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Abstract

Fly ash is commonly used as a supplementary cetioerstimaterial (SCM) in the
production of portland cement concrete. Concrevelyced with high fly ash
replacement levels is considered high volume fly @b/FA) concrete. HVFA concrete
has many benefits, including reduced concrete mtimlucost, reduced greenhouse gas
emissions, and improved sustainability. Despigedtivantages, there are several barriers
that limit the use of HVFA concrete. One of theimmanitations to the increased usage
of HVFA concrete is the lack of contractor and g@artation agency familiarity with the
setting time and strength development of theserebaanixtures.

For this research, a laboratory testing programdea®loped to examine the
effect of fly ash type, fly ash dosage, cement ahahtomposition, and environmental
conditions on the hydration development, settinges, and compressive strength
development of HVFA concrete. Results from semalaatic calorimetry were used to
develop a hydration model for HVFA concrete. Hyahe ConcreteWorks software
program was used to predict the in-place performaicelected HVFA concrete
mixtures when placed in various transportationcstmes. It is concluded that HVFA
concrete may be produced to have comparable séittieg and early-age compressive
strength development to conventional portland céroencrete when used for

transportation infrastructure.
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Chapter 1
Introduction
1.1 Background

Fly ash is one of the by-products of the combustibcoal in electric power
generating plants. For over 65 years, fly ashiess widely used as a supplementary
cementitious material (SCM) for the production oftland cement concrete in the
United States. Typically, fly ash replacement Is\er the production of portland
cement concrete have been limited to roughly 25%véight of the total cementitious
system due to concerns about in-place performamteanstructability (Obla et al.
2003).

Increased fly ash replacement levels in the prodndf portland cement
concrete have economical, environmental, and pedaoce benefits. The economical
and environmental benefits associated with highiwa fly ash (HVFA) concrete include
reduced concrete production cost, reduced greeelgasemissions, and improved
sustainability. Additionally, some of the perfornta benefits associated with high fly
ash replacement levels in portland cement conanelede reduced water demand,
improved long-term compressive strength, and redlucg@lace concrete temperatures.

Cement is the most expensive material used inrbeugtion of portland cement
concrete. According to the American Coal Ash Asstoan (2011), the cost of one ton of
ASTM C 618 (2005) fly ash is typically half the ge&iof one ton of portland cement.

Therefore, the production cost for concrete caredeced by replacing a portion of



cement with less expensive fly ash. HVFA concressy be produced with significant
cost savings when compared to conventional portt@maent concrete.

During the production of portland cement, carbarxile (CQ) is released due to
the combustion of carbon-based fuels and the clom of limestone (Chen and Juenger
2009). For each ton of portland cement clinket tharoduced, approximately one ton
of the greenhouse gas carbon dioxide {d®released (Greer et al. 2004). A reduction
in CO, emissions may be achieved by reducing the den@mubftland cement with the
increased use of HVFA concrete. An increase iratteage fly ash replacement level
would result in less portland cement required forarete production, and ultimately less
CO, emissions resulting from cement manufacture.

The use of HVFA concrete could also improve theanability of the concrete
industry. According to the American Coal Ash Asation (ACAA) coal combustion
product (CCP) survey, approximately 63 million tarfigly ash were produced in 2009.
Of the 63 million tons produced, 9.8 million tonene used beneficially for concrete
production. For all industries, nearly 25 millitoms were used beneficially, accounting
for 39.2% of all fly ash produced (ACAA 2011). tife fly ash is not recycled for
beneficial use, it is most often disposed of irdfdls. The ACAA estimates that each
ton of recycled fly ash is the space equivalemtsd days worth of solid waste in a
landfill (2009). If the average fly ash replacerlewel is increased, less landfill space
will be required. The use of HVFA concrete als@rioves the sustainability of the
concrete industry by reducing the amount of vingiaterials consumed during the

production of portland cement.



In addition to the economic and environmental atbvges presented above,
HVFA concrete may be produced to have improvedoperince characteristics when
compared to conventional portland cement concrebest, the water demand required for
a given workability can be reduced when fly ashssd as a partial cement replacement.
Malhotra and Jiang (2000) found that concrete prtogoed with 55% fly ash can
experience up to 20% reduction in water demandadtiition to the reduction in water-
demand, HVFA concrete generally exhibits improwedage compressive strength
results when compared to conventional portland c¢mmencrete (ACI 232.R 2003). The
improvements in late-age compressive strengthtseul HVFA concrete are dependent
on the duration of moist curing. Finally, high #igh replacement levels may be used to
decrease the maximum in-place temperature develapimemass concrete elements.
Langley et al. (1992) reported that the peak teatpes rise of a 3.05 x 3.05 x 3.05 meter
block was reduced by 52 °F when a 55% dosage aksEdly ash was used. The
maximum in-place temperature development is impbsdnen considering the
susceptibility of mass concrete elements to delayohgite formation (DEF).

Despite the advantages associated with the us&BAHoncrete, there are
several barriers which limit its use. One of th@mbarriers to the increased use of
HVFA concrete is the concern over retarded setgjraspecially when high fly ash
dosages are specified or cold curing conditioneamuntered. Retarded set times can
cause undesirable delays to concrete finishingatiess. Similarly, there are concerns
over the low early-age compressive strength devedop of HVFA concrete. Low early-
age compressive strengths can require extendeagcimes, which can delay formwork

removal and negatively impact construction sequenckinally, there are concerns that



material incompatibilities between fly ash, cherha@mixtures, and cement may arise
when high-calcium Class C fly ashes are specifidnigh dosages (Spiratos et al. 2003).
Due to these barriers, contractors and transpontaijencies are often reluctant to

specify HVFA concrete for transportation structures

1.2 Research Objectives

The main goal of this research was to evaluatétptace performance of HVFA
concrete when used in various transportation sirast The results from this research
are aimed at providing guidance to contractorsce producers, and transportation
agencies when specifying HVFA concrete for useangportation infrastructure.

Auburn University, Purdue University, the Natiohadtitute of Standards and
Technology (NIST), and the National Ready Mix CaterAssociation (NRMCA) all
worked together to address the limitations assediaith HVFA concrete. One of the
main limitations to the increased usage of HVFAaete is the lack of prediction
models for the in-place performance of HVFA conereDespite the advantages offered
by HVFA concrete, there is a lack of knowledge @ning the in-place temperature
development, setting times, and compressive stnetgtelopment of concrete mixtures
proportioned with high fly ash replacement levefsiburn University was tasked with
addressing these limitations. The primary objedtiof the research conducted by
Auburn University were

» Perform laboratory testing to quantify the effetctlp ash type, fly ash

dosage, cement chemical composition, and curingeeature on the



hydration, setting, and compressive strength deweémt of HVFA concrete
mixtures,

* Develop a HVFA concrete hydration model, and

» Develop prediction methods to quantify the effddiyash type, fly ash
dosage, and curing conditions on the maximum ieetncrete temperature,
time to initial set, and compressive strength dgwelent of HVFA concrete

placed in selected transportation structures.

1.3 Research Methodology

To effectively characterize the behavior of HVFAceete, a three-stage research
plan was developed. First, a laboratory testimgmam was conducted. For the
laboratory testing program, two control mixturesl #VFA concrete mixtures with 35%
and 50% fly ash dosages were produced. Four fiysaarces, two Class C and two
Class F, were selected for laboratory testing poegent the range of fly ash chemical
compositions available to the concrete industrithenUnited States. Also, two cement
sources with different chemical compositions westdd. A total of 16 HVFA concrete
mixtures were developed based on all combinatidfly ash dosage, fly ash type, and
cement source. Each concrete mixture was prodaicéaee batching temperatures (40
°F, 73 °F, and 105 °F). Semi-adiabatic calorimgbgnetration resistance testing, and
compressive strength testing were conducted faniflures to investigate the effect of
fly ash dosage, fly ash type, cement chemical caitipa, and curing temperature on the
hydration development, setting times, and compvesstrength development of HVFA

concrete.



Second, a hydration model for HVFA concrete wasettgpped. The hydration
model was developed based on semi-adiabatic catmyrtesting results obtained from
the laboratory testing phase. The purpose of ¥EAdconcrete hydration model is to
provide an efficient and reliable means of estingathe hydration parameters of HVFA
concrete for concrete producers and transportai@mcies.

Finally, an evaluation of the in-place performant&VFA concrete was
completed based on the results obtained from thaddory testing program and
hydration model development. The ConcreteWorlkisveoe program was used to
develop in-place temperature profiles for HVFA aate placed under varying
placement conditions. The in-place temperaturélpsovere then used to estimate the
in-place temperature development, initial settinges, and compressive strength

development of HVFA concretes placed in variousgpmrtation structures.

1.4 Document Organization

An overview of past research relating to HVFA cateras well as the test
methods used for this research project is present€thapter 2. That chapter opens with
an introduction, which details the origin of flyhasFollowing the introduction, the
physical and chemical properties of fly ash ares@néed along with a brief review of the
cement hydration and pozzolanic reactions. Sermaibatdic calorimetry and isothermal
calorimetry are also introduced as a means to meaise progress of hydration.

After the review of fly ash material properties, FA concrete is introduced. In
this section, the mixture proportioning of HVFA coete is reviewed along with the

effects that high fly ash dosages have on conémeté and hardened properties. Since



one of the major limitations to the increased usd\WWA concrete is the lack of
prediction methods for setting and strength préahi¢tan introduction to the hydration
equation and the equivalent age maturity methotheasrelate to hydration modeling, is
presented.

In Chapter 3, the overall laboratory testing progia reviewed. Material
properties for all aggregate, cement, and fly ashices used for the project are
presented. Also, the concrete production methed tlsroughout the project is detailed.
Finally, an overview of all testing procedures apgaratus is detailed. Sample
preparation and curing methods, if applicable glach of the test methods are introduced.

Sample results from each of the test methods asepted in Chapter 4. Chapter
4 includes results from fresh concrete testindirgetime by penetration resistance
testing, isothermal and semi-adiabatic calorimetng compressive strength testing.

The HVFA concrete hydration model is presentedhagiier 5. First, the
modeling approach is outlined. Next, a hydratiardel for cementitious materials from
previous research is reviewed. The database oatigd parameters that were used to
develop the HVFA concrete hydration model is dethil Finally, the HVFA concrete
hydration model developed for this project is presd.

The in-place performance of selected HVFA concreitdures was evaluated
with the use of the ConcreteWorks software progrdimis analysis was completed to
provide guidance to concrete producers and tratesjpmt agencies for prediction of the
maximum in-place concrete temperature, time tealnset, and compressive strength
development of HVFA concrete. The analysis considaange of concrete placement

temperatures and concrete element types (colundyebdeck, and pavement). In



Chapter 6, the modeling approach and baseline ttonsliare introduced. Also, sample
results from the analysis are presented. Fintddb/analysis results are presented and
discussed.

Conclusions and recommendations related to thefud®FA concrete in
transportation structures are presented in Chapté&ppendices A through F follow
Chapter 7. Appendix A contains results from freshcrete property testing for each
concrete mixture. Results from penetration restdesting, isothermal and semi-
adiabatic calorimetry, and compressive strengttinig$or each concrete mixture are
presented in Appendices B, C, and D, respectivéhe inputs and outputs used for
development of the HVFA concrete hydration model@esented in Appendix E.
Finally, in-place temperature profiles that weragmated with the ConcreteWorks

software program are presented in Appendix F.



Chapter 2

Literature Review

2.1 Introduction

Fly ash is commonly used as a supplementary cetioeistimaterial (SCM) in the
production of portland cement concrete. Due taceoms relating to constructability and
performance, fly ash replacement levels have hedtetl to roughly 25% by weight of
cementitious material. In recent years, howewesearch has indicated that higher fly
ash replacement levels may be used. In this chaptdmical information relating to the
development and use of high volume fly ash (HVFé)arete will be introduced.

Topics in this chapter include the origin and prtips of fly ash, cement and fly
ash hydration reactions, HVFA concrete mixture préipning, HVFA concrete fresh
properties, and HVFA concrete hardened propertidso, hydration modeling will be

introduced along with a discussion of the equiviaége maturity method.

2.2 Origin and Properties of Fly Ash
2.2.1 Fly Ash Production

Coal combustion products (CCPs) are the by-procafdise combustion of
pulverized coal in electric power generating plarfy/ ash, bottom ash, boiler slag, and
flue gas desulferized gypsum are all recognized@Bs. According to the American
Coal Ash Association, 134.7 million tons of CCPseveroduced in 2009, 63 million

tons of which were fly ash (ACAA 2011).



Fly ash is commonly used as a SCM in the producifqrortland cement
concrete. ACI 116 (2000) defines fly ash as “inelfy divided residue that results from
the combustion of ground or powdered coal andaisspported by flue gases from the

combustion zone to the particle removal system.”

Steam output
to tuthines

Coal from
blending plant

To storage silos

Coal pulverisers  Furnace bottom ash Electrostatic precipitators  Exhaust stack

Figure 2.1 Fly ash production (Sear 2001)

A schematic layout of a coal-fired electrical gexigng station is presented in
Figure 2.1. The production of fly ash begins whencoal is pulverized and sent to the
burning zone of the furnace. In the furnace, tbel combusts and temperatures up to
approximately 2700 °F (1485 °C) are produced. hs high temperature, the non-
combustible inorganic materials liquefy and formlteo droplets. The inorganic
materials include quartz, calcite, gypsum, pyfiéjspar, and clay minerals. The flue
gases then carry these droplets away from the cstoinuchamber and they begin to
cool. The spherical, glassy particles that arenéat during cooling are termed fly ash

(ACI 232.2R 2003).
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Fly ash is removed from the flue gases by eithezharical or electrostatic
precipitators. A typical electrostatic precipitatmllection process is illustrated in Figure
2.2. When collected with electrostatic precipitajahe fly ash particle size and density
vary from one hopper to the next. With mechangatipitators, however, the fly ash is
separated in sequential precipitator hoppers aouptd particle size and density.
Regardless of the removal system, the finenessijtgeand carbon content may vary
from hopper to hopper. Therefore, fly ash fromhalppers is combined before storage to

create a consistent, homogenous material (ACI E2(03).

High Voltage
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3
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ﬂ j Fly Ash

w
UL

Collection
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Figure 2.2 Electrostatic precipitator (ACI 232.2R 2003)

2.2.2 Chemical Composition of Fly Ash
In the United States, fly ash may be separatediimbaclasses: Class C and Class
F. Fly ash is categorized by chemical compositido one of the two classes in

accordance with ASTM C 618 (2005) as follows:
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Class F: SiQ+ Al,O3 + FeO3 > 70%
Class C: SiQ+ Al,O3 + FeO3; > 50%.
Class F fly ash is the byproduct of burning antiteaand bituminous coals. Class

C fly ash, however, results from the combustiohgsfite and sub-bituminous coals
(Mehta and Monteiro 2006). Class C fly ashes lagker calcium oxide (CaO) contents
than Class F ashes because the sum aof 3iIQD;, and FeOs; may be significantly less
than the 70% minimum limit stated for Class F aqiA€3l 232.2R 2003). Although
Class F fly ash is strictly pozzolanic in behaviolass C fly ash has both pozzolanic and

cementitious properties because much of the cal@umthe form of reactive crystalline
compounds such as tricalcium aluminateA); calcium sulfate C§) and tetracalcium
trialuminate sulfate((:4A3§) (Mehta and Monteiro 2006). In addition to diffegy CaO

contents, Class C and Class F ashes typicallyrdiffeneir unburned carbon content.
Class F fly ashes generally have higher contentesadlual carbon (Mindess, Young, and
Darwin 2003). The chemical composition of fly d&ts a direct influence on both the

fresh and hardened properties of the concrete iohwhis used.

2.2.3 Physical Properties of Fly Ash

Similar to the chemical composition, the physicalgerties of fly ash, such as
particle size, particle shape, fineness, and derdiriectly influence both the fresh and
hardened properties of the concrete in whichuisisd. Fly ash particle size and shape
are dependent on the coal source, degree of prdten before burning, combustion

environment, and type of collection system used|(282.2R 2003). Fly ash particles
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are spherical in shape, glassy and may be holleno@pheres) or solid (plerospheres). A

micrograph showing fly ash particles is presentedigure 2.3.

Figure 2.3 Micrograph of fly ash particles (ACI 232.2R 2003)

Fly ash particles typically vary between srh and 10Qum in diameter (Mehta
and Monteiro 2006). A comparison of the particie gistribution of fly ash to that of
portland cement and silica fume is shown in Figue ASTM C 618 dictates that fly
ash used in concrete should not have more thand34be fly ash particles retained on

the 45um sieve (ASTM C 618 2005).
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Figure 2.4 Fly ash particle size distribution (Mehta and Nero 2006)

Typically, fly ash specific gravities fall betwe@r? and 2.8 (Luke 1961). ASTM
Class C fly ashes have higher specific gravity @althan Class F ashes. The higher
specific gravities of Class C ashes correspondhigl@er amount of fine particles and
fewer cenospheres. The lower specific gravity @alior Class F ashes result from
higher unburned carbon contents (ACI 232.2R 2003)e particle shape and size,
particle size distribution, and specific gravityflyfash all directly influence the water
demand for a given concrete mixture, which, in taffects both fresh and hardened

properties of the concrete being produced.

2.3 Hydration of Cementitious Materials
2.3.1 Portland Cement Hydration

The hydration of portland cement is important beedihis process yields
hydration products that possess setting and hargemaracteristics. Cement hydration

products also serve to bind the fine and coarsesgate (Mehta and Monteiro 2006).
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The hydration process is directly influenced byt¢hemical composition and fineness of
the cement. Portland cement is composed of foum Bague compounds: tricalcium
silicate (GS), dicalcium silicate (£5), tricalcium aluminate (), and tetracalcium
aluminoferrite (GAF) (Mehta and Monteiro 2006). The hydration oftfand cement
may be divided into two main processes: hydratioine aluminates (€A and GAF)

and hydration of the calcium silicates;8Cand GS).

When water is first added to portland cemenfl @nmediately begins to hydrate
and produce ettringite, a calcium sulfoaluminatdrate, while releasing a significant
amount of heat (Mehta and Monteiro 2006). The atydn of GA is presented in
Reaction 2.1.

CsA + Gypsum + HO — Ettringite + 1350 J/g  Reaction 2.1

Ettringite, a needle-like hydration product, isystable when sulfates are present in
solution. Therefore, gypsum is added during tloelpction of portland cement as a
source of sulfate to help regulate the hydratio@4¢. As ettringite is produced, the
reaction of the remainings8 is slowed, resulting in the dormant period in @i
concrete may be placed. After all of the sulfatesolution (gypsum) have been
consumed, ettringite becomes unstable. The eitigirgthen converted to monosulfate
hydrate (MSH) as €A begins to hydrate again rapidly, as shown in Rea@.2 (Mehta
and Monteiro 2006).

Ettringite + GA + H,O — MSH + 0 J/g Reaction 2.2

15



The hydration of the calcium silicates occurs atuech slower rate thans&
according to Reactions 2.3 and 2.4.
CsS + HO — C-S-H + 3CH + 500 J/g Reaction 2.3

C.S + HO — C-S-H + CH + 260 J/g Reaction 2.4

The silicate hydration reactions result in the fation of two hydration products:
calcium silicate hydrate (C-S-H) and calcium hyddex(CH). C-S-H is the largest
contributor to strength in hydrated cement pa&talcium hydroxide, however, is weak
and soluble (Mehta and Monteiro 2006).

The cement hydration reaction is exothermic, megaheat is released as
hydration progresses. The amount of heat releas@drtland cement hydrates is
referred to as the heat of hydration and can szs\an indication of the progress of the
overall hydration process. The overall cement &tydn process (combined hydration of

silicates and aluminates) can be divided into §gparate phases as shown by Figure 2.5.

Stage 1

~ |/

2 1y

8 — Staged —=+—————— 3Otages3andd4 ————=+—— 3Gtages

S CsS hydratiol
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% C3A hydratior

= !

©
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<
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e

]

o — A _—
Time (hours)

Figure 2.5 Portland cement hydration rate of heat evolu{dmdess, Young, and

Darwin 2003)
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During Stage 1, high heat evolution occurs as trdgnd cement hydrates
rapidly. This initial peak is followed by the doamt period (Stage 2). During this time,
very little heat is evolved and concrete remaing plastic state, allowing it to be placed.
The dormant period is followed by Stages 3 andhd aicceleration and post-acceleration
periods. During these stagesSGnd GA rapidly hydrate again as illustrated by their
individual peaks. The rate of heat evolution gedlyudecreases in Stage 4 until it

reaches a steady state at Stage 5 (Mindess, Yaadd)arwin 2003).

2.3.2 Portland Cement and Fly Ash Hydration
2.3.2.1 Pozzolanic Reaction

When fly ash is used in concrete as a supplementmgnting material (SCM), it
reacts with the alkalis and calcium hydroxide (@kthin the hydrating cement paste to
form calcium silicate hydrates (C-S-H) and calcialtiminate hydrates (ACI 232.2R
2003). Fly ash particles react with CH to form @€4Sas shown by Reaction 2.5 (Mehta
and Monteiro 2006).

Fly Ash + CH + water» C-S-H Reaction 2.5

Reaction 2.5 is referred to as the pozzolanic i@actThe fly ash will continue to
react with CH to produce C-S-H until either alltbé CH is consumed within the pore
fluid, or there is no more mixing water availabfe(] 232.2R 2003). In addition to the
pozzolanic reaction, Class C fly ash may also redttt the alkalis present in concrete to

form calcium aluminate hydrates. Both of thesetieas are dependent upon the
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breakdown of the glassy structure of the fly asijpgroxide ions and the heat generated
in early stages of hydration of the hydraulic cet{@milleo 1991).

The pozzolanic reaction is important becauseriteseto convert the weak,
soluble CH into the much stronger C-S-H hydratioodpict, thereby increasing the
durability of the hydrated cement paste. Also,fgbezolanic reaction occurs at a slow
rate and releases little heat of hydration in camspa to the cementitious reactions

(Mehta and Monteiro 2006).

2.3.2.2 Temperature Effects

The hydration of portland cement is temperatureeddpnt. Generally, an
increase in hydration temperature results in aelacated hydration reaction. Figure 2.6
shows hydration development for five mortar specisnef the same w/c ratio (w/c =

0.50) cured at isothermal temperatures of 5, 20535 and 50 °C (Kjellsen and

Detwiler 1992).
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Figure 2.6 Effect of curing temperature on degree of hydra(Kjellsen and Detwiler

1992)

18



The figure illustrates that higher curing temperasuresult in an increased rate of
hydration. Similarly, as the curing temperaturerdases, the rate of hydration slows.
The effect of curing temperature on hydration depelent will be discussed in more

detail in Section 2.6 when the degree of hydrafowmulation is introduced.

24 Calorimetry
2.4.1 Isothermal Calorimetry

The heat of hydration of a sample of paste, modiaconcrete may be used as an
indication of its degree of hydration (Powers amdvilyard 1948). One of the main
methods used to measure heat of hydration is isadiealorimetry. Isothermal
calorimetry, also referred to as conduction caletny, is the measure of the heat of
hydration of a sample that is maintained at a @msemperature (Poole et al. 2007).
The useful duration of isothermal testing resutses from approximately 2 to 7 days
depending on the sample size and testing temperaffter the first few days of testing,
the hydration process begins to slow and the amaofuitierated heat decreases. At this
time, the error within the testing set-up may lmeilsir in magnitude to the heat released
by the sample (Poole et al. 2007). Results frarthexmal calorimetry testing are useful
in determining the temperature sensitivity (acimatenergy) of a given concrete
mixture. An example of isothermal calorimetry léswobtained for mortar samples for
this project (with and without fly ash replacemdstyhown in Figure 2.7. It can be seen
in this figure that the rate of heat evolution &dndent on the cementitious system. In

this figure, the results were normalized per grdrmementitious material.
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Figure 2.7. Sample isothermal calorimetry results

2.4.2 Semi-Adiabatic Calorimetry

Another method commonly used to measure the hdatdhtion of a concrete
sample is adiabatic calorimetry. Adiabatic calaing is based on the principle that at
any time during testing, the temperature of the@arsurroundings will be equal to the
temperature of the concrete (RILEM TC 119 1997nc&it is very difficult to provide a
test set-up in which there is no heat exchange tom the testing environment, semi-
adiabatic calorimetry (SAC) was developed (NRMCA=RP4 2009). During semi-
adiabatic calorimetry testing, a small amount adthless from the test set-up is expected
to occur. These device specific losses are redamdd used to estimate a fully-adiabatic
temperature profile. The fully-adiabatic profileist also account for the effect that the
temperature difference between fully adiabatic semi-adiabatic conditions has on the

rate of hydration of the sample (Schindler andi&adl2005). An example of heat of
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hydration data for concrete produced with 15%, 26%b 35% Class F fly ash collected

from a semi-adiabatic calorimeter is presentedguire 2.8.
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Figure 2.8 Sample SAC curves (Schindler and Folliard 2005)

2.5 High Volume Fly Ash Concrete
Due to the economic and environmental benefitsudsed in Chapter 1, higher
fly ash replacement levels have been pursued facrete production. Malhotra and
Mehta (2002) define HVFA concrete according toftiiwing characteristics:
* Minimum of 50% fly ash by mass of cementitious mats.
« Water content less than 130 kg/(a19 Ib/yd).
« Cement content of no more than 200 k(887 Ib/yd).
* Mandatory use of high-range water-reducing admesduor concrete
mixtures with a specified compressive strengthGMsPa (4400 psi) or
higher, slumps greater than 150 mm (6 in.) and ratateementitious

materials ratio of the order of 0.30.
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* Mandatory use of an air-entraining admixture fonaete exposed to

freezing and thawing environments.

2.5.1 HVFA Mixture Proportions
2.5.1.1 Fly Ash Replacement Level

When fly ash is used as a supplementary cemertitimaterial (SCM), the
optimum replacement level is affected by the follogvfactors: class of fly ash, chemical
composition of cement, use of chemical admixtupés;ement conditions, strength
requirements, and curing conditions (Prusinski.et203). Therefore, the optimum
replacement level should be investigated for eacttiete application.

Obla et al. (2003) recommend that fly ash contéortstructural concrete be
selected based on the concrete application. Uhdeapproach, structural concrete may
be categorized based on the finishing requiremendhle 2.1 presents recommended fly
ash replacement levels based on concrete apphcasisuming an average daily
temperature of 68 °F. Also, it is assumed thaipematures will be higher during
placement and curing. Note that the recommendeakth contents presented in Table

2.1 should be tested with local materials to ensorepatability.
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Table 2.1 Fly ash replacement based on concrete applicéfbia et al. 2003)

Fly Ash

Content (%) Critical Factors

Classification Use

Columns, walls, beams, precast

(750 psi [5.2 MPa] by 14 to 16 40 to 50%
hrs)
Early strengths
Precast and prestressed should be met with
A. No Finishing (3000 to 6000 psi [21 to 41 20 to 30% materials to be used
MPa] by 16 hrs) in the job under site
conditions.
Some foundations, drilled piers,
and mud mats (no early 40 to 50%
strength)
Cast trial slabs to
Slabs-on-ground, foundations, 40 to 50% (if understand bleed
concrete pavements, tilt-up broom finished) and setting
B. Needs walls, suspended slabs, SOG properties of HVFA
Finishing subjected to early loading, SOG concrete. May have
post-tensioned, slabs on metal 25 to 50% (if to use measures to
deck, and toppings trowel finished) control plastic

shrinkage cracking.

For each classification, the recommended fly astiectds are separated based on
the concrete application. Under the “No Finishieggssification, precast and prestressed
elements have the lowest fly ash content due toired, high early-age strength.
Concrete for cast-in-place elements such as coluweilts, and beams, however, may be
proportioned with higher fly ash contents. At 480% replacement levels, however, the
w/cm ratio must be lowered to achieve adequatagtinefor form removal. Also, high-
range water-reducing admixtures may be requirgutdeide adequate workability.
Concrete for foundations, on the other hand, magrbportioned with high fly ash
contents without altering the w/cm ratio because éarly-age strength and delayed
setting times are typically not a concern for #yplication (Obla et al. 2003).

Obla et al. (2003) classify slabs-on-ground, pavas)dilt-up walls, suspended

slabs, and other flatwork as concrete that reqdinéshing. For these applications, the
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recommended fly ash contents vary according tayibe of finish. When trowel
finished, the recommended fly ash content varies {25 — 50%, based on set time
requirements, fly ash source, and use of chemdrabxdures (Obla et al. 2003). It
should be noted that ACI 318 (2008) places a lonithe maximum fly ash content at

25% when the concrete element is exposed to deatiamicals.

2.5.1.2 Water-to-Cementitious Materials Ratio

The water-cement (w/c) ratio is defined as the nohsgter divided by the mass
of cement. Similarly, the water-cementitious miadgfwv/cm) ratio is defined as the mass
of water divided by the mass of cementitious matericement plus SCMs). Abrams
(1919) reported that concrete compressive stresgtiversely proportional to the water-
cement ratio. Popovics (1986) determined that iiagroduced with fly ash also
followed Abrams’ law. Since compressive strengtbne of the most common measures
used to determine concrete quality, selectionmfoper w/cm ratio is crucial. It should
be noted, however, that concrete produced witlséimee w/cm ratio may experience
differences in strength due to differences in aggte properties, types and sources of
cementitious materials, use of chemical admixtueasained air contents, and curing
conditions (Mindess, Young, and Darwin 2003).

When proportioning HVFA concrete, a low w/cm rasmecessary. During
research conducted at CANMET, Bilodeau et al. (2@@termined that for HVFA
concrete, “the proportion of fly ash should be ghtas possible and the water-
cementitious materials ratio as low as possiblgéwide adequate early-age strength and

durability.” Furthermore, Bilodeau et al. (200&commend that HVFA concrete should

24



not be produced with a w/cm ratio above 0.35 undiesability is not a concern. High-
range water-reducing admixtures are typically resgito maintain adequate workability

at low w/cm ratios.

2.5.1.3 Chemical Admixtures
25.1.3.1 Accelerating Admixtures

ASTM C 494 (2005) Type C accelerating admixturesdefined as “an
admixture that accelerates the setting and eadystrgngth development of concrete.”
Accelerators are often used during winter monthsffiget the effects that cold placement
temperatures have on the rate of hydration andgiinegain. Similarly, accelerating
admixtures are commonly used in HVFA concrete tnteract the retarding effects that
high fly ash contents have on the hydration pracess

Accelerating admixtures shorten set times by irgirgpthe rate of hydration of
CsS. The induction period is typically shortened] #ime rate of hydration during Stages
3 and 4 (Figure 2.5) is increased (Mindess, Yoang, Darwin 2003). With the correct
accelerator dosage, set times and early-age dtreegtlopment for HVFA concrete can

be made comparable to conventional concrete.

25.1.3.2 High-Range Water-Reducing Admixtures

ASTM C 494 (2005) Type F and G high-range wateuoatly admixtures (a.k.a.
superplasticizers) are admixtures that reducedtheunt of mixing water required to
produce a concrete of a given consistency by 12@semater.” High-range water-

reducing admixtures (HRWRA) are commonly used inFA\toncrete to ensure
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adequate workability at the low w/cm ratios reqdifer adequate early-age strength.
Popovics (1993) reported that the effectivenedsRWRA in HVFA concrete is
dependent on the type and dosage of the admixtar¢h@ chemical composition of the
cementitious material used in the concrete.

