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Abstract 

Alkali-activated concrete (AAC), a potentially environmentally friendly alternative to 

portland cement concrete (PCC), contains no portland cement and typically uses recycled waste 

materials as its binder. It is made with chemical activators and aluminosilicate precursors, 

commonly fly ash. Elevated temperature curing is required for many AACs, which makes the 

precast concrete market a promising application. Most precast concrete facilities already have the 

infrastructure necessary to heat, cure, and produce specimens at temperatures above ambient. 

However, there are limited data available on the structural performance of large members fabricated 

with alkali-activated precast concrete. This research investigated the practicality of developing and 

implementing a fly ash-based AAC mixture suitable for making precast, prestressed concrete beams 

using the existing infrastructure at a regional precast plant.  

The AAC mixture was developed to conform to required production parameters, including 

batching and setting time constraints, curing time and temperature limitations, and utilization of 

the Class C fly ash and aggregates currently used at the precast plant. More than 40 different mortar 

mixtures were investigated, and the most suitable mixture design was used to make precast, 

prestressed concrete beams at the precast plant. Fresh properties including flow, slump, air content, 

and unit weight were measured during laboratory testing; hardened properties including 

compressive strength, modulus of elasticity, modulus of rupture, and splitting tensile strength were 

also characterized. Flexural and shear testing of full-scale prestressed precast AAC beams was 

conducted and the results were compared to control beams made with PCC. An unplanned increase 

in the water content of the AAC mixtures and reduced curing temperatures at the plant had a 

negative impact on the compressive strength of the AAC specimens. However, structural 

performance results indicated the AAC beam performance aligned with the calculated predictions. 

In addition to performance data, a discussion of the observations made during this research as well 

as future considerations for implementing AAC in precast concrete applications is also provided. 
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Chapter 1   Introduction 

1.1 Motivation 

Concrete is the second most widely used material in the world after water. The production 

of portland cement, the most common type of cement in the world, is a large contributor to climate 

change. Global cement production accounts for as much as 8% of global anthropogenic carbon 

dioxide emissions annually (Andrew, 2017; Lehne and Preston, 2018). To put this into perspective, 

if concrete were its own country, it would be third in carbon emissions, behind China and the United 

States. As the world population continues to grow and aging infrastructure is replaced, there is no 

indication that the demand for concrete will decrease. 

A growing number of countries and companies are pledging to drastically reduce their carbon 

footprints in the coming decades, which is creating demand for greener versions of common 

construction materials, especially concrete. Researchers around the world are invested in 

developing alternatives to portland cement to reduce the carbon emissions that the cement industry 

creates. Alternative cements, also sometimes known as green cements, will likely play a large role 

in the future of the concrete industry. The alternative cement industry is expected to grow at a 

compound annual growth rate of around 10-13% from 2018 to 2026 (Credence Research, 2018; 

Maximize Market Research Pvt. Ltd., 2019). The drive for this growth will be from increased 

construction in emerging economies, increased use of renewable and waste materials, and increased 

efforts to reduce carbon emissions.  

Concrete is typically made with four main ingredients: cement, water, coarse aggregate, and 

fine aggregate. When water is added to portland cement, hydration occurs, which causes concrete 

to harden and gain strength over time. Most alternative cements operate in a similar way, in that a 

binder is formed through a series of chemical reactions that bind the coarse and fine aggregate, 

forming a monolithic concrete. Alkali-activated cements are a class of alternative cements that have 

gained significant popularity over the past several decades due to their ability to be made using 



 

2 

 

industrial and commercial waste materials and their similar performance to portland cement 

concrete. Alkali-activated concrete (AAC) contains zero portland cement; instead, an 

aluminosilicate precursor is combined with liquid alkaline activating chemicals to form the binder. 

Researchers commonly use industrial waste materials like fly ash or slag as the primary precursor 

in AAC; sodium hydroxide and sodium silicate are common activators. The alkali activation 

process consists of chemical reactions different than the hydration of PCC, and it sometimes 

requires elevated temperature curing to accelerate the reactions and gain adequate strength. The 

requirement of heat for curing continues to be a significant hurdle in bringing AAC to the cast-in-

place concrete construction market. 

Precast concrete products are a logical application for AAC because precast plants 

commonly use heated beds to accelerate the curing of conventional PCC concrete. In addition to 

the available heat for curing, the precast industry is a rapidly expanding industry. The global precast 

concrete industry is expected to grow from $94.7 billion to $134.3 billion between 2019 and 2025 

(PR Newswire, 2019). Reasons for the growth are likely because precast concrete offers shortened 

construction schedules compared to cast-in-place concrete, high quality control and quality 

assurance, and focuses on repeatability to keep costs down. 

Limited research has been conducted on full-scale AAC specimens (Tempest et al., 2015). 

Most alkali-activated materials-based research has predominantly involved study of the paste and 

microstructure rather than how it can be produced in actual precast conditions or how it performs 

in a realistic structural application. Although all previous research was vital to the development of 

AAC, there remains a need to test structural properties of full-scale specimens to verify AAC can 

be designed using current standard design practices. While a few studies have tested medium to 

large-scale AAC specimens made with low-calcium fly ash, almost no research has been conducted 

on similar specimens with high-calcium fly ash. The variability of the calcium content of the fly 

ash precursor can have a significant effect on the mixture design for AAC, so it is necessary to test 

and develop different mixture designs that are compatible with different fly ashes. 
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1.2 Project Objective and Goals 

The primary objective of this research was to investigate the feasibility of producing full-

scale precast, prestressed AAC beams that could be made within the production constraints of a 

regional precast concrete plant and that showed similar structural behavior to comparable precast, 

prestressed PCC beams. Specifically, the three main goals for the research were to: 

1. Develop an AAC mixture design using the materials, mixing procedure, and curing 

parameters currently in use at the precast plant to at least match the minimum set time, 

fresh properties, and compressive strength requirements of the plant’s normal PCC 

mixture. 

2. Compare the mechanical and structural properties of prestressed AAC beams with those of 

similar PCC beams made using one of the plant’s typical mixtures. 

3. Compile a list of potential issues and recommendations for a precast plant to consider when 

adding an AAC to their mixture options. 

1.3 Organization 

This thesis is organized into five chapters. Chapter 2 summarizes the literature and gives 

background on key topics related to this research. Chapter 3 explains the research plan, materials, 

and methods for this project. Chapter 4 presents and discusses results of the research. Chapter 5 

presents the conclusions drawn from the research and offers recommendations for future work. 
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Chapter 2   Literature Review 

2.1 Portland Cement Concrete 

While concrete in various forms has existed for thousands of years, portland cement concrete 

has only officially been around since 1824 (Courland, 2011). It is generally a well-understood 

material and is used widely around the world. Some of the largest and most complex structures in 

the world are made of concrete because of its favorable attributes such as high compressive 

strength, relatively low cost, durability, thermal resistance, and easy production. Additionally, 

concrete can take on almost any shape imaginable, which gives it a wide range of applications. 

These benefits have made PCC one of the most popular construction materials.  

While portland cement concrete has only a few main ingredients, numerous chemical and 

mineral admixtures exist that can alter the properties and performance of a mixture. Example 

changes in performance include increasing the workability of fresh concrete for ease of placement, 

delaying the initial set of concrete to allow for more time to place the concrete, or entraining air 

into the concrete to help with durability in cold weather climate regions. 

2.1.1 Portland Cement Production  

Although PCC is a very favorable material, there are drawbacks. Perhaps the largest 

drawback of PCC can be attributed to its portland cement binder. In 2019, 87 million tons of 

portland cement were produced in the United States and over 4 billion tons were produced globally. 

Figure 2.1 shows that global production has more than doubled since 2003 (U.S. Geological 

Survey, 2020). Portland cement production is associated with high energy consumption and 

significant carbon dioxide emissions, which are largely due to its worldwide use. The 2016 Paris 

Agreement lays out decarbonization goals for countries and companies to follow to keep global 

warming to a minimum. HeidelbergCement and LafargeHolcim cement companies made pledges 

in 2020 to align their companies’ goals with the Paris Agreement by significantly reducing the 

carbon footprint of their cement products by the year 2030 (Pooler, 2020; Sauer, 2020). 
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Figure 2.1. Global portland cement production by year (U.S Geological Survey, 2020). 

 

The production of portland cement begins with mining raw materials such as clay, shale, 

sand, iron ore, and limestone. The raw materials are crushed into smaller sizes for ease of 

transportation, transported to a grinding mill, ground down to a powder, and blended. The blended 

powder is fed into a large rotating kiln with a flame at one end; the internal air temperature inside 

the kiln is usually around 2000°C (3600°F). Kilns at cement plants run 24 hours per day to attain 

maximum production efficiency. The blended materials heat up as they move slowly through the 

kiln, which induces a series of chemical reactions, one of which is called calcination.  

During calcination, shown in Equation 2.1, carbon dioxide is driven off calcium carbonate 

(limestone), leaving behind calcium oxide, otherwise known as lime. About 0.73-0.99 tons of 

carbon dioxide are emitted per ton of cement produced; approximately 40% is from the combustion 

of fossil fuels to heat the kiln, while the other 60% is from calcination of the limestone (Goguen, 

2013).  

 CaCO3 + heat → CaO + CO2  Equation 2.1 

 

Following calcination, the materials continue to heat up as they make their way further 

down the kiln. When the materials reach around 1200°C (2200°F), a phase called belite (dicalcium 
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silicate) is formed. When the materials reach around 1450°C (2600°F), the belite transitions to alite 

(tricalcium silicate), which is the phase that is responsible for the early strength of portland cement 

concrete. Once the formation of alite is achieved, the materials are cooled rapidly; at this point they 

are in the form of small, spherical nodules called clinker. The clinker is ground and combined with 

gypsum, which helps prevent concrete from setting too quickly when water is added; the result is 

portland cement. 

2.1.2 Hydration and Curing of Portland Cement Concrete 

Portland cement concrete hardens and gains strength due to a series of chemical reactions 

collectively known as hydration. Hydration begins when water is introduced to dry portland 

cement, which is primarily composed of hydraulic calcium silicates. These calcium silicates react 

with water to produce calcium silicate hydrate (C-S-H) and calcium hydroxide (CH). C-S-H is the 

hydration product most responsible for the strength in concrete. CH, on the other hand, does not 

provide much strength and is generally undesirable. 

Hydration is physically characterized by two distinct phases. The first phase is the initial 

set, which occurs when PCC no longer has enough workability to place, consolidate, or finish. 

Concrete needs to be placed and finished before the initial set time, which is dependent on factors 

such as the temperature, amount of cement used, type of cement, and presence of admixtures. It is 

important to know the initial set time because concrete will lose strength if it is disturbed between 

its initial and final set times. The initial set signifies the start of chemical structure formations, 

which can be easily broken if they are disturbed between the initial and final set. The second phase 

is the final set, which is when concrete loses all its plasticity and has gained a predetermined amount 

of strength. Initial and final set are commonly measured using a Vicat apparatus, which measures 

the penetration resistance of the mortar at various times. Concrete continues to cure and gain 

strength after its final set. Most strength gain occurs within the first 28 days of curing, although it 

typically continues gaining strength at a slower rate for much longer. 
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Hydration can only occur if the PCC is properly cured. Ideal ambient curing conditions for 

PCC are temperatures above 10°C (50°F) and a relative humidity above 80% (Kosmatka and 

Wilson, 2016). Adequate curing conditions can be met by a variety of methods, including placing 

tarps over the newly placed concrete, spraying curing compounds on the surface of the concrete to 

prevent moisture loss, or other methods that maintain temperature and humidity. If external 

temperatures are too cold, the hydration reactions will slow down or not occur at all, and the 

concrete will not gain strength. If temperatures are too high, the internal heat of hydration can get 

too high, and the concrete can set before crucial hydration reactions take place. Both scenarios 

result in a low-quality concrete. 

2.1.3 Pozzolans 

Supplementary cementitious materials (SCMs) are inorganic materials that can be used to 

partially replace portland cement in concrete. Depending on the chemical composition, an SCM 

will react pozzolanically, hydraulically, or sometimes both. Supplementary cementitious materials 

are commonly used in PCC to improve the properties or performance of a mixture. One of the best 

ways to reduce the carbon footprint of PCC is to replace a portion of the portland cement with an 

SCM. Many SCMs are waste products or byproducts that would otherwise go to the landfill if they 

were not used in concrete. Pozzolans are a subset of SCMs that contain primarily reactive silicates 

(S) or aluminosilicates; these react with calcium hydroxide (CH) that is created during the hydration 

of calcium silicates to form secondary calcium silicate hydrate (C-S-H). This reaction typically 

increases the durability of the mixture through permeability reduction. Some examples of pozzolans 

are Class F fly ash, silica fume, crushed or ground glass, rice husk ash, and natural pozzolans such 

as volcanic ash, opaline cherts, and shales. 

Fly ash is the most used pozzolan in concrete; it is a byproduct of coal-fired power 

production. When coal powder combusts, the impurities in the coal that do not burn are volatilized 

and captured in the form of spherical ash particles in the flue gas. Beginning in the middle of the 



 

8 

 

20th century, concrete researchers began to become aware of the many benefits of including fly ash 

in a concrete mixture, and fly ash is now a highly valued concrete additive. There are two 

classifications of fly ash: Class C and Class F. They are classified based on their chemical 

composition, specifically the calcium oxide percent by weight percent oxide. 

Fly ash is commonly used to replace portland cement at a level of 20-30% by mass. Class 

C fly ash has a higher calcium content compared to Class F fly ash, and it is commonly used as an 

SCM in PCC because of its similar composition to portland cement. Class F fly ash is used in PCC 

to mitigate harmful chemical reactions like alkali-silica reaction. 

2.2 Alkali-Activated Concrete 

Alkali activated concrete is comparable to PCC in many ways, except instead of using 

cement and water as the binder, a powdered aluminosilicate precursor and alkaline liquid activators 

are used. The dry precursor can be several materials such as fly ash, slag, or metakaolin; sodium 

hydroxide and sodium silicate are commonly used as alkaline activators. External heat sometimes 

needs to be applied for the resulting concrete to gain strength; whether it is needed or not depends 

on the chemical composition of the raw materials. Table 2.1 shows a brief comparison of AAC and 

PCC binders. 

Table 2.1. Comparison of important characteristics of AAC and PCC. 

 Portland Cement Concrete Alkali-Activated Concrete 

Dry Binder Materials Portland cement, SCMs 
Fly ash, slag, metakaolin 

(common SCMs in PCC) 

Wet Binder Materials Water 
Sodium silicate and/or 

sodium hydroxide 

Reactions Hydration Alkali activation 

Curing Requirements 

Ideal temperatures: 10-20°C 

(50-68°F) 

(Kosmatka and Wilson 2016) 

Ideal temperatures: 20-80°C 

(68-176°F) 

 

Applications 
Cast-in-place concrete, 

precast concrete 
Precast concrete and repairs 
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2.2.1 History of Alkali-Activated Concrete 

Alkali-activated cements are a relatively new class of binder being used in modern day 

construction. The earliest recorded use of AAC was described by Krivenko and Kovalchuk (2007), 

who discussed how Victor Glukhovsky used alkali-activated slags to build apartment buildings in 

the 1940s in Ukraine. He was the first to recognize the similarities between aluminosilicate binders 

and natural aluminosilicate minerals, where reactions occur at low temperature and pressure. 

Joseph Davidovits (1988, 1989) has been researching alkali-activated cements since the 1980s 

when he began considering the material as a concrete binder. He coined the term geopolymers for 

the materials because they behave like a manmade rock and go through a polymerization process. 

He recognized its high early strength and low shrinkage properties. Wastiels et al. (1994) were the 

first to use fly ash in AAC, which they called mineral polymer concrete. They mention the 

importance of NaOH and SiO2 content and how it affects the strength of AAC. 

2.2.2 Economy and Impact on The Environment 

There is some information on the cost difference between AAC and PCC in the literature, 

but the results vary significantly between researchers due to the variety of assumptions made during 

these types of cost analyses. According to Tempest et al. (2015), AAC is more than three times the 

cost of PCC. The main difference in cost was attributed to the activators, which were sodium 

hydroxide and sodium silicate. Although the chemicals were more expensive, the cost of fly ash in 

the AAC was about 20% of the cost of portland cement in PCC. One possible solution to reduce 

the cost of the activators would be to use less-pure versions of the activators. Tempest et al. used 

high-grade activators, which they said were not necessary for AAC. Pacheco-Torgal et al. (2017) 

found that the cost of AAC is between the cost of typical PCC and high-performance concretes; 

they also recommended researching the use of “less-expensive waste feedstocks” in AAC to reduce 

cost. 



 

10 

 

Some researchers investigating AAC have included environmental analyses in their work 

(Habert et al., 2011; Pacheco-Torgal et al., 2017; Tempest et al., 2015). Generally, AAC is viewed 

as being more environmentally friendly than PCC because it has a lower carbon footprint (Assi et 

al., 2020). Fly ash is typically counted as carbon-neutral when considered for use in AAC because 

its carbon footprint is counted toward the electric power that produced it. Thus, the carbon does not 

need to be double counted. 

Shi et al. (2019) pointed out that the reduction in emissions associated with AAC compared 

to PCC is estimated to be around 40 to 60%. However, other environmental impacts like abiotic 

depletion, ozone layer depletion, fresh and marine water ecotoxicity, and human toxicity need to 

be considered. The activators used in AAC (Shi et al., 2019; Provis, 2018) and the energy used for 

heat curing that is needed for AAC to gain strength (Scrivener et al., 2018) can have a significant 

carbon footprint. Activators like sodium hydroxide and sodium silicate are commonly made at high 

purities. A large amount of electricity is used to make activators at high purities, so the electricity 

source (e.g., coal, nuclear, wind, etc.) must be known to accurately calculate impact. An alternative 

to using high purity activators would be to make AAC-specific activators that have lower purities 

or potentially use other waste streams that have similar required characteristics (i.e., high pH). 

Scrivener et al. (2018) noted that even if AAC becomes mainstream, it would potentially 

be taking materials used as SCMs in portland cement concrete, causing PCC to use other materials 

that are harmful to the environment. This could negate any environmental benefit that AAC has 

relative to PCC, so alternative materials that are not commonly used in PCC are preferable if a 

market for AAC continues to develop. It could also be argued that if PCC were to be phased out 

and alternative concretes become mainstream, the PCC industry would no longer use the common 

SCMs and those materials would be readily available to the alternative concrete industry. 



