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AMAZONA SPECIFICATIONS 
 Total Weight  170 lbs 

Length 20.0' 

Maximum Width 31.1838" 

Maximum Depth 16.0" 

Average Thickness 0.375" 

Color White 

Reinforcement: fiberglass, carbon fiber, 

steel cable, Alloy X shape memory  

alloy, hexagonal expanded steel mesh 
 

CONCRETE PROPERTIES 
 

Mix  

Design 

Comp. 

(psi) 

28-day 

Tensile 

(psi) 

28-day 

Unit 

Weight 

(pcf) 

Structural 1,840 240 50.0 

Tile/Rail 1,660 190 53.7 

Finishing 2,160 230 61.1 

Composite Flexural Strength – 1,650 psi 
 

 
 

 Deep in the most remote areas of the 

world, jungles and rainforests live and 

breathe as one of the most exquisite habi-

tats on Earth. Their diverse ecosystems 

cover only 6 percent of the planet’s land 

mass, yet they contain nearly 60 percent of 

the world’s species (British Broadcasting 

Company). Their dense canopies have tre-

mendous capacity to remove carbon dio-

xide from the atmosphere.  

 Over half of the rainforests on the pla-

net are located in the Amazon Basin, which 

also boasts the largest discharging river in the world. The 

Spanish named this river AMAZONA, or “the destroyer of 

boats,” because of its power and extensive plant root 

tems (Brazil Visa Center). These symbols of sustainabili-

ty and strength parallel the goals created by the 2010 

concrete canoe team. 

 California Polytechnic State University, San Luis 

Obispo (Cal Poly) is located on the central coast of Cali-

fornia. The Civil and Environmental Engineering College 

boasts over 850 students and was ranked as the third best 

public non-doctoral university in the nation by U.S. News 

& World Report. As a participant of the Pacific South-

west Regional Conference, Cal Poly has taken top honors 

in the canoe competition for 11 out of the last 13 years. 

Success at the national competition has also been 

achieved with Katana (2
nd

, 2006), M.C. Escher (5
th

, 

2007), Big Sur (4
th

, 2008), and Vintage (3
rd

, 2009). Con-

tinuing this tradition of success became a primary goal as 

the team embarked on its design process. 

 This year’s construction, mix-design, and structural 

analysis teams focused on developing innovative features 

and incorporating sustainable materials. For example, a 

carbon sequestering cementitious material was used in 

the structural mixes to help offset the carbon footprint of 

every batch. In addition, each batch contained 99.9% re-

cycled aggregates and rain water. In the end, the canoe 

was fabricated with 70% recycled materials, which 

represents the highest percentage of any Cal Poly canoe. 

By using new sustainable materials and by developing 

improved mixing procedures, the team lowered the unit 

weight of the canoe to 50 pcf and decreased the overall 

weight by 76 lbs from last year. 

 Along with creating a lighter concrete mix, the team 

developed and installed a longitudinal post-tensioning 

system along the chines to decrease the tensile stresses 

within the canoe. Also, innovative shape memory alloys 

were oriented transversely (underneath each paddler) to 

help offset stress concentrations. The team used advanced 

predictive stress analyses and strain measuring instru-

ments to evaluate the effectiveness of the pre-stressing, 

confirming improved performance and increased struc-

tural integrity.  

 Over 4,600 person-hours and numerous years of re-

search and development contributed to the creation of 

AMAZONA. The culmination of hard work, dedication, 

and attention to detail has produced a distinctive concrete 

canoe that is symbolic of our world’s jungles and rainfo-

rests and the impact that they have on our planet. 

EXECUTIVE SUMMARY 
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 The primary goal of the analysis team was to 

accurately predict the compressive and tensile 

stresses applied to AMAZONA during construction 

and competition, with and without the pre-stressed 

post-tensioning (PT) systems. Initially, the team 

input the canoe geometry into SolidWorks
® 

so that 

a model could be created for the finite element 

analysis (FEA) program, ABAQUS™. In addition 

to the canoe geometry, important model parame-

ters included concrete material properties, paddler 

locations, waterlines, and post-tensioning tendon 

locations and properties. 

