volume of Concrete, ft3   25.65 2.48 24.58 

T Theorectical Density, lb/ft3  = (M / V)    65.75 65.75 65.75 

D Design Density, lb/ft3        =  (M / 27)   62.46   

D Measured Density, lb/ft3     59.86 59.86 

A Air Content, %  = [(T - D) / T x 100%]   5.00 8.96 8.96 

Y Yield, ft3                                                  = (M / D)   27 2.72 27 
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Ry Relative Yield                        = (Y / YD)       1.043   
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Mixture ID: Patch Mix Design Proportions 

(Non SSD) 

Actual Batched 

Proportions 

Yielded  

Proportions YD Design Batch Size (ft3):         0.081 

Cementitious Materials SG 
Amount 

(lb/yd3) 

Volume 

(ft3) 

Amount 

(lb) 

Volume 

(ft3) 

Amount 

(lb/yd3) 

Volume 

(ft3) 

CM1 Portland Cement 3.15 375.00 1.908 1.13 0.006 357.57 1.819 

CM2 Fly Ash - Class F 2.51 225.00 1.437 0.68 0.004 214.54 1.370 

CM3 Slag Cement 2.87 75.00 0.419 0.23 0.001 71.51 0.399 

CM4 VCAS 160 2.60 75.00 0.462 0.23 0.001 71.51 0.441 

Total Cementitious Materials:    750.00 4.23 2.25 0.01 715.13 4.03 

Fibers               

F1 Fiber 1 1.00 0.00 0.000 0.00 0.000 0.00 0.000 

Total Fibers:    0.00 0.00 0.00 0.00 0.00 0.00 

Aggregates               

A1 Poraverspheres (1-2mm) Abs: 25% 0.41 0.00 0.000 0.00 0.000 0.00 0.000 

A2 Poraverspheres (0.5-1mm) Abs: 25% 0.54 0.00 0.000 0.00 0.000 0.00 0.000 

A3 Poraverspheres (0.25-0.5mm) Abs: 25% 0.66 285.05 6.921 0.86 0.021 271.80 6.600 

A4 Bottom Ash Abs: 10% 2.40 71.26 0.476 0.21 0.001 67.95 0.454 

Total Aggregates:    356.32 7.40 1.07 0.02 339.75 7.05 

Water               

W1 Water for CM Hydration (W1a + W1b) 

1.00 

422.81 6.776 1.27 0.020 403.15 6.461 

  
W1a. Water from Admixtures 16.65 

  

0.05 

  

15.88 

  W1b.  Additional Water 406.16 1.22 387.28 

W2 Water for Aggregates, SSD  1.00 78.39 0.24 74.75 

Total Water (W1 + W2):    501.20 8.03 1.50 0.024 477.90 7.66 

Solids Content of Latex, Dyes and Admixtures in Powder Form 

S1 A-Train VR 0.40 0.04 0.002 0.00 0.000 0.04 0.001 

S2 Supercizer 1 0.80 1.37 0.027 0.00 0.000 1.30 0.026 

S3 Rhoplex MC-1834P 1.40 14.03 0.161 0.04 0.000 13.38 0.153 

S4 DLP 2101 0.46 7.76 0.270 0.02 0.001 7.40 0.258 

Total Solids of Admixtures:    23.20 0.46 0.07 0.00 22.12 0.44 

Admixtures (including Pigments in Liquid Form) 

              

% 

Solids 

Dosage 

(fl 

oz/cwt) 

Water in 

Admixture 

(lb/yd3) 

Amount 

(fl oz) 

Water in 

Admixture 

(lb) 

Dosage 

(fl 

oz/cwt) 

Water in 

Admixture 

(lb/yd3) 

Ad1 A-Train VR 3.3 lb/gal 5.00 4.00 0.74 0.09 0.002 3.81 0.71 

Ad2 Supercizer 1 6.7 lb/gal 100.00 3.50 0.00 0.08 0.000 3.34 0.00 

Ad3 Rhoplex MC-1834P 8.5 lb/gal 46.95 60.00 15.85 1.35 0.048 57.21 15.12 

Ad4 DLP 2101 6.7 lb/gal 99.30 20.00 0.05 0.45 0.000 19.07 0.05 

Water from Admixtures (W1a):      16.65   0.05   15.88 

                

Cement-Cementitious Materials Ratio   0.500 0.500 0.500 

Water-Cementitious Materials Ratio   0.67 0.668 0.668 

Slump, Slump Flow, in.    6.0 +/- 3.0 6.0 6.0 

M Mass of Concrete. lbs   1630.72 4.89 1554.90 

V Absolute Volume of Concrete, ft3   20.11 0.060 19.180 

T Theorectical Density, lb/ft3  = (M / V)    81.07 81.07 81.07 

D Design Density, lb/ft3        =  (M / 27)   60.40   

D Measured Density, lb/ft3     57.589 57.589 
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A Air Content, %  = [(T - D) / T x 100%]   25.50 28.96 28.96 

Y Yield, ft3                                                  = (M / D)   27 0.085 27 

Ry Relative Yield                        = (Y / YD)       1.049   
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Appendix C – Bill of Materials 

Material Quantity Unit Cost Total Price 

White Portland Cement 91.8 lbs $0.18/lb $16.52 

Fly Ash, Class F 55.1 lbs $0.02/lb $1.10 

Holcim Slag Cement 18.4 lbs $0.10/lb $1.84 

VCAS 160 18.4 lbs $0.60/lb $11.04 

Poraver Spheres 1-2mm 54.0 lbs $0.70/lb $37.80 

Poraver Spheres .5-1mm 20.3 lbs $0.70/lb $14.21 

Poraver Spheres .25-.5mm 34.6 lbs $0.70/lb $24.22 

Boral Bottom Ash 27.2 lbs $0.02/lb $0.54 

A-Train VR 7.34 fl oz $.03/fl oz $0.22 

Fritz-Pak Supercizer 1 0.33 lbs $3.22/lb $1.06 

Rhoplex MC-1834P 0.09 lbs $2.00/lb $0.18 

DLP 2101 0.02 lbs $1.00/lb $0.02 

Fibers 0.24 lbs $6.00/lb $1.62 

Fiberglass Mesh 50.0 linear feet $1.25/ft $71.90 

Stain 3 gallons $40.00/gal $120.00 

Sealer 2 gallons $10.00/gal $20.00 

Styrofoam Mold, Complete Lump Sum $510 $509.55 

Total Production Cost $831.82 
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