 

11 

 

2.2.3 Alkali Activation 

There are three main phases to alkali activation: dissolution, reorganization, and hardening 

(Tempest et al., 2015). Dissolution occurs when a high pH activating solution attacks the 

amorphous precursor and breaks the oxygen bonds that hold in the silicon and aluminum atoms, 

allowing them to go into solution. The silica and alumina then begin to chemically equalize and 

form a gel. The larger molecules reorganize and polymerize, then harden in their final state (Duxson 

et al., 2007). The application of heat, whether self-produced or externally applied, helps facilitate 

the process. Alkali-activated concrete achieves most of its design strength after approximately one 

day of heat curing at a minimum of 60°C (140°F) (Chindaprasirt et al., 2012; Jeyasehar et al., 2013, 

Yost et al., 2013a). It differs from PCC which continues gaining strength for several weeks after 

production while PCC also exhibits higher initial strength from early-age heat curing compared to 

ambient curing, 

Alkali activators, such as sodium hydroxide, sodium silicate, potassium hydroxide, and 

potassium silicate are strong bases that are used to dissolve the precursors and help with the 

polymerization process. The role of sodium or potassium hydroxide is to dissolve the particles of 

the precursor, which begins the alkali-activation process. Sodium hydroxide typically comes in 

solid pellet form and can be mixed with water to reach a desired concentration. Molar (M) 

concentrations of 5-20 M are commonly used to make AAC, but higher concentrations can quickly 

add to the cost of AAC. Sodium silicate usually comes in the form of a solution; it helps to 

accelerate the rate that the particles polymerize into a gel later in the alkali-activation process. It is 

important to know the chemical composition of the activators and the aluminosilicate precursors 

because the molar stoichiometric ratios can affect the fresh and hardened material properties of the 

mixture. Typically, the silica-to-alumina and alkali-to-alumina molar ratios are used as guidelines 

when designing alkali-activated cements (Duxson et al., 2007).  
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2.2.4 Alkali-Activated Fly Ash 

Alkali-activated concretes can be designed with nearly any fly ash, but small compositional 

variations between fly ashes can have significant impacts on performance (Tempest et al., 2015; 

Wastiels et al., 1994). Laboratory testing and characterization is necessary to determine the right 

mixture proportions for a specific fly ash prior to using it in production. Class F fly ash is commonly 

used in AAC research. The low calcium content is optimal for a long initial set time to allow for 

workability. AAC made with Class F fly ash requires external heat application more than AAC 

made with Class C fly ash because the low calcium content provides a small hydration reaction. 

Typically, when Class C fly ash is used in AAC, the set time is reduced in comparison to when a 

Class F fly ash is used. This is not because placing and finishing concrete requires time before it 

sets. Chindaprasirt et al. (2012) reported that a silica-to-alumina molar ratio of 3.20-3.70 is optimal 

for increased set times in high calcium alkali-activated fly ash binders. 

2.2.5 Effect of Calcium Content on Alkali Activation 

Calcium content in alkali-activated binders plays an important role in fresh and hardened 

properties of mortars and concretes. The literature commonly focuses on high- or low-calcium fly 

ashes, but no numerical differentiation is made. Examples of high-calcium fly ashes are 15.5% and 

25.5% of the total composition (Topark-Ngarm et al., 2015 and Chindaprasirt et al., 2012). Rai et 

al. (2018) and Noushini et al. (2016) reported low-calcium fly ashes with calcium contents between 

1.6% and 12.7%. 

Higher calcium content is associated with lower workability and shorter set time for 

mortars (Topark-Ngarm et al., 2015). This is because the additional calcium reacts with water to 

form hydration products such as C-S-H or calcium aluminate silicate hydrate (C-A-S-H) (Gomaa 

et al., 2020). These hydration products are also responsible for reducing the set time because they 

act like a hydraulic binder, such as portland cement. However, this does not mean that alkali-

activated binders with high-calcium content are hydraulic. They have more hydraulic 
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characteristics as calcium content increases, but they still need alkali-activation to achieve most of 

the required strength. Higher calcium content is also associated with lower compressive strengths. 

Gomaa et al. (2020) found that the AAC matrices were more compact with a lower calcium content, 

which explains the higher strength. Although high calcium content may be detrimental to initial 

strength, it could aid long-term strength development. Chindaprasirt et al. (2011) reported that 

alkali-activated specimens with high-calcium fly ash continued curing in ambient conditions after 

heat curing. This could allow for reduced curing time or temperature while obtaining the same 

long-term strength as low-calcium samples or PCC. 

2.2.6 Effect of Activator Concentration and Composition 

An increase in sodium hydroxide concentration typically yields higher strength specimens. 

Hanjitsuwan et al. (2014) used a range of sodium hydroxide concentrations from 8-18 M in a high-

calcium fly ash paste that was cured for 24 hours at 40°C (104°F). Compressive strengths were 

measured at 7 days. They found that increasing the molarity of the sodium hydroxide increased the 

initial and final set times and the compressive strength. The higher concentration of sodium 

hydroxide allowed for more dissolution of the fly ash, thus aiding the reaction. Topark-Ngarm et 

al. (2015) made AAC with 10, 15, and 20 M sodium hydroxide and cured it at 60°C (140°F) for 24 

hours. Compressive strengths were measured at 28 days. They also found that increasing sodium 

hydroxide concentration in high-calcium AAC yielded both higher compressive strength and 

modulus of elasticity. 

However, results from Jeyasehar et al. (2013) were contradictory. The authors studied AAC 

made with 8, 10, and 12 M sodium hydroxide concentrations which was cured at 60°C (140°F) for 

24 hours. Compressive strengths were measured at 7 days. They found that the low-calcium AAC 

made with 8 M sodium hydroxide yielded the highest compressive strength and they used that 

mixture to create and test 3.2 m (10.5 ft) long beams (Jeyasehar et al., 2013). 
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Chindaprasirt et al. (2007) found that using a sodium hydroxide-to-sodium silicate ratio of 

1 to 1.5 by mass with a high calcium fly ash yielded the highest strength mortar and good 

workability with a flow of 135%. Topark-Ngarm et al. (2015) found that the set time of mortar 

increased between 4 to 107% for a sodium hydroxide-to-sodium silicate ratio by mass of 1:2 when 

compared to a ratio of 1:1. Longer set time is desirable to allow enough time to place and finish 

concrete. 

2.2.7 Effect of Mixing Procedure on Alkali-Activated Materials 

A wide array of mixing procedures used to make alkali-activated pastes, mortars, and 

concretes are reported in the literature. However, most researchers did not explain why they used 

one mixing procedure over another. This is unfortunate as different mixing procedures can affect 

the setting time of mortars, initial and final set times of concrete, workability, and rate of strength 

development. Two main mixing procedure methodologies emerged. The first is to start by mixing 

just the paste (i.e., the precursor and activator) and allowing time for the dissolution reaction to get 

started before adding the aggregate. The second is more of a conventional mixing procedure which 

combines the precursor(s) and aggregates first and then mixes in the liquid activators (Yost et al., 

2013a). Ridtirud et al. (2018) used a combination of these two ideas. They started by mixing sodium 

hydroxide solution and fly ash, then added the aggregates and added the sodium silicate last. 

2.2.8 Workability and Set Time 

High range water reducers, or superplasticizers, are commonly used in portland cement 

concrete to reduce the water required and increase the workability of concrete. However, the results 

highlighting the benefits of superplasticizers for AAC are mixed. Chindaprasirt et al. (2007) 

reported that superplasticizers increase the workability of AAC made with a high-calcium 

precursor, but they had a detrimental effect on compressive strength. Noushini et al. (2016) found 

superplasticizers to have only a minimal effect on the workability of AAC, while Pasupathy et al. 

(2018) reported successfully using superplasticizers to improve the workability of AAC. Many 
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precast plants use a combination of superplasticizers and aggregate packing using the Fuller-

Thompson Curve in their self-consolidating concrete mixture designs. Gadkar and Subramaniam 

(2021) found that slump increased in AAC with a low-calcium fly ash precursor when the Fuller-

Thompson curve was applied to achieve aggregate packing. 

Retarders are added to concrete to extend the set time, allowing for a longer period of 

workability. Research in the literature used materials like borax, phosphate, citric acid, d-gluconic 

acid, and sodium sulfate as retarders for alkali-activated mortars and concretes (Yost et al., 2013b, 

Wang et al., 1995, Shi et al., 2019, Rattanasak et al., 2011). Shi et al. (2019) noted that organic 

retarders work better with AACs with a high-calcium precursor, while low-calcium AACs are more 

effectively retarded with an inorganic retarder. Rattanasak et al. (2011) found that sodium sulfate 

increased the compressive strength and initial set time, while having no effect on final set time 

(Rattanasak et al. 2011). This is favorable to allow for a longer period of workability, while still 

benefitting the long-term strength. 

2.2.9 Curing Time and Temperature 

Increasing the curing time up to 48 hours is generally associated with better mechanical 

and durability properties. Studies in the literature have typically reported specimen cure times 

anywhere from 0-48 hours, although some have reported longer curing times. Curing for longer 

than 48 hours has been typically shown to provide only minimal additional benefit to strength 

(Chindaprasirt et al., 2011; Tempest et al., 2015). Some researchers have found that curing AAC 

for too long can decrease the mechanical performance (Chindaprasirt et al., 2011; Ridtirud et al., 

2018; Tempest et al., 2015; Topark-Ngarm et al., 2015). 

Short curing times are desirable in the production-based precast concrete industry. 

Removing specimens from the formwork before 24 hours is typical, although curing for more than 

60 hours is attainable if a specimen is left to sit over a weekend. AAC made with high-calcium fly 

ash is known to gain some strength after curing because it exhibits hydration characteristics like 
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PCC (Chindaprasirt et al., 2011). This could prove beneficial when curing at lower temperatures 

because the AAC could potentially reach the same long-term strength as a low-calcium fly ash-

based AAC specimen cured at a higher temperature. Curing temperatures generally range from 40-

90°C (104-194°F), with 60°C (140°F) being the most reported curing temperature. Curing 

temperatures below 60°C (140°F) are known to yield slow strength gain (Strydom and Swanepoel, 

2002). 

2.3 Precast Concrete Production Requirements 

Precast plants have strict quality control measures for their concrete production. They use 

normal slump, self-consolidating, or zero-slump concrete depending on the product being made. 

Forms are reused every day, so a curing time between 14-18 hours is ideal to allow time to strip the 

forms and set them up for the next batch. A minimum compressive strength of 24.1 MPa (3500 psi) 

is required to detension prestressed components, so high early strength is very important.  

2.4 Precast Alkali-Activated Concrete 

Precast AAC has been studied in multiple applications including beams, columns, slabs, wall 

panels, median barriers, box culverts, sewer pipes, and railway sleepers (Dhakal et al., 2013; Lloyd 

& Rangan, 2010; Pasupathy et al., 2018; Pires et al., 2019; Ridtirud et al., 2018; Sumajouw et al., 

2007; Tempest et al., 2016; Tempest et al., 2015). Many studies concluded that AAC and PCC had 

similar behavior. This section highlights studies related to precast structural components made with 

high-calcium and low-calcium fly ash AAC. 

2.4.1 Previous Research Using Class C Fly Ash AAC 

Pires et al. (2019) compared AAC beams with PCC beams made in a precast setting. The 

authors did not specify whether a high-calcium fly ash was used, but the given chemical analysis 

of the precursor is comparable to a high-calcium fly ash. The precursor “cement” was a product 

called Geo-Pol®, which was sourced by a local supplier in Brazil. The activators used in the AAC 

were potassium hydroxide and sodium silicate. The curing time was not specified, so it is possible 
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that no curing was required with the proprietary cement that was used. They tested 2.35 m (7.71 ft) 

long AAC and PCC pseudo-T beams. They were reinforced with longitudinal steel bars with 

diameters of either 8.0 or 12.5 mm (0.31 or 0.49 in.). The beams were 10 cm (3.9 in.) wide at the 

base, 14 cm (5.5 in.) wide at the top and had a span length of 214 cm (7.0 ft). The AAC and PCC 

had slump values of 88 and 65 mm (3.5 and 2.6 in.), respectively. At the time of structural testing, 

the compressive strengths of the AAC and PCC beams were 51.6 and 50.5 MPa (7500 and 7300 

psi), respectively. Structural testing was used to quantify the three-point bending strength of the 

reinforced beams, modulus of elasticity, compressive strength, and splitting tensile strength. Pires 

et al. found that AAC had very similar characteristics to PCC. Physical nonlinearity models from 

four other studies on PCC were compared with the results of this study, and all the models were 

found to adequately predict the uncracked concrete properties using a moment-curvature 

relationship. The beams all had tension-controlled failures and increasing the reinforcement ratio 

increased the flexural capacity. 

Ridtirud et al. (2018) are the only researchers that have tested prestressed fly ash-based 

AAC. They made and tested a prestressed slab to quantify deflection and cylinders to quantify 

compresive strength. The cylinders were cured using a range of temperatures and times from 40 to 

80°C (104 to 176°F) and 3 to 48 hours, respectively. It was not clear what the curing conditions 

were for the slab. Sodium silicate and 15 M sodium hydroxide were used as activators. They found 

that increasing the curing time and curing temperature resulted in higher compressive strength. 

Curing between 3 to 48 hours at 80°C (176°F) resulted in a fairly linear increase in compressive 

strength from 13.1 to 46.1 MPa (1900 to 6690 psi). Curing for 24 hours at 40, 60, and 80°C (104, 

140, and 176°F) yielded compressive strengths of 10.1, 21.0, and 46.1 MPa (1460, 3050, and 6690 

psi), respectively. 
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2.4.2 Previous Research Using Class F Fly Ash AAC 

Tempest et al. (2016) sought to determine Whitney stress block parameters for AAC beams 

with steel reinforcement. AAC was made using sodium hydroxide pellets and sodium silicate as 

activators. The beams they produced failed at demands close to the predicted moment capacity 

computed using ACI 318-14 (ACI Committee 318, 2014). The authors concluded by 

recommending that future research should include heavily reinforced and prestressed AAC 

members. 

Tempest et al. (2015) produced precast AAC wall panels for a house. The concrete was 

made with sodium hydroxide and sodium silicate activators and was cured at 75°C (167°F) for 48 

hours, after ambient aging for 24 hours. The concrete reached an average compressive strength of 

36.2 MPa (5250 psi) with a standard deviation of 2.45 MPa (355 psi). The variation in concrete 

strength was much higher in the precast plant than in the lab, which was also the case for PCC due 

to small differences in batching procedures, aggregate moisture content, and other factors. The 

authors noted that an acceptable range of curing time, temperature, and water-to-cement ratio needs 

to be established to allow for variability in precast production. 

Yost et al. (2013b) tested reinforced AAC and PCC beams with a goal of checking if AAC 

could be made using existing mixture design procedures. All beams were 30.5 cm (12 in.) wide, 

15.2 cm (6 in.) tall, and 320 cm (10.5 ft) long. The AAC beams were made in a lab, while the PCC 

beams were produced in a precast plant. The AAC was made with sodium hydroxide and sodium 

silicate activators. Both types of beams utilized a self-consolidating mixture. They reported no 

segregation and no need for vibration or other consolidation methods. Beams were designed with 

three different reinforcing patterns: tension-controlled, compression-controlled, and shear-critical. 

Results from compressive strength, elastic modulus, four-point bending flexural strength, and shear 

strength testing were obtained. The AAC beams had compressive strengths between 48.3-55.2 MPa 

(7000-8000 psi) and the concrete gained most of its strength within its 24-hour curing time at 60°C 
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(140°F). The PCC beams had a compressive strength of around 48.3 MPa (7000 psi). Elastic 

modulus values for AAC were 11-16% lower than values predicted for PCC using ACI 318-08 

(ACI Committee 318, 2007). The tension-controlled AAC and PCC beams both failed at an applied 

load slightly greater than the predicted load. ACI 318-08 accurately predicted neutral axis location, 

crack width, and ultimate strength for both the AAC and PCC beams. The compression-controlled 

AAC beams were predicted to fail at an 8% higher strength than the PCC beams, but they failed at 

a 35% higher strength. This behavior indicated that AAC performed better than PCC. The AAC 

beams failed in an explosive manner, which was not characteristic of the PCC beams. The shear-

critical AAC and PCC beams had similar shear capacity and they failed in a similar manner 

regarding crack shape and failure mode. 

Jeyasehar et al. (2013) produced AAC beams that were 12.5 cm (4.9 in.) wide, 25.0 cm 

(9.8 in.) tall, and 320 cm (10.5 ft) long. Beams were cured at 60°C (140°F) for 24 hours and were 

made with sodium hydroxide concentrations of 8, 10, and 12 M and sodium silicate. Alkali activator 

solution-to-fly ash ratios of 0.40, 0.45, 0.50, and 0.55 by mass were used. Concrete slump was 80 

mm (3.1 in.). Results from four-point bending, compressive strength, and splitting tensile strength 

testing were obtained. Compressive and tensile strengths increased when the activator-to-fly ash 

ratio was increased between 0.4 and 0.5. Cylinders with 8 M sodium hydroxide mixture had the 

highest compressive strength. Jeyasehar et al. concluded that low-calcium fly ash AAC beams 

behaved similarly to PCC beams and that AAC was suitable for structural applications.  
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Chapter 3   Materials and Methods 

The literature shows that many researchers have investigated the properties of AAC and 

alkali-activated mortars made with high-calcium fly ash, but there are gaps that need to be filled 

when considering real-world production parameters. One unrealistic parameter, for example, is that 

many researchers commonly cure their samples at a higher temperature than what is possible at a 

precast plant without upgrading equipment. To realistically investigate the feasibility of making 

precast, prestressed AAC members in a precast plant, actual production parameters must be 

considered. 

This project was broken into phases, which align with each of the project goals. Phase I 

involved testing mortar and concrete mixtures to seek an optimal mixture considering set time, 

workability, and compressive strength. Phase II began with fabrication of precast, prestressed AAC 

and PCC beams and companion mechanical test specimens at Molin Concrete Products. In Phase 

II, the structural and mechanical properties of the AAC specimens were characterized and the 

results were compared to those from control PCC specimens. 

3.1 Mortar and Concrete Materials 

3.1.1 Fly Ash 

The fly ash used in this research came directly from Molin. Molin gets its fly ash from two 

different power plants, which are denoted herein as Fly Ash Source A and Fly Ash Source B. Both 

sources produce Class C fly ash. Class C fly ash was used as the precursor in this research because 

it is easier for the precast producer to continue sourcing the same type of fly ash rather than switch 

to a different pozzolan supply when producing AAC. 

Chemical analyses of the fly ashes, labeled Fly Ash 1 (FA1), FA2 and FA3, are shown in 

Table 3.1. The fly ashes were samples analyzed from either Fly Ash Source A or B. FA1 was used 

in most of the Phase I testing and came from Source B. FA2 came from Source A and was obtained 

to test the variability of the material property results between mixtures containing the two different 



 

21 

 

fly ash sources. FA3 both came from Source B, but FA1 was analyzed near the beginning of the 

project and FA3 was gathered later to check consistency between two samples from the same 

source. Source B was chosen for precast production, so the consistency between samples needed 

to be checked to ensure the precast AAC specimens would display similar characteristics to the 

AAC produced in the lab. A chemical analysis of the portland cement Molin used for the concrete 

in this project is also provided in Table 3.1. The amount of material retained on a No. 325 sieve is 

also shown, which indicated that portland cement had a smaller particle size than the fly ash 

samples. Larger particle sizes are harder to dissolve when introduced to water and may not fully 

dissolve. However, the smaller particle size means more of the material will be dissolved, thus 

requiring a higher water content. 

Table 3.1. Chemical analyses of fly ash and portland cement supplies, all values are weight 

percent oxide. Amount retained on No. 325 sieve is also shown. 

