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EXECUTIVE SUMMARY
Background

Traditional predictive relationships between the behavipoodand cementoncrete and
the properties of its constituent materials are largely derived from physical, empirical testing
programs. Physical testing of concrete for quality assurance oliregpégl 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 experiviwagls which
simulate the hydration of portlanémentaim to provide a direct link between measured
material characteristics and concrete performance metrics without resource intensive testing
programs. A number of models eXi$}; however the VirtualCement and Concrete Testing
Laboratory (VCCTL)possesses the ability to predict the results of common quality control tests
for cement, mortar, and concrete, makingeédily applicable to real problems in concrete
mixture design.

The VCCTL is capable afimulating thephysical properties afementitious materials,
includingearly-ageproperties such dsat of hydration, temperature rise, éinte ofseting.
Additionally, the model simulates the physical anelchanical propertiesich as compressive
strength and modulus of elasticity, araduesof bulk diffusion and conductivity to estimate
durability. Virtualsimulationsof 28-day properties typically require less than two hours to
complete The VCCTL requireslifferentinput properties for the material constituents of cement
paste, mortar, and concre@hemical and physical propertiage required focementitious
bindersmechanical propertidsr aggregateand the relative proportions of each determined
based on the mixtureedign The ability to quickly and accurately predict properties of concrete
that wouldnormally require significant labor and extended periods of time to ofvdasia
number of potential benefits. The cost and risk associated with development of neve mixtur
designs would fall, incentivizingerformancebased mixture design. Increased confidence in the
performance of concrete would allow for a reduction in overdesign, while potestialfinga
redudion inthe amount of cement required for a given mixpiaving the sustainability of the
mixture by minimizing the Ce®emissions.

ResearchObjectives

The objectives of the researdhtailed in this reposvere diversghowever 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 o€oputationatechniques
to improve or expand theapabilities of the VCTL. These goals included the following specific
initiatives

1 Validate the VCCTL in the context of Cement and Concrete Reference Laboratory
(CCRL) proficiency testing

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

strudures

Investigate performance when modeling chemical and mineral admixtures

Develop improvements for modeling chemical and mineral admixtures

= =



)l
T

Develop applications integrating the VCCTL with high performance cdimgpresources
atthe 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 applicatns of the VCCTL to prediction of durability parameters

Main Findings

The main findings of this study are summarized as follows:

T

It is feasible for FDOT to use the VCCTL to participate in the CCRL proficiency sample
program without performing heat of hytiom 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 admixtueeslze 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 cocaretee

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 tha@(&00nique

simulations

Multi-objective optimization techniques developed using enumeratedbsiom data

enable rapid determination of ideal cement chemistries wherspecified constraints

on elastic modulus, time of set, and £&missions are provide

The default capabilities of the VCCTL with respect to pozzolanic materials do not
accurately predict compressive strength for binary moransever by implementing

and training machine learninggalrithms using enumerated datds possible to predict
compressive strengthith high accuracy

Recommendations

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

1
T

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

physical testing programs

Develop Virtual Testing Specifications for virtual ASTM C109 mortar tesdimg virtual

ASTM C1702 heat of hydration testing based on the procedures detailbdpiter3

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

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

Vi
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1. INTRODUCTION
1.1.Background

The Virtual Cement and Concrete Testing Laboratory (VCCTL)csnaputermodeling tool
intended to develop and integratateof-the-art computational matials science tools into a
userfriendly software interfacased to modetoncreteat the microstructural level. The
significance of computer modeling of the concrete microstructunéeisdecto eliminate much
of thetime and labor associated with the develeptrand testing of nemixture design# the
laboratory setting.

The potential for the VCCTL to be used a#@e and labor saving tool is considerable; however,

the capabilities and limitations of its functioitglremained largely unexplored until recently due

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

for portlandcementA recent exploratory research progré@@DOT Project No. BDK75-977-

73) atthe University & Florida has developed and refined these cement characterization
techniquesimproving upon those originally developed by the National Institute of Standards and
Technology (NIST)and provided insight into the current capabiliaesl 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
became clearer, possible applications that were not originallydsyaedi 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. strenggly-age strength véong-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
continuedresearch and development, to dramatically increase its effectiveness at tailoring
properties through intelligent mix design, developing performdnased specifications, and
predicting durability. Since most of the work can be done virtually by the VC0filvare,
considerable time and effort in the laboratory would be saved.