Superplasticizers are surfactants which achieveatexhs in water demand by
dispersing the cement grains in the mixing wat@ement and fly ash particles carry
residual charges on their surface. When adjacamicfes have opposite charges, they
flocculate and adsorb mixing water onto their stefaTherefore, less mixing water is
available to reduce the viscosity of the paste (Mss, Young, and Darwin 2003).
Superplasticizers act to neutralize the surfacegesaof the cement and fly ash particles,

causing the particles to repel each other anduipethe mixing water.

2.5.2 Effects of High Volume Fly Ash on Fresh Comete
2.5.2.1 Workability and Water Demand

Mindess, Young and Darwin (2003) define workabiaty/“the amount of
mechanical work, or energy, required to produckdoinpaction of a concrete without
segregation.” The workability of fresh concret®ien measured by determining the
slump according to ASTM C 143 (2005). Workabilgyaffected by: water content,
mixture proportions, aggregate type, concrete teatpee, cement characteristics, use of
chemical admixtures and use of SCMs (Mindess, Ypand Darwin 2003).

The use of fly ash as cement replacement genegllyces the water demand
required for a given workability. Thomas (2007pegximates that each 10% of fly ash

replacement should provide at least 3% water rémluctrigure 2.9 illustrates the
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combined effect of fly ash fineness and replacerea on the water demand for

concrete proportioned to have equal slump (Owef9)19
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Figure 2.9 Fly ash fineness and replacement level effeavater demand (Owens 1979)

Malhotra and Jiang (2000) found similar result©teens, with a maximum
decrease in water demand of approximately 20%.hMed and Jiang investigated eight
different fly ash sources with varying chemical gmsitions and fineness. All mixtures
were produced with a 55% fly ash replacement lamel w/cm ratios from 0.34 to 0.39.
No air-entraining admixtures were used. The foltaytable presents the water

reduction (%) results obtained for each of theafi sources investigated.
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Table 2.2 Reduction in water demand for HVFA concrete (Méth and Jiang 2000)

Mixture No. Fly Ash Source w/cm Water Reduction (%)

FO None 0.43 -

F1 Point Tupper 0.38 11.2
F2 Lingan 0.39 8.8
F3 Sundance 0.37 14.1
F4 Forestburg 0.35 17.6
F5 Thunder Bay 0.34 18.8
F6 Belledune 0.38 9.4
F7 Belews Creek 0.38 10.6
F8 Coal Creek 0.34 19.4

Mehta (2004) states that the reductions in waterasttel may be attributed to
three mechanisms. First, the fine fly ash pasigieevent cement flocculation. Also,
since the fly ash particles have a smooth, spHesigéace (illustrated in Figure 2.3),
interparticle friction is reduced. Finally, thedtection in water demand may be attributed
to more efficient particle packing within the pa@tehta 2004). Based on the results, it

is apparent that fly ash may be used as a wateiciegl SCM at high replacement levels.

2.5.2.2 Bleeding

Bleeding is defined as the “upward movement of watter concrete has been
consolidated, but before it has set” (Mindess, Ypwand Darwin 2003). As the
aggregates settle after placement, some of thengiixater is displaced and is forced to
the surface. ASTM C 232 (2007) is the standardnethod for determining the total
bleeding capacity as well as the rate of bleedim@gffresh concrete sample.

In 1986, Gebler and Klieger performed researchuemtjfy the effect that fly ash
has on the bleeding capacity of concrete. Refuwlts this research are summarized in

Table 2.3. All fly ash concrete had a cementitimagerial content of 517 Ib/§@nd fly
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ash was proportioned with a 25% by mass replaceleeeit Gebler and Klieger (1986)
verified that fly ash reduces the bleeding capaaityoncrete. They also found that
concretes proportioned with Class C ashes generzliipited less bleed water than those
proportioned with Class F ashes. The bleedingagpaf a concrete mixture is directly
related to the water demand. Therefore, bleedingpically reduced in HVFA concrete
mixtures due to the low water contents requirecaftequate workability (Gebler and

Klieger 1986).

Table 2.3 Effect of fly ash on bleeding (Gebler and Klied&86)

Test Mixtures Bleeding
- AShClass of % mi/cm” of
Identification Fly Ash surface
A C 0.22 0.007
B F 1.11 0.036
C F 1.61 0.053
D F 1.88 0.067
E F 1.18 0.035
F C 0.13 0.004
G C 0.89 0.028
H F 0.58 0.022
I C 0.12 0.004
J F 1.48 0.051
Average:
Class C 0.34 0.011
Class F 1.31 0.044
Control Mixtures:
517 pcy 1.75 0.059
474 pcy 2.42 0.080

Low bleed water combined with extended initialts®es can make HVFA

concrete susceptible to plastic shrinkage crackRigstic shrinkage occurs when rate of
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loss of water from the concrete surface exceedsatieeat which bleed water is
generated. Plastic shrinkage cracking occurs winetensile stress at the concrete
surface due to shrinkage exceeds the concreteggitréviehta and Monteiro 2006). If
plastic shrinkage cracking is a concern, the gindslset forth by ACI 305 (1999), titled
Hot Weather Concretinghould be followed to reduce evaporation fromplaestic
concrete surface. ACI 305 (1999) states that enaijom from the plastic concrete
surface may be reduced by the use of wind brealgssfrays, evaporation retarders, and

impervious sheeting.

2.5.2.3 Air Entrainment

Concrete is susceptible to damage from freezinglaading cycles when in a
saturated or near-saturated condition. Air-eningi@dmixtures (AEA) are used to
provide resistance to this damage by creating dl swell-distributed air-void system
within the concrete. Air-entraining admixtures tan surfactants, which are molecules
with a hydrophilic head and hydrophobic tail. @gtants concentrate at the water-air
interface and reduce the surface tension of themtatallow for the formation of small,
stabilized bubbles (Mindess, Young, and Darwin 3003

For HVFA concrete, the amount of air-entraining adare required to produce
the target air content may vary considerably. €@dly ashes may reduce the required
AEA dosage due to water-soluble alkalis in thealtyr (Pistilli 1983). The use of low-
calcium, Class F fly ashes, however, typically ieggiincreases in AEAs due to their
high levels of unburned carbon (Thomas 2007). ditairned carbon reduces the

effectiveness of the AEA by absorbing the air-antrgg admixture. The loss on ignition
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(LOI) is an indirect measure of the amount of umiegrcarbon for a fly ash source, and is
often used as a predictor for the AEA dosage requent. Research conducted by
Folliard et al. (2007) suggests that a direct datien cannot be made between LOI and
AEA dosage requirement due to variability in therog process of power generating
plants. In recent years, many power generatingtplaave installed low N(burners to
comply with environmental quality standards. Feotli et al. (2007) reported that
measurement of the surface area of fly ash by Brem&mmet, and Teller (BET)
nitrogen absorption analysis is a better indicafokEA demand.

According to Gebler and Klieger (1983), fly ashieattrequire a larger AEA
dosage exhibit an increased rate of air loss wiempared to a control concrete with no
fly ash replacement and a similar w/cm ratio. Blase research findings, fly ash-AEA

compatibility should be investigated on a case-agedbasis for HVFA concrete.

2.5.2.4 Setting Time

Mehta and Monteiro (2006) define setting of corneet “the onset of
solidification in a fresh concrete mixture.” l@itiset defines the time at which fresh
concrete can no longer be properly mixed and plasbdreas final set defines the
beginning of the development of mechanical propsrtMindess, Young and Darwin
2003). Set times for HVFA concrete are influenbgdhe following factors: class and
quantity of fly ash, type and quantity of cememtyisonmental conditions, concrete
temperature, use of chemical admixtures, and wateementitious materials ratio
(Mehta and Monteiro 2006). Initial and final setés are determined according to

ASTM C 403 (2006)sStandard Test Method for Time of Setting of Coeckéiiktures by
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Penetration Resistance.Initial and final set times as determined adoay to ASTM C

403 are illustrated in Figure 2.10.

‘ Fluid Transition
Beginning of mechanical strength (setting) Rigid
Final Set
=
=
=
o Initial Set
_'_'_'_'_._,_o—'—"'_ﬂf F

Time

Figure 2.1Q Setting and hardening of concrete (Mindess, Yoang Darwin 2003)

Ravina and Mehta (1986) performed a study on g&hfconcrete properties of
concrete produced with fly ash contents of 35, @@ 30% by weight of cementitious
materials. For this study, four fly ash sourcesenrvestigated, two Class F and two
Class C. The chemical compositions for each ofdbefly ash sources are shown in

Table 2.4.
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Table 2.4 Chemical composition of fly ashes for Ravina aehta (1986)

ASTM Class F | ASTM Class C
Item No.1 | No.2| No.3| No.4
SiO; (%) 52.2 68.4 45.8 39.5
Al,03 (%) 27.4 17.2 22.3 195
Fe,03 (%) 9.2 3.7 7.4 5.7
CaO (%) 4.4 5.6 19.0 24.7
MgO (%) 1.0 1.6 5.0 3.4
SO3(%) 0.45 0.52 1.60 1.80
Na,O (%) 0.12 0.99 0.33 1.56
K20 (%) 0.68 0.44 0.19 0.21
Loss on Ignition (%) 3.50 0.30 0.20 0.21
Specific Gravity 2.31 2.30 2.46 2.58

A summary of the penetration resistance data flumstudy for each of the fly
ash sources detailed above at a replacement IE88P6 by mass of total cementitious
material is shown in Table 2.5. The setting residt the reference control concrete (no

fly ash replacement) are also presented for corsqayi

Table 2.5 Setting of concrete mixtures with 35% fly ash {Ra and Mehta 1986)

Setting Time | o001 | FlyAsh1 | FlyAsh2 | FlyAsh3| FlyAsh4
(hr:min)
Initial Set 5:40 6:00 6:15 8:20 7:10
Final Set 8:40 9:40 10:15 11:30 10:25
Delay of 0:20 0:35 2:40 1:30
Initial Set
Delay of 1:00 1:35 2:50 1:45
Final Set ) ' ) )

33



Ravina and Mehta (1986) reported initial set tiréags of 20 minutes to 4 hours
and 20 minutes and final set time delays of 1 ho& hours and 15 minutes when
compared to the control concrete depending onlyresh type and dosage. ASTM Class
C fly ashes resulted in longer set times when coetpt equivalent concrete mixtures
prepared with Class F fly ashes. Also, the dataset times increased with higher fly ash
replacement levels. This research, indicatesHN&A concretes exhibit delayed set
times when compared to a control mixture with ryoefsh replacement and a similar
w/cm ratio.

As discussed in Section 2.3, tricalcium alumin&, begins to hydrate rapidly
when water is first added to a concrete mixturbe fiate of GA hydration is highly
dependent on the presence of sulfate ions in tHeakipg cement paste. When the
sulfate content is increased, the rate g& @ydration is slowed. Ravina and Mehta
(1986) report that the delayed setting times ferdbncrete mixtures incorporating Class
C fly ashes can be attributed to their higher seléntents.

Eren et al. (1995) performed research to quantiéyeffect of curing temperature
on setting times of HVFA concrete and slag cementrete. The results for HVFA
concrete proportioned with 50% Class F fly ashsli@vn in Figure 2.11. It is shown
that setting times are temperature dependenttiries decrease with an increase in
curing temperature and increase with a decreasering temperature. During cold
weather, the rate of hydration is slowed, and ffiigash replacement levels can cause
significant delays in initial and final set timeBuring hot weather, however, the

retardation caused by fly ash may be beneficial.
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Figure 2.11 Effect of curing temperature on HVFA concretdiagttimes (Eren et al.

1995)

2.5.2.5 Heat of Hydration

As discussed in Section 2.3, the hydration of cengean exothermic process.
When fly ash is used to replace cement in porttaamdent concrete, the rate of heat
development and overall heat of hydration is attern some cases, the total heat of
hydration is reduced, which can be very beneficahass concrete construction. During
mass concrete pours, the maximum temperatureaisshcrete containing fly ash will
depend on the chemical composition of the fly asplacement level, and concrete
temperature at placement (Thomas 2007).

Langley et al. (1992) performed research to quatiié effect that high fly ash

dosages have on the temperature rise for concketetheir study, three 3.05 x 3.05 x
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3.05 meter concrete blocks were cast and the teryerrise was monitored with
embedded thermocouples. Langley et al. (1992)rtegdhat the temperature rise caused
by the hydration of HVFA concrete may be signifidgmeduced. When the
cementitious materials content was held constanias found that the peak temperature
of the block cast incorporating concrete with 55%sS F fly ash replacement was
reduced by 29°C (52°F). When the total cementtimaterials content was reduced and
fly ash was incorporated, a reduction of 53°C (9%%&s achieved (Langley et al. 1992).
Similar research was conducted by Bisaillon e(1#194). The results from this
study are shown in Table 2.5. The fly ash seleftiethis research had a CaO content of
2%. Bisaillon et al. (1994) also reported decrsasgeak in-place temperature when
monitoring the temperature rise of large concretaaiiths (2.5 x 3.0 x 4.0 meter blocks)

cast with fly ash replacement levels ranging fr@n®62%.

Table 2.6 Temperature rise of HVFA concrete monoliths (Bisa et al. 1994)

Mix C(gment , CIass3FFIy Agh wiem Max. Temp Time to
kg/m? (Ib/yd?) kg/m? (Ib/yd®) °C (°F) Max (hour)
1 365 (600) Type | - 0.45 68 (154) 29
2 125 (211) Type | 155 (261) 0.46 44 (111 53
3 170 (287) Type | 220 (370) 0.29 54 (129 57
4 330 (556) Type lI - 0.50 55 (131) 75
5 125 (211) Type | 155 (261) 0.41 47 (117 98

The rate of temperature development and maximurpéeature rise for HVFA
concrete is dependent on the chemical composifitimedly ash. Thomas et al. (1995)
performed an isothermal calorimetry study on cerfigrash pastes with CaO contents

ranging from 2.6% to 27.1%. The results from #tigdy are illustrated in Figure 2.12.
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From this study, it was determined that as the Ca@@ent of the fly ash increases, the

rate of temperature development also increases.

350

Type | Control (no fly ash) °

3004 Type MH Limit

© 25% Fly ash
B 40% Fly ash
A 56% Fly ash

7-Day heat-of-hydration (KJ/Kg)

I 1

0 5 10 15 20 25 30
CaO of fly ash

Figure 2.12 Influence of fly ash CaO content on heat of h{idra(Thomas et al. 1995)

The heat contribution of fly ash to the overall thefhydration of a concrete
sample will be discussed in further detail in Sac.6 when the degree of hydration

formulation is introduced.

2.5.3 Effects of High Volume Fly Ash on Hardened @hcrete Properties
2.5.3.1 Compressive Strength Development and Curirigequirements

The rate of strength gain for HVFA concrete is etiéel by the chemical
composition of the fly ash, the type of cement ysed the concrete mixture proportions

(EPRI CS-3314). Generally, as the fly ash dosagesases (for a given w/cm ratio),
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early-age compressive strength decreases. Atdges, however, the compressive
strength may be improved with increased fly asteegment. The increase in strength
gain at later ages can be attributed to the pomoéetivity of the fly ash, and will only

be achieved if the concrete is kept moist (ACI B32003). Moisture is required for the
pozzolanic reaction to convert CH to C-S-H. Berny Malhotra (1980) report that the
strength gain at later ages will continue to insesand will result in higher later-age
strengths than would be achieved with an increasemnent content. The general effect
of fly ash dosage (Class F) on concrete compressigagth development is shown in
Figure 2.13. In Figure 2.13, it is shown thattesfty ash dosage is increased, the rate of
strength development at early ages decreasestektdges, however, the compressive

strength increases with an increase in fly ashgimsa

Moist-cured concretes at egual WG f__'_____..
- _---..- _-H"'
Contral
=
cn
=
£
T
E Increasing levels
‘& of fly ash
]
o
o
E
=
2
] I 1 i T
Age ——p

Figure 2.13 Effect of Class F fly ash on concrete compresstuwength (Thomas 2007)
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Class C fly ashes exhibit a higher rate of reactibearly ages than Class F ashes
(Smith et al. 1982). Typically, the early-age sg#n for HVFA concrete will increase
with increasing fly ash CaO content. However, s@tass C ashes may not exhibit the
increased later-age strength gain found with Gfagshes (ACI 232.R 2003).

The late-age strength gains for HVFA concrete ameddent on the duration of
moist curing. Langley et al. (1989) performedwdgtto quantify the effect of curing
duration on the development of compressive strefagtboncrete proportioned with 56%
fly ash by weight of total cementitious materialdhe results from this study are shown

in Figure 2.14.
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Figure 2.14 Effect of curing temperature on HVFA concrete poessive strength

development (Langley et al. 1989)
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As shown in Figure 2.14, HVFA concrete benefitsagisefrom increased moist-
curing duration. When continuously moist-cured, HVFA concrete continues to gain
strength at testing ages up to 365 days. Landlal €1989) determined that HVFA
concrete may not require extended curing periodierfield, however, because
comparable compressive strengths at 28 days whrevad with only 3 days of moist-
curing. Also, in large structural elements, thegderm strength development of interior
concrete will not be affected as severely by dryasdhe 6 in. x 12 in. test cylinders used

for laboratory testing (Langley et al. 1989).

2.6 Hydration Modeling
2.6.1 Degree of Hydration

Degree of hydrationof is used to quantify the progress of the hydrateactions
between cementitious materials and water contamacdoncrete sample. The degree of
hydration varies with time. At anof O, no reactions have occurred. The maximum
value ofa is 1, representing a state of complete hydrafRlIhEM CEA 42 1981). It
should be noted, however, that a degree of hydratid may never be reached because
not all cementitious material will hydrate (Mill®86). Figure 2.15 shows a typical

degree of hydration versus concrete age plot.
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Figure 2.15 Plot of degree of hydration versus concrete age

2.6.1.1 Degree of Hydration Formulas

The degree of hydration for a concrete mixture i@getermined experimentally
by either direct or indirect methods. The Inteior@dl Union of Laboratories and Experts
in Construction Materials, Systems, and Struct(gResEM) defines a direct method for
calculating degree of hydration based on deterrgittie quantity of hydration products
formed. The RILEM CEA 42 (1981) definition for deg of hydration is presented in
Equation 2.2:

cw

a(t) = Equation 2.2

where:

alt) = degree of hydration at time t,
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C(®)

guantity of hydrated cement at time t, and

@]
Il

original quantity of cement.

According to RILEM CEA 42 (1981), it is “almost irapsible to make a direct
determination of the quantity of cement gel fornoedhe quantity of hydrated cement.”
Therefore, the degree of hydration is most oftaermened by indirect methods. One
indirect method for determiningis by analysis of the chemically bound water witthie
hydrating cement paste. Powers and Brownyard (L@frted that a relationship exists
between the amount of chemically bound water witheapaste and the quantity of
cement gel formed. Also, Powers and Brownyard dotimat portland cement will bind
approximately 25% by weight of water at completdrayion. Based on these findings,

the following formulation of degree of hydration svaresented.

= 02510 Equation 2.3
where:
alt) = degree of hydration at time t,
wh(t) = guantity of bound water at time t, and
C = original quantity of cement.

For this formulation, the quantity of bound watsy, is defined as “the quantity of water
which is emitted from a dried (105°C) specimen whes subjected to ignition
(1050°C)” (Byfors 1980).

Another indirect method for determining the degrsélydration is based on

measuring the heat of hydration of the cement paRtavers and Brownyard (1948)
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found that the quantity of bound water is diregtigportional to the quantity of heat
developed during hydration. Therefore the degfde/dration may be determined by
dividing the heat developed at a given time bythie®retical total quantity of heat
available within the cementitious system. The degf hydration formulation based on

heat of hydration is as follows (Powers and BrowdyE048):

a(t) = HH(Tt) Equation 2.4
where:

o) = degree of hydration at time t,

Hit) = guantity of heat developed at time t, and

Hr = guantity of heat developed at complete hydration

The quantity of heat generated at a given tifE, may be determined by the
following methods: adiabatic calorimetry, isothefm@orimetry or measurement of the
heat of solution. Isothermal calorimetry and sextiabatic calorimetry were introduced
in Sections 2.4.1 and 2.4.2, respectively. Duenieliability of heat of solution
measurements, calorimetry methods are preferrdd=(RICEA 42 1981).

The formulation given above also requires detertionaof Hy, the total quantity
of heat available within the cementitious systet.accounts for heat generated by both
portland cement and SCMs at 100% hydration. Ttimate heat of hydration for a

concrete mixture, i can be quantified as follows (Schindler and Bodli2005):

Hr = Hy- C. Equation 2.5
where:
Hr = ultimate heat of hydration of the concrete €)/m
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Hy total heat of hydration of cementitious materidlg), and

Ce cementitious materials content (gjm

The total heat of hydration of the cementitiougeysincludes heat contribution
from both portland cement and SCMs. Schindlerfoitiard (2005) proposed the

following approximation for the total heat of hydom of the cementitious materials:

Huy = Hcem' Peemt 461 Psiag + Pra- hea Equation 2.6

where:

Hy = total heat of hydration of cementitious materiaydration (J/g),
Heem = total heat of hydration of cement (J/g),

Pcem = cement weight ratio in terms of total cementii@ontent,

Pslag = slag weight ratio in terms of total cementitiamasntent,

Pea = fly ash weight ratio in terms of total cementiticaentent, and
hea = heat of hydration of fly ash (J/9).

26111 Portland Cement Heat Contribution

As seen in the formulation fét,, the heat of hydration contribution from
portland cement and fly ash must be determinedceSeach portland cement compound
has a unique heat of hydration, the total heatydfdtion of cement at complete
hydration,H.em, may be calculated as follows (Bogue 1947):

Heem = 500 pcss+ 260 pcas+ 866- pcsa + 420 peaar + 624 psos+ 1186

Prreecaot 850 Pugo Equation 2.7

where:
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Heem = total heat of hydration of cement (J/g) and

pi = weight ratio of-th compound in terms of total cement content.

2.6.1.1.2 Fly Ash Heat Contribution

To calculate the total heat available within theneatitious system, the heat
contribution from fly ash must be determined. S8itlte cementitious nature of a fly ash
is correlated with its CaO content, fly ash hedbydration is calculated based on CaO
content. Kishi et al. (1995) proposed a value@¥ RJ/kg for fly ash with a CaO content
of 8.8%. Schindler and Folliard (2005) expandexftrmulation for fly ash heat of
hydration based on semi-adiabatic test resultsrddaduring the development of a
general hydration model for cementitous materidlge formulation for fly ash heat of

hydration proposed by Schindler and Folliard (206%s follows:

hea = 1800 pra-cao Equation 2.8
where:

hea = total heat of hydration of fly ash (J/g) and

PFa-cao = fly ash CaO weight ratio in terms of total flghacontent.

In 2009, Ge and Wang modified the formulation psgabby Schindler and
Folliard based on semi-adiabatic calorimetry testlts obtained from concrete mixtures
containing 15, 30, 45 and 60% fly ash by weighterhentitious materials. The fly ash
sources investigated in this study had CaO contantging from 1.51% to 27.11%. The

formulation proposed by Ge and Wang (2009) is Hsvis:

46



hea = 15.9 (pFACaOX 100) +74.3 Equation 2.9

where:
hea = total heat of hydration of fly ash (J/g) and
Pracao = fly ash CaO weight ratio in terms of total flghacontent.

2.6.1.2 Ultimate Degree of Hydration

Unless the water-cement ratio is extremely higmplete hydration will not
occur @ = 1.0). After investigation of the hydration olvide range of cementitious
materials, Mills (1966) concluded that “most, iftradl, cement paste hydration stops
before the cement is totally consumed.” Mills deti@ed that the ultimate degree of
hydration is strongly influenced by the water-cetmatio. Based on this study, Mills
developed the following equation as an approxinmatoo the ultimate degree of
hydration.

_1.031w/c

a,=——— Equation 2.10
0.194+w/c

where:
oy = ultimate degree of hydration
w/c = water-cement ratio by weight.

The ultimate degree of hydration formulation pregd by Mills does not take into
account the use of SCMs. Therefore, Schindlerfatitard (2005) expanded Mills

model:
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_1.031w/c

=—_—— " +0. +0. <1 Equation 2.11
a, 0194+ w/c 0500, + 0.30Pg 46 <10 quation

where:

oy = ultimate degree of hydration

w/c = water-cement ratio by weight

Pea = weight ratio of fly ash in terms of total cemeonntent
Pstac = weight ratio of GGBF slag in terms of total cerheontent.

In Section 2.3.2.2, it was shown that the ratbeyafration is affected by curing
temperature. The ultimate degree of hydration,éwn, is independent of curing
temperature (Kjellsen and Detwiler 1992). Theugafice of curing temperature on
ultimate degree of hydration is shown in Figure ZI®e difference in ultimate degree of

hydration for the samples cured at 5 °C and 50s°&pproximately 2%.

2.6.1.3 Hydration Equation

After collecting data for the degree of hydrati@velopment of a concrete
sample, the data may be represented by a besgfitamatical model. Friesleben,
Hansen, and Pederson (1984) developed a three-praexponential equation to
represent the heat development of a portland ceocwgrarete sample. In 2002, Hansen
and Pane modified the original equation to repredendevelopment of degree of

hydration versus time:
Y
a(t) =a, [&x —(?j Equation 2.12

where:
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o (1)

degree of hydration at time t

oy = ultimate degree of hydration

T = hydration time parameter

S = hydration shape parameter, and
t = concrete age or equivalent age.

2.6.2 Equivalent Age Maturity Method

The development of mechanical properties and higairédr a given concrete
mixture is a function of its age and curing tempamhistory. Therefore, it is difficult to
accurately estimate the in-place concrete strelngsied on strength data that have been
obtained under standard laboratory conditions. mkg&urity method was developed to
predict concrete behavior at any given time basethe measured temperature history of
a concrete sample (Carino 2004). With the matumigéghod, a maturity function is used
to convert the chronological age of a concreteatateany temperature to an equivalent
age for a specimen cured at a reference temper@ahnendler 2004).

In 1977, Friesleben, Hansen and Pederson introdihesahaturity function
presented in Equation 2.13. This function is basethe Arrhenius equation and is
commonly called the equivalent age maturity met®8TM C 1074 2004). ASTM C
1074 (2004) defines equivalent age as the amouimhefat a specified temperature
required to produce a maturity equal to the matugtiched by a curing period at
temperatures other than the specified referencpaeature. The Arrhenius method
maturity function is typically evaluated using &erence temperaturég, of 73 °F (23

°C) in the United States or 68 °F (20 °C) in Europe
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“Bf1 1
t.=> e R(T° TR]At Equation 2.13

where:

te = equivalent age at the reference curing tempexghours),
Tc = average temperature of concrete during timevatet (K),
Tr = reference temperature (K),

E = activation energy (J/mol), and

R = universal gas constant, 8.3144 J/ (mol K).

2.6.2.1 Activation Energy

The activation energy used in the Arrhenius equatiefines the temperature
sensitivity of the concrete mixture (Carino 200¥Yhen the difference between the
curing and reference temperatures increasesinipertant that an accurate estimate of
the activation energy is used so that reliablerestes of the in-place concrete strength
and hydration development are achieved.

Friesleben, Hansen and Pederson (1977) recommeridlibwing values for
activation energy when estimating the developméntechanical properties:

E

33,500 J/mol for¥ 20 °C

E

33,500 + 1470 (20-T) for T <20 °C.

ASTM C 1074 (2004) also provides guidance on thecten of appropriate activation
energy values based on the cement type used. Fgeal cement with no chemical
admixtures, an activation energy of 40,000 to 48 0ol is suggested (ASTM C 1074

2004). Since activation energy values are higklyethdent on mixture proportions and
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the use of chemical admixtures, Annex A of ASTM@4 (2004) provides an
experimental procedure to determine more accucdiheasion energy values.

The maturity method may also be used to predidtdtion development. The
method for determining activation energy valuesioed in ASTM C 1074 (2004), the
Standard Practice for Estimating Concrete Strerigtithe Maturity Methods suitable
for strength prediction. When predicting hydratmmogress, however, Schindler (2004)
and Poole et al. (2007) determined that isothenal@rimetry data, rather than mortar
cube compressive strength results, provides a ammerate estimate of the activation
energy.

Schindler (2004) proposed the following formulatfon estimating the activation
energy for a given concrete mixture based on tleenotal composition and fineness of

the cement, as well as the presence of supplenyargarentitious materials:

E =22,100 fe* pcsa® Peaar - Blaing* Equation 2.14

where:

E = activation energy (J/mol),

fe = activation energy factor to account for use G\,

Pcan = weight ratio of GA in terms of total cement content,

Pcane = weight ratio of GAF in terms of total cement content, and
Blaine = Blaine specific surface area of cemerftKg).

The activation energy modification factog, is calculated as follows:
fE = 1 - 105 pFA. (1'pFACaC/O-4O) + 040 pSLAG Equatlon 215

where:
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fe = activation energy factor to account for use GV,

Pea = weight ratio of fly ash replacement,
Pracao = weight ratio of CaO content for fly ash, and
Psiac = weight ratio of GGBF slag replacement.

2.6.2.2 Application of Maturity Method
2.6.2.2.1 Compressive Strength Prediction

After determining the activation energy for a giveancrete mixture, the
equivalent age for a test specimen may be calacukttany time based on the recorded
temperature history using Equation 2.14. As losighe concrete has been properly
placed, consolidated and cured, this equivalentagehen be used to help estimate the
in-place concrete strength. When comparing coagength based on equivalent age,
rather than real age, inaccurate correlations dwagfiering temperature histories may be
avoided, as illustrated by Figure 2.16. Accurasdtion of the in-place concrete
strength is crucial for planning construction opierss such as form removal and

application of post-tensioning forces (Carino 2004)
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Figure 2.16 Comparison of compressive strength versus readrete age and equivalent

age for samples cured at different temperaturesakigg 2010)

Application of the maturity method for strength ghiction requires two phases:
laboratory testing and field measurement of in-pleenperature history. The laboratory
testing phase requires two types of testing. JRinsttemperature sensitivity (activation
energy) of the concrete mixture must be selectetbtermined as discussed in Section
2.6.2.1. Second, the strength-maturity relatignétui the mixture must be determined by
plotting the compressive strength of laboratoryeduconcrete cylinders against the
equivalent age at the time of testing (Carino 2004)

Friesleben, Hansen, and Pederson (1985) propbatethe strength-maturity
relationship should be similar to the heat of hyidraversus equivalent age relationship.

This strength-maturity relationship is as follows:
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S(M) =S, Edax;{— (ﬁj ] Equation 2.16

where:

S(M) = strength at maturity M,

S = ultimate strength,

T = characteristic time constant,
M = maturity index, and

a = shape parameter.

The ultimate strength, time constant, and shapampeter are unique for each
concrete mixture. Regression analysis is usel Exfiation 2.16 to the compressive
strength versus equivalent age data. After detengithe strength-maturity relationship,
in-place concrete strengths may be estimated b@aseecorded in-place concrete

temperatures.