Property Fly Ash 1       Fly Ash 2 Fly Ash 3 
Portland 

Cement 

Source Source B Source A Source B - 

Silicon Dioxide, SiO2 38.3 35.3 38.8 19.5 

Aluminum Oxide, Al2O3 19.5 20.6 19.4 4.8 

Iron Oxide, Fe2O3 6.68 5.63 5.58 2.2 

Sum of SiO2, Al2O3, Fe2O3 64.5 61.5 63.8 26.5 

Calcium Oxide, CaO 20.9 25.1 21.2 63.4 

Magnesium Oxide, MgO 6.22 4.46 6.68 3.2 

Sodium Oxide, Na2O 2.46 2.63 2.33 0.05 

Potassium Oxide, K2O 0.77 0.51 0.80 0.45 

Sulfur Trioxide, SO3 1.47 1.78 1.28 3.8 

Loss on Ignition 0.42 0.26 0.26 2.5 

Available Alkalis, as Na2O Equivalent 1.05 1.40 1.07 0.35 

 

Amount Retained on No. 325 Sieve 9.5 14.2 9.2 0.7 

 

3.1.2 Alkali Activators 

Commercially available sodium hydroxide and sodium silicate were used as activators in 

this study, which were commonly used in other AAC research studies (Jeyasehar et al., 2013, Pires 

et al., 2019, Ridtirud et al., 2018, Tempest et al., 2016, Tempest et al., 2015, Yost et al., 2013b). 
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The molecular formula of sodium hydroxide is NaOH and it has a molecular weight of 40 grams 

per mole. Sodium silicate solution with a molecular formula of Na2Si3O7 was used. 

Typically, when sodium hydroxide is used in AAC, it is used in solution. Sodium hydroxide 

was used both in solution and solid form (flakes and pellets) in this research. In earlier stages of 

this research, distilled water was mixed with sodium hydroxide pellets to achieve the desired 

molarity of the solution. Sodium hydroxide solution with a concentration of 10 M was mainly used, 

although different molarities were tested in preliminary research. The solution cooled for at least 

24 hours to allow the heat generated from the exothermic reaction to dissipate before being used to 

mix mortar. Production difficulties and safety issues associated with producing large volumes of 

highly basic NaOH solution at Molin were anticipated, so the mixing procedure was changed to 

include solid NaOH. Solid sodium hydroxide was added directly to the mixtures along with the 

equivalent water to reach 10 M concentration. 

3.1.3 Aggregates 

Coarse and fine aggregates from Molin were used in all mixtures. The coarse aggregate 

was classified as a 1.4 cm (0.563 in.) crushed carbonate, had a relative density to water of 2.66, and 

had an absorption value of 1.90%. The fine aggregate was classified as a natural sand, had a relative 

density of 2.67, and had an absorption of 0.60%. Sieve analyses of the coarse and fine aggregates 

are shown in Tables 3.2 and 3.3, respectively. 

Table 3.2. Sieve analysis of coarse aggregate. 

Sieve Size 0.5 in. 0.375 in. No. 4 No. 8 Total 

% Retained 10.3 44.6 40.7 2.5 98.1 

 

Table 3.3. Sieve analysis of fine aggregate. 

Sieve Size No. 4 No. 8 No. 16 No. 30 No. 50 No. 100 No. 200 Total 

% Retained 1.0 11.0 15.0 23.0 31.0 17.0 1.4 99.4 

 

3.1.4 Prestressing and Reinforcing Steel 

The prestressed beams used 0.5 and 0.375 in. diameter prestressing steel, which were Gr. 

270 and 250, respectively. The larger diameter prestressing steel was used in the bottom of the 
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beams and the smaller diameter prestressing steel was used in the top of the beams. The flexural 

beams used Gr. 60, No. 4 steel stirrups to increase the shear capacity. All prestressing and 

reinforcing steel were assumed to have the nominal strengths indicated by their gradation. 

3.2 Phase I: Laboratory Mortar and Concrete Mixture Design Development 

Phase I sought to find an optimal mixture that worked with existing materials at Molin and 

aimed to minimize changes to the production procedure. A set of parameters and options for AAC 

to work in commercial production were developed (Kourajian, 2020): 

• At least 15 minutes of workability after the concrete leaves the mixer. A total set time of 

45 minutes from the start of mixing was chosen.  

• A slump of 7.6 cm (3 in.) was desired.  

• Curing temperature of 54°C (129°F) (updated to 49°C or 120°F). 

• Concrete specimens made daily during the week typically cure for an average of 14-18 

hours, which allows Molin to strip forms, move the specimens to the shipping yard, and 

set up to cast the next batch of concrete specimens.  

• Concrete specimens made on a Friday cure for more than 48 hours over the weekend, 

which was desired for this initial study of precast, prestressed AAC. Specifically, the 

cure time for AAC specimens in this study was approximately 60 hours.  

• Molin desired a nominal 28-day concrete compressive strength of at least 41.4 MPa 

(6000 psi), along with the release strength of 24.1 MPa (3500 psi) required by ACI 318-

14 (ACI Committee 318, 2014). 

Development started by testing mortar mixtures. The mortar tests covered a wide range of 

variables, as shown in Table 3.4. The goal was to maximize workability and set time while 

maintaining strength of the material.  
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Table 3.4. Variables Investigated with Mortar Mixtures. 

Sodium 

Hydroxide 

Molarity (M) 

NaOH:SS 
Water-to-Solids 

Ratio 

Mixing 

Methods 

Curing 

Temperatures, 

°C (°F) 

Curing Times 

(hours) 

2, 5, 10 
1:0. 2:1, 1:1, 

1:2, 0:1 
0.25-0.50 Various 

54 and 70 

(129 and 158) 
14, 18, 48 

 

When an optimal mortar mixture was found that could be applied to precast production, it 

was scaled to prepare concrete batches in the lab before it was used for the precast, prestressed 

AAC specimens. The purpose of the lab batches was to ensure the mixture design would work for 

concrete. Cylinders of various sizes were made and tested to characterize compressive strength. 

3.2.1 Mortar and Concrete Mixing Procedures in the Lab 

Mixing did not follow a standard procedure because the effect of varying the mixing 

procedure on fresh and hardened properties of mortar and concrete was of interest. A total of five 

different mixing procedures were tested during mortar testing and the best performing procedure 

was selected for concrete. 

Mixing Procedure 1 was based on work published by Schlosser (2018) and included the 

following steps for a total mixing time of 13 minutes. The procedure started by adding all the fly 

ash to the mixing bowl and the mixer was started. The activating solution (i.e., sodium hydroxide 

solution and sodium silicate) was added over the course of one minute, followed by three more 

minutes of mixing to allow the NaOH to dissolve the fly ash. Next, any additional water needed 

was slowly added, mixed for another minute, and the fine aggregate was added over the course of 

two minutes and allowed to mix for six more minutes. 

Mixing Procedure 2 was based on the procedure outlined by Ridtirud et al. (2018), which 

had a total mixing time of 15 minutes. First, the fly ash, sodium hydroxide solution, and water were 

combined and mixed for five minutes. The fine aggregate was added and allowed to mix for five 

more minutes, followed by the sodium silicate and another five minutes of mixing. Mixing 
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Procedure 2 yielded more workable mixtures than Mixing Procedure 1 with the same mixture 

design. 

Mixing Procedure 3 was adapted from Yost et al. (2013a), which they described as a typical 

PCC batching method. First, half of the fine aggregate and half of the fly ash were added to the 

mixer and mixed for two minutes, followed by the rest of the fine aggregate and fly ash and two 

more minutes of mixing. Half of the activators (i.e., sodium hydroxide solution and sodium silicate) 

were added and mixed for five minutes. The other half of the activators were added and mixing 

ensued for five more minutes. The total mixing time was 14 minutes. Yost et al. made a self-

consolidating concrete following the mixing procedure, but they also reported using a 

superplasticizer. Pasupathy et al. (2018) and Chindaprasirt et al. (2007) also reported using a 

superplasticizer to improve workability. However, Noushini et al. (2016) suggested that 

superplasticizers do not help workability of alkali-activated mixtures. This contradiction introduced 

the possibility that the mixing procedure outlined by Yost et al. produced a workable mixture rather 

than the inclusion of a superplasticizer. 

Mixing Procedure 3 was modified slightly in later research. The only difference was that 

the sodium hydroxide was added in solid form with water to make an equivalent sodium hydroxide 

solution. This was determined to be a safer and easier way during precast production to add the 

sodium hydroxide compared to adding it as a pre-mixed solution. 

Mixing Procedure 4 was adapted from Akçaözoǧlu et al. (2014) and involved a 

significantly shorter mixing time. Akçaözoǧlu et al. combined sodium hydroxide pellets with 

sodium silicate prior to mixing. Mixing Procedure 4 started by mixing the sodium hydroxide pellets 

with sodium silicate in a separate container and setting it aside. The fly ash and fine aggregate were 

mixed for one minute in the mixer. The activating solution that was previously made was added 

and equivalent water to make 10 M sodium hydroxide was added and mixed for three minutes. The 

total mixing time was four minutes. Mixing Procedure 4 did not perform well in this research and 

was not used any further. 



 

26 

 

3.2.2 Mortar and Concrete Cylinder Fabrication in the Lab 

All 40 mortar mixtures investigated were developed from a base mixture with aggregate-

to-aluminosilicate and activator-to-aluminosilicate ratios of 2.75 and 0.50 by mass, respectively. 

Variations between batches were made to investigate the effects on changing parameters such as 

the water content, molarity of sodium hydroxide, sodium hydroxide-to-sodium silicate ratio, 

mixing procedure, and curing conditions. Water-to-solids ratios in the AAC (equivalent to the 

water-to-cement ratio in PCC) were calculated using the total water used in the mixture divided by 

the total solids. The total water includes the mass of water in the sodium hydroxide and sodium 

silicate solutions as well as any additional mixing water. The total solids include the mass of the 

fly ash and all solids in the sodium hydroxide and sodium silicate solutions. 

Mortar was mixed using two different tabletop mixers, depending on the batch size. The 

Hobart Model A-200 had a capacity of 18.9 liters (20 quarts) and the Hobart Model N50 had a 

capacity of 4.7 liters (5 quarts). The small mixer could make up to 7 mortar cubes at a time and the 

large mixer could make up to 24 mortar cubes. The mixers are shown in Figure 3.1. 

  
Figure 3.1. Hobart Model A-200 Mixer (left) and Hobart Model N50 Mixer (right). 

 

The temperature of the mortar was measured using an infrared thermometer once the 

mixture was completed. Flow was measured in accordance with ASTM C1437 – Standard Test 
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Method for Flow of Hydraulic Cement Mortar (ASTM International, 2015) using a flow table and 

caliper as shown in Figure 3.2. If the mortar significantly lost plasticity before 45 minutes, the 

mixture design was not considered for further testing due to lack of adequate set time. 

 
Figure 3.2. Table used for flow testing of mortar. 

Twenty-six batches of 50 x 50 x 50 mm (2 x 2 x 2 in.) mortar cubes were prepared following 

ASTM C109 – Standard Test Method for Compressive Strength of Hydraulic Cement Mortars 

(Using 2-in. or [50 mm] Cube Specimens) (ASTM International, 2020a), with each batch having 

either 7 or 24 cubes. Cubes were made in two lifts and tamped according to the procedure. Some 

mixtures did not require lifts or tamping because of their flowable nature, however, some after 

tamping needed to be vibrated on a vibratory table for around 10 seconds to ensure consolidation. 

Mortar batches were visually checked for plasticity at 45 minutes to ensure they were still workable. 

Mortar cube samples were placed in a container and cured in an oven. Procedures outlined 

by ASTM International were followed whenever possible during this research. Some situations 

required deviation from ASTM International procedures because they did not always directly apply 

to alkali-activated mixtures. Mortar cubes were not cured at ambient temperature as specified in 

ASTM C109 because controlling the curing temperature was a focus of this research. All mortar 
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mixtures in this research utilized a curing temperature of 54°C (129°F), and a few mixtures were 

cured at 70°C (158°F) to investigate the benefit of increasing the curing temperature. To maintain 

humidity, a beaker of water was placed inside the container with the specimens and a lid was placed 

on the container to keep moisture inside as shown in Figures 3.3 and 3.4. After the samples were 

cured for 14, 18, or 48 hours, they were placed in a plastic container with a lid in ambient conditions 

until they were tested to characterize compressive strength at specified dates. 

 
Figure 3.3. View inside the mortar cube curing container. 

 
Figure 3.4. Mortar cube curing container inside the oven. 
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The AAC mixture design was adapted from a PCC mixture design currently used at Molin; 

both mixture designs are shown in Table 3.5. The aggregates were assumed to be saturated surface-

dry (SSD). To maintain a consistent paste-to-aggregate ratio, the volume of paste from the 

conventional PCC mixture design (i.e., water, cement, fly ash, and liquid additives) was removed 

and an equal volume of the paste from the most suitable mortar mixture design found during 

development (i.e., fly ash, sodium silicate solution, and sodium hydroxide solution) was added as 

a replacement. The conventional PCC mixture design had a design slump of 7.6 cm (3 in.), a release 

strength of 24.1 MPa (3500 psi), and a 28-day design compressive strength of 41.4 MPa (6000 psi). 

Table 3.5. Mixture designs for AAC and conventional PCC, per 0.76 m3 (1 yd3). 

 AAC PCC 

Weight, kg (lb.) 
Weight 

Percentage, % 
Weight, kg (lb.) 

Weight 

Percentage, % 

Type III Cement 0 0 256 (431) 10.6 

Fly Ash 315 (531) 13.1 85 (144) 3.6 

Solid NaOH 30 (51) 1.2 0 0 

Water for 10 M 

NaOH 
75 (126) 3.1 0 0 

Sodium Silicate 52 (88) 2.2 0 0 

Superplasticizer 0 0 16 (27) 0.7 

Water 29 (49) 1.2 153 (258) 6.4 

Fine Aggregate 814 (1372) 34.0 809 (1364) 33.7 

Coarse Aggregate 1082 (1824) 45.1 1082 (1824) 45.1 

Water-to-Solids or 

Water-to-Cement 
0.41 0.45 

 

Three concrete mixes were made in the lab to adjust and finalize the AAC mixture design 

for precast production. Concrete was mixed in a Husky Model GHM105890 concrete mixer. 

Concrete cylinder specimens were made in the laboratory at UMD using Mixing Procedure 3 with 

the addition of coarse aggregate. The total mixing time was 18 minutes. The procedure started by 

mixing half of the coarse aggregate and half of the fine aggregate for two minutes. The other half 

of the coarse and fine aggregates were added and mixed for two minutes. Half of the fly ash was 

added to the mixer and mixed for two minutes. The rest of the fly ash was added and mixed for an 

additional two minutes. Half of the activators (i.e., solid sodium hydroxide, water, and sodium 
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silicate) were added and mixed for five minutes. The other half of the activators were added and 

mixed for five minutes. 

Fresh properties including slump, air content, and unit weight were measured to observe 

any differences between batches. Slump testing was conducted according to ASTM C143 – 

Standard Test Method for Slump of Hydraulic-Cement Concrete (ASTM International, 2020b). 

Unit weight of the fresh concrete was determined according to ASTM C138 – Standard Test 

Method for Density (Unit Weight), Yield, and Air Content (Gravimetric) of Concrete and was 

measured using the pot for the air content test (ASTM International, 2017a). Air content was tested 

according to ASTM C231 – Standard Test Method for Air Content of Freshly Mixed Concrete by 

the Pressure Method (ASTM International, 2017b) using a Forney Press-AireTM Meter. Internal 

temperature of the mixtures was also taken with an infrared thermometer immediately after mixing 

to observe to the exothermic nature of the sodium hydroxide pellet dissolution.  

In each batch, a varying number and size of cylinders were made to characterize the 

compressive strength at certain times after heat curing, and to observe any effect of cylinder size 

on compressive strength. Cylinders were either 7.6 cm in diameter by 15.2 cm tall (3 by 6 in.), 10.2 

by 20.3 cm (4 by 8 in.), or 15.2 cm by 30.5 cm (6 by 12 in.). The cylinder specimens were prepared 

in accordance with ASTM C192 – Standard Practice for Making and Curing Concrete Test 

Specimens in the Laboratory (ASTM International, 2019). 

Cylinders were capped to keep moisture within the concrete while curing. They were 

placed in an oven and cured for times ranging from 18 to 72 hours. Like the mortar cubes, the 

concrete cylinders were not cured at ambient temperature as specified in ASTM C39 because 

controlling the curing temperature was a focus of this research. The curing temperature was reduced 

from the 54°C (129°F) used for mortar cubes to 49°C (120°F) for the concrete cylinders. Typically, 

some of the PCC specimens at Molin are cured at elevated temperatures using heated beds. Molin 

first stated that curing temperatures of 54°C (129°F) were attainable using heated beds, but their 
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estimate was later reduced to 49°C (120°F). There was also an option to raise the curing temperature 

by covering the concrete with an insulated blanket and placing forced air heaters underneath the 

tarp, but it was unknown how much higher the temperature could get. 

3.2.3 Characterization of Mortar and Concrete Cylinders Made in the Lab 

Mortar cube samples and concrete cylinders were tested to characterize compressive 

strength in accordance with ASTM C109 and ASTM C39 – Standard Test Method for Compressive 

Strength of Cylindrical Concrete Specimens, respectively, using a Test Mark Model CM-3000-DIR 

compressive testing machine as shown in Figure 3.5 (ASTM International, 2020a, ASTM 

International, 2020c). The specimens were tested shortly after removal from the oven, which 

represented the release strength time. The remaining mortar cubes were left in ambient conditions 

until testing at 7 and 28 days after being produced. The remaining concrete cylinders were placed 

in a curing chamber at 23°C (73°F) and 95% relative humidity. The cylinders were removed for 

testing at 7 and 28 days after being cast. In retrospect, the cylinders should have been left in ambient 

conditions to represent precast conditions, but it was overlooked. The finalized AAC mixture 

design was used to fabricate beams at Molin in Phase II. 
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Figure 3.5. Mortar (left) and concrete (right) compressive strength test setups. 

 

3.3 Phase II: Precast Specimen Design, Fabrication, and Laboratory Testing 

Phase II consisted of designing, producing, and testing the precast, prestressed AAC and 

PCC beams and companion specimens. The specimens were fabricated at Molin and tested at the 

University of Minnesota Duluth (UMD) to characterize mechanical and structural properties. 

3.3.1 Precast, Prestressed Beam and Mixture Design 

The precast, prestressed PCC and AAC beams were designed using Concise Beam software 

and checked using calculations performed in Mathcad Prime; example calculations are shown in 

Appendix A. Two categories of prestressed beams were fabricated: flexure and shear. The flexure 

beams were designed to be tested in bending and were designed to be tension-controlled. This 

meant that the prestressing steel would yield before the concrete failed, which is common practice 

in structural design because it provides a slow, safer failure. The shear beams were designed to 

exhibit a shear failure, which is a brittle failure. The design methodology did not utilize any strength 

reduction factors or load factors. 
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All beams were 25.4 cm wide by 61.0 cm tall by 5.64 m long (10 in. x 24 in. x 18.5 ft) and 

had a span length of 5.49 m (18 ft) during testing. Strands were in the top and bottom of each beam 

and were stressed to 70% of their nominal strength. Three 1.2-cm (0.5-in.) diameter strands were 

placed 5.1 cm (2.0 in.) from the bottom of each beam, which resulted in a depth of 55.9 cm (22.0 

in.) to the strands. Two 0.952-cm (0.375-in.) diameter strands were placed 5.1 cm (2.0 in.) from 

the top of each beam. The flexure beams had No. 4 stirrups spaced at 45.7 cm (18.0 in.) center-to-

center. The shear beams did not have stirrups except for one at each end to control cracking in the 

beam due to eccentric forces that may have developed while detensioning the individual strands. 