 Due to the specialized nature of the concrete, 

conventional material properties were not applica-

ble. Therefore, the team developed a comprehen-

sive laboratory testing program. Representative 2″ 

x 12″ x 3/8″ concrete plates (reinforced with lay-

ers of carbon fiber and fiberglass mesh reinforce-

ment) were constructed and tested to evaluate the 

composite modulus of elasticity. The team tested 

the plates using a modified four-point bending ex-

periment. Linear elastic beam theory was then ap-

plied to analyze the results. From the results, the 

team calculated an effective Young’s Modulus of 

8.5x10
5
 psi, which was confirmed by running ana-

lyses with ABAQUS™. 

 Other important material properties included 

unit weight and Poisson’s Ratio. A unit weight of 

50 pcf was estimated from batch samples.  Based 

on previous experience, the team assumed a Pois-

son’s Ratio of 0.16.  

 Paddler loads were located according to vari-

ous seating arrangements, with male and female 

weights assumed to be 180 and 140 pounds, re-

spectively. For normal conditions, these loads 

were assumed to be evenly distributed over a 12-

inch diameter circular area. In turning load cases, 

the paddlers’ weight shifts to half of the circle. An 

elastic foundation, applied to the bottom of the 

canoe, simulated the support given by the water.    

 Longitudinal and transverse PT elements 

were incorporated into AMAZONA to help improve 

structural integrity. For the FEA, these tendons 

were modeled as stringers, or embedded rein-

forcement, within the canoe. The longitudinal ten-

dons (LTs) were 3/64 inch aircraft cables, and the 

transverse tendons were 3/40 inch Nitinol shape 

memory alloys (SMAs). Elastic moduli for the 

LTs and SMAs were equal to 29.0x10
6
 and 

10.8x10
6 
psi, respectively. 

 The LTs were encased in sheathing to prevent 

bonding between the tendons and concrete.  Sub-

sequently, the LTs were modeled as uniaxially un-

constrained and the loads induced by tensioning, 

200 lbs per tendon, were located on the bearing 

plates. Strain gauges installed on the practice ca-

noe confirmed the results of FEA with 6.9% error 

and showed no reduction in strength over time.  

 The SMA tendons are specially designed al-

loys that contract at a specified activation tem-

perature and produce effects similar to the LTs. 

Once these tendons are heated beyond their activa-

tion temperature, they consistently sustain the 

manufacturer’s stated minimum axial stress of 

30,000 psi, which is equivalent to about 133 lbs on 

each cable. Composite flexural tests and strain 

gauges placed on test plates tracked the strain in-

duced from SMA to ensure its effectiveness. Both 

tests showed the SMA induced compressive forces 

greater than the manufacturer’s minimum by ex-

ceeding the FEA results. 

 After incorporating the PT systems into the 

model, finite element analyses were completed 

using a mesh with 11,354 quadrilateral, linear, ful-

ly integrated, 2D shell elements, each with 3/8-

inch thickness. An analysis of 32 different load 

cases revealed that the 3-man turning load case 

produced the highest tensile and compressive 

stresses in the canoe, which were 597 and 391 psi, 

respectively. Values shown in Table 1 depict the 

results of select load cases.  
Table 1 –Max Tensile/Compressive FEA Results 

 
 
 
 

Load 

Cases 

Post-tensioning 

(psi) 

No Post-

tensioning (psi) 

2-M-N 321 -233 349 -128 

2-M-T 518 -382 540 -135 

3-M-N 377 -250 436 -131 

3-M-T 597 -391 647 -138 

4-P-N 328 -160 355 -105 

4-P-T 520 -380 543 -126 

M–Male, P–Person, N–Normal, T–Turning 

 Several aesthetic features, such as bulkheads 

and rails, were dimensioned based on previous 

experience and implemented into AMAZONA. 