2.6.2.2.2 Setting Prediction

The maturity method may be used to account foetfext of temperature on
concrete setting times. Initial and final set tiage defined based on penetration
resistance of a wet-sieved mortar sample accotdi®gSTM C 403 (2006). Pinto and
Hover (1999) performed research to determine tfeeedf curing temperature on setting
time as determined by penetration resistance. ofljh the initial and final set times at
each curing temperature varied significantly, takwlated equivalent ages did not, as

shown in Figure 2.17. This was also confirmed bgdé&/ et al. (2010), Weakley (2010)
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and Pinto and Schindler (2010). From this reseatetas determined that initial and
final set times are primarily influenced by the hatibn of the cementitious material.

The setting times may be estimated for a given uneat varying placement conditions if
the apparent activation energy, temperature historgt equivalent ages at setting are

known.
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Figure 2.17 Concrete setting versus equivalent age (Wadk 2040)
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2.7 HVFA Concrete and Sustainability
2.7.1 LEED Construction

In an effort to promote more energy-efficient andieonmentally friendly
construction practices, the U.S. Green Building t@iunstituted the Leadership in
Energy and Environmental Design (LEED) programe TEED certification system is
credit-based. Under the LEED designation, constmgrojects are awarded credits
based on performance in the following categoriest&nable Sites, Water Efficiency,
Energy and Atmosphere, Materials and Resourcespmnvironmental Quality, and
Innovation and Design Process. Based on the nuaflmeedits awarded, construction

projects may be LEED certified as follows:

» LEED Certified 26 — 32 credits
* LEED Silver 33 — 38 credits
« LEED Gold 39 — 51 credits
* LEED Platinum 52 — 70 credits.

The LEED system defines fly ash as an “environnibntize post-industrial
recycled material.” When used in concrete, fly eshtributes to the recycled material
content of the structure. Requirements for theedals and Resources, and Innovation
and Design Process categories may be fulfilled vhéRA concrete is specified for a

construction project (ACI 232.2R 2003).
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2.7.2 Greenroads

Similar to the LEED certification system, the Gresds Rating System is used
to rate the sustainability achieved in roadway troiesion projects. Greenroads is a
“voluntary third-party rating system” that helpsamtify the sustainable attributes of
roadway and bridge projects (Muench et al. 20THe Greenroads rating system was
developed jointly by the University of Washingt@ti2M Hill, and various industry
groups and consultants. Currently, the Greenr®adisig System only considers the
pavement system and does not consider transportsttioctures such as bridges, tunnels,
walls, etc. (Muench et al. 2011).

There are several project requirements that mustdien order to be considered
a Greenroad. Greenroad projects must also eaumtaoy credits in the following
categories: environment and water, access andyeqaitstruction activities, materials
and resources, and pavement technologies (Muerath2111). Voluntary credits are
tied to a number of points (1 to 5) based on thegaich that the credit has on the
sustainability of the project. Based on the projequirements and the total points

achieved through voluntary credits, projects magsbeenroads certified as follows:

» Certified All project requirements plus 32 — 42dit points
» Silver All project requirements plus 45 — 53 Greaints
 Gold All project requirements plus 54 — 63 creuliints
» Evergreen All project requirements plus 64 or noyeslit points.

Currently, the use of HVFA concrete for pavemerstaymns may earn credits in

the following Materials and Resources categorieR-4Recycled Materials and MR-5
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Regional Materials. The Greenroads manual andnrdton for all credits are

documented at http://www.greenroads.us.

2.8 Summary
In this chapter, the use of fly ash as an SCM &otland cement concrete is
reviewed. Technical information relating to thevelepment and use of HVFA concrete
is also presented. The key points from this chragoie summarized below.
The origin and properties of fly ash may be sumpearias follows:
* Fly ash is a by-product of the combustion of groongowdered coal in
electrical power generating plants.
* Fly ash is classified as either Class C or Clagsdérding to ASTM
C618 (2005). Class C fly ash typically contains4086 CaO and is both
cementitious and pozzolanic in nature. Class Rdly typically contains
less than 10% CaO, is strictly pozzolanic in nataral has higher
contents of unburned carbon. The chemical compasiif the ash is a
function of the coal source.
* Fly ash particles are spherical in shape. Flypasticle size and shape
are a function of the coal source, degree of pidadon before burning,

combustion environment, and collection system (282.2R 2003).

Cement and fly ash hydration reactions may be sumgathas follows:

* The cement hydration reaction is an exothermicgssdthat is directly

influenced by the chemical composition of the ceimé&ement
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hydration may be divided into two main processgsrdtion of
aluminates and the hydration of the calcium siésat

The silicate hydration reactions result in the fation of calcium silicate
hydrate (C-S-H) and calcium hydroxide (CH). CHvisak and soluble.
The pozzolanic reaction converts CH into C-S-Hha presence of
water. Therefore, the durability of the hydratcement paste is
increased.

Both the cement hydration reaction and the pozzolaaction are
temperature dependent. An increase in hydratimpéegature typically

results in an accelerated hydration reaction.

HVFA concrete has been defined as concrete wildsaat 50% fly ash by mass of

cementitious materials (Malhotra and Mehta 200&hen proportioning HVFA

concrete, the following concepts must be considered

The optimum fly ash replacement level is affectgartany factors
including fly ash and cement chemical compositisse of chemical
admixtures, environmental conditions, strength m@gouents, and curing
conditions.

Low w/cm ratios are necessary to achieve adequaakg&ge
compressive strength.

High fly ash replacement levels retard the ratbyafration at early ages.

ASTM C 494 (2005) Type C accelerating admixturestgpically used
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to offset this effect and make HVFA concrete sgttimes comparable
to conventional concrete.

« ASTM C 494 (2005) Type F and G high-range wateuoaty
admixtures are used in HVFA concrete to ensure wategvorkability

despite the low w/cm ratios required for early-aggength.

The effects of high fly ash dosage on selectedhfeesl hardened concrete
properties may be summarized as follows:

* The use of fly ash generally reduces the water ddmequired for a
given workability. The reduction in water demandynie attributed to
the following: fly ash particles help prevent cermiocculation, reduce
interparticle friction, and improve particle pacgiwithin the hydrating
cement paste (Mehta 2004).

* Bleeding is typically reduced for HVFA concrete mises due to low
water contents. Due to low bleed water and extgse#ting times,
HVFA concrete mixtures are susceptible to plagtiin&kage cracking.

* The effectiveness of air-entraining admixtureseguced when used in
HVFA concrete because the admixture may be absdmpéioe unburned
carbon.

* HVFA concretes exhibit delayed setting times whempared to a
control concrete with no fly ash replacement. HVE&hcrete

proportioned with Class C fly ashes generally etimger set times
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than those proportioned with Class F ashes dugethigher sulfate
content of Class C ashes.

* When fly ash is used as a cement replacementataef heat
development and overall heat of hydration will kerad. Fly ash
contribution to the overall heat of hydration i&uaction of the CaO
content of the ash.

* Generally, as the fly ash dosage increases, egdycampressive
strength values decrease. If adequate moistsigpislied, compressive
strength at later ages may be higher for HVFA cetecwhen compared
to a control concrete with no fly ash replacemevbisture is required

for fly ash to convert CH to C-S-H.

Finally, the concept of heat of hydration and tegrée of hydration formulation
is discussed in this chapter. Typically, the lddtydration of a concrete mixture is
decreased when fly ash is used as a cement re@aterhhe application of degree of
hydration formulation will be discussed in furtltatail in Chapter 5 when the hydration
model for HVFA concrete is developed. The equinbbge maturity method accounts
for the effect of curing temperature on concretérggtimes and compressive strength

development.
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Chapter 3

Laboratory Testing Program

The main objective of this research project wasrtivide guidance for the
increased use of HVFA concrete in transportatiomcsires. To accomplish this
objective, a laboratory testing program was coretlitd characterize the behavior of
HVFA concrete mixtures. This chapter provides aeraiew of this testing program as
well as discussion on raw material properties, oetecmixture proportions, concrete

production, curing methods, and testing methods.

3.1 Overview of Testing Program

The main focus of this research was to expand $ekeotiHVFA concrete by
providing guidance on mixture proportioning, congsige strength development, setting
time prediction, and in-place temperature develagrpeediction to both concrete
producers and transportation agencies. To accemfilis goal, a laboratory testing
program was developed to quantify the effect tihahareased volume fraction of fly ash
has on the overall rate of hydration, setting tinaesl compressive strength development
for a given concrete mixture at various temperature

Since the rate of hydration is dependent on thenaded composition of the
cementitious system, two portland cement sourcddaur fly ash sources were
investigated. The two portland cement sourcesdadn their alkali content, expressed as

equivalent NgO. The “high-alkali” cement (HA) had a total alkebntent of 1.04%,
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whereas the “low-alkali” (LA) source had a totatall content that ranged from of 0.53%
to 0.57% based on the shipment. The four fly asces varied in their calcium oxide
(CaO) contents, ranging from approximately 1% t&28Two Class C and two Class F
fly ashes were selected to examine the effectthigatly ash chemical composition has on
the hydration behavior and temperature sensitofityhe concrete mixture. Since the
CaO content of a fly ash is largely a functiontd toal source being burned, the range
of CaO contents that were investigated represenvahiety of fly ash sources available
in the United States.

Twenty individual concrete mixtures were evaluatedxamine the effect that
increased volume fraction of fly ash, variatiorflinash CaO content, variation in cement
alkali content, and changes in w/cm ratio haveharate of hydration, setting behavior,
compressive strength development, and temperaawel@pment of a concrete sample.
Two control mixtures at w/cm ratios of 0.42 and4Owere completed for each cement
source. The resulting four control mixtures wereportioned without the use of fly ash
in the cementitious system to serve as a basameomparison purposes. These
mixtures are representative of concrete that isnsomy used in bridge deck applications
in Alabama. In addition to the two control mixtsrf®r each cement source, two concrete
mixtures were completed for each fly ash sour@b&b and 50% fly ash replacement by
volume (w/cm ratios of 0.39 and 0.34 respectivelife fly ash mixtures were
completed for each combination of cement and ftyssmurce leading to a total of sixteen
separate HVFA concrete mixtures. In total, twesdgicrete mixtures were investigated.
Table 3.1 summarizes the concrete mixtures basédeomw/cm ratio, cement source,

and fly ash dosage.
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Table 3.1 Mixture summary for each fly ash source

Cement
Source w/cm Fly Ash Dosage
0.42 0%
Low-Alkali 0.44 0%
Cement 0.39 35%
0.34 50%
0.42 0%
High-Alkali 0.44 0%
Cement 0.39 35%
0.34 50%

The combined effect of temperature and fly ashasgrhent on the rate of
hydration was also investigated. Therefore, ed¢heotwenty concrete mixtures was
batched at the following three temperatures: 43 F, and 105 °F (5 °C, 23 °C, and
40 °C). The hot (105 °F) and cold (40 °F) batchimmgperatures were selected to
simulate the extreme upper and lower limits assediwith concreting during the
summer and winter months. By completing a mixaitrall three temperatures, the
temperature sensitivity of that particular mixtecauld be quantified.

The laboratory testing program may be separatedi& following two phases:

1. Phase I: Hydration and setting time study, and
2. Phase IlI: Study of compressive strength development

During Phase |, the temperature sensitivity of @actiure was determined by
calculating the activation energy (E). This wakiaeed by performing isothermal
calorimetry on wet-sieved mortar samples for eactiure at the three batching
temperatures (40 °F, 73 °F, and 105 °F). Theahatnd final setting times were also

determined according to ASTM C 403 (2008) for elaatch to quantify the effect of
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mixing temperature on setting times. The equiviadgres for the initial and final setting
times from each of the three batching temperatwere also calculated. Also during
Phase |, semi-adiabatic calorimetry (SAC) testirag werformed for each room
temperature (73 °F) batch to determine the hehydfation development of the HVFA
concrete mixtures. SAC was also used to charaeténe hydration development of each
mixture through calculation of the hydration paréengt (time parameter)j (shape
parameter), and, (ultimate degree of hydration). The results flBhase | (calculated
activation energies and semi-adiabatic test reswkse used to develop a hydration
model for prediction of the hydration parametet$ @nda,) for HVFA concrete

mixtures.

Phase Il consisted of compressive strength te&timgach concrete mixture
batched at room temperature. For each mixtureeagth-maturity relationship was
determined using the activation energy calculatedhase | along with the measured
temperature history of the specimens and theirdstbcompressive strengths. In
addition to developing strength-maturity relatioipshfor all mixtures, quality-control
cylinders were prepared from each hot and coldnbaite quality-control cylinders
were tested at 28 days and compared to the roopetature results for that batch to
ensure that the concrete was produced consist@ndlly three batching temperatures.

After developing the HVFA concrete hydration modeég results from Phases |
and Il were combined to evaluate the in-place perémce of HVFA concrete when
placed in selected transportation structures. Tonvec@teWorks software program was
used to estimate in-place temperature profile$i\dFA concrete mixtures placed under

varying placement conditions. The placement camastwere varied by environmental
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conditions and concrete element type. Based omtptace temperature profiles, the
maximum in-place temperature, time to reach inge&tl and compressive strength
development could be determined for each HVFA cetecmixture. Using these results,
the effect of fly ash dosage, fly ash type, placetheenditions, and concrete element type
on the in-place performance of HVFA concrete cdadcevaluated. The results from the
ConcreteWorks analysis were designed to providdagge on mixture proportioning and
fly ash selection for HVFA concrete. A review bese results will be detailed in

Chapter 6. An overview of the testing program désd previously is presented in

Figure 3.1.
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PHASE | TESTING PHASE Il TESTING

Produce Concrete at Produce Concrete af
40 °F, 73 °F, and 105 °K 73 °F
A 4
Penetration Isothermal Semi- Compressive
Resistance Calorimetry Adiabatic Strength Testing
Testing Calorimetry
Temperature Hydration Strength-Maturity
Sensitivity Parameters Relationships
HVFA Concrete

Hydration Model

1”4

ConcreteWorks Temperaturg
Prediction Software

Figure 3.1: Testing program overview

3.2 Mixture Proportions
Twenty different concrete mixtures (two control toives and eight fly ash
mixtures per cement source) were used to quattg\etfect of fly ash CaO content, fly

ash dosage, and cement alkali content on the hgdranhd temperature development,
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setting times, and strength development of HVFAccete. The nomenclature used for

both the control and fly ash concrete mixturesugtmut this thesis is shown below:

Control:

Mix 1D w/c Ratio  Cement Source Fresh Concrete Teatpee

T T T T
CTRL 0.42 Low-alkali (LA) 73 °F (Room)
0.44 High-alkali (HA) 40 °F (Cold)

105 °F (Hot)

Example CTRL44 — LA — 73F, represents the control concrete mixture with @anatio

equal to 0.44 batched at 73 °F.

Fly Ash:

Cement Source  Fly Ash Dosage  CaO Content Freshr&entemperature

1 1 1 )
Low-alkali (LA) 35% 1% 73 °F
High-alkali (HA) 50% 15% 40 °F

24% 105 °F
28%

Example LA — 35FA — 15% - 40F represents the HVFA concrete mixture with a 35%

dosage of the 15% CaO fly ash batched at 40 °F.

The control mixture selected for this researchdialar proportions to concrete
routinely used for bridge deck applications. Talaate the effect of fly ash type, fly ash
dosage, and cement alkali content on hydrationldpueent, each of the HVFA concrete

mixtures were proportioned by only changing thealde under consideration. Water-
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reducing admixture dosages were adjusted per naritrol workability. A target slump
range of 2 to 7 in. was selected for all room terapge mixtures. A mid-range water-
reducing admixture was used for all control mixgur®ue to low w/cm ratios, a high-
range water-reducing (HRWR) admixture was useddwige adequate workability for
all HVFA concrete mixtures.

Research conducted by Ravina and Mehta (1986)atelichat concrete
proportioned with high fly ash dosages will expece delayed set times when compared
to a control concrete with no fly ash replacemdresults from this research are
presented in Section 2.5.2.4. Based on thesesgaunlaccelerating admixture was used
for all HVFA concrete mixtures. The acceleratingnaxture dosages were selected with
the goal of producing HVFA concrete mixtures thasgess similar setting times to the
control mixtures. The admixture supplier (W.R. Garecommended that accelerating
admixture dosages of 15 oz/cwt and 30 oz/cwt bd taethe 35% and 50% fly ash
mixtures, respectively.

When proportioning HVFA concrete, Bilodeau et 2D@1) report that “the
proportion of fly ash should be as high as possabl the water-cementitious materials
ratio as low as possible to provide adequate eayé/strength and durability.” A
preliminary mortar cube study was conducted tordates the w/cm ratios required to
provide adequate early age strength (4 to 7 dayghé 35% and 50% fly ash mixtures.
For this study, 2 in. mortar cubes were preparded warying w/cm ratios for each fly ash
dosage. The cubes were tested for compressivegtraccording to ASTM C 109
(2007). Based on the results from this study.aswetermined that the w/cm ratios

should be 0.34 and 0.39 for the 50% and 35% flynaisttures, respectively.
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All of the fly ash mixtures were proportioned toseahe same paste volume as
the control mixes; therefore, small adjustmentsaweade to the fine aggregate
proportions due to variations in the specific gtiagi of the fly ash sources. The
adjustments made to the fine aggregate volumes eamrgidered negligible. Mixture
proportions for each of the twenty mixtures areegiin Table 3.2. All batch weights for
the aggregate are given at a saturated surfac€E&@y) state. Also, the HRWR
admixture dosages are given for both LA cementiddcdement mixtures. The LA
cement dosages are given first, followed by theddfent dosages in parentheses for

each mixture.
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T,

Table 3.2 Mixture proportions

Item

CTRL42

CTRL44

35FA-1%

35FA-15%

35FA-24%

35FA-28%

50FA-1%

50FA-15%

50FA-24%

50FA-28%

Water
(Iblyd®)

260

266

239

243

247

246

217

223

227

228

Cement
(Iblyd®)

620

603

445

438

434

431

378

369

363

360

Fly Ash
(Iblyd?)

166

185

195

200

260

289

303

310

Coarse Aggregatdg
(Ibryd®)

1920

1920

1920

1920

1920

1920

1920

1920

192(

192

Fine Aggregate
(Ibryd®)

1210

1210

1199

1198

1198

1198

1182

1180

1179

118

Water-Reducing
Admixture
(oz/cwt)

6 (9)

4(9)

3(9)

1(2)

0 (1)

1(2)

4 (6)

2 (55)

4 (5)

I

Accelerating
Admixture
(oz/cwt)

15

30

w/cm

0.42

0.44

0.39

0.34

Fly Ash Dosage
(by Volume)

35%

50%

Note: No mixtures are air-entrained. Water-redg@dmixture dosages were adjusted to producettsitgap of 2 to 7 in.

Water-reducing admixture dosages presented imifages represent dosages used for HA cement esxtur




3.3 Raw Material Properties

To eliminate variations during testing due to diffieces in material properties, a
single source of each material was used for tHeltuhtion of laboratory testing. The
source and properties of the portland cement, gty aggregates, and admixtures are

discussed in the following sections.

3.3.1 Portland Cement

As was discussed previously, two cement sourcdsdifiterent total alkali
contents were used during this research. The Tilgeow-alkali” (LA) cement used for
concrete testing was supplied by Lafarge North Acagirom their Sugar Creek,
Missouri plant. The Type | “high-alkali” (HA) cemg& however, was supplied by W.R.
Grace. The chemical compounds for each cementeeeng@uted according to ASTM
C114 (2006) by an outside laboratory. The freeloantent and Blaine fineness values
were supplied by the producers. The Lafarge cemvantreceived in two separate
shipments corresponding to two separate produpioiods, denoted LA Cement (1) and
LA Cement (2). A summary of the chemical compositior each cement as received

from the independent laboratory is shown in Tab& 3
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Table 3.3 Cement properties

Parameter HA Cement LA Cement | LA Cement
@ 2

Tricalcium Silicate, GS (%) 52.51 56.33 60.40
Dicalcium Silicate, &S (%) 15.73 15.24 11.80
Tricalcium Aluminate, GA (%) 12.45 8.15 7.70
Tetracalcium Aluminoferrite, £AF (%) 6.43 8.95 9.04
Free CaO (%) 0.58 1.35 1.35
Sulfur Trioxide, SQ (%) 3.84 3.15 2.99
Magnesium Oxide, MgO (%) 2.63 1.62 2.04
Equivalent Alkali, NaOeq (%) 1.04 0.53 0.57
Blaine Fineness (ffkg) 369 396 396

3.3.2 Fly Ash

Four fly ash sources, two Class C and two Clasgele selected for testing.

These fly ash sources were selected from acroddrilted States to capture the range of

fly ashes available to the concrete industry. thsr project, the four sources were

differentiated based on their calcium oxide (Ca@)tent. Table 3.4 lists the four fly ash

sources and identifies the supplier and locatiothefcoal-fired power-generation plant.

Table 3.4 Fly ash source information

Fly Ash ID Supplier Plant Name Location
FA-28 Headwaters Resources Burlington  Burlington, Newseler
FA-24 Lafarge North Americal Muskogee | Fort Gibson, Oklahoma
FA-15 Boral Big Brown Fairfield, Texas
FA-1 ProAsh Bsrﬁg(rjgg Baltimore, Maryland
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The four fly ash sources have varying chemical cogitons based on the type of

coal burned during their production. The chemaralysis results and specific gravity

values for each of the fly ash sources as recdnozad an independent laboratory are

presented in Table 3.5. All testing was completecbrding to ASTM C 311 (2006).

Table 3.5 Fly ash properties

Parameter FA-28 FA-24 FA-15 FA-1
Calcium Oxide, CaO (%) 27.08 23.07 15.34 1.01
Silicon Dioxide, SiQ (%) 35.64 39.17 51.61 59.56
Aluminum Oxide, A}O3 (%) 15.88 18.48 20.16 27.30
Iron Oxide, FgOs (%) 6.47 7.06 4.83 5.02
Magnesium Oxide, MgO (%) 6.45 5.04 3.05 1.06
Sulfur Trioxide, SQ (%) 2.14 1.24 0.71 0.05
Sodium Oxide, NzO (%) 2.19 1.56 0.88 0.42
Potassium Oxide, O (%) 0.42 0.66 0.90 2.53
Equivalent Alkali, NaOeq (%) 2.47 1.99 1.47 2.08
Loss on Ignition (%) 0.35 0.17 0.23 0.17
Specific Gravity 2.71 2.63 2.47 2.17

3.3.3 Aggregate

The fine aggregate used for this project was nbsilieeous river sand. This

sand was acquired from the Shorter Sand and GRavigcated in Mt. Meigs, Alabama.

At the beginning of the testing program, sampleseewaken from both the coarse and

fine aggregate sources to determine the aggregadatipn, bulk specific gravity, and

absorption capacity per ASTM C 136 (2006) and ASTNI28 (2007). The gradation for
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the Shorter sand as well as the upper and loweagoa limits as specified in ASTM C
33 (2003) are presented in Figure 3.2.

The coarse aggregate selected for this projecavN. 67 river gravel. This
aggregate was also acquired from the Shorter Sash@Geavel Pit in Mt. Meigs,
Alabama. Similar to the fine aggregate, the giadabulk specific gravity, and
absorption capacity for this aggregate source \eéerchined at the beginning of the
laboratory testing period. The coarse aggregatdagion as well as the upper and lower
limits for a No. 67 gradation according to ASTM & (2003) are presented in Figure 3.3.
Both aggregates met the gradation requirementsSGMAC 33. The bulk specific
gravity and absorption capacity values determimeafich aggregate are presented in

Table 3.6.
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Figure 3.2 Fine aggregate gradation
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Figure 3.3 Coarse aggregate gradation

Table 3.6 Bulk specific gravity and absorption capacityued for aggregates

Material Bulk Specific Gravity | Absorption Capacity (%)
No. 67 River Gravel 2.64 0.52
Natural Siliceous River San 2.61 0.41

3.3.4 Chemical Admixtures

Water-reducing admixtures were used during therktboy testing to help control

the workability of both the control and fly ash ures. A mid-range water-reducing

admixture was used for all control concrete mix¢yrghereas a high-range water-

reducing (HRWR) admixture was used for all HVFA cate mixtures. Also, an

accelerating admixture was used for all HVFA coteraixtures with the goal of

producing HVFA concrete with set times comparabléhe control mixtures. All
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admixtures were supplied by W.R. Grace. The coetbimse of the specific HRWR
admixture and accelerating admixture was recomneehgléV.R. Grace.

For the control mixtures, ADVA 140M was used toiagk adequate workability.
The use of this admixture was required due to ¢hected w/cm ratios as well as the lack
of entrained air. ADVA 140M is classified accordito ASTM C 494 (2005) as a Type
A and Type F chemical admixture. For this reseatuh dosage levels used correspond
to a mid-range water-reducing admixture. The ADY40M dosages for each control
mixture are shown in Table 3.2.

For the 35% and 50% fly ash dosage mixtures, b&étRWR admixture,
Advacast 575, and an accelerating admixture, DakHiS8, were used. Advacast 575 is
a polycarboxylate-based Type F chemical admixtdiee Advacast 575 dosages for each
fly ash mixture are given in Table 3.2.

Daraset HES meets the requirements of ASTM C 4% Tage C chemical
admixture, and was used to increase the rate ohhigd for the HVFA mixtures.
Daraset HES is a non-corrosive, non-chloride adméxt The accelerator dosages were
kept constant at 15 oz/cwt for all 35% fly ash mnes and 30 oz/cwt for all 50% fly ash
mixtures, regardless of the batching temperature.

For this research, no air-entraining admixturesewesed due to their temperature-

dependent behavior and possible incompatibilithwetv-calcium fly ash sources.

34 Concrete Production

For each of the concrete mixtures, a 3*§Gt099 nf) batch was produced at

room temperature (73 °F). From each room tempexdtatch, cylinders were cast for
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compressive strength and semi-adiabatic calorintestyng. Also, mortar was wet-
sieved to provide setting test and isothermal aaleiry samples. In addition to the
batches produced at room temperature, a 1(6.642 ni) batch was produced for each
mixture at both the hot and cold batching tempeestu For each of these batches, mortar
was wet-sieved to provide setting and isothermialrraetry samples. Quality control
cylinders were also cast for each hot and coldhbaithe batching and mixing

procedures described in the following sections viellewed for each concrete mixture

that was produced to provide for consistent, repcdile results.

3.4.1 Batching

All materials were batched approximately one ddptgeconcrete production. At
this time, the batch weights were approximatedahdecessary materials were stored in
5-gallon buckets. Tight-fitting lids were placea each bucket to prevent moisture-loss
during storage. For the room temperature bat¢thegnaterials were left in the ambient
conditions of an air-conditioned laboratory, appnotely 73° F (23° C) until moisture
corrections were completed. For the hot and catdhes, however, the materials were
stored in an insulated temperature-controlled emvirental chamber. The environmental
chamber was used to simulate hot and cold weatmareting conditions. To counteract
the effect of mixing at ambient conditions, the enits for the hot and cold batches were
over-heated and over-cooled to achieve the defiest concrete temperatures of 105
and 40 °F, respectively. For the hot batchesetivronmental chamber was set to 120°

F (49 °C), whereas, it was set to 32 °F (0° C)lercold batches. Images of the
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environmental chamber and temperature controlugatl for the duration of this project

are presented in Figure 3.4.

Figure 3.4 Environmental chamber used for all hot and ceklihg

Moisture corrections were completed according td@®SC 566 (1997) for all
batches on the morning of mixing. Representatarees for both the fine and coarse
aggregate were weighed, heated until all moistae moved, and re-weighed to
determine the moisture content to be used for oetetion of final batch weights. After
completing the moisture corrections, the batch wsigvere adjusted and chemical

admixtures were batched.
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3.4.2 Mixing Procedure

For each batch, the concrete mixing procedureosgt in ASTM C 192 (2007)
was followed. All room temperature batches wenagleted using a mixer with a total
volume of 12 ft (0.34 nf). The hot and cold batches, however, were comgpleith a
concrete mixture with a total volume of & (0.17 ni). The two mixers are shown in

Figure 3.5.

Figure 3.5 Concrete mixers

Before mixing, a mixture of fine aggregate, cemant] water was used to
“butter” the concrete mixer. This “butter” was pootioned at approximately 2:1 fine
aggregate to cement. Water was added until thee s the mixer was evenly coated.
All excess mortar was then removed before the nadgerere added.

After “buttering” the mixer, all aggregate was addy alternating between

coarse and fine aggregate buckets. After addirepgregate, approximately 80 % of the
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mixing water was added, and the mixer was starkex.the HVFA concrete mixes, the
accelerating admixture was added with 80 % of theew After approximately two
minutes of mixing, the mixer was stopped and atheetitious material, remaining
admixtures, and the final 20 % of water was add&ithis point, the concrete was mixed
for three minutes. After three minutes of mixitige concrete was allowed to rest for
three minutes. Following the rest period, the cetecwas mixed for an additional two
minutes. In order to reduce heat loss or gaimdutthe mixing process, a lid was used to
cover the mixer during all mixing phases. At tinel ®f the “three-three-two” mixing
sequence, concrete fresh properties were measlirdok concrete was deemed

adequate, the necessary samples were obtainedsiimd)twas completed.

3.5 Testing Methods

As was described earlier, the testing for thisgxbyas broken into two phases.
In the first testing phase, the activation energg walculated for each mixture based on
isothermal calorimetry results collected at eacthefthree batching temperatures. Also,
initial and final set times were determined forleaatch and the equivalent age
corresponding to the initial and final set timegevealculated. Finally, SAC testing was
completed to characterize hydration developmenééamh concrete mixture.

Phase Il consisted of developing strength-matueikgtionships for each of the
mixtures. To do this, the activation energies fi@hase | were used along with the
recorded temperature history of the cured comprestrength specimens. The
following sections describe the test apparatuspradedure that were followed to

complete the requirements of Test Phases | and II.
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3.5.1 Fresh Concrete Properties Testing
For each batch, the following fresh concrete tegt®e performed:

e slump ASTM C 143 (2008),

e unitweight ASTM C 138 (2008),

e temperature ASTM C 1064 (2008), and

e aircontent ASTM C 231 (2004).
Fresh concrete testing was performed immediatdigviiing the mixing procedure
described previously. For all batches, the testeewerformed under the laboratory
ambient conditions. After performing each of thesh tests noted above, samples for
penetration resistance testing, isothermal caldryneemi-adiabatic calorimetry, and

compressive strength testing were collected.

3.5.2 Penetration Resistance Testing

Initial and final set times for each batch weresdeiined by penetration resistance
testing according to ASTM C 403 (2006). AccordiacASTM C 403, penetration
resistance results are to be obtained using aghtgrenetrometer and a standard set of
proctor needles. The testing apparatus and sami@r can used throughout this
project can be seen in Figure 3.6. The mortar §aghpan used for the duration of this
project was aluminum with a tight-fitting lid. Tlsampling can dimensions were 7.5 in.
(2190.5 mm) in diameter and 6 in. (152.4 mm) in heig

Mortar was wet-sieved for the sampling can samiphesediately after the fresh
concrete testing was completed. The concrete igasdsthrough a No. 4 sieve (4.75

mm) with the aid of a vibrating table. When thenpéing can was full, the mortar was
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consolidated with a vibrating table, and temperatecording was started with a maturity
meter and Type T thermocouple wire. Although sigvior all mixture temperatures was
completed in the ambient conditions of the labhatiand cold batch setting tests were
conducted in the environmental chamber set to thspective batching temperature.

Penetration measurements were recorded accordihg gpecifications of ASTM C 403.

