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ABSTRACT
Development of Optimization Models for the Set Behavior and Compressive Strength of Sodium
Activated Geopolymer Pastes
by
Brian Albert Fillenwarth
Doctor of Philosophy in Mechanical Engineering
Washington University in St. Louis, 2013
Professor Shankar Sastry, Chair

As large countries such as China begin to industrialize and concerns about global warming continue
to grow, there is an increasing need for more environmentally friendly building materials. One
promising material known as a geopolymer can be used as a portland cement replacement and in this
capacity emits around 67% less carbon dioxide. In addition to potentially reducing carbon emissions,

geopolymers can be synthesized with many industrial waste products such as fly ash.

Although the benefits of geopolymers are substantial, there are a few difficulties with designing
geopolymer mixes which have hindered widespread commercialization of the material. One such
difficulty is the high variability of the materials used for their synthesis. In addition to this,
interrelationships between mix design variables and how these interrelationships impact the set
behavior and compressive strength are not well understood. A third complicating factor with

designing geopolymer mixes is that the role of calcium in these systems is not well understood.

In order to overcome these barriers, this study developed predictive optimization models through the
use of genetic programming with experimentally collected set times and compressive strengths of
several geopolymer paste mixes. The developed set behavior models were shown to predict the
correct set behavior from the mix design over 85% of the time. The strength optimization model
was shown to be capable of predicting compressive strengths of geopolymer pastes from their mix
design to within about 1 ksi of their actual strength. In addition to this the optimization models give
valuable insight into the key factors influencing strength development as well as the key factors

responsible for flash set and long set behaviors in geopolymer pastes.

A method for designing geopolymer paste mixes was developed from the generated optimization
models. This design method provides an invaluable tool for use in future geopolymer research as

well as commercial development of geopolymer products.
xiii



Chapter 1
Why Study Geopolymers?

A recent push towards the development of more environmentally friendly materials has brought the
relatively new material known as a geopolymer into the spotlight. Geopolymers can be synthesized
from several industrial waste products that are rich in aluminum oxide (Al2O3) and silicon dioxide
(8103). One waste product that is often used for their synthesis is fly ash, which is the main waste
product of coal power plants. Other industrial waste products such as ground granulated blast

furnace slag (GGBES) and silica fume are also routinely used in the synthesis of geopolymers.

Not only does the manufacture of geopolymers result in using up material that would otherwise be
landfilled, it also has the potential to substantially reduce global carbon dioxide (CO2) emissions.
One of the most promising applications of geopolymers is as a portland cement replacement. For
this particular application geopolymers could potentially reduce global CO» emissions by more than
6%. Geopolymer cements also have numerous performance benefits over portland cements which
will be discussed. Several other applications of geopolymers will be outlined, and a brief overview of

the cost of geopolymers will be discussed.

1.1 Potential Environmental Impact of Geopolymers

As large countries such as China and India have begun to industrialize, the demand for, and use of
cheap building materials such as portland cement has grown substantially [84]. In addition to an
increasing demand for portland cement globally, fly ash produced by coal power plants is becoming a
major concern. A survey by the American Coal Ash Association in 2009 indicated that only 40% of
the fly ash produced in the U. S. is currently being used while the remaining 60% is being landfilled
[3]. This cleatly illustrates the need for more applications which use the produced fly ash. One
promising application to both of these problems is using the fly ash produced by coal power plants

to create geopolymers.



111  CO, Emission Reduction of Geopolymers from Portland Cement
Replacement

Portland cement is currently a major source of total global CO» emissions. As a result a reduction in
the use of portland cement will have a notable impact on CO; emissions. Each ton of portland
cement produced generates approximately 0.51 tons of chemical CO;z and 0.40 tons of CO; from fuel
combustion [16, 83]. It has been estimated that the energy required to produce the activators for
geopolymers is less than half the energy required to produce portland cement, and the chemical CO»
produced by geopolymers is less than 20% the amount produced by portland cement [19]. So, a
conservative estimate shows that each ton of geopolymer produced will result in 0.3 tons of CO»

emissions, 67% less than the amount produced by portland cement.

This finding for material emissions alone is comparable to a case study investigating the carbon
emissions from geopolymer concrete in comparison to ordinary portland cement concrete in the
Australian market. The case study factored in transportation emissions as well as the material
emissions and found that production and placement of geopolymer concrete emits 44-64% less CO»

than ordinary portland cement concretes [57].

The total CO» emissions in the U. S. as well as the emissions due to portland cement production in
the U. S. are illustrated in Figure 1.1 [83, 84]. Similatly, total CO2 emissions worldwide and the

emissions due to Portland cement production worldwide are illustrated in Figure 1.2 [8, 84].
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These figures indicate that the CO2 emissions due to portland cement production in the U. S. has
stayed around 1% of the total from 1990 to the present, but the CO> emissions due to portland
cement production worldwide has steadily increased from 4% of the total in 1990 to 9% of the total
in 2010. From this and knowing geopolymers will produce at least 67% less CO, emissions than
portland cement, it can be concluded that a complete replacement of portland cement with

geopolymer cement will yield at least a 6% reduction in global CO; emissions.

1.1.2  Industrial Waste Usage in Concrete

The largest industry that portland cement is used for is the concrete industry where cement is the
main binding agent. The concrete industry accounts for over 95% of the total portland cement used
[65]. One way that portland cement usage is already being reduced is through the use of
supplementary cementitious materials in concrete. Common supplementary cementitious materials
used are fly ash, GGBFS, and silica fume. These materials reduce the amount of portland cement in
concrete and also use up industrial waste products that would be landfilled otherwise. The industries
these products are generated from are as follows: fly ash is derived from coal power plant waste,
GGBFS from iron and steel making, and silica fume from silicon and silicon alloy manufacturing

processes [60].

Fly ash is the most common supplementary cementitious material used in ready mix concrete, being
used in around 50% of all ready mix concrete in the U. S. These fly ash concrete mixes have an
average portland cement replacement of 20% wt. with half of the fly ash concrete mixes using Class
C fly ash (CFA) and half using Class F fly ash [66]. The portland cement used in ready mix concrete
accounts for about 75% of the total portland cement market [65]. By assuming the remaining 25%
of the portland cement market produces concrete in similar proportions to the ready mix industry, it
can be concluded that 10% wt. of all portland cement needed for concrete production is currently
replaced by fly ash. Although it is clear that some work has been done towards reducing the use of
portland cement in concrete through the use of industrial waste products, geopolymers completely

eliminate the need for portland cement in concrete production.

In addition to this, geopolymers use substantially more industrial waste products than are currently
being used in concrete. To illustrate this, in 2010 the fly ash produced in the U. S. was about 57
million metric tons (MMT) and the usage in concrete totaled to about 8.9 MMT, or 16% wt. of the

total produced [3]. The average quantity of fly ash used in a geopolymer is 70% wt. and the portland
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cement consumption in 2010 in the U. S. was about 71.2 MMT [84]. From these statistics, it can be
concluded that for each 1% wt. of the portland cement market captured by geopolymers, 0.87% wt.
of the fly ash produced in the U. S. will be used. This shows that the usage of geopolymer concrete
results in about five times the use of fly ash over portland cement based concrete. Thus, even
though fly ash is currently used in portland cement based concrete, it is only a fraction of the amount

that would be used in geopolymer based concrete.

1.2 Applications of Geopolymers

Geopolymers have potential uses in numerous industries in addition to the concrete industry as
previously discussed. A brief description of specific examples of how geopolymer systems can be

used in several industries follows.

1.2.1 In-situ Concrete Industry

A geopolymer paste is suitable as a partial or full replacement of the cement slurry in concrete
products and is currently used commercially in this capacity by Iveron Materials in Florida as well as
by Zeobond in Australia. For in-situ concrete applications the three critical design considerations are
the set time, the strength, and how safe the material is to handle. Two common concerns about the
use of geopolymer paste as a cement replacement in concrete are how it will impact steel rebar, and if

alkali-aggregate reactions will result from their use [18].

The main concerns about the steel rebar are if the pH of the geopolymer system will cause corrosion,
and if carbonation near the rebar will deteriorate it. With regard to the first concern about the pH,
studies indicate that the pH of hardened geopolymers is between about 11.5 and 12.5 while the pH
of hardened portland cement based concrete is between about 12 and 13 [18, 41, 76]. In addition to
this, studies specifically investigating the stability of steel rebar in geopolymer matrices have been
done and found that the rebar does not corrode in them [43, 59, 60]. As for the second concern, in
portland cement based concretes, the calcium hydroxide species in the system have the potential to
be involved in carbonation to form calcium carbonate [41]. Calcium carbonate has a relatively low
pH of around 7-8 which provides a path for corrosion to occur. Since the quantity of calcium
hydroxide species in geopolymer systems is limited, the carbonation of geopolymers results in
potassium carbonate or sodium carbonate with a pH around 10-10.5 [14, 18]. This pH reduction

does not provide a favorable path for corrosion as it does with portland cement based concrete.



Alkali-aggregate reaction is a condition sometimes seen in concrete where aggregates react with alkali
hydroxides in concrete resulting in expansion and cracking over time. Studies have been done
investigating the addition of potassium or sodium aluminosilicates and zeolites in high-alkali cements
[58, 73]. These studies all conclude that the addition of aluminosilicates substantially reduces, or
completely eliminates the alkali-aggregate reaction. Additionally, studies have been conducted on
geopolymers which demonstrate that alkali-aggregate reactions simply do not take place in

geopolymer systems [20, 50].

1.2.2 Precast Concrete Industry

The precast concrete industry can benefit even more than the in-situ concrete industry from the use
of geopolymers. This industry already has the infrastructure in place to produce optimal geopolymer
concrete due to the capability of curing specimens at elevated temperatures. Exposure to elevated
temperature curing has been demonstrated to produce higher strength geopolymers much faster than
ambient conditions [10, 11, 34, 35, 52, 75, 86]. Precast geopolymer concrete is currently being

produced commercially by Antonello Precast Concrete in Australia.

1.2.3 Composites Industry

Geopolymer pastes are excellent resins for heat and fire resistant composites. Carbon fiber-
reinforced geopolymer composites were found to be an ideal material for use in aircrafts due to their
high specific strengths, high temperature capabilities, and non-combustibility in a study conducted by
the Federal Aviation Administration [54]. A recent patent filed by Airbus indicates they will be using
geopolymer composites to make conduits in areas of the plane that see high temperatures, like the
power plant [64]. Another industry currently using carbon fiber-reinforced geopolymer composites
is the racing industry, where the geopolymer composites have replaced titanium in the exhaust

systems of several Formula One and IndyCar race cars [15].

1.2.4  Architectural Industry

Geopolymer pastes can be used in combination with a filler to create decorative stone wall tiles and
pavers. Geopolymer pavers have very good wear resistance compated to some other typical pavers

such as synthetic marble. In addition to this, they are stable to ultraviolet and infrared radiation [16].



1.2.5 Thermal Insulation

Foamed geopolymer pastes with mica fillers have been shown to be a very effective thermal

insulator, especially when very high temperature thermal insulation is necessary [49].

1.2.6 Pharmaceutical Industry

In this industry, geopolymers have been proposed and tested as a high strength pellet to contain and
allow for controlled release of highly potent opioids used to treat chronic pain [38, 39]. For this
application the rate at which the drug is released is a critical parameter to control. Too high of a rate
could be fatal, and too low of a rate could prove ineffective. It is also critical for the pellet to have a
fairly high strength in order to prevent rapid release of the entire dose due to accidental breakage
from chewing, and also to deter recreational abuse of these drugs by crushing them. Only certain

base materials can be used in this application due to concerns of toxicity.

1.2.7 Toxic Waste Immobilization

For this application, an encapsulation matrix with an extremely low leach rate is imperative. A study
on this particular application indicates that geopolymers are capable of immobilizing uranium waste

(Ra-226) as well as several heavy metals such as mercury and lead [12].

1.3 Performance Benefits of Geopolymers

In addition to the environmental benefits geopolymer use has over portland cement use, there are
several performance benefits they have. Since the majority of portland cement produced is used in
concrete, the geopolymer performance benefits discussed focus on geopolymer based concrete

benefits over portland cement based concrete.

1.3.1 Rate of Strength Development

A major performance benefit geopolymer products have over portland cement products is they gain
strength at a much faster rate. When cured at room temperature, geopolymer based concrete has
been shown to have the same strength at 4 hours as type III (high early strength) portland cement
concrete does after 12 hours [17]. One application where this would be beneficial is in road repairs
where a geopolymer based concrete could be driven on soon after the repair has been made.
Another application this would benefit is in multistory concrete building construction by potential

eliminating the need to shore lower floors during construction.
6



1.3.2 Drying Shrinkage & Creep Strain

It has been shown that geopolymer based concrete results in much lower drying shrinkage strain and
creep strain than portland cement based concrete. Drying shrinkage has the potential to cause
damaging cracks in concrete when restrained internally or externally. Geopolymer based concrete
typically has drying shrinkage strains around 100 micro strains while portland cement based concrete
has drying shrinkage strains of 500 micro strains on average [76, 87]. Creep deals with the amount a
material deforms under constant load over time. S. Wallah and B. Rangan found that the actual
creep strains of geopolymer based concrete were consistently about half the maximum values

recommended for portland cement based concrete [87].

1.3.3 Sulfate Resistance

Another benefit geopolymer based concrete has over portland cement based concrete is they have
better sulfate resistance. This is a critical property for concrete used in environments with high
sulfur content, particularly in and around the ocean. Sodium sulfate is used to test concrete for
external sulfate attack which causes concrete to expand, crack, and lose the bonding between the
paste and aggregates. All of these cause a decrease in the strength of the concrete. Geopolymer
based concrete was found to expand around 0.015% when immersed in a 5% sodium sulfate solution
for a year [87]. In comparison, a portland cement based concrete immersed for half a year in an
identical solution expanded around 0.1% which indicates geopolymer based concrete has a superior

resistance to sulfate attack [88].

1.3.4 High Temperature Properties

One application geopolymer based concretes are well suited for that portland cement based
concretes are not is in high temperature applications. portland cement based concretes lose their
entire load bearing capabilities between 300°C and 400°C. Geopolymer based concrete however
doesn’t start losing strength until 600°C, and gradually decreases from that point until it loses most
load bearing capabilities around 1100°C [17]. This particular property also makes geopolymers well

suited for high temperature composite applications as well as fire insulation applications.

1.3.5 Material Weight

The use of a geopolymer will also result in a lighter product than if portland cement were used. For

most applications, a reduced weight material with identical strength will result in a less costly final
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product. This is due to the product not needing as much material to hold its own weight. One
particular application where this is a very desirable trait is in any transportation application of the
material. For these applications, a lower weight translates to a larger amount of cargo or passengers

that can be transported for a set amount of fuel.

1.4 Cost Assessment of Geopolymers

A major driving factor behind any commercial decision is cost. In order for widespread
commercialization of geopolymers to occur, they must be able to compete with the cost of portland
cement based products. Although the cost of raw materials are highly variable to market conditions
and location, a comparative cost analysis with current market data is outlined below for the United

States. A similar study conducted in the Australian market is also briefly discussed.

141 Comparative Cost Analysis for the United States

Since a geopolymer paste is analogous to a portland cement paste, the relative costs of these must be
compared for an accurate assessment. A portland cement paste consists of portland cement and
water, where the weight ratio of water to cement (w/c) controls the strength. A high strength
portland cement paste will have a w/c close to 0.25, and a moderate strength Portland cement paste

will have a w/c close to 0.45 [41].

Geopolymer mixes unfortunately are not neatly as straightforward as portland cement mixes. Two
mixes formulated for this research have been chosen for comparison. The high strength mix chosen
for comparison (C3222) and the moderate strength mix chosen (C2021) have fly ash, sodium
hydroxide, sodium silicate, and water in proportions as outlined in Table 1.2. These mixes have not
been optimized for cost effectiveness, and were simply chosen because they represent a high strength
and a moderate strength geopolymer mix. Recent market prices for the materials used in these mixes

are given in Table 1.1.

Table 1.1 — Current Material Prices

Material $/Short Ton | Source
Portland Cement 100 [56]
Fly Ash 20 [40]
Sodium Hydroxide 340 [80]
Sodium Silicate 500 [68]




Table 1.2 — Cost Comparison of Portland Cement Paste and Geopolymer Paste

Mix Descrintion Mix Constituents (%o wt. of Mix) $/Short
X escrpho Cement | Fly Ash | NaOH | Na Silicate | Water Ton
High Strength Portland Cement | g, 00 | 909 | 000 000 | 2000 | 80
(w/c = 0.25)
Moderate Strength Portland
Cement (w/c = 0.45) 68.97 0.00 0.00 0.00 31.03 69
High Strength Geopolymer
(9.81 ksi at 28 hours) 0.00 67.91 6.89 11.60 13.60 95
Moderate Strength Geopolymer
(6.00 ksi at 28 hours) 0.00 73.09 4.83 2.28 19.81 29

As is clear from Table 1.2, the cost of geopolymer paste is highly variable depending on the desired
strength and the quantity of materials used to achieve that strength. Although the high strength
geopolymer paste is shown to be a higher cost than the high strength portland cement paste in Table

1.2, the density of geopolymer pastes are much less than the density of cement pastes.

To illustrate this point, the density of the high strength portland cement paste in Table 1.2 would be
approximately 165 Ibs./ft?, while the density of the high strength geopolymer paste in Table 1.2 was
measured to be approximately 122 1bs./ft3. So, the yield per short ton of the Portland cement paste
is 12.12 ft3 while the yield per short ton of the geopolymer paste is 16.39 ft3. This shows that even
though the price per short ton of the geopolymer paste is higher than the portland cement paste,

when the actual yield of both is considered the geopolymer paste comes out to be cheaper.

1.4.2 Comparative Cost Analysis for Australia

Cost assessments conducted with prices in the Australian market resulted in similar findings to the
United States market. One cost analysis comparing geopolymer concrete and ordinary portland
cement concrete found that the material cost for the geopolymer concrete is typically lower than
ordinary portland cement concrete by about 10-30% [24]. A more recent and detailed case study
found that the cost of geopolymer concrete, including both material and transportation costs, is
between 10% lower and 40% higher than that of ordinary portland cement concrete [57]. So, it can
be concluded that regardless of the particular market, geopolymer based products can be produced at

comparable costs to portland cement based products making them a viable competitor.



Chapter 2

Formation of Geopolymers

Geopolymers are synthetic amorphous aluminosilicates that are formed from materials rich in Al,Os
and SiO», which are generically referred to as the base material, combined with an activating solution.
The activating solutions allow the base material to be broken down and reformed into a three-
dimensional aluminosilicate network. Both acidic (phosphoric acid) and basic (sodium hydroxide
and potassium hydroxide) activating solutions have been successfully used for synthesis. Often
additional silicon, typically in the form of sodium silicate or potassium silicate, is added to increase
the quantity of Si-O-8i bonds in the final aluminosilicate network. This study focuses on basic

activating solutions, and as such, only alkali activated geopolymers are discussed further.

2.1 Formation of Alkali Activated Geopolymers

The geopolymer formation process is generally understood to take place in three main stages which
are ongoing. The first stage, often called the dissolution stage, begins immediately when the base
material is combined with the activator solution to form a geopolymer paste. During this stage the
high concentration of hydroxide ions (OH-) breaks apart covalent Si-O-Si, Si-O-Al, and Al-O-Al
bonds present in the base material. The amorphous particles in the base material are the most
impacted areas since they dissolve faster than more crystalline particles. This releases silicon and
aluminum ions into the solution which then form groups such as ortho-sialate ((OH)3-Si-O-Al-

(OH)3), ortho-silicic acid (Si(OH)4), and other groups high in Si-OH and Al-OH bonds [16, 30].

The second stage begins when the Si-OH and Al-OH groups in the geopolymer paste begin forming
aluminosilicate oligomers consisting of sialate (-Si-O-Al-O-) repeat units throughout the solution due
to polycondensation [9, 16]. These oligomers combine into three-dimensional polymer networks
with free alkali cations (IK*, Na*, Ca?*) acting as charge balancers [70]. As the rate of formation of
these networks increases due to more available species, the rate of dissolution is slowed. This is due
to the forming networks partially covering incompletely dissolved patticles from the alkaline solution
as well as available OH- needed for dissolution being used up [29]. There is a noticeable setting of
the geopolymer paste when the rate of formation of the three-dimensional polymer networks exceeds

the rate of dissolution of the base material. As the networks begin to develop and grow, a small
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amount of strength gain occurs. These networks formed in the second stage consist mostly of Al-O-
Si bonds that are concentrated around inert patticles in the paste [30]. This is due to the aluminum
being faster to react and polymerize than the silicon, and Al-O-Al bonds not being energetically

favorable [28, 32, 58, 85, 80].

In the third stage more silicate monomers are incorporated into the three-dimensional aluminosilicate
polymer networks forming large amounts of Si-O-S8i bonds, often resulting in sialate-siloxo (-Si-O-Si-
O-Al-O-) being the most abundant repeat unit [16, 30]. In order to maximize the quantity of free
silicate monomers, the geopolymer paste is often heated at a temperature between about 50°C and
100°C (122°F and 212°F). 'This increases the rate of the dissolution of Si-O-Si bonds in the
unreacted fly ash. Some of the Al-O-Si bonds in the formed network may also be broken and
replaced by more stable Si-O-Si bonds in addition to some alkaline cations being replaced by the
silicate monomers. This rearrangement of bonds results in much more stable and cross-linked
polymer networks [70]. In addition to this, these smaller networks begin to combine as a result of
Ostwald ripening which is the formation of larger networks at the expense of smaller ones [86]. The

majority of the strength of the geopolymer develops during this stage.

The final resulting products of all the reactions taking place are large amorphous aluminosilicate
three-dimensional polymer networks, and small amounts of nanocrystalline zeolite phases [4, 13, 14,
23, 30, 35, 42, 62, 63, 69, 70, 82]. The most commonly observed zeolite phases are hydroxysodalite
[13, 14, 23, 30, 42, 63, 82] and chabazite-Na (herschelite) [13, 14, 30, 42, 62, 82]. Other zeolite
phases such as gismondine may also form [35]. The formation of the nanocrystalline zeolite phases
is inhibited by silicates, so these phases are more often discovered in geopolymer mixes with higher

OH- concentrations and lower silicate concentrations [4, 69].

2.2 Effect of Impurities in Base Material

Although some base materials used to produce geopolymers consist nearly entirely of aluminum and
silicon, such as metakaolin (dehydroxylated kaolinite), most of the base materials used contain
impurities. The most common impurities present in appreciable quantities are iron and calcium. A
few studies have been done with iron by adding various iron oxides as impurities to the
aluminosilicate as well as attempting to create purely iron based geopolymers without the aluminum.
All of these studies concluded that the iron oxides present in base materials will remain essentially

inert and act as a filler in the system [0, 9]. The reason the iron oxides do not take part in the
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reaction is they take too long to dissolve in the alkaline environment [6]. Although the presence of
iron does not directly impact the geopolymer reactions, it does inhibit the dissolution of amorphous

phases in particles with higher iron contents.

Unlike the iron however, the calcium content in a base material does influence the geopolymer
formation process. Several studies indicate that calcium shortens the set time of fresh geopolymer
pastes [22, 45, 47, 52, 75, 85]. In addition to this, several studies indicate that some quantity of
calcium in the base material is beneficial for strength development of the geopolymer due to the
formation of calcium silicate hydrates (C-S-H) which are the main reaction products in the hydration
of cement [7, 22, 23, 32, 34, 41, 45, 48, 52, 75, 85, 94]. Both of these points are discussed further in
Chapter 3.

From a practical standpoint of the geopolymer formation process, any crystalline phases present in
the base material can also be regarded as impurities. Although there is some evidence of dissolution
of these phases, they dissolve at a much slower rate than amorphous phases. The most common
crystalline phases found in appreciable quantities of geopolymer base materials are quartz (SiOy),

mullite (3A103-25102), and hematite (Fe2O3).

2.3 An Illustrative Model

An illustrative model demonstrating the formation process of a geopolymer over time is outlined in
Figure 2.1. This figure is representative of a base material with all the impurities discussed

previously.
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The base material as shown in Figure 2.1.1 contains a high quantity of amorphous silicon and
aluminum, and a small quantity of amorphous calcium and iron based phases as indicated by the
circles. It also contains a moderate quantity of quartz and mullite and a small quantity of hematite

phases as indicated by the squares.