1.2.ResearchObjectives

The research project will utilizmaterialsghat have been previously studied (to verify the

validity of the VCCTL software), as well as materials specific toiigandmaterial used in
FDOT-specified mixture designsh€ proposed research will investigtte use of the VCCTL
software with respect to the analysis and prediction of behavior of cementitious concrete
materials. The main objective is, using VCCTh dievelop 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 perfonancebased specifications and durability predictions.



2. LITERATURE REVIEW
2.1.Introduction

Hydrationof portland cemens an exothermic chemical reaction between the cement
particles and wataxhich involves thdiberaion of heatduring 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 govediargely by the relative concentrations of the four major
constituents of portland cement: alite$J, belite (GS), aluminate (6A), and ferrite (GAF).
For strength development, the calcium silicates provide most of the strength in the first three to
four weeks though, boths& and GS contribute equally to ultimate streng#. Several
methods are available to evaluate the progress ofrteand hydration in hardened concrete
such as measurirtge heat of hydration, degree of hydrati@ompressive strengtiic. In
regards to théormation of the calcium silicate hydrate-&H) structure, which constitutes the
hardened cement paste, thajor constituents of portland cemengSthydrates in a similar
manner to @S; however, €S hydratesit aslowerrate Consequently, the amount of heat
liberated by the hydration of.S is also lower than the amount of hidagrated byCzS[3]. In
consideration of thportland cement constituents and the hydratioceafient 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 ec@rgsbe
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 energgaron conterid,5].

In summary each of the cement compounds hdierentroles 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 ofrtesugable 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 mechanigal)pertiescan be obtained using
finite difference, finite element, and random walker algorithimgeneral, three steps are
conducted inside the software to achieve the material propfgitieghe model first creates a 3D
microstructure of a portland cemgaaste input data including material and environmental
properties. Among all the data, volume and surface area fractions of the four major cement
phasesdlite, belite, aluminate and ferrjtareobtained via Xray powder diffraction, scanning
electron micoscopy and multispectral image analygils Then VCCTL simulates therocess of
hydrationby applying rules obtaineidom the observed hydration kinetics and thermodynamics
of portland cement. Once the hydration is complatgsicalproperties arealculated based on
finite elementanalysis of the microstructufé].



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 uséagetefhe
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 aed #ssential
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, unhydratedtval 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 phena, 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 antisplaying of outputs. The user interface provides a simple way to accomplish
these taskdhowever the computational work required to build, hydrate and analyze virtual
microstructures is executed independently of the interface itself. The tasksabf initi

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 chigniye 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 ifrigure 2-1, is performed by the executable genmic[&f&his
program uses measured, physical and chemical properties oétlement 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 processitrol inputs.
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2.3.1. Material/Environmental Property Inputs
Cement Composition Inputs

The mosimportant input parameters required by the VCCTL software are the volume
and surface area fractions of the four major chemical phases of portland,cememinclude
alite (GS), belite (GS), aluminate (GA), and ferrite (GAF), as well as the alkieand sulfate
phases. The volume fractions can be obtained via powdsr 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 ohgehase are measured using the MicroChar
utility published by NIST9].

The segmented phase map used to measure pHasgwvand surface area fractions also
provides a representation of the spatial distribution of the different clinker phases. This
information is characterized by measuring the isotropiepwiot correlation function for each
phase, which describes the pabbity 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.
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Figure2-2: Cement Particle Size Distribution



The particle size distribution of the cement is measured using laser particle size analysis,
and is required bENMIC to accurately reproduce the range of particle sizes present in the
cement beig simulated. This technique measures the diffraction of light scattered by particles as
they pass through a laser bedfi]. Particles are measured until the size distributiotonger
changes. A typical particle size distribution is shown in Figeee 2

Gypsum Phase Mass Fractions

Calcium sulfate in the form gypsumirgergroundwith cement clinker to produce
portland cement, which is done to prevent the flash set@AfdDring 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 influencecidudyage behavior of cement; the
relative mass fraction of each is critical for accurate simulafR]#STM 1365 provides a
procedure for acquiring mass fraction data viRay diffraction for all crystalline components
of potitland cement including the calcium sulfate ph4d%eé$

Cement Paste Properties

In addition to the material properties of tt@mentitiousnaterials , the specific
characteristics of the cementitious paste are requiyGENMIC. The most important of these
is the water to cementitious materials raliowever there are also options to add other materials
including pozzolans and fillers such as limestone or quartz.