Typical dimensions of the precast, prestressed AAC and PCC beams are shown in Figures 3.6 and 

3.7. Shop drawings for the beams are shown in Appendix B. 

 
Figure 3.6. Precast, prestressed concrete flexure (left) and shear (right) beam cross sections at 

midspan showing prestressing reinforcement, stirrups, and dimensions. 
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Figure 3.7. Precast, prestressed concrete flexure (top) and shear (bottom) beam elevations 

showing the prestressing reinforcement and dimensions. 

 

The compressive strengths of the concrete in the AAC and PCC beams were different. The 

AAC beams were designed to have release and 28-day compressive strengths of 24.1 and 41.4 MPa 

(3500 and 6000 psi), respectively. However, lower 28-day strengths were investigated because the 

exact compressive strength the AAC would reach was unknown. The PCC beams were designed 

for release and 28-day strengths of 41.4 and 68.9 MPa (6000 and 10000 psi), respectively. 

The AAC and PCC mixture designs used in this research are shown in Table 3.6. The 

aggregates were assumed to be SSD. The Water for 10 M NaOH row indicates the amount of water 

needed with the specified amount of solid sodium hydroxide to make an equivalent 10 M sodium 

hydroxide. The AAC mixtures were based off the lab concrete batches and were intended to have 

a water-to-solids ratio of 0.41 and a slump of 7.6 cm (3 in.). The PCC mixture design was a self-

consolidating mixture that is normally used in the area of the plant that these specimens were made. 

It may have been more beneficial to use the conventional PCC mixture design from Table 3.5 

because the fresh and hardened properties of the PCC from that mixture design were closer to the 

AAC mixture design. Molin preferred to use their self-consolidating PCC; the mixture design had 

a third aggregate, called pea gravel, that was in between the sizes of the coarse and fine aggregates. 
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Table 3.6. Mixture Design for Production of Precast, Prestressed AAC and PCC Beams, per 0.76 

m3 (1 yd3). 

Material 

AAC PCC 

Weight, kg (lb.) 
Weight 

Percentage, % 
Weight, kg (lb.) 

Weight 

Percentage, % 

Type III Cement 0 0 291 (490) 12.4 

Fly Ash 315 (531) 13.1 154 (260) 6.6 

Solid NaOH 30 (51) 1.2 0 0 

Water for 10 M 

NaOH 
75 (126) 3.1 0 0 

Sodium Silicate 52 (88) 2.2 0 0 

Superplasticizer 0 0 31 (52) 1.3 

Accelerator 0 0 21 (35) 0.9 

Air Entrainer 0 0 5 (8) 0.2 

Fine Aggregate 809 (1364) 34.0 773 (1303) 33.0 

Pea Gravel 0 0 225 (380) 9.6 

Coarse Aggregate 1062 (1790) 45.1 688 (1160) 29.3 

Water 29 (49) 1.2 157 (265) 6.7 

Water-to-Solids 

(Water-to-Cement) 
0.41 0.35 

 

3.3.2 Precast, Prestressed Beam and Mechanical Specimen Fabrication 

Precast, prestressed AAC and PCC beams and mechanical property test specimens were 

fabricated at Molin and a test matrix is shown in Table 3.7. The performance of the AAC beams 

was compared to PCC specimens identical in shape and size. The mechanical specimens were used 

to determine the compressive strength, modulus of elasticity, tensile strength, and modulus of 

rupture of the AAC and PCC concrete. The data were compared to values calculated using ACI 

318-14 to check if the equations could be used to predict the flexural strength and shear strength of 

the beams (ACI Committee 318, 2014). 
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Table 3.7 Phase II testing matrix. 

Beam 

Type 

Full-Scale Beams Compressive 

Strength 

Cylinders 

Tensile 

Strength 

Cylinders 

Modulus 

of 

Elasticity 

Cylinders 

Modulus 

of 

Rupture 

Beams 
Name(s) Quantity 

PCC – 

Flexure 
PCC1 1  

24 3 1 3 
PCC – 

Shear 
PCC2 1 

AAC – 

Flexure 
AAC1-1,2 2 

40 3 1 3 
AAC – 

Shear 
AAC2-1,2,3 3* 

*An extra shear beam was made because the mixture volume was conservative and there was enough 

concrete to fabricate a third beam. 

 

The precast, prestressed PCC beams were fabricated prior to the AAC beams to gather data 

and to develop a production process for the AAC beams. The typical self-consolidating PCC mixing 

procedure used was as follows. The mixer was turned on and, coarse aggregates, fine aggregates, 

and water were added over a time of 25 seconds. The amount of water added was based on the 

aggregate moisture readings that were taken by moisture probes as the aggregate was being 

weighed. Next, air entrainer was added and mixed for 20 seconds. Cement and fly ash were added 

and mixed for 85 seconds. A moisture probe calculated the extra water needed for the mixture, 

which was added and mixed for 15 seconds. Superplasticizer was added and mixed for 95 seconds. 

The total mixing time was four minutes. The workability of the mixture was determined by a slump 

meter which measured the amperage draw of the mixer motors and water or superplasticizer was 

automatically added if needed. 

The PCC beams were cast on a steel bed, which was heated from hot water pipes running 

underneath. Once the concrete was cast, a plastic sheet was placed over the beams to maintain 

moisture. Insulated blankets were draped over steel rods above the bed in a tent-like shape that 

created an oven-like atmosphere for the specimens as shown in Figure 3.8. The bed temperature 

was controlled by a thermostat in the testing lab at Molin, which was hooked up to a thermocouple 

wire embedded in one of the beams. The thermostat was set to a desired concrete temperature of 
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60°C (160°F) for PCC and 60°C (140°F) for AAC specimens, which is explained in Sections 4.2.2 

and 4.2.3. Cylinders and modulus of rupture beams were made and placed within the same curing 

setup as the prestressed beams. Cylinders were 10.2 cm in diameter by 20.3 cm tall (4 in. x 8 in.) 

and modulus of rupture beams were 15.2 cm wide by 15.2 cm tall by 53.3 cm long (6 in. x 6 in. x 

21 in.). The PCC specimens had additional heat applied from two forced air heaters, one located at 

each end of the bed, as shown in Figures 3.9 and 3.10. 

 
Figure 3.8. Beam curing setup with a heated bed and insulated blanket covering the specimens. 

The setup was similar for AAC and PCC specimens, except the PCC specimens had additional 

heat applied from forced air heaters. 

 

 
Figure 3.9. One forced air heater at the end of the casting bed during PCC beam curing. 
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Figure 3.10. Orientation of PCC beams, which were cast on their sides, on the heated  

bed with forced air heaters. 

 

The AAC beams were made from two equivalent batches amounting to a total of 5.0 m3 

(6.5 yds.3). The mixing procedure followed the same order as the modified Mixing Procedure 3 

used during AAC lab mixing but was shortened because the mixing efficiency of the mixer at Molin 

was better than the mixer in the lab. However, the efficiency between the mixers was never directly 

compared. The shorter mixing time of eight minutes brought the total mixing time closer to the 

typical four minutes for PCC and ensured maximum time for placement of the concrete. 

The precast AAC mixing procedure started by adding coarse aggregate to the mixer. The 

fine aggregate was added and mixed for one minute, and the fly ash was added and mixed for an 

additional minute. The mixer was stopped, the sodium hydroxide flake was added, and the mixer 

was started again. The mixer had to be stopped to open an access door to manually add the 

activators. Water was added and mixed for two minutes. The mixer was stopped, sodium silicate 

was added, and the mixer was started again. The material mixed for two minutes, and extra water 

was added and mixed as determined necessary by visual observation of workability. 

Tempest et al. (2015) noted that mixing equipment needs to be cleaned out thoroughly 

when switching between PCC and AAC production. This is due to the difference between calcium-

rich portland cement and fly ash. The AAC could set faster if enough portland cement is introduced 
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to the mixture. The mixer used in this research at Molin was cleaned before and after mixing the 

AAC by turning the mixer on and running coarse aggregate and water through it. 

3.3.3 Mechanical Property Characterization of Precast Specimens 

Tests to characterize compressive strength were conducted according to ASTM C39 

(ASTM International, 2020c). The compressive strength of AAC and PCC was determined at 

several ages: release, 7, 28, 56, and 90 days. Tests to characterize splitting tensile strength, modulus 

of elasticity, and modulus of rupture were conducted within a few days of the full-scale beam test 

dates. Tests for splitting tensile strength, modulus of elasticity, and modulus of rupture were 

conducted according to ASTM C496 – Standard Test Method for Splitting Tensile Strength of 

Cylindrical Concrete Specimens, ASTM C469 – Standard Test Method for Static Modulus of 

Elasticity and Poisson’s Ratio of Concrete in Compression, and ASTM C78 – Standard Test 

Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point Loading) (ASTM 

International, 2017b, ASTM International, 2014, ASTM International, 2018). The test setups are 

shown in Figures 3.11 and 3.12. 
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Figure 3.11. Splitting tensile strength (left) and modulus of elasticity (right) test setups. 

 

 
Figure 3.12. Flexural test setup for modulus of rupture. 

 

An investigation was conducted to determine if there were unequal compressive strengths 

between and within beams due to uneven curing and different water-to-solids ratios between the 

two batches. A Forney Concrete Test Hammer was used to find relative hardness, via rebound 

number, of the AAC beams at various locations. Testing was conducted according to ASTM C805 



 

41 

 

– Standard Test Method for Rebound Number of Hardened Concrete (ASTM International, 2018b). 

There was one variation from procedure, which consisted of recording 15 measurements instead of 

the 10 required in the procedure. The five largest outliers were discarded to give a total of 10 

readings, which were averaged; this was the recommended method given in the instructions that 

accompanied the hammer. The hammer is typically used to determine the approximate compressive 

strength of PCC specimens, so the graph printed on the hammer was not applied to AAC to give 

representative compressive strengths. It was selected, however, for its ability to test many locations 

quickly and gather relative compressive strength variations throughout the beams. 

3.3.4 Structural Property Characterization of Precast, Prestressed Beams 

The beams were tested in the UMD structures laboratory. The PCC flexure beam was tested 

at an age of 75 days and the PCC shear beam was tested at an age of 97 days. The accompanying 

PCC mechanical specimens were tested at an age of 78 days. All AAC beams were tested between 

the ages of 62-67 days and the accompanying mechanical specimens were tested at an age of 66 

days. The beams were simply supported by a pin or roller at the ends, and each end of a beam rested 

on neoprene pads for a 12.7-cm (5.0-in.) length of the beam and the full 24.2-cm (10.0-in.) beam 

width as shown in Figure 3.13. The beams were tested to characterize flexure and shear strength 

using a 489-kN (110-kip) Shore Western actuator and a 445-kN (100-kip) load cell. The loads were 

applied vertically downward at a displacement-controlled rate onto the top face of the beams; this 

rate was 0.0025 cm/sec (0.0010 in./sec) for flexure beams and was between 0.0005-0.0015 cm/sec 

(0.0002-0.0006 in./sec) for shear beams. A UniMeasure P510 Series string pot was used to measure 

deflections at midspan for the flexural beams and directly beneath the load point for the shear 

beams. The string pot had a range of 38.1 cm (15 in.) and an accuracy of 0.25 mm (0.01 in.). 
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Figure 3.13. Simply supported beam with a pin or roller support. The actuator and string pot are 

positioned for flexural testing. 

 

The load for flexural testing was applied using a spreader beam at two points equidistant 

from the center of each flexural test beam. Each of the two loads were spread along the width of 

the beam and 3.8 cm (1.5 in.) along the length of the beam to ensure the stress concentration was 

not too high at the load point. The distance between the applied loads was 1.16 m (3.80 ft). One 

load application point was treated as a pin and the other was treated as a roller as shown in Figure 

3.14. The load was applied at 0.0025 cm/sec (0.0010 in./sec) until failure. Failure was characterized 

by observing significantly decreasing applied load as the actuator continued at the specified rate 

and by visually observing flexural cracks accompanied with compression failure on the top surface 

of the beam. The string pot was used to measure displacement of the flexural beams at midspan 

during load testing. 

 
Figure 3.14. Steel spreader beam applying the load at two points equidistant from the beam 

centerline during flexural testing. 

Pin Roller 

Roller Pin 
String Pot 
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Shear testing was conducted with an applied point load 1.46 m (4.79 ft) from the nearest 

support, which was determined by taking the depth from the top of the beam to the centroid of the 

bottom strands and multiplying it by 2.5. Based on previous shear research, a minimum shear span-

to-depth ratio of 2.5 notably eliminated the effects of arching action (Hawkins et al., 2005). The 

shear span-to-depth and span-to-height ratios were 2.5 and 2.3, respectively. The load was applied 

vertically downward at a displacement-controlled rate ranging from 0.0005-0.0015 cm/sec (0.0002-

0.0006 in./sec) until failure. Failure was characterized instrumentally by observing significantly 

decreasing load as the actuator continued at the specified rate and by visually observing a diagonal 

crack extending from the point load toward the nearest support. The load was distributed with a 

neoprene pad across the width of the beam and for 12.7 cm (5 in.) along the beam. The string pot 

was placed at the location of the load. The test setup is shown in Figures 3.15 and 3.16. 

 
Figure 3.15. Simply supported beam with a pin or roller support. The actuator and string pot are 

positioned for shear testing. 

 

Roller Pin String Pot 
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Figure 3.16. Steel spreader perpendicular to the beam applying a point load with a 12.7 cm (5 in.) 

wide neoprene pad during shear testing. 

  

5 in. neoprene pad 
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Chapter 4   Results and Discussion 

4.1 Phase I: AAC Mixture Development 

4.1.1 Mortar Batches 

Preliminary testing was done with small mortar batches made as proof-of-concept prior to 

making a mortar cube batch. Cubes were not made from preliminary batches; they were hand-

mixed with a tamping rod in plastic cups. The goal was to gain an understanding of the workability 

and set time of alkali-activated mortar. Table 4.1 shows the preliminary mixtures that were made. 

It was useful to compile all data, whether they created acceptable or poor mixtures, to show which 

variables worked and which ones did not. The first 11 preliminary mortar batches and the first four 

mortar cube batches used no extra water beyond that specified within the mixture design. After 

those mixtures, through trial-and-error, additional water was added to achieve acceptable 

workability and the final water-to-solids ratio was recorded. All preliminary batches utilized 

sodium hydroxide in solution except for P15 which used solid sodium hydroxide. The columns 

labeled NaOH:SS give the sodium hydroxide to sodium silicate ratio by mass and the NaOH [M] 

columns give the molarity of sodium hydroxide used. The Internal Temperature columns give the 

recorded internal temperature the mortar batch reached immediately after mixing. Internal 

temperature was not always recorded because the preliminary mixtures were often stopped once 

they failed or succeeded. For the successful mixtures, a mortar cube batch was typically made 

immediately after and the internal temperature was recorded immediately following those mixtures. 
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Table 4.1. Preliminary mortar batches and recorded properties. 

Preliminary 

Batch 
NaOH:SS 

NaOH 

[M] 

Water-to-

Solids 

Ratio 

Internal 

Temperature 

°C (°F) 

Workabilitya 

Set Time 

> 45 

min? 

Mixing 

Procedure 

P1 1:1 10 0.31 32 (90) 1 No 1 

P2 1:0 10 0.35 31 (88) 3 nd 1 

P3 1:0 5 0.41 28 (83) 2 No 1 

P4 0:1 ndb 0.26 23 (73) 1 No 1 

P5 1:0 2 0.46 27 (80) 2 nd 1 

P6 1:1 5 0.33 28 (82) 2 No 1 

P7 1:1 10 0.31 nd 1 No 2 

P8 1:1 5 0.33 nd 1 No 2 

P9 2:1 10 0.32 nd 3 nd 2 

P10 2:1 5 0.36 nd 3 nd 2 

P11 1:0 5 0.41 nd 3 No 2 

P12 2:1 10 0.43 nd 3 Yes 2 

P13 2:1 5 0.46 nd 3 Yes 2 

P14 1:2 10 0.49 nd 3 Yes 2 

P15c 2:1 10 0.42 36 (97) 3 nd 3 
aWorkability scale of 1 (bad) to 3 (good). 
bnd = no data 
cUsed NaOH pellets rather than a solution, which was done in Batches P1-P14. 

 

Testing progressed to mortar cubes by choosing the mixture designs of preliminary 

mixtures that had the best workability and long enough set time. Table 4.2 shows all mortar cube 

batches that were made and gives information about the mixture design, fresh and hardened 

properties, and any additional notes from the batches. Mortars that had flow values above 75% 

were considered to have good workability. Mortar cube batches that have no compressive strength 

data were not workable enough to make cubes. Table 4.3 shows supplemental information for Table 

4.2; it contains the same batches as Table 4.2 but gives additional compressive strength data that 

were collected at various mortar ages, including immediately after curing and at 7 and 28 days after 

they were produced. Cube batches that had no data beyond the initial strength are not included in 

Table 4.3 because it would give no additional information compared to Table 4.2. 
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Table 4.2. Mortar cube batch proportions, fresh and hardened properties, and supplemental notes. Each data point is the average of two to three 

samples. 

Cube 

Batch 
NaOH:SS 

NaOH 

[M] 

Water-to-

Solids 

Ratio 

Flow 

(%) 

Temperature 

°C (°F) 

Workabilitya 

(1-3) 

Set 

Time > 

45 min? 

Compressive Strength at Cure Time, MPa 

(psi) Notes 

14 h 18 h 48 h 

1 1:0 5 0.41 - 24 (76) 1 No - 19.5 (2830) - MP1 

2 1:0 10 0.35 - 29 (85) 1 No - 14.3 (2080) - MP1 

3 2:1 10 0.32 - 33 (91) 1 No - 5.8 (840) - MP2 

4 2:1 5 0.36 - 27 (81) 1 No - 9.2 (1330) - MP2 

5 2:1 10 0.46 22 31 (87) 2 Yes - 24.3 (3520) - MP2b 

6 2:1 5 0.45 81 - 3 Yes - 1.1 (160) - MP2 

7 2:1 10 0.41 - 31 (87) 1 No - - - MP2 

8 2:1 10 0.43 - 31 (87) 1 No - - - MP2 

9 2:1 10 0.48 48 29 (84) 2 Yes - 21.8 (3170) - MP2 

10 2:1 10 0.47 60 29 (85) 2 Yes 28.9 (4190) 29.9 (4330) 34.6 (5020) MP2, H 

11 1:1 10 0.42 56 29 (85) 2 No - - - MP2c 

12 2:1 10 0.47 106 29 (84) 3 Yes 18.3 (2660) 25.8 (3740) 35.8 (5190) MP2 

13 2:1 10 0.48 Large - 3 Yes - 23.3 (3380) - MP3d 

aWorkability scale of 1 (bad) to 3 (good). 
bThe batch had a low flow value but was workable. 
cThe batch was similar to the ideal mixture design from Chindaprasirt et al. (2007) using 10 M NaOH, which used a NaOH:SS ratio of 1:1 and yielded 135% flow. 