In Figure 2.1.2 the point where the geopolymer paste has set is illustrated. This point occurs within
the first day of mixing the geopolymer, often within the first few hours [10, 22, 45, 74, 89]. As
shown in this figure, large quantities of the amorphous silicon and aluminum phases have dissolved
and smaller quantities of the amorphous calcium phases have dissolved. Additionally, small
quantities of the quartz and mullite phases have dissolved. Also, as indicated by the black lines, the

aluminosilicate networks have begun forming.

After a substantial amount of time has passed, the geopolymer reaches a quasi-equilibrium state
where further network changes occur very slowly. This point is illustrated in Figure 2.1.3, and is
reached in the first month, and often first week after the geopolymer is mixed [4, 10, 34, 35, 45, 62,
75, 82]. As indicated in this figure, minimal additional dissolution of the base amorphous and
crystalline phases occurs. A substantial amount of new aluminosilicate network growth and cross-
linking occurs. In addition to this, some C-S-H phases and small amounts of new crystalline zeolite

phases are formed as indicated by the black squares.
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Chapter 3

Impact of Design Parametets on
Properties of Geopolymers

A large number of studies have been done investigating how various mix design parameters impact
the initial and final properties of alkali activated geopolymers. The focus of this study is on the
understanding and modeling of short term properties critical to the commercialization of geopolymer
products. As a result, the conclusions presented are limited to those based on the set time and
compressive strength. A third important property to the commercialization of geopolymer products,
specifically geopolymer concrete, is the workability of the mix. However, the quantity and particle
distribution of aggregates used in the mix is a critical consideration for this aspect and as such, is

beyond the scope of this study [41, 70].

3.1 Set Time Based Conclusions

Having knowledge of the time available to cast a geopolymer into forms is critical for successful
planning and execution of a project. A standard method for measuring the available time to work
with cement pastes exists (ASTM C191) and has been shown to work well for determining available
working time of geopolymer pastes. Since the setting of the paste in geopolymers occurs when the
rate of network growth in the geopolymer begins to exceed the rate of dissolution, the set time can
also be used as a relative measure of the reaction rate. The majority of the following conclusions are

based on results from the standardized set time test.

3.1.1 Impact of Calcium Content on Set Time

It is well established that calcium present in the mix will result in a faster set time [22, 45, 52, 75, 85].
A small addition of calcium into the mix will result in a large reduction in set time with further
additions resulting in smaller reductions [22, 45]. The main reason for this is the Ca2* ions are able
to act as charge balancers in addition to the Na* and K ions present in the system [16, 24]. A higher

quantity of available charge balancers will result in faster formation of aluminosilicate networks.
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A second possible explanation for the reduced set time is that calcium silicate glasses are more
reactive in water compared to glasses with higher silicate concentrations [22]. So, as the calcium
content in the base material is increased, the calcium silicate glass phases present will dissolve faster
than the phases with higher silicate concentrations making the species needed for network formation

available soonet.

3.1.2 Impact of Particle Geometry on Set Time

Another factor that has been shown to impact the set time of geopolymers is the base material
particles size and shape. Smaller particles result in faster dissolution due to having a higher specific
surface area [10, 81, 89]. This makes the species needed for network formation available sooner
speeding up the other stages of the formation process. It has also been demonstrated that more
irregularly shaped particles result in shorter set times [81, 89]. The reason for this is the same as with
the smaller particles, the irregularly shaped particles allow for more of the base material to be

exposed initially speeding up the dissolution.

3.1.3 Impact of Curing Temperature on Set Time

It has been demonstrated that higher curing temperatures result in faster setting of geopolymer
pastes. In a study by Sindhunata et al., the apparent set time was determined by the time it took for
the paste to stop flowing [74]. Although this is an inexact measure, it is sufficient to demonstrate a
trend. As was indicated in this study, a temperature of 50°C results in set times twice to three times
as fast as those at ambient temperatures. Beyond this temperature, only small decreases in set time
result. This conclusion can be attributed to the geopolymer network forming faster at elevated

temperatures in comparison to ambient temperatures [62].

3.2 Compressive Strength Based Conclusions

In order to properly design any geopolymer products that will see loads, it is critical to know the
available strength of the matrix. It has been shown that the flexure strength of geopolymer concrete
closely mimics the flexure strengths of portland cement concrete in that the flexure strength is
roughly 10-15% of the compressive strength [1, 41, 77]. Since use in concrete products is the largest
potential market for geopolymers, knowledge of what impacts the compressive strength is essential

for their commercialization. The main design factors impacting the development of compressive
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strength in geopolymers will be discussed in detail. Several of these factors are interrelated which

remains an area that has not yet been thoroughly investigated.

3.21 Impact of Alkali Content on Strength

The alkali in the mix is primarily controlled by the amount of sodium hydroxide or potassium
hydroxide as well as any sodium silicate or potassium silicate added into the mix. Fly ash and other
aluminosilicate sources generally only have small sodium and potassium contents, and thus do not
contribute much. It is a well established conclusion that higher amounts of alkali in the mix result in

higher strengths [4, 35, 42, 44, 81, 82].

A few studies indicate that after the alkali concentration in the mix becomes sufficiently high, the
strength levels off suggesting there is an optimal alkali concentration for each mix [4, 82]. One study
does indicate that there is an optimal concentration of alkali beyond which a notable strength
decrease occurs before leveling out at the lower strength [63]. It is unclear if this anomaly would
hold true for the other cases if more testing were done, however it is clear from all studies that as the
amount of alkali in the mix is increased, the strength increases up to an optimal value beyond which

no notable strength gain occurs.

3.2.2 Impact of Water Content on Strength

Studies on the impact of water in geopolymer mixes have been done, and conclude that the least
amount of water to allow proper casting of specimens results in the highest strengths [63, 82]. This
is in part due to lower amounts of water in the system resulting in fewer pores in the cured
aluminosilicate matrix resulting in a denser, stronger network [49]. The water in the system is needed
directly to aid in dissolution. Beyond this, the water is only needed indirectly as a medium to allow
the movement of particles, and all steps in the geopolymer formation process beyond dissolution
give off water as a reaction product [24]. Since the dissolution and polycondensation reactions take
place simultaneously, as long as there is sufficient water in the system to provide fluidity of the

system, there will be enough water for the dissolution.

3.2.3 Impact of Reactive SiO, Content on Strength

There appears to be universal agreement that higher amounts of reactive SiO; result in higher
strengths [28, 30, 42, 63]. What exactly constitutes the reactive SiO2 in geopolymer systems and how

to best measure it however, has been the source of some debate [25, 55].
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It is generally agreed that the quantity of amorphous SiO; in the mix provides a good approximation
of the potential reactive SiO» in the system [27, 32, 51]. This is because the amorphous SiO; in the
mix dissolves in the high alkali environment much more readily than crystalline forms of SiOx.
However not all of the amorphous SiO; is available for dissolution such as that which is embedded

in fly ash particles with more crystalline surfaces [9, 22, 28, 51].

In addition to the amorphous SiO; in the base material, other sources of amorphous SiOz such as
silica fume, cullet, rice husk ash, and more commonly, sodium or potassium silicate are often added
into the mix to improve strength. It has been shown that the source of additional SiO, does not

matter provided the quantity of amorphous SiO; in the system remains the same [7].

Since the geopolymer network consists of repeat units high in silicon, most commonly sialate-siloxo
(-Si-O-Al-O-8i-O-), it is obvious that the quantity of silicon available to form the network is a critical
factor for strength development [16]. Furthermore, the Si-O bonds formed in the geopolymer

network are responsible for most of the strength of the final product [30].

3.2.4 Impact of Reactive Al,O; Content on Strength

Similar to the reactive SiO; in geopolymer systems, there is debate over what constitutes the reactive
AlOs and how to measure it. The quantity can be accurately approximated as the amorphous Al,Os

content in the same way as the reactive SiOz and for the same reasons [9, 22, 27, 28, 32, 51].

The quantity of reactive Al2Os in a geopolymer system plays a role equally vital to the reactive SiO:
since aluminum makes up the repeat units in the geopolymer network along with silicon. Since
typical geopolymer base materials contain less reactive AOs than reactive SiOa, the quantity of
available reactive A,O3 can be a limiting factor in the strength development of geopolymers. It has
been proposed that for optimal strength gain, the atomic ratio of available silicon to aluminum in the
system should be 2 or lower, providing sufficient aluminum for the formation of solely sialate-siloxo

repeat units [30].

3.2.5 Impact of Calcium Content on Strength

The calcium content commonly found in GGBEFS and CFA impacts the formation of the
geopolymer network in a few ways. One way that calcium impacts geopolymers is through the

formation of C-S-H phases in the network [23, 32, 34, 45, 48, 52, 75, 94]. Some studies propose that
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the C-S-H phases form in voids of the developed aluminosilicate network where water due to the
polycondensation reactions remains [48, 94]. Thus, the presence of calcium in the system results in
the conversion of a byproduct of the geopolymer formation process with no strength (water) to a
high strength phase. However, since C-S-H and the aluminosilicate network both contain large
quantities of silicon, the reactions may be competing. Whether an excess quantity of silicon is
available would be controlled by the available silicon to aluminum ratio as previously discussed. As a
result, the optimal amount of available calcium in the system is expected to be related to the available

silicon to aluminum ratio of the system.

Another way the calcium impacts the geopolymer formation is the Ca?* ions act as charge balancers
in the aluminosilicate network in the same way that the Na*® and K* ions do [16, 24]. A higher
number of available charge balancers in the system can result in shorter polymer chains developing
causing a less connected aluminosilicate network to develop. It is expected that as the geopolymer
ages, and the network develops more, this is corrected. However, this does pose a potential negative

impact on the strength development of the geopolymer, especially in the early stages.

3.2.6 Impact of Particle Geometry on Strength

The majority of the studies that have tested the impact of particle geometry on strength do so by
mechanically milling the starting fly ash [75, 81, 89]. This reduces the median particle size and also
makes the particles more irregularly shaped. One study was performed investigating just the impact
of smaller particles by removing the larger particles of fly ash through sieving [10]. All of these
studies indicated that both smaller and more irregularly shaped particles resulted in higher strengths.
In the case of mechanically milling the fly ash, the reduced and more irregularly shaped particles
likely have more of the reactive components readily exposed to the alkali environment. This is due
to some of the crystalline fly ash shells being broken and the larger specific surface area exposing a
larger quantity of the fly ash in general. In the case of sieving the fly ash, the reduced size particles
likely have more of the reactive components available due simply to a larger specific surface area.
Thus, smaller more irregular particles will in general have higher reactive AlO3 and reactive SiO»

components which can explain the higher strengths.

Some of the strength gain is, however, due solely to the smaller particle size [81]. It has been shown
that the geopolymer network tends to form on particle surfaces, potentially inhibiting further

dissolution of particles once the networks begin forming [46]. So, these smaller particles help reduce
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the potential for incomplete dissolution of the particles. Since the vast majority of raw fly ashes have
a median particle diameter in the relatively small range between 10 um and 100 um, particle size is a

minor factor compared to others provided no mechanical processing of the raw fly ash is done [21].

3.2.7 Impact of Rest Period on Strength

The rest period is the time from when the specimen is placed into the molds to cure, to when the
specimen is placed into a high temperature curing environment. Due to this, it is only relevant when
elevated temperature curing is used. A few studies have shown that there is no negative impact on
the strength development when prolonged rest periods are used [4, 11, 37]. This conclusion is a
great benefit in practical applications of geopolymers where high temperature curing may not be
possible to start immediately following casting. It is thought that the reason for the noted strength
gains is the longer rest periods cause larger amounts of dissolution of the base material, resulting in

more available material for the forming aluminosilicate network [11].

One study concluded that beyond a certain point, some strength decrease occurred [10]. This study
found that the optimal rest period was approximately half the initial set time of the fresh geopolymer
paste. The variance in strength as a function of the rest period however is minimal compared to

other factors, so this is a minor consideration when developing optimal geopolymer formulations.

3.2.8 Impact of Curing Environment on Strength

Some studies have been conducted investigating the effect of the humidity of the curing environment
on the strength of the geopolymers. Several of these studies concluded that covered curing (high
humidity) results in higher strengths than exposed curing (low humidity) [13, 14, 42]. Exposed
curing has been shown to result in carbonation of the surface which interferes with the
polymerization by lowering the pH of the system significantly. By curing at higher humidity, the
pores are saturated and CO; cannot penetrate the surface which prevents the carbonation [13]. In
addition to this at higher temperatures as well as longer curing times, continued evaporation of water
in the system may result in insufficient water available to allow the dissolution to proceed. For these

reasons, covered curing is favorable to exposed curing.

A few studies contradict this claim, with one study showing very little difference in strength
development with respect to curing technique [86], and one study claiming the exact opposite [75]. It

is likely that in the case where little difference was noticed, the method used for curing the samples
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was inadequate allowing water to evaporate out of the samples. In the instance where the exposed
curing resulted in higher strengths than the covered curing, it is important to note that the exposed
samples were cured four times longer at elevated temperatures than those cured covered. The curing
time at elevated temperatures also plays a critical role in the strength development and will be

discussed later. This longer curing time is the most likely cause for the discrepancy in this instance.

3.2.9 Impact of Curing Temperature on Strength

It is well accepted that elevated temperature curing results in more strength gain in geopolymers than
curing at ambient temperatures [10, 11, 34, 35, 52, 75, 86]. One point that is debated however, is if
the strength levels off at a certain temperature beyond which minimal strength gain occurs [4, 62, 75,
82, 86], or if the strength begins to decrease at a certain temperature with elevated temperature cured
geopolymers [10, 11, 35, 78]. All studies agree that the optimal temperature is in the range of 75-
85°C. Beyond this temperature, a decrease, or leveling off of the strength is seen. The reason for the
higher strength at higher temperatures is attributed to the higher temperature curing resulting in a

higher degree of reaction due to an accelerated reaction rate [62, 74].

In nearly all cases where a decrease in strength was seen beyond a certain temperature, the specimens
were cured exposed [11, 35, 42]. As has been previously discussed, this can have a negative impact
on strength development. There was one instance of samples which were cured covered that
resulted in an eventual decrease in strength [10]. The authors hypothesized the likely reason for this
was moisture loss in the sample, which indicates that the method used to cover the sample during
curing may have been insufficient to prevent evaporation. Due to this, the samples can be effectively
considered to have been cured exposed similar to the other studies that saw strength decreases

beyond a certain point.

An upper limit for the curing temperature beyond which it would be expected for any method of
curing to result in a strength loss is 100°C. At temperatures above 100°C chemically bonded water,
which is water generated during polycondensation that gets trapped in the polymer framework,
begins to evaporate out of the sample [16]. Even if the sample were covered to prevent evaporation,
this water would turn to vapor and mitigate towards the surface creating a void in the polymer
framework and reducing the strength. One study cured samples at temperatures as high as 120°C
without showing significant strength reduction [82]. This may be because the samples were not held

at this high temperature long enough for them to reach it.
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3.2.10 Impact of Curing Time on Strength

It is well established that at ambient temperatures, regardless of whether the specimen was exposed
to elevated temperature cutring or not, older samples have higher strengths [4, 10, 11, 28, 34, 35, 45,
62, 75, 82]. 'This is identical to the trend seen with portland cement specimens, where as the
specimen ages, it becomes stronger [41, 76]. The rate of strength increase of geopolymer specimens,
however, is much faster than the rate of strength increase of portland cement specimens regardless

of whether or not the geopolymer specimens are exposed to high temperature curing [17].

In addition to longer times at ambient temperatures resulting in higher strength, it is generally agreed
that longer times at elevated temperatures also results in higher strengths [4, 11, 13, 14, 30, 35, 62,
82]. Identical to the ambient temperature curing, the strength gain rate is fast initially with the
strength gain rate decreasing as time at the elevated temperature increases. This plateau in strength
gain is typically seen once the specimens have been cured at elevated temperatures for 24-48 hour,
depending on the temperature they are being cured at [11, 13, 14, 62, 82]. Higher curing
temperatures reach this strength gain plateau sooner than lower curing temperatures. Similar to the
higher temperatures, the strength gain due to longer curing times is attributed to the longer time

resulting in a higher degree of reaction of the cured geopolymer [13, 62].

Some sources, however, indicate that there is an optimal time to cure a specimen at an elevated
temperature, beyond which a decrease in strength is seen [10, 34, 78, 86]. Similar to the higher
temperature specimens that saw a decrease in strength as the temperature was raised, the most likely
explanation for this occurrence is due to the specimens being insufficiently, or not covered while
being cured at high temperatures. This exposed curing can explain why longer curing times resulted

in strength decreases in these studies.
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Chapter 4

Research Overview

Although work has been done on understanding how geopolymers form and how various mix design
parameters influence their properties, there are still some major barriers that must be overcome
before widespread commercialization of geopolymer products is viable. This study aims to develop
models that can be used to predict the set behaviors and compressive strength of geopolymer pastes.
The barriers to commercialization this research will overcome are outlined, and work that has already
been done towards developing predictive models is summarized. Experimental procedures used in

this research are outlined in detail.

4.1 Commercialization Barriers

In order for widespread commercialization of geopolymers to occur, there are still several barriers
that must be overcome. Some of these barriers, such as lack of in-service proof of long-term
stability, simply cannot be overcome through laboratory testing. However, the use of geopolymer
based products in non-structural applications will eventually lead to overcoming barriers such as
these. Some other barriers which deal with mix design factors that can be investigated in the

laboratory do still remain.

4.1.1 Variability of the Base Material

One barrier to widespread commercialization is the high amount of variability with the base material
used. For example, the amorphous composition of fly ash depends on factors such as the source of
coal used, the extent of pulverization of the coal, the firing temperature of the coal, and the cooling
rate of the ash [2, 16, 21]. These conditions will inevitably be different for every plant, and may

change over time at an individual plant due to new coal sources.

In order for geopolymers to be commercially viable, there must exist an easy way to determine the
reactive components of the base material due to their high variability. It is understood that the
reactive components available in the starting material play a major role in the set behavior and
strength development, so it follows that there should be a way to predict these properties once the

reactive components are known.
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4.1.2 Mix Design Optimization for Specific Applications

As is evident from Chapter 3, there already exists some understanding of what various factors are
beneficial or detrimental to the set time and strength development of geopolymer systems.
Unfortunately, many of these factors are interrelated which makes it difficult to develop a clear
“best” mix design. The variability in base material composition combined with different applications
requiring different properties makes optimizing geopolymer mixes for cost and properties impractical
without a design aid. This illustrates the need for clear relationships between mix design parameters
and set behavior as well as mix design parameters and compressive strength to be known. Specific

examples of how these relationships could aid in mix optimization follows.

4.1.2.1 General Concrete Applications

For applications where the fresh geopolymer may be placed by hand such as in-situ concrete
applications, one necessary consideration is the potency of the activator solution. Activator solutions
with a molar ratio of SiO2/M;O, where M represents either sodium or potassium, between about
1.25 and 1.45 are considered to be skin irritants. When the molar ratio of SiO»/M2O drops below
1.25, the activator solution is considered corrosive [16]. Knowledge of the relationships between mix
design parameters and mechanical properties are crucial for these applications to help minimize the
activator solution potency, and to know when extra precautions need to be taken during material

placing.

4.1.2.2 Composite Applications

For composite applications, a mix with low workability will not fully impregnate the plies [16]. The
set times, as measured by the Vicat needle, give an indication of the workability of pastes [31]. As a
result, known relationships between mix design parameters and properties can aid in the design of

these products by providing a maximum strength for a minimum required workability.

4.1.2.3 Architectural Applications

For many architectural applications strength is not a major concern, but a minimal setting time could
be advantageous for production efficiency. Additionally, since this application lends itself well to
automation, a minimal mix cost is critical. Known relationships between mix design parameters and

properties could be used to provide minimum set times for a specified required minimum strength.
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4.1.2.4 Thermal Insulation Applications

In order to create foamed geopolymers, it is critical to know when the paste has developed sufficient
strength to hold in air formed by a foaming agent, but is not so strong as to prevent the foaming
agent from being effective. Thus, it is critical to know the setting properties of the geopolymer in

order to predict the proper time to add the foaming agent.

4.1.2.5 Waste Immobilization Applications

For waste immobilization, the formation of a highly cross-linked polymer networks is critical to
prevent leeching of hazardous materials. More complete polymer networks result in a stronger
geopolymer. So, knowledge of relationships between mix design parameters and strength can aid in

the design of these systems by giving the parameters for maximum strength.

4.1.3 The Role of Calcium in Geopolymers

A third barrier to commercialization is knowledge of the role calcium plays in the reactions. More
specifically, what the exact relationship between calcium and the set behavior is. It has been
demonstrated that calcium has a significant impact on the set time of geopolymers [22, 45, 52, 75,
85]. In order for base materials containing large amounts of calcium in them to be practical for
commercial applications, a better understanding of the relationship between set time and the relative
amounts of calcium, silicon, and aluminum available in the system is needed. This is an area that
remains largely unstudied due to the perception that base materials with higher calcium contents
produced less desirable geopolymers [28, 93]. Recent studies cleatly illustrate that this perception is
unfounded and base materials with high calcium contents can be successfully used to produce high

strength geopolymers [10, 52].

4.2 Existing Work

Through the review of available literature pertaining to geopolymer systems, very few instances
dealing with modeling the properties were found. This is likely due to the basic factors responsible
for strength development and set behavior only recently being brought to light. One model which
has been developed can predict strengths as the ratio of the activating solution to base material is
varied. Another model developed is capable of predicting strengths for one specific activating

solution and two specific base materials as the ratio of the two base materials as well as the curing
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temperature and time are varied. These models are briefly overviewed with their limitations

discussed.

4.2.1 Strength from Binder-to-Fluid Ratio

Radhakrishna et al. developed a model predicting the strength of sodium hydroxide activated
geopolymer mortars and concretes based on their binder-to-fluid ratio [71]. As defined in the paper,
the fluid represents the weight of sodium hydroxide and additional water used in the mix (analogous
to the activating solution as defined in this study). The binder represents the weight of the base

material used in the mix. The predictive model is defined by Equation 4.1 below.

22 Equation 4.1

B
s=[079-2-077|- Salos
In this equation, B represents the weight of the binder, F represents the weight of the fluid, and

S @Bz, TEPrEsENts the strength at a binder to fluid ratio of 2.22. To use Equation 4.1, one must
F=2.

first know the strength of the mix at a binder-to-fluid ratio of 2.22. Once this is known the

compressive strength (S) at any other binder-to-fluid ratio may be predicted.

Although this is a nice design tool, due to the simplicity of it, the model does not give much insight
into why some mixes have higher strengths than others. In addition to this, the model is only useful
if the base material, activators, curing conditions, and test age stay constant. Also, the applicability of
this model if a mixed activator such as sodium hydroxide and sodium silicate were used is unclear.

This severely limits the usefulness of the model.

4.2.2 Strength from Base Material Makeup & Curing Conditions

A more recent attempt at modeling the strength development of geopolymers from the base material
composition and curing conditions was done by A. Nazari et al. [57]. The input variables used to
develop this model were four base materials, the curing time, and the curing temperature. The four
base material inputs were formed from two base materials, high calcium fly ash and rice husk-bark
ash, which were sieved to separate the coarse particles from the fine particles of each. All tested
samples had the same activating solution and the same ratio of the activating solution to the base

material.
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The predictive model developed was not given in the published paper, however due to the way the
variables were selected for the models development it would have little practical value in industry.
This is due to the high variability in the base material as has been previously discussed. The model
developed in this study was able to predict strengths with a high degree of accuracy which indicates
that modeling the underlying mechanisms and relationships responsible for strength development in

geopolymers is practical.

4.3 Development of Mixes

In order to develop predictive models over the largest possible range of base materials, careful
consideration of the mix design and what would be the best system to model was needed. Before
developing mixes, some of the major conclusions from previous research were verified. After
verifying key conclusions the specific system for analysis was chosen, and practical limits were put on

the mixes. Once this was completed, the mixes used in this study were designed.

4.3.1 Verification of Existing Work

Through preliminary testing, some strength based conclusions that have been presented in previous

research were confirmed and are as follows:

1. A higher alkali concentration in the mix tends to result in a higher strength. This was found
to be true for all activators studied and is a well established conclusion as discussed in

Section 3.2.1.