ANALYSIS 
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Figure 1:  

Team members 

following mix-

ing procedures 

during 

 fabrication 

day. 

Figure 2: 

Amazona 

reinforce-

ment 

scheme 

 

These features provided additional support and 

strength, but were conservatively omitted during 

the structural analyses.  

 
 

The principal goal of the mix design team 

was to develop a lightweight and structurally 

sound mix while incorporating sustainable prac-

tices and materials. Secondary goals included 

workability, consistent white color, stain compati-

bility, and crack resistance. To achieve these 

goals, the team created an extensive testing sche-

dule that included over 100 mixes. Initial targets 

included a maximum unit weight of 55 pcf, a min-

imum compressive strength of 1,500 psi, and a 

minimum composite flexural strength of 1,000 psi. 

Vintage was used as a baseline mix due to its 

success in 2009. This mix included Type I port-

land white cement, ground granulated blast-

furnace slag, VCAS-micronHS™ (VCAS™), a 

carbon sequestering cementitious material, ex-

panded glass spheres, high-range water-reducer 

(HRWR), shrinkage reducer, air-entrainer (AEA), 

water repellant, and latex. The cementitious mate-

rials, aggregates, and admixtures were varied and 

tested independently to determine the optimum 

mix ratios needed to achieve the target properties. 

The mix design team developed mixing pro-

cedures early in the design process. While keeping 

batch size constant, varying mix speeds and times 

greatly affected the workability and air content of 

each mix. Through experimentation, a dry mixing 

time of 120 seconds helped to ensure uniform 

batches. After dry mixing, the admixtures and wa-

ter were added and mixing continued for another 

85 seconds (Figure 1). This mixing procedure led 

to the desired amount of entrapped air within the 

mix. 

Light colored cementitious materials were re-

quired to achieve the desired aesthetics. Type I 

portland white cement was kept as the primary 

binder due to its ability to provide a clean back-

ground for AMAZONA’s vibrant stains. Slag and 

VCAS™ were used to increase strength, reduce 

unit weight, and decrease environmental impacts 

by limiting the use of portland cement. Finally, a 

carbon sequestering cementitious material was 

added to the structural mixes for its negative car-

bon footprint. These sustainable materials assisted 

in reducing the carbon footprint of the structural 

mix by 38.6% from the 2009 mix design. 

  

 With the same cementitious materials from 

the previous year, the team focused on refining the 

baseline mixture. X-Ray Diffraction (XRD) tests 

were performed, supplemented by compressive 

strength tests (ASTM C109), to choose a more 

precise, ideal proportion (see Innovations and Sus-

tainability). The final concrete mix consisted of 

48% cement, 30% slag, 12% VCAS
TM

, and 10% 

carbon sequestering cementitious material. 

 Two phases of aggregate testing were con-

ducted to minimize the unit weight of the con-

crete, meet recycled content goals, and achieve the 

desired aesthetics. First, several aggregate sources 

including recycled concrete, expanded polysty-

rene, expanded blast furnace slag, cenospheres, 

and recycled glass spheres were considered and 

tested. Of those, the cenospheres and recycled 

glass spheres were chosen due to their superior 

finish qualities, low unit weight, and strength. 

Second, various aggregate gradations and quanti-

ties were tested to assess their influence on 

strength and unit weight. The optimum gradation 

included an increase in the coarser, lower density 

aggregates to offset the use of the heavier, finer 

cenosphere aggregates. 

  

 To reduce cracking and increase the tensile 

and flexural strength of the concrete, 6 mm poly-

vinyl alcohol (PVA) fibers were added to the mix. 