—

Figure 3.6 Penetrometer with mortar sample for set timerdatetion

The maturity meter shown in Figure 3.6 was use@c¢ord the mortar
temperatures throughout penetration resistancagesthe maturity meter recorded the
mortar temperature at 30-minute increments foidilmation of setting testing. A wooden
dowel was fastened vertically inside each contaimeupport the thermocouple wire as

seen in Figure 3.7. With the recorded tempeedtistory of the mortar samples, the
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initial and final set times could be converted quigalent age, and the best-fit activation

energy could be back-calculated.

Figure 3.7 Mortar set can and thermocouple set-up

3.5.3 Isothermal Calorimetry

In addition to wet-sieving mortar for the penetatresistance testing, mortar
samples for each batch were also collected fohéatal calorimetry testing. Isothermal
calorimetry was used to calculate the activatioergy for each of the mixtures. For
isothermal calorimetry testing, the mortar sampées &wllowed to hydrate under a
constant temperature. The heat required to maitités temperature was then recorded.

For this project, the AdiaCal TC unit manufactubsdW.R Grace and Company
was used for all isothermal calorimetry. The AAATC unit has eight separate cells for
testing. This unit can be seen in Figure 3.8.

The isothermal calorimeter was set to the apprtgpbatching temperature
approximately 24 hours before testing so thatul@oeach equilibrium. Similar to the

set test samples, the mortar samples for isothezatatimetry were wet-sieved through a
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No. 4 sieve (4.75 mm) immediately following fresincrete testing. The mortar was
placed in 2 in. (5 cm.) diameter plastic contairserd weighed as quickly as possible to
reduce the amount of heat lost or gained. Aftaghiag, the sample was placed in the
calorimeter and the data acquisition for that eel$ started. All samples were tested for
72-94 hours, depending on mixing temperature, smenthat all significant hydration

was captured.

»

Figure 3.8 Adiacal TC isothermal calorimeter
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3.5.4 Semi-Adiabatic Calorimetry

Semi-adiabatic calorimetry (SAC) testing was cortgaldor each batch to
measure the heat of hydration. Based on the Saihgeresults, the hydration
parameters could be calculated for each mixtutee fdllowing paragraphs provide a
brief description of the calorimeter used for aGStesting.

Calorimeter | is shown in Figure 3.9. This calogier is referred to as an iQdrum
device and is manufactured by Digital Site Systdotated in Pennsylvania. The
iQdrum calorimeter accommodates one concrete saf@p8eor 6x12 cylinder). For this
project, 6x12 cylinders were used for all iQdrurstitey. The sample is insulated on all
sides. Each of the three iQdrum calorimetersweae used during testing was calibrated

to determine correction factors to be applied dudata analysis.

Figure 3.9 Calorimeter | —iQdrum
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Temperature measurements were recorded by insarfiiype T thermocouple
directly into the concrete sample, as shown in l@u10. The thermocouple was
covered with a plastic sleeve before insertingtid ithe concrete to allow for easy
removal at the end of testing and ultimately extdmadlife of the thermocouple sensor. A
flux sensor and ambient temperature sensor aréeldeéthin the unit and take
recordings at the same interval as the thermocouplgampling rate of 15 min. was

selected.

Figure 3.1Q iQdrum sample

Approximately 24 hours before mixing, the calorigratvas opened and previous
samples were removed to allow the device to regaflierium with the surrounding
laboratory environment. When testing the hot avld batches, an “equilibrium” sample
that had been conditioned to the batching temperatuthe environmental chamber was
placed in the calorimeter approximately one hotdotgetesting to allow the device to be
as close to the fresh concrete temperature asip@sSAC testing was conducted for at

least five days after mixing. For each batch,dyienders for semi-adiabatic testing were
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cast and placed within the calorimeters as quieklpossible to minimize the amount of

heat loss or gain from the specimen.

3.5.5 Compressive Strength Testing and Curing Metids

After measuring the fresh concrete properties apdgring samples for
calorimetry and penetration resistance testingndgrs were cast for compressive
strength testing according to ASTM C 192 (2007ylir@lers were consolidated by
rodding unless the slump was less than 1 in. (25.nfar concrete in which the slump
was less than 1 in. (25 mm), cylinders were codstdid with the use of the vibrating
table. After finishing was complete, each cylindexrs capped with a plastic lid to
protect against moisture loss. The cylinders Medftaundisturbed in the laboratory for
the first 24 hours.

Approximately 24 hours after mixing, the cylindevere de-molded, labeled, and
transported to the moist-curing room. The moistrguroom was kept at a constant
temperature of 73 °F (23 °C) and 100% relative laliyi

For each of the room temperature batches, twewgy4x8 cylinders were cast for
compressive strength testing. Also, one cylindas wast from each room temperature
batch to collect temperature versus time datahlferduration of curing. These data were
collected with the use of a maturity meter wittharmocouple embedded within the
center of the cylinder. The cylinders for all roe@mperature batches were moist-cured
until testing. Compressive strength testing waspeted at the following concrete ages:
12 hours, 1 day, 2 days, 4 days, 7 days, 14 d&8ydays, and 56 days. At each test age,

three cylinders were tested for compressive streagtording to ASTM C 39 (2004).
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The compressive strength testing results and redorglinder temperature histories were
used to develop strength-maturity relationshipsech concrete mixture.

For each of the hot and cold batches, three quadityrol 4x8 cylinders were cast.
These cylinders were continuously moist-cured uasiting at 28 days. All compressive

strength testing was conducted according to ASTEBEC2004).
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Chapter 4

Presentation of Results

In this chapter, results from the laboratory tegfmnogram described in Chapter 3
are presented and reviewed. First, the fresh etaqroperties are presented for all room
temperature (73 °F) batches. After reviewing tiesti concrete properties, the results
from Phases | and Il are presented. The reswlts RPhases | and Il are applied in
Chapters 5 and 6 for the development of the HVF#Acoete hydration model and
evaluation of the in-place performance of HVFA aate. A summary of all data
collected for each concrete mixture at each othihee batching temperatures may be
found in Appendices A through D. The nomenclatged in the remainder of this

document is consistent with the description progiseSection 3.2.

4.1 Fresh Concrete Properties

Standard fresh concrete properties (slump, airecnaind unit weight) were
determined for each batch of concrete immediatdlgwing the mixing procedure
outlined in Section 3.4.2. The fresh concretériggesults are presented in Figures 4.1
through 4.6 for all 73 °F batches.

All room temperature (73 °F) concrete mixtures wgnaduced with a target
slump range of 2 in. to 7 in. The slump resultsA® °F low-alkali (LA) cement and high

alkali (HA) cement batches are presented in Figdresand 4.2, respectively.
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Figure 4.1 LA cement — 73 °F slump results
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Figure 4.218 HA cement — 73 °F slump results
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In Figures 4.1 and 4.2, it is shown that all ro@mperature batches had slumps
within the desired range, with the exception offdllowing two mixtures: CTRL42-HA
and CTRL44-HA. The concrete for these batcheshiteul acceptable workability,
despite the slump results being lower than theré@sninimum. When batching each
mixture at the hot (105 °F) and cold (40 °F) tenapares, the admixture dosages were
kept constant. Therefore, variations in slump uixing temperature were observed.
For all mixtures, the slump decreased with an &&ean mixing temperature and
increased with a decrease in mixing temperatutee sflump results for all hot and cold
batches are summarized in Appendix A. When praduconcrete cylinders for mixtures
with slump results less than one inch, consoligat¥as achieved by vibration rather than
rodding, per ASTM C 192 (2007).

The air content and unit weight were determinecefzh concrete batch
according to ASTM C 138 (2008). The results fdr78l °F batches are presented in
Figures 4.3 through 4.6. For this project, noeaitraining admixtures were used due to
their temperature-dependent behavior and possibampatibilities with low-calcium fly
ashes. The design air content for all mixtures 2¢as This air content was determined
based on the No. 67 river gravel used as coarsegafg. All 73 °F batches had air
contents ranging between 2.5 and 3.5%. Simil#neéslump results, variations in air
content and unit weight occurred according to ngxemperature. Both slump and air
content increased with a decrease in mixing tentpexa The air content and unit weight

results for all hot and cold batches are summatizégppendix A.
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Figure 4.4 HA cement — 73 °F air content results
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Figure 4.5 LA cement — 73 °F unit weight results
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Figure 4.6 HA Cement — 73 °F unit weight results

94



4.2 Phase | Testing Results
4.2.1 Set Times from Penetration Resistance Tesgin

Initial and final set times were determined forahcrete batches according to
ASTM C 403 (2006). As described in Section 3.8.&ortar sample was wet-sieved
from the fresh concrete immediately following fresincrete testing, and penetration
resistance testing was completed at the respetiixag temperatures. A maturity meter
was used to record the mortar temperature for tinatidn of the test. According to
ASTM C 403 (2006), initial set and final set ardiged as the times when the
penetration resistance is equal to 500 psi and péD0espectively. To determine the
initial and final set times for each concrete migtithe penetration resistance data were
plotted versus concrete age. Regression analgsisiven performed to fit a power
function to the data, as per ASTM C 403 (2006).

In the following four sections, the effect of flgfadosage, fly ash CaO content,
cement alkali content, and mixing temperature @nsktting times of HVFA concretes
will be investigated. For all penetration resis&aplots presented in this chapter, the
solid lines represent the best-fit power curvesioled from regression analysis. Also,
data markers are used to differentiate betweemthiires, and do not represent actual

test points, unless otherwise indicated.

4.2.1.1 Effect of Fly Ash Dosage on Set Time
In Figures 4.7 and 4.8, penetration resistances @l presented for all 73 °F

batches completed with the LA and HA cement soumaspectively.
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Figure 4.7 Effect of fly ash dosage on set times for a) L%;1b) LA-15%, c) LA-24%

and d) LA-28% mixtures (73 °F)
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and d) HA-28% mixtures (73 °F)
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From Figures 4.7 and 4.8, it can be seen that@ease in fly ash dosage
resulted in delayed initial and final set timesdtirmixtures proportioned with both the
Class C and Class F fly ash sources, except fdtAheement concrete mixtures
proportioned with the 15% CaO fly ash source.htidd be noted, that the accelerating
admixture dosage was doubled for the 50% fly astiures (30 oz/cwt) when compared
to the 35% fly ash mixture dosages (15 oz/cwt)soAthe w/cm ratio was not constant
for all mixtures. Therefore, the effect of fly adbsage alone on concrete setting time
could not be completely isolated. The setting testilts for all concrete mixtures
batched at 73 °F are summarized in Table 4.1s dhown that the HVFA concrete
proportioned with low-calcium Class F ashes gehehalve similar, if not accelerated,

set times when compared to the control mixturegémh cement source.

Table 4.1 Summary of initial and final set times for all 7B mixtures

LA Cement HA Cement
Mixture Initial Final Initial Final
Set Set Set Set
(hours) | (hours) | (hours) | (hours)
CTRL42 4.33 571 4.78 6.12
CTRL44 4.51 6.03 4.79 6.35

35FA - 1% 3.44 4.76 5.40 7.03
35FA - 15% 4.46 6.16 4.01 6.55
35FA - 24% 4.93 6.34 6.32 7.78
35FA - 28% 5.12 6.68 7.23 8.96
S0FA - 1% 3.51 5.00 5.30 7.00
S0FA - 15% 4.23 5.53 5.63 7.45
S50FA - 24% 6.11 7.72 7.64 9.68
S50FA - 28% 6.08 7.78 7.57 9.49
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4.2.1.2 Effect of Fly Ash CaO Content on Set Time

As was discussed in Section 2.5.2.4, the initidl famal set times for HVFA
concrete will be delayed as the fly ash CaO conteimicreased. HVFA concrete
mixtures proportioned with a Class C fly ash wihéit longer set times when compared
to a similar concrete proportioned with a Clas$/ragh. In Figure 4.9, penetration
resistance data for ASTM C 403 (2006) are presefoteall 73 °F concrete batches.

From Figure 4.9, it is shown that as the fly aslo@antent increases for a given
dosage, the set times are delayed. From Tablét 4slshown that this trend was
consistent for all HVFA concrete mixtures testethwhe exception of the HA—-35FA—
15% mixture. According to Ravina and Mehta (1986¢, rate of GA hydration is
highly dependent on the presence of sulfate iossluation. The sulfate contents for the
fly ashes were 0.05% for FA-1, 0.71% for FA-15,40@for FA-24, and 2.14% for FA-
28. Therefore, the increased set time delays wbddor concrete proportioned with

Class C fly ashes may be attributed to the high¥ate contents of these ashes.

4.2.1.3 Effect of Cement Alkali Content on Set Time

The setting times of HVFA concretes are also infeesl by the alkali content of
the cement. For this project, two cement sourca®wvestigated: one low alkali (LA)
source and one high alkali (HA) source. The chahdomposition of each cement
source is presented in Table 3.3. The effect ofec# alkali content on set times is
shown in Figure 4.9 and Table 4.1. Set times wletayed for all HVFA concrete

mixtures proportioned with the HA cement source nvbempared to the same mixture
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produced with the LA cement source. The delaynalfset times ranged from 0.39

hours (35FA-15%) to 2.39 hours (50FA-1%).
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Figure 4.9 73 °F Setting test results for a) LA-35FA, b) I58FA, ¢) HA-35FA and d)

HA-50FA mixtures
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4.2.1.4 Effect of Curing Temperature on Set Time

The effect of curing temperature on concrete stime is illustrated in Figure
4.10 for four selected HVFA concrete mixtures.tHis figure, the data markers represent
penetration resistance measurements taken dustigge For this project, set times were
accelerated for all hot batches (105 °F) and deld&geall cold batches (40 °F), when
compared to the room temperature (73 °F) resdltsdiscussed in Section 2.3.2.2, the
rate of hydration is temperature dependent. A loigring temperatures, the rate of
hydration is increased, and initial and final seftimes are accelerated. Similarly,
curing at low temperatures decreases the ratedrfitign and set times are delayed.

The temperature history was measured for each neataple during penetration
resistance testing with a maturity meter and theouple set-up, as shown in Figure 3.6.
An example of a recorded mortar temperature hisgsphown in Figure 4.11. The data
markers shown in the mortar temperature historyuaesl to distinguish between data

series and do not represent actual data points.
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Figure 4.11 Sample mortar temperature history (LA-35FA-28%)

Since the mortar was sieved at room temperaturalifbatches, all hot batch
samples experienced heat loss and cold batch ss@berienced heat gain during the
sieving process. To account for this effect, Imagerpolation was used between the
measured fresh concrete temperature and thedizetded mortar temperature for all
batches. The recorded temperature history for gamiar sample was used to calculate
the equivalent age for initial and final set. Biahd Hover (1999), Schindler (2004), and
Weakley (2010) reported that although set timeswaily according to curing
temperature, the calculated equivalent ages faetket times will not. Therefore, initial
and final set times may be estimated for varioasgrhent conditions if the activation
energy of the mixture, equivalent age at setting, @ncrete temperature history are

known. Based on this research, best-fit activa¢gioargies were calculated for each
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mixture based on the setting results obtainedhfeht, room, and cold batches. The
best-fit activation energies from penetration rasise testing are presented in Section
4.2.2 alongside the activation energies calculatad isothermal calorimetry results.
Penetration resistance versus equivalent age sdsulthe LA-35FA-15% and HA-
50FA-1% mixtures are presented in Figure 4.12. déws-fit activation energy is also
presented for each mixture. The equivalent agestet set calculated using the
procedure outlined above are used to estimatentptace setting times of HVFA
concretes with the ConcreteWorks temperature piedisoftware. The results from this
analysis are presented in Chapter 6.
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Figure 4.12 Penetration resistance versus equivalent agéisdsu a) LA-35FA-15%

and b) HA-50FA-1% concrete mixtures
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4.2.1.5 Setting Test Results Summary

As can be seen in Figures 4.7 through 4.10, flydastage, fly ash CaO content,
cement alkali content, and curing temperatureftédcethe time of setting for HVYFA
concrete mixtures. Setting times are delayed wherfly ash dosage is increased, for a
similar w/cm ratio. Similarly, setting times ars@delayed when the fly ash CaO
content increases or the alkali content of the cgnmereases. Finally, setting times for
HVFA concrete mixtures are temperature depend&rdecrease in curing temperature
can cause significant set time delays, especidignahigh-calcium, Class C fly ashes are

used at high dosages.

4.2.2 Isothermal Calorimetry Results

Mortar samples were wet-sieved from each concratiehlfor isothermal
calorimetry testing. Isothermal calorimetry reswte given in Figures 4.13 and 4.14
(rate of heat evolution) for all 73 °F batches.clEgsothermal calorimetry sample was
tested for 72 hours to ensure that all signifidardration was captured. The results were

normalized per gram of cementitious material{g
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Figure 4.13 Rate of heat evolution for a) LA-35FA and b) LAFA mixtures

0.008

—CTRL44 - LA

0007 f------- TT|™®LA-35FA-1% |-
| |==LA - 35FA - 15%
0006 4~ 4 |=—LA-35FA - 24% -
| |=>—LA - 35FA - 28%
0.005 - ‘ ‘
0.004 -
0.003 A
0.002 - :
|
|
0.001 -
1
0 T T T 1 T 1
0 6 12 18 24 30 36
Concrete Age (hours)
0.008 T T T
| | |
| |
| | |=—CTRL44 - LA
L T 1 |-=-LA-50FA-1% | |
| | |=+=LA - 50FA - 15%
0006 t-------""-"""-—--------- oo oo T |=a= A - 50FA - 24% [ |
== A - 50FA - 28%
0.005 A
0.004 -
0.003 +-----f//F AR - Nc-----t-------de oo
0.002 -
0.001 ‘
1 1
O T T 1 1 T
0 6 12 18 24 30

Concrete Age (hours)

106



0.008

| |
a) | |=—CTRL44-HA
~2 0.007 + -0-HA - 35FA-1% |-
8 —=HA - 35FA - 15%
o 0.006 - —t=HA - 35FA - 24%| -
= —o—HA - 35FA - 28%
c 0.005 +
i)
5
o 0.004
>
m
g 0.003 -
T
S 0.002 -
e
© Za
@ 0.001 - 9
1 ‘
O T T T 1 1 1
0 6 12 18 24 30 36
Concrete Age (hours)
0.008 T T
| |
b) | |=—=CTRL44 - HA
e e | 7| -a=HA - 50FA-1% [ -
‘ | |=—HA - 50FA - 15%
0.006 +--------—-—---H-------"-""-""-"------ - —|=a=HA - 50FA - 24% - -
—=—HA - 50FA - 28%

0.005

0.004 -

0.003

0.002

Rate of Heat Evolution (W/g ¢em)

0.001 AN

,,,,,,, S

0 6 12 18 24 30 36

Concrete Age (hours)

Figure 4.14 Rate of heat evolution for a) HA-35FA and b) HBFA mixtures

Based on Figures 4.13 and 4.14, the rate of hedtitgon for a mortar sample is

dependent upon fl

ratio, and the use

y ash dosage, fly ash CaO corgemtent chemical composition, w/cm

of chemical admixtures. In Fagll5, the effect of curing

temperature on the rate of heat evolution is itatsd for selected HVFA concrete
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mixtures. The results in Figure 4.15 indicate thatrate of heat evolution varies
significantly based on the curing temperature thisomal calorimetry results for all

concrete mixtures are presented in Appendix C.
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Figure 4.15 Rate of heat evolution for a) LA-35FA-15%, b) L15®FA-28%, c) HA-
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The temperature sensitivity of a concrete mixtsreepresented by its activation
energy. The activation energy is used in the exdent age maturity method to convert
concrete properties determined at a reference tetypse to any other curing
temperature. As discussed in Section 2.6.2, thevalgnt age maturity method proposed
by Friesleben, Hansen, and Pederson (1977) is lmastte Arrhenius rate theory for
chemical reactions. Schindler (2004) determined titiere is a link between the
hydration time parametet)(and the Arrhenius rate constant (k). The adtwveenergy
was determined for each concrete mixture accorttirige procedure outlined in the
following paragraphs.

To determine the activation energy for each coeamgkture, isothermal
calorimetry was performed on sieved mortar samipten the hot, cold, and room
temperature batches. At each mixing temperathesgdégree of hydration equation
(Equation 2.12) was fit to the isothermal calorimetata. Schindler (2004) determined
that the hydration shape paramefrand the ultimate degree of hydratien)(are
independent of curing temperature; therefore, thexse treated as constants for each
mixture. The hydration time parametey \(as the only variable that changed according
to curing temperature.

After determininge for each curing temperature, an Arrhenius pldkjins. 1/T)
was developed for each mixture. Activation enexgvere calculated for each concrete
mixture by multiplying the negative slope of thesbét line through the Arrhenius data
by the universal gas constant, R (ASTM C 1074 2@xtjno 2004). Arrhenius rate plots
and calculated activation energies are presentédjure 4.16 for selected HVFA

concrete mixtures.
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Figure 4.16 Arrhenius rate plots for a) LA-35FA-15%, b) LABA-28%, c) HA-50FA-

1% and d) HA-35FA-24%

A summary of all activation energies calculatedrfriooth isothermal calorimetry

and penetration resistance testing are given ineSab2 and 4.3 for the LA and HA

cement sources, respectively. Also, the percdfdrdnce between the activation energy

calculated from each test method is presentedaftin eoncrete mixture. The activation

energy values calculated from isothermal calorignetere used for development of the

HVFA concrete hydration model. The HVFA concreyelfation model is developed,
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presented and discussed in Chapter 5. All actimaghergies were determined to the
nearest 100 J/mol.

In Tables 4.2 and 4.3, it is shown that the adtwvaénergies calculated from
penetration resistance data compare well to thbsered from isothermal calorimetry
testing. Only three mixtures had a percent difieegbetween the two activation energy
values greater than 20%. The activation energyegtalculated from isothermal
calorimetry for the LA cement mixtures ranged fra8)300 J/mol (35FA-1%) to 36,300
J/mol (35FA-15%). Similarly, the activation enengglues for the HA cement mixtures
ranged from 28,400 J/mol (35FA-28%) to 34,800 J/(BBFA-1%). No consistent
trends in activation energies could be establidieesttd on fly ash dosage or fly ash type

for the HVFA concrete mixtures.

Table 4.2 LA cement mixtures activation energy summary

Isothermal Calorimetry Penetration Resistance Percent
Mixture Activation Energy, E Activation Energy, E Difference
(J/mol) (J/mol) (%)
CTRL42 32,500 30,400 6.7
CTRL44 33,500 30,100 10.7
35FA-1% 28,300 32,600 14.1
35FA-15% 36,300 30,100 18.7
35FA-24% 32,600 31,200 4.4
35FA-28% 35,700 31,200 13.5
50FA-1% 29,600 22,800 26
50FA-15% 30,300 29,200 3.7
50FA-24% 29,900 30,000 0.3
50FA-28% 33,700 33,300 1.2
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Table 4.3 HA cement mixtures activation energy summary

Isothermal Calorimetry Penetration Resistance Percent
Mixture Activation Energy, E Activation Energy, E Difference
(J/mol) (J/mol) (%)
CTRL42 38,000 37,600 1.1
CTRL44 35,600 35,400 0.6
35FA - 1% 34,800 36,300 3.4
35FA - 15% 32,000 38,300 17.9
35FA - 24% 34,200 37,300 8.7
35FA - 28% 28,400 34,400 19.1
50FA - 1% 34,700 36,400 4.8
50FA - 15% 33,500 39,900 17.4
50FA - 24% 30,800 45,000 45
50FA - 28% 28,400 42,500 32

4.2.3 Semi-Adiabatic Calorimetry Results

Semi-adiabatic calorimetry (SAC) testing was coneddor all mixtures batched
at 73 °F to characterize the hydration developrméhrtVFA concrete. All SAC testing
was conducted with the use of an iQdrum deviceleasribed in Section 3.5.4. Testing
was conducted for 120 hours to ensure that theretmsample had hydrated sufficiently.
Temperature measurements were recorded everyfifbeeutes.

The results from SAC testing were used to develdatabase of best-fit
hydration parameters to be used for generatioheoHVFA concrete hydration model.
A summary of the best-fit hydration parameters fi®AC testing is presented in Chapter
5. In the following sections, the effect of fljhagdosage and fly ash CaO content on the

temperature development of HVFA concrete mixtusesxamined.
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4.2.3.1 Effect of Fly Ash Dosage on Heat of Hydran

Heat generation per volume of concrete (M)/piots for all 73 °F LA cement
and HA cement concrete mixtures are presentedyur€s 4.17 and 4.18, respectively.
The heat generation plots were calculated by myiitig the measured heat of hydration
of the sample by the cementitious material condétthat particular concrete mixture.

For both cement sources, an increase in fly asagiosesulted in a decreased heat of
hydration and less heat generated per volume afreta with the exception of the LA-
15% and LA-28% concrete mixtures. For these meduthe heat generation was
approximately equal for both fly ash dosages.

For the HA cement, Class F fly ash concrete mistutiee 50% fly ash dosage
resulted in significant reductions in heat generafiLO — 38 MJ/rf) when compared to
the control (CTRL44—HA). The significant reductionheat generation of the HVFA
mixtures proportioned with the Class F fly ashegagvith past research, as described in
Section 2.5.2.5. Langley et al. (1992) reported the peak in-place temperatures of
3.05 x 3.05 x 3.05 meter concrete blocks were rediy 52 °F when a 55% dosage of
Class F fly ash was used.

When compared to the control concrete resultsHWIEA concrete mixtures
proportioned with the Class F fly ashes (FA-1 aAdlb) generated less heat even at a
high dosage and low w/cm ratio. The HVFA concratetures proportioned with the
Class C fly ashes (FA-24 and FA-28) were shownratelsimilar heat generation results
to the control concrete. It should be noted thatw/cm ratio was not constant for the 35
and 50% fly ash dosage mixtures. Generally, tla¢ biehydration increases according to

a decrease in w/cm ratio. Since the w/cm ratio masconstant for all mixtures, the
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effect of fly ash dosage alone on the temperataveldpment could not be completely

isolated.
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4.2.3.2 Effect of Fly Ash CaO Content on Heat of Hjration
As presented in Section 2.5.2.5, the rate of teatpex development and
maximum temperature rise for HVFA concrete is deleem on the chemical composition

of the fly ash. The effect of fly ash CaO contentthe heat generation of HVFA
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concrete is presented in Figure 4.19 for the HA@=ngsoncrete mixtures (35% and 50%
fly ash dosages). In this figure, it is shown thaithe fly ash CaO content is increased
for a given dosage, the heat generation per volingencrete also increases. The same

trend was found for all LA cement concrete mixtures
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4.2.3.3 Semi-Adiabatic Calorimetry Testing Summary

As shown in Figures 4.17 through 4.19, fly ash desély ash CaO content, and
cement alkali content each have an effect on thé deneration of HVFA concrete. As
the fly ash dosage is increased, the heat gendrgitbee concrete mixture will decrease.
It was also shown that an increase in the fly aa® Content (for a given fly ash dosage),
results in more heat generated per volume of céecrEhe results from SAC testing are
discussed in further detail in Chapter 5 when tM&A concrete hydration model is
developed. In that chapter, a review of the degfdg/dration formulation is completed.
and the best-fit hydration parameter,s3( anda,) that were calculated for each mixture

are presented.

4.3 Phase Il Testing Results
4.3.1 Compressive Strength Testing

Immediately following fresh concrete testing, cylans were cast from each room
temperature batch for compressive strength tesfligg cylinders were continuously
moist-cured and tested according to ASTM C 39 (2@@4ed on the schedule outlined in
Section 3.5.5. A maturity meter was used to retihedemperature history of one
cylinder from each batch. With the recorded corsgire strengths and temperature
history, strength-maturity relationships were depeld for each mixture.

In addition to developing the strength-maturityateinship for all room
temperature batches, quality-control (QC) cylindeese cast from each hot and cold
batch. The QC cylinders were tested after 28 daysaist-curing. A summary of

strength-maturity relationship parameters and cesgve strength quality-control
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testing results for each mixture are presentedgpefdix C. In the following sections,
the effect of fly ash dosage, fly ash CaO contamd cement alkali content on the

compressive strength development of HVFA concretg@viewed.

4.3.1.1 Effect of Fly Ash Dosage on Compressive 8tgth

One of the main limitations of HVFA concrete is l@arly-age strength values.
Therefore, HVFA concrete is proportioned with loicm ratios to counter its reduced
rate of early-age compressive strength developiihalhotra and Mehta 2002). For this
project, HVFA concrete mixtures were proportionathw/cm ratios of 0.39 and 0.34
for 50% and 35% fly ash dosages, respectively. @essive strength testing results
(moist-cured specimens) for all LA and HA cementa@ete mixtures are presented in
Figures 4.20 and 4.21, respectively. In each figeaeh data point represents an average
of three test results for that age.

From the figures, it can be seen that both the 86&t50% fly ash mixtures were
proportioned to have comparable compressive stnsrigtthe control mixtures at early
ages. At four days, all mixtures (LA and HA cemdrad compressive strength values
within 15% of the CTRL44 strength. The result$igures 4.20 and 4.21 also indicate
that the HVFA concrete mixtures continue to garergjth at late ages due to the moist-
curing conditions. In comparison, the control megihad negligible compressive

strength gain after 28 days.
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Generally, an increase in fly ash dosage for argiw&em ratio will result in a
decreased rate of compressive strength developmearly ages. At later ages,
however, the compressive strength may be increaghdigh fly ash dosages when
compared to a control concrete with no fly ashaepinent (Thomas 2007). This
improvement in late-age compressive strength foFA\¢oncrete will only be achieved
if adequate moisture is supplied. The moisturedgiired for the pozzolanic reaction to

convert CH to C-S-H (ACI 232.R 2003).

4.3.1.2 Effect of Fly Ash CaO Content on Compress&v/Strength

In Figures 4.20 and 4.21, it is shown that the H\WéAcrete mixtures
proportioned with the 1% CaO Class F fly ash haddlwest rate of early-age strength
development for both cement sources. In Figurg,4t# general effect of fly ash CaO
content on the compressive strength developmeAV&iA concrete is illustrated. It is
shown that the HVFA concrete proportioned with @ass C fly ash exhibits a higher
rate of reaction at early ages when compared t€thss F fly ash mixture. This effect is
amplified when the fly ash dosage is increased 85&b to 50%. For the 50% fly ash
dosage mixtures, the compressive strength of taesH fly ash mixture surpasses the
Class C fly ash mixture results at approximatelyd@gs. After this point, the HA-50FA-
1% mixture continues to gain strength, whereastrength development of the HA-
50FA-24% mixture slows. The high rate of strenggim at late ages for HVFA concrete
proportioned with low-calcium Class F fly ashesdi® to the increased pozzolanic

activity of these ashes. The improvement in |gfe-strength for HVFA is dependent on
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curing conditions because moisture is requiredHerpozzolanic reaction to convert CH

to C-S-H (ACI 232.R 2003).
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Figure 4.22 Effect of fly ash CaO content on compressivergjtie development of a)

HA-35FA and b) HA-50FA mixtures

4.3.1.3 Effect of Cement Alkali Content on Compresge Strength

The compressive strength development of HVFA cdedsealso influenced by
the alkali content of the cement. In Figures 4.20 4.21, it is shown that the
compressive strengths were decreased at 4 daysegodd for all HVFA concrete
mixtures proportioned with the HA cement source nvbempared to the LA cement
source. The average percent reduction in the cegspe strength results for the 35%

and 50% fly ash dosage concrete mixtures are, 1ar&%4.8.3%, respectively. Jawed
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and Skalny (1978) reported cements with a highliatkatent will generally exhibit

higher strengths at early ages, but lower streraft@8 days and beyond.