2. The minimum amount of water that is needed to cast the samples results in the highest

strengths. This conclusion is discussed in detail in Section 3.2.2.

3. A higher amount of reactive SiO> in the mix results in a higher strength. In addition to this,
the source of the reactive SiO, does not matter. This was concluded by varying the amount
of sodium or potassium silicate in the mix. Both solid and liquid silicates were demonstrated
to have neatly identical strength indicating the source of reactive SiOy is irrelevant. This

conclusion is discussed further in Section 3.2.3.
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4. Covered curing results in higher strengths than exposed curing does. As discussed in
Section 3.2.8, this is mostly the result of carbonation of the surface halting the reaction

process.

4.3.2 System for Analysis

Alkali activated geopolymer systems can be broken into several subgroups dealing with the specific
activating chemicals and specific base materials used to form them. While the underlying formation
mechanisms for all these systems are the same, preliminary work has demonstrated that mix designs
which work for potassium activated mixes do not necessarily work for sodium activated mixes and
vice versa. Due to the large quantity of variables already under investigation, it was decided that only

one of these systems would be tested.

In order to decide which system to focus on, the benefits of each system were investigated. Both
systems are capable of producing very high strength pastes, so this was not a factor considered. The
main benefit that potassium based systems offer over sodium based systems is they have a lower
viscosity and are less cohesive making them easier to work with. The main benefit of sodium based
systems is they are lower in cost than potassium based systems. An additional advantage that sodium
based systems have over potassium based systems is the sodium activators have a lower pH than
their potassium counterparts indicating that they are safer to work with. The price difference
between the two is substantial with sodium based activators being anywhere from half to a third the
cost of their potassium counterparts [67, 68]. It was decided that due to the large difference in price,
this would be the controlling factor in selecting an activator for a commercial application. As a
result, sodium based activator systems were selected for this study. In addition to selecting a sodium

based system for this study, the base material chosen for use in this study was fly ash.

4.3.3 Practical Limits on Mix Design

Over the course of designing and testing mixes, some practical limits on the mix design were

determined and are as follows:
1. A water content lower than 15% wt. of the mix often results in a dry mix.

2. A fly ash content greater than 75% wt. of the mix often results in a dry mix.
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3. Very little strength development occurs when mixes have water contents greater than 30%

wt. of the mix.

4. Segregation of the mix becomes a problem when the quantity of fly ash is below 60% wt. of

the mix.

5. The maximum possible quantity of Na;O in the mix is around 20% wt. of the mix. The

derivation for this limitation follows.

The maximum Na»O in the mix limitation is derived from the following considerations:

1. Fly ashes rarely contain appreciable quantities of Na,O (generally below 6%), so the majority

of Na,O comes from the NaOH and sodium silicate [2].

2. At room temperature, a saturated solution of NaOH will contain approximately 54% wrt.

NaOH [78]

From these considerations, it is evident that the highest Na,O concentration possible in a mix occurs
when the minimum amount of fly ash is used and the remainder of the mix is a saturated NaOH
solution. Noting that 100% pure NaOH contains about 77.5% Na,O and the minimum fly ash
content is 60% wt. of the mix as explained in the fourth limiting factor, the maximum NayO content

in a mix is calculated as follows.

Na,0 fromash = 60% - 6% Equation 4.2
Na,0 from NaOH = 40% - 54% - 77.5% Equation 4.3
Na,0 inmix = Na,0 fromash+ Na,0 from NaOH Equation 4.4

Solving Equation 4.2 through Equation 4.4 yields an upper limit for Na;O in the mix of around 20%

wt. of the mix.

4.3.4 Mix Design

As was detailed in Chapter 3, there are several major and minor factors that influence the strength of

geopolymers. The factors dealing with the chemical composition of the mix are thought to include
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the alkali, water, reactive SiO», reactive AlOs, and calcium contents. The relationships between
these parameters are unknown, and due to the number of factors a large testing matrix is needed to

accurately study them.

In addition to the factors dealing with the chemical composition of the mix, factors dealing with the
curing conditions of the mix have also been shown to influence the strength of geopolymers. As
discussed in Section 3.2 these factors include the curing temperature, the curing time at elevated
temperature, and the curing environment. It has been demonstrated that there is no relation between
optimal curing temperature and mix composition. Thus it follows that there is no relation between
the optimal curing time at elevated temperature and mix composition. Additionally, it is assumed
that the means to cover the mix while curing exists which has been demonstrated to be the ideal
curing environment and is the method used in this study, so this factor is not a consideration. For
these reasons, the mix composition variables and curing environment variables are mutually

exclusive.

In order to allow for the development of useful design tools, only mix composition variables are
considered in the development of the compressive strength optimization model. The curing

environment is not a factor for the development of the set behavior models.

4.3.4.1 Curing Parameters for Compressive Strength Model Development

One set of curing conditions were chosen and used for all compressive strength mixes. In order to
develop the most useful model possible, it was decided that curing conditions which ensured the
maximum possible strength development for each mix would be ideal. Since covered curing results
in the highest strengths as described in Section 3.2.8, this was the curing environment used. All
mixes were covered with plastic wrap and then aluminum foil immediately following casting of the

specimens and remained this way until they were removed from the curing oven.

Section 3.2.9 indicated that a curing temperature of 85°C was the optimal curing temperature for
strength development. Although temperatures beyond this might lead to small strength gains, as
indicated in Section 3.2.10 a longer curing time could correct for this. Additionally, a temperature of
85°C as opposed to a slightly higher temperature provides a good buffer against the mix reaching the
critical temperature of 100°C at some point during the curing regime due to the exothermic

polycondensation reaction taking place. In order to ensure maximum reaction at this temperature, a

29



curing period of 24 hours was used. This is in the range for the plateau of strength gain as outlined

in Section 3.2.10.

Since the curing conditions were chosen to ensure the maximum possible strength gain that could be
achieved by each mix, the majority of mixes were only tested 28 hours after being cast. A 2 hour
buffer was provided from the point the mix was made to the point it was put into the oven as well as
from the point the mix was taken out of the oven to the point the mix was tested. The initial time
buffer was provided to allow adequate time to properly cast the specimens. Additionally it was
reasoned that a 2 hour buffer is a good approximation for the time it would take to cast and begin
high temperature curing of geopolymers for commercial applications. Section 3.2.7 discusses the
impact of the initial buffer time, or rest period, on the strength of the geopolymer and illustrates that
it is a minor consideration. The 2 hour buffer at the end of curing was provided to allow the

specimens to cool back to room temperature prior to being tested.

Three mixes were randomly selected to be tested at 7 days and 21 days in addition to 28 hours in
order to validate that the chosen curing conditions did result in the maximum possible reaction of

the mix. The results of this testing is summarized in Table 4.1

Table 4.1 — Validation of Designed Curing Regime

Mix 28 Hour Str. (ksi) | 7 Day Str. (ksi) 21 Day Str. (ksi)
C1222 12.02 11.15 11.40
C2021 6.00 7.36 7.22
C3057 9.25 9.48 9.38

Table 4.1 clearly shows that little strength change occurs beyond the designed curing regime which
indicates that the maximum potential strength of the geopolymer mix has been reached. Thus it is
concluded that a 2 hour buffer at the beginning and end of covered curing for 24 hours at 85°C is a

sufficient curing regime to ensure maximum possible strength development of each mix.

4.3.4.2 Set Behavior & Compressive Strength Model Development Mixes

Once the curing regime had been developed, the mix design proceeded by considering the practical
limits given in Section 4.3.3 and the base material design results in Section 5.1. The design scheme
followed to develop mixes to investigate the set behavior was first choosing three levels of H2O and
Na,O to investigate. The three levels of H2O chosen were 15%, 22.5%, and 30% wt. of the mix.
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The three levels of NaxO chosen were 3%, 7%, and 11% wt. of the mix. For all of these
combinations, four mixes with varied reactive SiO, were selected. Two of these four mixes were at
the extremes allowed by the base material (highest and lowest allowable reactive SiO» content), and
the remaining two mixes were between the extremes. Similar conditions were used for several base
materials having different compositions which allowed for the CaO and reactive Al,O3 contents in

the mix to be varied as well.

Observations made from each mix dictated if each series of four reactive SiO2 contents were tested.
This was done since although the primary objective of the set time testing was to develop models for
the set behavior of mixes, the secondary objective was to develop enough mix designs with

reasonable set times to use for the compressive strength testing.

Once all the mixes in the primary mix design matrix were cither tested or discarded, a second set of
mix designs were developed to target mixes that were expected to have set times reasonable for use
with the compressive strength testing. These mixes were designed to have compositions between the
levels of the mixes that had been shown to work. This procedure was done for three base materials.
A few mixes using other base materials were developed in addition to these three sets specifically to
help investigate the set time behavior of mixes with low calcium contents. The set time testing of fly
ash with very low calcium was limited due to nearly all low calcium mixes exceeding the 4 hour limit
set for the set time study. A summary of all the mixes designed for use with the set time testing is
provided in Table A.1 in Appendix A. The mixes presented in the table represent the as cast mixes

not the as designed mixes.

All of the mixes used for the set time testing that did not exhibit flash set behavior and set within 4
hours were used for the compressive strength testing. Additional mixes that had set times exceeding
4 hours were used to bring the total number of mixes for each base material up to around 20. Due
to limited quantities of some base materials, different but similar base materials were used for some
of the compression testing mixes. This resulted in slight variations for some of the compressive
mixes and set time mixes. A summary of all the mixes designed for use with the compressive
strength testing is provided in Table A.2 in Appendix A. The mixes presented in the table represent

the as cast mixes not the as designed mixes.
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4.4 Experimental Methods

In order to generate enough data to develop predictive strength and set behavior models, several
experiments were performed. The experimental methods which were followed to collect this data

are outlined.

4.41 Overview of Testing Methods

For all mixes cast and tested, the chemicals listed in Table 4.2 were used. In addition to these
chemicals, several fly ashes were considered for use in this study. A summary of the compositions of
these fly ashes determined by x-ray fluorescence (XRF) is given in Table B.1 in Appendix B.
Distilled water was used if any additional water was put in the mix in order to reduce the possibility

of the pH of the water varying throughout testing.

Table 4.2 — Properties of Chemicals Used in Study

Chemical % wt. Reactive SiO» % wt. Na,O % wt. H,O
Na Silicate 28.70 8.90 62.40
NaOH 0.00 75.15 24.85

The procedure followed to create mixes in all cases was as follows. Any Na silicate and distilled
water that was used was first mixed together. After mixing these together, any NaOH that was used
was added and stirred until it was completely dissolved and cooled to room temperature. Once the
activator solution had cooled to room temperature, it was combined with the fly ash and mixed until

it formed a uniform paste. The paste was then cast as prescribed in the test being performed.

A flow chart detailing the complete testing program is shown in Figure 4.1. In this figure, the major
test groups and starting points are denoted by the ovals, individual tests that must be performed are
denoted by the boxes, results from these tests are denoted by rounded boxes and have a number
designation, and major results as well as those requiring the combination of multiple tests are

denoted by hexagons and a letter designation.
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Figure 4.1 — Testing Overview

In Figure 4.1, the results that were obtained from experimental testing are as follows:

Results 1 — Compositional makeup of base material.

Results 2 — Compositional makeup of crystalline components and reactive percent of base material.

Results 3 — Initial and final set times of the geopolymer paste.

Results 4 — Density and air content of the fresh geopolymer paste.
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Results 5 — Density and air content of the cured geopolymer paste.

Results 6 — Compressive strength of the geopolymer paste at 28 hours.

Results A — Reactive quantities of specific phases in the base material.

Results B — Water lost during curing and storing of geopolymer samples.

The experimental test procedures used to obtain these results are detailed in the following sections.

4.4.2 NaOH Chemical Attack

This technique was used to determine the reactive SiO> and reactive ALOs quantities in the base
material. For this technique a NaOH solution is used to dissolve the base material as a direct
measure of the total material available for dissolution. A ratio of 5 grams of the base material to 100
mL of a 30% wt. NaOH solution at a temperature of 75°C was found to be optimal [9]. Due to the
large ratio of the chemical solution to the base material, the formation of aluminosilicate species is

significantly inhibited.

Once combined, the base material and NaOH solution are stirred and the dissolved species are
measured at various times after washing, filtering, and drying them. The parameters previously
specified allowed sufficient accuracy of determining the reactive content with minimal dissolution of
crystalline phases, and allowed the dissolution experiment to be performed in a reasonable time
frame [9]. The time at maximum dissolution generally occurs around 60 minutes with these
parameters, but the exact time the highest amount of dissolution occurs varies with different base

materials.

In order to obtain the maximum dissolution with a high degree of accuracy, a 15 minute time
increment was chosen. At each multiple of 15 minutes, the base material and NaOH solution were
removed from the hot plate stirrer and the solution and material were washed, filtered, dried, and
weighed. A new starting material needed to be used for each trial, but since the base material was the
same the variance as a result of this is assumed to be minor. This assumption was tested by repeating
each peak dissolution measurement as well as repeating the entire series of testing for one base

material.

34



The eventual reduction in total weight lost occurs because when the dissolution time is too long,
some aluminosilicate species will begin forming. As a result of this the point where the change in
weight is highest provides the closest approximation to the weight of material available for
dissolution. It is assumed that the rate of dissolution beyond the point where the change in weight is
highest will be very slow. Since some additional dissolution is possible beyond this point however,
the reactive quantity found using this technique will always be slightly less than the actual available

reactive content.

Once the point at which the maximum weight loss occurs has been determined, the quantity of
AlOs and SiO; dissolved can be determined. This is done by comparing XRF results of the base
material prior to the dissolution experiment to XRF results of the residue left from the dissolution
experiment. From these as well as the mass lost, the reactive species in the base material are

determined by Equation 4.5.
%wt. Reactive Oxide = %wt. Oxidexgr — %wt. Oxide; - (1 — %wt. Lost;) Equation 4.5

In Equation 4.5, Oxide stands for the oxide of interest (either AlO3 or SiO»), %wt. Oxidexgr is
the % wt. of the oxide determined by XRF, %wt. Oxide¢ is the % wt. of the oxide determined by
XRF on the chemical dissolution residue, and %wt. Lost. is the %wt. lost from the chemical

dissolution.

By using this method, a large amount of the amorphous phases on the surface of fly ash particles are
dissolved in addition to a small portion of the crystalline phases. Complete dissolution of the
amorphous phases does not occur with this method which is similar to what actually occurs during
the geopolymer formation process as discussed in Chapter 2. Since only the amorphous and
crystalline phases capable of dissolution are considered instead of assuming that all the amorphous
phases dissolve and none of the crystalline phases do, the chemical dissolution technique chosen for
use in this study more accurately determines the potential reactive content in a base material than

other techniques do.

4.4.3 Vicat Testing

The purpose of this testing is to determine the initial and final set times of the geopolymer paste.

For this testing, the procedure outlined by ASTM C191 for hydraulic cement pastes was followed.
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As defined by the standard, initial set is when the needle of the apparatus penetrates 15 mm in 30
seconds and final set is when the needle does not penetrate a noticeable amount in 30 seconds. Two
modifications to this standard were made due to the difference in initial behavior of geopolymer
pastes and hydraulic cement pastes and the desired degree of accuracy for the testing. One
modification deals with how the material is placed into the Vicat conical mold and the other

modification deals with the frequency of measurements taken.

The procedure that was used to place the geopolymer paste in the mold is as follows. The mold was
tilled halfway with the geopolymer paste and then pressed with a 2" x 17 rectangular rod to remove
air bubbles. The mold was then filled the rest of the way and pressed again. The excess material was
then scraped off to form a level surface. This placing method is suitable since fresh geopolymer

pastes generally start out in a more liquid state than fresh hydraulic cement pastes.

The time between needle penetration measurements was taken every 2 minutes until 1 hour had
passed, and then every 5 minutes after. The standard calls for measurements to be made every 10-15
minutes, but by taking measurements more frequently, the set times was able to be determined more
accurately. Since geopolymer pastes set faster than hydraulic cement pastes, this extra accuracy is

necessary.

4.4.4 Air Content

The purpose of this testing is to provide a degree of quality assurance for the cast specimens. The air
content as well as approximately how much water was given off during the reaction process was
obtained through this testing. The procedure as outlined in ASTM C138 for this testing was
followed. For geopolymer pastes, the fresh paste was weighed after it has been poured into the
molds and before beginning the high temperature curing so the density of the paste could be

determined. This allowed the calculation of the percent air in the paste as shown in Equation 4.6.

Pi—Pp

Pi

Air Content = Equation 4.6

In Equation 4.6, p; is the theoretical density of the mix and Py is the actual density of the paste.
Although some air was expected in the paste, an unusually large amount provided an early indicator
of improper sample preparation. The specimens were weighed again after they were taken out of the

oven. This allowed for the water given off during the reaction process to be approximated as the

36



change in weight of the samples. Some water loss was expected, but an unusually large amount of

water loss indicated the samples were improperly covered during curing.

4.4.5 Strength Testing

The purpose of this testing is to determine the compressive strength of the geopolymer pastes.
General procedures outlined by ASTM C109 for 2” cement mortar cubes were followed. Each mix
was cast into 2” cube molds by filling the mold halfway and vibrating for 30 seconds, filling the mold
the rest of the way and vibrating again for 30 seconds, then leveling off the top. The molds were
then covered in plastic and covered again in aluminum foil to ensure a humid environment was
maintained during curing. Molds wete placed in the oven at 85°C 2 hours after the initial mixing.
For each mix, 6 2” cubes were cast and tested at 28 hours (£ 0.5 hour). All cured specimens were
kept wrapped in plastic to maintain a humid environment until testing. A load rate of 200 pounds
per second was used on all test specimens which is the lower recommended loading rate specified in

the standard testing procedure.

4.5 Optimization Model Development Techniques

Due to the magnitude of data that was collected and the number of variable that were under
consideration, specialized software was needed to aid in the analysis. The software selected to
perform a regression analysis on the collected data was Eureqga 11 which specializes in extracting the

simplest equations to model a continuous system.

4.5.1 Genetic Programming

Eureqa II is a statistical analysis program that uses genetic programming (symbolic regression) to
determine the underlying relationships controlling various systems [72]. Genetic programming is a
process where basic expressions atre tested in the system and evolve over time. Expressions that
better fit the data are kept and randomly modified and combined, while expressions that are worse

are discarded.

Although this method of equation fitting is computationally intensive, the Eureqa II software allows
the number of mathematical operations considered in the search to be limited to speed up the search.

For example the search can be specified to consider only certain trigonometric operations, or they
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can be excluded from the search entirely. Additionally, a form of an equation to find can be specified

such as by forcing the expressions to always be positive for the considered data set.

The two evolutionary processes undergone in genetic programming are crossovers and mutations.
Crossovers occur when blocks from different expressions are randomly traded and mutations occur
when some element of one expression is modified. As an example of the genetic programming
process, consider the expression given in Equation 4.7 to be the best possible expression for the data
considered. Equation 4.7 is represented schematically in Figure 4.2.1. Additionally, consider
Equation 4.8 and Equation 4.9 as two expressions currently in the system. These are represented

schematically in Figure 4.2.2 and Figure 4.2.3 respectively.

2
y=5"exp (sz - 1) Equation 4.7
y =sin(2 - x?) +§ Equation 4.8
y=5"exp (:ﬁ + 1) Equation 4.9

Figure 4.2 — Tree Structure Representations of Genetic Programming Expressions

An example of a possible crossover between Equation 4.8 and Equation 4.9 is shown in Figure 4.3.
In this figure, the 2 - x? block from Equation 4.8 is exchanged with the 4 + x block from Equation

4.9.
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Parent 1 Parent 2

Figure 4.3 — Crossover Operation in Genetic Programming

The resulting expression for child 1 is given in Equation 4.10 and the resulting expression for child 2

is given in Equation 4.11.

y =sin(4+x) + ; Equation 4.10

2
y=5-exp (sz + 1) Equation 4.11
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It is clear that child 2 as represented in Equation 4.11 models the data better than either parent or the
other child generated from the crossover since it produces values much closer to those produced by
the ideal expression in Equation 4.7. As a result, child 2 will be kept and the other three expressions

will be discarded.

An example of a possible mutation process child 2 may undergo is the + in the expression mutating

into a —. This is shown in Figure 4.4.

Figure 4.4 — Mutation Operation in Genetic Programming

The mutation of child 2 is now identical to the optimal expression given by Equation 4.7. From this
point on, mutation and crossovers will still occur but no expression generated will be better than the
shown mutation produced by child 2. As a result, this expression will be kept indefinitely and other

expressions will begin to converge on this one.

4.5.2 Preliminary & Final Model Searches

For each model developed a preliminary and final model search was conducted in Eureqa II using
the collected experimental data. Prior to running each model search, all variables were normalized to
span the range from about 0 to 1. For each set of preliminary model searches three separate searches
using different mathematical operations were run considering all chemical composition variables as
outlined in Section 4.3.4.2. The mathematical operations allowed for the searches are specified in
Table 4.3. In Table 4.3 ¢ represents a constant and X represents an input variable.
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Table 4.3 — Summary of Preliminary Model Search Parameters

Sfaarch. Allowed Mat.hernatmal Variables Considered
Designation Operations
Algebrai -+
= : % % P, 1 R. ALO3, CaO
Trigonometric +, —,+,*%,C, X, exp, In, sin, cos

As is evident from Table 4.3, the trigonometric preliminary model search allows for substantially
more complicated expressions to be formed than the algebraic preliminary model search. This has
the potential to lead to overfitting of the data, however the Eureqa II software penalizes more
complicated mathematical operations in order to reduce the potential of this occurring. The software
does this by discarding more complicated expressions if two expressions have the same fit to the
data. Additionally, the software keeps consecutively less complicated expressions than the current
one with the best fit in the data set. As an example if the expression y = x? is being fitted, the
optimal solution set the program will find would contain ¥ = x2 and y = x since these would be

progressively less complicated expressions which fit the data the best.

Another technique used to reduce the potential of overfitting the experimental data, was using a
portion of the collected data to train the model and a portion to test the model. Although it is ideal
to keep these sets completely separate, since the experimental data sets collected were relatively small
a portion of the data was allowed in both training and test sets. For all searches, 80% of the data was

used for training and 50% was used for testing.

The fitting metric used in developing all models was a mean absolute error metric. This was chosen
to minimize the impact of noise in the data. The preliminary model searches were allowed to run
until no expressions with a better fit were generated for 12 hours. This corresponded to going

through approximately 7 million generations with no better solution fit being found.

After the preliminary searches were completed, final model searches were run with more restricted
parameters to reduce the computational cost of the solution and maximize the probability of the best
solution being found. These searches were allowed to run until no expressions with a better fit were
generated for 2 days which corresponds to no better solution fits in over 28 million generations. The
function forms for the various searches as well as the restrictions imposed on the final model

searches are outlined in Chapter 6.
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Once the stopping criterion was met for each search, the generated solution set was analyzed. The
solution with the best fit was selected as the final model provided there was not a solution of lower
complexity that offered a nearly identical fit. The final models generated by the specific searches run

were then compared to select the final overall model.

4.5.3 Validation of Generated Models

After the final models were developed, a final set of mixes were designed and tested as further
validation that the models were not overfitting the experimental data. This series consisted of 10
mixes that were subjected to the same tests as the mixes used for development of the models. Most
of the mixes in this series used fly ashes not actually used in developing the models. This was done

as another measure to ensure the experimental data had not been overfit by the developed models.
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Chapter 5

Results

5.1 Base Materials Design

In order to create mix designs over the widest possible range of base materials, dissolution
experiments were performed on all of the fly ashes listed in Table B.1 in Appendix B to determine
the reactive SiO; and reactive Al2Os contents of the materials. Once the reactive quantities of each
fly ash were determined, base materials were designed to capture the largest possible range of values

with the available materials.

5.1.1 Dissolution Experiment

The NaOH dissolution technique outlined in Section 4.4.2 was followed and graphs showing the
dissolution of each base material at various time increments during the experiment are given in

Figure B.1 — Figure B.8 in Appendix B.