Process Control Inputs

The process control inputgr 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 micronymeel.

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 xray computed microtomogphy 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
charactaees the aggregate surface as a set of line segments with varying radii, emanating from
the center of nEp Fhe apherialrhamoais chafactarization 6f the particle
can then be used to reconstruct the particle virtually with arbitraeyesid orientatiofii4]. A
database of shape data for several different cements is included with the VCCTL.



Cement Particle Dispersion

The VCCTL software provides the option to create a simulation that considers dispersed
cement particles as it composes ireual microstructure. This option is provided to simulate the
mutual repulsion of cement particles that oc¢is§ when waterreducing admixtures are
presentThe functional effect of this is that space between particles is more uniform, which can
result inmore accurate simulation of hydration and a corresponding increase in sfi€jgth
The dispersion of particles can be set to 0, 1, or 2, with the valueatindithe 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 distandd 7]. Following placement of the pariig the false layer of voxels is
removed.

2.3.2. Microstructure Creation (genmic.exe)

Microstructure creation usif@ENMIC 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 allfavghe 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 calculatl 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 BENMIC.

The microstructure is created WithHGENMIC 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 plaed, 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 altlagses. 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 occuratkr.

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 ¥igete2-3). Particles are
then placed randomly. Particles are not allowed to overtegnwlaced; 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
their four constituenphases.
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Figure2-3. Virtual microstructure crossection 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 mrwdtich essentially
| ooks at the fraction of voxels in the curren
sized cube or sphere) that are porosity [12]. This measure of curvature allows particles of a
specific phase to be moved to areasighér 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
defineddirectory.

Output Results

The only tangible result of the initial microstructure creation phase thtbe
dimensional image (Figure4®) produced by genmic.exe. The image can be measured to verify
that the cement volume and surface area fractionsneplieated 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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Figure2-4. 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 KYENMIC, with the different phases of cemt, 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 bebtagf cementitious systems as well as the known
volume stoichiometry of the portland cement hydration, which is summarizadure2-5.
These rules are implemented via a celkalatomata algorithm; this type of algorithm operates
on a two dimensionalrdhree dimensional lattice, and iteratively changes sites in the lattice
based on their current values as well as the values of neighboring sites [12].



Silicate Reactions
CsS+5.3H_, C,;SH, + 1.3CH
1 134 1521 0.61

C.S+4.3H_, C.:SH, + 0.3CH
1 149 2.077 0.191

Aluminate and
Ferrite Reactions

CA + 6H 5 C:AH
1 121 1.69

CsA + 3CSH, + 26H _y C,AS:Hs,
0.4 1 2.1 3.3

2CA + CASHz+ 4H _, 3CASH;,
0.242¢ 1 0.09¢ 1.278

CAF + 3CSH, + 30H _ CeASHz + CH + FHs
0.57¢ 1 2.42¢ 3.3 0.15 0.31

2CAF + CAASHs, + 12H _y 3CASH, + 2CH + 2FH;
0.348 1 0.294 1.278 0.09 0.19

CAF +10H_, CAHs+ CH + FHs
1 1.41 1.17 0.2€ 0.54¢

Figure2-5. Cement phaseactionsand volume stoichiometries used as governing parameters
for cellular automata hydration in the VCCT18]

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 unigue to each phaseBAoleansolubility flag simply indicates whether the voxel is actually
eligible to dissolve, and a dissolution probability with a vddagveen 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 vogaters 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 FHigure2vh er e A di s
represents a dissolution reactheonphése] oinepod
represents nucleation of a crystal, and an asterisk indicates a dissolved phase [12].
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Figure2-6. Phase Reaction Rules [12]

Following the random walk of the dissolved voxels and pridhéonext 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 changspeztively. 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 sinr to the initial microstructur&ENMIC for analysis to determine mechanical
properties.

