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Cover Letter
Contributions
All members contributed to the design of the study. D.L. contributed heavily to the
technical aspects. S.L. conducted compression tests. K.D. conducted SEM imaging. S.M. and
V.C. conducted XRD analysis. S.L. and K.D. performed calculations; S.M. D.L. and V.C. led the
discussion. All contributed equally to the writing of the paper and presentations.
Principal Changes
The principal changes from our previous document center around the additional data
collected during the last two weeks. This information focused on the optimized alpha prototype
results and the theoretical concepts most relevant to our message. Data unrelated to the
optimized information, including much of our initial testing results, were moved to the appendix.
The results and discussion sections were also reorganized by integrating the two sections
together in a manner that allowed for a better flow of information.
Trends in Feedback
Feedback from our early deliverables was incorporated into our project and teamwork in
a variety of ways. To keep track of the many tasks we needed to complete and address early
communication issues, our team began sending out weekly digest emails. To improve the
cohesiveness of our early presentations, we spent more time laying out the overall picture and
goal of our project and holding a number of practice runs to be better prepared for the actual run.
Prioritizing Feedback
Our team prioritized feedback on our deliverables and on factors that would help us run
more smoothly as a team. This resulted in more cohesive presentations as well as improved
organization and communication through weekly digest emails.
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1. Introduction and Overview
Concrete is the most widely used building material in the world.1 Because of this,
reducing the environmental impacts associated with its production, particularly from energy
inputs, would be of great benefit to the planet. This project seeks to design a new concrete that
will address environmental concerns while maintaining material properties for structural use.
Our prototype is a nonautoclaved, aerated concrete (NAAC) with two main benefits:
efficient material usage due to a porous structure and less embodied energy due to the
elimination of autoclaving.1 Since aerated concrete is less dense than traditional concrete, it uses
less material. The use of aerated concrete would cut down on emissions and energy associated
with the primary materials used in concrete.
Traditionally, aerated concrete is autoclaved in order to achieve the high compressive
strength necessary for structural use. While the high temperatures and pressures from the
autoclaving process give rise to crystallization and thus high compressive strength, the process is
extremely energy intensive. Eliminating autoclaving would save significant energy, but other
methods would need to be employed to maintain good compressive strength. Thus, the project
goal is to develop a form of concrete with a high strengthtodensity ratio: low density for high
materials efficiency and high compressive strength with the elimination of autoclaving.
In this paper, we will discuss our final prototype: a nonautoclaved aerated concrete that
boasts higher compressive strength than previously developed nonautoclaved concretes through
the optimized additions of 0.05 wt% titanium dioxide (TiO2) and 0.05 wt% sodium alginate. Our
prototype also exhibits low density, consistent foamlike structures and is costefficient. Further
research on raising prototype strength may be warranted.

2. Theoretical Background
Extensive research was performed to understand the theories behind concrete strength and
density for ideal additive selection. The base recipe for our NAAC was adapted from previous
research on NAAC conducted by Timothy Cooke in the Fernandez Lab at MIT.1 The semester’s
work focused on optimizing the concrete formation processes for maximum strengthtodensity
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ratios, as described in section 2.1. Both high strength and low density were engineered through
use of additives; the theory behind the additives tested is described in section 2.2.

2.1 Concrete Formation
The reactions that drive the concrete formation process are essential to understanding the
optimization process of NAAC. The ingredients that comprise NAAC and their descriptions are
presented in Table 2.1.
Table 2.1 Materials for nonautoclaved aerated concrete mixture
Raw Materials

Description

Aluminum Flake

Reacts with water and Quicklime to form hydrogen gas, aerating the
concrete

Type I/II Portland
cement

Provides most of the compressive strength in its hydrated form and
acts as a binding agent

Quicklime

Facilitates aluminumaeration reaction and acts as a binding agent

Water

Hydrates the portland cement to increase compressive strength, and
reacts with Quicklime to form calcium hydroxide

Fine Sand

Acts as a filler/aggregate

The aeration of NAAC is fundamentally the result of the chemical reaction of aluminum
with water to produce hydrogen gas, which becomes entrapped in the concrete slurry and forms
voids, creating the cellular structure required for NAAC. Although the reaction between
aluminum and water is thermodynamically favorable, the aluminum oxide layer on the surface of
the aluminum inhibits the reaction, requiring the presence of Ca(OH)2 to aid in the removal of
the oxide layer.2 Quicklime, otherwise known as calcium oxide, exothermically reacts with water
to form calcium hydroxide, which then facilitates the aluminum reaction:3
CaO + H2O = Ca(OH)2.