Since determining the reactive contents of the base material is critical to this research study, the
repeatability of the technique used was investigated by repeating the entire dissolution study for the
High Calcium 6 fly ash. Additionally, each point of maximum dissolution was tested twice to verify
the accuracy of the critical point. XRF was carried out on the first trial in each case so this was the
weight loss used to calculate the reactive SiO2 and reactive AL O3 quantities in the ash. As a control,
cach fly ash was tested mixed with water in the vacuum filtration setup used for the dissolution
experiment. This was done to ensure that the filter used was fine enough so that no fly ash particles
were going through prior to dissolution. From doing this, it was determined that the selected filter

was adequate and the loss in the vacuum filtration system was negligible.

The test results are summarized in Table 5.1 along with the reactive quantities calculated using
Equation 4.5 and the CaO content in each fly ash. A summary of the XRF results for the dissolved
residue at the critical point which was used to calculate the reactive quantities from each experiment

is given in Table B.2 of Appendix B.
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Table 5.1 — Dissolution Experiment Results

Fly Ash Time at max Trial 1 A Trial 2 A R. SiO, R. AlLO; CaO
loss (min.) wt. (%0) wt. (%0) (% wt.) (% wt.) (% wt.)

Low Ca 1 90 25.3 24.7 13.53 4.44 1.77
Low Ca 2 60 15.9 16.2 9.52 3.76 1.89
High Ca 1 60 13.1 13.5 7.82 7.23 27.00
High Ca 2 105 19.6 18.9 11.13 8.42 23.67
High Ca 3 90 19.9 19.4 12.68 10.09 23.47
High Ca 4 75 20.6 21.0 11.47 8.73 23.51
High Ca 5 60 12.8 12.7 8.30 7.33 26.25
High Ca 6 T1 60 18.9 19.4 12.54 8.49 17.80
High Ca 6 T2 60 20.2 19.7 12.89 8.86 17.80

Table 5.1 shows that the base materials tested for this study have reactive SiO» contents between
7.82% wt. and 13.53% wt., reactive AlO3 contents between 4.44% wt., and 10.09% wt., and CaO
contents between 1.77% wt. and 27.00% wt. Comparing the High Calcium 6 trial 1 to the High
Calcium 6 trial 2 shows that this method produces repeatable results. For High Calcium 6, the trial 1
results were used as the reactive quantities in the fly ash. The close change in weights between trial 1

and trial 2 for each individual fly ash also is a good indicator that this technique is repeatable and

reliable.

5.1.2 Selected Base Materials

In order to capture the largest area of possible mixes for this study, several of these fly ashes were
mixed to create base materials with reactive SiO», reactive Al,Os3, and CaO contents between those
listed in Table 5.1. The critical properties of the base materials created and used for this study are
listed in Table 5.2.

Table 5.2 — Critical Properties of Selected Base Materials

. R. SiOz R. Ale3 CaO Nazo

Fly Ash Fly Ash Mix (% wt.) (% wt.) (% wt.) (% wt.)
High Ca 1 - 7.82 12.84 27.00 2.18
High Ca 2 - 11.13 8.42 23.67 2.00
Low Ca 2 - 9.52 3.76 1.89 0.60
Mixed High Ca | 75%HC2 + 25%LCl 11.73 7.43 18.20 2.34
Mixed Low Ca1 | 50%HC4 + 50%LC2 10.50 6.25 12.70 1.19
Mixed Low Ca2 | 33%HC2 + 67%LC2 10.05 5.30 9.08 1.06
Mixed Low Ca3 | 50%HC3 + 50%LC2 11.10 6.93 12.68 1.18
Mixed Low Ca 4 | 25%HC2 + 75%LC2 9.92 493 7.34 0.95
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As Table 5.2 shows, the mixed fly ashes capture the critical properties between the extremes of the
individual fly ashes obtained. Due to limited quantities of some available fly ashes, different sets of
fly ashes were used for the set time testing and the compressive strength testing. The base materials
used for the set time testing were High Calcium 1, Low Calcium 2, Mixed High Calcium, Mixed Low
Calcium 2, Mixed Low Calcium 3, and Mixed Low Calcium 4. The base materials used for the
compressive strength testing were High Calcium 2, Low Calcium 2, Mixed High Calcium, Mixed Low

Calcium 1, and Mixed Low Calcium 2.

5.2 Set Time Models

In total 181 mixes were designed, cast, and tested to serve as a base for developing the set time
models. Of these 181 mixes, 57 exhibited normal behavior, 52 exhibited flash set behavior, and 72
exhibited long set behavior. A summary of all the mixes is given in Table B.3 in Appendix B. Note

that mix T1044 was dry and did not form a paste so is not included in the results.

It was determined during the course of testing that there existed a need to predict when mixes would
exhibit flash set behavior. For this study, flash set behavior was said to occur when the mix had an
initial set less than 10 minutes as determined by the Vicat test described in Section 4.4.2. For the
model development, flash set behavior was assigned a 0 value and normal mix behavior was assigned
a 1 value. Since this models objective was to solve for a binary output, a step function equation form
was specified as the solutions equation form. This is shown in Equation 5.1 Where F is the resulting
binary output, f is any function containing mathematical operations outlined in Table 4.3, and

a,b,c,d, g are the normalized chemical composition variables.
F = step(f(a, b,c,d, g)) Equation 5.1

By specifying a step function equation form the mixes that would flash set are predicted by any
negative value of the function f, and mixes exhibiting normal behavior are predicted by any positive

value of the function f.

It was also decided that a general prediction of whether the mix would take a long or short time to
set was needed. The cut off for a short set time was given as mixes that would set within 4 hours at
room temperature, and a long set time was any mix that would take longer than 4 hours to set at
room temperature. This model was set up similar to how the flash set model was by giving a short
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set time a 0 value and a long set time a 1 value. A step function as shown in Equation 5.2 where L is

the resulting binary output, and the other vatiables are the same as used in Equation 5.1.
L= step(f(a, b,c, d,g)) Equation 5.2

Similar to Equation 5.1, any negative value of the function f gives a prediction of short set and any

positive value of the function f gives a prediction of long set.

5.2.1 Flash Set Model

The flash set predictive model was developed using the results from all the set time mixes as well as
results from the compressive testing mixes that were different from the set time mixes. The 12
additional mixes developed for compressive testing that were used, two of which exhibited flash set

behavior, are summarized in Table B.4 in Appendix B.

5.2.1.1 Flash Set Model Development

All preliminary model searches as outlined in Section 4.5.2 indicated that the most important
variables to predict flash set were the H>O, NayO, and CaO contents in the mix. Additionally, all
preliminary model searches were converging on algebraic solutions. In order to reduce the
computational cost of finding a final model, the final model search was limited to using the H>O,
Na,O, and CaO variables, and only algebraic solution were considered. This search was run until the
stopping criterion for the search was met. Table 5.3 shows the normalized variables used in

developing the flash set model.

Table 5.3 — Normalized Variables Used in Flash Set Model Development

Variable Normalized Variable
H>O (% wt. of mix) a=6-(H,0—0.14)
Na;O (% wt. of mix) b=6-Na,0
CaO (% wt. of mix) d=5-(Ca0 —0.01)
F F

The final flash set prediction model is given in Equation 5.3.
F = step(4.861-a-b —0.1215 — d3) Equation 5.3
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As this equation indicates, the CaO content is the main controlling factor for flash set in geopolymer
pastes. This is not surprising since the CaO content has been shown to have a significant impact on
the set time of a mix as discussed in Section 3.1.1, and calcium is the main factor for flash set in

ordinary portland cement based products [41].

Equation 5.3 also indicates that H>O and NazO in the mix inhibit flash set of geopolymers. More
H>O in the mix will impede the network formation thereby slowing it down. In addition to this, a
mix with more Na,O will have a higher initial concentration of OH- ions in the solution which are
available to break bonds in the base material as discussed in Section 2.1. The higher concentration of
OH- ions will cause the dissolution rate to be faster thus reducing the risk of the rapid network
formation associated with flash set. Due to these considerations, the form of the flash set equation

found agrees with the current knowledge of the geopolymer formation process.

Substituting the real variables back in to Equation 5.3 gives the prediction that flash set will occur

when the condition in Equation 5.4 is met.

(175-H,0-Na,0—-24.5-Na,0—0.1215)1/3

0.01 + s

< CaO Equation 5.4

The final flash set model predicts the correct behavior of the mix for 87% of the 193 mixes used to

development the model.

5.2.1.2 Flash Set Model Validation

After the flash set model had been developed, ten additional validation mixes mostly using fly ashes
not used for the development of the model were subjected to set time testing. This was done to
ensure the model was able to predict flash set for mixes other than those used in developing the
model. These mixes were tested in the same way the mixes used to develop the model were. A
summary of the validation mix properties is given in Table A.3 in Appendix A with the critical

properties for flash set reproduced in Table 5.4 along with the testing results.
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Table 5.4 — Summary of Flash Set Model Validation Results

. Critical Properties (% wt. of Mix) | Mix Behavior | Actual Mix

Mix Fly Ash H,O . Na2(§ CaO : Prediction Behavior
V0301 Low Ca 2 24.98 8.00 1.26 Normal Normal
V0402 High Ca 5 22.95 10.00 17.23 Normal Normal
V0660 Low Ca 1l 22.00 10.99 1.18 Normal Normal
V0708 Mixed Low Ca 2 23.56 6.37 6.18 Normal Normal
V0962 High Ca 6 16.85 4.36 13.80 Flash Set Flash Set
V1119 High Ca 6 16.43 10.21 12.79 Normal Normal
V1164 High Ca 6 16.52 8.88 13.08 Normal Normal
V1190 High Ca 6 16.77 5.80 13.35 Flash Set Flash Set
V1194 High Ca 6 16.60 7.49 13.39 Flash Set Normal
V1289 High Ca 6 16.69 7.15 12.94 Normal Normal

As indicated in Table 5.4, the set behaviors for 9 of the 10 validation mixes were correctly predicted.
It is noteworthy that mix V1194 which was predicted incorrectly had an initial set of only 18 minutes.
Thus, although the model predicted the behavior incorrectly, the mix was not far from the 10 minute
threshold that was set. These results are further proof that in addition to agreeing with the current
knowledge of set behavior in geopolymers, the model is also able to accurately predict experimental

results.

5.2.2 Long Set Prediction Model

The long set behavior predictive model was developed using results from all the set time testing

given in Table B.3 in Appendix B.

5.2.2.1 Long Set Model Development

The preliminary model searches as outlined in Section 4.5.2 indicated that the most important
variables to predict long set were the H>O, NayO, reactive SiOs, and CaO contents in the mix.
Additionally, all preliminary model searches were converging on algebraic solutions. In order to
reduce the computational cost of finding a final model, the final model search was limited to using
the HoO, NaO, reactive SiO», and CaO variables, and only algebraic solution were considered. This
search was run until the stopping criterion for the search was met. Table 5.5 shows the normalized

variables used in developing the long set model.
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Table 5.5 — Normalized Variables Used in Long Set Model Development

Variable Normalized Variable
H2O (% wt. of mix) a=6(H,0—0.14)
Na,O (% wt. of mix) b=6-Na,0
Reactive SiOz (% wt. of mix) c=6-R.Si0,
CaO (% wt. of mix) d=5-Ca0
L 12

The final long set prediction model is given in Equation 5.5.
L = step(1.412 +a? —2.208-c — d) Equation 5.5

As this equation indicates, the final long set model search converged on a solution that did not need
the Na;O content in the mix to make a good prediction. Additionally, from Equation 5.5 it is seen
that the factor responsible for long set times is the H>O content in the mix. This is because excess

H2O in the system impedes network formation thereby increasing the set time.

These results also indicate the CaO content is a contributing factor for the set time of geopolymer
pastes which is in agreement with published works as discussed in Section 3.1.1. As indicated in
Equation 5.5 as well as the literature, higher CaO contents generally result in shorter set times. In
addition to higher CaO contents resulting in shorter set times, Equation 5.5 shows that higher
reactive SiO contents also result in shorter set times. This indicates that the network formation
proceeds at a faster rate when there is a higher amount of reactive SiO2 in the system. It is
interesting to note that the reactive SiO2 content plays a larger role in determining if a mix will have a

short set time than the CaO content in the mix does.

Substituting the real variables back in to Equation 5.5 gives the prediction that long set will occur

when the condition in Equation 5.6 is met.

/13.25:R.Si0,+5-Ca0—1.412
6

0.14 + < H,0 Equation 5.6

In Equation 5.6 it is important to note that when the square root term is negative, the model
prediction is that long set occurs. The final long set model predicts the correct behavior of the mix

for 85% of the 181 mixes used to development the model.
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5.2.2.2 Long Set Model Validation

After the long set model had been developed, ten additional validation mixes mostly using fly ashes
not used for the development of the model were subjected to set time testing. This was done to
ensure the model was able to predict long set for mixes other than those used in developing the
model. These mixes were tested in the same way the mixes used to develop the model were. A
summary of the validation mix properties is given in Table A.3 in Appendix A with the critical

properties for long set reproduced in Table 5.6 along with the testing results.

Table 5.6 — Summary of Long Set Model Validation Results

. Critical Properties (% wt. of Mix) | Mix Behavior | Actual Mix

Mix Fly Ash .0 pR. Sngz CaO : Prediction Behavior
V0301 Low Ca 2 24.98 7.27 1.26 Long Set Long Set
V0402 High Ca 5 22.95 8.17 17.23 Short Set Short Set
V0660 Low Ca 1 22.00 11.68 1.18 Long Set Long Set
V0708 | Mixed Low Ca 2 23.56 9.59 6.18 Long Set Long Set
V0962 High Ca 6 16.85 12.12 13.80 Shott Set Short Set
V1119 High Ca 6 16.43 11.52 12.79 Short Set Short Set
V1164 High Ca 6 16.52 11.37 13.08 Shott Set Short Set
V1190 High Ca 6 16.77 12.90 13.35 Short Set Short Set
V1194 High Ca 6 16.60 11.19 13.39 Short Set Short Set
V1289 High Ca 6 16.69 13.62 12.94 Short Set Short Set

As indicated in Table 5.6, the behaviors for all of the validation mixes were correctly predicted.

These results are further proof that the model is also able to accurately predict experimental results.

5.3 Compressive Strength Model

In total 90 mixes were designed, cast, cured, and tested to serve as a base for developing the
compressive strength models. The air content testing used as quality assurance for the compressive
strength testing showed that all mixes had around 10% to 15% air when cast, and generally lost about
1%-3% H20O during the curing regime. No mixes were significantly outside of this range, so all mixes
were considered to be propetly cast. The results from this testing as well as the cured material
densities of each mix can be found in Table B.5 in Appendix B. Mixes that did not gain strength as

well as mixes which flash set or were dry are not included in this table.
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For the compressive strength model development, the equation form for the model was specified so
that only positive compressive strength outputs were possible in the data range considered. The

equation form used is shown by Equation 5.7.
NS = f(a, b, c, dl g) + 0 ) log(f(a; br c, d; g)) Equation 57

In Equation 5.7, NS represents the normalized strength, f is any function containing mathematical
operations specified in Table 4.3, and a, b, ¢, d, g are the normalized chemical composition variables.
The purpose of the 0 - log(f(a, b,c, d,g)) term in Equation 5.7 is to force solutions containing
only positive values. The Eureqa software assigns not a number (NaN) results as having infinite
error. Since the logarithm of a negative number is NaN, any function found containing one negative
solution will be assigned infinite error and thus will be discarded from the base expression set. For
functions that remain positive, the logarithm of the function will not be in the evaluated expression

since it is multiplied by 0.

5.3.1 Compressive Strength Testing Results

A summary of the results from the compressive testing is given in Table B.6 in Appendix B. Note
that mixes C6902 and C6909 exhibited flash set behavior, and mixes C6903 and C6907 were dry and
did not form a paste so these are not included in the results. The mixes are listed in order from the

lowest compressive strength to the highest, and the co.

As indicated in Table B.6 in Appendix B, the highest strength achieved was 15 ksi. In general, the
mixes with lower strengths tend to have higher HoO contents, and the mixes with higher strengths
tend to have lower H>O contents. It was also found that mixes with high and low calcium contents
can be used to obtain any strength, so there is no obvious relationship between calcium content and
strength. In order to determine the critical parameters for strength development in geopolymers as
well as the basic format of the relationship, the parameters under consideration were normalized and

subjected to genetic programming as outlined in Section 4.5.2.

5.3.2 Model Selection

The three preliminary model searches all indicated that the variables which influence the strength the
most are the amounts of H,O, NayO, and reactive SiO; in the mix. In addition to this, the

trigonometric model search was converging on the same solution as the exponential model search.
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For these reasons, the final model search was limited to the algebraic and exponential models. In
order to reduce the computational cost of finding the final models, the variables for these searches
wete limited to the amounts of H2O, Na;O, and treactive SiO; in the mix. These searches were run
until the stopping criterion was met. Table 5.7 shows the normalized variables used in developing
the strength models. These variables can be substituted back into Equation 5.8 and Equation 5.9 to

use the models for actual mix design values.

Table 5.7 — Normalized Variables Used in Strength Model Development

Variable Normalized Variable
H>O (% wt. of mix) a=6-(H,0—0.14)
Na;O (% wt. of mix) b=6-Na,0
Reactive SiO; (% wt. of mix) | ¢ = 10 (R.Si0, — 0.07)
7
Strength (ksi NS=—-§
gth (ksi) 100

The final normalized algebraic model found is expressed by Equation 5.8 which had a mean absolute

error of 0.0762 (corresponds to 1.09 ksi).

_ 0.08256-b3+b3-c
0.07596:c2+0.08256-b3+a-b3+5.926:b7-c

NS Equation 5.8

The final normalized exponential model found is expressed by Equation 5.9 which had a mean

absolute error of 0.0617 (corresponds to 0.88 ksi).

0.2379-a 2.19:a'b-c
b2 ¢c24+1.267-b%2-0.3452-c

NS = 0.7893 - exp (0.3866 C —4.726-a- bz) Equation 5.9
The properties of both of these models in their non-normalized representations are explored in detail

in the following sections.

5.3.2.1 Model Predictions & Limits

In order to investigate how well the algebraic and exponential models predict the compressive
strengths for the various mix designs, the model predictions were plotted against the experimentally
observed strengths. These plots are shown in Figure 5.1.1 for the algebraic model and 5.1.2 for the
exponential model. Both models predictions for individual mixes and the critical variables in those

mixes are given in Table B.6 in Appendix B.
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Figure 5.1 — Predicted vs. Experimental Comp. Strengths of (1) Alg. Model (2) Exp. Model

Upon inspection of the mixes that did not gain strength, it was found that they all had very low
Na,O contents. This is most likely the result of there not being sufficient Na;O in the mix to
dissolve the reactive SiO, and make it available to form the aluminosilicate network. As a result, a
lower limit of 3% wt. NaxO in the mix was placed on the models. The mixes with below this content
of Na,O are shown in red in Figure 5.1.1 and Figure 5.1.2. It is evident that neither model was able
to capture this behavior which is likely because only mixes that gained strength were considered for
the model development. In addition to this it is very unusual to have a NaxO content in any practical
mix greater than about 15% wt. of the mix as discussed in Section 4.3.3. Due to this, an upper limit

for a Na,O content of 15% wt. of the mix exists for these models.

Looking at Table B.6 in Appendix B shows the range of reactive SiO2 used to develop these models
was between about 7% wt. and 18% wt. of the mix. It is possible that different fly ashes could
contain smaller or larger amounts of reactive SiO; in them allowing for lower or higher quantities of
reactive SiO; in the mix. However, due to the large number of base materials tested for use in this
study, reactive SiO2 quantities substantially exceeding the limits found in this study using procedures
outlined in Section 4.4.2 are unlikely. Due to this, the model limits for the reactive SiOz content in

the mix are between 7% wt. and 18% wt. of the mix.
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In developing these models, the water content of the mix designs was limited to between about 14%
wt. and 30% wt. total H>O in the mix. Experimental observations showed that the majority of mixes
below 14% wt. H2O were excessively dry and could not combine to form a paste. Additionally,
mixes containing above about 30% wt. H>O rarely showed notable strength development. This
conclusion is verified from inspecting Table B.6 in Appendix B and noting that only two mixes with
around 30% wt. H>O contain strengths greater than about 2 ksi (C1052 with a strength of 4.41 ksi
and C3041 with a strength of 4.86 ksi). Thus, although these models use is restricted to H.O

contents between 14% wt. and 30% wt., this range covers all practical mixes.

From Figure 5.1.1 and Figure 5.1.2 it is clear that the majority of the mixes created had strengths
between 2 ksi and 13 ksi. Very few mixes had strengths outside of this range, and the majority of
design applications will call for strengths within this range. Furthermore, it was observed that
sodium based geopolymer mixes exceeding 13 ksi were extremely cohesive and would likely present
substantial difficulties in any general casting or commercial fabrication processes using them. Due to
practical considerations and the uncertainty of the models behavior outside of this range, a lower

limit of 2 ksi and upper limit of 13 ksi is recommended for either models use.

5.3.2.2 Model Strength Predictions for Constant H,0O Contents in the Mix

Strength maps for low, medium, and high H>O contents as a function of the NaxO and reactive SiO2

contents are shown in Figure 5.2 for the algebraic model and Figure 5.3 for the exponential model.
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Figure 5.2 — Strength Map of Alg. Model for (1) 17.5% H,0 (2) 22.5% H,0 (3) 27.5% H,0
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Figure 5.3 — Strength Map of Exp. Model for (1) 17.5% H:0 (2) 22.5% H20 (3) 27.5% H>O

Both Figure 5.2 and Figure 5.3 indicate that there exists a minimal amount of NayO needed to
dissolve the optimal quantity of reactive SiO» in the mix. This is evident from the gradual increase to
a maximum strength as the Na,O content in the mix increases. Beyond this optimal point, the excess
Na;O in the mix will inhibit strength development. This is likely due to the excess Na,O in the

system reducing the average chain length in the aluminosilicate network.

As the quantity of reactive SiOz in the mix increases, a proportionally larger quantity of Na>O would
be required to shorten the chain length an equal amount. This is shown very well in Figure 5.3 as
indicated by the contours beyond the optimal point being at an angle. From looking at Figure 5.2, it
is seen that the algebraic model does not pick up this behavior since the contours after the optimal
point are vertical. Thus the exponential model is able to pick up on the expected behavior of the

system better than the algebraic model is.

5.3.2.3 Model Strength Predictions for Constant Na,O Contents in the Mix

Strength maps for low, medium, and high Na,O contents as a function of the H>O and reactive SiO:

contents are shown in Figure 5.4 for the algebraic model and Figure 5.5 for the exponential model.

55



15

w
=1
— 10
3 5
o i
T 507
g
: 0
0
0 15 0 15
F. 510, () F. 510, (%) E. 5i0, (%)
Figure 5.4 — Strength Map of Alg. Model for (1) 6% Na2O (2) 9% Na2O (3) 12% Na,O
1 2. 3
15
"
=5
— 10
5 8
o, i
i s
i
. ©
0 15 0 15 10 15
RS0, (%) RS0, (%) E. 510, ()

Figure 5.5 — Strength Map of Exp. Model for (1) 6% N2a,0 (2) 9% Na,O (3) 12% Na,O

Both Figure 5.4 and Figure 5.5 Clearly show that with all other factors held constant, as the H>O
content in the mix increases, the strength decreases. This is a well established fact as discussed in
Section 3.2.2. The peak around 11% wt. reactive SiO2 shown in Figure 5.5.1 that moves to higher
reactive SiO> concentrations at higher NaxO concentrations is further illustration of the expected

behavior beyond the optimum as previously discussed.

