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EXECUTIVE SUMMARY  

Background 

Traditional predictive relationships between the behavior of portland cement concrete and 

the properties of its constituent materials are largely derived from physical, empirical testing 

programs. Physical testing of concrete for quality assurance or experimental research requires 

substantial time and labor, and empirical relationships derived from the resulting data become 

less precise when applied to materials not included in the original experiment. Models which 

simulate the hydration of portland cement aim to provide a direct link between measured 

material characteristics and concrete performance metrics without resource intensive testing 

programs. A number of models exist [1]; however, the Virtual Cement and Concrete Testing 

Laboratory (VCCTL) possesses the ability to predict the results of common quality control tests 

for cement, mortar, and concrete, making it readily applicable to real problems in concrete 

mixture design. 

The VCCTL is capable of simulating the physical properties of cementitious materials, 

including early-age properties such as heat of hydration, temperature rise, and time of setting. 

Additionally, the model simulates the physical and mechanical properties such as compressive 

strength and modulus of elasticity, and values of bulk diffusion and conductivity to estimate 

durability. Virtual simulations of 28-day properties typically require less than two hours to 

complete. The VCCTL requires different input properties for the material constituents of cement 

paste, mortar, and concrete. Chemical and physical properties are required for cementitious 

binders, mechanical properties for aggregate, and the relative proportions of each determined 

based on the mixture design. The ability to quickly and accurately predict properties of concrete 

that would normally require significant labor and extended periods of time to obtain has a 

number of potential benefits. The cost and risk associated with development of new mixture 

designs would fall, incentivizing performance-based mixture design. Increased confidence in the 

performance of concrete would allow for a reduction in overdesign, while potentially enabling a 

reduction in the amount of cement required for a given mix, improving the sustainability of the 

mixture by minimizing the CO2 emissions. 

Research Objectives 

The objectives of the research detailed in this report were diverse; however, the overall 

goals of the project related to investigation of the capabilities and limitations of the model with 

respect to practical implementation, as well as implementation of new computational techniques 

to improve or expand the capabilities of the VCCTL. These goals included the following specific 

initiatives 

¶ Validate the VCCTL in the context of Cement and Concrete Reference Laboratory 

(CCRL) proficiency testing 

¶ Integrate the VCCTL with finite element modeling of temperature rise in mass concrete 

structures 

¶ Investigate performance when modeling chemical and mineral admixtures 

¶ Develop improvements for modeling chemical and mineral admixtures 
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¶ Develop applications integrating the VCCTL with high performance computing resources 

at the University of Florida 

¶ Apply advanced optimization techniques to analyze the behavior of the VCCTL and 

select optimal cement chemistries and mixture proportions  

¶ Investigate applications of machine learning for partial replacement of VCCTL 

functionality 

¶ Investigate the applications of the VCCTL to prediction of durability parameters 

Main Findings 

The main findings of this study are summarized as follows: 

¶ It is feasible for FDOT to use the VCCTL to participate in the CCRL proficiency sample 

program without performing heat of hydration testing or mortar compressive strength 

testing. The results of this research indicate that if this was implemented, virtual 

laboratory scores would exceed those of a majority of participating labs. 

¶ The accelerating or retarding effects of admixtures can be simulated to a limited degree 

with the VCCTL by calibrating the time scale of simulations using heat of hydration 

curves obtained from pastes incorporating those admixtures 

¶ VCCTL simulations of adiabatic temperature rise for portland cement concrete can be 

used as input for finite element thermal modeling of mass concrete structures 

¶ VCCTL predictions of properties related to durability correlate well with measured 

results of surface resistivity, and generally obey trends expected based on observations 

reported in literature 

¶ The implementation of VCCTL in a high performance computing environment enabled 

comprehensive evaluation of the behavior of the model with respect to ordinary portland 

cements and binary mixtures through enumeration of more than 500,000 unique 

simulations 

¶ Multi -objective optimization techniques developed using enumerated simulation data 

enable rapid determination of ideal cement chemistries when user-specified constraints 

on elastic modulus, time of set, and CO2 emissions are provided 

¶ The default capabilities of the VCCTL with respect to pozzolanic materials do not 

accurately predict compressive strength for binary mortars; however, by implementing 

and training machine learning algorithms using enumerated data, it is possible to predict 

compressive strength with high accuracy 

Recommendations 

Based upon the findings from this study, the following recommendations are suggested: 

¶ Implement a virtual cement proficiency testing program side by side with existing 

physical testing programs 

¶ Develop Virtual Testing Specifications for virtual ASTM C109 mortar testing and virtual 

ASTM C1702 heat of hydration testing based on the procedures detailed in Chapter 3 

¶ Conduct Virtual Testing in parallel with FDOT mixture qualification testing, using only 

X-ray Fluorescence and Laser Particle Size Analysis data for cementitious material inputs 
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 INTRODUCTION  

1.1. Background 

The Virtual Cement and Concrete Testing Laboratory (VCCTL) is a computer modeling tool 

intended to develop and integrate state-of-the-art computational materials science tools into a 

user-friendly software interface used to model concrete at the microstructural level. The 

significance of computer modeling of the concrete microstructure is intended to eliminate much 

of the time and labor associated with the development and testing of new mixture designs in the 

laboratory setting. 

The potential for the VCCTL to be used as a time and labor saving tool is considerable; however, 

the capabilities and limitations of its functionality remained largely unexplored until recently due 

to the complex sample preparation and analysis procedures required to obtain model input data 

for portland cement. A recent exploratory research program (FDOT Project No. BDK-75-977-

73) at the University of Florida has developed and refined these cement characterization 

techniques, improving upon those originally developed by the National Institute of Standards and 

Technology (NIST), and provided insight into the current capabilities and limitations of the 

VCCTL. This research focused on the core functionality of the program; several of the more 

advanced features have yet to be investigated, and as the details of the programôs functionality 

became clearer, possible applications that were not originally considered emerged. 

There also exists the potential to integrate the programming underlying the VCCTL into a 

broader optimization program, which could potentially optimize multiple desirable 

characteristics of concrete (cost vs. strength, early-age strength vs. long-term durability, cement 

content vs. heat release, etc.). This would require computational resources capable of running 

many simultaneous simulations.  