4.3.1.4 Compressive Strength Testing Summary

As shown in Figures 4.20, 4.21 and 4.22, the ragtrength development for
HVFA concrete is dependent on the w/cm ratio, fig dosage, fly ash chemical
composition and cement chemical composition. Galyeian increase in fly ash dosage
will result in lowered early-age compressive sttesg This effect may be offset;
however, if HVFA concrete is proportioned with avla/cm ratio and HRWR
admixtures are used to control workability. Thenpoessive strength testing results
presented were used to develop a unique strengdthritgaelationship for each mixture.
The strength-maturity relationships for each migtwere later used to evaluate the in-
place compressive strength development of HVFA eetedn transportation structures,

which is described in Chapter 6.

4.4 Summary

In this chapter, sample results from each of teerteethods outlined in Chapter 3
are presented and discussed. Fresh concrete fiesparall 20 concrete mixtures at each
of the three mixing temperatures are presentettin§eest results are examined for
selected mixtures and trends are identified. Re$tdm isothermal calorimetry testing
are presented to illustrate the effect of curimggerature on the rate of hydration of
HVFA concrete mixtures. Sample semi-adiabatic ra@letry results from room

temperature batches are presented to illustrateftbet that the use of fly ash has on
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temperature development. Finally, compressivangttetesting results for all mixtures
are presented and reviewed.

The key findings of the work covered in this chamgi@n be summarized as

follows:

» All batches of concrete were deemed acceptablal@séesh concrete
testing. It was found that slump and air contented considerably when
mixtures were batched at the hot and cold tempegtu

» Curing temperature has a significant impact on bio¢hsetting time of HVFA
concrete and the rate of isothermal heat developmErme setting time delays
due to lowered curing temperature are largest wingim-calcium, Class C fly
ashes are used at high dosages.

* Fly ash dosage, fly ash CaO content, and cemeali atbtntent were all found
to have a significant effect on the setting tinade rof isothermal heat
development, heat of hydration, and rate of congivesstrength development
of HVFA concrete mixtures.

The key points listed above were applied in thesttgyment of the HVFA concrete
hydration model and the evaluation of the in-plpegormance of HVFA concrete. The

processes are described in Chapters 5 and 6.
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Chapter 5

Development of HVFA Concrete Hydration Model

In Chapter 4, the laboratory testing results frdmages | and Il are presented and
discussed. The activation energies from isotheral@rimetry testing and hydration
development data from semi-adiabatic calorimetstirnig were used to develop a
hydration model for concrete proportioned with hityhash dosages. In this chapter, the
modeling approach and software are introduced.t,Nle& calibration database used for
the development of the hydration model is presenfdter presenting the modeling
approach and calibration database, the HVFA coadrgdiration model is presented,
along with an evaluation of the model. Finallyguanmary is presented for significance

and use of the final model.

5.1 Modeling Approach
As discussed in Section 2.6.1.3, Hansen and P&@2) 2leveloped the following

equation to represent the degree of hydration dpweént versus time for a concrete

sample:
Y
a(t)=a, Edax;{— (?j ] Equation 5.1
where:
o) = degree of hydration at tinte
o = ultimate degree of hydration,

T hydration time parameter,
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b = hydration shape parameter, and

t = concrete age or equivalent age.

The equation presented above describes the dlggree of hydration
development in terms of the hydration time paramgjehydration shape parametgy,(
and ultimate degree of hydratiam,. The hydration time paramete} (s expressed in
terms of hours, and it represents the start ohtloeleration phase of the hydration
development. The hydration shape paramgbes(unitless, and it describes the rate
(slope) of the hydration development. Finally, thiemate degree of hydration,j
represents the maximum degree of hydration thatleaachieved. The mixture-specific
hydration parameters, (5, anda,) are back-calculated by fitting Equation 5.1 te th
degree of hydration versus time results obtainech fsemi-adiabatic calorimetry (SAC)
testing. The effect of an increase to each ehydration parameters to the shape of the
overall hydration development are summarized iufég 5.1a, 5.1b, and 5.1c. An
example of the degree of hydration equation fittedample SAC testing results is

presented in Figure 5.1d.
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Figure 5.1 Effect of changes to: a) hydration time paramedighydration shape

parameter, and c) ultimate degree of hydratiorheroiverall hydration development and

d) example of hydration equation fitted to SAC itegtresults
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The hydration model for HVFA concrete was develop#tt the use of
multivariate regression analysis. To complete éimalysis, SAS Version 9.2 was used.
This software is distributed by SAS Institute llacated in Cary, North Carolina. The
multivariate regression analysis was completethiied steps: identification of the most
significant variables, development of model, andleation of goodness of fit.

The first step in developing the HVFA concrete latim model was to identify
the most significant variables for individually gdreting both the hydration time
parameterd) and the hydration shape paramef®r (The chemical and physical
properties of the cements, fly ash chemical compos, and fly ash dosages were taken
as explanatory variables and thendf parameters were taken as the response variables
for each mixture. Interactions between the vaegablere also considered. Since the
cement and fly ash chemical properties are notpeddent of each other, a correlation
matrix was constructed for all variables. Fromdberelation matrix, variable
dependence could be tested for simultaneous ube imodel. In this step, the
explanatory variables to be used in the final modse selected. Also, initial estimates
of the coefficients for the nonlinear regressiordelavere calculated by statistical
means.

After identifying the most significant variableeetHVFA concrete hydration
model could be developed. In this step, the chanaied physical properties of the
cements, fly ash chemical compositions, and flydsdages were taken as independent
variables and the degree of hydration values fremisadiabatic testing were taken as
the response variables for each mixture. Nonlinegiression analysis was used to

determine the best-fit statistical values for eatcthe independent variables.
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After developing the degree of hydration modetoitild be evaluated for
goodness of fit. The goodness of fit was evalultedetermining the coefficient of
determination @) and the standard deviation of the absolute €¢8qr Also, residual
plots for each of the independent variables wesated. One of the underlying
assumptions of linear regression analysis is homgigeof variance. Residual plots
were used to identify if this assumption was metigh r, low S and random
distribution of unexplained error indicate that thedel explains most of the variability
contained within the data set.

It was determined that the data could be best redd®} a nonlinear relationship,
as documented by Schindler and Folliard (2005) tramsform the data set into a linear
relationship, the natural logarithm of both theapdndent and response variables was
taken. By doing this, the data set could be amaly®y a multivariate linear regression
analysis, and a power function could be fit torbgponse variables. An example of this
transformation is presented in Equations 5.2 aBd & Equation 5.2, two independent
parametersg; andx, are shown to have a nonlinear relationship tad¢lsponse variabhe

(Barnes 1994).

y=(x)* x,)* &% Equation 5.2
where:
y = response variable,
Xi = independent variables, and
G = regression constants.

By taking the natural logarithm of both sides oligtion 5.2, the equation is

transformed into a two parameter multivariate Immeadel, as presented in Equation 5.3.
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When comparing Equations 5.2 and 5.3, it is shdwah the linear model is obtained by
taking the natural logarithm of the response adépendent variable¥:= In(y), X; =

In(xy) andX, = In(x,) (Barnes 1994).
In(y) =In((x,)* (x,)* (&%)
In(y) = In(x,)% +In(x,)% +Ine®
In(y) =c, On(x,) + ¢, On(x,) + ¢,

Y=c X, +c, X, +c, Equation 5.3

5.2  Calibration Database

The first step in developing the hydration modelH¥FA concrete involved
creating a calibration database which included bim¢hndependent variables and
response variables for each concrete mixture. ifdependent variables selected for the
calibration database included the chemical andiplproperties of the cements, the fly
ash chemical compositions, the fly ash dosagesthend/cm ratios for each mixture
used to develop this model. This information isgented in Tables 3.3, 3.5, and 3.2, for

each of the twenty concrete mixtures completedHisrproject.

5.2.1 Semi-Adiabatic Test Data

For each concrete mixture, the hydration shapenpatex [5), hydration time
parameterd), and ultimate degree of hydratian,\ were selected as the response
variables. The hydration parameters for each @ecenixture were obtained from semi-
adiabatic calorimetry (SAC) testing. All SAC tegfiwas conducted with the use of an

iQdrum device as described in Section 3.5.4. Armeany of the best-fit hydration
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parameters for all twenty concrete mixtures (LA &lflcement sources) is presented in
Table 5.1. The activation energies presentedigtéiiole were calculated from
isothermal calorimetry test results obtained fromeé curing temperatures, as described
in Section 4.2.2.

Table 5.1 Best-fit hydration parameters from SAC testing

Mixture E Hydration Parameters Hy
Description (J/mol) B 7 (hours) oy (J/9)
CTRL42-LA 32,500 0.966 10.44 0.812 466
CTRL44-LA 33,500 0.937 11.41 0.833 479

LA-35-1 28,300 0.856 10.94 0.990 377

LA-35-15 36,300 0.895 11.44 0.762 433
LA-35-24 32,600 0.844 15.53 0.917 476
LA-35-28 35,700 0.814 14.60 0.874 496
LA-50-1 29,600 0.778 11.08 0.990 314
LA-50-15 30,300 0.803 13.96 0.805 401
LA-50-24 29,900 0.925 17.68 0.767 464
LA-50-28 33,700 0.870 19.00 0.849 494
CTRL42-HA 38,000 1.468 9.68 0.728 462
CTRL44-HA 35,600 1.500 9.66 0.747 491
HA-35-1 34,800 1.272 10.42 0.872 379
HA-35-15 32,000 1.281 10.43 0.769 435
HA-35-24 34,200 1.355 12.84 0.767 478
HA-35-28 28,400 1.431 12.05 0.777 498
HA-50-1 34,700 1.230 11.43 0.866 322
HA-50-15 33,500 1.193 12.31 0.764 408
HA-50-24 30,800 1.590 15.55 0.705 471
HA-50-28 28,400 1.403 14.60 0.689 501

The total heat of hydrationH() for each concrete mixture is presented in Table
5.1. The total heat of hydration accounts for lyssterated by portland cement and
SCMs, as presented in Equation 2.7. The portlanteat heat contribution was

calculated for each cement according to Equatién 2.
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As discussed in Chapter 2, the heat contributidityadsh is calculated based on
the fly ash CaO content. There are several recordati®ns for calculating fly ash heat
contribution from past research. Kishi and Maek&i@95) recommended a heat of
hydration of 209 J/g for a fly ash with a CaO comtaf 8.8% based on SAC testing
results. Schindler and Folliard (2005) proposed the fly ash heat contribution should
be calculated according to Equation 5.4. Fin&Hg,and Wang (2009) proposed the

relationship presented in Equations 5.5.

hea = 1800 pra-cao Equation 5.4

hea = 15.9 (Pracaox 100) + 74.3 Equation 5.5
where:

hea = total heat of hydration of fly ash (J/g) and

PFa-cao = fly ash CaO weight ratio in terms of total flghacontent.

A plot of fly ash heat contribution versus fly &hO content for the results
presented by Kishi and Maekawa (1995), SchindldrFalliard (2005), and Ge and

Wang (1999) are presented in Figure 5.2.

132



600

O Kishi and Maekawa (1995)
500 | |OSchindler and Folliard (2005)
A Ge and Wang (2009)

400 -

N\

Fly Ash Heat Contribution (J/g)

300 A
Equation 5.6
200 A
100 -
O T T T T T
0 5 10 15 20 25 30

Fly Ash CaO Content (%)

Figure 5.2 Fly ash heat contribution versus fly ash CaO eont

Based on all past research, the best-fit expredsidiy ash heat of hydration versus fly
ash CaO content is presented below. This expres&s used to calculate the heat of

hydration of the fly ash used for this research.

hea = 16.2 (PracaoX 100) + 58 Equation 5.6
where:

hea = total heat of hydration of fly ash (J/g), and

Pracao = fly ash CaO weight ratio in terms of total flghacontent.

5.2.2 Supplemental Data from Past Research
Schindler and Folliard (2005) created a model st the hydration
development for concrete incorporating supplemgrtamentitious materials (fly ash

and slag). To develop their model, two fly ashrees, one Class C and one Class F, and
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three Type | cement sources were investigated. flytash dosages varied from 15% to
45% by volume of cementitious materials. SAC testiesults from Schindler and
Folliard’s study were incorporated to expand thécation database for this project.

The physical and chemical properties of the ceaiti@ms materials from the
research conducted by Schindler and Folliard azegumted in Table 5.2. From this table,
it is shown that the Class C fly ash investigatg@®&bhindler and Folliard has a similar
CaO content to the FA-24 Class C fly ash evalusdethis research. The CaO content
of the Class F ash, however, does not coincide eiitter of the Class F sources included
in this research. The three cement sources idehtiiried slightly in their chemical
composition and were all commonly available in Teaathe time of Schindler and

Folliard’s research.
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Table 5.2 Chemical and physical properties of cementitimagerials used by Schindler

and Folliard (2005)

Type | Portland Cement Fly Ash
Parameter
A B C Class C| Class F
Silicon Dioxide, SiQ (%) 19.9 20.9 20.1 35.6 54.1
Aluminum Oxide, AbO3 (%) 5.7 5 53 21.4 26.2
Iron Oxide, FgO3 (%) 2.9 1.8 3.2 5.6 3
Calcium Oxide, CaO (%) 63.6 65.4 65.5 24.8 10)8
Free CaO (%) 2.9 1 0.8 - -
Magnesium Oxide, MgO (%) 1.3 1.4 0.6 4.8 2.4
Equivalent Alkalies (%) 0.69 0.52 0.67 1.4 0.3
Sulfur Trioxide, SQ (%) 3.5 2.9 3.3 1.2 0.3
Loss on Ignition (%) 1.9 1.44 1.2 0.3 0.1
Tricalcium Silicate, GS (%) 57 63 64 - -
Dicalcium Silicate, @S (%) 14 12 9 - -
Tricalcium Aluminate, GA 10 10 3 i i
(%)
Tetracalcclzlir“I]FA(I;Or;lnoferrlte, 8 6 10 i i
Blaine Value (mvkg) 358 354 367 - -
Specific Gravity - - - 2.75 2.33

SAC testing was used to characterize the hydratewelopment for each of the
mixtures investigated by Schindler and Folliarchebest-fit hydration parameters and
w/cm ratios for each of the mixtures are presemédble 5.3. The fly ash dosages,
indicated in Table 5.3 under mixture descriptioeyevcomputed on a volume basis.

Finally, the activation energies presented wereutaled using Equation 2.15.
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Table 5.3 Best-fit hydration parameters from SAC Testingrfoxtures from Schindler

and Folliard (2005)

Cement| Mixture E Hydration Parameters
- w/cm Hy (J/9)
Source | Description (J/mol) B 7 (hours) ay
A Typel 1 037| 46,000 0905| 1369| 0689 477
Cement
0
A | B%Class| a0 45900 0874| 1381|0713 471
C fly ash
0
A | O%Class| gag | 41300 0.772| 2328|0793 468
C fly ash
0
A | 3BWClass| g 39400 0.716] 2043|  0.893 464
C fly ash
0
A | BWCass| a9 | 37500 0.724|  36.66|  0.849 460
C fly ash
0
A | 15%Class| g agl 40700 o0825| 1597 0797 444
F fly ash
0
A | 25%Class| 4491 37900| o0.786| 1830 0.831 421
F fly ash
0
A | 85%Class| 4 01 33700| o0.809| 19.08| 0.838 396
F fly ash
0
A | B%Class| 40| 39100 0774] 2173  0.894 370
F fly ash
B Tyeel | 550 42000 0719 1688 0.887 513
Cement
c Tyeel | 550 46300 0727 1632 0882 492
Cement

5.3 Hydration Model Development

After assembling the calibration database, the dityain model for concrete
proportioned with high fly ash replacement levetsswieveloped. The first step in
developing this model involved reviewing the hydrmatmodel for cementitious materials
developed by Schindler and Folliard (2005). Aferiewing this model, a “cement-
only” hydration study was completed based on ergintrol concrete mixtures with no

fly ash replacement. By completing this step,rtieest significant variables for cement
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hydration based on present-day cement manufactprogesses were identified. Finally,
the hydration model for concrete proportioned viigph volume fly ash replacement was

developed. Each of the three steps is explainéteifiollowing sections.

5.3.1 Hydration Model Developed by Schindler and élliard (2005)

Schindler and Folliard (2005) used multivariateresgion analysis to develop a
hydration model for concrete incorporating cemesnig materials. This model was
developed from a database including SAC testingltefrom thirteen mixtures prepared
by Schindler and Folliard and heat of hydratioradat twenty cement sources from
research conducted by Lerch and Ford (1948). Hreh_and Ford data set is one of the
most comprehensive resources for heat of hydratava for United States cement
sources. This data set includes heat of hydragistresults for eight Type | cements,
five Type Il cements, three Type lll, three Typed®ments, and one Type V cement.
Based on this expanded database, Schindler andrdalleveloped the following models
for f andz:

B = 181.4 pcart*® pcag?*’ Blaing®**- Equation 5.7

Psos >>% exp(-0.647 psiad

7=66.78 pcan’'>* pcas’ " Blaing®®™ Equation 5.8
-0.758

Psoz - exp(2.187 psiact 9.50 Pra- Pra-cad

where:

Pcsa = weight ratio of GA in terms of total cement content,

Pcss = weight ratio of GS in terms of total cement content,

Blaine = cement Blaine value (ffkg),
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Psos = weight ratio of S@in terms of total cement content,

PsLac = weight ratio of GGBF slag in terms of total cemgatis content,
Pea = weight ratio of fly ash in terms of total cemertits content, and
Pra-cao= weight ratio of fly ash CaO in terms of total flghacontent.

The ultimate degree of hydration model develope&dyindler and Folliard is
presented in Equation 5.9. This model was basddemodel developed by Mills
(1966). From this model, complete hydration wéler be achieved, but an increase in

ultimate degree of hydration will be achieved wis®Ms are used.

a = 1.031lw/cm
Y 0.194+wl/cr

+ 0500, + 0300Pg 4 < 10 Equation 5.9

where:

oy = ultimate degree of hydration,

w/cm = water-cementitious material ratio by weight,

Pea = weight ratio of fly ash in terms of total cemi&éntis content, and
Pstac = weight ratio of GGBF slag in terms of total certigous content.

The model developed by Schindler and Folliard veamé to accurately predict
the measured degree of hydration results from tdaibration database. The coefficient
of determination @) and mean square of the errdi) (sere calculated to be 0.988 and
0.01%, respectively. A plot of measured versuslipted degree of hydration values for

this model is presented in Figure 5.3.
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Figure 5.3 Plot of measured versus predicted degree of tipdréor model developed

by Schindler and Folliard (2005)

The model presented by Schindler and Folliard (208 developed with only
two fly ash sources and does not account for tfeetedf chemical admixtures on
hydration. Before developing a new hydration mddeHVFA concrete, the model
from Schindler and Folliard was applied to thelmaiion database described in Section
5.2, and the goodness of fit was evaluated. fTheando, were calculated for each
mixture using Equations 5.7 through 5.9. A plotredasured versus predicted degree of

hydration values for this exercise is presentefigure 5.4.
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Figure 5.4 Plot of measured versus predicted degree of tipdréor Schindler and

Folliard (2005) model with calibration databasearr8ection 5.2

Based on Figure 5.5, it is shown that the modeéligped by Schindler and
Folliard (2005) provides a low estimate of the @&egof hydration when compared to the
measured results. The coefficient of determinatirand standard deviation of the
absolute error (pwere calculated to be 0.963 and 0.225, respdgtiv®ased on these
results, a new hydration model for HVFA concreteswiaveloped to provide a more

accurate estimate of hydration development.
5.3.2 Portland Cement Hydration Evaluation
In the model proposed by Schindler and Folliardd@0each of the hydration

parameterst(andp) is composed of a “cement-only” expression andodifrer to
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account for the behavior of SCMs. When no SCMauaesl, the exponential portions of
thet andp expressions are equal to one, leaving the “cermelyt-portion of the
expression. Schindler and Folliard’s model wasettgped based in part on the Lerch and
Ford data set from the 1950s. Modifications todbment manufacturing process have
resulted in changes to both cement chemical composind fineness. Therefore, a
portland cement hydration study was conductedéatitl the most significant variables
for the development of the “cement-only” portiorighee p andt expressions to be used

in the final HVFA concrete hydration model.

The portland cement study was completed basedeofotin control concrete
mixtures from this project and the three cemeny+omixtures from Schindler and
Folliard’s (2005) research. The database for thidysincluded five Type | cement
sources with varying chemical compositions, astifled in Tables 3.3 and 5.2. To
identify the statistically significant variablesregression model was developed to predict
the degree of hydration parameters for each mixtiliree chemical and physical
properties of the cements were taken as explanatoigbles and the hydration
parametersf(andr) were the response variables. With the use of S#&vare, the
RSQUARE (R) selection method was employed to evaluate thfgignce of both
individual explanatory variables and combinatiohexplanatory variables. The SAS
program file and output for the RSQUARElection procedure is presented in Appendix
E. The following sets of explanatory variables evirund to provide the best statistical
fit to the measured hydration parameters for thected cement-only mixtures:

Hydration Shape parametd®){(3 parameters? = 0.9986

B =1 (CsA, SG;, Blaine)
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Hydration Time Parametet)( 3 parameters?r 0.9846
1= (C;S, Blaine, NaEqu)
Hydration Time Parametet)( 3 parameters?r 0.9808

1= (GCsS, GA, Blaine)

where:

Pcsa = weight ratio of GA in terms of total cement content,

Psos = weight ratio of S@in terms of total cement content,

Blaine = cement Blaine value (itkg),

Pcas = weight ratio of GS in terms of total cement content,

Pcss = weight ratio of GS in terms of total cement content, and
NaEqu = cement equivalent alkali content in terms of tag&hent content.

Based on the seven concrete mixtures for this siudyshown that the
statistically significant variables for the predoct of p andr differ slightly from those
used in the model developed by Schindler and Fdlli&rom this study, it was
determined thgb could be accurately modeled by considering theergnmicalcium
aluminate content (§), the cement sulfate content (§Qand the cement fineness
(Blaine). Two sets of variables for predictingere selected from this study. The first
set of explanatory variables does not agree withtwias used by Schindler and Folliard.
It was found that could be accurately modeled by considering theetgrdicalcium
silicate content (&€5), the cement fineness (Blaine) and the cemenvagut alkali
content (NaEqu). The second set of variables, keweoincides with the model

proposed by Schindler and Folliard. The stagdltycsignificant variables fop andt
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determined from this study were used to help setecexplanatory variables to be used

in the final HVFA concrete hydration model.

5.3.3 Development of Final Hydration Model
To develop the final hydration model, the modelapgproach outlined in Section
5.1 was used to analyze the calibration databasepted in Section 5.2. The SAS
program outputs for each step of the modeling m®eee presented in Appendix E.
First, the explanatory variables to be used imih@inear analysis were selected.
To do this, a regression model was developed wigirthe degree of hydration
parametersfl(andr) for each of the thirty-one concrete mixtures.e themical and
physical properties of the cements, fly ash chehacapositions and fly ash dosages
were taken as explanatory variables. With SAShsoft, the RSQUARE selection
method was used to evaluate the significance avishaal and combinations of
explanatory variables. The results from the podlaement hydration study were also
used to help identify the significant variablesasBd on the Rselection procedure and
the portland cement hydration study, the followuagiables were found to provide the
best statistical fit to the measured hydration pest@rs:
Hydration slope paramete)( 4 parameters? = 0.9530
B =f (CsA, NaEqu, Blaine, g, pra-sio?)
Hydration Time Parametet)( 4 parameters?= 0.8473
1 =1 (GCsA, C;S, Blaine, pa, Pra-cao)
where:

Pcsa = weight ratio of GA in terms of total cement content,
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Pcas = weight ratio of GS in terms of total cement content,

NaEqu = cement equivalent alkali content in terms of to&hent content,
Blaine = cement Blaine value (tkg),

Pra = fly ash volume ratio in terms of total cementisocontent,
PrA-sio2= fly ash SiQ weight ratio in terms of total fly ash contentdan
PrA-cao= fly ash CaO weight ratio in terms of total flyjhasontent.

The ultimate degree of hydration model developeiils (1966) was used
successfully by Schindler and Folliard (2005) ia tevelopment of their hydration
model for cementitious materials. Therefore, thisnate degree of hydration model was
used for development of the HVFA concrete hydratradel. Similar to the approach
taken by Schindler and Folliard, an increase inullienate degree of hydration due to the
presence of fly ash was modeled as shown in Equ&tit0. The increase in ultimate

degree of hydratioma,, was found to be a function of the fly ash dosage,

_1.031w/cm t A

a, = 0194+ W/ orr " Equation 5.10

where:

oy = ultimate degree of hydration

w/cm = water-cementitious material ratio by weight

Aoy = increase in ultimate degree of hydration duprésence of fly ash.

The variables selected to model the hydration patars are suitable based on
engineering judgment. Cements with higfA@nd Blaine values have high early-age

strength gains due to an increased rate of hydrati@arly ages. As discussed in Section
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2.3.1, GA begins to hydrate immediately when mixing wateadded, liberating a
significant amount of heat (1350 J/g). The hydrawf the calcium silicates ¢S and
C,S) occurs at a much slower rate than th& Bydration reaction, but still releases a
considerable amount of heat. Schindler and Fdllf2005) used £S in their final
hydration model. For the development of this mp@gb replaced €S due to the
discovery of a correlation betweesSCand GA during the RSQUARE selection
procedure. Also, the cement sulfate content, 8@s not used for the HVFA concrete
model due to a high correlation withAC Finally, the cement equivalent alkali content
was included in the development of the expressof.f

Parameters other than those selected for therfindel may be used to
effectively predict hydration development. Whemsidering contributions of many
variables simultaneously, however, the statistest-fit regression model may not
include these single most significant parameters.

After selecting the independent variablesff@andr, initial values for the
regression model were determined by performinginasitite linear regression analysis.
This analysis was completed with use of the SAS Gitbtedure. The analysis of
variance (ANOVA) results from the GLM procedure presented in Appendix E.

After determining initial values for the regressimodel, the final hydration
model could be developed. For development ofitied fnodel, the response variables
were the degree of hydration values versus conemgivalent age for each mixture. The
degree of hydration values used for modeling cporded to equivalent ages of 1, 4, 8,
12, 24, 48, 72, 168, 672, and 2160 hours. A wit2B9 observations were used for

development of the final model. The final nonlinezgression analysis was performed
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with the SAS NLIN procedure. The NLIN procedurarsiterative method that requires
that initial estimates of the regression coeffitsdpe given and the nonlinear regression
model be defined.
The results from the NLIN procedure are presentefippendix E. From the
results, it is shown that convergence was achieViéa best-fit models fg#, z, anday,
are presented in Equations 5.11 to 5.13.
B = pcs®’%- NaEqu %% Blaine*>*: Equation 5.11
exp(-1.37- pra- Pra-sio2— 12.9)
T=peaa ¥ peas > Blaineg” - Equation 5.12
exp(6.12 pra- Pra-caot 43.5)

_1031w/cm

a, = 0194+ W/ o +0.428p-, <10 Equation 5.13
where:

Pc3a = weight ratio of GA in terms of total cement content,

Pc3s = weight ratio of GS in terms of total cement content,

NaEqu = cement equivalent alkali content in terms of te&hent content,
Blaine = cement Blaine value (ftkg),

Pea = weight ratio of fly ash in terms of total cememits content,
Pra-sio2= fly ash SiQ weight ratio in terms of total fly ash content,
Pracao = weight ratio of fly ash CaO in terms of total flgracontent, and
w/cm = water-cementitious material ratio by weight.

A scatter plot of the measured degree of hydratalnes from SAC testing
versus the predicted values from the final modglu@ions 5.11 to 5.13) is presented in

Figure 5.5. This figure illustrates that the moaeturately predicts the hydration
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development for concrete containing high fly ashatyes based on cement chemical

composition, cement fineness, fly ash chemical amsition, fly ash dosage and w/cm

ratio.
1.0 T T T T
I I I I *
| | | 38 Q0 A%
| | | "\" ;
c 08 +------ A e IR bt <X Sk
g : : e 0§
o l l oy P Wb
© | | | > 3%
> | | ° 03“ |
Too6 i R
| | ** d |
o | | 0, | I
() | I * |
o I \,:’ * I I
> | A |
8 04 T A |
z e | |
g e | |
5 sl i i
9 0.2 1 * ‘: | | I
o | | | |
Y ‘7 l l l
Wil : : :
. | | | |
0.0 : 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Measured Degree of Hydration

Figure 5.5 Plot of measured versus predicted degree of tipdréor final model

The goodness of fit of the final model was evalddig calculating the coefficient
of determination @) and the standard deviation of the absolute €¢8or The f for the
final model was calculated to be 0.991. TRimdicates that 99.1% of the experimental
variation of the response variable is explainedheyfinal model. The standard deviation
of the absolute error (Sor the final model was calculated to be 0.164r the final
model, a random distribution of the unexplainedeis desired. Therefore, residual
plots were constructed to evaluate the homogenéwnariance. The residual plot for the

final model is presented in Figure 5.6. Residlatspfor each of the explanatory
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variables used in the final model are presentespipendix E along with the SAS

program outputs for each step in the modeling m®ce
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Figure 5.6 Plot of measured degree of hydration versus uesid

54 Summary

Typically, SAC testing is used to characterizetigdration development of

concrete mixtures. As discussed in Section 2the2{rue adiabatic temperature profile

may be determined for any concrete mixture by cbing the semi-adiabatic profile for

the device-specific heat losses. After calculatmgtrue adiabatic temperature profile,

the degree of hydration at any time may be comploiésgd on the heat generated at that

given time versus the total heat of hydration ef tementitious system (Equations 2.4

and 2.5). Finally, the hydration parametd¥st( a,) may be calculated by fitting

Equation 2.13 to the experimentally determined éegrf hydration curve.

148



A nonlinear regression analysis was used to dewelmpdel to predict the
hydration development of HVFA concrete mixturedieTTalibration database used to
develop this hydration model included SAC testiaguits obtained from both the
laboratory testing portion of this project and Scher and Folliard’s (2005) research.
Using this model, the hydration shape param@ehfdration time parameter)(and
ultimate degree of hydration,) for HVFA concrete mixtures may be computed
independently based on the chemical compositidghetementitious materials and the
mixture proportions of the HVFA concrete mixtund/ith the use of this model, the SAC
testing procedure outlined above is not requirEderefore, the hydration parameters
may be calculated quickly without the time or cas$ociated with SAC testing. This
HVFA concrete hydration model was used to develegigh aids to predict the
maximum in-place concrete temperature, time tealnget, and compressive strength
development of HVFA concrete placed in selectedsjpartation structures. This process

is described in the following chapter.
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Chapter 6

Evaluation of the Modeled In-Place Performance of NFA Concrete

After completing all laboratory testing and devetgpthe HVFA concrete
hydration model, the modeled in-place performarfdd\tFA concrete was evaluated.
The results from this analysis are intended tacaittractors and transportation agencies
in estimating the maximum in-place concrete tentpeeainitial setting times, and
compressive strength development for HVFA conondten used in various
transportation structures. In the following sews, the analysis approach and baseline
conditions that were used to complete this anabssntroduced. Also, sample in-place
temperature profiles are presented. Finally, &ewewf the modeled in-place
performance of HVFA concrete as it relates to maximn-place concrete temperature,

time to initial set, and compressive strength dgwelent is presented.