2.4.1. HydrationMaterial/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 surnguevironment, 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 sitaulze 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. Theralso a semadiabatic 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 retaiad within the virtual microstructure. Lastly, it is possible to specify a-time
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temperature history for the hydration to follow. This optioowever, is present in the command

line execution of disrealnew.exe but not in the VCCTL user interface. Thisyhistdefined 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 availabilitytherhydration
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 availalvater until the percolation threshold is reached,
after which the flow of additional water into the microstructure is not poq4i8]eln the sealed
condition, the model simply does not replenish wateels 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 microstruce 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 matergls bein
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 calculatgdeleased is updated every cycle
using a version of the Arrhenius equat[@8]:

0 Q 8 8 8 2-1

where k is the rate constant i& the activation energy of the cement, agisThe
current temperature
2.4.2. HydrationProcess 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
hydrationoccurs. 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 simblkatate domain of the model
[20]. Each cycle is either set to be a spedixed 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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o1 ¢ 2-2

Where b is a scaling factor calcul ated to
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 performedadratic 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 relssifor simulation okarly-age propertieR21,22], and may
provide the ability to simulate trearly-age effects of certain classes of admixture.

Surface Deactivation

The surface of the virtual cement particles can be deactivated during the earlyktages
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 bringptirticles 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 aesa@ilable 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 Settigs

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 metheopesties
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 defiiethis step, which has implications for the
time required depending upon whetkarly-age properties date-age results are the desired
outputs.

2.4.3. Hydration Output Data

In addition to the microstructure snapshots output at specific times during bgdati
different characteristics of the hydrating microstructure are measured and recorded continuously
and provided as a takelineated text file with the suffix *.data. Of these parameters, 34 describe
the volume fractions of the cement and hydratiordpets 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 connectity of solids, average fraction porosity, pH and conductivity of the pore
solution, norevaporable 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 tbe Phedomenhon of fikes propert
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
ofcement typically adopt arbitrary |Iimits to d
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 imtiabs 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 thepproximate 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 calculatébased on the known remaining volume of a specific pli&ge
When a heat of hydration curve is used to calibrate the time scale of the model, the resulting
output curve will be identical to thaput curve. When a fixed pegcle 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 shnkage 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 changinggthe curin
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 thealtidated 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 anf@ggiEach voxel in the
hydrated microstructure image a trilinear element, with bulk and shear moduli that are defined
based on phag24]. 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 aktic 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 pas microstructure is generated for a mortar or concaet@visible barrier
(Figure2-7) is placed in the center of the microstructure along the yz plane. This simulates
singlessided growth of hydration products against an aggregate surface and regplieate
mechanisms responsible for the formation of the interfacial transition zone[2H]2)

B

: e B
i Aggregate | &iS
! Barrier :

— —

Figure2-7. 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 sizg§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 concretesti@a 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
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composite material, using tBfential effective medium theory {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 dwn an

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 aggege size distribution and total effective aggregate fraction,

and finally the implementation of a fourth order Ru#géta algorithm to solve coupled

differential equations-2 and 25
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Where k and g are the dilute limitslog@8], G i s the matrix vol ume

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 simulatedespémitime 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 aequation derived by Mindess [28hich incorporates published data in
combination with a defined relationship between thesgelke ratio and the degree of hydration
was originally published by Powers, as presented in Equattof22]:

o —2 W 2-6
U -
T® € S
where U is the degree of hydration, and w/

paste. The degree of hydration output from the VCCTL was used to compute-$spacgeratio
over time; strength could then be calculated from the gel spacdéaaa specific age [19,30,31]
per the equation-2 :

, 0,00 2.7

w h e rais thalintrinsic 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 measiagar®rtar
strengt h t oaabsuming & valsieoof 2/6dor rf [10)30,31]; the evolution of
compressive strength over time was then calculated per 6§ (2