Another important difference between these two models that is clearly illustrated by comparing
Figure 5.4 with Figure 5.5 is that the optimal reactive SiO, content is predicted to be at between
about 8% wt. and 12% wt. depending on the NaxO concentration for the algebraic model and at the
highest possible amount of reactive SiOz for all Na,O concentrations with the exponential model.
As discussed in Section 3.2.3, there is near universal agreement that higher reactive SiO2 contents
produce mixes with higher strengths, thus the behavior of the exponential model is in better

agreement with the expected behavior.
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5.3.2.4 Model Behaviors at Low Strengths

The predicted mix designs of the algebraic model for a 3 ksi mix are shown in Figure 5.6.1 and
Figure 5.6.2, and the predicted mix designs of the exponential model for a 3 ksi mix are shown in

Figure 5.7.1 and Figure 5.7.2.
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The algebraic model behavior in Figure 5.6.1 indicates that a 3 ksi compressive strength can be
obtained for any water content in the practical mix range while the exponential model behavior in
Figure 5.7.1 indicates that the water content must be greater than about 19%. Mixes C3231 and
C2041 which both have strengths around 3 ksi and contain 22.41% H»O and 29.89% H.O
respectively verify that this strength can be obtained for a wide range of water contents. Inspection
of Table B.6 in Appendix B shows that the first mix to have a water content notably lower than 19%
is C6131 with 15.10% H2O which had a strength of 9.16 ksi. Thus the exponential models behavior
with respect to water content in the mix at low strengths matches more closely with experimental

observations than the algebraic models behavior.
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When the possible range for the reactive SiO2 and NaxO contents in the mix as shown in Figure 5.6.2
and Figure 5.7.2 are compared, it is evident that the range of possible mixes at low strengths
predicted by the algebraic model is much more restrictive. This indicates that although it is possible
to develop mixes with low strengths in the practical mix range with the algebraic model, it is very
difficult. Although there are some mixes such as C3032 with 4.96% Na,O and 14.65% reactive SiO»
that fall outside of the algebraic prediction range but within the exponential prediction range, no
absolute conclusions can be made regarding which model is better at lower strengths based on the

reactive SiO; and Na,O contents in the mix.

5.3.2.5 Model Behaviors at Moderate Strengths

The range of mixes predicted by the algebraic model at a moderate strength of 7 ksi is shown in
Figure 5.8.1 and Figure 5.8.2, and the range of mixes predicted by the exponential model at a

moderate strength of 7 ksi is shown in Figure 5.9.1 and 5.9.2.
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Both Figure 5.8.1 and Figure 5.9.1 indicate that for any water content in the practical range a 7 ksi

mix can be developed, but there is a smaller range of possible mixes for a higher water content.
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Mixes C2014 and C3031 with 18.84% H>O and 26.24% H»O respectively validate that a 7 ksi mix

can be developed for any practical water content..

Similar to the low strength behavior, at moderate strengths the exponential model predicts a larger
range of possible mix designs with respect to NaxO and reactive SiO contents than the algebraic
model. No experimental mixes fell outside of the more restrictive algebraic models range, so both of

these behaviors are reasonable.

5.3.2.6 Model Behavior at High Strengths

The behavior at a high strength of 11 ksi for the algebraic model is shown in Figure 5.10.1 and Figure
5.10.2, and for the exponential model is shown in Figure 5.11.1 and Figure 5.11.2.
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Both Figure 5.10.1 and Figure 5.11.1 show that in order to achieve higher strengths, a lower water

content is required. The algebraic model predicts that no more than about 20% H2O can be used for

a mix with a compressive strength of 11 ksi, while the exponential model predicts that no more than

about 21% H>O can be used for a mix with a compressive strength of 11 ksi. Mixes C2051, C2024,
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C1222, and C6911 all have around 22.5% H>O with strengths just greater than 11 ksi which indicates
that both of the models predict water limits a little low. Both of the models do however have

reasonable limits that correlate well with the experimental observations.

Similar to the low and moderate strength behaviors, the exponential model allows for a wider range
of Na,O and reactive SiO, combinations than the algebraic model does. Not enough high strength
mixes were created to conclusively eliminate one model based on this factor alone. However, both
models do predict that as the strength increases, the possible range of Na,O and reactive SiO»

becomes mote restricted.

5.3.2.7 Final Model Selection

Based on the analysis of both the algebraic and exponential models previously outlined, the model
which was selected as the one that picks up the best on the experimental as well as expected behavior

is the exponential model. The reasons for selecting this model over the algebraic model were:

1. The exponential model captures the behavior of the mix beyond the optimal Na>O point.
This model indicates that a larger reactive SiO2 content requires a proportionally larger Na,O

content to reduce the chain length and thereby reduce the strength. (Section 5.2.2.2)

2. The exponential model indicates that the maximum strength for any base material will be
obtained at some point where the reactive SiO» content is maximized. This is in agreement

with several published studies. (Section 5.2.2.3 & Section 3.2.3)

3. The exponential model indicates that mixes with water contents lower than about 19% wt.
will not produce mixes with strengths in the range of 3 ksi. This matches experimental
results more closely than the algebraic model which allows for mixes with very low water

contents to have strengths in the range of 3 ksi. (Section 5.2.2.4)

5.3.3 Exponential Model Validation

Once the exponential model was selected, validation mixes were created which were designed to
obtain a variety of strengths using some of the fly ashes which were not used for the development of
the model. These mixes were cast, cured, and tested in the same way the mixes used to develop the
model were. A summary of the validation mix properties is given in Table A.3 in Appendix A with

the critical properties for strength reproduced in Table 5.8 along with the testing results. A chart
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showing the strength prediction of the exponential model compared to the experimental strength for

all mixes in the range chosen as outlined in Section 5.2.2.1 is shown in Figure 5.12.

Table 5.8 — Summary of Exponential Model Validation Results

Critical Properties Desi Actual Coefficient of
Mix Fly Ash (%0 wt. of Mix) Str (kg::) Str. (ksi) Vatiation for 6
Hzo Nazo R. SiOz ’ ’ Cubes (0/0)

V0301 Low Ca 2 2498 | 8.00 7.27 3.01 2.10 10.16
V0402 High Ca 5 22.95 | 10.00 8.17 4.02 3.58 11.73
V0660 Low Cal 22.00 | 10.99 11.68 6.60 6.02 7.35
V0708 | Mixed Low Ca2 | 23.56 | 6.37 9.59 7.08 8.62 9.86
V1119 High Ca 6 1643 | 10.21 11.52 11.19 9.60 8.43
V1164 High Ca 6 16.52 | 8.88 11.37 11.64 9.56 9.04
V1194 High Ca 6 16.60 | 7.49 11.19 11.94 12.29 14.13
V1289 High Ca 6 16.69 | 7.15 13.62 12.89 12.41 11.21

As indicated in Table 5.8, the exponential model was successful in predicting low and high strength

validation mixes even when the fly ash used in the mix was not used to create the model.
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Figure 5.12 — Predicted vs. Experimental Compressive Strengths for Final Exp. Model
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It is clear from Figure 5.12 that very few mixes have errors exceeding 2 ksi, and the majority of tested
mixes fell within 1 ksi of the predicted value. Of the 73 mixes presented in Figure 5.12, 14%
exceeded a 2 ksi difference from their predicted value with only 3 mixes exceeding it substantially.
About 63% of the mixes were within 1 ksi of their predicted strength. The mean absolute error for
the mixes in the recommended range of the model is 0.97 ksi. It is also important to note that the
validation mixes were predicted with accuracy as good as the model development mixes. As a result,
it is concluded that this model captures the behavior of any fly ash provided the mixes developed fall

within the limits outlined in Section 5.2.2.1.

It has been shown that the exponential model presented can be used to provide a good starting point
for the optimization of geopolymer mixes. To simplify the design of geopolymers using the
exponential model, mix design tables were created and are given in Appendix C. The development

of these tables as well as how they can be used in conjunction with the set time results is outlined in

Chapter 6.
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Chapter 6
Mix Design Using Final Models

6.1 Assumptions of Optimization Models Use

When using the generated models for mix design it is important to keep the assumptions the models
makes and the limitations of the models in mind. The assumptions that the generated models make

and limitations they have are as follows:

1. All generated models assume that the mix will not be dry or segregate. As long as the mix
contains above 14% wt. H>O and below 75% wt. fly ash, dry mixes will mostly be avoided.
Additionally, as long as the recommended minimum fly ash content of 60% wt. is used,

mixes that segregate will mostly be avoided.

2. The compressive strength model gives no indication of the workability of a mix. It is
important to keep this in mind when trying to use the model in extremes such as when
trying to obtain the highest possible strength. As discussed in Section 5.3.2.1, when
strengths get near the maximum potential, the mix becomes very cohesive which may

present difficulties in casting.

3. The petrformance of the set behavior and compressive strength models for mixes

substantially outside the following range is unknown:
a. 3% wt. < NaO < 15% wt.
b. 7% wt. < Reactive SiO; < 18% wt.
c. 14% wt. < HO < 30% wt.

d. 2 ksi < Strength < 13 ksi
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4. 'The compressive strength model assumes the mix has gained its maximum potential strength
by the time it is tested. A suggested method for using the model when this is not the case is

provided in Section 6.3.

5. One additional assumption that is made when using these models to design for products
other than geopolymer pastes exists. This is that any materials such as fillers or
reinforcement which will be incorporated into the cast product will be totally inert. 1f the
materials incorporated into the matrix interact with the alkali activator, the strength and set
behavior of the paste will not necessarily scale directly with those factors in the composite
matrix. As long as these additional interactions are minor, composite strengths can be

predicted from the model and use of the rule of mixtures.

6.2 Mix Design Tables

Due to the complexity of the generated models, tables have been developed to simplify the design of
geopolymer mixes using the models. Strength design tables are provided in Table C.1 — Table C.12
in Appendix C. Additionally, a flash set prediction table is given in Table C.13 and a long set
prediction table is given in Table C.14 in Appendix C.

The strength tables were developed using the design range the model is known to work within. The
tables are provided in increments of 1 ksi strength and provide combinations of H>O, Na;O, and
reactive SiOz that the model predicts will have the design table strength. Some variance from the
mix design table strength and actual strength is expected due to variability of the material as well as
some inherent error in the model. Due to this, these tables are intended to be used as a way to target
the mix design of geopolymer pastes for optimization rather than as an absolute guarantee of a mixes

average strength.

The flash set prediction table gives the maximum CaO content a mix can have without exhibiting
flash set behavior for various HoO and Na;O combinations. The long set prediction table gives the
minimum CaO content a mix needs to avoid long set for various H>O and reactive SiO:
combinations. An example of how the design tables can be used to target the testing area for an

optimal mix is given in Section 6.4.
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6.3 Mix Design Using Strength Model with Different
Curing Conditions

Since the chemical mix design variables were determined to be mutually exclusive from the curing

condition mix design variables as discussed in Section 4.3.5, it is expected that the compressive

strength model can be scaled for use with any set of curing conditions. Thus, the recommended

design procedure to use for curing conditions other than those used in this study is:

1. Follow the design process outlined in Section 6.4 to design a mix as if the curing conditions

were the same as used in this study.

2. Cast, place, cure, and test the mix using the desired parameters.

3. If the tested mix has a strength outside of the mean absolute error of the model (about 1

ksi), determine the ratio of the predicted strength to the actual strength.

4. Multiply this ratio by the desired design strength to obtain a scaled design strength

corresponding to the desired strength to use.

5. Follow the design process outlined in Section 6.4 to design a mix for the scaled design

strength.

6.4 Design Example

To illustrate how to use the design tables provided in Appendix C, consider the following case. A

company has materials to produce geopolymers with the properties given in Table 6.1. The design

objective is to develop a geopolymer paste that has a strength of 6 ksi and a set time less than 4

hours.
Table 6.1 — Design Example Material Properties
Material Critical Properties (%0 wt. of Mix) Normalized
e H.O Na;0 R. SiO; CaO Cost
Fly Ash 0.00 1.77 11.47 23.51 4
Na Silicate 62.90 10.60 26.50 0.00 100
NaOH 24.85 75.15 0.00 0.00 68




From considering the practical fly ash range of 60% to 75% wt. of the mix the possible CaO range in

the mix can be calculated:

Ca0 < 75% - 23.51% — Ca0 < 17.6% Equation 6.1

Ca0 > 60% - 23.51% — Ca0 > 14.1% Equation 6.2

Using the maximum CaO content in the mix determined in Equation 6.1, check the flash set table
and note the HoO-NaxO combinations that will not work with the fly ash being used. The flash set
table is reproduced in Table 6.2 with the H>O-NaxO combinations that are likely to result in flash set

for the fly ash under consideration blocked out in dark red.

Table 6.2 ~H20-N2a;O Mix Design Combinations to Avoid Flash Set in Design Example

% wt. H>O in Mix
24 | 25 | 26 | 27 | 28 | 29 | 30

17.66 | 18.31 | 18.91 | 19.48 | 20.01 | 20.51 | 20.99
19.20 | 19.88 | 20.51 | 21.11 | 21.67 | 22.20 | 22.71
20.51 | 21.22 | 21.88 | 22.51 | 23.10 | 23.66 | 24.19
21.67 | 22.41 | 23.10 | 23.75 | 24.36 | 24.94 | 25.50
22.71 | 23.47 | 24.19 | 24.86 | 25.50 | 26.11 | 26.69
23.66 | 24.45 | 25.19 | 25.88 | 26.54 | 27.17 | 27.77
24.53 | 25.34 | 26.11 | 26.83 | 27.51 | 28.16 | 28.78
25.34 | 26.18 | 26.97 | 27.71 | 28.41 | 29.07 | 29.71
26.11 | 26.97 | 27.77 | 28.53 | 29.25 | 29.94 | 30.59
26.83 | 27.71 | 28.53 | 29.31 | 30.05 | 30.75 | 31.42
27.51 | 28.41 | 29.25 | 30.05 | 30.80 | 31.52 | 32.21
28.16 | 29.07 | 29.94 | 30.75 | 31.52 | 32.25 | 32.95

% wt. Na,O in Mix

Using the minimum CaO content in the mix determined in Equation 6.2, check the long set table and
note the H2O-R. SiO; combinations that will not work with the fly ash being used. The long set
table is reproduced in Table 6.3 with the H>O-R. SiO, combinations that are likely to result in long

set for the fly ash under consideration blocked out in dark blue.
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Table 6.3 — H2O-R. SiO; Design Combinations to Avoid Long Set in Design Example

% wt. H,O in Mix

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
7 | 976 | 9.98 | 10.34 | 10.84 | 11.49 | 12.28 | 13.22
w | 8 | 711 | 733 | 7.69 | 819 | 8.84 | 9.63 | 10.57 | 11.65 | 12.87
S 79 [ 446 | 468 | 504 | 554 | 619 | 698 | 7.92 | 9.00 [ 1022 | 11.59 | 13.10
£ [ 10 [ 181 [ 203 | 239 | 289 | 354 | 433 | 527 | 6.35 | 7.57 | 894 | 1045 | 12.11 | 1391
S 024 | 0.89 | 168 | 262 | 370 | 492 | 6.20 | 7.80 | 9.46 | 11.26 | 13.20
5|12 105 | 227 | 3.64 | 515 | 681 | 861 | 10.55 | 12.64
o | 13 099 | 250 | 416 | 596 | 7.90 | 9.99 | 1222
= | 14 151 | 331 | 525 | 7.34 | 9.57
E 15 0.66 | 2.60 | 469 | 6.92
=116 204 | 427
17 1.62

These restrictions are now placed on the 6 ksi design table which is reproduced in Table 6.4 with the

mixes likely to result in flash set blocked out in dark red and the mixes likely to result in long set

blocked out in dark blue.

Table 6.4 — % wt. Reactive SiO: in Mix to Achieve 6 ksi for Fly Ash in Design Example

% wt. H>O in Mix

% wt. Na,O in Mix

24 | 25 | 26 | 27 | 28 | 29 | 30
9.58 | 9.90

9.17 | 9.38

9.11 | 9.34

9.33 | 9.60

9.86 | 10.21

10.81 | 11.34 | 11.91 | 12.59 | 13.62

12.52 | 13.68 | 16.46

17.35

In order to minimize the cost, the actual material quantities need to be calculated for the possible

design combinations outlined in Table 6.4. Equation 6.3 — Equation 6.6 are now considered in order

to calculate these quantities from the possible design combinations.

ar=H-ay+S-as+W

bT:F'bF+H'bH+S'bS
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CT =F- CF + S CS Equation 6.5

100% =F+H+S+W Equation 6.6

Equation 6.3 calculates the total H>O in the mix from the mix constituents. Equation 6.4 calculates
the total Na,O in the mix from the mix constituents. Equation 6.5 calculates the total reactive SiO»
in the mix from the mix constituents. Equation 6.6 is simply a condition that all components in the

mix must add up to 100% of the mix. The variables in these equations are summarized in Table 6.5.

Table 6.5 — Summary of Variables in Equation 6.3 — Equation 6.6

Variable Description Value

ar total H,O in mix from Table 6.4
br total Na,O in mix from Table 6.4
Cr total R. SiO; in mix from Table 6.4
F total fly ash in mix unknown

H total NaOH in mix unknown

S total Na silicate in mix unknown

w total additional H,O in mix unknown

ay H,0 in NaOH 24.85% (Table 6.1)
ag H>0O in Na silicate 62.90% (Table 6.1)
b Na,O in fly ash 1.77% (Table 6.1)
by Na,O in NaOH 75.15% (Table 6.1)
bg NazO in Na silicate 10.60% (Table 6.1)
Cp R. SiO; in fly ash 11.47% (Table 6.1)
Cs R. SiO; in Na silicate 26.50% (Table 6.1)

Solving Equation 6.3 — Equation 6.6 for S gives Equation 6.7.

_ cr'by+br-cg—crbp+arby cp—br-aycg+cr-ay'bp—by-cr

Equation 6.7

- bycs—bycp+bs'cp—bpcs—ay-bs'cptay'brcstasby-cp
Once S has been determined F, H, and W can be determined from substituting back into Equation
6.4 — Equation 6.6 and solving for the other unknowns. This gives Equation 6.8 — Equation 6.10.

CT—S'CS

F = Equation 6.8

CF

_ bp=Sbs—Fbp
= o

H Equation 6.9
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W =100% — (F + H + S)

With the quantities of mix constituents determined, the relative cost of each mix can be determined
considering the normalized cost for each material given in Table 6.1. Calculations determining the
mix constituents for all possible mixes outlined in Table 6.4 along with each mixes relative cost is
given in Table 6.6. Mixes that are impossible as well as mixes with greater than 75% fly ash or less

than 60% fly ash are blocked out in dark grey. The five mixes with the lowest relative cost are

highlighted in light green.

Table 6.6 — Summary of Possible Mixes in Design Example

Equation 6.10

Czézc\?}fé?}f\;rges Mix Constituents (%o wt. of Mix) léc(:)l:ttlzzz
NaxO H,O R. SiO, | Na Silicate | Fly Ash NaOH Water Mix
5 22 9.06 2.29 73.70 4.59 19.42 8.36
5 23 9.32 3.90 72.25 4.40 19.45 9.78
5 24 9.58 5.51 70.79 4.21 19.49 11.20
5 25 9.90 7.38 69.27 3.98 19.37 12.85
6 22 8.70 1.25 72.96 6.09 19.70 8.31
6 23 8.95 2.82 71.52 5.90 19.76 9.69
6 24 9.17 4.26 70.11 5.73 19.90 10.96
6 25 9.38 5.65 68.72 5.57 20.06 12.19
7 22 8.56 1.15 71.97 7.46 19.42 9.10
7 23 8.86 2.93 70.47 7.24 19.36 10.68
7 24 9.11 4.50 69.03 7.05 19.42 12.06
7 25 9.34 5.98 67.61 6.88 19.53 13.36

8 22 8.68 2.16 70.68 8.68 18.48 10.89
8 23 9.02 4.11 69.13 8.44 18.32 12.62
8 24 9.33 5.94 67.62 8.22 18.22 14.23
8 25 9.60 7.59 66.16 8.02 18.23 15.69
8 27 10.10 10.72 63.28 7.64 18.36 18.45

9 21 8.57 1.69 70.80 10.07 17.43 11.37
9 22 9.06 4.29 69.09 9.74 16.88 13.68
9 23 9.48 6.58 67.45 9.46 16.51 15.71
9 24 9.86 8.70 65.86 9.20 16.24 17.59
9 25 10.21 10.70 64.30 8.95 16.05 19.36




Czi’zc\j}t?é(f)iz:;)es Mix Constituents (%o wt. of Mix) léeol:ttlZE

NazO HzO R.SiOy | Na Silicate | Fly Ash NaOH Water Mix
10.56 12.69 62.75 8.71 15.85 21.12

10.90 14.64 61.20 8.47 15.69 22.85

8.47 1.27 70.92 11.46 16.36 11.89

9.16 4.71 68.97 11.02 15.30 14.96

10 22 9.75 7.73 67.14 10.63 14.49 17.65
10 23 10.29 10.54 65.36 10.28 13.82 20.14
10 24 10.81 13.26 63.61 9.94 13.19 22.56
11.34 16.02 61.85 9.59 12.54 25.02

1191 18.96 60.04 9.22 11 79 27.63

824 028 | 7118 | 1292 | 15 61 | 1192 |

9.23 5.01 68.89 12.31 13.79 16.14

11 21 10.07 9.10 66.77 11.78 12.35 19.78
11 22 10.85 12.93 64.72 11.29 11.06 23.20
11 23 11.64 16.81 62.66 10.79 9.75 26.65
11 24 12.52 21.06 60.49 10.24 8.21 30.45

12 19 9.12 4.54 69.02 13.70 12.74 16.62
12 20 10.31 10.13 66.49 12.97 10.41 21.61
12 21 11.44 15.45 64.04 12.28 8.23 26.36
12 22 12.64 21.08 61.50 11.55 5.87 31.39
13 18 8.63 2.45 69.58 15.31 12.65 15.65
13 19 10.31 10.13 66.49 14.30 9.08 22.51
13 20 11.87 17.29 63.54 13.36 5.80 28.92
13 21 13.63 25.31 60.36 12.31 2.02 | 36.09
| |
|
14 18 9.81 7.99 67.07 15.92 9.02 21.50
14 19 11.91 17.46 63.50 14.67 4.37 29.98

15 17 8.50 2.39 68.58 18.01 11.02 17.38

15 18 11.31 14.90 64.19 16.35 4.57 28.58
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When the 6 ksi design table is considered once more, there is a clear area where this company should

target their mix design for this application. In Table 6.7 the five lowest cost mixes are highlighted in

light green, mixes that are likely to flash set are blocked out in dark red, mixes that are likely to have

long set are blocked out in dark blue, and mixes that are impossible or have fly ash quantities outside

the design range are blocked out in dark grey.

Table 6.7 — % wt. Reactive SiO2 in Mix for Optimal 6 ksi Mixes in Design Example

% wt. H>O in Mix

15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
4
5 9.06 | 9.32 | 9.58 | 9.90
x| 6 8.70 | 895 | 9.17 | 9.38
E 7 8.56 | 8.86 | 9.11 | 9.34
g8 8.68 | 9.02 | 9.33 | 9.60 10.10
o9 8.57 | 9.06 | 9.48 | 9.86 | 10.21 | 10.56 | 10.90
& | 10 847 | 9.16 | 9.75 | 10.29 | 10.81 | 11.34 | 11.91
Z' 11 8.24 | 9.23 | 10.07 | 10.85 | 11.64 | 12.52
B |12 9.12 [ 1031 | 11.44 | 12.64
x| 13 8.63 | 10.31 | 11.87 | 13.63
14 9.81 | 11.91
15 8.50 | 11.31

Thus it has been shown that a targeted approach to mix design as outlined can be used to optimize

mixes for specific applications using the models generated in this study.
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Chapter 7

Conclusions & Future Work

7.1 Curing Time & Temperature Conclusions

This study determined that an appropriate curing regime can allow for the maximum potential of a
mix to be realized in a day. More specifically, geopolymers cured at a temperature of 85°C for 24
hours will develop their full potential provided they are properly covered during curing. The
majority of studies focusing on mechanical properties of geopolymers use their 7 day and 28 day
strengths as measures. Waiting until 7 days or 28 days to determine the strength of a properly cured
geopolymer is unnecessary. This finding has great benefit for future research done on mechanical

properties of geopolymer products.

7.2 Flash Set Behavior Conclusions

The factors which determine if a mix will exhibit flash set behavior or not are the H2O, NazO, and
CaO contents in the mix. The CaO in the mix is responsible for the flash set while the H>O and
Na;O contents in the mix both inhibit flash set. Through this study, a relationship between these
factors was found which is that when the condition given by Equation 7.1 is met, flash set behavior

is very likely to occur.

(175-H,0-Na,0—-24.5-Na,0—0.1215)1/3

0.01 + -

< CaO Equation 7.1

This relationship is a key finding that makes the design of high calcium fly ash geopolymers much

simpler.