Their fine aggregate:fly ash ratio (2.75:1) was the same used in this research. 
dMortar flowed off the table while conducting a flow test. It had a self-consolidating nature and cubes did not need to be consolidated. 
eAn alternative mixing procedure was used that was slightly different than MP3. Did not name the procedure. 
fThe batch was barely workable enough at 45 minutes, but still workable enough to consolidate. 
gTested Fly Ash Source A to compare strength and consistency to the other mixtures which used Fly Ash Source B. 
hTested Fly Ash Source A with a larger batch to compare strength at a wider variety of times. 
iTested Fly Ash Source A with a larger batch again with a lower water-to-solids ratio to raise the strength. 
jTested a second sample of Fly Ash Source B for consistency. 

H = High temperature curing, 70°C (158°F) 

P = Used NaOH pellets, rather than in solution in the other mixtures. 
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Table 4.2 (continued). Mortar cube batch proportions, fresh and hardened properties, and supplemental notes. Each data point is the average of two 

to three samples. 

Cube 

Batch 
NaOH:SS 

NaOH 

[M] 

Water-to-

solids 

ratio 

Flow 

(%) 

Temperature 

°C (°F) 

Workabilitya 

(1-3) 

Set 

Time > 

45 min? 

Compressive Strength at Cure Time, MPa 

(psi) Notes 

14 h 18 h 48 h 

14 2:1 10 0.48 77 31 (87) 3 Yes - 22.8 (3300) - N4e 

15 2:1 10 0.40 97 - 3 Yes - 34.6 (5020) - MP3 

16 2:1 10 0.43 101 27 (80) 3 Yes - 34.4 (4990) - MP3 

17 2:1 10 0.40 114 27 (80) 3 Yes 33.5 (4860) 33.9 (4920) 41.9 (6080) MP3, H 

18 2:1 10 0.37 62 28 (82) 2 No 41.5 (6010) 42.4 (6140) 52.6 (7630) MP3, H 

19 2:1 10 0.39 119 27 (80) 3 Yes 30.3 (4390) 32.1 (4650) 40.3 (5840) MP3 

20 1:1 10 0.40 0 - 1 No - - - MP3 

21 2:1 10 0.40 118 41 (105) 3 Yes - 29.7 (4310) - MP3, P 

22 2:1 10 0.40 101 41 (106) 3 Yes 25.1 (3640) 27.1 (3930) 35.7 (5180) MP3, Pf 

23 2:1 10 0.40 122 37 (99) 3 Yes - 20.8 (3010) - MP3, Pg 

24 2:1 10 0.39 125 39 (103) 3 Yes 19.5 (2830) 21.1 (3060) 26.1 (3790) MP3, Ph 

25 2:1 10 0.38 106 41 (105) 3 Yes 21.7 (3150) 24.6 (3570) 31.5 (4580) MP3, Pi 

26 2:1 10 0.40 113 33 (92) 3 Yes - 30.7 (4460) - MP3, Pj 
aWorkability scale of 1 (bad) to 3 (good). 
bThe batch had a low flow value but was workable. 
cThe batch was similar to the ideal mixture design from Chindaprasirt et al. (2007) using 10 M NaOH, which used a NaOH:SS ratio of 1:1 and yielded 135% flow. 

Their fine aggregate:fly ash ratio (2.75:1) was the same used in this research. 
dMortar flowed off the table while conducting a flow test. It had a self-consolidating nature and cubes did not need to be consolidated. 
eAn alternative mixing procedure was used that was slightly different than MP3. Did not name the procedure. 
fThe batch was barely workable enough at 45 minutes, but still workable enough to consolidate. 
gTested Fly Ash Source A to compare strength and consistency to the other mixtures which used Fly Ash Source B. 
hTested Fly Ash Source A with a larger batch to compare strength at a wider variety of times. 
iTested Fly Ash Source A with a larger batch again with a lower water-to-solids ratio to raise the strength. 
jTested a second sample of Fly Ash Source B for consistency. 

H = High temperature curing, 70°C (158°F) 

P = Used NaOH pellets, rather than in solution in the other mixtures.  
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Table 4.3. Compressive strength of mortar cubes at varying curing times and temperatures, and compressive strength gain up to 28 days, MPa 

(psi). Each data point is the average of two to three samples. Table 4.2 should be referenced for batch details. 

Cube 

Batch 

Compressive strength, MPa (psi) 

14 h Cure Time 18 h Cure Time 48 h Cure Time 

14h 7 d 28 d 18h 7 d 28 d 48h 7 d 28 d 

1 - - - 19.5 (2830) 20.3 (2950) - - - - 

2 - - - 14.3 (2080) 17.0 (2470) - - - - 

5 - - - 24.3 (3520) 28.0 (4060) 32.9 (4780) - - - 

9 - - - 21.8 (3170) 26.2 (3807) 27.7 (4010) - - - 

10 28.9 (4190) 30.1 (4370) 32.8 (4760) 29.9 (4330) 32.0 (4650) 33.6 (4870) 34.6 (5020) 35.5 (5150) 37.2 (5400) 

12 18.3 (2660) 22.0 (3190) 27.8 (4030) 25.8 (3740) 27.0 (3920) 31.1 (4510) 35.8 (5190) 34.7 (5030) 38.3 (5560) 

13 - - - 23.3 (3380) 23.1 (3350) 25.2 (3660) - - - 

14 - - - 22.8 (3300) 22.8 (3310) 26.8 (3880) - - - 

15 - - - 34.6 (5020) 35.2 (5110) 38.3 (5560) - - - 

16 - - - 34.4 (4990) 35.2 (5100) 37.3 (5410) - - - 

17 33.5 (4860) 33.8 (4900) 37.8 (5490) 33.9 (4920) 37.2 (5400) 37.5 (5440) 41.9 (6080) 44.6 (6470) 43.1 (6250) 

18 41.5 (6010) 43.3 (6270) 40.6 (5880) 42.4 (6140) 40.0 (5800) 45.0 (6530) 52.6 (7630) 53.1 (7710) 54.8 (7950) 

19 30.3 (4390) 33.3 (4830) 36.4 (5280) 32.1 (4650) 32.3 (4690) 35.6 (5160) 40.3 (5840) 41.3 (6000) 42.4 (6160) 

21 - - - 29.7 (4310) 31.4 (4560) 34.5 (5000) - - - 

22 25.1 (3640) 27.2 (3940) 30.2 (4380) 27.1 (3930) 29.2 (4240) 31.7 (4600) 35.7 (5180) 34.0 (4930) 34.9 (5060) 

23 - - - 20.8 (3010) 23.1 (3350) - - - - 

24 19.5 (2830) 20.5 (2980) 23.8 (3460) 21.1 (3060) 23.3 (3370) 24.5 (3560) 26.1 (3790) 25.8 (3740) 27.1 (3930) 

25 21.7 (3150) 25.3 (3680) 26.2 (3810) 24.6 (3570) 27.1 (3940) 30.5 (4430) 31.5 (4580) 31.6 (4580) 31.4 (4550) 
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Once a suitable mixture design was found, which came from batch P12 and Cube Batch 5, 

the only variables that were changed in later testing were water content, mixing procedure, and 

curing conditions. Like typical PCC, mortars in this research needed an ideal water content. The 

water content was adjusted throughout the research process to improve workability and 

compressive strength. Some mortar batches were relatively dry, and some were highly workable; 

in both cases, the strength of the mortar was compromised. The final optimal water-to-solids ratio 

was found to be 0.40 using Mixing Procedure 3. It would be useful for future research to retry 

mixing the earlier preliminary batches that had low water-to-solids ratios and use a higher water-

to-solids ratio. Water-to-solids ratio was largely overlooked in early proof-of-concept testing and 

the preliminary batches were not revisited because a suitable mixture design had already been 

found.  

Changes to the mixture design resulted in improvements in workability and compressive 

strength as mixture development progressed. All compressive strength data presented in this section 

were obtained immediately after curing the mortar cubes, which all came from Table 4.2. Strength 

gain of mortar cubes from release strength to 28 days typically ranged from 0 to 20%, which was 

used as guidance, but not relied on for design strengths of AAC beams in this research.  

In the early stages of the research, it was a priority to find the strength capabilities of the 

mortar when cured at different temperatures and times. Figure 4.1 compares identical mortar 

mixtures cured at 54°C (129°F) and 70°C (158°F), which were Cube Batches 12 and 10, 

respectively. Those were the low and high curing temperature estimates that were originally 

believed to be achievable at Molin. Each batch included cubes that were cured for 14, 18, and 48 

hours. At each cure time, cubes were removed from the oven and tested for compressive strength. 

The higher cure temperature produced a quicker strength gain, but the strengths at each temperature 

were almost identical after 48 hours. At a curing time of 14 hours, an increase of curing temperature 

from 54 to 70°C (129 to 158°F) resulted in a compressive strength increase of 42%. The benefit of 
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curing at the higher temperature decreased as the curing time was increased. At a curing time of 18 

hours, an increase of curing temperature from 54 to 70 °C (129 to 158°F) resulted in a compressive 

strength increase of 16%. At a curing time of 48 hours, an increase of curing temperature from 54 

to 70 °C (129 to 158°F) resulted in a compressive strength decrease of 3%. The data showed the 

benefit of curing at higher temperatures when time is restricted, which is the case in precast plants 

where formwork is reused daily and a cure time between 14 to 18 hours is ideal. If specimens are 

cured over the weekend, it may make sense to cure at the lower temperature to save energy and 

money; this would depend on which time and temperature combination uses less total energy. 

 
Figure 4.1. Comparison of mortar cured at varying temperatures and for differing duration. Each 

data point is the average of two to three samples. Error bars represent plus or minus one standard 

deviation. 

 

The fresh and hardened properties of cubes made with Mixing Procedures 2 and 3 were 

compared. Mixing Procedure 2 yielded flow values that ranged from 48 to 106% while mostly 

maintaining initial compressive strengths of cubes above the minimum 24.1 MPa (3500 psi) 

required for release strength. Testing determined that the optimal water-to-solids ratio for Mixing 

Procedure 2 (Cube Batch 12) was 0.47. Mixing Procedure 3 helped significantly improve the 

workability of the mortar, which allowed the water-to-solids ratio to be reduced and the strength of 

the mortar cubes to be increased. 
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Figure 4.2 shows the compressive strength relationship of mortar mixed following Mixing 

Procedures 2 and 3, which were made from Cube Batches 10 and 17, respectively. Cube Batches 

14 to 19 were made with a reduced water content after realizing the significantly improved 

workability that Mixing Procedure 3 yielded during its first trial with Cube Batch 13. Figure 4.3 

shows the smooth, liquid consistency of Cube Batch 13, which did not require consolidation. The 

optimal combination of workability and compressive strength was achieved with Cube Batches 17 

and 19, which had water-to-solids ratios of 0.40 and 0.39, respectively. The reduction in water 

content allowed for an approximate 4.8 to 6.9 MPa (700-1000 psi) increase in compressive strength 

between Cube Batches 10 and 17. Compressive strength as high as 52.6 MPa (7630 psi) was 

obtained with Cube Batch 18 using Mixing Procedure 3 and a water-to-solids ratio of 0.37, but the 

workability of 62% flow and set time of less than 45 minutes were not adequate to continue with 

that water content. Mixing Procedure 3 and a water-to-solids ratio of 0.40, which was used in Cube 

Batch 17, were chosen moving forward in testing because they achieved good workability, adequate 

set time, and high compressive strength compared to other mixtures. 

 

  
Figure 4.2. Comparison of compressive strengths of mortar prepared using Mixing Procedures 2 

and 3. Each data point is the average of two to three samples. Error bars represent plus or minus 

one standard deviation. 
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Figure 4.3. Flowable mortar created with Mixing Procedure 3. 

 

The precast supplier requested the solid sodium hydroxide be added directly to the mixers 

along with the water needed for an equivalent solution of sodium hydroxide. The two options prior 

to this idea were to either buy sodium hydroxide in solution or to mix the sodium hydroxide solution 

onsite. The first alternative of the two was not favorable due to the anticipated high cost and safety 

issues associated with transporting heavy, caustic liquid. The sodium hydroxide in this study was 

10 M, which would be dangerous to be carrying around in the event it spilled. The second 

alternative was more favorable than the first but would have required a new area dedicated to mix 

sodium hydroxide, allow it to cool, and store it. The mixing process of sodium hydroxide solution 

creates a highly exothermic reaction and a large batch would likely have required hours or days of 

cooling depending on the batch size. One problem with adding sodium hydroxide pellets directly 

to an AAC mixture is the heat generated by the pellets dissolving in solution. It was a concern that 

excessive heat generation while mixing could cause the AAC to flash set. The mixing process was 

simplified by adding pellets directly to mixtures. 

Batch P15 was made in a cup to test the effect of the additional heat generated by using 

sodium hydroxide pellets instead of solution to achieve an equivalent 10 M concentration. Its 

temperature reached 36°C (97°F), which was about 5 to 11°C (10 to 20°F) warmer than a typical 



 

54 

 

batch of alkali-activated mortar. Although the batch was warmer than a typical batch, it had good 

workability. Cube Batch 21 was made to test if the heat generation was higher for a larger batch. 

This batch reached 40.6°C (105°F) but the elevated temperature did not seem to affect the 

workability while performing a flow test and making cube samples. The observed set time was 

greater than 45 minutes.  

A larger batch, Cube Batch 22, was made to compare compressive strengths at various 

curing times and ages to previous mixtures. The substitution of sodium hydroxide in solution for 

solid sodium hydroxide resulted in a compressive strength reduction that was consistently lower by 

approximately 4.8 MPa (700 psi) regardless of curing time. Figure 4.4 shows the relationship 

between these mixtures, which were Cube Batches 19 and 22. The set time barely reached 45 

minutes, which was shorter than the setting time when liquid sodium hydroxide solution was used; 

of all cube batches that reached the set time goal, this one was the closest to not passing. The 

additional heat generated from the pellets may have had an impact on the setting time. Although 

there was a negative impact on compressive strength and setting time after switching from sodium 

hydroxide solution to solid sodium hydroxide, it was decided that this was the best path forward 

for the mixture design to work at Molin without changing the setup at the plant. 
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Figure 4.4. Difference in compressive strength of mortar made with sodium hydroxide pellets vs. 

solution. Each data point is the average of two to three samples. Error bars represent plus or 

minus one standard deviation. 

 

Molin used a fly ash supplier that sourced ash from two different power plants. Fly Ash 

Source A and Fly Ash Source B both produced a Class C fly ash, but one had a higher calcium 

content (25% vs. 21%, respectively). Alkali-activated concrete made with higher calcium fly ash 

has been shown to be associated with lower compressive strength (Gomaa et al. 2020). It was 

necessary to confirm the validity of this claim because Molin frequently switches between the two 

sources of fly ash.  

Figure 4.5 shows the difference in compressive strength between two mortar batches, Cube 

Batches 22 and 25, which utilized Fly Ash Sources B and A, respectively. The batches were both 

produced by adding sodium hydroxide pellets directly to the mixture. The higher calcium in Fly 

Ash Source A may have had a negative impact on the compressive strength of the mortar. Every 

mortar cube batch in this research had a common curing time of 18 hours, and larger batches had 

14- and 48-hour curing times added to them. The 18-hour curing time served as a benchmark for 

comparison, with 18- and 48-hour curing times becoming secondary comparisons. The mortar 

made with fly ash from Fly Ash Source A had an average compressive strength of 24.6 MPa (3570 

psi) when cured for 18 hours at 54°C (129°F). However, the mortar made with fly ash from Fly Ash 
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Source B had an average compressive strength of 27.1 MPa (3930 psi). The compressive strength 

differences were larger for curing times of 14 and 48 hours, with differences of 3.4 MPa (490 psi) 

and 4.2 MPa (600 psi), respectively. The higher calcium content along with the larger particle size 

of ash from Fly Ash Source A (see Table 3.1) may explain the differences between the compressive 

strengths of the mortars. A larger particle size provides less overall surface area and the activator 

may have dissolved fewer particles. 

 
Figure 4.5. Difference in compressive strength between mortar made using fly ash from Fly Ash 

Source A vs. Fly Ash Source B. Each data point is the average of two to three samples. Error bars 

represent plus or minus one standard deviation. 
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requirements. The concrete batches were all cured at 49°C (120°F), which was lower than the 

temperature at which the mortar batches were cured (54°C or 129°F). After investigation, this was 

a conservative estimate of the maximum temperature that could be achieved at Molin.  

The slight variation in water content seemed to have no effect on the slump of the mixtures, 

which ranged from 63 to 114 mm (2.5 to 4.5 in.). Batch 3 had the highest water-to-solids (w/s) ratio 

of 0.414, but the lowest slump measurement (63 mm or 2.5 in.). Air content of the batches was 

consistent, although it was not measured in the first batch due to equipment malfunction. All the 

batches had similar concrete temperatures immediately following mixing, which ranged from 29 to 

32°C (84 to 90°F). Table 4.4 shows fresh and hardened properties from the three lab concrete 

batches. 

Table 4.4. AAC lab batch data. 

Batch 

Water 

-to-

Solids 

Ratio 

Temperature, 

°C (°F) 

Slump, 

mm (in.) 

Air 

Content 

Initial 

Curing 

Time 

Compressive Strength at 

Cure Time, MPa (psi) 

Initial 28 Day 

1 0.406 29 (84) 76 (3.0) - 18 h 17.4 (2530) 25.7 (3731) 

2 0.406 32 (90) 114 (4.5) 2.0% 48 h 25.2 (3660) 27.9 (4040) 

3 0.414 32 (89) 63 (2.5) 2.2% 72 h 31.1 (4510) 32.3 (4690) 

 

The compressive strength of AAC increased with increasing heat curing time. Figure 4.6 

compares initial and 28-day compressive strength data from AAC cured for varying times. Batches 

1, 2, and 3 were cured for 18, 48, and 72 hours, respectively. The curing time of 72 hours was added 

to the scope of the project during concrete testing to check the strength after a theoretical weekend 

cure at Molin. When cured for 48 and 72 hours, the AAC had 45 and 72% higher compressive 

strengths, respectively, than when it was cured for 18 hours; this indicated that a weekend cure 

could allow for an acceptable compressive strength above the minimum 24.1 MPa (3500 psi) 

required for detensioning of prestressed concrete. Figure 4.7 compares alkali-activated similar 

mortar and AAC batches cured at different temperatures. The lower curing temperature of 49°C 

(120°F) of the lab concrete compared to the curing temperature of 54°C (129°F) of the mortars 
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negatively affected the compressive strengths by 30 and 7% at 18 and 48 hours of curing, 

respectively. 

 
Figure 4.6. Comparison of compressive strength of AAC lab batches initially after the time cured 

(18, 48, or 72 hr) and at 28 days after cylinder fabrication. Each data point is the average of two 

to three samples. Error bars represent plus or minus one standard deviation. 

 

 
Figure 4.7. Comparison of compressive strength for mortar cured at 54°C (129°F) and concrete 

cured at 49°C (120°F). Each data point is the average of two to three samples. Error bars represent 

plus or minus one standard deviation. 
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maintained 49°C (120°F) for 48 to 72 hours, the precast, prestressed AAC beams were expected to 

reach an initial compressive strength of 25.2 to 31.1 MPa (3660 to 4510 psi) and 28-day 

compressive strength of 27.9 to 32.3 MPa (4040 to 4690 psi). Although the initial compressive 

strength when cured for 48 to 72 hours was above the 24.1 MPa (3500 psi) initial required strength, 

the long-term compressive strength likely would not have reached the goal of 41.4 MPa (6000 psi). 