(1)

Portland cement, sand, lime, and water form the hardened concrete matrix. Many types of
cement are available in the market, but the most commonly used is Portland cement, which
contains ~75% various forms of calcium silicates, as well as a combination of aluminates and
metal oxides.4 The two calcium silicates most commonly found in Portland cement are
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(CaO)3*SiO2 (alite) and (CaO)2*SiO2 (belite), and the main oxides in Portland cement are CaO,
SiO2, Al2O3, Fe2O3, MgO, and SO3.5 The curing reactions in concrete involve the hydration of
the Portland cement to form calcium silicate hydrates (CSH). Allite, for example, is formed in
the following stoichiometric reaction, with calcium hydroxide also formed as a byproduct:
2(CaO)3*SiO2 + 6H2O = (CaO)3*(SiO2)2*(H2O)3 + 3Ca(OH)2.4

(2)

In AAC, all components of the concrete slurry are exposed to temperatures of ~180oC
and pressures of ~800 kPa; consequently, chemical reactions which may not occur at STP go to
completion and all the processes occur much more quickly. Principally, the CSH formed in the
hydration reactions are crystalline, providing AAC with high strength. The most prevalent
crystalline mineral formed is tobermorite; however, other mineral phases are present.6
Conversely, in NAAC, the hydration of portland cement results in various amorphous
CSH products, displaying poor crystallinity and resembling a porous solid/rigid gel referred to
as tobermorite gel, due to its chemical resemblance to the soughtafter product from autoclaving.
However, tobermorite gel is inherently weaker than crystalline tobermorite.7 Additionally, while
autoclaving reduces the curing process to a matter of hours, NAAC requires at least several
months of curing to reach full compressive strength.1

2.2 Concrete Additives
2.2.1 Increasing Strength
Obtaining the compressive strengths of AAC without the autoclaving process is
challenging without tobermorite crystal formation, and complete curing. However, additives
could potentially increase the compressive strength. Multiwalled carbon nanotubes (MWCNTs),
TiO2 nanoparticles, and Fe2O3 microparticles could potentially facilitate the heterogenous
nucleation process, which would increase the overall crystallinity of the CSH products and thus
the compressive strength.
Previous studies have shown that nanodispersed particles act as nucleation sites for both
AAC and NAAC, although the effects were more pronounced in AAC. In NAAC, the addition of
up to 0.04 wt% MWCNTs resulted in an increase of compressive and flexural strength, with a
maximum compressive strength increase of 11.03% obtained at 0.02 wt%.8 However, carbon
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nanotubes are not economically viable for concrete manufacturing; thus, other additives were
investigated. To investigate the effects of adding nanoparticles in comparison to microparticles,
TiO2 nanoparticles and Fe2O3 microparticles were independently tested in similar weight
percentages as the MWCNTs.

2.2.2 Controlling Density
Sodium alginate, an anionic polysaccharide derived from brown algae, was considered as
an additive to stabilize the foam structure. The carboxylic acid groups present on the alginate
backbone chelate with divalent and trivalent metal ions such as Ca2+, forming a hydrogel.9 With a
solubility limit of 12 wt%, alginate also forms a somewhat viscous solution, and is commonly
used as a thickener in food and cosmetic products.10 When mixed with water at ~30%, far past
the solubility limit, it also serves as a basis for molds, such as in dental products. We speculate
that in concrete slurries, sodium alginate solution could potentially act as an air entrainer, with its
higher surface tension and viscosity in comparison to water. Thus, it could trap gas bubbles from
the aeration reaction without adding mass to the mix, thereby lowering the density. While using
an organic additive with chemical functionalities for a concrete mix is risky because it would
significantly complicate the concrete chemistry, we viewed alginate as a promising additive due
to its solubility in alkaline solution, interactions with calcium ions, and molding properties.