While the current practicality of the VCCTL is somewhat limited, there is potential, with 

continued research and development, to dramatically increase its effectiveness at tailoring 

properties through intelligent mix design, developing performance-based specifications, and 

predicting durability. Since most of the work can be done virtually by the VCCTL software, 

considerable time and effort in the laboratory would be saved. 

1.2. Research Objectives 

The research project will utilize materials that have been previously studied (to verify the 

validity of the VCCTL software), as well as materials specific to Florida, and material used in 

FDOT-specified mixture designs. The proposed research will investigate the use of the VCCTL 

software with respect to the analysis and prediction of behavior of cementitious concrete 

materials. The main objective is, using VCCTL, to develop methods, precision, and limitations 

relating to intelligent portland cement concrete mix design, using raw materials typically used in 

Florida Department of Transportation mix designs. Efforts will be made to incorporate the 

development of performance-based specifications and durability predictions.  
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 LITERATURE REVIEW  

2.1. Introduction  

Hydration of portland cement is an exothermic chemical reaction between the cement 

particles and water which involves the liberation of heat during the hardening process. When 

portland cement is mixed with water, the constitute compounds undergo a series of chemical 

(hydraulic) reactions responsible for the eventual hardening of concrete. The rate of hydration 

and resulting products are governed largely by the relative concentrations of the four major 

constituents of portland cement: alite (C3S), belite (C2S), aluminate (C3A), and ferrite (C4AF). 

For strength development, the calcium silicates provide most of the strength in the first three to 

four weeks though, both C3A and C2S contribute equally to ultimate strength [2]. Several 

methods are available to evaluate the progress of cement and hydration in hardened concrete 

such as measuring the heat of hydration, degree of hydration, compressive strength, etc. In 

regards to the formation of the calcium silicate hydrate (C-S-H) structure, which constitutes the 

hardened cement paste, the major constituents of portland cement, C2S hydrates in a similar 

manner to C3S; however, C2S hydrates at a slower rate. Consequently, the amount of heat 

liberated by the hydration of C2S is also lower than the amount of heat liberated by C3S [3]. In 

consideration of the portland cement constituents and the hydration of cement, a considerable 

amount of energy is spent in the manufacturing processes. In order to limit the greenhouse gases 

emission into the atmosphere and reduce costs of materials, conservation of energy becomes 

important. For sustainability purposes, the embodied energy or the energy consumed by all of the 

processes associated with the production of a material becomes an important factor. This is due 

to the direct relationship between the embodied energy and carbon content [4,5]. 

In summary, each of the cement compounds have different roles to play in the hydration 

process. By changing the proportion of each constituent compound and adjusting other factors 

such as grain size, it is possible to make different types of cement suitable for various 

construction and environment needs. 

VCCTL uses data from real materials to create a virtual cement and concrete model, from 

which physical (thermal, electrical, diffusional, and mechanical) properties can be obtained using 

finite difference, finite element, and random walker algorithms. In general, three steps are 

conducted inside the software to achieve the material properties [6]. The model first creates a 3D 

microstructure of a portland cement paste input data including material and environmental 

properties. Among all the data, volume and surface area fractions of the four major cement 

phases (alite, belite, aluminate and ferrite) are obtained via X-ray powder diffraction, scanning 

electron microscopy and multispectral image analysis [7]. Then VCCTL simulates the process of 

hydration by applying rules obtained from the observed hydration kinetics and thermodynamics 

of portland cement. Once the hydration is complete, physical properties are calculated based on 

finite element analysis of the microstructure [7].  
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2.2. VCCTL Structure and Function  

The process of creating, hydrating and analyzing a cementitious microstructure using the 

VCCTL involves multiple discrete executables, invoked by an overarching user interface. The 

VCCTL interface serves the primary function of allowing the user to conveniently run individual 

simulations, and provides simple functionality to perform the following tasks: 

1. The definition, selection, and modification of virtual materials and their essential 

properties 

2. Specification of the proportions of mixtures (cement, mortar, and concrete) and spatial 

properties (dispersion, flocculation, real particle shapes, size) of the virtual 

microstructure 

3. Creating and viewing the initial, unhydrated virtual microstructure 

4. Definition of the characteristics of the virtual environment (curing conditions, thermal 

environment), data output schedule, and length for the virtual hydration 

5. Simple plotting of virtual hydration results (heat evolved, setting phenomena, degree of 

hydration) 

6. Analysis of mechanical (elastic modulus) and transport (bulk conductivity) properties of 

hydrated microstructure 

 

The tasks enumerated above can be broken simply into two categories: defining of inputs, as well 

as the parsing and displaying of outputs. The user interface provides a simple way to accomplish 

these tasks; however, the computational work required to build, hydrate and analyze virtual 

microstructures is executed independently of the interface itself. The tasks of initial 

microstructure creation, microstructure hydration, measurement of elastic properties, and 

measurement of transport properties are each performed by a separate executable. The input-

output structure of the executables is outlined in a flow chart, Figure 2-1, followed by detailed 

explanations of each phase of simulation and the relevant inputs and outputs. 

2.3. Initial Microstructure Creation  

The task of building an initial, unhydrated virtual microstructure, outlined in the first 

column of the flow chart in Figure 2-1, is performed by the executable genmic.exe [8]This 

program uses measured, physical and chemical properties of the real cement being simulated as 

well as user defined inputs that change how the microstructure is virtually constructed from 

measured properties. The two types of inputs are defined, for the purposes of this research, as 

material property inputs, and process control inputs. 
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Figure 2-1. VCCTL Structure Flow Chart
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2.3.1. Material/Environmental Property Inputs 

Cement Composition Inputs 

The most important input parameters  required by the VCCTL software are the volume 

and surface area fractions of the four major chemical phases of portland cement, which include 

alite (C3S), belite (C2S),  aluminate (C3A),  and ferrite (C4AF),  as well as the alkali and sulfate 

phases. The volume fractions can be obtained via powder x-ray diffraction; however, acquisition 

of surface area fraction data is more intensive, involving scanning electron microscopy and 

multispectral image analysis. The process ultimately results in a false color phase map, from 

which the volume and surface area fractions of each phase are measured using the MicroChar 

utility published by NIST [9]. 