6.1  Analysis Approach

The final stage of this research consisted ofuatalg the in-place performance
of HVFA concrete to provide guidance to contractmd transportation agencies. The
goal of this research was to ultimately increaseuse of HVFA concrete by providing a
reliable means to estimate the in-place performan¢&/FA concrete mixtures.
Specifically, the maximum in-place concrete temperg setting times, and compressive
strength development were investigated for HVFAarete placed in varying conditions.

When HVFA concrete is used in mass concrete agits a reduction in

maximum in-place concrete temperature can reduesubceptibility of the concrete to
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delayed ettringite formation (DEF). DEF is defiresdthe “formation of ettringite in a
cementitious material by a process that begins hftedening is substantially complete
and in which none of the sulfate comes from outti@ecement paste (Taylor et al.
2001).” For DEF to occur, the concrete must bgestibd to high temperatures early in
the curing process. Taylor et al. (2001) repotted the critical temperature for portland
cement concrete is 158 °F. Folliard et al. (20@8pmmend a maximum in-place
concrete temperature of 185 °F when at least 258630 or 35% Class C fly ash
dosages are specified. When the in-place conteatperature exceeds these limits, the
formation of ettringite is inhibited and the fornaat of calcium silicate hydrate (C-S-H)
is accelerated. The sulfates which form ettringttaormal curing temperatures are
trapped in the C-S-H. At later ages, the sulfatesiare released from the C-S-H and
react with available monosulfate hydrate (MSH)dof ettringite (Folliard et al. 2008).
The formation of ettringite exerts pressure ongimeounding hardened concrete, causing
expansion and cracking (Folliard et al. 2008)this chapter, the maximum in-place
concrete temperatures are estimated for HVFA coaenextures under varying
placement conditions.

One of the main barriers to the increased use diA¥oncrete is the concern
over retarded set times, especially when highdly dosages are specified or cold curing
conditions are encountered. Retarded set timesaase delays to concrete finishing
operations, causing HVFA concrete to be undesira8leilarly, there are concerns over
low early-age compressive strength developmentidfA concrete. Low early-age
compressive strength development can require egteadring, which can delay

formwork removal times and negatively impact camsion sequencing. In this chapter,
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in-place setting and compressive strength developare estimated for HVFA concrete
mixtures under varying placement conditions.

To evaluate the performance of HVFA concrete fmheof the properties
identified above, the ConcreteWorks software progveas used to estimate in-place
temperature profiles for HVFA concrete placed undarous placement conditions.
Multiple iterations were performed with the Coneitorks software to examine the
effect of fly ash type, fly ash dosage, concretenimer type, and placement temperature
on the in-place temperature development, timeit@irset, and compressive strength
development of HVFA concrete.

The ConcreteWorks software program was develop#dteaConcrete Durability
Center at the University of Texas. This softwameyrhe used to calculate mass concrete
temperature development, thermal stress developrakati-silica reaction (ASR)
susceptibility, and delayed ettringite formatiore) susceptibility of user-defined
concrete mixtures under various placement conditiorhe software is available for free
download to the public at http://www.texasconcreigig.com.

To evaluate the in-place performance of HVFA ceterthe temperature
prediction feature of the ConcreteWorks softwagpam was used. The temperature
prediction calculations performed by ConcreteWaiesbased on heat transfer
modeling. Detailed information on the heat transfgalysis method, concrete thermal
properties, and concrete element models used b@dhereteWorks software may be
found in the ConcreteWorks User Manual (Riding 2007

For the ConcreteWorks analysis, various HVFA ceteemixtures were

investigated to quantify the effect of fly ash tyg®d dosage on the in-place performance.
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The HVFA concrete mixtures that were used for tbadceteWorks analysis are
introduced in Section 6.2.3. After selecting tla¢athase of HVFA concrete mixtures to
be used for the analysis, iterations were perfortnezaluate the effect of various
placement conditions and element types on the dpuednt of the in-place concrete

temperature for each mixture.

6.2 Baseline Conditions for ConcreteWorks Analysis

In the following sections, the baseline condititimst were used to complete the
ConcreteWorks analysis are detailed. First, amwse of the HVFA concrete mixtures
that were used to develop the in-place temperaofes is presented. Next, the
concrete placement temperature and ambient weabhelitions are defined. Finally,
each of the concrete element types and their quureing modeling inputs are

presented.

6.2.1 HVFA Concrete Mixtures

To evaluate the in-place performance of HVFA cotgra database of HVFA
concrete mixtures with varying fly ash dosagesfandsh types were analyzed with the
ConcreteWorks software program. Simulations werapeted for each concrete
mixture to develop in-place concrete temperatuodilps based on varying placement
conditions. In the following section, the HVFA avate mixtures used for this analysis
are detailed.

The HVFA concrete mixtures for the ConcreteWorkalgsis were varied based

on the fly ash dosage and fly ash type. Iteratiweie completed at fly ash dosages of O,
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35%, and 50% by volume of cementitious materi&st each fly ash dosage
investigated, iterations were completed using tMas€F and two Class C fly ash
sources, each with varying chemical compositiofise four fly ash sources used for the
ConcreteWorks analysis correspond to the four ssuised for the laboratory testing
phase of this research. The chemical compositoedch source is defined in Table 3.5.

The ConcreteWorks software program accommodatasdedined inputs for all
materials defined in the concrete mixture propaing stage. To eliminate unwanted
variability in the ConcreteWorks results due toraes in materials, a single cement
source and single aggregate source were used foomatreteWorks simulations. The
“low-alkali” (LA) cement source from W.R. Grace wsslected. The chemical
composition of this cement is presented in Talde &s discussed in Chapter 3, this
cement source was received in two shipments, LA&erfl) and LA Cement (2), each
with slightly different chemical compositions. Rbe ConcreteWorks simulations, the
hydration parameters for each concrete mixture weneputed using the chemical
composition of LA Cement (1). The coarse aggregatkfine aggregate used for all
simulations were a siliceous river gravel and sigs river sand, respectively.

The mixture proportions for the 35% and 50% fly delsage mixtures correspond
to the LA-35FA and LA-50FA concrete mixture proponis presented in Table 3.2. For
each concrete mixture, the hydration paramet&rg, t, oy, andH,) were required to
develop the in-place concrete temperature profildse HVFA concrete hydration model
developed in Chapter 5 was used to estimate theatigd time parametet); hydration
shape parametef), and ultimate degree of hydratian,)for each concrete mixture.

The activation energyE] for the 35% and 50% fly ash dosage mixtures wetermined
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from isothermal calorimetry. For all mixtures, tfo¢al heat of hydration (i was
calculated based on the chemical composition otémeent and fly ash sources
according to Equations 2.7, 2.8, and 5.6. A sumrofthe hydration parameter inputs

for each of the concrete mixtures is presentechind 6.1.

Table 6.1 ConcreteWorks hydration parameter inputs

Hydration Parameters
Mix
E (J/mol) B 7 (hours) oy Hu (J/kg)
CTRL44-LA 33,500 1.199 9.544 0.716 478,880
LA-35-1 28,300 0.901 9.753 369,511
LA-35-15 36,300 0.936 13.26 0.838 426,148
LA-35-24 32,600 0.994 15.65 469,017
LA-35-28 35,700 1.027 17.37 489,333
LA-50-1 29,600 0.798 9.844 314,697
LA-50-15 30,300 0.842 15.26 0.870 401,086
LA-50-24 29,900 0.917 19.34 464,28%
LA-50-28 33,700 0.962 22.45 494,019

6.2.2 Placement Conditions and Concrete Temperatar

The ConcreteWorks software program includes a datbf environmental
conditions (temperature, wind speed, percent ctmyer, solar radiation, atmospheric
pressure, and relative humidity) based on thirtgrysverage data for 239 U.S. cities. At
least one city is included for each of the 50 stadis well as the U.S. territories of Guam
and Puerto Rico. When defining the placement d¢ardi for ConcreteWorks analysis,
the placement time, placement date, and projeatilmt must be selected (Riding et al.

2007).
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In addition to the placement time, date, and lacgtihe fresh concrete
temperature must also be specified. The freshretamtemperature is the temperature of
the concrete when it is placed at the jobsite. ThacreteWorks software program
allows for the fresh concrete temperature to benddfin one of three ways. First, the
fresh concrete temperature may be calculated b@aséte concrete mixture proportions
according to ACI 305R (1999). Second, the fregicoete temperature can be estimated
to be equal to the ambient temperature at the ¢dilhpdacement. Finally, the fresh
concrete temperature may be entered manually (RRDO7).

To evaluate the in-place performance of HVFA cotgrihe fresh concrete
temperature (&) was assumed to be equal to the ambient air teatyer(T;) from the
ConcreteWorks historical database(¥ Tair). Using this assumption, iterations were
completed for fresh concrete temperatures equéd t&0, 60, 70, 80, 90 and 95 °F. The
upper and lower bounds for the fresh concrete teatpes were selected to reflect the
conventional limits on concrete placement tempeeatu

Since the fresh concrete temperature was takee &gbal to the ambient air
temperature, multiple project locations, placenignes, and placement dates could be
used to complete the analysis for each placemergdrature that was investigated. To
complete the ConcreteWorks analysis, two projezations were investigated: Chicago,
lllinois and Phoenix, Arizona. These two citiesraveelected to allow the full range of
placement temperatures to be evaluated. No opéndihe United States could be found
that reached the average temperature extremesaidios °F.

For the ConcreteWorks analysis, column elementdlatwlork elements were

modeled for in-place temperature development. gedption of the modeling
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considerations for each element type is presentéuaki following section. The
placement conditions for each fresh concrete teatper are defined in Tables 6.2 and
6.3 for the column elements and flatwork elemengtspectively. A 12:00 PM (noon)
time of placement was used for all column elemanukations. For the flatwork
elements, an earlier placement time was selectad effort to ensure that the peak heat
of hydration and solar radiation peak both occuhiwithe first 24 hours. A preliminary
analysis was conducted, and it was found that mpdacement time for the flatwork
elements resulted in an offset in the heat of hyaiiaand solar radiation peaks for the
HVFA mixtures due to their retarded rate of hydrati In Tables 6.2 and 6.3, a range of
placement dates is given for each fresh concretpdeature. For each range of
placement dates, the ambient air temperatugg g equal to the specified concrete
temperature, &ncrete PlUS/Minus 2 °F. In the final column of bothles) the placement
date that was used to complete the iterationseagplecified fresh concrete temperature is

given.
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Table 6.2 Placement conditions for Column Elements

T Project Time of Range of Placement Placement
c0 Location | Placement Dates Date
November 20-27

40 °F November 24
March 19-21
November 4-9

50 °F November 7

April 6-11
i October 7-17
60 °F Chlllc_ago, October 12
April 29-May 3
- September 13-22
70 °F 12:00 PM P September 17
(noon) May 18-June 3

80 °F June 30-August 31 July 15
May 15-June 2

90 °F May 22

Phoenix, September 17-October 2
AZ June 7-16
95 °F June 13

August 11-September 10
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Table 6.3 Placement conditions for Flatwork Elements

T Project Time of Range of Placement Placement
c0 Location | Placement Dates Date
November 10-19
40 °F November 12
March 23-28
October 23-30
50 °F : October 27
Chicago, April 12-17
IL September 23-October 2
60 °F September 29
May 8-15
9:00 AM
September 4-11
70 °F September 10
June 4-6
September 17-30
80 °F September 25
May 16-31
i June 22-July 8
90 °F Phoenix, y June 24
AZ July 15-August 10
95 °F 10:00 AM June 27-July 15 July 2

6.2.3 Concrete Element Types

The ConcreteWorks software program has built-imcoete member models for

mass concrete elements (columns, footings, bers) capncrete bridge decks, precast

concrete beams, and concrete pavements. Each mgmbdras different formwork,

boundary conditions, curing methods, and geometngicerations defined within the

ConcreteWorks software that are used to genergitage temperature profiles. To

evaluate the in-place performance of HVFA concrigtiese element types were
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investigated: columns, bridge decks, and pavemdntthe following sections, the inputs

and modeling considerations used for each of treetbhlement types are detailed.

6.2.3.1 Mass Concrete — Square Column

To evaluate the in-place performance of HVFA cetefor mass concrete
applications, three square column sizes were aedlyZhe ConcreteWorks software
program models a two-dimensional horizontal cressisn for column members and
assumes heat transfer in the vertical directidmetaero (Riding 2007). Therefore, the
columns were defined based on their plan dimensidiasreduce the computational time
required to generate the in-place temperaturelpspfihne ConcreteWorks software
program models column elements by considering symymeboth directions (Riding
2007). The rectangular column model used byOibiecreteWorks software is presented
in Figure 6.1. The plan dimensions analyzed fertthhee column sizes were: 3 ft x 3 ft,
6 ft x 6 ft, and 10 ft x 10 ft. These three colusires were selected to bracket typical

sizes used for transportation structures.
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Line of Symmetry

Figure 6.1 Square column model used by ConcreteWorks (Rid0@y)

The ConcreteWorks software program considers thgparate construction
phases to develop the in-place temperature prdblesolumn elements. The three
phases are based on user-defined inputs for forreonoval times and curing
techniques. Three construction phases are coesider simulating concrete column
temperature development (Riding 2007):

1. concrete placement and curing before form removal,

2. after form removal and before curing techniquesapied, and

3. concrete curing.

For this project, all concrete columns were modelexbrding to the conditions defined

in Table 6.4.
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Table 6.4 Concrete column modeling inputs

Construction

Phase Parameter Modeling Input

Formwork Steel (red) without form liners

Concrete age at form

96 hours
removal

Time between form
2 . 1 hour
removal and curing

Wet curing blanket with clear

3 Curing method plastic sheeting

6.2.3.2 Concrete Bridge Deck

A concrete bridge deck element was also analyBeitige deck in-place
temperature profiles are generated by Concrete\\aggsming one-dimensional heat
transfer through a vertical cross section of thekd®iding 2007). The bridge deck
model used by the ConcreteWorks software progrgmneisented in Figure 6.2.
ConcreteWorks may be used to model the temperdawelopment of bridge decks cast
on prestressed panels, metal pans, or removabld feoms. For this analysis, a bridge
deck with metal pan formwork was used for all siatians. The overall deck thickness
was selected to be 8 in., with a 2 in. cover fertitp mat of steel. An 8 in. thick bridge

deck is used for many full-depth bridge decks huaithe United States.
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/ Concrete Bridge Deck

/

LTS
T, Formwork

Figure 6.2 Bridge deck model used by ConcreteWorks (Rididg7)

To develop the in-place temperature profile forlhedge deck elements, the

ConcreteWorks software program considers four coosbn phases based on user-

defined inputs for formwork removal times and cgrtachniques (Riding 2007):

1.

2.

after placement and before selected curing methagplied to top surface,
curing method is applied to top surface, but beforen removal (if
applicable) and curing method removal,

curing method removed from top surface, and

form removal, if applicable.

For this project, the concrete bridge deck was neatdaccording to the conditions

defined in Table 6.5.
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Table 6.5 Concrete bridge deck modeling inputs

Construction .
Phase Parameter Modeling Input
1 Formwork Steel (red) without form liners
Cure method Curing blanket vv_|th clear plasti¢
sheeting
2
Conpret_e age \_/vhen 1 hour
curing is applied
3 Concrete age at curing 168 hours
removal

6.2.3.3 Concrete Pavement

The final type of concrete member considered fadwation of the in-place
performance of HVFA concrete was a concrete pavemeancrete pavement
temperature profiles are generated by Concrete\\asgsming one-dimensional heat
transfer through a vertical cross section (Ridihgle2007). The pavement cross section
is composed of five layers: curing blanket, corepvement, subbase 1, subbase 2, and
subgrade. The pavement model used by the Concosks\goftware is presented in

Figure 6.3.
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Blanket\

Concrete

Subbase 1

Subgrade

Figure 6.3 Pavement model used by ConcreteWorks (Riding 007

The subbase and subgrade types are selected byaheand ConcreteWorks
generates the corresponding material propertiesr{thl conductivity, specific heat,
density, solar absorptivity, and emissivity). Thaterial properties used for each

subbase type are defined in the ConcreteWorksmiaeual. A concrete pavement with

the following dimensions was used for all simulasp

pavement thickness = 14 inches,

subbase 1 = asphalt concrete (3 inch thickness),
subbase 2 = granular (12 inch thickness), and
subgrade = clay.

To develop the in-place temperature profile for¢bacrete pavement, the

ConcreteWorks software program considers threetaar®on phases (Riding 2007):
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1. before selected curing method is applied,
2. curing method is applied, and

3. curing method removed.

For all concrete pavement simulations, a whitengudompound was selected as the

curing method. The curing compound was appliedhane after paving was completed.

6.3 Sample In-Place Temperature Profiles from CometeWorks Analysis

In this section, the effect of fly ash dosage aftn CaO content, placement
temperature, and element type on the in-place teatype development of HVFA
concrete is reviewed. All in-place temperaturefifgs presented in this chapter were
generated using the baseline conditions present8éddtion 6.2. Iterations were
completed for each combination of concrete elergrd, concrete mixture, and
placement temperature, leading to a total of 33place temperature profiles. Due to the
large number of iterations, representative resuktpresented in this section to identify
the effect of each variable (fly ash dosage, fly gpe, placement temperature, and
element type) on the in-place temperature developwieHVFA concrete. After
reviewing the effect of each variable separatetypwerall evaluation of the in-place
performance of HVFA concrete is described in Secfigl. Sample in-place temperature

profile data from ConcreteWorks are presented ipefualix F.
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6.3.1 Effect of Fly Ash Dosage on In-Place Tempdtae Development

The general effect of fly ash dosage on the ic@lemperature development of
HVFA concrete is presented in Figure 6.4. In flgare, the temperature profiles are
presented for the concrete mixtures proportiondd thie 1% CaO Class F fly ash and
the 24% CaO Class C fly ash at both the 35% and &@8ages. The temperature profile
for the CTRL44-LA mixture is also presented. Tamperature profiles presented
correspond to the 6 ft x 6 ft column element plaaed0 °F. In each plot, temperature
profiles are presented for nodes located at batltémter and the edge of the column
elements.

In Figure 6.4, it is shown that the effect of flshadosage on the in-place
temperature development is dependent on both #michl composition of the fly ash
and mixture proportions of the concrete. For the@aO Class F fly ash mixtures, an
increase in fly ash dosage from 35% to 50% resut@ddecrease in the maximum in-
place concrete temperature (measured at the aaritee member) from approximately
140 °F to 132 °F. Both of the Class F fly ash mnig@t generated less heat than the
control mixture (CTRL44-LA). For the 24% CaO Cla&dly ash mixtures, however, the
same increase in dosage resulted in no change maximum in-place concrete
temperature. Also, the Class C fly ash mixtur@shed a higher maximum in-place
concrete temperature than the control mixture. résalts obtained for the Class C fly
ash mixtures are attributed to the combined effétte increased fly ash heat of
hydration and the low w/cm ratio of the mixtureheleffect of fly ash CaO content on

the in-place temperature development will be disedsn the following section.
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Figure 6.4 In-place temperature profiles for 6 ft x 6 ftewins placed at 70 °F for the

following mixtures: a) 35FA-1%, b) 50FA-1%, c) 35R4%, and d) 50FA-24%

6.3.2 Effect of Fly Ash Type on In-Place Temperate Development
The general effect of fly ash type on the maximuoplace temperature

development for the 6 ft x 6 ft columns is presdniteFigure 6.5. The results presented
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in this figure represent the estimated temperataxelopment at the center node of the

column element. The results were generated wathnarete placement temperature of 70

°F
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Figure 6.5 In-place temperature profiles for HVFA concretegmortioned with 50% fly

ash dosage placed in 6 ft x 6 ft columns at 70 °F

In Figure 6.5, it is shown that as the fly ash Ga@tent increases, for a given fly
ash dosage, the maximum in-place concrete temperalgp increases. In Equation 5.6,
it was shown that the heat contribution of fly astreases based on the CaO content of
the ash. For the 6 ft x 6 ft columns placed atF,0an increase in fly ash CaO content
from 1% to 28% resulted in an increase in the maxrmnm-place concrete temperature of
37 °F. Also, the HVFA concrete mixtures proporgdrwith a 50% dosage of the Class
C fly ashes reached a higher in-place concretedesiyre than the control mixture. The

same trend was observed for the 10 ft x 10 ft cokirhowever, the maximum in-place
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concrete temperature increased by 45 °F as tresAyCaO content increased from 1% to
28%.

The results presented in Figure 6.5 agree withneasiarch conducted by Langley
et al. (1992), as described in Section 2.5.2.5gley et al. (1992) reported that the
temperature rise caused by the hydration of coagetportioned with high dosages of
Class F fly ashes can be significantly lower tHantemperature rise of a control
concrete with no fly ash replacement. For theidgt the maximum temperature rise for
a 10 ft x 10 ft x 10 ft meter concrete block wadueed by 52 °F when a 55% dosage of a

Class F fly ash was used.

6.3.3 Effect of Curing Conditions on In-Place Temerature Development

The effect of concrete placement temperature enrtiplace temperature
development of HVFA concrete is illustrated in Fig6.6. In this figure, the in-place
temperature profiles at the center of the 6 ftfkd&lumn are presented when placed at
40 °F and 95 °F. Similar temperature profiles@dt x 6 ft columns placed at 70 °F were

presented in Figure 6.5.
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Figure 6.6 In-place temperature profiles for HVFA concretegortioned with 50% fly

ash dosage placed in 6 ft x 6 ft columns at a)@arfd b) 95 °F
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The results presented in Figure 6.6 indicate thain-place temperature
development of HVFA concrete is dependent on timee placement temperature and
curing conditions. An increase in placement terapge from 40 °F to 95 °F resulted in
a 69 °F increase in maximum in-place temperatune 82 °F to 161 °F for the 1% CaO
Class F fly ash mixture and 78 °F increase from “Fb 192 °F for the 24% CaO Class
C fly ash mixture. The results also illustratet tie rate of temperature development is
significantly affected by the concrete placementgerature. For example, when the
concrete placement temperature is decreased froth 8540 °F for the 6 ft x 6 ft
columns, the time required to reach the maximumplace temperature for the 50FA-1%
mixture increases from approximately 22 hours ttc&6rs. Similarly, the time required
to reach the maximum in-place concrete temperdturidnie 50FA-28% concrete mixture
increases from 24 hours to 57 hours. The resudisemted in Figures 6.5 and 6.6
illustrate that the in-place temperature developnéiVFA concrete mixtures varies

according to curing conditions.

6.3.4 Effect of Concrete Element Type on In-Placéemperature Development

The general effect of element type on the in-ptaceperature development of
HVFA concrete is presented in Figure 6.7. In flyare, in-place temperature profiles
from the center of the element are presented ®b@% fly ash dosage concrete mixtures
when placed in the 10 ft x 10 ft column and 8 imddpe deck elements. The profiles
presented in this figure were generated using @epiant temperature of 70 °F. Results

for the 6 ft x 6 ft columns placed at 70 °F arevsh@reviously in Figure 6.5.
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From Figures 6.5 and 6.7, it is shown that astinerete element size increases,
for a given placement temperature and concreteun@xthe maximum in-place concrete
temperature also increases. Also, the time reduiaethe center of the concrete element
to return to the ambient temperature conditionseiases with an increase in element size.
In Figure 6.7b, it is shown that the temperatuneettgopment of the 8 in. bridge deck
element is more susceptible to changes in am@empérature conditions than the
column elements. At 48 hours and beyond, the acgtoncrete temperature for the
bridge deck is shown to vary according to the ciltemperature cycle. Also, it is
shown that after 4 days, the average ambient teaahyperbegins to decrease below the
selected placement temperature of 70 °F. Sinmglsults were obtained for the 14 in.
pavement element. The results presented in thi®sdllustrate that the in-place

temperature development of HVFA concrete variesiating to concrete element type.

6.4 Evaluation of In-Place Performance of HVFA Coorete

In the previous section, the general effectsyafih dosage, fly ash type,
placement temperature, and element type on thé&aoepemperature development of
HVFA concrete were each examined individually.this section, the combined effect of
the four variables on the in-place performance @FH concrete is examined. The
results presented in this section are designedotdge guidance on the estimation of the
maximum in-place concrete temperature, initialtseés, and compressive strength

development of HVFA concrete mixtures placed irskd transportation structures.
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6.4.1 Maximum In-Place Concrete Temperature

In the following sections, the ConcreteWorks analyssults for maximum in-
place concrete temperature are summarized foreaaent that was investigated. After
reviewing all results, it was determined that théRA concrete mixtures proportioned
with the 24% and 28% CaO Class C fly ashes hadaimiaximum in-place temperature
development results. Therefore, only the resoitstfe 28% CaO Class C fly ash

concrete mixtures are presented in this section.

6.4.1.1Column Elements

Maximum in-place concrete temperature versus cea@l@acement temperature
plots for the 3 ft x 3 ft, 6 ft x 6 ft, and 10 ftO ft columns are presented in Figures 6.8,
6.9, and 6.10, respectively. In these figuresydisealts for the control concrete mixture
(CTRL44 — LA) and HVFA concrete mixtures proportahwith the 1%, 15% and 28%
CaO content fly ashes are presented. All resuéisgmted in Figures 6.8 through 6.10
correspond to the maximum temperature generatén atenter node of the column
elements. Also, the DEF temperature limits forarete proportioned with portland
cement (PC) and supplementary cementitious mat€@Ms) are marked in each
figure.

In Figure 6.8, it is shown that the maximum in-gl@aoncrete temperature
increases linearly according to an increase irctimerete placement temperature. Also,
the maximum in-place concrete temperature for ti&A concrete mixtures
proportioned with 50% fly ash dosages were congiistéower than those proportioned

with the 35% dosage of the same ash.
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Figure 6.8 Maximum in-place concrete temperature versus re@ae@lacement

temperature for 3 ft x 3 ft columns

The HVFA concrete mixtures proportioned with tha<€3 F fly ash sources (1%
and 15% CaO content) generated less heat thamtiekmixture at all placement
temperatures. The only HVFA mixtures with a maxmun-place concrete temperature
greater than the control mixture were the 35FA-28% S50FA-28% mixtures placed at
90 and 95 °F. For these cases, however, the oe@ancrete temperature of the HVFA
mixtures only exceeded the control concrete mixtasellts by a maximum of 5 °F. The
results presented in Figure 6.8 indicate that WH€RA concrete is used for 3 ft x 3 ft or
smaller columns, the mixtures may be proportionéd high dosages of both Class F
and Class C fly ashes without running the riskxafeeding the threshold for the

formation of DEF.
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The maximum in-place concrete temperature resoitthe 6 ft x 6 ft columns are

presented in Figure 6.9.
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Figure 6.9 Maximum in-place concrete temperature versus re@ae@lacement

temperature for 6 ft x 6 ft columns

In Figure 6.9, the same linear relationship betwaarimum in-place concrete
temperature and placement temperature is obsei@dthe 6 ft x 6 ft columns however,
there is a larger range of maximum in-place tentpegaesults for the HVFA concrete
mixtures at each placement temperature. It isstieovn that the maximum in-place
concrete temperature for the Class C fly ash coaenextures exceeded the maximum
in-place temperature for the control concrete miexiat all placement temperatures.
Also, the results for the 35FA-15% mixture wererheglentical to the results for the

control concrete mixture at all placement tempeestu
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For the HVFA concrete mixtures proportioned witk tlass F fly ashes, the
maximum in-place concrete temperature for the 50%ades were lower than the results
for the mixtures proportioned with 35% fly ash hipgacement temperatures. These
results are similar to those obtained for the)X33tft columns. The same trend was not
observed for the Class C fly ash mixtures, howeVdre results presented in Figure 6.9
illustrate that an increase in fly ash dosage do¢s$ranslate to reduced maximum in-
place temperature development when high-calciusafly ashes are used for large
concrete elements.

Finally, the maximum in-place temperature resudtsifie 10 ft x 10 ft columns

are presented in Figure 6.10.
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Figure 6.10 Maximum in-place concrete temperature versus r@ag@lacement

temperature for 10 ft x 10 ft columns
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The results obtained for the 10 ft x 10 ft colunans similar to those obtained for
the 3 ft x 3 ft and 6 ft x 6 ft columns. At the ft& 10 ft column size, the low-calcium
Class F fly ash mixtures (CaO = 1%) are still shaavgenerate less heat than the control
concrete. At all placement temperatures, the maxirm-place temperature for the
50FA-1% mixture is approximately 20 °F less tham ¢bntrol mixture temperature. The
results for the 50FA-28% mixture, however, ran@enf20 to 27 °F higher than the
control concrete results when the placement temyrerss increased from 40 °F to 95 °F.

The key findings from the results presented iruFeg 6.8 through 6.10 may be
summarized as follows:

* There is an aproximatly linear relationship betweeximum in-place
concrete temperature and concrete placement tetapefar all
HVFA concrete mixtures and column sizes that wevestigated.

» For all column sizes investigated, the HVFA coneqgtoduced with
the 1% CaO Class F fly ash generated less heatlieagzontrol
concrete mixture.

* For both Class F fly ash mixtures, an increasé¢yiash dosage from
35% to 50% resulted in a decreased maximum in-pEro@erature,
despite the lowered w/cm ratio.

* The results from the 6 ft x 6 ft and 10 ft x 1@dumns indicate that
an increase in fly ash dosage does not translatdtaced maximum
in-place temperature development when high-calddlass C fly

ashes are used for large mass concrete elements.
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6.4.1.2Flatwork

Maximum in-place concrete temperature resultsher& in. bridge deck and 14
in. pavement elements are presented in Figuresaid5.12. The results represent the
maximum temperature generated at mid-depth of én@lpers. The placement

conditions for all flatwork element iterations gmeesented in Table 6.3.
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Figure 6.11 Maximum in-place concrete temperature versus r@ag@lacement

temperature for 8 in. bridge deck element
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Figure 6.12 Maximum in-place concrete temperature versus r@ag@lacement

temperature for 14 in. pavement element

The results presented in Figures 6.11 and 6.1& dhat both flatwork elements
had very similar in-place temperature developmestlts. At the 40 to 70 °F placement
temperatures there is very little separation betvtee maximum in-place temperature
results for all HVFA concrete mixtures. At thei#8095 °F placement temperatures, there
is increased separation between the HVFA conceet@érature results. These results
indicate that the in-place temperature developrfartiVVFA concrete placed in flatwork
elements is most influenced by element size, cunethod, and placement conditions
rather than the fly ash dosage and fly ash CaCeoviat low placement temperatures.

At all placement temperatures, the 50% fly ash gesaixtures generated less heat than

the 35% fly ash dosages for each fly ash source.
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When comparing the 8 in. bridge deck and 14 inep@ant results, it is shown
that the pavement element had lower maximum ineptancrete temperatures at all
placement temperatures, despite having a greaténtss. The maximum difference in
the in-place temperature results between the teimehts was 10 °F at the 40 °F
placement temperature and 17 °F at the 95 °F placttamperature. The higher in-
place temperature results for the 8 in. bridge d#elent can be attributed to the curing
method. The bridge deck element was cured witlarkiet, whereas a white curing
compound was used for the pavement element.