16



The second and current method for prediction of compressive strength in the VCCTL is
basel on the computed elastic modulus of the paste, mortar or concrete. Strength is calculated
from modulus using an empirical relationship [21,RHsed on equations described by Neville
[32]. As of software version 9.5.3 the equation in the source code$ad]for the prediction of
compressive strength of mortar cubes is as follows:

Qe uvdizpm O3B 2-8

where E is the elastic modulus of the mortar in gigapascals. Another, similar relationship
was developed based on measurements of etasticlus of mortar prisms and compressive
strength mortar cubes [34];

QR o epmn O° 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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3. SIMULATION OF ADMIXT URE SET TIME EFFECTS USING ISOTHERMAL
HEAT OF HYDRATION CU RVES

3.1. Introduction

This chapterexplores 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 capablef translatingcharacteristic heat evolution
behavior into virtual measurements of setting tiRrevious research has attemptediitectly
relate thesetting timeof cementwith changes in the rate of power generatisimg isothermal
calorimetry[29]; however these types of correlations dotreliably apply to all mixture designs
[30]. This is likely because setting of portland cement is not exclusivglyated by the thermal
progress of hydration, and is dependent upon a number of other physical and chemical material
propertiesThe VCCTL provides a computation mechanism to relatethieemal behavior of
paste and stiffening behavior of mortar, by usaingeasured heat generationveuto regulate
the hydration of a virtual microstructynehile accounting for the mixture proportions and
evolving thermal conditions of a mortar gighe test specimen.

Several studie@B1i 34] havefocused orvalidation ofthe 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 hydratiorguesiternal data has
also been evaluated with regards todbeection of s¢ing [21]; however a chemical shrinkage
curve was used for input instead of heat evolution. dtese studies correlated the measured set
time of ordinary paste with the VCCTL computed percentage of interconnected particles in the
virtual microstructure, and found that tt@e 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 dfferent 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 significanthowever widespread adoption will necessitate the abilitgitoulate the effects
of common chemical admixtures.

3.2. Setting and the VCCTL

The earlyage hydration of portland cement is characterized by dissolution and
reprecipitation of cement phases and hydration products. The primaragarbontributor to
strengthdevelopment, €5, dissolves and combines with water to form calegilinate hydrate
(C-S-H) and portlandite or calcium hydroxide (CEBp]. These hydration products precipitate on
the surface of cement particles and grow outward. As this growth progresses, the patrticles
connect and become rigidbonded togethdB6].This process occurs on a continuous basis;
however, the primary practical comnas the limit of workability, or the time at which the
mixture is no longer plastic and cannot be properly finigBBH 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 characteristidstiee suspension and the rate at which the hydration
reaction progresses. The wateicement 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 déoes[21].The size of the particles also influences the rate at which
dissolutionreprecipitation occurs; a finer average particle size asge the available surface
area for reaction to occur, thus, accelerating3tgt 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 sett#rj. Flocculation is driven by weak and reversible
electrostatic attraction between the cement particles; most-reafiecing admixtures operate by
negating this ataction, with a resultant increase in free w{Bai.

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 dif
cements with little or no £ , in which themixture appears to set, but can be made fluid again
with sufficient mixing[37].

Setting is also influenced by any environnamtr 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 direatsult 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 cerbased mixtures to reduce water
demand, increase working time, or accelerate streng@ia@ment. These additions frequently
modify the hydration behavior of portland cement, and can impact the setting time of the
mixture. Water reducers induce alectrostatic or stearrepulsion between cement particles by
coating thenwith negativelychaged long-chain polymer$39]. This disperses the particles
evenly in solutioneffectively increamg the free water and deicingthe suspension viscosity
[36]. Because these polymers are adsorbed onto the surfaces of cement particles, they limit
hydration as long as tiere 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 retmdiigras
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 calciunfi3®hg his
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 basedsotuble 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
stresse§36].

Accelerating admixturelsased on soluble inorganic sadtserate byshortening the
induction period and accelting the hydration of silicat¢40], increasing the rate at which C
S-H forms|[41], quickening set and hydration in generahistoricallycommon and effective
accelerator isalciumchloride, though alternatives suchaasciumnitrite are used in reinforced
concrete systems to eliminate corrosion caused by chlorideriariose proximity to steel.
Calcium nitrite admixtures are frequently marketed as both accelerating and corrosion inhibiting
admixtures for this reason.