The segmented phase map used to measure phase volume and surface area fractions also 

provides a representation of the spatial distribution of the different clinker phases. This 

information is characterized by measuring the isotropic two-point correlation function for each 

phase, which describes the probability that two given pixels will be of the same phase over a 

range of distances. This information enables the virtual microstructure to emulate the spatial 

distribution of clinker phases in the characterized cement.  

 

Figure 2-2: Cement Particle Size Distribution 
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The particle size distribution of the cement is measured using laser particle size analysis, 

and is required by GENMIC to accurately reproduce the range of particle sizes present in the 

cement being simulated. This technique measures the diffraction of light scattered by particles as 

they pass through a laser beam [10]. Particles are measured until the size distribution no longer 

changes. A typical particle size distribution is shown in Figure 2-2. 

Gypsum Phase Mass Fractions 

Calcium sulfate in the form gypsum is interground with cement clinker to produce 

portland cement, which is done to prevent the flash set of C3A during hydration. A portion of  

gypsum converts to anhydrite and hemihydrate due to residual heat during the grinding process 

[11]. All three of the calcium sulfate phases influence the early-age behavior of cement; the 

relative mass fraction of each is critical for accurate simulations [8]ASTM 1365 provides a 

procedure for acquiring mass fraction data via X-Ray diffraction for all crystalline components 

of portland cement including the calcium sulfate phases [12].  

Cement Paste Properties 

In addition to the material properties of the cementitious materials , the specific 

characteristics of the cementitious paste are required by GENMIC. The most important of these 

is the water to cementitious materials ratio; however, there are also options to add other materials 

including pozzolans and fillers such as limestone or quartz.  

Process Control Inputs 

The process control inputs for initial microstructure creation are optional, and responsible 

for performing certain operations on the microstructure that are intended to result in more 

realistic simulations. These options include provisions to use more realistic particle shapes than 

the default spherical option, as well as ways to account for the stearic effects of different types of 

admixture. The size of the microstructure image being created is a process control option as well, 

with the voxel resolution set at one cubic micron per voxel. 

Cement Particle Shape Data 

The VCCTL software builds the digital microstructure using spherical particles, though it 

also has provisions for the use of real cement particle shapes. These particle shapes are obtained 

using x-ray computed microtomography scans of real cement particles, which are then 

individually modeled using a spherical harmonic analysis of the particle surface. This process is 

effectively the application of Fourier decomposition to a spherical polar coordinate system, and 

characterizes the aggregate surface as a set of line segments with varying radii, emanating from 

the center of mass at angles ɗ and ű [13].  The spherical harmonic characterization of the particle 

can then be used to reconstruct the particle virtually with arbitrary size and orientation [14].  A 

database of shape data for several different cements is included with the VCCTL. 
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Cement Particle Dispersion 

The VCCTL software provides the option to create a simulation that considers dispersed 

cement particles as it composes the virtual microstructure. This option is provided to simulate the 

mutual repulsion of cement particles that occurs [15] when water-reducing admixtures are 

present. The functional effect of this is that space between particles is more uniform, which can 

result in more accurate simulation of hydration and a corresponding increase in strength [16]. 

The dispersion of particles can be set to 0, 1, or 2, with the values indicating the minimum 

number of pixels separating each particle in the virtual microstructure. This is accomplished by 

surrounding each particle with a false layer of voxels of the same thickness as the specified 

dispersion distance [17]. Following placement of the particle, the false layer of voxels is 

removed. 

2.3.2. Microstructure Creation (genmic.exe) 

Microstructure creation using GENMIC begins with a number of text input files created 

by the VCCTL, most of which simply contain the data described above in its raw format. One 

exception is the particle size distribution. Most portland cements have a significant size fraction 

that is smaller than one micron in diameter. To overcome the one micron resolution limit of the 

VCCTL, a dissolution bias value is calculated, which allows for the placement of one voxel 

particles that dissolve as though they were clusters of smaller particles. The number of one voxel 

particles is calculated to be equivalent to the total volume of particles under one micron in size, 

while the bias is calculated as the ratio of the total surface area of these particles to their total 

volume [11]. This calculation is performed by the VCCTL interface and reported in *.bias file, 

which is one of the text files required by GENMIC. 

The microstructure is created within GENMIC by first defining the microstructure size, 

volume fraction of binder, and volume fraction of water. The program calculates from this how 

many total voxels are available for binder. The user then specifies the numeric index of the phase 

to be placed, as well as the fraction of the binder to be assigned to that phase. There is then a 

prompt for the number of size bins for the current phase, after which the diameter of the class 

and phase volume fraction residing in that class are input for all size classes. All phases are input 

using their corresponding phase identifier, and all size classes in this stage must be 1 micron or 

larger. Notably, clinker is a single phase at this point; the distinction of the clinker into different 

clinker phases occurs later.  

After the definition of the phase size fractions the program calculates how many particles 

of each phase to place based on the number of available binder voxels (Figure 2-3). Particles are 

then placed randomly. Particles are not allowed to overlap when placed; another location is tried 

if a new particle impinges upon one that exists. When particle placement is finished, the two 

point correlation functions for the clinker phases are used to separate the ñclinkerò particles into 

their four constituent phases.  
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Figure 2-3. Virtual microstructure cross-section with corresponding discretized cumulative 

particle size distribution, used to determine volume fraction for each size of placed particle 

The microstructure is then altered to match the volume and surface area fractions exactly 

by changing particle phases to match volume fractions, and moving particles to match surface 

area fractions. Particles are moved based on an analysis of local curvature, which essentially 

looks at the fraction of voxels in the current voxelôs local neighborhood (typically some regularly 

sized cube or sphere) that are porosity [12]. This measure of curvature allows particles of a 

specific phase to be moved to areas of higher or lower curvature to enforce the proper surface 

area fractions. The final step is the placement of the one pixel particles using the file created by 

the VCCTL user interface. The finished microstructure can then be named and saved in a user 

defined directory.  