However, this mixture design provided an adequate compressive strength at release and it was 

chosen to make the precast, prestressed AAC beams. 

4.2 Phase II: Precast Specimen Fabrication, Mechanical Properties, and Structural 

Capacity 

4.2.1 Heat Curing Modeling Using Finite Element Analysis of Precast, Prestressed 

AAC Beams 

Due to the size and thickness of the proposed beams, the rate of heat transfer during the 

curing process needed to be considered. The beams were cast on their sides, such that the heat 

applied via the bottom bed formwork only had to travel through the 25.4 cm (10 in.) width 

dimension. Finite element analysis models were created in Ansys to gain a more in-depth 

understanding of the heat curing process prior to fabricating the full-scale precast, prestressed 

beams. The models utilized the default concrete material in Ansys, which had an isotropic thermal 

conductivity of 0.72 W/(m·°C). The thermal conductivity of the default concrete material was 

assumed to be representative of both AAC and PCC in this research. 

Figure 4.8 shows a typical steady-state thermal analysis model comprised of two-node 

elements that was used in this research. Models of a 30.5 cm wide by 50.8 cm tall by 5.6 m long 

(12 by 20 in. by 18.5 ft) beam were made, which had the largest cross section considered during 

preliminary design. The mesh was divided into four equivalent units along the width and height 

and 40 equivalent units along the length. The heated bed was modeled as conduction, which was 

applied to the side of the beams that were touching the heated bed surface. The heat from the forced 
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air heaters was modeled as convection and was applied to the side facing upward when the beams 

were cast. No heat was applied to the sides in the model to be conservative, but the steel forms 

would realistically conduct heat from the bed and air and transfer it to the concrete. The models 

also did not consider internal heat produced from solid sodium hydroxide reacting with water in 

AAC or the heat of hydration of PCC. The models specifically looked at the minimum temperature 

in the beam versus time. The top surfaces of the beams were assumed to be uncovered and hot air 

would transfer heat to the beams through convection. This was an incorrect assumption because 

Molin typically uses plastic sheets to maintain moisture of the concrete during curing, which would 

prevent the air flow from reaching the top surface of the beams. If fans were used in the curing 

setup and the ambient temperature in the setup was cooler than the beams, the convection would 

decrease the temperature of the beams. It would likely result in a reduction of compressive strength 

of the beams compared to if the cooler air was not moving.  

 
Figure 4.8. Ansys model of heat curing a 30.5 cm wide by 50.8 cm tall by 5.64 m long (12 in. by 

20 in. by 18.5 ft) concrete beam cast on its side. 

 

A total of eight models were run, as shown in Table 4.5. Four of the eight models applied 

the bed heat and forced air heat to the bottom and top faces at a temperature of 54°C (129°F). The 

other four models applied the bed heat and forced air heat to the bottom and top faces at a 

temperature of 60°C (140°F). Each set of four temperature-specific models had a different 
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convection film coefficient: 0.3, 5.0, 10, and 100 W/(m2·°C). A higher film coefficient indicated a 

faster rate of heat transfer, or faster moving air. The low end represented extremely slow-moving 

air and the high end represented extremely fast-moving air. The realistic convection film coefficient 

was likely somewhere in the middle. When the beams in the models neared 95% of the applied 

temperature, the rate of temperature gain significantly slowed; the value of 95% was selected as a 

benchmark to evaluate the time it took to reach the approximate curing temperature. 

Table 4.5. Beam heat curing model results from Ansys analysis. 

Model 
Applied 

Heat, °C (°F) 

Film 

Coefficient 

Approximate Time to 

Reach 95% Applied 

Heat, hr. 

1 54.4 (129) 0.3 26.0 

2 54.4 (129) 5.0 19.4 

3 54.4 (129) 10 15.9 

4 54.4 (129) 100 8.1 

5 60 (140) 0.3 26.9 

6 60 (140) 5.0 19.9 

7 60 (140) 10 16.4 

8 60 (140) 100 8.3 

 

4.2.2 Fabrication of Precast, Prestressed Portland Cement Concrete Beams and 

Mechanical Specimens 

Although the heat models provided good information, it was not enough to ensure the heat 

curing setup at Molin would work for AAC. To confirm the internal temperature of the concrete 

reached 49°C (120°F) for at least 48 hours, thermocouples were installed in one of the precast, 

prestressed PCC beams and the curing setup was tested on the PCC beams as a trial before 

fabricating AAC specimens. A Campbell Scientific CR 1000X Measurement & Control Datalogger 

with eight thermocouple ports was used to monitor the temperature of the concrete throughout the 

heat-curing process. Thermocouples were not placed in both Beams PCC1 and PCC2 due to limited 

thermocouple ports in the datalogger. It was more useful to install all the thermocouples in one 

beam to know the temperature in many locations of one beam; both beams were assumed to reach 

the same temperature because of the symmetric curing setup.  
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Beam PCC1 was equipped with seven thermocouples as shown in Figure 4.9. The eighth 

thermocouple was placed outside the concrete beam, but within the curing setup, to record the 

heated air temperature. The thermocouples were placed where the hottest and coldest temperatures 

were expected to occur, which was based on data collected from the finite element model. It was 

most important to find the coolest location within the beam to ensure the temperature was high 

enough. The thermocouples at the ends of the beams (Locations 1, 2, 6, and 7) were placed on the 

end stirrups, which were 7.6 cm (3 in.) from the end of the beam. They were at mid-height of the 

beam (12.7 cm or 5 in. from the top and bottom) and 3.8 cm (1.5 in.) from the outside edges. The 

middle thermocouples (Locations 3, 4, and 5) were all placed at mid-height and at three different 

locations throughout the width of the beam. The thermocouples at Locations 3 and 5 were 3.8 cm 

(1.5 in.) from the outside edges and the thermocouple at Location 4 was at the exact center of the 

beam. Figures 4.10 and 4.11 show the prepared forms and rebar cages as well as example 

thermocouple locations. 

 
Figure 4.9. Thermocouple locations in Beam PCC1, which was cast on its side. 
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Figure 4.10. Beam PCC1 reinforcement cage and thermocouples prior to casting. 

 

 
Figure 4.11. Thermocouples located 3.8 cm (1.5 in.) from the outside edges and at mid-height of 

Beam PCC1. 

 

The PCC batch was a flowable mixture which resembled self-consolidating concrete as 

shown in Figure 4.12. Workers screeded the surface of the concrete to obtain a consistent beam 

cross-section. No further finishing was required. The beams were cast on a Friday and cured over 

the weekend. There were significant issues with the heat curing system during fabrication of the 

PCC beams. The heated bed had not been used since the previous winter and when the quality 
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control office turned the bed on from the computer, it never actually turned on. This left only the 

forced air heaters to do all the heating. 

 
Figure 4.12. Self-consolidating nature of the PCC. No additional consolidation was needed. 

 

Figure 4.13 shows the number of hours maintained above 49°C (120°F) for different 

locations within beam PCC1 during heat curing. Location 3 was omitted due to malfunction. The 

location labeled Ambient was an air temperature monitoring thermocouple placed near the center 

of the heat curing setup. The target temperature for this setup was 71°C (160°F). The reason for 

such a sharp increase from laboratory tests was to see if the curing system could reach that 

temperature or maintain any temperature higher than 49°C (120°F). Some locations within the beam 

approached the target temperature but never reached it and quickly dropped in temperature. It was 

important to know how much time the beams spent above an internal temperature of 49°C (120°F) 

because that is the temperature at which the laboratory AAC batches were cured. The data show 

that most locations within the beam reached the reference temperature for 10 hours or longer, except 

for Location 1, which was on one end of the curing setup and did not receive direct heat due to the 

angle of the forced air heaters. The forced air heaters ran for less than a day, so there was not much 

external heat applied to the beams. The desired temperatures were maintained for far less than 48 

hours because the bed heat was not working, which is illustrated in Figure 4.14.  
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Figure 4.13. Hours above 49°C (120°F) within Beam PCC1 during curing.
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Figure 4.14. Heat curing temperature data for Beam PCC1. 
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A second PCC heat curing test was run with concrete samples for a different Molin project 

the week after the PCC beams were fabricated for this study. In that test, only the bed heat was 

used; no forced air heaters were used. The bed was completely covered with an insulated blanket 

and one thermocouple was placed inside the concrete to monitor temperature. The test had a target 

temperature of 60°C (140°F) because this was the asymptomatic temperature the previous test 

seemed to level off at. Figure 4.15 shows the results from the second PCC heat curing test. Although 

the temperature never reached the target temperature of 60°C (140°F), it was only 1 or 2°C below 

the target temperature for several hours and was above 49°C (120°F) for 52 hours while simulating 

a weekend cure. It seemed that using only the bed heat and covering the bed with an insulated 

blanket was more than sufficient to heat cure the AAC beams. 

 
Figure 4.15. Concrete temperature recorded during the second PCC heat curing test. The thick 

green line at 60°C (140°F) represents the target temperature and the thin black line represents the 

internal concrete temperature. 

 

4.2.3 Fabrication of Precast, Prestressed Alkali-Activated Concrete Beams and 

Mechanical Specimens 

The AAC beam fabrication setup was like the PCC beam fabrication setup, except there 

were more beams and no forced air heaters were used. Two of the AAC beams were equipped with 
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thermocouples. One beam had five thermocouples and the other had two thermocouples. The 

thermocouples were placed in two beams rather than one because there were two separate batches 

of concrete and it was desired to know any temperature difference between the batches. The 

remaining thermocouple was placed near the beams within the curing setup to record the ambient 

air temperature. Illustrations of the thermocouple setup in the AAC beams are shown in Figures 

4.16, 4.17, and 4.18.  

 
Figure 4.16. Orientation of the five AAC beams on the heated bed. 

 

 
Figure 4.17. Thermocouple locations in Beam AAC1-2. 

 

 
Figure 4.18. Thermocouple locations in Beam AAC2-2. 
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The concrete in the prestressed AAC beams was designed as shown in Table 4.6 and was 

mixed according to the modified Mixing Procedure 3 as described in Section 3.3.2. Sodium 

hydroxide and sodium silicate were manually added while mixing. The sodium hydroxide flake 

was packaged in 25 kg (55 lb.) bags, which were dumped directly into the mixture. The sodium 

silicate came in a 208 L (55 gal) barrel that was pumped into buckets for ease of transportation and 

weighed according to the batch proportions. The rest of the batching and mixing was run by a plant 

operator and partially automated. The mixer was also cleaned after producing the AAC beams to 

ensure the chemicals were gone before switching back to PCC. 

Table 4.6. Precast AAC mixture design and recorded batch quantities. 

Material 

Weight, kg (lb.) 

Quantity Needed Per  

2.5 m3 (3.3 yd3) Batch 

Batched Quantities 

Batch 1 Batch 2 

Fly Ash 786 (1732) 797 (1758) 830 (1830) 

NaOH Pellets 75 (165) 75 (165) 75 (165) 

Water for 10 M NaOH 187 (412) 187 (412) 187 (412) 

Sodium Silicate 130 (288) 130 (288) 130 (288) 

Fine Aggregate (FA) 2103 (4636) 2001 (4412) 2112 (4657) 

FA Moisture Contenta 4.11% 4.11% - 

Coarse Aggregate (CA) 2691 (5933) 2761 (6088) 2687 (5923) 

CA Moisture Contenta 1.53% 1.53% 1.53% 

Extra Water for Water-to-

Solids Ratio 
-50b (-111) 24 (53) 53 (116) 

Water-to-Solids Ratio 0.41 0.48 0.50c 

aThis value was obtained by subtracting the absorption of the aggregate from the moisture content. 
bThis negative amount of water means the aggregate had more moisture than needed for the batch, thus the 

water should be subtracted from "Water for NaOH" 
cThe fine aggregate supply was switched between the first and the second batch. Moisture content was not 

obtained for the second supply, so the moisture may have varied. 

 

The AAC was mixed in two batches to make all five beams and mechanical property testing 

specimens. Beams AAC1-1, AAC1-2, and half of Beam AAC2-3 were made from the first batch. 

Beams AAC2-1, AAC2-2, half of Beam AAC2-3, and all the mechanical specimens were made 

from the second batch. Both batches used more than the specified water content from the mixture 
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design, and they each used slightly different amounts of water. The mixture design had the same 

specified water-to-solids ratio as the lab concrete batches of 0.41. The first batch had a water-to-

solids ratio of 0.48 and the second batch had an estimated water-to-solids ratio of 0.50. While the 

concrete was being mixed, it was visually observed for workability and water was added to make 

it more workable. Miscommunication between the researchers and the batching operator resulted 

in too much water being added in the second mix, although both mixes could have used much less 

water. No maximum water content was decided upon before mixing, which is what led to too much 

water being added. None of the lab AAC batches had issues with adding extra water because only 

small amounts of extra water were added for workability; the water added to the AAC batches for 

workability was not expected to increase the water-to-solids ratio as much as it did. Although the 

mixtures had good workability, they likely could have used less water and still have been 

reasonably workable. 

The AAC was clearly not flowable like PCC, but it was easily consolidated using vibrating 

equipment. The AAC beams were vibrated with handheld concrete vibrators and finished with 

screeds and trowels. Slump measurements were not taken to confirm measurable workability 

differences between batches, however there was a visual difference in workability between the 

batches. Slump testing was determined to not be necessary after finding suitable AAC batches in 

the lab, but they should be taken in future research to verify consistency with lab batches. When 

comparing the two batches of AAC, Batch 2 was much closer to self-consolidating concrete than 

Batch 1, which is easily discernable in Figures 4.19 and 4.20; there was a significant difference in 

the concrete workability ahead of the vibrating equipment, which is visible on the right sides of the 

figures. The concrete that had not been vibrated in Batch 2 consolidated much easier than in Batch 

1. Although increased workability is great for constructability, the higher water-to-solids ratio can 

negatively influence the compressive strength and other mechanical properties. The beams were 

covered with insulated blankets, but workers forgot to place plastic sheets over the beams to hold 

in moisture. 
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Figure 4.19. AAC from Batch 1, which had a water-to-solids ratio of 0.48, before and after 

vibration. This batch was visually less workable than Batch 2. 

 

 
Figure 4.20. AAC from Batch 2, which had a water-to-solids ratio of 0.50, before and after 

consolidation. This batch was more workable than Batch 1 and required less consolidation. 

 

Workers had difficulty finishing the surface of both AAC batches. It resulted in a rough 

finish surface compared to the smooth finish surface of the PCC batch. Figures 4.21 and 4.22 

compare typical finished surfaces of the PCC beams and the AAC beams. The set time of the AAC 

was not recorded, but it clearly could have been longer because of the difficulty the workers had 
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finishing the surfaces of the beams. The minimum set time of 45 minutes was too short for this 

production process. The set time could potentially be increased in future research with retarders 

that have been used in other AAC research (Yost et al., 2013b, Wang et al., 1995, Shi et al., 2019, 

Rattanasak et al., 2011). 

 
Figure 4.21. Finished surface of a PCC beam. 

 

 
Figure 4.22. Finished surface of an AAC beam. 

 

The curing process for the AAC specimens included covering the specimens with an 

insulated blanket and setting the bed heat to a target concrete temperature of 60°C (140°F), which 

was a good target temperature for the second PCC temperature test. The AAC beams were cured 
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over the weekend like the PCC beams. The concrete took 17 hours to reach a temperature of 54°C 

(129°F), which was significantly longer than the 9 hours, shown in Figure 4.15, it took the PCC 

specimens to reach the same temperature in the same environment. The difference was likely 

explained by the heat of hydration of PCC and possibly because plastic sheets, which were placed 

on the PCC beams and not the AAC beams, may have helped store heat in the PCC beams. It was 

expected that this may have had an effect prior to testing, but it was not anticipated to be that large 

of a difference. 

Despite the slow heat gain, the results were promising because the beams maintained 

internal temperature above 49°C (120°F) for a minimum of 54 hours as shown in Figure 4.23. When 

looking at hours above the target temperature, the results were almost identical to the second curing 

test conducted on PCC. Figure 4.24 shows the thermocouple temperature data from the entire 

weekend of curing the AAC beams. Thermocouple Location 6 malfunctioned and the data were 

omitted from the results. 

 
Figure 4.23. Hours above 49°C (120°F) within AAC beams during curing. 
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Figure 4.24. Heat curing temperature data for Beams AAC1-2 and AAC2-2.
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4.2.4 Compressive Strength 

Compressive strength results were obtained at release (3 days), 7, 28, 56, and 90 days. 

Additional cylinders were characterized for compressive strength on the precast, prestressed beam 

test dates. A minimum of two cylinders were included per data point. Most of the time, three 

cylinders were tested and averaged, although some data points only include two cylinders. 

Additional compressive strength tests were conducted on AAC cylinders pulled from the curing 

setup at varying times throughout the curing process. 

Extra water that was added to the AAC batches was probably the largest contributor to the 

lower-than-expected strength of the cylinders. The compressive strength of the AAC was only 83% 

of the required level of at least 24.1 MPa (3500 psi) at release. Data from Cube Batches 13 and 15 

demonstrate the effect of different water-to-solids ratios. Cube Batches 13 and 15 were made with 

water-to-solids ratios of 0.48 and 0.40, respectively. After 18 hours of curing at 54°C (129°F), the 

compressive strengths of the mixtures were 23.3 and 34.6 MPa (3380 and 5020 psi), respectively. 

The AAC specimens cured at Molin were above 49°C (120°F) for 54 hours, so it is reasonable to 

assume that the release compressive strength of the AAC could have been near or above 24.1 to 

31.0 MPa (3500 to 4500 psi) if the water-to-solids ratio was better controlled while making the 

batches; the lab AAC cylinder batches that were cured at 49°C (120°F) for 48 and 72 hours reached 

initial (release) compressive strengths of 25.2 and 31.1 MPa (3660 and 4510 psi). The compressive 

strength was likely negatively affected because no plastic sheets were placed on the beams to 

contain moisture during curing. The cylinders were likely not affected by this factor because they 

were capped, which kept moisture inside. Although the curing temperature obtained at Molin was 

greater than the temperature (49°C or 120°F) the AAC cylinders were cured at in the lab, the 

temperature was still relatively low for AAC. Curing temperatures below 60°C (140°F) are known 

to yield slow strength gain (Strydom and Swanepoel, 2002), so any possible curing temperature 

increase at Molin would help the compressive strength of AAC. 
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Although the release strength did not reach 24.1 MPa (3500 psi) specified in ACI 318-14 

for release strength of prestressed concrete (ACI Committee 318, 2014), the strands did not slip in 

any of the specimens during de-tensioning. This indicated that the prestressing force was fully 

transferred to the AAC beams. Initial PCC strength was expected to be higher than the AAC, but 

the gap was larger than anticipated. Release strength of the PCC was 50.7 MPa (7350 psi), while 

the release strength of the AAC was 20.1 MPa (2910 psi). Data in Table 4.7 can be used to compare 

the strength gain of AAC while curing to the release strength of PCC. The literature suggested that 

curing more than 48 hours provides only minimal additional benefit to strength (Chindaprasirt et 

al., 2011; Tempest et al., 2015), but the AAC in this research gained 21% more compressive 

strength between 48 and 67 hours. The AAC and PCC both exhibited compressive strength gain 

after curing as shown in Figure 4.25. When the precast, prestressed AAC beams were tested at 66 

days, the AAC cylinders had a compressive strength of 27.0 MPa (3920 psi). When the precast, 

prestressed PCC beams were tested at 78 days, the PCC cylinders had a compressive strength of 

71.0 MPa (10290 psi). The compressive strength of PCC increased from 50.7 to 71.6 MPa (7350 

to 10380 psi) between release to 90 days and the compressive strength of AAC increased from 20.1 

to 27.2 MPa (2910 to 3940 psi) between release and 94 days. The PCC had slightly higher relative 

compressive strength gain (41%) over that time than AAC (35%) compared to their release 

strengths. 