3. Design Analysis and Discussion
3.1 Design Overview
Due to time constraints, complex concrete chemistry, as well as the sheer number of
potential additives, we chose a broad approach to optimizing the formula for the concrete slurry.
The prospects of a fourmonth study required a flexible, somewhat qualitative approach towards
higher strength NAAC. Industry standard cure time for samples are generally at least one month,
allowing the hydration reactions to go mostly to completion. With limited time, our team decided
to cure each sample for only 7 days. Although concrete does not reach full compressive strength
within one week, it can obtain approximately 45% of its compressive strength in that time
period. Also to stay within time constraints, small batches of 34 samples were preferred to
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larger data sets. This allowed testing of significantly more different formulas and ruling out
entire sections of possible formulas without excessive time spent taking large amounts of data for
every single set.
Table 3.1 displays the initial array of testing parameters. It was decided that a number of
additives would be considered for strength enhancement, and modifying mix ratios or other
additives could reduce density. The bulk of the study was designed around assessing whether
these parameters contributed to the high strength or low density desired in the resulting concrete
foams. Once the choice additives and/or formulas with any positive effect on strength/density
were singled out, the team moved on to create larger data sets from these select few testing
parameters.
Table 3.1 Initial experimental array of testing parameters

3.2 Sample Preparation
Slurry samples were prepared with the mixture described in Table 3.2 as a control sample
or adjusted by one of the methods described in Table 3.1.
For all samples, the wet and dry mixtures were prepared separately, blended until fully
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mixed, and then the dry mix was incrementally added to the wet mix until the complete slurry
formula formed an evenly distributed suspension. Unique to the powder additives, sodium
alginate was dissolved in the wet mix to form a hydrocolloid (hydrophilic polymer suspension in
water) rather than adding to the dry mix as with all the other additives. For this reason, quoted
sodium alginate concentrations are with
respect to wet mass rather than dry mass.
Slurries were then poured into 4” diameter
ASTM standard compression testing
sleeves and allowed to foam and cure. The
resulting sample cylinders went
untouched for 5 days, at which time they
would be solid enough to remove without
being destroyed. Afterwards, excess foam
(see Figure 3.1) would be removed and
the samples released from the sleeves to
further cure and dry in air for a minimum of 2 days. After the drying process was complete,
samples were cut to form flat topped cylinders for compressive strength testing, or cut
lengthwise to study pore distribution. Samples were then compressed in the Instron Model 4206
to measure ultimate compressive strength. Thin slices were also taken to analyze using scanning
electron microscopy, and small pieces were pulverized for Xray diffraction analysis. These tests
were used to observe crystal growth visually and quantitatively, respectively.
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Figure 3.1 (A) Initial foaming of concrete mix, (B) Pore distributions of titania (left) and sodium
alginate (right) samples after a 7day cure.

3.3 Optimization Process
Certain additives intended to increase crystallinity via nucleation sites were immediately
ruled out: Fe2O3 and MWCNTs. It is unsurprising that the addition of Fe2O3 (<5 microns)
microparticles had little/no effect on the compressive strength, given that the base mixture
already contained finely milled quartz sand (microparticles) as well as Fe2O3 in the Portland
cement. The MWCNTs increased the strength/density ratio from ~1.5 to 1.8 kPa/kg/m3, but
MWCNTs are expensive and not an economically viable solution. However, the TiO2
nanoparticles of 21 nm diameter increased the compressive strength from 1.3 to 1.6 kPa/kg/m3.
While TiO2 nanoparticle additives reached high strength/density ratios, samples
containing alginate additive obtained unusually low densities. To allow for thorough testing of
these two additives during the limited time of the study, all other possible enhancers were
discounted, so this document will focus only on titania and sodium alginate. It is understood,
however, that with greater number of samples and longer curing time, some of these other
parameters could prove to reveal desired concrete attributes, which may be an avenue to pursue
further.
With the focus now on TiO2 nanoparticles and sodium alginate, a second array of tests
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(Table 3.3) was conducted to characterize the effects of titania, alginate, and a mixture of the two
over a larger and more populated range of concentrations. Mixes were prepared and tested in the
same manner as the initial experiments, and batches were subsequently labeled “O#” for
“Optimization Batch  #.”