Output Results 

The only tangible result of the initial microstructure creation phase is the three-

dimensional image (Figure 2-4) produced by genmic.exe. The image can be measured to verify 

that the cement volume and surface area fractions were replicated accurately using a small utility 

called stat3d.exe, which is included with the VCCTL. This utility may be useful for evaluating 

the level of phase concentration variability inherent to the microstructure creation process. 
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Figure 2-4. Microstructure image generated by genmic.exe 

2.4. Hydration Simulation  

The execution of the virtual hydration of the initial microstructure begins with the 

microstructure created by GENMIC, with the different phases of cement, gypsum, and other 

materials that may be present represented as clusters of voxels suspended in voxels of porosity, 

which in this case represent water. The model performs operations on the microstructure using 

rules that are derived from observed behavior of cementitious systems as well as the known 

volume stoichiometry of the portland cement hydration, which is summarized in Figure 2-5. 

These rules are implemented via a cellular-automata algorithm; this type of algorithm operates 

on a two dimensional or three dimensional lattice, and iteratively changes sites in the lattice 

based on their current values as well as the values of neighboring sites [12]. 
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Silicate Reactions 

C3S + 5.3H 
 

C1.7SH4 + 1.3CH 

1   1.34   1.521   0.61 

  

C2S + 4.3H 
 

C1.7SH4 + 0.3CH 

1   1.49   2.077   0.191 

        

Aluminate and 

Ferrite Reactions 

 

C3A + 6H 
 

C3AH  6 

1   1.21   1.69 

      

C3A + 3CSH2 + 26H 
 

C6AS3H32 

0.4   1   2.1   3.3 

  

2C3A + C6AS3H32 + 4H 
 

3C4ASH12 

0.2424   1   0.098   1.278 

  

C4AF + 3CSH2 + 30H 
 

C6AS3H32 + CH + FH3 

0.575   1   2.426   3.3   0.15   0.31 

            

2C4AF + C6AS3H32 + 12H 
 

3C4ASH12 + 2CH + 2FH3 

0.348   1   0.294   1.278   0.09   0.19 

  

C4AF + 10H 
 

C3AH6 + CH + FH3 

1   1.41   1.17   0.26   0.545 

Figure 2-5. Cement phase reactions and volume stoichiometries used as governing parameters 

for cellular automata hydration in the VCCTL [18] 

The initial step in the hydration is dissolution, wherein the microstructure is scanned to 

identify those voxels which are adjacent to porosity, and thus potentially eligible to enter into 

solution. Whether each eligible voxel actually dissolves is determined by two parameters, which 

are unique to each phase. A Boolean solubility flag simply indicates whether the voxel is actually 

eligible to dissolve, and a dissolution probability with a value between 0 and 1. A second pass 

through the microstructure allows all surface voxels to take a one step random walk. If the 

resulting location of the walk lands the voxel in porosity, and the dissolution of the voxel is 

determined to be probable, the voxel enters into solution. A voxel in solution represents a 
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collection of all the ions created by the dissolution of one voxel of the original phase. If the 

resulting location of the random walk is not in porosity, the voxel remains in its original position. 

The voxels of dissolved ions then walk randomly through the porosity, and can interact with 

other voxels in specified ways. The reaction rules are summarized in Figure 2-6, where ñdisò 

represents a dissolution reaction, ñcolò represents a collision with another phase, ñnucò 

represents nucleation of a crystal, and an asterisk indicates a dissolved phase [12].   

 

Figure 2-6. Phase Reaction Rules [12] 

Following the random walk of the dissolved voxels and prior to the next dissolution 

operation (the next cycle) the number of each pixels of each solid phase present is measured. 

This allows for the calculation of the heat released and chemical shrinkage based on the heat of 

formation and total system volume change respectively. Other measurements, such as the 

percolation of solids or porosity in the microstructure, are calculated at the user specified 

intervals specified in the input to disrealnew.exe.  Snapshots of the hydrating microstructure are 

saved to files similar to the initial microstructure GENMIC for analysis to determine mechanical 

properties. 

2.4.1. Hydration Material/Environmental Property Inputs 

Curing Conditions 

The majority of the inputs required for virtual hydration are intended to curing conditions 

of the hydration being simulated. The majority of the options provided define the thermal 

relationship between the hydrating virtual microstructure and the surrounding environment, with 

three different scenarios. In each case an initial temperature of the binder system is required, 

while certain options also need a defined ambient temperature. The initial temperature of 

aggregate, if present, can be defined to simulate the initial effects of a heated or chilled aggregate 

[19]. An isothermal option is provided in which the model keeps the temperature of the system at 

the defined initial temperature indefinitely. There is also a semi-adiabatic option, in which a heat 

transfer coefficient can be defined that regulates the rate of flow of heat out of the virtual 

microstructure. An adiabatic thermal condition is available, in which all heat generated during 

hydration is retained within the virtual microstructure. Lastly, it is possible to specify a time-
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temperature history for the hydration to follow. This option, however, is present in the command 

line execution of disrealnew.exe but not in the VCCTL user interface. This history is defined by 

a time at a certain temperature, followed by a time to ramp to a new temperature and time at that 

new temperature. This format can be specified for many rate steps.  

Additional curing options simulate the effects of water availability for the hydration 

simulation. In the saturated state, the model allows consumed water voxels to be replenished as 

long as their locations have a free path to the borders of the virtual microstructure. This allows 

the hydration to progress with infinite available water until the percolation threshold is reached, 

after which the flow of additional water into the microstructure is not possible [19]. In the sealed 

condition, the model simply does not replenish water voxels as they are consumed, limiting the 

available water to that present in the initial microstructure. As the hydration progresses water is 

consumed staring with the regions of largest capillary porosity. 

Hydration Behavior 

The behavior of the microstructure over time is dependent largely upon the characteristics 

of the virtual cement. Most of these properties are defined as part of the initial creation of the 

microstructure; one exception to this is the activation energy of the cementitious materials being 

simulated. The model takes activation energies for cement, slag, and fly ash as inputs for the 

virtual hydration process. These values can be particularly influential in situations in which the 

temperature of the model is not constant, as the calculated heat released is updated every cycle 

using a version of the Arrhenius equation [19]: 

 
Ὧ Ὡ Ȣ Ȣ Ȣ  2-1 

 

where k is the rate constant, EA is the activation energy of the cement, and Tc is the 

current temperature 

2.4.2. Hydration Process Control Inputs 

Many of the inputs required for the hydration process are not related to the properties of 

the simulation itself, but are instead options given to the user that control how exactly the 

hydration occurs. These options are typically intended to provide additional realism. 