The results for the bridge deck and pavement el&esrae similar to the results
presented in Figure 6.8 for the 3 ft x 3 ft coluat@ment, except that higher temperatures
are reached in the thicker concrete column. Hdhede elements, the HVFA concrete
mixtures generated less heat than the control maxdtall placement temperatures,
regardless of fly ash dosage and CaO content.omlyeexception to this trend were the
28% CaO Class C fly ash mixtures at the 90 and?aldcement temperatures. The key
findings from the results presented in Figures @&id 6.12 may be summarized as
follows:

* For the flatwork elements at low placement tempeest (40 to 70 °F)
the temperature development of HVFA concrete istimflsienced by
the element size, curing method, and placementittonsl rather than
the fly ash dosage and fly ash CaO content.

* For small columns (3 ft x 3 ft or smaller) and Watk elements, high-

calcium Class C fly ash sources may be used atdoghges without
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high in-place concrete temperatures, even at planetamperatures

exceeding 80 °F.

6.4.2 Initial Set Time

The in-place temperature profiles from the Conéh&geks analysis were used to
estimate the time required to reach initial setefach of the HVFA concrete mixtures.
During the laboratory testing phase of this prqjdat equivalent age at initial and final
set were calculated for each room temperature bafble equivalent ages at initial set
are summarized in Table 6.6 for the HVFA concrebetumes used for the
ConcreteWorks analysis. Since the equivalent agetil set was known for each
mixture, the time required to reach initial setlcoloe calculated based on the equivalent
age maturity method and in-place concrete tempiex giofiles generated using

ConcreteWorks.

Table 6.6 Equivalent age at initial set for LA cement mpds

Mix Equivalent Age at
Description Initial Set (hours)
CTRL44-LA 4.38

LA-35-1 3.54
LA-35-15 4.57
LA-35-24 5.15
LA-35-28 4.73

LA-50-1 3.61
LA-50-15 4.12
LA-50-24 5.78
LA-50-28 5.73
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Initial set is typically used for timing of finishg operations. Therefore, to
estimate the time required to reach initial sed,tbmperature profile at tisairfaceof
each element was used. This location was usedibethe maturity of the concrete at
the surface of the element will drive finishing ogt@ons. After reviewing the
ConcreteWorks results, it was found that the terpee profiles at the surface of the
elements were affected by the element type, timgamfement, and curing method.
Example temperature profiles are shown in Figui& 6or the 50FA-15% concrete
mixture placed in the 6 ft x 6 ft column, 10 ft & ft column, 8 in. bridge deck, and 14 in.

pavement at placement temperatures of 40 and 95 °F.
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Figure 6.13 Surface temperature profiles for the 50FA-15%ctete mixture placed in
the 8 in. bridge deck, 14 in. pavement, 6 ft x 6diumn and 10 ft x 10 ft column

elements at a) 40 °F and b) 95 °F
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In Figure 6.13, it is shown that the in-place temapgre profiles at the surfaces of
the elements vary according to element type. R@d0 °F placement temperature, the
in-place temperature profiles for the 6 ft x 6dtuemn, 10 ft x 10 ft column, and bridge
deck elements do not differ significantly withiretfirst 36 hours. Similarly, the
temperature profiles generated at the 95 °F planetemperature for these elements do
not differ significantly within the first 8 hourd placement. The temperature profile for
the pavement element, however, varies significanoiyn the temperature profiles for all
other elements at both placement temperaturesedBas these results, it can be
concluded that the time required to reach initalfer the column and bridge deck
elements will be similar at all placement tempenegifor the same mixture. After
reviewing all initial set times results, it was falthat the maximum difference in initial
setting times among all 3 column sizes and thegeriteck element was 0.7 hours. The
time required to reach initial set for the pavenmaaments, however, will be delayed,
especially at low placement temperatures.

In Figure 6.13, it is shown that the temperatuneetitgpoment at the surface of the
concrete pavement is lower than all other elemaint®th placement temperatures. At
the 40 °F placement temperature, there is litthepierature rise within the first 20 hours.
When placed at 95 °F, the first peak in the tentpeegprofile at the pavement surface
occurs approximately 8 hours after placement. I&nhyj the bridge deck element,
reaches a maximum temperature at the surface ewapyately 12 hours for the same
placement conditions.

The delayed temperature development and low ternyerase at the surface of

the concrete pavement placed at low temperatuestharmresult of the curing method and
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placement time. For the ConcreteWorks analysdaeement time of 9 A.M. was
selected for all flatwork elements. This placentente was selected to ensure that the
peak heat of hydration and solar radiation peaklevoat be offset. At the low
placement temperatures (40 to 50 °F), however cthigd not be achieved for all HVFA
mixtures due to the slow rate of hydration undeséhconditions. In Figure 6.13a, it is
shown that the offset in heat of hydration andrsi@diation peaks had a significant
effect on the temperature development of the 50AA% mixture when placed at 40 °F
HVFA concretes. The temperature rise within tihgt L2 hours to 24 hours is much
lower than other concrete element types.

In Figure 6.14, the time required to reach inisiet versus concrete placement
temperature for the HVFA concrete mixtures propowid with the 1, 15, and 28% CaO
fly ash sources are presented. Two plots are ptegeone for the 35% fly ash dosage
mixtures and one for the 50% fly ash dosage mistuihe results presented in this
figure represent the setting times of the columh lamndge deck elements. The results for

the pavement element are presented in Figure 6.14.
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The results presented in Figures 6.14 and 6.18tilite that, unlike the results
obtained for maximum in-place concrete temperatimear relationship between initial
setting time and concrete placement temperaturs dokexist. For all concrete elements
investigated, the range in initial setting timesvargest at the 40 °F placement
temperature and smallest at the 95 °F placememgeeature.

In Figure 6.13, it was shown that the in-place terafure development of the
pavement element was affected by the environmentalitions and time of placement.
The initial setting times for the pavement elemewtse delayed when compared to the
results for the column and bridge deck elemenédl glacement temperatures. The
maximum difference in initial setting times for thavement elements and column and
bridge deck elements ranged from approximatelyhd1bs at the 40 °F placement
temperature to 1 hour at the 95 °F placement tesmtyne.

Initial set times for the HVFA concrete mixturesreglelayed with increases in
the fly ash CaO content. The HVFA concrete mixgyssportioned with the high-
calcium Class C fly ashes exhibit the longestahiet times at all placement
temperatures. At the 40 °F placement temperatiuedanitial set time for the 50FA-28%
mixture placed in the pavement element was 4.8hgraater than the control mixture
set time under the same conditions. The initiatisges for the 1% CaO Class F fly ash
mixtures, however, were shorter than the contrakune set times for all elements and
environmental conditions.

Based on the results presented in this sectiorfptloaving conclusions can be

made concerning the in-place set time developmigdi/&A concrete:
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* HVFA concrete may be proportioned to have simifanpt reduced,
initial set times than conventional portland cenmaricrete when low-
calcium Class F fly ashes are used with high dasafjaccelerating
admixtures.

» Unless very low concrete placement temperaturesa40 °F) are
expected, HVFA concrete may be used for both massrete elements
and flatwork without encountering excessive delayisitial set times,
regardless of the fly ash CaO content.

* Anincrease in fly ash dosage did not severelycaBetting time results
for the concrete mixtures investigated due to geaf an accelerating

admixture and low w/cm ratios.

6.4.3 Compressive Strength Development

In this section, the results from the evaluatiothefin-place compressive
strength development of HVFA concrete are presen@muk of the main limitations to
the increased use of HVFA concrete is the condanltigh fly ash dosages can result in
low early-age compressive strengths when comparedriventional portland cement
concrete. Low early-age compressive strengtha @reblem because they have the
potential to negatively impact construction effratg. The results presented in this
section are designed to aid in the estimation ofgr@ssive strength development of
HVFA concrete mixtures when placed in transportattructures under varying

environmental conditions.
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Formwork removal times are often based on the rement of reaching 70% of
the design compressive strength, fFor this project, the control concrete mixture
(CTRL44 - LA) had a 28-day compressive strength, 00 psi. Therefore, the results in
this section correspond to the time required tahiég000 psi (70% of 7,100 psi) for each
concrete mixture. For pavements, 70% of the sigecdesign strength may be required
for tie bar insertion or opening to traffic.

To complete this analysis, the temperature préfde the surface of the concrete
element was used. As reported in the previousosethe temperature development at
the concrete surface varies according to elemeat, fylacement conditions, and curing
method. The flatwork elements are more suscepttbédanges in environmental
conditions due to their geometry and boundary doomti. The temperature development
at the surface of the pavement elements is alsctefl by the placement time. To
estimate the initial set times, the bridge deck @sldmn elements are analyzed together
because they share very similar temperature psofiiehin the first few hours after
concrete placement. Because the time requireekichr5,000 psi is considerably longer
than the time required to reach initial set, thdde deck and column elements must be
analyzed separately when the in-place comprestieegih development is considered.
The data for the bridge deck are analyzed evergthstay-in-place forms are used, as
these results may resemble other flatwork sucheasied slabs.

The in-place compressive strength development stamated for each HVFA
concrete mixture by using the temperature profieserated with the ConcreteWorks
software. For each HVFA concrete mixture, the tneguired to reach 5,000 psi was

calculated using the strength-maturity parametetsrchined during laboratory testing.
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The strength-maturity parameters for all LA cenmoricrete mixtures are presented in
Table D.5. The strength-maturity plots for eachtome are also presented in Appendix
D. The results for the time to reach 5,000 pssusrconcrete placement temperature for
the 6 ft x 6 ft column, 10 ft x 10 ft column, briglgleck, and pavement elements are

presented in Figures 6.16, 6.17, 6.18 and 6.19.
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Figure 6.16 Time to reach 5,000 psi for the a) 35% fly askadge and b) 50% fly ash

dosage concrete mixtures when placed in the &ftt>xcolumn
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Figure 6.18 Time to reach 5,000 psi for the a) 35% fly askatye and b) 50% fly ash
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Figure 6.19 Time to reach 5,000 psi for the a) 35% fly askadpe and b) 50% fly ash

dosage concrete mixtures when placed in the paveshament

The results for the compressive strength developarensimilar in form to the
initial setting results presented in the previoestion. As the placement temperature was
increased, the results converged, for all elemgrdd. Also, as the fly ash dosage was
decreased, the time required to reach 5,000 psedsed for each mixture.

From the results presented in Figures 6.16 thr&ug®, it is shown that an
increase in fly ash CaO content resulted in less tiequired to reach a compressive
strength of 5,000 psi. Typically, HVFA concretesportioned with Class C fly ashes
exhibit increased early-age compressive strenghiewompared to similar Class F fly
ash mixtures due to an increased rate of reactiearty ages (Smith et al. 1982). The
28% CaO fly ash concrete mixtures required lese tmreach 5,000 psi than all other
HVFA mixtures at both the 35% and 50% fly ash desagrhe 35FA-15% and 35FA-

28% concrete mixtures performed well when comp#watie control when placed in all
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elements. Also, the 50FA-28% concrete mixtureqrered well when placed in the
column elements. For example, the average delasnarequired to reach 5,000 psi for
this mixture when placed in the 6 ft x 6 ft coluglements was 11 hours.

The largest delays in compressive strength devetopmere associated with the
1% CaO Class F fly ash concrete mixtures. For gkanthe average delay in
compressive strength development for the 50FA-1%ure when compared to the
control ranged from 2.4 days for the 10 ft x 16dtumn elements to 4.3 days for the
pavement element. These results indicate thatdughges of low-calcium Class F fly
ashes should not be used when early-age compredsevgyth development is a concern.

The results presented in Figures 6.16 through &ld®illustrate that the
compressive strength development of HVFA concietdfected by the element type and
placement temperature. The compressive strengtia@ment for the pavement
element was shown to be significantly affected b curing conditions, especially
when high dosages of Class F fly ashes were usedthe pavement element, longer
curing times were required at all temperaturegézi the 5,000 psi compressive strength
for the HVFA concrete mixtures and the control gete mixture. The extended curing
times required for the pavement element at coldgrtent temperatures may be
attributed to its curing method. The pavement eleimvas modeled with a white curing
compound for all placement temperatures. The dalagpmpressive strength
development at cold temperatures for the concratermpent may be offset by either
heating the concrete before placement or applyatigpe mats to help the pavement

retain heat.
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Based on the results presented in this sectiomayt be concluded that HVFA
concrete may be proportioned to have similar cosgive strength development to that
of conventional portland cement concrete. The 3%%sh mixtures proportioned with
the 15% and 28% CaO fly ash sources were showarform well when compared to the
control concrete. Finally, the results indicatattHVFA concrete mixtures proportioned
with low-calcium Class F fly ashes should be avdidéen early-age compressive

strength development is a concern.

6.5 Final Comments

The results presented in this section are desigmptbvide guidance on the
maximum in-place temperature development, time&eh initial set, and compressive
strength development of HVFA concrete placed indpmrtation structures. The results
presented in Sections 6.3 and 6.4 are only validhi® baseline conditions described at
the beginning of the chapter. If the concrete nrxiproportions, material properties,
element geometry, or placement conditions are anbatly different than what is
outlined in this chapter, a separate analysis shioellcompleted with ConcreteWorks. To
generate in-place temperature profiles with thedteteWorks software, inputs for the
mixture-specific activation energy, hydration paetens, and mixture proportions are
required. Also, to accurately estimate the in-plaetting time and compressive strength
development from the ConcreteWorks temperaturdlpsothe equivalent age at initial
set and strength-maturity parameters are requiféerefore, supplemental laboratory

testing may be needed. The results presentdusichapter should be used as a
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reference to estimate the in-place performanceMfAlconcrete mixtures in

transportation structures.
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Chapter 7

Summary, Conclusions, and Recommendations

7.1 Summary

Fly ash is a by-product of the combustion of coatlectric power generating
plants, and it is often specified as a supplemgrdamentitious material (SCM) in the
production of portland cement concrete. Concrevelyced with high fly ash
replacement levels is referred to as high volumas$h (HVFA) concrete. There are
many benefits associated with the use of HVFA cetecthat make it desirable for
transportation infrastructure.

One of the main barriers to the increased use diA¥oncrete is the concern
about retarded set times, especially when higlagly dosages are specified or cold
curing conditions are encountered. Retarded setstican cause delays to concrete
finishing operations, causing HVFA concrete to bdesirable. Similarly, there are
concerns about low early-age compressive strergtaldpment of HVFA concrete.
Low early-age compressive strengths can requirenebetd curing times, which can
negatively impact construction sequencing. Finahgre are concerns that material
incompatibilities may arise when fly ash is spexfin high dosages. Contractors and
transportation agencies are often reluctant taH)4€A concrete due to these concerns.

A laboratory testing program was developed to ihgate the effect of fly ash
dosage, fly ash chemical composition, cement cheam@mposition, and environmental

conditions on the hydration development, settinges, and compressive strength
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development of HVFA concrete. Concrete mixturethw856% and 50% fly ash
replacement levels were investigated. Also foyafih sources, two Class C and two
Class F, were selected for testing to represematige of fly ash chemical compositions
available across the United States. Each conoredieire was batched at 40 °F, 73 °F,
and 105 °F. Compressive strength testing and sdmbatic calorimetry were conducted
on all 73 °F batches to develop strength-matuatstionships and characterize the
hydration development for the HVFA concrete mixturéenetration resistance testing
and isothermal calorimetry were conducted on ailccete batches. Results from
isothermal calorimetry were used to calculate gmeperature sensitivity of each HVFA
concrete mixture.

The main goal of this research was to evaluatétptace performance of HVFA
concrete. The results from this research are ash@doviding guidance to contractors,
concrete producers, and transportation agenciea gpecifying HVFA concrete for use
in transportation infrastructure. A hydration mbfide HVFA concrete was developed to
provide an efficient and reliable means of detemgrithe hydration parametets, ¢, and
ay) for HVFA concrete mixtures. After developing thedration model, the
ConcreteWorks software program was used to geniergi@ce temperature profiles for
selected HVFA concrete mixtures from the laboratesfing program. Temperature
profiles were generated for each concrete mixtaset on varying curing conditions and
concrete element types. Results from laborat@tynig program (activation energies,
setting data, and strength-maturity parametersg wsed alongside the ConcreteWorks
temperature profiles to complete an evaluatiorhefih-place performance of HVFA

concrete. The three topics of investigation wheerhaximum in-place concrete
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temperature, initial set time, and compressivengtite The final results from this
analysis are intended to provide guidance to cotdrs, concrete producers, and
transportation agencies on estimating the in-ptacerete temperatures, finishing times,
and form stripping times that are expected when M¢Bncrete is used for

transportation infrastructure.

7.2  Conclusions
7.2.1 Laboratory Testing Program
In this section, the conclusions correspondindnéotésting and analysis
conducted for each phase of the laboratory tegtingedure are presented. Fly ash
dosage, fly ash CaO content, cement chemical cobtiggsand curing temperature were
all found to affect the hydration development, tiofesetting, and compressive strength
development for HVFA concrete mixtures. The geheifect of each variable on the
selected concrete properties may be summarizeulla®/$:
» Setting times are delayed with an increase indly dosage.
* Initial and final setting times are delayed whea fily ash CaO content is
increased for a given fly ash dosage.
» Setting times for HVFA concrete are temperatureedepnt. As the curing
temperature is decreased, set times are delaygeialy when high-calcium,
Class C fly ashes are used at high dosages.
* Generally, as the fly ash dosage is increasedighegenerated per volume of

concrete decreases.
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An increase in the fly ash CaO content (for a giflgmash dosage), results in
more heat generated per volume of concrete.

Generally, an increase in fly ash dosage resulswered early age
compressive strengths. This effect can be offgébwering the w/cm ratio of
the mixture.

HVFA concrete mixtures continue to gain strengtlatg ages due to
extended moist-curing.

Compressive strengths are decreased at most esstagHVFA concrete
mixtures proportioned with the high-alkali cemeoticce when compared to

the results for the low-alkali cement source migsur

7.2.2 Evaluation of the In-Place Performance of HFA Concrete

The conclusions relating to the in-place perforogaof HVFA concrete are

summarized as follows:

The effect of fly ash dosage on the in-place teruoee development of
HVFA concrete is dependent on the chemical comiposdf the fly ash and
the mixture proportions of the concrete.

An increase in fly ash CaO content, for a givenalfn dosage, results in an
increase in the maximum in-place concrete tempegratagardless of the
curing conditions or element type.

The maximum in-place concrete temperature andofatemperature

development is dependent on the concrete placaimmperature and element
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type. At high placement temperatures, the rateydfation is increased. This
effect is amplified for large concrete elements.

An increase in fly ash dosage does not translatedioced maximum in-place
concrete temperatures when high-calcium Class @dhes are used for mass
concrete elements.

When HVFA concrete is used for flatwork elementkat placement
temperatures (40 to 60 °F), the in-place tempesadavelopment is controlled
by the element size and boundary conditions, rdttaar the fly ash dosage
and CaO content.

For small columns (3 ft x 3 ft or smaller) and Watrk elements, high-calcium
Class C fly ash sources may be used at high dosdtfesut high in-place
concrete temperatures, even at placement tempesagxceeding 80 °F.
HVFA concrete may be proportioned to have simifanpt reduced, initial set
times than conventional portland cement concretenwbw-calcium Class F
fly ashes are used with high dosages of accelgratimixtures.

Unless very low concrete placement temperature$a(80 °F) are expected,
HVFA concrete may be used for both mass concretaahts and flatwork
without encountering excessive delays in initidltsees, regardless of the fly
ash CaO content.

When high-calcium Class C fly ash mixtures are udseélatwork, the time of
placement affects the temperature developmentatdhcrete surface.
Delays in initial set times may be experienceth@ peak heat of hydration is

offset with the solar radiation peak.
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* Low-calcium Class F fly ashes should not be usddgh dosages if early-age
compressive strength is a concern, especiallyidwbrk and small concrete
elements.

* The in-place compressive strength developmenteoHYIFA concrete
mixtures proportioned with the 15% and 28% CaCafiif sources are

comparable to that of the control concrete mixture.

7.3 Recommendations for Future Work

After completing the laboratory testing, data asmslyand modeling required for
this research, there are a number of recommendatian can be made for future work.
To gain further knowledge on the hydration develepmsetting characteristics and
compressive strength development of HVFA concieddjtional fly ash dosages
(possibly 20% and 60%) should be investigated.

It is recommended that the HVFA concrete hydratadel be calibrated
whenever additional SAC testing results for HVFAceete mixtures become available.
The goodness of fit of the HVFA concrete hydratwadel should be evaluated for a
wider range of fly ash dosages, w/cm ratios, amdereg chemical compositions. The
model was developed based on all SAC testing ethdt were available to the author.

Finally, it is recommended that additional Concvéteks analysis be performed
to develop comprehensive design aids for estimabiagnaximum in-place concrete
temperature, initial set times, and compressivengfth development of HVFA concrete
used for transportation structures. The laboratesting results, HVFA concrete

hydration model, and ConcreteWorks analysis coraglé&r this project are all intended
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to provide a foundation for the development of éhdssign aids. Additional simulations
should be completed with the ConcreteWorks softd@renixtures with fly ash dosages

other than those already investigated.
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Appendix A

Fresh Concrete Properties Summary

A summary of the fresh concrete properties (sluanmpcontent, and unit weight)
tested for each batch is presented in AppendiAAresults in Appendix A are

presented in U.S. units.
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Figure A.1: Slump results for LA cement batches
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Appendix B

Penetration Resistance Testing Results

Penetration resistance testing results are prasent&ppendix B for all concrete
batches. For each concrete mixture, the penetreggistance plots from each of the
three batching temperatures (room, hot and coklpeesented. All penetration

resistance testing was conducted in accordanceA@#M C 403 (2006).
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Figure B.1: Penetration resistance testing results for CTRLA2-L
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Figure B.2: Penetration resistance testing results for CTRILA4
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Figure B.3: Penetration resistance testing results for LAS3B%
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Figure B.5: Penetration resistance testing results for LAS28%
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Figure B.6: Penetration resistance testing results for LAS2B8%
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Figure B.7: Penetration resistance testing results for LAAQB%
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Figure B.8: Penetration resistance testing results for LAAQ5%
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Figure B.9: Penetration resistance testing results for LAA@8%
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Figure B.1Q Penetration resistance testing results for LAA@B%
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Figure B.11 Penetration resistance testing results for CTRHA2
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Figure B.12 Penetration resistance testing results for CTRHAM
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Figure B.13 Penetration resistance testing results for HA/83F6
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Figure B.14 Penetration resistance testing results for HAA835%
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Figure B.15 Penetration resistance testing results for HAA82B%

226



5000 —+

[ ]

Final Set
. 4000
\3/ ¢ HOT
p I AROOM
[&]
@
(%) L
[0}
o
'5 2000 +
< I
@
& 1000
- Initial Set

0 i \}\\\}\\\}\\\}\\\}\\\}
0 12 16 20 24 28 32 36

Concrete Age (hours)

Figure B.16. Penetration resistance testing results for HAA828%
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Figure B.17: Penetration resistance testing results for HAAQFo
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Figure B.18 Penetration resistance testing results for HAAQ05%
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Figure B.19 Penetration resistance testing results for HAAQB%
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Figure B.20. Penetration resistance testing results for HAA@B%
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Appendix C

Calorimetry Testing Results

Appendix C contains results from isothermal andisaarabatic calorimetry for
each concrete mixture. First, the isothermal csieve presented for each concrete
mixture at each batching temperature. The actwagnergies presented in Section 4.2.2
were calculated from the isothermal calorimetryadatesented in Appendix C. Also, the
semi-adiabatic temperature curves are presentezhfdr room temperature concrete
batch. The time of initial and final set is indied on each SAC temperature curve. All

calorimetry testing was conducted with the equipthaetailed in Chapter 3.

C.1 Isothermal Calorimetry Results
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Figure C.1 Isothermal calorimetry results for CTRL42-LA
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Figure C.2 Isothermal calorimetry results for CTRL44-LA
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Figure C.3: Isothermal calorimetry results for LA-35FA-1%
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Figure C.4: Isothermal calorimetry results for LA-35FA-15%
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Figure C.5: Isothermal calorimetry results for LA-35FA-24%
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Figure C.6: Isothermal calorimetry results for LA-35FA-28%
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Figure C.7: Isothermal calorimetry results for LA-50FA-1%
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Figure C.8: Isothermal calorimetry results for LA-50FA-15%
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Figure C.9: Isothermal calorimetry results for LA-50FA-24%
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Figure C.10 Isothermal calorimetry results for LA-50FA-28%
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Figure C.11 Isothermal calorimetry results for CTRL42-HA

235



Rate of Heat Evolution (W/g cem)

Rate of Heat Evolution (W/g cem)

0.016 === -

0.014 -

0.012

0.010 -

0.008 -

0.006 +

0.004 +

0.002 ~

0.000

Mortar Age (hours)

Figure C.12 Isothermal calorimetry results for CTRL44-HA
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Figure C.13 Isothermal calorimetry results for HA-35FA-1%
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Figure C.14 Isothermal calorimetry results for HA-35FA-15%
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Figure C.15 Isothermal calorimetry results for HA-35FA-24%
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Figure C.16 Isothermal calorimetry results for HA-35FA-28%
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Figure C.17: Isothermal calorimetry results for HA-50FA-1%
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Figure C.18 Isothermal calorimetry results for HA-50FA-15%
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Figure C.19 Isothermal calorimetry results for HA-50FA-24%
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Figure C.20 Isothermal calorimetry results for HA-50FA-28%

C.2  Semi-Adiabatic Calorimetry Results

C.2.1 Best-Fit Hydration Parameters from SAC Testig

Table C.1 Best-fit hydration parameters for LA cement catermixtures

Mixture = Hydration Parameters Hy
Description (J/mol) B - oy (J/9)
CTRL42-LA 32,500 0.966 10.442 0.812 466
CTRL44-LA 33,500 0.937 11.410 0.833 479

LA-35-1 28,300 0.856 10.944 0.990 377
LA-35-15 36,300 0.895 11.435 0.762 433
LA-35-24 32,600 0.844 15.530 0.917 476
LA-35-28 35,700 0.814 14.603 0.874 496

LA-50-1 29,600 0.778 11.057 0.990 314

LA-50-15 30,300 0.803 13.959 0.805 401
LA-50-24 29,900 0.925 17.679 0.767 464
LA-50-28 33,700 0.870 19.002 0.849 494
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Table C.2 Best-fit hydration parameters for HA cement cetemixtures

Mixture = Hydration Parameters Hy
Description (J/mol) B T 0y (J/9)
CTRL42-HA 38,000 1.468 9.678 0.728 462
CTRL44-HA 35,600 1.500 9.657 0.747 491

HA-35-1 34,800 1.272 10.423 0.872 379

HA-35-15 32,000 1.281 10.430 0.769 435

HA-35-24 34,200 1.355 12.844 0.767 478

HA-35-28 28,400 1.431 12.054 0.777 498

HA-50-1 34,700 1.230 11.434 0.866 322

HA-50-15 33,500 1.193 12.305 0.764 408
HA-50-24 30,800 1.590 15.554 0.705 471
HA-50-28 28,400 1.403 14.598 0.689 501
C.2.2 SAC Temperature Curves
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Figure C.21: Semi-adiabatic concrete temperature curve for ICIZRLA
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Figure C.22 Semi-adiabatic concrete temperature curve for ICIRLA
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Figure C.23 Semi-adiabatic concrete temperature curve for3o&A-1%
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Figure C.24 Semi-adiabatic concrete temperature curve for3o&A-15%
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Figure C.25 Semi-adiabatic concrete temperature curve for3o&A-24%
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Figure C.26 Semi-adiabatic concrete temperature curve for3o&A-28%
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Figure C.27: Semi-adiabatic concrete temperature curve forSlOfA-1%
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Figure C.28 Semi-adiabatic concrete temperature curve forSl0&A-15%

(4) ainesadwa] a1810U0D JNBgRIPY-IWSS

120

100

80

60

40

20

Concrete Age (hours)

Figure C.29 Semi-adiabatic concrete temperature curve forSl0&A-24%

245



|

T
o
~

60

(4) ainesadwa] a1810U0D JNRgRIPY-IWSS

120

100

80

60

40

20

Concrete Age (hours)

Figure C.30 Semi-adiabatic concrete temperature curve forSl0&A-28%
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Figure C.31 Semi-adiabatic concrete temperature curve for ICIR HA
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Figure C.32 Semi-adiabatic concrete temperature curve for ICFR HA
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Figure C.33 Semi-adiabatic concrete temperature curve for33fA-1%
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Figure C.34 Semi-adiabatic concrete temperature curve for33AA-15%
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Figure C.35 Semi-adiabatic concrete temperature curve for33fA-24%
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Figure C.36 Semi-adiabatic concrete temperature curve for3sAA-28%
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Figure C.37: Semi-adiabatic concrete temperature curve for30KA-1%
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Figure C.38 Semi-adiabatic concrete temperature curve for39&A-15%
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Figure C.39 Semi-adiabatic concrete temperature curve for39kA-24%
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Figure C.40 Semi-adiabatic concrete temperature curve for39kA-28%
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Appendix D

Compressive Strength Testing Summary

Appendix D contains all compressive strength tgstesults for each concrete
mixture. Also, the exponential strength-maturity\@ for each concrete mixture is
presented. The strength-maturity curves were b based on the measured
compressive strengths and the recorded tempefagioey of the concrete samples. The
strength-maturity relationships presented for eamitrete mixture in Appendix D were
used to complete the ConcreteWorks analysis destitbChapter 6. All compressive

strength testing was conducted in accordance Wa&fM C 39 (2004).