3.4 Titania Optimization
Small weight percentages of TiO2 nanoparticles proved to be the most successful in
increasing the strength/density ratio of the NAAC. Figure 3.2 shows a positive correlation
between TiO2 concentration and compressive strength/density ratio, with the highest
strength/density ratio at 0.05 wt%. Although the variation in the strength/density ratio is large,
especially for the highly concentrated samples, adding TiO2 nanoparticles consistently raised the

Figure 3.2 Strength/Density vs wt% TiO2 with standard deviation of 6 sample batches.
strength/density values to as high as 2.34 kPa/kg/m3, in comparison to the best performing
sample in our initial array, at 1.69 kPa/kg/m3. A possible source of error that would increase the
variation in compressive strength values is the inconsistent dispersion of TiO2 nanoparticles in
solution  if the nanoparticles were not well dispersed beforehand, the resulting compressive
strength would be lower than expected.
The performance curve in Figure 3.2 appears nonlinear, supported by previous literature
research. The mechanism for these strength enhancements are largely unquantified, but, as noted
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in Kerlene, et. al.,8 there may be a performance maximum at concentrations below 0.1 wt%,
possibly due to oversaturation of crystal nuclei in the matrix, which would inhibit larger crystal
growth. Due to time constraints, we could not confirm or disprove the consistency of this
observed phenomenon, but it is notable that strength/density sharply increases at 0.05 wt%, and
subsequently decreases or levels off upon further concentration.

3.5 Alginate Optimization
The second initial result of interest was the organic macromolecule sodium alginate,
which proved to be a very effective foam stabilizer and density controller. These alginate
samples demonstrated a more uniform foam structure than any previously tested samples,
capable of controlling density with consistent results. Figure 3.3 shows density of concrete
samples with respect to sodium alginate concentration. Even adding just 0.05 wt% sodium
alginate drastically decreased the density from 1,618 kg/m3 to 1,255 kg/m3. Alginate samples
showed desirable qualities such as homogeneous foam structures and minimal materials loss to
overly dense or overly porous top layers. The density controlling nature of the polymer is useful
for processing consistently low density samples.