Model Time Calibration 

One of the inherent limitations of the VCCTL is that no information is provided to define 

the specific length of each computational cycle and thus simulate the time domain of the model 

[20]. Each cycle is either set to be a specific fixed length of time, or the time scale of the 

simulation is calibrated based on experimental heat of hydration or chemical shrinkage data. The 

following relationship is used to fit the time of each cycle to experimental data: 
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 ὸ ‍ ὲ 2-2 

Where ɓ is a scaling factor calculated to best fit the experimental data, t is time, and n is 

the number of cycles. The heat of hydration data used to calibrate the time scale does not need to 

extend the entire length of the simulation being performed; a quadratic extrapolation of the heat 

release curve if computed when the time domain extends beyond that of the provided data. 

Previous research by Sant et al. as well as Watts & Ferraro has indicated that this input can be 

critical to providing accurate results for simulation of early-age properties [21,22], and may 

provide the ability to simulate the early-age effects of certain classes of admixture. 

Surface Deactivation 

The surface of the virtual cement particles can be deactivated during the early stages of 

hydration. The model requires inputs for the phase of the particles to be deactivated, the 

percentage of the total surface area of those particles to deactivate, the length of time for which 

they will be deactivated, and the length of time to bring the particles back to full activity. This 

option is provided as a method for directly simulating the effects of certain types of water 

reducing and retarding admixtures, which in many cases are adsorbed onto the surfaces of 

cement particles, reducing the area available for reaction. While this provides a theoretically 

accurate method for simulating the behavior of admixtures, the direct action of most water 

reducers and retarders is not known to the degree of specificity required by the model. 

Data Output Settings 

Much of the useful data produced by the VCCTL is a product of the virtual hydration, 

and while many properties are recorded continuously as hydration progresses, some are 

calculated at user specified intervals. The computation of age specific mechanical properties 

such as bulk conductivity or elastic modulus requires snapshots of the hydrating microstructure. 

The frequency with which these snapshots are created are defined in this step. The amount of 

time to hydrate the microstructure for is also defined in this step, which has implications for the 

time required depending upon whether early-age properties or late-age results are the desired 

outputs.  

2.4.3. Hydration Output Data 

In addition to the microstructure snapshots output at specific times during hydration, 64 

different characteristics of the hydrating microstructure are measured and recorded continuously 

and provided as a tab-delineated text file with the suffix *.data. Of these parameters, 34 describe 

the volume fractions of the cement and hydration products that make up virtual microstructure 

and are reported on a per cycle basis. The other 30 outputs include solution concentrations and 

activities for sodium, potassium, calcium and sulfate, total porosity, fraction porosity, three-

dimensional connectivity of solids, average fraction porosity, pH and conductivity of the pore 

solution, non-evaporable water content, gel/space ratio, temperature of the binder, heat release, 

degrees of hydration for cement and fly ash, and the number of simulation cycles run.  
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Fraction Interconnected Solids 

The fraction solids connected value quantifies the transition of a portland cement paste 

from a viscous suspension of particles to a rigid interconnected matrix, which is the fundamental 

description of the phenomenon of ñsetò. Prediction of this property is useful for estimating the 

required time for different construction techniques, and several critical operations on young 

concrete are scheduled based on the occurrence of setting. Experimental tests for the setting time 

of cement typically adopt arbitrary limits to define ñinitial setò and ñfinal set.ò  As described in 

ASTM C403, time of set is determined by the resistance of a mortar to the penetration of a 

needle with a specific cross sectional area, and defines initial set as a resistance of 500 pounds 

per square inch, and final set as 4000 pounds per square inch. By comparing the times of initial 

and final set to the fraction solids connected curve the relationship may be calibrated to develop 

solids connected values that approximate initial and final set.   

Heat Release 

The heat release calculated during hydration is calculated on a per cycle basis using 

enthalpies of hydration obtained from literature for the different hydrating phases. This 

information can be calculated based on the known remaining volume of a specific phase [18]. 

When a heat of hydration curve is used to calibrate the time scale of the model, the resulting 

output curve will be identical to the input curve. When a fixed per-cycle time constant is used; 

however, the calculated heat release can be a useful parameter for evaluating the accuracy of the 

model, particularly combined with other hydration output parameters. 

Chemical Shrinkage 

Chemical shrinkage is computed by the VCCTL using the known volume fractions of all 

initial and hydrated phases combined with the differences in specific gravity between those 

phases. Both autogenous and chemical shrinkage can be simulated by simply changing the curing 

conditions of the virtual microstructure. Like heat release, a measured chemical shrinkage curve 

can be used to calibrate the time scale of the model by comparing the calculated and measured 

values every cycle and altering the time constant such that the calculated curve follows the 

experimental data. In the absence of this data or when heat of hydration data is used for time 

calibration, chemical shrinkage as predicted by the model provides another benchmark for 

evaluating the accuracy of the simulation.  

2.5. Mechanical And Transport  Properties 

Measurements of paste elastic modulus are calculated from snapshots of the virtual 

microstructure captured at critical ages using finite element analysis [23]. Each voxel in the 

hydrated microstructure image is a trilinear element, with bulk and shear moduli that are defined 

based on phase [24]. The algorithm operates by applying a uniform engineering strain of 0.10 to 

the microstructure in the xx, yy, zz, xz, yz, and xy directions, then uses the conjugate gradient 

algorithm to minimize the elastic energy equation:  
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where A is the hessian matrix comprising the stiffness matrices for each element, b is a 

constant vector, C is a constant calculated based on the applied strain and periodic boundary 

conditions, and u is a vector containing all displacements.  

When the paste microstructure is generated for a mortar or concrete, an invisible barrier 

(Figure 2-7) is placed in the center of the microstructure along the yz plane. This simulates 

single-sided growth of hydration products against an aggregate surface and replicates the 

mechanisms responsible for the formation of the interfacial transition zone (ITZ) [25].  