DEVELOPMENT AND TESTING 
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These fibers helped to reduce cracking without 

compromising workability, ease of placement, and 

surface finish. Splitting tensile tests (ASTM C496) 

were conducted on mixes containing 0 to 6 lbs/yd
3
 

of fibers. Tensile strength positively correlated 

with fiber content, however, workability require-

ments and fiber clumping limited the fiber content 

to a maximum of 5.5 lbs/yd
3
. 

 Multiple reinforcing meshes were considered 

for the primary reinforcement of AMAZONA. Car-

bon fiber and fiberglass meshes were chosen for 

their ease of placement and strength properties. 

Composite plates with various layering schemes of 

carbon fiber (POA 62.5%) and fiberglass mesh 

(POA 60.1%) were tested for flexural strength 

(ASTM C947). Results showed that the 3-layer 

scheme illustrated in Figure 2 was the strongest.   

 Once the reinforcement scheme was deter-

mined, the team moved on to admixture testing. 

Table 2 displays the multiple admixtures incorpo-

rated to improve the performance and visual ap-

pearance of AMAZONA. 
Table 2 – Add. Rates and Suggested Dosages 

Admixture 

Name 
Type 

Mfg. Rec. 

Dosage 

(fl. 

oz/cwt) 

Add. 

Rate 

(fl. 

oz/cwt) 

ADVA
®

 

Cast 555 
HRWR 8.0 – 20.0 8.3 

Darapel
®
 

Water  

Repellant 
3.0 – 6.0 6.0 

Darex
®

 II AEA 0.5 – 3.0 2.8 

Eclipse
®

 

Plus 

Shrinkage 

Reducer 
9.2 – 36.7 12.6 

Latex Latex N/A 243 

 A water repellant, Darapel
®

, was used to re-

duce the water absorption characteristics of the 

mix. Water absorption tests concluded that the 

manufacturer’s maximum recommended dosage of 

6.0 fl oz/cwt prevented the greatest volume of wa-

ter from infiltrating the concrete.  

 Eclipse
®

 Plus was used to reduce shrinkage 

cracks and improve the aesthetics of AMAZONA. 

This admixture operates by decreasing the surface 

tension of water, which reduces the force drawing 

inward on the walls of the pores as the concrete 

dries. A dosage rate of 12.6 fl oz/cwt was selected 

after observing effective crack resistance within 

the manufacturer’s recommended range. 

Styrene butadiene latex was used to improve 

adhesion, air content, and flexural strength of the 

mix. However, high amounts of latex were found 

to lower the unit weight of each batch (ASTM 

C138), and consequently decrease the compressive 

and tensile strength of the concrete, as seen in 

Figure 3. The mix design team selected an addi-

tion rate of 243 fl oz/cwt as it reduced the concrete 

unit weight to 50.0 pcf while still attaining ade-

quate tensile and compressive strengths.   

 An air entraining admixture, Darex
®

 AEA, 

was used to improve cohesion and workability of 

the mix. Darex
®

 stabilizes the air voids in the mix 

while preventing coalescence of larger bubbles. 

Visual inspection of the void structure indicated 

that 2.8 fl oz/cwt produced the most uniform air 

void structure. 

To decrease the w/cm ratio and increase the 

strength of the concrete without compromising 

workability or encouraging segregation, the team 

selected a high-range water-reducing admixture, 

ADVA
®

 Cast 555. An addition rate of 8.3 fl 

oz/cwt was chosen for its ability to produce high 

workability and low water demand. 

Specialty mixes were created to produce ele-

gant aesthetic features. In order to generate a mix 

fluid enough to fill the mold’s contours, the team 

created a tile/rail mix featuring less aggregates and 

fibers, a higher w/cm ratio, and an increased do-

sage of superplasticizer. Similar to the tile/rail 

mix, the finishing mix was developed with a finer 

aggregate gradation to fill voids created during 

fabrication, producing a smooth and clean surface. 

The final structural mix produced the con-

crete properties displayed in Table 3. Although 

Figure 3: Effect of varied latex addition rates on concrete 

properties 