Figure 3.3 Sample density vs wt% sodium alginate, standard deviations from
batches negligibly small (<1%).
Although most sodium alginate samples were tested at concentrations below 0.1 wt%
due to the high viscosity of alginate solution and its limited solubility in water, using high
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concentrations of alginate allows for processing in less tightly controlled mold environments.
The gelified slurry does not need a watertight mold like standard NAAC and is extremely
resistant to perturbation, which are both properties extremely valuable to processing. However,
compression testing indicated that adding high concentrations of alginate sharply decreased the
overall compressive strength (see Figure A1. in the Appendix). Adding organic polymers
significantly complicates the curing process, and due to the lack of literature references in this
research area, a more complete curing study would be needed to determine the longterm effects
of sodium alginate on compressive strength.
Although it is difficult to ascertain the exact effects of alginate on the curing mechanisms
in NAAC, we can speculate some factors that might strengthen or weaken the concrete, at least
in the shortterm. Ionic interactions between the carboxylic acid groups on the alginate backbone
with Ca2+ would accelerate the hydration reaction shown in Equation (2) by Le Chatelier's
principle, since the chelation process essentially removes a component of the calcium hydroxide
byproduct, thereby increasing the compressive strength. The extensive formation of calcium
carbonate in the alginate samples, confirmed by XRD results, would also increase the strength.
Calcium carbonate forms when calcium hydroxide salt in concrete is exposed to carbon dioxide
in air, resulting in a pH drop. Not only does the compressive strength increase, but interestingly,
the porosity also decreases since the since the calcium carbonate occupies a greater volume than
the calcium hydroxide. Porous materials such as alginatebased concrete are more susceptible to
carbonation, since carbonation is dependent on airexposure.11
However, the addition of sodium alginate could also delay the curing process due to the
polymer’s hydrophilicity and waterretaining properties, slowing diffusion in the concrete matrix
and entrapping water that could otherwise be used for the hydration of Portland cement. In
addition, organic molecules tend to have retarding effects on calcium silicate hydration, most
likely due to adsorption effects. Organic molecules tend to aggregate on Carich surfaces,
inhibiting the calcium silicate hydration reaction.12
3.6 Xray Diffraction
Xray diffraction (XRD) was conducted to determine the percent crystallinity of the
concrete samples and the chemical compounds present. However, it was difficult to analyze the
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XRD results due to the complexity of the curing process. Ordinarily, percent crystallinity is
calculated by finding the areas under the crystalline and amorphous peaks, but the XRD graphs
contained so many sharp, presumably crystalline peaks that it was nearly impossible to tell which
peaks were amorphous. Since our concrete samples were certainly not 100% crystalline as the
XRD results may have suggested, we decided not to calculate percent crystallinity for any
concrete samples. Thus, we cannot confirm the direct relation between compressive strength and
crystallinity.
XRD analysis confirmed the following compounds for all concrete samples: Ca(OH)2,
SiO2, Ca3SiO5, and MgO. These results are expected: MgO and alite (Ca3SiO5) are some of the
main constituents in Portland cement, sand (SiO2) was added to the concrete mixture, and
Ca(OH)2 forms in the reaction between quicklime and water. The more concentrated (0.2 wt%)
TiO2 samples were also shown to contain TiO2, which is unsurprising given that TiO2
nanoparticles were adding to the concrete slurry. Finally, the XRD results for the alginatebased
sample had matching peaks for calcium carbonate, which tends to form in especially porous
materials (see 3.5 Alginate Optimization).
3.7 Comparison to other Aerated Concrete
Our optimized recipe was on par with the strength/density of nonautoclaved aerated
concrete created in previous research. The Fernandez Lab was able to obtain NAAC with
strength/density ratios of 1.8  2.3 kPa/kg/m3,1 and our samples were in the range of 0.7  2.3
kPa/kg/m3. This is still significantly lower than the strength/density of AAC, which ranges from
7.5  9.5 kPa/kg/m3. However, as previously mentioned, our samples were only allowed to cure
for 7 days, while the standard is a curing time of at least one month. Literature has shown that for
Type I/II Portland cement samples, the compressive strength increases 2.75x times from 3 to 90
days.5 Therefore, normalization metrics were needed to accurately compare the optimized
samples with other aerated concrete.
Two control samples were prepared using the standard recipe in Table 3.2 and were
allowed to cure for 28 days in the compression cylinders. At the end of this period, the samples
were removed from the cylinders, allowed to sit in air for two days, and compression tested.
Ultimate compressive strength of 6.61 MPa and 6.49 MPa were measured, which is more than
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double the average compressive strength of the same mixture cured after one week, at 2.4 MPa.
The density was not significantly lower in these samples. Generally, excess water added
to concrete mixtures dries out over time, lowering the density. However, these samples were
cured for one month in compression sleeves, which do not allow for adequate water loss in air.
Therefore, testing was conducted to determine the density reduction that could be expected in
our samples if allowed to dry in air for a period of 28 days. Three samples were created with the
standard mixture, allowed to cure for 5 days in the compression sleeves, then removed and dried
in air. The results are shown in Figure 3.4, where a 40% reduction in density was observed.
Since experimentation showed an increase in strength and a reduction in density over
time, the strength/density ratios of our optimized NAAC are expected to be significantly greater
than the 7day measurements. Assuming a conservative estimate of a 200% strength increase and
25% density reduction, the new range for our strength/density ratio is 1.9  6.1 kPa/kg/m3. In this
case, our optimized NAAC outperforms the Fernandez Lab’s NAAC and, while it does not reach
the high strength/density of AAC, it is much more comparable. The comparisons between
Fernandez

Figure 3.4 Density reduction over time in NAAC samples.
NAAC, AAC, our optimized NAAC with and without time normalization can be seen in Figure
3.5. The normalization with time highlights the success in creating high strength, low density
NAAC.
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Figure 3.5 Strength/Density ranges for (A) Optimized NAAC with Time
Normalization, (B) Optimized NAAC, (C) Fernandez Lab NAAC, (D) AAC.
For our final alpha prototype, we chose to mix 0.05 wt% TiO2 with 0.05 wt% sodium
alginate. Although we were unable to test this particular concrete mixture due to time constraints,
we chose these particular additive concentrations based on the individual compression and
density results of each additive. We obtained our highest average compressive strengths for TiO2
and alginate samples using only 0.05 wt% each. Furthermore, adding only 0.05 wt% alginate
drastically lowered the density, significantly improving the strength/weight ratio; alginate
samples at higher concentrations displayed significantly lower compressive strengths. Thus, our
final prototype combines the two additives, TiO2 and sodium alginate, at 0.05 wt% each.