 

Figure 2-7. Example VCCTL microstructure with representation of aggregate barrier shown in 

gray 

To calculate the modulus of the ITZ, its width is first set as equal to the median cement 

particle size [26]. The bulk and shear moduli of each slice of the hydrated microstructure within 

this distance of either side of the aggregate barrier are then averaged to determine the ITZ 

modulus.  

 Further calculation of mortar or concrete elastic modulus requires the bulk moduli, shear 

moduli, volume fractions, and gradations of the coarse and fine aggregates. The aggregate 

properties are combined with the modulus of the paste to compute the elastic modulus of the 

Aggregate 
Barrier 
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composite material, using differential effective medium theory (D-EMT). This technique is used 

to calculate the elastic properties of a composite matrix with spherical inclusions, wherein the 

inclusions are surrounded by a shell with elastic properties differing from both their own and 

those of the matrix. This method is used to approximate aggregate surrounded by ITZ, suspended 

in a matrix of cement paste. The calculations performed are detailed by Garboczi and Berryman 

[27], and involve calculating the effective diameters and moduli for each aggregate size, 

computing the new effective aggregate size distribution and total effective aggregate fraction, 

and finally the implementation of a fourth order Runge-Kutta algorithm to solve coupled 

differential equations 2-4 and 2-5 

 Ὠὑ

Ὠ•
ὯὑȾ• 2-4 

 ὨὋ

Ὠ•
ὫὋȾ• 2-5 

 

Where k and g are the dilute limit slopes [28], ű is the matrix volume fraction, and K and 

G are the bulk and shear moduli of the composite material. 

Strength is then calculated from the composite moduli through empirical relationships; 

the equation used depends upon the shape of the simulated specimen (cube or cylinder) and 

whether the material is mortar or concrete. 

Prediction of strength by the VCCTL has been implemented using two different 

techniques as the model has evolved. The original method for calculation of compressive 

strength utilized an equation derived by Mindess [28] which incorporates published data in 

combination with a defined relationship between the gel-space ratio and the degree of hydration 

was originally published by Powers, as presented in Equation 2-6 [29]:  

 
ὢ

πȢφψ‌

πȢσς‌
ύ
ὧ

 2-6 

where Ŭ is the degree of hydration, and w/c is the water to cement ratio of the cement 

paste. The degree of hydration output from the VCCTL was used to compute the gel-space ratio 

over time; strength could then be calculated from the gel space ratio for a specific age [19,30,31]   

per the equation 2-7 : 

 „ ὸ „ὢὸ  2-7 

where ůA is the intrinsic strength of the cement and n varies between 2.6 and 3.0 based on 

the cement in question [28]. This method relies on an experimentally measured 3-day mortar 

strength to first solve for ůA assuming a value of 2.6 for n [19,30,31]; the evolution of 

compressive strength over time was then calculated per Eq. (2-6). 
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The second and current method for prediction of compressive strength in the VCCTL is 

based on the computed elastic modulus of the paste, mortar or concrete. Strength is calculated 

from modulus using an empirical relationship [21,31]  based on equations described by Neville 

[32]. As of software version 9.5.3 the equation in the source code [33] used for the prediction of 

compressive strength of mortar cubes is as follows: 

 Ὢᴂ υȢπz ρπ ὉȢ        2-8 

where E is the elastic modulus of the mortar in gigapascals. Another, similar relationship 

was developed based on measurements of elastic modulus of mortar prisms and compressive 

strength mortar cubes [34]; 

 Ὢᴂ σȢχωzρπ ὉȢ       2-9 

This relationship was used to calculate the compressive strength of mortars from elastic 

moduli predicted by the VCCTL, with very good agreement for the mortars considered in the 

referenced study.  
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  SIMULATION OF ADMIXT URE SET TIME EFFECTS USING ISOTHERMAL 

HEAT OF HYDRATION CU RVES 

3.1. Introduction  

This chapter explores a method for modeling the influence of chemical admixtures on the 

set behavior of portland cement mortar using the Virtual Cement and Concrete Testing 

Laboratory (VCCTL). The VCCTL is capable of translating characteristic heat evolution 

behavior into virtual measurements of setting time. Previous research has attempted to directly 

relate the setting time of cement with changes in the rate of power generation using isothermal 

calorimetry [29]; however, these types of correlations do not reliably apply to all mixture designs 

[30]. This is likely because setting of portland cement is not exclusively regulated by the thermal 

progress of hydration, and is dependent upon a number of other physical and chemical material 

properties. The VCCTL provides a computation mechanism to relate the thermal behavior of 

paste and stiffening behavior of mortar, by using a measured heat generation curve to regulate 

the hydration of a virtual microstructure, while accounting for the mixture proportions and 

evolving thermal conditions of a mortar set-time test specimen.  

Several studies [31ï34] have focused on validation of the set prediction capabilities of 

the VCCTL, typically by comparing the predictions of the model to measured set times of paste 

using the Vicat method. The ability of the VCCTL to regulate hydration using external data has 

also been evaluated with regards to the detection of setting [21]; however, a chemical shrinkage 

curve was used for input instead of heat evolution data. These studies correlated the measured set 

time of ordinary paste with the VCCTL computed percentage of interconnected particles in the 

virtual microstructure, and found that the time of initial setting corresponded to a sharp increase 

in the percentage of interconnected particles in simulations. This study was performed to test the 

relationship between the VCCTL interconnected solids value and setting time of mortars 

containing different types of admixtures, and with compositions similar to that of mortar sieved 

from concrete. The potential environmental and economic benefits of cement hydration modeling 

are significant; however, widespread adoption will necessitate the ability to simulate the effects 

of common chemical admixtures. 