Table 4.7. Compressive strength of precast AAC companion cylinders at varying times during 

curing compared to PCC release strength. 
 AAC PCC 

Time cured, 

hours 
18 24 30 43 48 

(Release) 

67 

(Release) 

80 

Compressive 

Strength, 

MPa (psi) 

5.3 

(760) 

8.0 

(1160) 

11.1 

(1600) 

15.8 

(2300) 

16.6 

(2400) 

20.1 

(2910) 

50.7 

(7350) 



 

77 

 

 

 
Figure 4.25. Compressive strength of precast PCC and AAC at varying ages. Error bars represent 

plus or minus one standard deviation. 

 

There were a couple of issues that contributed to inconsistencies within the beams; water-

to-solids ratios were different between batches and one end of the insulated blanket was left open 

during part of the curing time. Once it was understood that there were likely strength variations 

between and within the AAC beams, it was necessary to find relative strengths within the beams. 

A Forney Concrete Test Hammer was used in the beams at various locations to find the rebound 

number, which provided a relative comparison of the compressive strength of the AAC. A higher 

number signified higher compressive strength. It should be noted that the rebound number is not 

the compressive strength, but it provides an idea of what the compressive strength of one area of 

concrete is relative to another area. 

 The results showed that the compressive strength in the middle of the beams was generally 

lower than at their ends as shown in Figure 4.26. The compressive strength of the beams from the 

first batch was higher than the compressive strength from second batch. Beams AAC2-1, AAC2-

2, half of AAC2-3, and all AAC cylinders were made from Batch 2. The compressive strength of 

the cylinders tested on the structural beam test days, around a concrete age of two months, was 27.0 

MPa (3920 psi). Using Beams AAC2-1 and AAC2-2 as baselines with a rebound number around 
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39, Beams AAC1-2 and AAC2-3, which had average rebound numbers of 39.7 and 40.3, 

respectively, likely had compressive strengths above 27.0 MPa (3910 psi). The end of Beam AAC1-

1 on one end of the curing setup had very low strength because that end of the curing setup was 

accidentally left open during the first several hours of curing. The temperature at that end was 

consequently much lower than the rest of the setup. Beam AAC1-1 likely had an average 

compressive strength lower than 27.0 MPa and high strength variability within the beam due to the 

curing issue. 
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Figure 4.26. Individual and average rebound number at various locations within the five AAC beams, which were made from two batches of 

concrete.
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 Typically, AAC does not gain much strength after stopping the heat curing, which is clearly 

a concern when the curing setup fails. After an age of 28 days, the PCC specimens gained an 

additional 33.9% of compressive strength beyond its release strength, while AAC gained only 

10.6% additional strength as shown in Figure 4.25. This issue could have been avoided by better 

understanding the water-to-solids ratio of the batches when extra water was added to the batches 

and by having better control of the heat curing system. It would have also helped to use forced air 

heaters more rapidly increase the initial temperature. 

4.2.5 Modulus of Elasticity, Modulus of Rupture, and Splitting Tensile Strength 

ACI 318-14 has equations to predict modulus of elasticity, modulus of rupture, and splitting 

tensile strength for PCC by applying the coefficients to compressive strength (ACI Committee 318, 

2014). Table 4.8 shows the calculated and measured modulus of elasticity of PCC and AAC. The 

measured modulus of elasticity was an average of three tests conducted on one cylinder. The 

equation for modulus of elasticity is Ec = 33𝑤𝑐
1.5√f'

c
 (in psi) for normal weight concrete. The 

coefficient of 33 was calculated to be 26 for the AAC and 29 for the PCC in this research at a 

concrete age of 66 and 78 days, respectively. The observed modulus of elasticity values for AAC 

and PCC were lower than what ACI 318-14 predicts by 11 and 12%, respectively, which indicated 

the materials were less stiff, assuming constant moment of inertia, than what ACI 318-14 expects 

for typical PCC. AAC had a lower modulus of elasticity than PCC in this research. Yost et al. 

(2013a) stated an 11 to 16% lower modulus of elasticity for AAC than predicted using ACI 318-08 

(ACI Committee 318, 2008). Hardjito et al. (2005) reported that observed modulus of elasticity 

values for AAC were lower than predicted using Australian Standard AS3600 (SAI Global 

Standards, 1997). 



 

81 

 

Table 4.8. Observed modulus of elasticity of AAC and PCC at an age of two months compared to 

values calculated using ACI 318-14. 

Modulus of Elasticity at an Age of 

Two Months, GPa (ksi) 

Modulus of Elasticity Calculated 

using ACI318-14, GPa (ksi) 

AAC PCC AAC PCC 

22.0 (2900) 35.1 (5090)  24.6 (3570) 39.9 (5780) 

 

Table 4.9 shows the calculated and measured modulus of rupture and splitting tensile 

strength of PCC and AAC. The equation for modulus of rupture is f
r
 = 7.5√f'

c
 (in psi) for normal 

weight concrete. The coefficient of 7.5 was calculated to be 5.5 for AAC and 8.1 for PCC in this 

research. Modulus of rupture testing was similar to the flexural testing of the precast, prestressed 

beams in this research, except the modulus of rupture beams had no reinforcement. The data 

indicated that the flexural strength of the precast, prestressed AAC beams may be lower than 

expected and PCC beams may have a higher than expected flexural strength. The equation for 

splitting tensile strength is 𝑓𝑐𝑡 = 6.7√𝑓′𝑐 (in psi) for normalweight concrete. The coefficient of 

6.7 was calculated to be 6.5 for the AAC and stayed at 6.7 for the PCC in this research. This 

indicates that the PCC had the same tensile strength as predicted and the AAC had a lower tensile 

strength than predicted. 

Table 4.9. Average modulus of rupture and splitting tensile strengths of AAC and PCC compared 

to values calculated using ACI 318-14. 

Modulus of 

Rupture, MPa (psi) 

Modulus of Rupture 

Calculated using ACI 

318-14, MPa (psi) 

Splitting Tensile 

Strength, MPa (psi) 

Splitting Tensile Strength 

Calculated using ACI 

318-14, MPa (psi) 

AAC PCC AAC PCC AAC PCC AAC PCC 

2.36 

(343) 

5.67 

(822) 

3.24 

(470) 

5.25 

(761) 

2.79 

(404) 

4.70 

(681) 
2.89 (419) 4.69 (680) 

 

4.2.6 Flexure and Shear Capacity of Full-Scale Precast, Prestressed Beams 

Results in Table 4.10 show the predicted and actual flexural capacities of the AAC. The 

difference in flexural capacity predictions between AAC and PCC was based on the compressive 
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strength, modulus of elasticity, and modulus of rupture differences of the concrete. The column 

labeled ACI 318 uses modulus of elasticity and modulus of rupture values based on calculations 

with compressive strength as an input. The column labeled Actual Mech. uses the actual modulus 

of elasticity and modulus of rupture values. A typical flexural failure is shown in Figure 4.27. Beam 

AAC1-1 had 2.9% lower strength than predicted likely because it was the beam at the end of the 

curing setup that was too cool for several hours. The beam failed in shear, not flexure, at that end 

as shown in Figure 4.28. Beam AAC1-2 had 9.7% higher strength than predicted, which was 

partially due to the possible higher compressive strength of the beam compared to the companion 

cylinders because that batch had a slightly lower water-to-solids ratio. It could have also been 

because the ACI 318-14 calculations have some built-in conservatism (ACI Committee 318, 2014).  

Table 4.10. Predicted flexural capacities and maximum applied moment including self-weight for 

the AAC beams. Maximum applied loads by the actuator are also shown. 

Predicted Capacity Maximum Applied 

ACI 318 Actual Mech. AAC1-1 AAC1-2 

kN-m (kip-ft) 
Load Moment Load Moment 

kN (kip) kN-m (kip-ft) kN (kip) kN-m (kip-ft) 

279 (206) 279 (206) 237 (53.3) 271* (200) 269 (60.4) 306 (226) 

*Beam AAC1-1 failed in shear. 

 

 
Figure 4.27. Typical flexural failure exhibited by Beam AAC1-2. 
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Figure 4.28. Shear failure at the support of Beam AAC1-1, which was designed to fail in flexure. 

 

Results in Table 4.11 show the predicted and actual flexural capacities of the AAC. Beams 

PCC1 and PCC2 had 7.8 and 5.9% higher flexural strengths than predicted by ACI 318-14, 

respectively. Beam PCC2 was set up for shear testing and was expected to fail in shear at an applied 

load of 227 kN (51.1 kips), but it failed in flexure at an applied load of 285 kN (64.0 kips) as shown 

in Figure 4.29. It made sense because the design predicted it to fail in flexure slightly before shear. 

However, Molin had previous experience with similar beam designs that failed in shear when they 

were tested, so the project moved forward with the design. Based on the data, ACI 318-14 

conservatively predicted the flexural capacity of the AAC and PCC beams in this research. Photos 

of all beams after testing are provided in Appendix C. 

Table 4.11. Predicted flexural capacity and maximum applied moments including self-weight for 

the PCC beams. Maximum applied load by the actuator is also shown. 

Predicted Capacity Maximum Applied 

ACI 318 Actual Mech. PCC1 PCC2 

kN-m (kip-ft) 
Load Moment Load Moment 

kN (kip) kN-m (kip-ft) kN (kip) kN-m (kip-ft) 

297 (219) 297 (219) 282 (63.4) 320 (236) 285 (64.0) 315 (232) 
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Figure 4.29. Flexural failure behavior of Beam PCC2, which was designed to fail in shear. 

 

Tables 4.12 and 4.13 show the predicted and actual shear capacities of the AAC and PCC 

beams. A typical shear failure is shown in Figure 4.30. Beams AAC2-1 and AAC2-2 had similar 

shear capacities. The splitting tensile strength of the AAC mechanical specimens was 3.6% lower 

than what was predicted from ACI 318-14 (ACI Committee 318, 2014), which correlates to the 

lower shear strengths from Beams AAC2-1 and AAC2-2. Beam AAC2-1 had 1.4 and 0.3% lower 

strength than predicted by ACI 318-14 and actual mechanical properties, respectively. Beam 

AAC2-2 had 4.1 and 3.1% lower strength than predicted by ACI 318-14 and actual mechanical 

properties, respectively. ACI 318-14 did not conservatively estimate the shear strength of Beams 

AAC2-1 or AAC2-2. Those two beams were made completely from Batch 2, which is the same 

batch the companion cylinders were made from. It makes sense that the predictions are so close to 

the actual capacities of the beams because the cylinders likely represent these two beams the best. 

Beam PCC2 had 24.4% higher strength than predicted but failed in flexure. 
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Table 4.12. Predicted shear capacities and maximum applied shear including self-weight for AAC 

beams, kN (kips). Maximum applied loads by the actuator are also shown. 

Predicted Capacity Maximum Applied 

ACI 318-14 Actual Mech.  
AAC2-1 AAC2-2 AAC2-3 

Load Shear Load Shear Load Shear 

129 (29.0) 128 (28.7) 
167 

(37.6) 

127 

(28.6) 

164 

(36.9) 

124 

(27.8) 

245 

(55.1) 

185 

(41.5) 

 

Table 4.13. Predicted shear capacity and maximum applied shear including self-weight for Beam 

PCC2, kN (kip). Maximum applied load by the actuator is also shown. 

Predicted Capacity Maximum Applied 

ACI 318-14 Actual Mech. 
PCC2 

Load Shear 

171 (38.5) 171 (38.5) 285 (64.0) 213* (47.9) 

*Beam PCC1 failed in flexure, not shear. 

 

 
Figure 4.30. Typical shear failure exhibited by Beam AAC2-3. 

 

Beam AAC2-3 was made from a combination of Batch 1 and Batch 2 and had a 45.1 and 

47.7% higher shear strength than Beams AAC2-1 and AAC2-2, respectively. Its shear strength was 

43.1 and 44.6% higher than the predicted strengths from ACI 318-14 and actual mechanical 

properties, respectively (ACI Committee 318, 2014). The higher shear strength could partially 

correlate to the average rebound number which was 4.7 and 2.5% higher than beams AAC2-1 and 

AAC2-2, respectively. Batch 1 had a slightly lower water-to-solids ratio than Batch 1, which was 
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the most likely cause of the higher shear strength of Beam AAC2-3 compared to the other shear 

beams because it used concrete from both batches. 

Displacement data were recorded with a string pot, but issues with the string pot setup 

made some data unusable. The displacement data from the internal LVDT of the actuator was used 

for Beams AAC1-2, AAC2-1, and PCC2. During those tests, the glues and epoxies that secured the 

string pot to the beams detached from the beams. An alternative connection to the beam was 

created, shown in Figure 4.31, which was a suitable replacement for glue or epoxy. Other string 

pot issues and solutions are explained in Appendix D.   

   
Figure 4.31. String pot attachment to a beam using rebar ties, a paper clip, and duct tape to keep it 

from moving horizontally. 

 

Total moment versus beam displacement at midspan data are shown in Figure 4.32 for the 

flexural beams. All deflection predictions were lower than the measured deflection of the flexure 

beams during testing, except for Beam AAC1-1 which failed in shear. Beams AAC1-1 and AAC1-

2 were predicted to deflect 2.3 cm (0.91 in.) at their predicted maximum applied moment of 279 

kN-m (206 kip-ft). They deflected 2.5 and 5.6 cm (1.0 and 2.2 in.) before failure at 271 and 306 
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kN-m (200 and 226 kip-ft), respectively. Beam AAC1-1 exhibited a shear failure at a lower load 

than Beam AAC1-2, which explains the lower deflection before failure. Beam PCC1 was predicted 

to deflect 1.9 cm (0.76 in.) at the predicted maximum applied moment of 297 kN-m (219 kip-ft), 

but it deflected 11.4 cm (4.4 in.) at the maximum applied moment of 320 kN-m (236 kip-ft). Beam 

PCC2 was predicted to deflect 1.0 cm (0.39 in.) at its predicted maximum applied shear of 171 kN 

(38.5 kips), but it deflected 3.84 cm (1.51 in.) at the maximum applied shear of 213 kN (47.9 kips) 

and maximum applied moment of 315 kN-m (232 kip-ft). The higher deflection than estimated 

made sense because of the flexural behavior at a higher load than predicted. 

 
Figure 4.32. Flexural capacity predicted with ACI 318-14 and the maximum applied moment 

including self-weight for the beams tested in the flexural setup. 

 

The higher-than-predicted deflection of beams AAC1-2 and PCC1 correlate with the 

lower-than-predicted modulus of elasticity values for the AAC and PCC. However, Beam PCC1 

deflected twice as much as Beam AAC1-2 despite having a higher modulus of elasticity. The test 
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of Beam AAC1-2 had to be restarted at approximately 262 kN-m (193 kip-ft) total moment because 

the beam was manufactured with a slight vertical skew. One corner of the beam spalled from the 

excessive stress. The test was stopped, and the beam was re-positioned to correct the issue. Figure 

4.33 shows the spalling that occurred due the vertical skew in the beam. 

 

 
Figure 4.33. Spalled corner of Beam AAC1-2. 

 

Total shear versus beam displacement at midspan data are shown in Figure 4.34 for the 

shear beams. The deflection predictions were close to the measured deflection of the shear beams 

during testing, except for Beam AAC2-3 because it failed at a much higher load than the other two 

shear beams. Beams AAC2-1, AAC2-2, and AAC2-3 were predicted to deflect 0.58 cm (0.23 in.) 

at their predicted maximum applied shear of 128 kN (28.7 kips). They deflected 0.94, 0.64, and 1.7 

cm (0.37, 0.25, and 0.68 in.) before failure at 127, 124, and 185 kN (28.6, 27.8, and 41.5 kips), 
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respectively. The actual deflection of beam AAC2-1 was possibly lower than measured because 

the actuator LVDT measured 38.3 and 19.2% higher deflections than the string pot measurements 

for Beams AAC2-2 and AAC2-3. Using those percentages, the actual deflection of Beam AAC2-1 

may have been between 0.69 and 0.79 cm (0.27 and 0.31 in.), which is reasonable because that 

beam had a slightly higher maximum applied shear than Beam AAC2-2. The deflection of Beam 

AAC2-3 was higher because it had a higher maximum applied load than Beams AAC2-1 and 

AAC2-2.  

 
Figure 4.34. Shear capacity predicted with ACI 318-14 and the maximum applied shear including 

self-weight for the AAC beams tested in the shear setup.  
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Chapter 5   Conclusions and Recommendations 

Climate change is an increasingly urgent and complex issue that must be addressed quickly 

and efficiently. There is a broad spectrum of human activities that contribute to climate change, 

and portland cement production is known to be one of the largest contributors from the industrial 

sector. While the concrete industry has made significant headway in reducing carbon emissions 

since the 1970s, there is still a long way to go. If the construction industry continues to produce 

and use portland cement-based concrete, even when pozzolans are regularly included at 30% 

replacement level or more by mass, very little progress will be made in reducing overall emissions. 

More drastic changes must be considered. 

The World Economic Forum lists “lower-carbon cements” as one of the top ten emerging 

technologies in 2020 (World Economic Forum, 2020). Many of these lower-carbon cements, most 

of which are alternative cements, have the potential to help reduce carbon emissions associated 

with concrete. However, many concrete applications are directly related to life safety and require a 

very high level of confidence and reliability before being considered for use. Portland cement is 

well understood and has experience and historical data from over 200 years of use to support its 

behavior. All the building codes for reinforced or prestressed concrete are written with a portland 

cement binder in mind, and at this time, nearly all ASTM International standards and specifications 

have been written solely for portland cement concrete. For an alternative cement to be accepted 

and considered for use in real-life applications, a greater understanding of the chemical, physical, 

mechanical, and structural properties of that cement must be attained.  

Much of the research on alternative cements presented in the literature focuses on the 

chemical and physical properties of alternative cements. Data on the actual fabrication and 

structural performance of full-scale alternative cement concrete specimens is limited but incredibly 

vital to the development of these binders. It is crucial that researchers understand the limitations 

that exist for fabrication, placement, and construction to accurately develop and design these 
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cements. 

This research investigated the feasibility of using alkali-activated concrete with a binder 

made of high calcium fly ash, sodium hydroxide, and sodium silicate to make precast, prestressed 

concrete members within the typical constraints of a regional precast plant (Molin Concrete 

Products). Alkali-activated concrete is one of the most promising alternative cements in 

development today. Extensive small-scale research has been conducted on alkali-activated binders 

and AACs to better understand the chemistry and reaction mechanisms, but more large-scale 

research is needed for it to be considered feasible at a commercial scale.  