7.3 Long Set Behavior Conclusions

The factors which determine if a mix will exhibit long set behavior (set times greater than 4 hours)
are the H»O, reactive SiO;, and CaO contents in the mix. An excessive quantity of H>O in a mix is
what causes the set time to be very long. Conversely, excessive quantities of CaO and reactive SiO»
in a mix cause the set time to be very short. The relationship found between these parameters is that

when the condition given by Equation 7.2 is met, long set behavior is very likely to occur.
72



Additionally, if the square root term in Equation 7.2 is negative, long set behavior is very likely to

occur.

\/13.25:R.Si0,+5-Ca0—1.412

0.14 + .

< H,0 Equation 7.2

This relationship also serves as a key finding which can be used to target mix designs if long or short
set times are desired. It was also determined that the reactive SiO2 content plays a larger role in short
set than the CaO content. The reactive SiO; content playing any role in the set time of geopolymers

is a novel finding not studied in any of the literature reviewed.

7.4 Compressive Strength from Mix Design

The chemical property factors responsible for strength gain in geopolymers are the HoO, NayO, and
reactive SiO2 contents in the mix. This study determined that the CaO content in the mix does not
have a substantial impact on the strength development. Thus it can be reasonably concluded that the
formation of the aluminosilicate networks in geopolymers is more favorable than the formations of
C-S-H phases. The predictive model for determining the maximum potential strength a geopolymer

mix can have is given by Equation 7.3.

0.2379-a 2.19-a‘b-c
b2 ¢c24+1.267-b2-0.3452:c

NS =0.7893 - exp (0.3866 - ¢ ~4726-a-b?)  Equation73

Where a = 6+ (H,0 —0.14), b = 6 - Na,0, ¢ = 10+ (R.Si0, — 0.07), and NS = %'S (ksi).
This predictive model can be used for any mix with a H,O content between 14% and 30% wt., a
Na,O content between 3% and 15% wt., a reactive SiO content between 7% and 18% wt., and a
strength between 2 and 13 ksi. Mix design tables were developed with Equation 7.3 to simplify the
design of mixes using it in conjunction with the set behavior models. This is the first strength model

to be developed which is general enough to be used for any fly ash base material. It is likely that this

model will also work for other similar base materials such as GGBFES.

7.5 Suggestions for Future Work

Although this study succeeded in developing a vital design tool for developing geopolymer mixes,
there is potential to increase the usefulness of the developed models. Targeted studies of how the

model can be modified to work when specific fillers such as course and fine aggregates are added
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into the mix would provide even more useful tools for industry. Additionally, it would be useful to
know how the model can be modified to work with curing conditions other than those used in this
study. It is expected that both the addition of fillers and different curing regimes would simply scale
the model by a factor, but determining these factors for common design situations would prove very

useful.

In addition to the potential improvements that can be made to the compressive strength model, there
is more work that can be done with the set time. This study successfully determined the conditions
which cause flash set behavior to occur as well as determined the conditions for mixes to have either
short or long set times. While these both provide valuable design tools, it would be more useful if
the exact set time could be predicted from the mix design properties. The set behavior models found
in this study provide the framework needed to develop this, but there is still work that needs to be

done in the area of determining the set time of geopolymer mixes.
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Appendix A
As Cast Mix Designs

Table A.1 - Set Time Mix Designs

. Mix Constituents (% wt. of Mix
Mix Fly Ash Type NaOH Na Silicate %)istﬂled HZO) Fly Ash
T1011 High Ca 1 6.09 0.00 13.45 80.46
T1012 High Ca 1 9.83 0.00 12.55 77.62
T1013 High Ca 1 9.28 7.25 833 7514
T1021 High Ca 1 5.85 0.00 17.28 76.88
T1022 High Ca 1 10.03 0.00 16.28 73.70
T1023 High Ca 1 8.55 12.20 9.01 70.24
T1024 High Ca 1 11.63 9.01 10.22 69.14
T1031 High Ca 1 5.49 0.00 21.20 73.32
T1032 High Ca 1 3.98 12.26 13.87 69.90
T1033 High Ca 1 9.84 0.00 20.02 70.15
T1034 High Ca 1 8.46 13.38 12.10 66.06
T1041 High Ca 1 457 0.00 25.08 70.35
T1042 High Ca 1 2.71 17.13 14.96 65.19
T1043 High Ca 1 7.98 6.63 20.14 65.24
T1044 High Ca 1 7.01 17.91 13.31 61.77
T1045 High Ca 1 12.58 2.00 21.94 63.48
T1046 High Ca 1 11.64 13.13 15.14 60.09
T1051 High Ca 1 440 3.05 27.01 65.54
T1052 High Ca 1 331 14.34 20.20 62.16
T1053 High Ca 1 9.63 433 24.90 61.15
T1054 High Ca 1 8.51 15.58 18.10 57.81
T1111 High Ca 1 1.56 0.00 14.61 83.83
T1112 High Ca 1 1.04 478 11.78 82.39
T1113 High Ca 1 0.54 9.27 9.07 81.12
T1121 High Ca 1 6.98 0.00 13.30 79.72
T1122 High Ca 1 617 7.83 8.59 7741
T1123 High Ca 1 5.36 15.00 431 75.32
T1131 High Ca 1 12.43 0.00 11.90 75.67
T1132 High Ca 1 11.86 5.35 8.70 74.08
T1133 High Ca 1 10.87 14.21 3.42 71.50
T1134 High Ca 1 10.32 19.22 0.42 70.03
T1211 High Ca 1 1.80 0.00 22.04 76.16
T1212 High Ca 1 1.20 5.47 18.80 74.53
T1213 High Ca 1 0.59 10.78 15.63 73.01
T1221 High Ca 1 7.27 0.00 20.68 72.05
T1222 High Ca 1 5.92 11.65 13.77 68.65
T1223 High Ca 1 472 22,97 7.01 65.31
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Mix

Fly Ash Type

Mix Constituents (%o wt. of Mix)

NaOH Na Silicate Distilled H>O Fly Ash
T1231 High Ca 1 12.64 0.00 19.36 68.00
T1232 High Ca 1 11.47 10.64 13.02 64.88
T1233 High Ca 1 10.36 21.19 0.72 61.73
T1311 High Ca 1 2.02 0.00 29.49 68.49
T1312 High Ca 1 1.35 0.14 25.84 0606.68
T1313 High Ca 1 0.84 12.07 22.26 04.83
T1314 High Ca 1 0.00 17.96 18.82 03.22
T1321 High Ca 1 7.43 0.00 28.15 64.42
T1322 High Ca 1 5.66 15.75 18.74 59.85
T1323 High Ca 1 4.00 31.30 9.45 55.24
T1331 High Ca 1 12.86 0.00 26.77 60.38
T1332 High Ca 1 11.25 14.88 17.94 55.93
T1333 High Ca 1 10.21 29.36 9.11 51.31
T2011 Mixed High Ca 3.81 8.36 12.57 75.26
T2012 Mixed High Ca 9.37 0.49 12.39 71.75
T2013 Mixed High Ca 8.04 18.43 5.37 68.16
T2014 Mixed High Ca 12.27 11.40 8.63 67.70
T2021 Mixed High Ca 4.59 2.29 19.90 73.22
12022 Mixed High Ca 2.36 22.27 7.98 67.39
T2023 Mixed High Ca 9.65 4.49 17.36 68.50
T2024 Mixed High Ca 7.59 24.30 5.33 062.78
T2025 Mixed High Ca 14.94 6.30 14.80 63.96
T2026 Mixed High Ca 13.18 22.52 5.19 59.10
T2031 Mixed High Ca 4.43 4.28 22.44 68.85
T2032 Mixed High Ca 2.21 24.28 10.56 62.95
T2033 Mixed High Ca 9.61 6.60 19.81 63.98
T2034 Mixed High Ca 7.83 22.39 10.35 59.44
T2041 Mixed High Ca 4.81 2.19 27.42 065.58
T2042 Mixed High Ca 2.96 18.30 17.86 60.88
T2043 Mixed High Ca 9.90 4.33 24.81 60.96
T2044 Mixed High Ca 13.00 1.38 25.90 59.72
T2051 Mixed High Ca 6.45 15.63 11.15 060.76
T2052 Mixed High Ca 9.82 11.75 11.44 66.99
T2053 Mixed High Ca 4.24 7.11 21.51 67.14
T2054 Mixed High Ca 8.99 15.85 8.16 67.01
T2055 Mixed High Ca 3.23 26.48 341 006.87
T2056 Mixed High Ca 8.21 9.97 14.84 066.98
T2111 Mixed High Ca 1.87 0.00 14.44 83.69
T2114 Mixed High Ca 0.00 16.99 4.39 78.62
T2121 Mixed High Ca 7.31 0.00 13.07 79.62
T2123 Mixed High Ca 5.65 14.72 4.45 75.17
T2124 Mixed High Ca 4.82 21.86 0.00 73.32
T2131 Mixed High Ca 12.77 0.00 11.67 75.56
T2132 Mixed High Ca 11.86 6.76 7.45 73.93
T2133 Mixed High Ca 11.34 13.17 3.94 71.55
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Mix

Fly Ash Type

Mix Constituents (%o wt. of Mix)

NaOH Na Silicate Distilled H>O Fly Ash
T2134 Mixed High Ca 10.62 19.56 0.00 69.83
12211 Mixed High Ca 2.07 0.00 21.93 76.00
T2212 Mixed High Ca 1.41 6.05 18.34 74.20
T2213 Mixed High Ca 0.00 12.20 14.87 72.93
12214 Mixed High Ca 0.00 18.47 10.96 70.57
T2221 Mixed High Ca 7.59 0.00 20.52 71.88
T2222 Mixed High Ca 6.25 11.38 13.84 08.53
12223 Mixed High Ca 4.98 22.47 7.27 065.29
T2224 Mixed High Ca 3.69 34.59 0.00 61.72
12231 Mixed High Ca 12.96 0.00 19.28 67.76
T2232 Mixed High Ca 11.87 8.68 14.13 65.33
T2233 Mixed High Ca 11.24 16.99 9.13 02.64
T2234 Mixed High Ca 10.09 26.31 3.64 59.96
T2311 Mixed High Ca 2.18 0.00 29.37 68.45
T2312 Mixed High Ca 1.53 6.79 25.37 06.31
T2313 Mixed High Ca 0.00 13.30 21.76 64.94
T2314 Mixed High Ca 0.00 20.37 17.37 62.27
T2321 Mixed High Ca 7.68 0.00 28.06 04.27
T2322 Mixed High Ca 7.23 4.89 25.25 62.63
12323 Mixed High Ca 6.62 9.66 22.28 61.44
T2324 Mixed High Ca 6.19 14.46 19.42 59.93
T2331 Mixed High Ca 13.16 0.00 26.73 60.11
T3011 Mixed Low Ca 3 3.88 13.47 9.38 73.27
T3012 Mixed Low Ca 3 9.45 11.30 9.31 69.94
T3013 | Mixed Low Ca 3 8.13 22.93 2.50 66.44
T3014 | Mixed Low Ca 3 11.73 16.11 5.82 066.33
T3021 Mixed Low Ca 3 4.40 11.20 14.51 69.90
T3022 Mixed Low Ca 3 2.51 26.83 5.07 65.58
T3023 Mixed Low Ca 3 9.91 9.00 14.30 066.78
T3024 | Mixed Low Ca 3 7.60 28.62 2.71 61.07
T3025 | Mixed Low Ca 3 15.04 10.74 12.03 62.18
13026 Mixed Low Ca 3 19.66 24.54 2.52 53.28
T3031 Mixed Low Ca 3 4.13 12.77 17.22 65.88
T3032 Mixed Low Ca 3 2.29 28.57 7.86 61.29
T3033 Mixed Low Ca 3 9.65 10.74 17.20 62.40
T3034 | Mixed Low Ca 3 7.85 26.95 7.71 57.48
T3041 Mixed Low Ca 3 3.55 18.50 17.68 60.27
T3042 Mixed Low Ca 3 9.59 12.37 19.95 58.09
T3051 Mixed Low Ca 3 3.29 19.85 9.91 06.95
T3052 Mixed Low Ca 3 3.34 3.25 26.42 66.99
T3053 | Mixed Low Ca 3 5.95 3.27 23.38 67.40
T3054 | Mixed Low Ca 3 9.94 3.29 19.84 06.93
T3055 Mixed Low Ca 3 13.27 3.26 16.48 66.99
T3056 Mixed Low Ca 3 6.57 0.59 19.94 06.90
T3057 | Mixed Low Ca 3 7.08 13.16 13.15 00.61
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Mix

Fly Ash Type

Mix Constituents (%o wt. of Mix)

NaOH Na Silicate Distilled H>O Fly Ash
T3058 Mixed Low Ca 3 9.81 7.08 16.46 00.64
T3059 | Mixed Low Ca 3 9.82 9.89 13.23 67.06
T3111 Mixed Low Ca 3 2.40 0.30 14.26 83.04
T3114 | Mixed Low Ca 3 0.00 21.47 1.89 76.64
T3121 Mixed Low Ca 3 8.52 0.00 12.93 78.55
T3124 | Mixed Low Ca 3 5.62 21.69 0.00 72.69
T3131 Mixed Low Ca 3 13.33 0.37 11.49 74.80
T3132 | Mixed Low Ca 3 12.87 6.67 7.61 72.86
13133 Mixed Low Ca 3 11.86 12.95 3.89 71.31
T3134 | Mixed Low Ca 3 10.90 19.26 0.26 69.59
T3211 Mixed Low Ca 3 2.64 0.00 21.83 75.53
T3212 | Mixed Low Ca 3 2.08 7.65 17.25 73.03
T3213 Mixed Low Ca 3 1.09 15.17 12.76 70.97
T3214 | Mixed Low Ca 3 0.00 22.93 8.18 68.90
13221 Mixed Low Ca 3 8.03 0.37 20.28 71.31
T3222 | Mixed Low Ca 3 6.80 11.66 13.63 67.91
13223 Mixed Low Ca 3 5.60 22.81 0.78 04.81
T3224 | Mixed Low Ca 3 4.37 34.09 0.00 61.54
T3231 Mixed Low Ca 3 13.51 0.00 19.13 67.36
13232 Mixed Low Ca 3 12.38 10.85 12.62 04.15
13233 Mixed Low Ca 3 11.13 21.46 0.36 61.05
T3234 | Mixed Low Ca 3 10.08 32.07 0.00 57.85
T3311 Mixed Low Ca 3 2.73 0.29 29.11 67.87
T3312 | Mixed Low Ca 3 1.97 8.41 24.27 65.34
T3313 Mixed Low Ca 3 1.07 16.05 19.59 63.29
T3314 | Mixed Low Ca 3 0.00 23.96 15.20 060.84
T3321 Mixed Low Ca 3 8.40 0.00 27.88 63.72
T3324 | Mixed Low Ca 3 06.83 12.52 20.40 60.24
T3331 Mixed Low Ca 3 13.54 0.00 26.63 59.83
T4111 Low Ca 2 1.44 15.96 4.72 77.88
T4114 Low Ca2 0.65 23.63 0.16 75.56
T4121 Low Ca 2 8.59 213 11.51 71.77
T4124 Low Ca2 6.25 21.26 0.20 72.29
T4131 Low Ca 2 14.04 0.06 11.60 74.30
T4134 Low Ca 2 11.85 19.35 0.00 68.80
T4211 Low Ca 2 3.46 0.25 21.44 74.86
T4214 Low Ca 2 0.00 29.10 4.30 66.59
T4221 Low Ca 2 9.41 0.19 20.03 70.37
T4224 Low Ca 2 4.72 34.14 0.00 61.14
T4231 Low Ca 2 14.03 0.13 18.99 66.85
T4234 Low Ca 2 11.46 23.58 5.00 59.97
T4311 Low Ca 2 3.58 0.31 28.96 67.15
T4314 Low Ca 2 0.66 25.52 13.96 59.86
T4321 Low Ca 2 8.81 0.37 27.70 063.13
T4324 Low Ca 2 7.42 11.91 20.83 59.85
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Mix

Fly Ash Type

Mix Constituents (%o wt. of Mix)

NaOH Na Silicate Distilled H>O Fly Ash
T4331 Low Ca 2 14.09 0.20 26.42 59.29
T5131 Mixed Low Ca 4 13.37 0.30 11.44 74.89
T5134 Mixed Low Ca 4 11.48 19.24 0.11 69.17
T6124 Mixed Low Ca 2 5.81 21.77 0.14 72.28
T6131 Mixed Low Ca 2 13.59 0.31 11.37 74.73
T6134 Mixed Low Ca 2 11.45 18.70 0.00 69.85
T6211 Mixed Low Ca 2 2.91 0.00 21.30 75.79
T6214 Mixed Low Ca 2 0.00 24.84 7.18 67.97
T6221 Mixed Low Ca 2 8.62 0.10 20.28 71.00
Table A.2 — Compressive Strength Mix Designs
. Mix Constituents (% wt. of Mix
Mix Fly Ash Type NaOH Na Silicate %istiued HZO) Fly Ash
C1022 High Ca 2 10.10 0.00 16.25 73.65
C1024 High Ca 2 11.60 8.96 10.23 69.21
C1033 High Ca 2 9.81 0.00 20.20 69.99
C1034 High Ca 2 8.74 13.44 12.06 65.76
C1041 High Ca 2 4.71 0.00 25.15 70.14
C1043 High Ca 2 7.96 6.57 20.14 65.33
C1045 High Ca 2 12.80 2.00 21.90 63.30
C1046 High Ca 2 11.65 13.06 15.24 60.06
C1051 High Ca 2 4.30 3.01 27.06 65.63
C1052 High Ca 2 3.63 14.29 20.14 61.94
C1053 High Ca 2 9.59 4.29 25.00 61.12
C1112 High Ca 2 1.00 4.80 11.66 82.53
C1212 High Ca 2 1.17 5.39 18.94 74.50
C1221 High Ca 2 7.26 0.00 20.78 71.96
C1222 High Ca 2 5.89 11.62 13.79 68.70
C1231 High Ca 2 12.62 0.00 19.29 68.09
C1232 High Ca 2 11.36 10.64 12.98 65.01
C1311 High Ca 2 2.17 0.00 29.56 68.27
C1314 High Ca 2 0.00 17.91 18.86 63.23
C1321 High Ca 2 7.39 0.00 28.17 64.44
C2011 Mixed High Ca 3.80 8.38 12.55 75.28
C2012 Mixed High Ca 9.33 6.48 12.39 71.80
C2014 Mixed High Ca 12.24 11.34 8.72 67.70
C2021 Mixed High Ca 4.83 2.28 19.81 73.09
C2023 Mixed High Ca 9.78 4.45 17.34 68.43
C2024 Mixed High Ca 7.54 24.40 5.27 62.78
C2025 Mixed High Ca 14.83 6.33 14.83 64.00
C2026 Mixed High Ca 13.14 22.63 5.16 59.07
C2031 Mixed High Ca 4.34 4.28 22.51 68.87
C2033 Mixed High Ca 9.40 6.74 20.01 63.85
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Mix

Fly Ash Type

Mix Constituents (%o wt. of Mix)

NaOH Na Silicate Distilled H>O Fly Ash
C2034 Mixed High Ca 7.80 22.38 10.36 59.47
C2041 Mixed High Ca 4.77 2.18 27.34 65.70
C2043 Mixed High Ca 9.89 4.30 24.84 60.98
C2051 Mixed High Ca 6.39 15.67 11.11 06.83
C2053 Mixed High Ca 4.10 7.32 21.62 66.96
C2056 Mixed High Ca 8.11 9.89 14.89 67.11
C2131 Mixed High Ca 12.66 0.00 11.76 75.58
C2134 Mixed High Ca 11.00 19.43 0.00 069.57
C2211 Mixed High Ca 2.05 0.00 21.92 76.03
C2212 Mixed High Ca 1.33 0.11 18.44 74.11
C2214 Mixed High Ca 0.00 18.46 10.96 70.58
C2221 Mixed High Ca 7.51 0.00 20.47 72.02
C2222 Mixed High Ca 6.18 11.30 13.86 68.67
C2224 Mixed High Ca 3.61 34.72 0.00 61.67
C2231 Mixed High Ca 12.90 0.00 19.40 67.70
C2232 Mixed High Ca 11.86 8.63 14.09 065.42
C3013 Mixed Low Ca 1 8.00 22.89 2.50 006.61
C3021 Mixed Low Ca 1 4.32 11.12 14.72 09.84
C3022 | Mixed Low Ca 1 2.50 26.75 4.99 65.76
C3023 Mixed Low Ca 1 9.87 8.93 14.25 06.94
C3024 | Mixed Low Ca 1 7.60 28.63 2.66 61.10
C3025 Mixed Low Ca 1 15.00 10.78 12.00 62.22
C3026 Mixed Low Ca 1 19.68 24.57 2.50 53.25
C3031 Mixed Low Ca 1 4.11 12.72 17.28 65.89
C3032 | Mixed Low Ca 1l 2.24 28.60 7.78 61.38
C3033 Mixed Low Ca 1 9.86 10.75 17.12 062.27
C3034 | Mixed Low Ca 1 7.75 27.17 7.63 57.45
C3041 Mixed Low Ca 1 3.53 18.35 17.76 60.35
C3053 Mixed Low Ca 1 6.01 3.29 23.33 67.37
C3054 | Mixed Low Ca 1 9.81 3.21 20.00 66.98
C3057 | Mixed Low Ca 1 7.00 13.05 13.16 66.80
C3058 Mixed Low Ca 1 9.84 7.12 16.40 0606.65
C3059 | Mixed Low Ca 1 9.83 9.94 13.22 67.00
C3124 | Mixed Low Ca 1 5.57 21.87 0.00 72.56
C3131 Mixed Low Ca 1 13.66 0.37 11.46 74.51
C3134 | Mixed Low Ca 1 11.37 19.22 0.00 09.41
C3213 Mixed Low Ca 1 1.00 15.23 12.66 71.11
C3221 Mixed Low Ca 1 7.96 0.33 20.37 71.34
(C3222 | Mixed Low Ca 1 6.89 11.60 13.60 67.91
C3223 Mixed Low Ca 1 5.57 22.84 06.69 64.90
C3224 | Mixed Low Ca 1 4.34 34.11 0.00 61.55
C3231 Mixed Low Ca 1 13.50 0.00 19.06 67.44
C3232 Mixed Low Ca 1 12.44 11.01 13.04 63.51
C4901 Low Ca 2 12.75 9.58 9.58 068.10
C6124 | Mixed Low Ca 2 5.68 21.79 0.00 72.53
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. Mix Constituents (% wt. of Mix
Mix Fly Ash Type NaOH Na Silicate i)istilled HzO) Fly Ash
C6131 Mixed Low Ca 2 14.57 0.21 11.35 73.87
C6214 Mixed Low Ca 2 0.00 24.85 7.21 67.94
C6901 Mixed Low Ca 2 2.06 7.45 17.41 73.08
C6902 Mixed Low Ca 2 9.91 10.01 8.01 72.08
C6903 Mixed Low Ca 2 12.92 7.14 8.09 71.85
C6904 Mixed Low Ca 2 9.64 3.12 19.06 68.17
C6905 Mixed Low Ca 2 16.25 3.15 12.77 67.83
C6907 Mixed Low Ca 2 12.74 9.57 9.52 68.17
C6908 Mixed Low Ca 2 3.22 16.14 12.81 67.83
C6909 Mixed Low Ca 2 9.61 16.10 6.50 67.80
C6910 Mixed Low Ca 2 6.43 22.35 3.44 67.78
C6911 Mixed Low Ca 2 6.44 12.82 12.76 67.98
C6912 Mixed Low Ca 2 12.74 13.00 6.35 67.91
C6914 Mixed Low Ca 2 15.24 7.71 15.19 61.86
C6915 Mixed Low Ca 2 11.38 19.26 7.44 61.93
Table A.3 — Validation Mix Designs
. Mix Constituents (% wt. of Mix
Mix Fly Ash Type NaOH Na Silicate %istilled HZO) Fly Ash
V0301 Low Ca 2 9.73 3.28 20.52 66.47
V0402 High Ca 5 10.42 9.48 14.45 65.65
V0660 Low Ca 1 10.55 9.30 13.58 66.57
V0708 Mixed Low Ca 2 6.38 9.60 15.98 68.04
V0962 High Ca 6 3.35 8.37 10.79 77.5
V1119 High Ca 6 11.19 8.74 8.20 71.87
V1164 High Ca 6 9.54 7.49 9.48 73.51
V1190 High Ca 6 4.86 12.18 7.96 75.00
V1194 High Ca 6 7.82 6.12 10.84 75.22
V1289 High Ca 6 6.28 15.70 5.33 72.69
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Appendix B

Testing Results & Model Predictions

Table B.1 - Base Fly Ash Compositions Determined by XRF

Fly Ash Oxide Quantity (%o wt.)