4. Financial Analysis
Based on our assessments, a NAAC producing operation may indeed be profitable.
Materials and operation costs were calculated, and target markets were identified.
4.1 Materials and Operation Costs
Our prototype formula consisting of the standard mix with 0.05wt% TiO2 and 0.05wt%
sodium alginate was scaled to produce a cubic meter of concrete. Material costs per cubic meter
were obtained by multiplying the scaled amounts by bulk materials prices on Alibaba. These data
are displayed in Table 4.1 below.
Table 4.1 Material costs estimate
Item
Bulk cost
Portland Cement
$35/metric ton
Sand
$1/ton
Team 1

Amount (g)/cubic meter
404,676.27
809,352.54

$/cubic meter
14.16
0.89
16
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$100/metric ton
$1500/metric ton
$12/kg

105,215.83
1,618.71
303.51

10.52
2.43
3.64

$1700/metric ton

660.43

1.12
$32.76

Because our operation will require large storage space to cure concrete to a reasonable
strength, we selected a factory with 20,000 square feet of floor space from a Craigslist posting as
a candidate operation site. Concrete curing also dictates production time, which is not limited by
the mixing and pouring of concrete. Using about half of the space in the factory for storage, and
assuming a curing time of five days, we calculated a production rate of 11,326 cubic meters of
concrete per month. Capital equipment included a concrete mixing unit, concrete mixing truck,
and bandsaw, all priced on Alibaba, with an assumed depreciation of 20 years. General
maintenance costs were assumed at $1000/year. Eight workers were employed full time: six
‘blue collar’ workers paid at $24/hour, a technical assistant paid at $40/hour, and a manager paid
at $50/hour. Overall, the operational costs add about $3/cubic meter of concrete, bringing the
total cost to $35.63/cubic meter.

4.2 Target Markets and Profitability
Fundamentally, the market for aerated concrete will drive the revenues for NAAC
production. We expect a robust market given the features of our product: suitability for low to
medium rise construction, good insulation with an R value five times that of regular concrete,13
and the ability to pour onsite. Prices will be determined by whether we compete with autoclaved
aerated concrete, which is priced at $50/cubic meter on Alibaba.
Our best potential market is the Southwestern United States, which stands to benefit from
the features of NAAC: buildings in that region are typically low to midrise, and need good
thermal insulation. Furthermore, since aerated concrete is not very common in the United
States,14 we would not need to compete with AAC in that market; we project we could sell at
$50/cubic meter, yielding a profit of $14.30/cubic meter. Other important markets include Asia
and Europe, especially Germany, which has employed autoclaved aerated concrete in 60% of
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construction projects since 2006.13 In order to tap into those markets, however, we need to
distinguish our product from AAC, either by emphasizing the unique benefits of environmental
compatibility and pouring on site, lowering the price, or both. We project that at a price of
$36/cubic meter, sales would yield a profit of $0.37/cubic meter, while a price of $42/cubic
meter would yield profits of $6.37/cubic meter. Our product is wellsuited for multiple markets
and is estimated to make profits in all of them.

5. Conclusion
The goal of this project was to design a new concrete that addresses environmental
concerns and maintains material properties for structural use. Our prototype is a nonautoclaved
aerated concrete that boasts efficient material usage due to a low density, porous structure and
less embodied energy due to the elimination of autoclaving. Through the optimized additions of
titanium dioxide (TiO2) and sodium alginate additives, our prototype embodies higher
compressive strength than previously developed nonautoclaved concretes, consistent foamlike
structures and low density, while also being costefficient. The potential for our prototype is
great and may revolutionize the concrete industry in the foreseeable future.