Commercially available and ASTM C4942] compliant admixturesere selected for
this study, and includedlignosulfonatebased type D wat reducer and retarder, a
polycarboxylatebased type F high range water reducer, a calcium chloride type E accelerator
and water reducer, as well as a calcnitrite-based typ& accelerator, which also meets the
ASTM C15& [43] standard for corrosion inhibiting admixtures. The selection of admixtures for
this study was intentionally broad| our have different classes of active chemical species and
different intended usages. Low, moderate, and high dosage rates were selected for each
admi xture based on the manufaamttueertypesénd r ec o mme
dosages are detailedTiable3-1.

Table3-1. 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
Calcium
Type E Type E 8-40 0z/cwt Chioride
Type
Type C C/Corrosion 2-6 gallyd Calcium Nitrite
Inhibitor

3.3.2. Isothermal Conduction Calorimetry

Isothermal conduction calorimetry was used to obtain heat of hydration curves for each
admixturedosage combination. The procedui@sspecimen preparation outlined in ASTM
C1702 were adhered to. The total specimen mass was calculated to be approxigaiely 6
facilitate internal mixing. Admixtures were incorporated by preparation of a dilute solution for
each dosage rate. Specialecavas 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 addtion of the wateradmixture 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 Needdel] apparatus for time of set testing was initially
considereghoweverthe requirementttia t he paste have a specific 0§
ASTM C187) was incompatible with the viscosity modifying effects of certain admixtures and
the waterto-cement ratio chosen for the study. All mortar prepared for this research had the
same ratio of ceent 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 (Bigjurand the
initial temperature was recorded, along with the ambient conditions during the test.

Figure3-1. 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 medfiep mage processing procedure detailed in Appendix A.
The volume and surface area fraction data obtained for that research is shown 812 alvid
was used to simulate the cement used in this study.

Table3-2. Cement Mineral Phase Composition

Mass % Surface Area
Phase (XRD) Volume % %
CsS 59.95 66.14 58.44
CoS 13.67 15.72 20.37
C/AF 13.49 12.04 4.07
CsA 1 Cubic 4.30 5.74 17.12
C3A T Orthorhombic 0.59 - -
CaCQ (Limestone) 4.29 - -
CaSQ*2H20 (Gypsum) 1.80 - -
CaSQ*0.5H0 0.70
(Hemihydrate) ) )
CaSQ (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 XRDB{Zpable
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 cumulatsize distribution found for this cement
are exhibited in Figurg-2.
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Figure3-2. Cement Particle Size Distribution

The primary goal when choosinget 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 stsfafic phenomena. The degiafe
dispersion setting in the VCCTL allows for the specification efrthinimum 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, whilengewater
reducers were set to 1 pixel, and higihge 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 sethé point where the specimen was warm to the touch
relative to ambient conditions. Because time of setting tends to decrease with higher
temperatureft5,46], the semiadiabatic thermal condition was chosen for simulating the time of
set in this study. This allows for the spewdfiion 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 limitedin 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 simulatityesmortar 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 temperaturafife exhibited in Figure-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.
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Figure3-3. 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 expéected
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 eab 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 dacktare type and
dosage was used to calibrate the time scale of the model. Each admiogage combination
was simulated with two independent hydrations of the same initial microstructure. Because the
hydration process is simulated with an element mfloaness, 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 thel speicimen as
obtained from a plain portland cement at 0.45 wi/c.
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3.4.2. Type D Admixture
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Figure3-4. Type D Admixture Power and Energy with Time

The results from calorimetry of the type D and F admixtureprasented in Figurg-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 asetimain or GS 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
conclusionof the beginning of the bulk hydration phase.
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3.4.3. Type F Admixture
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Figure3-5. Type F Admixture Power and Energy with Time

The type F admixture (Figu5) induced a high degree of retardation, vaitslight
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 appraeiynad7 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 fédling 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 typextisimipresent.
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.
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