SiOz Ale3 CaO Nazo I(zo F6203 MgO P205 TiOz
Low Ca 1 49.24 | 18.79 1.77 3.36 2.29 17.92 0.82 0.08 0.94
Low Ca 2 46.90 | 21.89 1.89 0.60 2.37 21.71 0.85 0.19 1.04
High Ca 1 33.61 20.04 | 27.00 2.18 0.44 5.68 6.06 1.44 1.46
High Ca 2 36.75 | 19.49 | 23.67 2.00 0.54 5.55 5.53 1.45 1.42
High Ca 3 36.55 | 22.06 | 23.47 1.76 0.63 6.15 5.02 1.15 1.47
High Ca 4 36.31 19.79 | 23.51 1.77 0.54 5.67 5.44 1.40 1.38
High Ca 5 34.63 | 19.84 | 26.25 2.02 0.45 6.43 5.85 1.38 1.40
High Ca 6 41.41 20.95 17.80 1.42 0.75 8.75 4.60 1.00 1.31

Table B.2 — Chemical Dissolution Residue Compositions Determined by XRF

Fly Ash Oxide Quantity (%o wt.)

SiOz Ale3 CaO Nazo I<2O FCzO3 MgO PzOs TiOz

Low Ca 1 47.77 | 19.20 2.38 0.69 1.86 22.50 1.17 0.04 1.21
Low Ca 2 44.47 | 21.57 2.21 0.59 2.07 2411 1.19 0.10 1.20
High Ca 1 29.66 | 14.73 | 30.53 1.60 0.30 6.11 6.93 0.96 1.63
High Ca 2 31.88 13.78 | 31.88 1.80 0.31 7.06 7.60 1.07 1.86
High Ca 3 29.81 | 1495 | 29.25 1.06 0.34 6.97 6.37 0.79 1.79
High Ca 4 31.30 | 13.94 | 31.75 1.53 0.32 7.18 7.55 1.03 1.83
High Ca 5 30.21 14.35 | 29.73 1.24 0.27 6.43 6.82 0.86 1.61
High Ca 6 T1 | 35.61 15.37 | 21.81 0.98 0.45 10.42 5.71 0.54 1.63
High Ca6T2 | 3574 | 15.15 | 21.76 0.92 0.56 10.40 5.78 0.55 1.43
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Figure B.1 — Weight Lost vs. Dissolution Time for Low Calcium 1
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Figure B.2 — Weight Lost vs. Dissolution Time for Low Calcium 2
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Figure B.3 — Weight Lost vs. Dissolution Time for High Calcium 1
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Figure B.4 — Weight Lost vs. Dissolution Time for High Calcium 2
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Figure B.5 — Weight Lost vs. Dissolution Time for High Calcium 3
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Figure B.6 — Weight Lost vs. Dissolution Time for High Calcium 4
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Figure B.7 — Weight Lost vs. Dissolution Time for High Calcium 5
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Figure B.8 — Weight Lost vs. Dissolution Time for High Calcium 6
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Table B.3 — Set Time Testing Results and Model Predictions

Mix Critical Variables (% wt. of Mix) Initial Set | Final Set | Flash Set | Long Set
HO Na,O | R.S8i0; | CaO (min) (min) Prediction | Prediction

T1011 | 14.96 6.33 6.29 21.72 | Flash Set Flash Set
T1012 | 14.99 9.08 6.07 20.96 | Flash Set Flash Set
T1013 | 15.16 9.26 7.96 20.29 | Flash Set Flash Set
T1021 | 18.73 6.07 6.01 20.76 | Flash Set Flash Set
T1022 | 18.77 9.14 5.76 19.90 35 75 Flash Set
T1023 | 18.75 9.04 9.00 18.96 | Flash Set Flash Set
T1024 | 18.73 11.05 7.99 18.67 21 28
T1031 | 22.56 5.72 5.73 19.80 | Flash Set Flash Set
T1032 | 22.50 5.60 8.98 18.87 | Flash Set Flash Set
T1033 | 2246 8.92 5.49 18.94 47 54
T1034 | 22.56 8.99 9.01 17.84 23 34
T1041 | 26.21 4.97 5.50 19.00 21 22 Long Set
T1042 | 26.32 4.99 10.02 17.60 | Flash Set
T1043 | 26.26 8.01 7.00 17.62 185 205 Long Set
T1046 | 26.23 11.23 8.47 16.22 Long Set Long Set
T1051 | 30.01 5.00 6.00 17.70 Long Set Long Set
T1052 | 29.97 5.12 8.98 16.78 Long Set Long Set
T1053 | 29.99 8.95 6.02 16.51 Long Set Long Set
T1054 | 29.94 9.04 8.99 15.61 56 70 Long Set
T1111 | 15.00 3.00 6.56 22.63 Long Set | Flash Set
T1112 | 15.03 3.01 7.82 22.25 | Flash Set Flash Set
T1113 | 1499 3.00 9.00 21.90 | Flash Set Flash Set
T1121 | 15.04 6.99 6.23 21.52 | Flash Set Flash Set
T1122 | 15.01 7.02 8.30 20.90 | Flash Set Flash Set
T1123 | 15.00 7.01 10.19 | 20.34 | Flash Set Flash Set
T1131 | 14.99 10.99 5.92 20.43 | Flash Set Flash Set
T1132 | 14.99 11.01 7.33 20.00 | Flash Set Flash Set
T1133 | 14.99 10.99 9.67 19.30 | Flash Set Flash Set
T1134 | 14.98 10.99 10.99 18.91 | Flash Set Flash Set
T1211 | 2249 3.01 5.96 20.56 | Flash Set Flash Set
T1212 | 22.51 3.02 7.40 20.12 | Flash Set Flash Set
T1213 | 2250 2.99 8.80 19.71 Long Set | Flash Set
T1221 | 2249 7.04 5.63 19.45 | Flash Set
T1222 | 22.52 6.99 8.71 18.54 10 14
T1223 | 2252 7.01 11.70 17.63 25 32
T1231 | 2250 10.98 5.32 18.36 | Flash Set Long Set
T1232 | 22.51 10.98 8.13 17.52 Long Set
T1233 | 2251 11.02 10.91 16.67 83 90
T1311 | 29.99 3.01 5.36 18.49 | Flash Set Long Set
T1312 | 30.00 3.01 0.98 18.00 Long Set Long Set
T1313 | 30.00 3.12 8.53 17.51 Long Set Long Set
T1314 | 30.03 2.98 10.10 17.07 Long Set Long Set
T1321 | 29.99 6.99 5.04 17.39 32 100 Long Set
T1322 | 29.97 6.96 9.20 16.16 165 180 Long Set
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Mix Critical Variables (% wt. of Mix) Initial Set | Final Set | Flash Set | Long Set
H>O Na,O | R. 8102 | CaO (min) (min) Prediction | Prediction
T1323 | 29.98 6.99 13.30 14.92 Long Set
T1331 | 29.96 10.98 4.72 16.30 | Flash Set Long Set
T1332 | 30.02 11.00 8.64 15.10 Long Set Long Set
T1333 | 29.97 11.41 12.44 13.85 Long Set
T2011 | 18.73 5.37 11.23 13.69 | Flash Set
T2012 | 18.77 9.30 10.28 13.05 38 70
T2013 | 18.87 9.28 13.29 12.40 24 42
T2014 | 18.80 11.82 11.21 12.32 | Flash Set
T2021 | 2247 5.36 9.25 13.32 23 30
T2022 | 22.46 5.33 14.30 12.26 60 80
T2023 | 22.56 9.26 9.32 12.46 | Flash Set
T2024 | 22.38 9.33 14.34 11.42 73 105
T2025 | 22.44 13.29 9.31 11.64 15 26
T2026 | 22.52 13.29 13.40 10.75 26 38
T2031 | 26.21 5.32 9.30 12.53 25 42 Long Set
T2032 | 26.26 5.29 14.35 11.45 Long Set
T2033 | 26.31 9.31 9.40 11.64 | Flash Set Long Set
T2034 | 26.26 9.26 13.40 10.81 Long Set
T2041 | 29.98 5.35 8.32 11.93 17 36 Long Set
T2042 | 30.01 5.28 12.39 11.08 87 175 Long Set
T2043 | 29.97 9.25 8.39 11.09 | Flash Set Long Set
T2044 | 30.00 11.29 7.40 10.87 98 145 Long Set
T2051 | 22.51 7.80 12.32 12.15 Long Set
T2052 | 21.21 9.99 11.23 12.19 36 50
T2053 | 27.00 5.39 9.92 12.22 36 50 Long Set
T2054 | 20.28 9.73 1241 12.19 Long Set
T2055 | 20.74 6.35 15.44 12.17 | Flash Set
T2056 | 23.10 8.63 10.72 12.19 | Flash Set
T2111 | 14.90 3.36 9.82 15.23 90 105 Flash Set
T2114 | 15.00 3.35 14.10 14.30 | Flash Set Flash Set
T2121 | 14.89 7.35 9.34 14.49 | Flash Set Flash Set
T2123 | 15.04 7.32 13.04 13.68 | Flash Set Flash Set
T2124 | 14.84 7.28 14.88 13.34 | Flash Set Flash Set
T2131 | 14.84 11.37 8.86 13.75 | Flash Set Flash Set
T2132 | 14.62 11.25 10.61 13.45 13 34 Flash Set
T2133 | 14.98 11.37 12.17 13.02 | Flash Set Flash Set
T2134 | 14.84 11.35 13.80 12.71 | Flash Set Flash Set
T2211 | 22.45 3.33 8.91 13.83 31 40
T2212 | 2247 3.33 10.44 13.50 95 125
T2213 | 2248 2.79 12.06 13.27 Long Set
T2214 | 22.49 3.30 13.58 12.84 | Flash Set
T2221 | 2241 7.39 8.43 13.08 15 36
T2222 | 2249 7.31 11.31 12.47 40 46
T2223 | 2252 7.27 14.11 11.88 30 40
T2224 | 22.50 7.29 17.17 11.23 | Flash Set
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Mix Critical Variables (% wt. of Mix) Initial Set | Final Set | Flash Set | Long Set
H>O Na,O | R. 8102 | CaO (min) (min) Prediction | Prediction

T2231 | 22.50 11.33 7.95 12.33 15 22 Long Set
T2232 | 22.49 11.22 10.15 11.89 Long Set
T2233 | 22.52 11.42 12.22 11.40 105 145
T2234 | 22.57 11.33 14.58 1091 Flash Set
T2311 | 29.91 3.24 8.03 12.46 16 28 Long Set
T2312 | 29.99 3.30 9.73 12.07 Long Set Long Set
T2313 | 30.06 2.70 11.44 11.82 Long Set Long Set
T2314 | 30.08 3.27 13.15 11.33 Long Set Long Set
T2321 | 29.97 7.27 7.54 11.69 Long Set Long Set
T2322 | 30.10 7.33 8.75 11.40 Long Set Long Set
T2323 | 29.95 7.27 9.98 11.18 Long Set Long Set
T2324 | 29.99 7.34 11.18 10.90 Long Set Long Set
T2331 | 30.00 11.29 7.05 10.94 Long Set Long Set
T3011 | 18.74 4.98 12.00 9.29 Long Set
T3012 | 18.71 8.93 11.01 8.87 Flash Set
T3013 | 18.83 8.93 13.96 8.42 26 46
T3014 | 18.79 11.03 11.99 8.41 16 22
T3021 | 22.59 5.13 10.97 8.86 Flash Set
T3022 | 22.44 5.05 14.98 8.32 Long Set
T3023 | 22.38 9.04 10.00 8.47 13 22
T3024 | 22.46 8.98 14.99 7.74 185 240
T3025 | 22.48 12.99 9.99 7.88 16 42
T3026 | 22.72 17.59 12.96 6.76 Long Set
T3031 | 26.21 5.02 10.98 8.35 56 230 Long Set
T3032 | 206.25 4.99 15.00 7.77 Long Set
T3033 | 26.30 8.95 10.01 7.91 29 38 Long Set
T3034 | 26.48 8.98 14.12 7.29 Long Set
T3041 | 30.11 5.03 12.00 7.64 24 65 Long Set
T3042 | 30.05 8.99 10.00 7.37 Long Set Long Set
T3051 | 23.12 5.03 13.13 8.49 Long Set
T3052 | 29.28 3.59 8.37 8.49 Long Set Long Set
T3053 | 26.90 5.56 8.42 8.55 Long Set Long Set
T3054 | 24.36 8.55 8.37 8.49 Long Set Long Set
T3055 | 21.81 11.05 8.37 8.49 40 90 Long Set
T3056 | 25.69 6.32 9.32 8.48 Flash Set Long Set
T3057 | 23.12 7.28 11.17 8.45 Long Set
T3058 | 23.32 8.79 9.43 8.45 50 75 Long Set
T3059 | 21.84 9.05 10.28 8.50 Long Set
T3111 | 15.05 2.81 9.30 10.53 Long Set | Flash Set
T3114 | 15.29 2.82 14.67 9.72 Flash Set Flash Set
T3121 | 15.05 7.33 8.72 9.96 Flash Set Flash Set
T3124 | 14.93 7.01 14.29 9.22 Flash Set Flash Set
T3131 | 15.04 10.93 8.41 9.49 14 18
T3132 | 14.97 11.12 10.00 9.24 18 54 Flash Set
T3133 | 14.91 10.90 11.63 9.04 Flash Set Flash Set
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Mix Critical Variables (% wt. of Mix) Initial Set | Final Set | Flash Set | Long Set
H>O Na,O | R. 8102 | CaO (min) (min) Prediction | Prediction

T3134 | 1498 10.73 13.25 8.82 Flash Set
T3211 | 2248 2.87 8.38 9.58 14 20 Long Set
T3212 | 22.53 3.10 10.30 9.26 Long Set
T3213 | 22.50 3.01 12.23 9.00 Long Set
T3214 | 2248 2.85 14.23 8.74 20 85
T3221 | 22.51 6.91 8.02 9.04 Flash Set Long Set
T3222 | 22.59 06.95 10.88 8.61 93 105
T3223 | 2240 7.00 13.74 8.22 46 80
T3224 | 22.36 7.04 16.61 7.80 17 42
T3231 | 2249 10.95 7.48 8.54 43 75 Long Set
T3232 | 2247 11.03 10.23 8.13 Long Set
T3233 | 22.52 11.00 12.94 7.74 Long Set
T3234 | 2252 11.11 15.63 7.34 27 56
T3311 | 29.97 2.88 7.62 8.61 Long Set Long Set
T3312 | 30.01 3.00 9.67 8.29 Long Set Long Set
T3313 | 29.87 2.98 11.63 8.03 Long Set Long Set
T3314 | 30.15 2.85 13.63 7.72 Long Set Long Set
T3321 | 29.97 7.06 7.07 8.08 Long Set Long Set
T3324 | 29.91 6.96 10.28 7.64 Long Set Long Set
T3331 | 29.99 10.88 6.64 7.59 Long Set Long Set
T4111 | 15.04 2.97 12.00 1.47 Long Set | Flash Set
T4114 | 15.07 3.04 13.97 1.43 Flash Set Flash Set
T4121 | 1497 7.11 8.02 1.47 Flash Set Flash Set | Long Set
T4124 | 15.02 7.02 12.98 1.37 Flash Set
T4131 | 15.12 11.00 7.09 1.40 Long Set Long Set
T4134 | 15.02 11.04 12.10 1.30 Long Set
T4211 | 22.45 3.07 7.20 1.41 Long Set Long Set
T4214 | 2246 2.99 14.69 1.26 Long Set
T4221 | 2249 7.51 6.75 1.33 Long Set Long Set
T4224 | 22.48 6.95 15.62 1.16 Long Set
T4231 | 22.55 10.96 6.40 1.26 Long Set Long Set
T4234 | 22.56 11.07 12.48 1.13 Long Set
T4311 | 30.04 3.12 6.48 1.27 Long Set Long Set
T4314 | 30.05 3.13 13.02 1.13 Long Set Long Set
T4321 | 30.11 7.03 6.12 1.19 Long Set Long Set
T4324 | 30.10 6.99 9.11 1.13 Long Set Long Set
T4331 | 30.04 10.96 5.70 1.12 Long Set Long Set
T5131 | 14.94 10.79 7.52 5.49 Long Set Long Set
T5134 | 1497 11.00 12.38 5.07 Long Set
T6124 | 15.17 7.07 13.51 6.56 Long Set
T6131 | 14.94 11.03 7.60 6.78 85 130 Long Set
T6134 | 14.51 11.01 12.39 6.34 Long Set | Flash Set
T6211 | 22.02 2.99 7.62 6.88 Long Set Long Set
T6214 | 22.69 2.93 13.96 6.17 Long Set
T6221 | 2248 7.24 7.17 0.45 75 105 Long Set

90




Table B.4 — Additional Flash Set Data from Compressive Testing Mixes

— . S .
Mix }(;Zl(_t)lcal Varla&lzz (()/0 wt. of 12:4:3 Mix Behavior Flash Set Prediction
C4901 18.72% 10.84% 1.29% Mix OK Mix OK
C6901 22.57% 2.99% 6.63% Mix OK Mix OK
C6902 16.72% 9.10% 6.54% Flash Set Mix OK
C6904 23.41% 8.25% 6.19% Mix OK Mix OK
C6905 18.77% 13.21% 6.16% Mix OK Mix OK
C6908 23.68% 4.57% 6.16% Mix OK Mix OK
C6909 18.93% 9.37% 6.15% Flash Set Mix OK
C6910 18.98% 7.54% 6.15% Mix OK Mix OK
C6911 22.36% 6.70% 6.17% Mix OK Mix OK
C6912 17.63% 11.45% 6.16% Mix OK Mix OK
C6914 23.78% 12.80% 5.62% Mix OK Mix OK
C6915 22.28% 10.92% 5.62% Mix OK Mix OK
Table B.5 — Compressive Strength Mix Properties
Mix As Cast Air H>O Lost During Final Density
Content (%) Curing (%) (g/cm?)

C1022 11.86 1.56 2.05

C1024 11.23 2.67 2.02

C1033 12.74 1.39 1.97

C1034 13.47 0.96 1.94

C1041 14.34 1.99 1.88

C1043 12.47 1.60 1.91

C1045 9.95 1.11 1.93

C1046 8.80 1.24 1.94

C1051 15.25 1.80 1.76

C1052 13.61 1.27 1.79

C1053 9.67 2.06 1.91

C1221 13.63 1.88 1.95

C1222 10.79 1.51 2.00

C1231 8.79 1.53 2.01

C1232 11.80 1.29 1.98

C1311 15.45 2.46 1.75

C1314 15.94 2.14 1.76

C1321 14.66 2.58 1.81

C2011 12.80 1.36 2.01

C2012 11.70 1.42 2.03

C2014 8.16 1.26 2.10

C2021 13.32 1.89 1.94

C2023 11.70 1.74 1.97

C2024 9.79 0.97 1.99

C2025 10.54 1.97 1.98

C2026 10.01 0.97 1.98
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Mix As Cast Air H>O Lost During Final Density
Content (%0) Curing (%) (g/cm?)
C2031 14.33 1.32 1.87
C2033 14.48 1.21 1.86
C2034 10.49 1.47 1.91
C2041 15.63 1.06 1.80
C2043 12.28 2.07 1.84
C2051 10.76 0.73 1.99
C2053 14.66 1.08 1.84
C2056 11.04 1.19 1.98
C2131 10.66 2.17 2.10
C2134 8.08 0.54 2.16
C2211 14.32 1.44 1.94
C2214 15.05 2.09 1.87
C2221 12.79 1.45 1.97
C2222 11.15 2.25 1.96
C2224 7.89 1.38 2.00
C2231 12.81 1.40 1.96
C2232 10.00 2.02 1.99
C3013 9.07 1.28 2.05
C3021 12.31 1.07 1.95
C3022 12.74 1.37 1.91
C3023 10.86 1.24 1.99
C3024 8.92 1.44 1.99
C3025 10.05 1.47 1.99
C3026 8.58 0.75 2.00
C3031 14.37 1.34 1.85
C3032 12.21 2.30 1.85
C3033 10.65 0.99 1.93
C3034 9.43 1.12 1.92
C3041 14.58 2.23 1.77
C3053 13.16 1.73 1.88
C3054 12.85 1.99 1.91
C3057 11.13 1.31 1.96
C3058 12.57 1.25 1.94
C3059 9.85 1.41 2.01
C3124 9.51 0.81 2.11
C3131 11.95 3.08 2.04
C3134 10.32 0.57 2.10
C3213 14.95 1.75 1.88
C3221 11.32 2.12 1.97
C3222 11.87 1.53 1.95
C3223 10.43 1.25 1.97
C3224 8.08 1.10 2.00
C3231 11.08 1.73 1.99
C3232 11.32 1.87 1.95
C4901 10.30 2.99 1.96
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Mix As Cast Air H>O Lost During Final Density
Content (%0) Curing (%) (g/cm?)
Co124 9.37 0.71 2.09
Co131 10.48 3.24 2.04
C6214 15.29 1.28 1.83
C6904 11.69 1.43 1.93
C6905 10.98 3.56 1.96
C6908 13.56 1.22 1.87
C6910 11.29 0.90 1.98
C6911 10.67 1.72 1.95
C6912 8.83 2.83 2.03
C0914 9.03 2.31 1.95
C6915 7.82 2.48 1.98

Table B.6 — Compressive Strength Testing Results and Model Predictions

Critical Variables Coefficient of Experimental Alg. Model | Exp. Model
Mix (% wt. of Mix) Variation for StrIe) ngth (ks Prediction | Prediction

H,O | Na,O [ R.SiO; | 6 Cubes (%) & (ksi) (ksi)
C1112 | 1491 2.83 10.56 - 0.00 2.98 9.80
C1212 | 22.60 2.85 9.84 - 0.00 2.86 2.88
C2212 | 22.59 3.28 10.45 - 0.00 3.42 2.37
C6901 | 22.57 2.99 9.48 - 0.00 3.34 5.17
C6214 | 2272 | 2.93 13.96 8.36 0.34 1.51 0.40
C2214 | 2248 3.29 13.58 5.78 0.86 2.18 1.06
C2053 | 27.20 5.30 9.95 12.56 0.92 4.91 5.65
C3213 | 2241 2.95 11.83 5.66 0.97 2.14 0.67
C3026 | 22.72 | 17.61 | 12.64 6.64 1.20 1.93 1.24
C1314 | 30.04 | 2.86 12.18 5.95 1.48 1.69 0.02
C1311 | 30.10 3.00 7.60 3.43 1.81 1.86 0.02
C1051 | 30.01 4.81 8.17 6.49 1.88 2.61 1.28
C2043 | 29.98 9.24 8.39 6.01 1.90 2.80 2.20
C1053 | 30.06 8.81 8.03 10.79 2.04 2.42 2.06
C6914 | 23.78 | 12.80 8.43 7.45 2.11 3.33 2.23
C1321 | 30.00 6.84 7.17 6.48 2.11 1.36 1.46
C2041 | 29.89 5.32 8.33 11.00 2.29 2.84 1.95
C1045 | 26.32 | 11.07 7.62 5.11 2.35 2.31 1.88
C3053 | 26.87 5.61 8.01 11.84 2.56 2.97 2.49
C4901 18.72 10.84 9.23 6.79 2.66 7.08 7.10
C3231 | 2241 | 10.94 7.08 7.57 3.05 2.17 3.09
C2231 | 22.60 | 11.28 7.94 7.81 3.38 3.52 3.33
C2031 | 26.26 5.25 9.31 8.47 3.41 4.66 4.87
C3054 | 24.44 8.45 7.95 10.93 3.49 3.38 3.81
C3032 | 26.18 4.96 14.65 13.68 3.56 4.77 3.62
C1046 | 26.28 | 11.12 | 10.43 8.38 3.60 4.86 3.56
C3022 | 22.31 5.04 14.58 20.71 3.76 5.46 5.96
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Critical Variables Coefficient of Experimental Alg. Model | Exp. Model
Mix (% wt. of Mix) Variation for StrEn th (ksi) Prediction | Prediction
H,O | Na;O | R.SiO; | 6 Cubes (%) & (ksi) (ksi)