3.2. Setting and the VCCTL 

The early-age hydration of portland cement is characterized by dissolution and 

reprecipitation of cement phases and hydration products. The primary early-age contributor to 

strength development, C3S, dissolves and combines with water to form calcium-silicate-hydrate 

(C-S-H) and portlandite or calcium hydroxide (CH) [35]. These hydration products precipitate on 

the surface of cement particles and grow outward. As this growth progresses, the particles 

connect and become rigidly bonded together [36].This process occurs on a continuous basis; 

however, the primary practical concern is the limit of workability, or the time at which the 

mixture is no longer plastic and cannot be properly finished [35]. This is commonly referred to 

as initial set.  
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The time required for the cement particles in suspension to become interconnected is a 

function of the physical characteristics of the suspension and the rate at which the hydration 

reaction progresses. The water-to-cement ratio (w/c) has the greatest effect; as the amount of 

water is reduced, the distance between particles and the time required for them to become 

interconnected declines [21].The size of the particles also influences the rate at which 

dissolution-reprecipitation occurs; a finer average particle size increases the available surface 

area for reaction to occur, thus, accelerating set [35]. The particles in unmodified portland 

cement paste also have a tendency to flocculate into clumps, which can reduce the free water in 

suspension and contribute to faster setting [37]. Flocculation is driven by weak and reversible 

electrostatic attraction between the cement particles; most water-reducing admixtures operate by 

negating this attraction, with a resultant increase in free water [35]. 

The setting of a portland cement is chemically regulated by the addition of calcium 

sulfate as gypsum. The proper amount of gypsum delays the otherwise extremely rapid hydration 

of C3A, consequently, preventing immediate stiffening and providing a period of workability 

[38]. An overdose of sulfate can result in a different phenomenon, known as ñfalse setò in 

cements with little or no C3A , in which the mixture appears to set, but can be made fluid again 

with sufficient mixing [37].  

Setting is also influenced by any environmental or chemical conditions which regulate 

hydration in general. Hot or cold temperatures accelerate or retard hydration, and in turn 

accelerate or delay set. The presence of certain types of admixtures can also accelerate or retard 

set, either as a direct result of their method of action, or as a side effect of their primary function. 

3.3. Experimental Design 

3.3.1. Admixture Selection 

Chemical admixtures are commonly used in cement-based mixtures to reduce water 

demand, increase working time, or accelerate strength development. These additions frequently 

modify the hydration behavior of portland cement, and can impact the setting time of the 

mixture. Water reducers induce an electrostatic or stearic repulsion between cement particles by 

coating them with negatively-charged, long-chain polymers [39]. This disperses the particles 

evenly in solution, effectively increasing the free water and reducing the suspension viscosity 

[36]. Because these polymers are adsorbed onto the surfaces of cement particles, they limit 

hydration as long as they are active. This effect, combined with the increased distance between 

the particles due to dispersion, results in an increase in the time required for set to occur. Due to 

this phenomenon, many water reducing admixtures are also classified as retarding admixtures 

even though other methods of set retardation exist.  

Retarding admixtures operate by reducing the solubility of the calcium silicate phases, 

typically by coating particles in a barrier that hinders the dissolution of calcium ions [39]. This 

coating can have a water reducing effect as well, but classes of admixtures that do not alter the 

workability of the mix exist, notably those based on soluble phosphates. In addition to a set 

retarding effect, the use of retarding admixtures in mass concrete structures can prevent thermal 
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cracking by reducing the rate of heat generation and the corresponding differential thermal 

stresses [36]. 

Accelerating admixtures based on soluble inorganic salts operate by shortening the 

induction period and accelerating the hydration of silicates [40], increasing the rate at which C-

S-H forms [41], quickening set and hydration in general. A historically common and effective 

accelerator is calcium chloride, though alternatives such as calcium nitrite are used in reinforced 

concrete systems to eliminate corrosion caused by chloride ions in close proximity to steel. 

Calcium nitrite admixtures are frequently marketed as both accelerating and corrosion inhibiting 

admixtures for this reason. 

Commercially available and ASTM C494 [42] compliant admixtures were selected for 

this study, and included a lignosulfonate-based type D water reducer and retarder, a 

polycarboxylate-based type F high range water reducer, a calcium chloride type E accelerator 

and water reducer, as well as a calcium nitrite-based type C accelerator, which also meets the 

ASTM C1582 [43] standard for corrosion inhibiting admixtures. The selection of admixtures for 

this study was intentionally broad; all four have different classes of active chemical species and 

different intended usages. Low, moderate, and high dosage rates were selected for each 

admixture based on the manufacturerôs recommended dosage range; admixture types and 

dosages are detailed in Table 3-1. 

Table 3-1. Admixture Types and Dosage 

Admixture Type Formulation Dosage Range Composition 

Type D Type D 3-10 oz/cwt Lignosulfonate 

Type F Type F 2-10 oz/cwt Polyacrylate 

Type E Type E 8-40 oz/cwt 
Calcium 

Chloride 

Type C 

Type 

C/Corrosion 

Inhibitor 

2-6 gal/yd3 Calcium Nitrite 

 

3.3.2. Isothermal Conduction Calorimetry 

Isothermal conduction calorimetry was used to obtain heat of hydration curves for each 

admixture-dosage combination. The procedures for specimen preparation outlined in ASTM 

C1702 were adhered to. The total specimen mass was calculated to be approximately 6 g to 

facilitate internal mixing. Admixtures were incorporated by preparation of a dilute solution for 

each dosage rate. Special care was taken to ensure exacting thermal mass balance between 

specimen and reference vials, with the masses of the vials themselves accounted for in addition 

to the mass of specimen. Samples were allowed to reach thermal equilibrium overnight before 

the addition of the water-admixture solution, after which heat evolution was logged for 48 hours. 
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3.3.3. Time of Set Testing 

For each admixture type and dosage, a mortar was prepared and tested according to 

ASTM C403. The use of the Vicat Needle [44] apparatus for time of set testing was initially 

considered; however, the requirement that the paste have a specific ñnormalò consistency (per 

ASTM C187) was incompatible with the viscosity modifying effects of certain admixtures and 

the water-to-cement ratio chosen for the study. All mortar prepared for this research had the 

same ratio of cement to sand, which was chosen to be representative of the mortar that would be 

sieved from a concrete mix. The mortar was mixed using a stand mixer (Figure 3-1), and the 

initial temperature was recorded, along with the ambient conditions during the test. 