6. Proposed Future Work
Further research should be conducted to investigate the role of TiO2 nanoparticles in
increasing concrete strength. Effects appear to be concentrationdependent to some degree;
however, no general trend was observed, especially with the large error bars. More
concentrations should be tested to determine the relationship between concentration and strength.
This will help us identify where we should strike the balance between strength added and the
cost of TiO2  as our prototype needs only 0.05 wt%, we expect to achieve favorable results at
lower percentages.
Moreover, the actual mechanism by which TiO2 nanoparticles increase compressive
strength needs to be investigated. While we suspect the nanoparticles serve as nucleation sites,
XRD analysis and SEM imaging would be useful in confirming this. It might also be interesting
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to experiment with different phases of TiO2 nanoparticles. We have tested anatase phase, but it
might be worthwhile to examine rutile and amorphous phases, or a mixture of the phases.
Perhaps nanoparticles are not even necessary, and microparticles could suffice instead. There are
plenty of avenues to further assess how TiO2 contributes to concrete performance.
Alginate and other foam stabilizers should also be investigated more thoroughly. Alginate
samples at 0.1 wt% demonstrated a remarkably consistent structure, but lacked in compressive
strength compared to other samples. Lower concentrations up to a certain threshold, however,
may be able to achieve the same consistency without compromising compressive strength.
Different stabilizers should also be assessed  carrageenan, a seaweedderived stabilizer, was
identified as a candidate for possible future experiments. Alternatively, we could try
experimenting with other cements: Type IA, Type IIA, and Type IIIA Portland Cement are
reputed to have airentraining properties.5 Overall, there is no shortage of possible future work to
improve performance of NAAC.
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Appendix
A. Initial Results and Discussion
The results of the initial testing array that did not yield significant strength increases or
density reduction are discussed here.
A.1 Water Content
Testing altering the water content were first conducted to see if manipulating water
content was a viable method to increase compressive strength or control density. As expected,
reducing the amount of water significantly increased the compressive strength of the concrete
samples, but the density increased as well. In contrast, adding too much water decreased the
overall strength/density ratio, despite the lower density. Thus, we chose to continue adding 710
mL water for each concrete sample, as was done in previous studies.1, 8
A.2 Aluminum Content
Altering the aluminum content in the concrete slurry had no observable effect on the
density or compressive strength of the concrete. The typical amount added to each sample was 2
g, and aluminum additions of 13 g were tested. From a financial aspect, the amount of
aluminum should be minimized so long as the degree of aeration is unaffected.
A.3 Hydrated lime
At the beginning of the semester, we did not have quicklime on hand so we used hydrated
lime, Ca(OH)2 instead. It was generally observed that the hydrated lime samples dried faster,
were of lower density and had larger pore size than the calcium oxide samples. Most hydrated
lime samples were on the order of 1,1001,400 kg/m3, while the calcium oxide samples ranged
from 1,4002,000 kg/m3, with the exception of alginate. However, the hydrated lime samples
were also significantly weaker than the calcium oxide sampleseven after taking density into
account, the strength/density ratios for hydrated lime samples were 0.71.1 kN*m/kg, while the
strength/density ratios for calcium oxide samples were 0.72.0 kN*m/kg.
The widely different results from hydrated lime compared to quicklime may be explained
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from the chemical reaction driving the hydration of calcium silicates in Portland cement. Since
calcium hydroxide is a byproduct of the hydration reaction, adding it to the concrete mixture will
drive the reaction in reverse by Le Chatelier’s principle, inhibiting the formation of the calcium
silicate hydrates, which provide the strength and structural integrity to the concrete sample. The
decreased density is also a direct result of Le Chatelier’s principlewater is one of the reactants,
and will eventually evaporate when left in its free form, lowering the density. The formation of a
hydrate would essentially trap the water, increasing the density. Finally, the increased pore size
for the hydrated lime samples is most likely a result of how the aeration reaction happens more
quickly if you directly add calcium hydroxide to the sample than if you add calcium oxide,
which first has to react with water to form calcium hydroxide. Since the quicklime samples were
significantly stronger, the use of hydrated lime was discontinued after the initial samples.
A.4 SEM Results
SEM results also revealed relatively little information, though the homogenous macro
and micropore distribution, confirmed by image analysis, supports the aerated features of our
product.

B. Strength/Density and Alginate Concentration

Figure B.1 Strength/density ratios of samples with varying concentrations of alginate. A clear
trend is not visible, and further exploration of the relationship between strength/density and wt%
alginate is needed.
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