Many mixture parameters can be manipulated (e.g., type of precursor, activator 

concentration and compositions, mixing procedure, water-to-solids ratio, etc.) to change the 

properties and performance of the final AAC product. Over 40 combinations of mixture 

proportions, procedures, and curing conditions were tested while developing the mixture design for 

this project. The most suitable mortars were scaled up to produce concrete cylinder samples in the 

lab while mimicking the curing conditions used at the precast plant in this research. In the lab, the 

concrete could be cured in an oven where the desired temperature could be reached quickly, easily 

maintained, and was consistent throughout the specimen geometry. At Molin, no such oven existed, 

and many questions arose regarding the efficiency and accuracy of the heated beds.  

Heat modeling was conducted in Ansys to better understand the influence of different 

curing conditions on the rate of heat transfer within the beams. Specifically, the location in the 

specimens that took the longest to reach the desired temperature was of interest because that was 

the area that would develop the lowest compressive strength. The models showed that using forced 

air heaters in the curing setup could potentially reduce the amount of time it took to reach the 

specified curing temperature, which could increase the overall compressive strength of the AAC.  

Data from the Ansys models, data from concrete cylinder batches made in the lab, and 

information from other studies on precast alkali-activated concrete were gathered prior to making 

the precast, prestressed PCC and AAC beams at the precast plant. The PCC beams were used as 
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controls to verify the design accuracy of the AAC beams, which were designed using code 

equations developed for PCC. 

The results of this research highlighted the challenges of designing and developing alkali-

activated concrete for use in precast components. Although some of the structural data confirmed 

that AAC can be designed using code equations, the data were inconsistent. Additional research is 

needed to realize the full potential of AAC by making improvements to the design and fabrication 

procedures. The following sections summarize the observations, conclusions, and future 

investigations that are recommended based on this research. 

5.1 Materials Selection and Mixture Design 

Fly ash is commonly used as a precursor in AAC research and was the precursor used in this 

project. However, fly ash supplies are dwindling as coal power plants continue to shut down 

worldwide. Other pozzolans could have been tested, but the availability of fly ash at Molin made it 

the most logical pozzolan to use in this project. In future research, other aluminosilicates such as 

ground glass or natural pozzolans should be considered. Many of the methods used in this research 

can be applied to other AAC mixtures utilizing different precursors. Ground glass could be an 

attractive option because there is a lot of waste glass around the world. However, glass-based AACs 

generally require even higher curing temperatures than fly ash-based AACs due to their lower 

calcium contents. Reaching and maintaining an optimal curing temperature of at least 60°C (140°F) 

(Strydom and Swanepoel, 2002) was challenging in this research using only the heated beds, so 

precast plants may need to upgrade to ovens or heated beds capable of producing higher 

temperatures. The forced air heaters used during the PCC curing in this research could be used in 

conjunction with the headed beds in future research to explore if higher temperatures could be 

achieved. 

Natural pozzolans such as calcined clay, metakaolin, or rice husk ash may offer a more 

attractive alternative if temperatures above 60°C (140°F) cannot be achieved. Natural pozzolans 
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have been shown to possess a wide variety of compositions, some with high enough calcium 

contents that may reduce the need for higher curing temperature. Additionally, binary or ternary 

blends of precursors should also be investigated. If the composition of the precursors is known, it 

may be possible to blend materials to reach specific stoichiometric compositions more conducive 

to the curing time and temperatures available at a precast plant. Furthermore, combinations of 

portland cement and alkali activated binders have also been shown to be successful in some 

applications and should also be investigated. However, this combination is not the most attractive 

solution because it would keep portland cement in the mixture design, but it would have a higher 

pozzolan replacement rate than current typical PCC mixture designs. One problem with using 

multiple precursors, however, might be the added cost of purchasing additional silos for material 

storage and equipment to convey the materials to the plant. 

In addition to considering new precursors, more focus on activator selection should be a 

concentration for future research. Some activators require a lot of energy to produce, so they could 

possess a high carbon footprint depending on the electricity source used during production. If 

possible, activators produced using renewable energy should be selected to keep the carbon 

footprint as low as possible. 

Activators should also be evaluated for safety; liquid sodium hydroxide stored in high 

concentrations can be dangerous if a spill occurs. In this research, solid sodium hydroxide was used 

in the precast AAC batches instead of sodium hydroxide in solution. This was done because it was 

easier to manage and safer to use, even though laboratory testing showed that using solution instead 

of solid sodium hydroxide could increase the initial compressive strength of AAC by 4.83 MPa 

(700 psi) regardless of curing time. Mixture designs using lower concentrations of sodium 

hydroxide should be investigated; safe storage and handling methods should always be used. 

More research should investigate ways to reduce the water-to-solids ratio and increase the 

workability of the final mixture described herein. The method that had the most positive impact on 

improved workability in this research was mixing the aggregates and fly ash prior to adding the 
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liquids and activators (other procedures may mix the paste prior to adding the aggregate). Studies 

reported in the literature provide additional options to increase workability. Superplasticizers were 

used in a few studies, but the results of the studies varied (Chindaprasirt et al., 2007, Noushini et 

al., 2016, Pasupathy et al., 2018). Additional research should be conducted using superplasticizers 

to get accurate information for this mixture design. Aggregate packing following the Fuller-

Thompson gradation curve can also increase workability (Gadkar and Subramaniam, 2021) and 

should be studied in future research. 

Another type of chemical admixture that may be considered is a retarder. In this project, 

even with extra water added, the finished surfaces of the AAC beams were quite rough compared 

to the PCC beams because the set time was too short to fully finish the beams. Some mortar 

mixtures developed early in this research were ruled out because they set up in less than 45 minutes, 

but research is still needed to increase the set time. The desired set time of 45 minutes used in this 

research should be increased to at least one hour in future research to allow time to fully place and 

finish the AAC. A variety of materials have been used that act as retarders for AAC (Yost et al., 

2013b, Wang et al., 1995, Shi et al., 2019, Rattanasak et al., 2011). Shi et al. (2019) reported that 

organic retarders worked better than inorganic retarders for AAC made with a high-calcium 

precursor. 

5.2 Precast, Prestressed AAC and PCC Beam Fabrication and Curing  

When scaling an AAC mixture from lab batch sizes to precast production, there are many 

planning steps that should be considered to ensure a successful product. Material storage areas 

should be prepared and clearly designated for the AAC precursor and activating chemicals if they 

are not part of an automated batching process. Safety and efficiency could be improved by 

automating the batching of the materials like what is currently done for PCC materials, which 

would minimize handling of the caustic activators. If precast plants make both PCC and AAC, it is 

important that the mixers be cleaned out before and after switching between AAC and PCC to avoid 
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cross-contamination of materials. The main concerns are that residual portland cement would cause 

the AAC to set up too quickly, and leftover alkalis from the activators in AAC could negatively 

affect PCC. 

Some standard methods used for PCC production may not be suitable for AAC and not all 

ASTM International procedures directly translate to AAC, although many do. One of them that is 

not completely suitable is ASTM C192 (ASTM International, 2019), which specifies a mixing 

procedure for PCC. Multiple mixing procedures were considered in this research and Mixing 

Procedure 3, which produced the best fresh and hardened properties, was selected for precast 

production. Mixing Procedure 3 was like the procedure required by ASTM C192, but it had a 

slightly different order and a longer total mixing time. Another standard method that may not be 

suitable for AAC is ASTM C143 (ASTM International, 2020b), which is referenced while 

measuring concrete slump. Some AAC mixtures are more viscous than PCC but are still workable 

enough to easily consolidate and finish. The high viscosity can result in a misleading low slump 

value. New standard methods should be developed for mixing and testing fresh properties of AAC 

materials, even if they focus on performance-based rather than prescriptive methods. 

Mixing procedures for AAC generally require more time than typical PCC procedures. 

Molin makes new PCC batches every few minutes during normal production, so shorter AAC 

mixing procedures that yield high-quality AAC should be investigated to maintain efficient 

production. It is also important that quality control measures such as slump and air content 

measurements be performed for new precast AAC mixtures. These tests were not performed in this 

research, but they would have been useful. 

During the first several hours of curing the AAC beams in this research, one end of the 

insulated blanket was not fully closed, which exposed one beam to the ambient air. This misstep 

kept the curing enclosure from reaching optimal temperatures, which likely changed the failure 

mechanism of the beam from flexure to shear. Moisture control was also neglected for the AAC 

beams; the PCC at Molin is covered by a plastic sheet to maintain moisture while curing, but this 
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was not done for the AAC specimens. More detailed planning could have avoided these mistakes.  

It would have been useful to use forced air heaters in the first few hours of heat curing to 

quickly bring the curing enclosure to desirable temperatures. Forced air heaters should not be relied 

on solely for heat curing however, because they will run out of fuel after several hours. They would 

require refueling outside of typical operating hours to use consistently, which is inconvenient and 

would result in additional labor costs. Ansys models showed that another method to increase the 

rate of heat transfer to the beams could have been to increase the air speed in the curing setup if the 

ambient air was warmer than the beams. Fans and torpedo heaters, combined with the heated bed, 

could increase airflow and heat transfer to the beams.  

Before testing an AAC mixture that requires heat curing at a precast plant, preliminary 

temperature tests should be conducted to confirm curing temperature capabilities. If covered heated 

beds are used and the ambient conditions are warmer than the beams, fans could help increase the 

rate of heat transfer through the beams, which would likely result in increased compressive strength 

and better structural performance. 

5.3 Mechanical and Structural Properties of AAC 

The structural performance of the full-scale precast, prestressed AAC beams was accurately 

predicted using ACI Committee 318 (2014) methods for some, but not all beams. Several 

simplifications, sacrifices, and mistakes were made in this research to allow for easier precast 

production. The precast, prestressed AAC specimens had a much higher water-to-solids ratio than 

specified in the mixture design (0.48 and 0.50 at the plant compared to 0.41). A minimum water 

content was specified before production, but no maximum was determined and clearly relayed to 

the batch operator at the plant. This was likely the largest factor that contributed to the low 

compressive strength of the AAC beams. If the AAC mixtures made at the plant behave similarly 

to mortar mixtures with comparable water-to-solids ratios made in the lab, the higher water-to-

solids ratios could have resulted in around a 33% reduction in concrete compressive strength at 
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release. Although the AAC had good workability, the extra water was not worth the decrease in 

strength. Mixture designs in the future should be more specific and strictly followed. 

Modulus of elasticity values were 11 and 12% lower than expected for AAC and PCC, 

respectively. Yost et al. (2013a) and Hardjito et al. (2005) also reported that observed modulus of 

elasticity values for AAC were lower than code predictions. The lower modulus of elasticity values 

correlated with the observed deflections, which were 110 to 580% larger than expected for all the 

beams. However, the variation in observed deflections was much larger than the variation in 

modulus of elasticity. Splitting tensile strength of the AAC was 3.6% lower than predicted, which 

correlated with the 1.4 to 4.1% lower than predicted shear strengths of most of the shear-critical 

AAC beams. 

A few precast, prestressed beams did not behave as predicted. The structural behavior of 

Beams AAC1-1 and PCC2 could be explained, but no confident explanation was reached for the 

high shear strength of Beam AAC2-3. Beam AAC1-1 was designed to fail in flexure, but it failed 

in shear because one end was not properly cured and had low compressive strength. Beam PCC2 

had higher concrete shear strength than anticipated, which caused it to fail in flexure instead of 

shear; it had a similar flexural strength to Beam PCC1. Beams PCC1 and PCC2 had flexural 

strengths that were 7.8 and 5.9% higher than the flexural strength predicted by ACI 318-14, 

respectively. Although three beams did not behave as expected, two of them had logical 

explanations for why they were different. 

5.4 Economy and Environmental Impact 

There is a definite need for more detailed information regarding what the actual cost of mass-

produced AAC would be compared to PCC; a market analysis of who would want to buy products 

made with AAC is also needed. Previous economic analyses concluded that AAC costs between 

one and three times the cost of PCC, but waste-based activators or less pure activators could provide 

financial relief (Tempest et al., 2015, Pacheco-Torgal et al., 2017). It is unknown what the cost of 
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activators of lower purity and at bulk pricing would be, but it is something that should be 

investigated. Additional indirect costs would be incurred for the initial equipment purchases that 

precast plants would need to make. Silos to store new materials, additional storage areas, and 

upgrades to heated beds and ovens are just a few of the costs that should be considered. The AAC 

would likely need to be produced at the market price of PCC for it to move forward to commercial 

production. 

Once the costs to make AAC are known, the market for AAC products needs to be 

determined. Customers could be willing to pay more for a product that is environmentally superior 

to PCC, but the question of how much more they would be willing to pay remains. The concrete 

product type also needs to be considered when conducting market research; there may be a larger 

market for one specimen type (e.g., beams, columns, slabs, wall panels, etc.). A third-party 

verification of the environmental impacts of the products should be conducted, and an 

environmental product declaration (EPD) should be developed. This would likely help with 

marketing this type of material to an industry segment that is interested in going green. 

The main difference between AAC and PCC is that AAC uses no portland cement. Instead 

of carbon heavy portland cement, precursors that often include industrial or commercial byproducts 

or waste materials are typically used in combination with alkali activators to create the binder. The 

replacement of portland cement with what is often considered to be a low- to no-carbon precursor 

is the main reason why many view AAC as being an environmentally superior choice to PCC. 

While this is typically true, alkali activators are often cited as the largest contributors to the carbon 

footprint of AAC. The carbon footprint of the activators depends on a wide variety of factors, 

including where the activators were produced, what type of energy was used to produce them, what 

raw materials were available, how much transportation was required, and what processes were used 

to create the activators. These factors make it very difficult to put an exact number on the carbon 

footprint of AAC. In addition, when comparing PCC and AAC, it is difficult to account for 

differences between production and distribution of a well-established material (PCC) compared to 
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a new-to-market material (AAC). Upfront costs and associated carbon emissions or energy usage 

for new or altered equipment and additional storage are difficult to assess. 

Many challenges remain for alkali activated concrete to reach commercial production. 

However, the potential environmental benefits show promise for this construction material. This 

research confirmed that it is possible to make AAC using current technology available at precast 

plants, but further testing is needed for widespread commercialization. The world needs more 

ecofriendly building products that are both sustainable and resilient to combat climate change. 

Alternative cement concretes will likely play a large role in reducing the human impact from 

concrete on the environment and the implementation of these materials will hopefully result in a 

more sustainable future.  
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Appendix A Sample Calculations for Structural Capacity of 

Precast, Prestressed Beams 

Flexure Beam Calculations
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Shear Beam Calculations
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Appendix B Shop Drawings for Precast, Prestressed Beams 

 
Figure B.1. PCC beam shop drawing for flexure testing. 
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Figure B.2. PCC beam shop drawing for shear testing. 
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Figure B.3. AAC beam shop drawing for flexure testing. 
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Figure B.4. AAC beam shop drawing for shear testing. 
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Appendix C Beam Testing Photos 

 
Figure C.1. Shear failure at the support of Beam AAC1-1. 

 

 
Figure C.2. Flexural cracks at the midspan of Beam AAC1-1 after shear failure at the support. 
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Figure C.3. Flexural failure and crack pattern of Beam AAC1-2. 

 

 
Figure C.4. Shear failure and crack pattern of Beam AAC2-1. 

 



 

144 

 

 
Figure C.5. Shear failure and crack pattern of Beam AAC2-2. 

 

 
Figure C.6. Shear failure and crack pattern of Beam AAC2-3. 
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Figure C.7. Flexural failure and crack pattern of Beam PCC1. 

 

 
Figure C.8. Flexural failure and crack pattern of Beam PCC2 designed for shear failure. 
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Appendix D String Pot Troubleshooting 

The string pot setup in this research did not work properly after setting it up following the 

instructions from Herberg (2018). There were two main issues found, which were two bad fuses 

and a bad cable. This appendix explains some troubleshooting checks to make when the string pot 

does not function after proper installation. 

Check 1: Check for a Bad Cable 

There are extra cables in the gray cabinet where the string pots are stored. Find one and 

switch it with the cord that is plugged in. Follow the instructions from Appendix A in Herberg 

(2018) to connect the new cord. It does not include how to disconnect a cable, so follow the 

instructions in reverse order to disconnect the cable. 

Check 2: Check for Bad Fuses 

1. Find a multimeter. 

2. On the back of the Shore Western computer, locate the unit where the string pot is 

connected. See Figures D.1 and D.2. There should be 8 total ports on this unit which are 

labeled EXC 1 to EXC 8.  

3. Locate and remove the screws in each corner of the unit and remove the unit.  

4. Once removed, locate the port the string pot is connected to. In Figure D.2, the string pot 

is connected to EXC 6 (labeled EXC F inside the unit). 

5. There are two brown fuses for that port. One is labeled VDC 1 and the other is labeled 

VDC 2. Take note of their location on the board and flip it over. 

6. Locate where the fuses are connected to the board. There should be two pins at each fuse. 

7. Make sure the test leads connected to the multimeter are in the proper locations. The black 

test lead should plug into the COM port and the red test lead should be in the resistivity 

port with the ohm symbol (some multimeters have a combined port to measure ohms and 

voltage, and some have separate ports for each). 
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8. Set the multimeter to the diode test, which looks like an arrow pointing to a perpendicular 

line. You can also set it to measure resistance (ohms). 

9. Test one fuse location at a time. Place one test lead on one of the fuse pins and the other 

test lead on the other fuse pin.  

10. If you get any reading, the fuses are good. If there is no reading (same as when the test 

leads are not connected to anything and not touching each other), the fuse is blown. 

11. Check the other fuse by repeating steps 9 and 10. 

12. If a fuse is blown, it will need to be replaced with a new one. 

Check 3: Additional Cable Checks 

1. You will need a multimeter for these checks. See step 1 of Check 2. 

2. Make sure the test leads connected to the multimeter are in the correct location to test 

voltage. See step 7 of Check 2 for more information. 

3. Keep the string pot cable connected to everything and make sure the computer is running 

to supply voltage. 

4. Check for voltage in the string pot connection end of the cable by placing the positive test 

lead in the hole labeled “A” and the negative end in “B”. It should read the same as the 

supplied power, which in this testing case was 24V. If there is no power reading, there is a 

power issue either in the computer (could be a fuse) or the cable.  

WARNING: Be careful to not touch anything other than these two locations. 

Touching anything else can short the connection and blow a fuse. 

5. Find the wire leading from the string pot cable to the NI SCXI-1327 high-voltage attenuator 

terminal block. See Herberg (2018) for details. 

6. Check for a power output to the National Instruments equipment. Once the panel on the 

attenuator terminal block is removed, place one test lead on each screw holding the positive 

and negative wires in place. See Figure D.3 for these locations. 
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7. If the multimeter gives a voltage reading somewhere near the range of 5V and -5V, it is 

probably functional. 

8. To further check this, move the string on the string pot fully outward and back in while the 

test leads are still connected to the screws in the attenuator terminal block. The voltage 

should fluctuate between 5V and -5V while doing this. If not, there is a power issue either 

in the computer or the cable. It probably will not be exactly these values, but somewhere 

near them (plus-or-minus 0.5V or so). 

Note: If the Shore Western software was open while fixing any issues, it needs to be 

restarted. Otherwise the string pot will not be recognized by the program. 

 
Figure D.1. Back of the Shore Western computer. 
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Figure D.2. Unit for LVDTs and String Pot. 

 
Figure D.3. Wire connections to the attenuator terminal block. 

 