 

Figure 3-1. Hobart A120 Commercial Stand Mixer 
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3.3.4. Simulation Input and Parameters 

The cement used for this research was characterized as part of previous research, using 

SEM/EDS microanalysis and a multi-step image processing procedure detailed in Appendix A. 

The volume and surface area fraction data obtained for that research is shown in Table 3-2, and 

was used to simulate the cement used in this study.  

Table 3-2. Cement Mineral Phase Composition 

Phase 
Mass % 

(XRD) 
Volume % 

Surface Area 

% 

C3S 59.95 66.14 58.44 

C2S 13.67 15.72 20.37 

C4AF 13.49 12.04 4.07 

C3A ï Cubic 4.30 5.74 17.12 

C3A ï Orthorhombic 0.59 - - 

CaCO3 (Limestone) 4.29 - - 

CaSO4*2H2O (Gypsum) 1.80 - - 

CaSO4*0.5H2O 

(Hemihydrate) 

0.70 
- - 

CaSO4 (Anhydrite) 0.16 - - 

 

The cement used for this study contained approximately 4.3% limestone. The percent by 

mass of the limestone and the different sulfate phases were obtained via XRD (Table 3-2) 

combined with automated Rietveld refinement, and incorporated into all microstructures used in 

this study. The particle size distribution for the cement to be simulated is also required as input to 

the VCCTL. The particle size distribution and cumulative size distribution found for this cement 

are exhibited in Figure 3-2.  
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Figure 3-2. Cement Particle Size Distribution 

The primary goal when choosing the initial state and environmental conditions for the 

model is to accurately simulate actual conditions. The generation of the initial microstructure 

requires several inputs that are intended to simulate surface-specific phenomena. The degree-of-

dispersion setting in the VCCTL allows for the specification of the minimum number of pixels of 

water between each particle, with options for zero, one, and two pixels available. For mixtures 

with no water reducer present, the dispersion was set to zero pixels, while mid-range water 

reducers were set to 1 pixel, and high-range water reducers were set to 2 pixels. Realistic particle 

shapes were used in the generation of all microstructures. 

During initial trial testing for time of set, it was noted that a significant amount of heat 

developed as the test neared final set, to the point where the specimen was warm to the touch 

relative to ambient conditions. Because time of setting tends to decrease with higher 

temperatures [45,46], the semi-adiabatic thermal condition was chosen for simulating the time of 

set in this study. This allows for the specification of a heat transfer coefficient out of the virtual 

microstructure, which combined with the initial binder temperature and the temperature of the 

ambient environment enables the approximate simulation of any temperature rise. This technique 

is limited in that the actual thermal environment of the test specimen is more complex than a 

single, constant heat transfer coefficient. To determine the optimal temperature coefficient, the 

temperature of a control specimen was logged for 12 hours. For simulations of the mortar used in 

the study, priority was placed on matching the experimental temperature curve during the period 

up to final setting. The resultant heat transfer coefficient chosen for simulations was 0.4 W/K, 

which produced a simulated temperature profile exhibited in Figure 3-3. This heat transfer 
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coefficient was used for all simulations; all time of set testing was performed in the same 

controlled environment with the same equipment and procedures. 

 

Figure 3-3. Simulated and measured specimen temperature rise 

While there is some deviation of the simulated temperature rise curve after 5 hours 

elapse, the final set time for the control mix precedes this age. This deviation is expected; it is 

unlikely that the thermal conditions of a setting time specimen can be fully captured using a 

single heat transfer coefficient; however, this method is more realistic than simply assuming the 

conditions of the test specimen are isothermal. 

 For each hydration simulation, the temperature was set to the initial recorded temperature 

of the paste during the time of set test, the thermal state was set to isothermal, and the curing 

conditions were saturated. The specific heat of hydration curve for each admixture type and 

dosage was used to calibrate the time scale of the model. Each admixture-dosage combination 

was simulated with two independent hydrations of the same initial microstructure. Because the 

hydration process is simulated with an element of randomness, the results of two simulations 

with identical starting conditions are expected to show a small amount of variability. 

3.4. Results 

3.4.1. Isothermal Conduction Calorimetry 

The power and total heat evolution curves obtained via conduction calorimetry and used as 

inputs for the VCCTL are presented in the following figures. The figures presented in the 

following pages observe certain conventions; all are presented with the control specimen as 

obtained from a plain portland cement at 0.45 w/c.  
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3.4.2. Type D Admixture 

  

Figure 3-4. Type D Admixture Power and Energy with Time 

The results from calorimetry of the type D and F admixtures are presented in Figure 3-4. 

The type D admixture exhibited significant retardation, with a delay of approximately two hours 

from the control at each increasing dose. The power curve also shows a shift in the prominence 

of the first (usually referred to as the main or C3S hydration peak) and second (usually referred to 

as the aluminate peak) peaks in the bulk hydration phase. The first peak is higher than the 

secondary for the control curve, and as the dosage rate increases the first peak falls slightly and 

the second peak rises. It is possible that this corresponds to an increase in the rate of formation of 

ettringite, the commonly attributed source of the second peak during the bulk hydration phase 

[47]. The total energy curves for each dosage reflect the successive delay present in the power 

curves; the slope of the total heat curves appear to be unchanged from the control after the 

conclusion of the beginning of the bulk hydration phase. 
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3.4.3. Type F Admixture 

    

       Figure 3-5. Type F Admixture Power and Energy with Time 

The type F admixture (Figure 3-5) induced a high degree of retardation, with a slight 

retardation from the control at the lowest dosage, and approximately three additional hours of 

retardation with each successive dose. The retardation of heat release at the highest dosage rate is 

such that peak heat does not occur until approximately 17 hours, which is roughly 2 hours later 

than the highest dosage of the type D admixture. The relative prominences of the first and second 

peaks in the bulk hydration phase exhibit less of a shift than with the type D admixture, with the 

first peak falling slightly relative to the second with each increase in dosage. The peak power 

generation also falls slightly with the moderate and high dosages of the type F admixture. The 

energy curves exhibit a steeper slope at the 48 hour mark when the type F admixture is present. 

This effect is pronounced enough that the lowest dosage has approximately the same 48 hour 

energy as the control, despite an initial delay in heat generation.  

  








































































































































































































































































































