C3025 | 22.45 | 12.97 9.62 5.91 3.78 4.21 3.25

C6904 | 23.41 8.25 7.75 6.79 3.82 3.32 4.09

C2232 | 2242 | 11.21 | 10.15 3.58 3.85 5.71 5.03

C2211 | 2243 3.32 8.92 6.51 4.00 4.16 4.04
C2033 | 26.55 9.16 9.42 9.74 4.15 4.67 4.32
C6908 | 23.68 4.57 11.45 23.39 4.26 5.36 5.28
C1043 | 26.22 7.87 9.16 12.45 4.41 4.67 4.92
C1052 | 29.96 5.24 10.99 7.51 4.41 4.74 5.04
C2221 | 22.33 7.33 8.45 6.24 4.43 5.13 5.64
C1041 | 26.32 | 4.94 7.81 7.69 4.46 2.76 1.78
C2025 | 2247 | 13.21 9.32 4.55 4.58 3.94 2.94
C2023 | 22.55 9.35 9.30 4.78 4.59 5.93 5.76
C2026 | 2255 | 1327 | 1342 7.49 4.01 4.73 4.57
C3232 | 23.00 | 11.08 9.82 10.60 4.69 5.37 4.58
C1231 | 22.42 | 10.84 7.58 12.04 4.72 3.08 3.42
C1033 | 22.64 8.77 7.79 5.62 4.76 3.61 4.36
C1232 | 2244 | 10.79 | 10.29 11.15 4.79 0.11 5.52
C6915 | 2228 | 1092 | 11.75 10.35 4.85 6.87 6.57
C3041 | 30.09 5.00 11.60 7.76 4.86 4.65 4.00
C1221 | 22.58 6.89 8.01 8.86 5.06 4.19 4.83
C3033 | 26.28 9.11 9.62 7.18 5.22 4.97 4.69

C6905 | 18.77 | 13.21 7.72 10.48 5.30 4.10 4.65

C3058 | 23.28 8.82 9.04 10.34 5.41 5.41 5.45

C2021 | 22.43 5.54 9.23 3.77 6.00 6.17 6.57
C3221 | 22.55 6.86 7.58 7.80 0.09 3.30 4.26
C3023 | 22.28 9.01 9.59 6.00 6.69 6.57 6.49

C3031 | 26.24 5.00 10.57 13.11 0.75 5.27 5.84
C1034 | 22.62 9.08 11.18 18.47 6.79 7.95 7.99

C2014 | 1884 | 11.79 | 11.20 5.05 0.93 0.94 7.72
C2222 | 2244 | 7.25 11.30 10.93 6.94 8.60 9.49

C3059 | 21.87 9.07 9.89 13.96 7.31 7.13 7.00
C2034 | 26.26 9.24 13.40 13.36 7.52 7.59 7.54
C2056 | 23.08 8.55 10.71 14.51 7.71 7.56 7.84
C3034 | 26.51 8.92 13.83 8.58 7.79 7.83 7.84
C1022 | 18.76 9.06 8.20 10.03 7.87 0.61 7.08
C2012 | 18.75 9.27 10.28 4.99 7.96 9.76 9.10
C3021 | 22.73 5.06 10.52 12.84 8.72 0.46 7.44
C3224 | 22.36 7.03 16.25 3.61 9.11 8.86 9.49

C6131 | 1510 | 11.75 7.49 10.07 9.16 8.51 9.61

C3223 | 2232 6.99 13.37 7.57 9.18 9.21 9.91

C6912 | 17.63 | 1145 | 10.56 5.18 9.19 7.83 8.66
C3057 | 23.04 | 7.21 10.76 8.00 9.25 7.84 8.80
C3134 | 1482 | 11.08 | 12.80 17.44 9.58 10.64 13.16
C3024 | 22.42 8.99 14.63 11.05 9.63 9.65 9.70
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Critical Variables Coefficient of Experimental Alg. Model | Exp. Model
Mix (% wt. of Mix) Variation for StrEn th (ksi) Prediction | Prediction
H,O | Na;O | R.SiO; | 6 Cubes (%) & (ksi) (ksi)
C1024 | 18.70 | 10.90 | 10.28 5.23 9.77 7.83 7.92
C3131 | 15.08 | 11.18 7.93 7.34 9.77 9.60 10.00
C3222 | 22.56 7.01 10.46 10.60 9.81 7.82 8.72
C2224 | 22.56 7.25 17.20 5.80 10.31 8.88 9.48
C2131 | 1491 | 11.28 8.87 9.59 10.84 10.18 10.76
C6910 | 18.98 7.54 13.23 20.00 11.16 11.80 11.63
C2051 | 22.47 7.76 12.34 18.28 11.23 9.23 9.85
C2024 | 22.37 9.31 14.37 5.74 11.46 9.39 9.45
C1222 | 22.50 6.84 10.98 4.11 12.02 8.24 9.29
Co911 | 22.36 6.70 10.51 10.16 12.05 7.92 8.90
C3013 | 18.77 8.84 13.56 10.22 12.24 11.78 11.51
C2011 | 18.72 5.36 11.24 7.51 12.51 9.01 10.08
C2134 | 1486 | 11.62 | 13.74 15.51 13.55 9.15 13.50
C6124 | 15.01 6.98 13.54 13.89 14.34 14.93 13.86
C3124 | 15.03 6.99 13.89 5.17 15.02 14.52 14.00
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Appendix C
Design Tables

Table C.1- % wt. Reactive SiO; in Mix for Compressive Strength of 2 ksi

% wt. H,O in Mix
15 16 17 18 19 20 21 22 | 23 | 24 | 25 26 | 27 28 29 | 30
4 731 | 7.74 | 8.03 | 825 | 842 | 858 | 873 | 8.86 | 9.00 | 10.51
5 727 | 7.61 | 7.86 | 8.07 | 825 | 841 | 855
X! 6 7.08 | 741 | 7.66 | 7.88 | 8.06
= | 7 6.49 | 6.92 | 726 | 7.54 | 7.77
g 8 626 | 676 | 7.15 | 747 | 7.75
Q19 641 | 694 | 7.36 | 7.71 | 8.02
2 10 6.88 | 742 | 7.87 | 8.26 | 8.61
s 1 7.63 | 8.19 | 8.69 | 9.14 | 9.56
2| 12 7.09 | 7.94 | 8.66 | 9.31 | 9.91 |10.49 | 11.08
X[ 13 7.22 | 830 | 9.24 | 10.10 | 10.95 | 11.83 | 12.82 | 14.11
14 724 | 8.65 | 9.88 [ 11.06 | 12.31 | 13.82 | 16.20
15 7.01 | 886 | 10.49 | 12.13 | 14.07 | 17.19
Table C.2 — % wt. Reactive SiO; in Mix for Compressive Strength of 3 ksi
% wt. H,O in Mix
15 16 17 18 19 20 21 22 | 23 | 24 | 25 26 | 27 28 29 | 30
4 7.67 | 8.05 | 831 | 853 | 871 | 8.89 | 9.07 |10.33
5 743 | 779 | 8.07 | 829 | 848 | 8.65 | 8.81 | 8.95 | 9.09
RS 741 | 773 | 7.99 | 820 | 8.39 | 8.56 | 8.71
= | 7 736 | 7.68 | 7.95 | 8.18 | 8.38 | 8.56
g 8 727 | 7.65 | 7.96 | 823 | 8.47 | 8.68
Q9 748 | 7.90 | 826 | 8.57 | 8.85 | 9.11
2 10 743 | 798 | 845 | 886 | 9.23 | 9.57 | 9.90
s L1 745 | 817 | 878 | 9.33 | 9.84 | 10.32 | 10.79 | 11.28
2| 12 746 | 842 | 9.23 | 9.97 | 10.68 | 11.40 | 12.18 | 13.10 | 14.43
X |13 7.36 | 8.63 | 9.72 | 10.75 | 11.79 | 12.97 | 14.56
14 8.70 | 10.17 | 11.58 | 13.16 | 15.32
15 8.45 | 10.41 | 1234 | 14.68
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Table C.3 — % wt. Reactive SiO; in Mix for Compressive Strength of 4 ksi

% wt. H,O in Mix

15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
4 7.00 | 7.82 | 821 | 849 | 873 | 895 | 10.54 | 9.99
5 726 | 776 | 810 | 837 | 859 | 879 | 897 | 914 | 930 | 948 | 9.67
K6 748 | 7.84 | 813 | 837 | 858 | 876 | 892 | 9.08 | 9.22
= | 7 7.05 | 7.51 | 7.87 | 816 | 841 | 8.63 | 882 | 9.00 | 9.16
S8 745 | 7.87 | 821 | 850 | 876 | 899 | 9.20 | 9.40
Q19 7.09 | 7.67 | 814 | 853 | 888 | 919 | 947 | 9.74 | 9.99
2 10 7.54 | 817 | 870 | 917 | 9.59 | 9.98 | 10.36 | 10.73 | 11.11
L1 7.38 | 8.25 | 897 | 9.60 | 10.19 | 10.76 | 11.33 | 11.95 | 12.67 | 13.65
5| 12 7.09 | 829 | 9.27 |10.14 | 10.98 | 11.85 | 12.84 | 14.18
X[13 8.15 | 9.49 | 10.70 | 11.91 | 13.30 | 15.32
14 7.64 | 9.49 | 11.13 | 12.86 | 15.10
15 9.04 | 11.24 | 13.56 | 16.82
Table C.4 — % wt. Reactive SiO; in Mix for Compressive Strength of 5 ksi
% wt. H20 in Mix
15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
4 7.85 | 8.30 | 8.62 | 8.90 | 10.60
5 7.46 | 7.97 | 832 | 8.60 | 884 | 9.05 | 9.26 | 9.47 | 9.70 | 10.00
Kl 6 731 | 7.80 | 815 | 844 | 8.68 | 889 | 9.08 | 9.25 | 9.42 | 9.58 | 9.73
=7 7.46 | 7.90 | 825 | 8.54 | 878 | 9.00 | 9.20 | 9.38 | 9.55 | 9.71
S 8 7.40 | 791 | 831 | 8.65 | 894 | 9.20 | 9.44 | 9.66 | 9.87 | 10.07
Q19 7.60 | 8.17 | 8.64 | 9.04 | 939 | 9.71 | 10.02 | 1031 | 10.60 | 10.89
2 10 7.26 | 8.07 | 872 | 9.27 | 976 | 1021 | 10.66 | 11.10 | 11.57 | 12.09 | 12.74
. n 7.91 | 881 | 9.58 |10.27 | 10.93 | 11.62 | 12.38 | 13.35 | 15.20
B2 7.53 | 8.81 | 9.87 | 10.86 | 11.85 | 12.99 | 14.58
X[ 13 8.55 | 10.03 | 11.40 | 12.87 | 14.82
14 7.76 | 9.84 | 11.70 | 13.76 | 16.79
15 9.04 | 11.52 | 14.17
Table C.5 — % wt. Reactive SiO: in Mix for Compressive Strength of 6 ksi
% wt. H2O in Mix
15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
4 7.74 | 833 | 871 | 9.04 | 9.49
5 7.53 | 810 | 849 | 880 | 9.06 | 932 | 9.58 | 9.90
K6 7.52 | 803 | 840 | 870 | 895 | 917 | 9.38 | 9.58 | 9.77 | 9.96 | 10.18 | 10.42
= | 7 714 | 7.77 | 821 | 8.56 | 886 | 9.11 | 934 | 9.55 | 9.75 | 9.94 | 10.12 | 10.31
S8 7.04 | 775 | 826 | 8.68 | 9.02 | 9.33 | 9.60 | 9.86 | 10.10 | 1033 | 10.57 | 10.81
Q19 7.20 | 7.98 | 857 | 9.06 | 948 | 9.86 | 10.21 | 10.56 | 10.90 | 11.26 | 11.65 | 12.11
2 10 7.61 | 847 | 916 | 9.75 | 10.29 | 10.81 | 11.34 | 11.91 | 12.59 | 13.62
.1 8.24 | 9.23 | 10.07 | 10.85 | 11.64 | 12.52 | 13.68 | 16.46
Bl 7.69 | 9.12 | 10.31 | 11.44 | 12.64 | 14.20 | 17.35
X[13 8.63 | 1031 | 11.87 | 13.63 | 16.22
14 7.39 | 9.81 | 11.91 | 14.25 | 17.78
15 8.50 | 11.31 | 14.18

97




Table C.6 — % wt. Reactive SiO; in Mix for Compressive Strength of 7 ksi

% wt. Hzo in Mix

15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
4 737 | 827 | 875 | 9.18
5 748 | 818 | 8.63 | 898 | 9.29 | 9.62 | 11.29
Xl 6 7.66 | 822 | 8.62 | 894 | 921 | 9.46 | 9.70 | 9.94 | 10.19 | 10.50 | 11.66
= | 7 7.33 | 8.00 | 8.48 | 885 | 9.16 | 9.43 | 9.68 | 9.91 | 10.14 | 10.37 | 10.61 | 10.88 | 11.21
g1 8 7.25 | 8.02 | 857 | 9.01 | 937 | 9.70 | 10.00 | 10.29 | 10.57 | 10.86 | 11.17 | 11.53 | 12.00
ON 9 742 | 827 | 891 | 9.43 | 9.89 [ 10.31 | 10.72 | 11.13 | 11.58 | 12.10 | 12.85
2 10 7.81 | 877 | 9.52 [ 10.18 | 10.80 | 11.41 | 12.09 | 12.93 | 14.50
s 841 | 9.52 | 10.47 | 11.37 | 12.33 | 13.54 | 15.78
B | 12 7.56 | 9.24 | 10.60 | 11.89 | 13.34 | 15.45
X |13 839 1033 | 12.10 [ 14.11 | 17.17
14 9.40 | 11.77 | 14.29 | 17.92
15 8.50 | 11.31 | 14.18
Table C.7 — % wt. Reactive SiO2 in Mix for Compressive Strength of 8 ksi
% wt. H20 in Mix
15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
4 8.08 | 8.74
5 7.22 | 820 | 8.74 | 9.16 | 9.55 | 10.06
Kl 6 7.71 | 837 | 8.82 | 9.18 | 9.49 | 9.79 | 10.09 | 10.43 | 10.99
= | 7 742 | 820 | 872 | 9.12 | 9.46 | 9.77 | 10.05 | 10.33 | 10.62 | 10.95 | 11.38
g 8 7.36 | 824 | 8.85 | 9.32 | 9.73 | 10.09 | 10.44 | 10.78 | 11.14 | 11.56 | 12.14
ON 9 7.52 | 850 | 9.21 | 9.79 | 10.31 | 10.79 | 11.29 | 11.83 | 12.53 | 14.10
2 10 7.88 | 899 | 9.84 |10.59 | 11.31 | 12.07 | 13.02 | 14.76
.| 11 8.42 | 9.71 | 10.80 | 11.85 | 13.03 | 14.75
E 12 7.09 | 915 [10.72 | 12.19 | 13.89 | 16.51
X[ 13 7.74 1 10.09 | 12.08 | 14.28 | 17.48
14 8.52 | 11.28 | 13.94 | 17.43
15 9.43 | 12.76 | 16.45
Table C.8 — % wt. Reactive SiO; in Mix for Compressive Strength of 9 ksi
% wt. H,0 in Mix
15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
4 | 742 | 8.64 | 10.74
5 8.11 | 8.83 | 9.35 | 9.90
Xl 6 7.66 | 8.50 | 9.03 | 9.45 | 9.82 | 10.20 | 10.69
=7 7.40 | 835 | 8.96 | 9.42 | 9.80 |10.15 | 10.50 | 10.88 | 11.37
Ll 8 7.35 | 841 | 911 | 9.65 | 10.11 | 10.53 | 10.95 | 11.42 | 12.00
ON 9 7.48 | 8.67 | 9.49 |10.15|10.75 | 11.34 | 11.99 | 12.86
2 10 7.77 | 913 | 1012 | 10.99 | 11.84 | 12.84 | 14.35
.| 11 821 | 9.78 | 11.04 | 12.26 | 13.70 | 16.04
E 12 8.80 | 10.66 | 12.33 | 14.23 | 17.09
X |13 9.52 | 11.80 | 14.13 | 17.26
14 10.39 | 13.25 | 16.58
15 | 7.43 | 11.43 | 15.07
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Table C.9 — % wt. Reactive SiO; in Mix for Compressive Strength of 10 ksi

% wt. Hzo in Mix

15 16 17 18 19 20 21 22 | 23 | 24 | 25 26 | 27 28 29 | 30
4 | 832 |14.02
5 | 779 | 888 | 957 | 11.34
K| 6 | 738|859 | 926 | 9.77 | 1026 | 10.93
S| 7 [ 717 [ 849 [ 922 [ 975 [ 1021 | 10.66 | 11.16 | 12.02
S| 8 | 712 855 | 939 | 1001 | 1055 | 11.08 | 11.66 | 12.49
Q9 | 720|878 | 976 | 10.54 | 1125 | 12.00 | 1297 | 1552
2 10 | 7.38 | 9.16 | 10.36 | 11.37 | 12.41 | 13.72 | 16.25
R 11 | 7.66 | 9.70 | 11.19 | 12.59 | 14.28 | 16.99
B | 12 | 8.02 |10.39 | 12.29 | 1433 | 17.18
X[ 13 | 845 [ 1124 | 1371 | 1670
14 | 8.95 | 12.26 | 15.49
15 | 9.52 | 13.45 | 17.63
Table C.10 — % wt. Reactive SiO; in Mix for Compressive Strength of 11 ksi
% wt. H20 in Mix
1516 |17 [ 18 [ 19 [ 20 [ 21 [ 22 [ 23 [ 24 [ 25 [ 26 | 27 [ 28 [ 29 | 30
4 | 922
5 | 8.87 | 9.87 | 16.35
K| 6 | 865|954 10221104
=1 7 [ 858955 |[1018] 1077 | 11.44 | 13.19
E| 8 | 863|970 [1045]11.12 ] 11.83 | 12.87
ON 9 | 879 |10.04 | 10.97 | 11.84 | 12.85 | 14.53
2 10 | 9.05 | 10.54 | 11.75 | 12.99 | 14.65 | 17.76
| 11 ] 939 | 11.21 | 12.81 | 14.67 | 17.43
B 12 [ 980 1204 | 1420 | 16.94
X |13 [ 1029 [ 13.04 | 1593
14 | 1085 | 14.22 | 17.99
15 | 11.48 | 15.57
Table C.11 — % wt. Reactive SiO; in Mix for Compressive Strength of 12 ksi
% wt. H,0 in Mix
15 16 17 18 19 20 21 22 | 23 | 24 | 25 26 | 27 28 29 | 30
4 |13.48
5 11029 | 14.44
X 6 | 998 | 1095 13.22
S| 7 997 [1080 ] 11.64 | 13.13
S| 8 [1010]11.03 | 11.88 [ 1297 [ 1536
Q [ 9 | 10341147 | 1254 | 1389 [ 1628
2 10 | 10.66 | 12.09 | 13.53 | 15.42
.| 11 [11.07 | 1289 | 14.85 | 17.48
E 12 | 11.55 | 13.87 | 16.49
X [ 13 12101501
14 | 12.71 | 16.31
15 | 13.40 | 17.77
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Table C.12 — % wt. Reactive SiO; in Mix for Compressive Strength of 13 ksi

% wt. H,O in Mix

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
4 |16.28
5 [1323|17.77
X6 11941424
= 7 1169|1287 [ 1502
S| 8 [11.78]1285] 1433 [ 16.91
Q| 9 |1203]13281485]17.24
2 10 [12.39 | 13.96 | 15.89
R 11 | 12.83 | 14.84 | 17.29
B | 12 |13.35]15.89
X[ 13 [1393]17.11
14 |14.59
15 |15.30
Table C.13 — Maximum % wt. CaO in Mix to Avoid Flash Set
% wt. H,O in Mix
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 | 30
4 629 | 9.91 | 11.82 | 13.23 [ 14.37 | 15.34 | 16.19 | 16.96 | 17.66 | 18.31 | 18.91 | 19.48 | 20.01 | 20.51 | 20.99
5 8.54 | 11.41 | 13.23 | 14.62 | 1578 | 16.78 | 17.66 | 18.47 | 19.20 | 19.88 | 20.51 | 21.11 | 21.67 | 22.20 | 22.71
X! 6 991 | 12.57 | 14.37 | 1578 | 16.96 | 17.99 | 18.91 | 19.75 | 20.51 | 21.22 | 21.88 | 22.51 | 23.10 | 23.66 | 24.19
= | 7 1300 [1096 ] 1353 ] 1534 | 16.78 | 17.99 | 19.06 | 20.01 | 20.87 | 21.67 | 22.41 | 23.10 | 23.75 | 24.36 | 24.94 | 2550
E | 8 | 629 [11.82]1437]16.19 | 17.66 | 18.91 | 20.01 | 20.99 | 21.88 | 22.71 | 23.47 | 24.19 | 24.86 | 25.50 | 26.11 | 26.69
Q |9 [ 760 1257|1511 [16.96 | 1847 | 1975 | 2087 | 21.88 | 22.81 | 23.66 | 24.45 | 25.19 | 25.88 | 26.54 | 27.17 | 27.77
2 10 | 854 |13.23 | 15.78 | 17.66 | 19.20 | 20.51 | 21.67 | 22.71 | 23.66 | 24.53 | 25.34 | 26.11 | 26.83 | 27.51 | 28.16 | 28.78
T 11 | 928 [13.82]16.39 [ 1831 [ 19.88 | 21.22 | 22.41 | 23.47 | 24.45 | 25.34 | 26.18 | 26.97 | 27.71 | 28.41 | 29.07 | 29.71
B 12 [ 991 [1437 | 1696 | 18.91 | 2051 | 2188 | 23.10 | 24.19 | 25.19 | 26.11 | 26.97 | 27.77 | 2853 | 2925 | 29.94 | 30.59
X [ 13 [ 1047 [ 14.87 | 17.49 | 19.48 | 21.11 | 2251 | 23.75 | 24.86 | 25.88 | 26.83 | 27.71 | 28.53 | 29.31 | 30.05 | 30.75 | 31.42
14 | 10.96 [ 15.34 | 17.99 | 20.01 | 21.67 | 23.10 | 24.36 | 25.50 | 26.54 | 27.51 | 28.41 [ 29.25 | 30.05 | 30.80 | 31.52 | 32.21
15 [ 11.41 [ 15.78 | 18.47 | 20.51 | 22.20 | 23.66 | 24.94 | 26.11 | 27.17 | 28.16 | 29.07 | 20.94 | 30.75 | 31.52 | 32.25 | 32.95
Table C.14 — Minimum % wt. CaO in Mix to Avoid Long Set
% wt. H,O in Mix
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
7 | 976 | 9.98 | 1034 | 10.84 | 11.49 | 12.28 | 13.22 | 14.30 | 1552 | 16.89 | 18.40 | 20.06 | 21.86 | 23.80 | 25.89 | 28.12
w | 8 | 711 ]733 | 769 | 819 | 884 | 9.63 | 1057 | 11.65 | 12.87 | 14.24 | 15.75 | 17.41 | 19.21 | 21.15 | 23.24 | 25.47
E 9 | 446 | 468 | 504 | 554 | 619 | 698 | 7.92 | 9.00 | 1022 | 11.59 | 13.10 | 14.76 | 16.56 | 18.50 | 20.59 | 22.82
S 10 [ 181 | 203|239 [ 289 | 354 | 433 [ 527 | 6.35 | 7.57 | 894 | 1045 | 1211 [ 13.91 | 15.85 | 17.94 [ 20.17
S 11 024 | 089 | 1.68 | 262 | 370 | 492 | 629 | 7.80 | 9.46 | 11.26 | 13.20 | 15.29 | 17.52
g 12 1.05 | 227 | 364 | 515 | 6.81 | 8.61 |10.55 | 12.64 | 14.87
o 13 0.99 | 250 | 4.16 | 5.96 [ 7.90 | 9.99 | 12.22
s | 14 151 | 331 | 525 | 7.34 | 957
E 15 0.66 | 2.60 | 4.69 | 6.92
=116 2.04 | 427
17 1.62
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