D.1  Compressive Strength Testing Results

In Tables D.1 and D.2, the compressive strengtingesesults from all room
temperature batches are presented for each cemauces Next, the results from
compressive strength testing for the 28-day qualitytrol cylinders for the hot and cold
batches are presented for each mixture. The sgstdsented in this section represent the

average compressive strength of three 4x4 cylinders
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Table D.1: Compressive strength testing results for LA cemnemtures (73 °F)

i . Average Moist-Cured Compressive Strength (psi)
Mixture Description
12 hours| 1 day 2 days 4 days 7days 1l4days 28days 56 days
CTRL42-LA 1030 3150 4380 5140 5940 6830 7370 7420
CTRL44-LA 1150 2590 3720 4670 5530 6250 6820 6860
LA-35FA-1% 1240 2350 3430 4240 487( 5700 6790 7670
LA-35FA-15% 990 2630 3610 4970 5740 6460 7180 8220
LA-35FA-24% 910 2510 3900 4950 566(0 6300 7160 8050
LA-35FA-28% 600 2000 3510 4520 558( 6130 7000 7380
LA-50FA-1% 1460 2660 3560 4070 4640 6090 7010 7900
LA-50FA-15% 1220 2650 3660 4550 522( 641D 7380 87R0
LA-50FA-24% 560 2260 3560 4660 544 6610 7730 8630
LA-50FA-28% 250 1110 3090 4620 5460 6560 7620 8590




14514

Table D.2 Compressive strength testing results for HA cemartures (73 °F)

i . Average Moist-Cured Compressive Strength (psi)
Mixture Description
12 hours| 1 day 2 days 4 days 7days 1l4days 28days 56 days
CTRL42-HA 700 3230 4070 4710 5000 5250 5600 5890
CTRL44-HA 1080 3240 3710 4290 471C 4950 5280 5650
HA-35FA-1% 1300 2680 3240 3640 426( 4820 5660 6580
HA-35FA-15% 1180 2670 3410 3980 4370 4850 5680 63p0
HA-35FA-24% 570 2320 3490 4130 442( 5170 5690 640
HA-35FA-28% 650 2570 3640 4440 489( 5530 5980 6620
HA-50FA-1% 1690 2810 3450 4150 459( 5360 6360 7680
HA-50FA-15% 1160 2640 3380 4110 4640 5340 6610 75p0
HA-50FA-24% 160 2050 3590 4280 504( 6100 6730 7060
HA-50FA-28% 190 1890 3290 4050 454( 508pD 5790 6480




Table D.3 Quality-control compressive strength resultslfArcement mixtures

Mixture 28-Day Compressive Strength (psi)
Description Cold (40 °F) Hot (105 °F)
CTRL42-LA 6010 6920
CTRL44-LA 5230 6900

LA-35FA-1% 6020 6880
LA-35FA-15% 6720 6910
LA-35FA-24% 6770 7090
LA-35FA-28% 7360 7220

LA-50FA-1% 7080 6850
LA-50FA-15% 6680 7990
LA-50FA-24% 6840 7870
LA-50FA-28% 5980 8300

Table D.4 Quality-control compressive strength resultsHér cement mixtures

Mixture 28-Day Compressive Strength (psi)
Description Cold (40 °F) Hot (105 °F)
CTRL42-HA 5290 5340
CTRL44-HA 4940 5320
HA-35FA-1% 5660 5210

HA-35FA-15% 6260 5410
HA-35FA-24% 6340 5530
HA-35FA-28% 5700 5690
HA-50FA-1% 6750 6050
HA-50FA-15% 5840 6160
HA-50FA-24% 6030 6460
HA-50FA-28% 5670 6110
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D.2  Strength-Maturity Parameters and Plots

Table D.5 Strength-maturity parameters for LA cement miggur

Mixture Strength-Maturity Parameters
Description Bs | ts(hours)| feu(psi)
CTRL42-LA 0.720 25.24 7910
CTRL44-LA 0.845 22.43 7110
LA-35-1 0.431 49.49 9540
LA-35-15 0.496 31.63 9320
LA-35-24 0.735 29.36 8100
LA-35-28 0.839 29.17 7480
LA-50-1 0.330 89.08 11820
LA-50-15 0.392 68.03 11570
LA-50-24 0.590 44.09 9590
LA-50-28 0.763 46.67 8890

Table D.6 Strength-maturity parameters for HA cement migsur

Mixture Strength-Maturity Parameters
Description | g, | 1 (hours) | fer(psi)
CTRL42-HA 1.734 19.53 5480
CTRL44-HA 1.290 17.00 5300
HA-35-1 0.347 47.33 8680
HA-35-15 0.555 24.62 6750
HA-35-24 0.851 25.08 6170
HA-35-28 0.930 22.26 6330
HA-50-1 0.223 336.8 16030
HA-50-15 0.366 67.14 10300
HA-50-24 0.975 29.33 7100
HA-50-28 0.918 27.51 6170
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Figure D.1: Strength-maturity curve for CTRL42 - LA
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Figure D.3: Strength-maturity curve for LA-35FA-1%
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Figure D.4: Strength-maturity curve for LA-35FA-15%
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Figure D.5: Strength-maturity curve for LA-35FA-24%
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Figure D.6: Strength-maturity curve for LA-35FA-28%
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Figure D.7: Strength-maturity curve for LA-50FA-1%
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Figure D.8 Strength-maturity curve for LA-50FA-15%
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Figure D.11: Strength-maturity curve for CTRL42-HA
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Figure D.12 Strength-maturity curve for CTRL44-HA
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Figure D.14 Strength-maturity curve for HA-35FA-15%
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Figure D.15 Strength-maturity curve for HA-35FA-24%
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Figure D.17: Strength-maturity curve for HA-50FA-1%
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Figure D.19 Strength-maturity curve for HA-50FA-24%
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Appendix E

SAS Inputs and Outputs from Degree of Hydration Moeckling

Portland Cement Hydration Study

1. ANOVA Analysis for Hydration Parameters p and T (R* Procedure)

a. SAS Program:

b.

data temp; set Cementrsq;

Ic3s=log(c3s); Ic3a=log(c3a); Icao=log(cao); lc2aK2s);
Ic4af=log(c4af); Iso3=log(so3); Imgo=log(mgo); Impe=log(naequ);
Iblaine=log(blaine);

Ibeta=log(beta);

ltau=log(tau);

i1=c3s*c3a; i2=c3s*blaine; i3=c3s*s03; i4= c3s*naetp=c3a*blaine;
i6=c3a*s03; i7=c3a*naequ; i8=blaine*so03; i9=blainatqu; i10=c2s*c4af;
i11=c2s*s03; i12=c2s*naequ; i13=c4af*s03; il4=sogbmil5=so3*naequ;

i16=mgo*naequ;

run;

proc rsquare C;

model Ibeta Itau = Ic3s Ic3a Icao Ic2s Ic4af Isogd Inaequ Iblaine
/select410 stop=10;

run;

Analysis Results:

R?Procedure Correlation Matrix:

Variable

Ic3s Ic3a Icao Ic2s Ic4af Iso3

Ic3s 1.0000 -0.5862 gae6 -0.8954 0.2312 -0.7539
Ic3a -0.5862 1.0000 -G35 0.4469 -0.8107 0.6992
Icao 0.1676 -0.4553 D00 0.0332 0.3396 -0.3764
Ic2s -0.8954 0.4469 323 1.0000 -0.3395 0.3975
Ic4af 0.2312 -0.8107 @83 -0.3395 1.0000 -0.1509
Iso3 -0.7539 0.6992 -®637 0.3975 -0.1509 1.0000
Imgo -0.8607 0.7243 -@30 0.9103 -0.6341 0.5003
Inaequ -0.6178 0.7909 -a%4  0.2497 -0.3021 0.9618
Iblaine -0.3072 -0.5160 @B5 0.4138 0.5384 -0.1494
Ibeta -0.9364 0.7369 -038 0.7472 -0.3556 0.8509
Itau 0.9428 -0.4111 ®29 -0.8589 0.0995 -0.6343

267



Variable

Ic3s
Ic3a
Icao
Ic2s
Ic4af
Iso3
Imgo
Inaequ
Iblaine
Ibeta
Itau

R?Selection Method p):

Imgo

-0.8607
0.7243
-0.3047
0.9103
-0.6341
0.5003
1.0000
0.4585
0.1584
0.8500
-0.8149

Inaequ Iblaine
-0.6178 -0.3072
0.7909 -0.5160
-0.5448  0.0505
0.2497 0.4138
-0.3021 0.5384
0.9618 -0.1494
0.4585 0.1584
1.0000 -0.3303
-0.3303  1.0000
0.7984 0.1484
-0.4992 -0.5412

Ibeta

-0.9364
0.7369
-0.4805
0.7472
-0.3556
0.8509

0.8500
0.7984
0.1484
1.0000
-0.9007

Number in

Model R-Square Variables in Model
1 0.8768 Ic3s

1 0.7241 Iso3

1 0.7225 Imgo

1 0.6374 Inaequ

1 0.5583 Ic2s

1 0.5430 Ic3a

1 0.2309 Icao

1 0.1264 Ic4af

1 0.0220 Iblaine

2 0.9846 Ic3s Icao

2 0.9642 Iso3 Imgo

2 0.9576 Ic2s Inaequ

2 0.9550 Ic3s Inaequ

2 0.9339 Imgo Inaequ

2 0.9306 Ic3s Ic3a

2 0.9255 Ic3s Iso3

2 0.9239 Ic3a Iblaine

2 0.9227 Ic2s Iso3

2 0.9188 Ic3s Ic2s

3 0.9986 Ic4af Iso3 Iblaine
3 0.9986 Ic3a Iso3 Iblaine

3 0.9985 Ic3a Imgo Inaequ
3 0.9985 Ic3a Ic4af Iblaine
3 0.9985 Icao Ic2s Iso3

3 0.9982 Imgo Inaequ Iblaine
3 0.9978 Ic3a Ic4af Iso3

3 0.9973 Ic3s Icao Inaequ

3 0.9969 Ic3s Icao Iblaine

3 0.9949 Ic3s Icao Iso3

4 0.9987 Ic3s Ic2s Icdaf Inaequ
4 0.9987 Ic3s Ic3a Ic2s Inaequ
4 0.9987 Ic3s Ic3a Ic2s Iso3
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Itau

0.9428
-0.4111
0.2981
-0.8589
0.0995
-0.6343
-0.8149
-0.4992
-0.5412
-0.9007
1.0000



ArADADMAD

R?Selection Method £):

0.9987
0.9987
0.9987
0.9987
0.9987
0.9987
0.9987

Ic3s Ic2s Ic4af Iso3
Ic3s Ic3a Ic2s Ic4af
Ic3s Iso3 Imgo Inaequ
Ic3s Ic2s Iso3 Inaequ
Ic3s Ic2s I1so3 Imgo
Ic3s Ic2s Imgo Inaequ
Ic3s Ic2s Ic4af Iblaine

Number in

Model R-Square Variables in Model

1 0.8888 Ic3s

1 0.7376 Ic2s

1 0.6640 Imgo

1 0.4024 Iso3

1 0.2929 Iblaine

1 0.2492 Inaequ

1 0.1690 Ic3a

1 0.0889 Icao

1 0.0099 Ic4af

2 0.9587 Ic3s Iblaine

2 0.9553 Ic4af Imgo

2 0.9424 Ic3a Iblaine

2 0.9193 Ic3s Ic3a

2 0.9090 Ic3s Icao

2 0.9036 Ic3s Ic4af

2 0.9023 Ic3s Iso3

2 0.9000 Ic3s Inaequ

2 0.8899 Ic3s Ic2s

2 0.8888 Ic3s Imgo

3 0.9884 Iso3 Imgo Iblaine

3 0.9882 Ic3s Icao Iblaine

3 0.9881 Ic3a Imgo Inaequ

3 0.9865 Ic2s Ic4af Imgo

3 0.9846 Ic2s Inaequ Iblaine

3 0.9818 Icao Ic4af Imgo

3 0.9808 Ic3s Ic3a Iblaine

3 0.9803 Ic3a Ic4af Iblaine

3 0.9800 Ic3s Ic3a Icao

3 0.9799 Ic3a Iso3 Iblaine

4 0.9884 Ic3s Ic2s Icdaf Inaequ
4 0.9884 Ic3s Ic3a Ic2s Inaequ

4 0.9884 Ic3s Ic2s Icdaf Iso3

4 0.9884 Ic3s Ic3a Ic2s Icdaf

4 0.9884 Ic3s Ic2s Imgo Inaequ
4 0.9884 Ic3s Ic4af Iso3 Inaequ
4 0.9884 Ic3s Ic3a Ic4af Inaequ
4 0.9884 Ic3s Icao Ic2s Inaequ

4 0.9884 Ic3s Icao Imgo Inaequ
4 0.9884 Ic3s Ic3a Ic4af Imgo
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HVFA Concrete Hydration Model
1. ANOVA Analysis for Hydration Parameters p and T (R* Procedure)

a. SAS Program

data temp; set Hvfarsq;

Ic3s=log(c3s); Ic3a=log(c3a); Icao=log(cao); Icasx2s); Icdaf=log(c4af);
Iso3=log(s03); Imgo=log(mgo); Inaequ=Ilog(nhaequlailbe=log(blaine);

Ibeta=log(beta);
ltau=log(tau);

i1=c3s*c3a; i2=c3s*blaine; i3=c3s*s03; i4= c3s*naeth=c3a*blaine;

i6=c3a*s03; i7=c3a*naequ; i8=blaine*so03; i9=blainatqu; i10=c2s*c4af;
i11=c2s*s03; i12=c2s*naequ; i13=c4af*s03; il4=sogbmil5=so3*naequ;
i16=mgo*naequ; i17=pfa*FACa0; i18=pfa*FASIO2; i1FpFANaEqu;
i20=pfa*FACaO*FASIO2; i21=pfa*FACaO*FASIO2*FANaEqi22=FACaO*naequ;
run;

proc rsquare c;
model Ibeta Itau = Ic3s Ic3a Icao Ic2s Ic4af Isogd Inaequ Iblaine pfa i17-i22

/select10 stop=10;
run;

b. Analysis Results

R?Procedure Correlation Matrix:

Variable Ic3s Ic3a Icao Ic2s ad4

Ic3s 1.0000 -0.7790 0.4490 -0.9084 0.6162
Ic3a -0.7790 1.0000 -0.5020 0.5657 -0.9108
Icao 0.4490 -0.5020 1.0000 -0.2836 0.5565
Ic2s -0.9084 0.5657 -0.2836 1.0000 -0.5121
Ic4af 0.6162 -0.9108 0.5565 -0.5121 1.0000
Iso3 -0.8353 0.9124 -0.4217 0.5513 -0.6662
Imgo -0.7994 0.6860 -0.7202 0.7270 -0.7126
Inaequ -0.7932 0.9505 -0.5326 0.5041 -0.7548
Iblaine 0.2080 -0.6273 -0.1996 -0.0601 0.5268
pFA -0.2740 0.0662 -0.0896 0.2742 -0.0129
i17 -0.1851 0.0452 -0.0452 0.1856 -0.0059
i18 -0.2534 0.0609 -0.0915 0.2534 -0.0136
i19 -0.2818 0.0588 -0.3565 0.2767 -0.0620
i20 -0.1982 0.0491 -0.0290 0.1990 -0.0028
i21 -0.2101 0.0453 -0.2239 0.2071 -0.0385
i22 -0.3214 0.3032 -0.0608 0.2342 -0.2085
Ibeta -0.8010 0.7552 -0.8002 0.6140 -0.6802
[tau 0.2905 -0.1802 0.6402 -0.2294 0.2273
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Variable

Ic3s
Ic3a
Icao
Ic2s
Ic4af
Iso3
Imgo
Inaequ
Iblaine
pFA
i17
i18
i19
i20
i21
i22
Ibeta
Itau

Variable

Ic3s
Ic3a
Icao
Ic2s
Ic4af
Iso3
Imgo
Inaequ
Iblaine
pFA
i17
i18
i19
i20
i21
i22
Ibeta
Itau

Variable

Ic3s
Ic3a
Icao
Ic2s
Ic4af
Iso3
Imgo
Inaequ
Iblaine
pFA
i17

Iso3

-0.8353
0.9124
-0.4217
0.5513
-0.6662
1.0000
0.6002
0.9815
-0.5462
0.1363
0.0946
0.1246
0.0968
0.1044
0.0791
0.3485
0.7487
-0.1615

i17

-0.1851
0.0452
-0.0452
0.1856
-0.0059
0.0946
0.1980
0.0560
0.1358
0.6846
1.0000
0.3523
0.6107
0.9658
0.9533
0.8706
0.1061
0.4607

i22

-0.3214
0.3032
-0.0608
0.2342
-0.2085
0.3485
0.2644
0.3109
-0.1444
0.5361
0.8706

Imgo

-0.7994
0.6860
-0.7202
0.7270
-0.7126
0.6002
1.0000

Inaequ

-0.7932
0.9505
-0.5326
0.5041
-0.7548
0.9815
0.6163

0.6163 1.0000

0.1097

0.3044
0.1980

0.2858

0.4460

0.2022

0.3114

0.2644

0.8774
-0.5428

i18

-0.2534
0.0609
-0.0915
0.2534
-0.0136
0.1246
0.2858

-0.5706
0.0825
0.0560
0.0761
0.0800
0.0603
0.0604
0.3109
0.7796
-0.2042

i19

-0.2818
0.0588
-0.3565
0.2767
-0.0620
0.0968
0.4460

0.0761 0.0800

0.2067
0.9195
0.3523
1.0000
0.7700
0.4684
0.3703
0.2284
0.0312
0.0645

Ibeta

-0.8010
0.7552
-0.8002
0.6140
-0.6802
0.7487
0.8774
0.7796
-0.0332
0.0676
0.1061

0.4098
0.8720
0.6107
0.7700
1.0000
0.6002
0.7038
0.4610
0.2438

-0.0019

Itau

0.2905
-0.1802
0.6402
-0.2294
0.2273
-0.1615
-0.5428
-0.2042
-0.3925
0.2491
0.4607
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Iblaine

0.2080
-0.6273
-0.1996
-0.0601
0.5268
-0.5462
0.1097
-0.5706
1.0000
0.2170
0.1358
0.2067
0.4098
0.1317
0.2759
-0.1444
-0.0332
-0.3925

i20

-0.1982
0.0491
-0.0290
0.1990
-0.0028
0.1044
0.2022
0.0603
0.1317
0.7443
0.9658
0.4684
0.6002
1.0000
0.9390
0.8310
0.0873
0.4379

pFA

-0.2740
0.0662
-0.0896
0.2742
-0.0129
0.1363
0.3044

0.0825
0.2170
1.0000

0.6846

0.9195

0.8720

0.7443
0.6749
0.5361
0.0676
0.2491

i21

-0.2101
0.0453
-0.2239
0.2071
-0.0385
0.0791
0.3114
0.0604
0.2759
0.6749
0.9533
0.3703
0.7038
0.9390
1.0000
0.8105
0.2273
0.2700



i18 0.2284  0.0312 0.0645

i19 0.4610  0.2438 -0.0019
i20 0.8310 0.0873 0.4379
i21 0.8105  0.2273 0.2700
i22 1.0000 0.2388 0.3714
Ibeta 0.2388  1.0000 -0.5942
Itau 0.3714  -0.5942 1.0000

R?Selection Method p):

Number in

Model R-Square Variables in Model
1 0.7698 Imgo
1 0.6416 Ic3s
1 0.6404 Icao
1 0.6078 Inaequ
1 0.5704 Ic3a
1 0.5605 Iso3
1 0.4626 Ic4af
1 0.3770 Ic2s
1 0.0594 i19
1 0.0570 i22
2 0.8905 Ic3a Iblaine
2 0.8848 Ic3s Icao
2 0.8618 Imgo Inaequ
2 0.8591 Inaequ Iblaine
2 0.8469 Iso3 Imgo
2 0.8461 Icao Iso3
2 0.8287 Icao Imgo
2 0.8223 Imgo i18
2 0.8148 Icao Inaequ
2 0.8143 Ic3a Imgo
3 0.9319 Ic3a Iblaine i18
3 0.9232 Ic3a Iblaine pFA
3 0.9140 Ic3a Iblaine i19
3 0.9134 Ic4af Inaequ Iblaine
3 0.9130 Ic3a Imgo Iblaine
3 0.9120 Ic3s Icao i18
3 0.9100 Ic3a Inaequ Iblaine
3 0.9084 Icao Iso3 Imgo
3 0.9067 Ic3a Ic4af Iso3
3 0.9040 Ic3s Icao pFA
4 0.9530 Ic3a Inaequ Iblaine i18
4 0.9523 Ic3a Ic4af Iso3 i18
4 0.9508 Imgo Inaequ Iblaine i18
4 0.9496 Ic4af Iso3 Iblaine i18
4 0.9493 Ic3a Iso3 Iblaine i18
4 0.9491 Ic3a Ic4af Iblaine i18
4 0.9485 Ic4af Inaequ Iblaine i18
4 0.9477 Ic3a Imgo Iblaine i18
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4 0.9444 Ic3a Imgo Inaequ i18

4 0.9443 Ic3a Inaequ Iblaine pFA

5 0.9557 Ic3a Inaequ Iblaine pFA i2

5 0.9556 Ic3a Icdaf Iso3 pFA i21

5 0.9548 Imgo Inaequ Iblaine pFA i2

5 0.9537 Ic4af I1so3 Iblaine pFA i21

5 0.9537 Ic3a Inaequ Iblaine i18 i2

5 0.9535 Ic3a Inaequ Iblaine pFA i1

5 0.9535 Ic3a Ic2s Inaequ Iblaib@ i

5 0.9534 Ic3a Iso3 Iblaine pFA i21

5 0.9534 Ic3s Ic3a Inaequ Iblaib@ i

5 0.9533 Ic3a Inaequ Iblaine 1@ i2

6 0.9620 Ic3a Ic4af Iso3 i19 i2Q i2

6 0.9618 Imgo Inaequ Iblaine i10 i21

6 0.9615 Ic3a Inaequ Iblaine i19 i21

6 0.9610 Ic4af I1so3 Iblaine i19 i2Q

6 0.9609 Ic3a Iso3 Iblaine i19 i2Q

6 0.9607 Ic3a Ic4af Iblaine i19 i2Q

6 0.9595 Ic3a Imgo Inaequ i19 i20 i

6 0.9566 Ic3a Ic4af Iso3i17 i18 i2

6 0.9565 Ic3a Ic4af Iso3 pFA i2Qi2

6 0.9565 Ic3s Ic3a Inaequ Iblaifrd\p21

7 0.9742 Ic3a Ic4af Iso3 pFA 1921

7 0.9740 Imgo Inaequ Iblaine pFAi20 i21
7 0.9734 Ic4af I1so3 Iblaine pFA i29 i21
7 0.9733 Ic3a Inaequ Iblaine pFA.i20 i21
7 0.9732 Ic3a Iso3 Iblaine pFA i20 i21

7 0.9731 Ic3a Ic4af Iblaine pFA i29 i21
7 0.9723 Ic3a Imgo Inaequ pFA i29 121
7 0.9667 Ic4af Inaequ Iblaine pAA i20 i21
7 0.9662 Imgo Inaequ Iblaine i18 i20 i21
7 0.9661 Ic3a Ic4af Iso3 i18 i19 i21

R?Selection Method £):

Number in
Model R-Square Variables in Model

1 0.4099 Icao
1 0.2947 Imgo
1 0.2123 i17
1 0.1917 i20
1 0.1541 Iblaine
1 0.1380 i22
1 0.0844 Ic3s
1 0.0729 i21
1 0.0621 pFA
1 0.0526 Ic2s
2 0.6502 Icao il7
2 0.6307 Imgo i17
2 0.6185 Icao i20
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2 0.6073 Imgo i20

2 0.5897 Icao i21

2 0.5798 Imgo i22

2 0.5789 Icao i22

2 0.5265 i17i21

2 0.5081 Imgo i21

2 0.5046 Icao pFA

3 0.8388 Ic3a Iblaine i17

3 0.8092 Ic3a Iblaine i20

3 0.8011 Inaequ Iblaine i17

3 0.7952 Imgo Iblaine i17

3 0.7886 Ic3a Iblaine i21

3 0.7724 Inaequ Iblaine i20

3 0.7676 Imgo Iblaine i20

3 0.7634 Icao Iblaine i17

3 0.7518 Ic4af Imgo 117

3 0.7465 Ic3a Imgo i17

4 0.8720 Ic3a Iblaine i17 i22

4 0.8699 Ic3a Iblaine pFA i18

4 0.8545 Ic3a Iblaine pFA i17

4 0.8510 Ic3a Iblaine i17 i19

4 0.8510 Ic3a Iblaine i17 i18

4 0.8473 Ic3a Ic2s Iblaine i17

4 0.8468 Ic4af Inaequ Iblaine i17

4 0.8464 Ic3a Iblaine i17 i21

4 0.8461 Ic3a Icao Iblaine i17

4 0.8454 Ic3a Imgo Iblaine i17

5 0.8980 Ic3a Iblaine pFA i18 i22

5 0.8840 Ic3a Icao Iblaine i17 i22
5 0.8818 Ic4af Inaequ Iblaine i22 i
5 0.8814 Ic3a Iblaine pFA 17 i22

5 0.8811 Ic3a Iblaine i17 i19 i22

5 0.8807 Icao Imgo Iblaine i17 i22
5 0.8804 Ic3a Icdaf Iso3 i17 i22

5 0.8787 Ic3a Iblaine i17 i18 i22

5 0.8782 Ic3a Iblaine i17 i21 i22

5 0.8778 Ic3a Imgo Iblaine i17 i22
6 0.9088 Ic3a Iblaine pFA i17 iD®i
6 0.9053 Ic3a Icao Iblaine pFA 28
6 0.9050 Ic3a Iblaine pFA i18 iP2i
6 0.9050 Ic4af Inaequ Iblaine pAR i22
6 0.9039 Ic3a Ic4af Iso3 pFA 182
6 0.9035 Imgo pFA 1711820 i21
6 0.9032 Ic3a Iblaine pFA i18 i22i
6 0.9024 Ic3a Imgo Iblaine pFA i28
6 0.9022 Ic3a Ic2s Iblaine pFA i23
6 0.9012 Ic3s Ic3a Iblaine pFA i23
7 0.9400 Ic4af Imgo pFA i17 i18 i20
7 0.9398 Ic3a Iblaine pFA i17 iP®ii22
7 0.9323 Ic3a Iblaine pFA i17 iP®ii21
7 0.9257 Iso3 Iblaine pFA i17 iP®ii21
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0.9254
0.9239
0.9211
0.9200
0.9146
0.9135

NN NN

Ic4af Imgo pFA il17 i18 iP®
Ic3a Iblaine pFA i17 i1®ii20
Imgo Iblaine pFA i17 iZ®ii21
Inaequ Iblaine pFA 17 i28 i21
Imgo Iblaine pFA i17 iD®ii22
Ic3a Imgo pFA 17 i18 i2Q

2. General Linear Model Development (GLM)

a. SAS Program

data temp; set Hvfarsq;

Ic3s=log(c3s); Ic3a=log(c3a)

; lcao=log(cao); lc2aKk?2s); Ic4af=log(c4af);

Iso3=log(s03); Imgo=log(mgo); Inaequ=Ilog(naequlailbe=log(blaine);

Ibeta=log(beta);
ltau=log(tau);

i17=pfa*FACaO0;
i18=pfa*FASIO2;
i19=pfa*FANaEqu;
i20=pfa*FACaO*FASIO2;

i21=pfa*FACaO*FASIO2*FANaEqu;

i22=FACaO*naequ;
run;

proc glm;

model Ibeta = Ic3a Inaequ Iblaine i18 /solution ;

output out=plotit p=predun;

proc gplot; plot pred*lbetarun;

proc glm;

model Itau = Ic3a Iso3 Iblaine i17 /solution ;

output out=plotit p=predun;
proc gplot; plot pred*ltau;run

b. Analysis Results

GLM Procedure (B):

Source

Model

Error

Corrected Total

R-Square
0.952963

Source
Ic3a

Inaequ
Iblaine

Sum of
DF Squares Meaguare F Value
4 1.90582815 0.47645704 .631

26 0.09406913 0.00361804
30 1.99989728

Coeff Var Root MSE Ibeta Mean
-185.1543 0.060150 -0.032487
DF Type | SS Mean Square F Vau

1 1.14073016 1.14073016 315.29

1 0.07906253 0.07906253 21.85

1 0.60010151 0.6001D15 165.86
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Pr>F

<.0001
<.0001
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i18
Source
Ic3a
Inaequ
Iblaine
i18

Parameter
Intercept
Ic3a
Inaequ
Iblaine

i18

GLM Procedure (7):

Source

Model

Error

Corrected Total

R-Square
0.847346

Source
Ic3a
Ic2s
Iblaine
i17

Source
Ic3a
Ic2s
Iblaine
i17

Parameter
Intercept
Ic3a
Ic2s
Iblaine

i17

3. Final Non-Linear Model Development forp, T and a, (NLIN Procedure)

a. SAS Program

data temp; set Hvfadb;
proc print; run;
proc nlin;

1 0.08593395 0.08593395 23.75
DF Type Il SS Mean Square  F Value
1 0.11519995 0.11519995 31.84
1 0.04211878 0.04211878 11.64
1 0.68462234 0.68462234 189.22
1 0.08593395 0.08593395 23.75

Standard

Estimate Error t Value
-23.08338907 .98D58971 -11.60
1.19189803 21022720 5.64
0.50463744 14390351 3.41
4.79260161 34840364 13.76

-0.60393988 0.12392194 -4.87

Swh
DF uBges Mean Square  F Value
4 2.68a19 0.65750105 36.08
26 0.80825 0.01822339
30 3.80244

Coeff Var Root MSE [taMean

5.028101 0.134994 2.684792
DF Type | SS Mean Square  F Value

1 0.83893 0.10083893 5.53
1 0.02665 0.07412665 4.07
1 1.83B359 1.31503359 72.16
1 1.00302 1.14000502 62.56
DF Type Il SS Mean Square  F Value
1 0.80971 0.90939071 49.90
1 0.62675 0.02661075 1.46
1 1.65838 1.65067838 90.58
1 1.00%502 1.14000502 62.56
Standard
Estimate Error t Value
46.50442062 49374 9.66
-1.71518213 4220053 -7.06
0.32551092 @2p152 1.21
-7.99463782 4080563 -9.52
4.30711730 0.54456278 7.91
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Pr>F
<.0001
0.0021
<.0001
<.0001

Pr> [t
<.0001
<.0001
0.0021
<.0001

<.0001

Pr>F
<.0001

Pr>F
0.0265
0.0541
<.0001
<.0001

Pr>F
<.0001
0.2378
<.0001
<.0001

Pr> |t
<.0001
<.0001
0.2378
<.0001

<.0001



parms f196.50
c14.19¢2=0.505¢3+4.79¢4=0.604c5=23.1
e14-72e2-0.33e3=8.00e44.31e5=46.5Q

betal =c3a**c1*naequ**c2*blaine**c3*exp(pFA*FASIOZ4+c5);
taul =c3a**el*c2s**e2*blaine**e3*exp(pFA*FACaO*e4£8;
amax14.03*wcm/(0.194+wcm);

model alpha =exp(-((taul/time)**betal))*(amax1l+fE#);

output out=good p=predict r=resid stdr=eresid;

proc gplot; plot alpha*predict resid*predict residisha; run;

b. Analysis Results

NLIN Procedure Iterative Phase

Iter fl cl c2 c3 c4 c5

0 0.500 1.190 0.505 4.790 -0.6023.100
1 0.4010 0.6831 0.07114427 -1.3744 -12.3040
2 0.4265 0.7059 0.08917125 -1.3692 -13.8205

3 0.4267 0.6678 0.0817 2.5330 -1.3682.8668
4 0.4276 0.6713 0.0911 2.5534 -1.36¥3.9839
5 0.4275 0.6693 0.0810 2.5447 -1.3664.9320
6 0.4275 0.6697 0.0809 2.5460 -1.3663.9444
7 0.4275 0.6695 0.0810 2.545B3667 -12.9421

Iter el e2 e3 e4 e5

0 -1.720 0.330 -8.000 4.3100 46.5000
1 -1.4466 0.6141 -7.3451 5.7841 43.7200
2 -1.4149 0.5577 -7.2972 6.0582 43.4071
3 -1.4201 0.5566 -7.3158 6.1103 43.5016
4 -1.4209 0.5564 -7.3191 6.1195 43.5186
5 -1.4211 0.5564 -7.3193 6.1209 43.5194
6 -1.4211 0.5564 -7.3194 6.1212 43.5201
7 -1.4211 0.5564 -7.3194 6.1213 43.5201

Iter Sum of Squares

0 1.4065

1 0.9107

2 0.9007

3 0.9003

4 0.9003

5 0.9003

6 0.9003

7 0.9003 NOTE: Convergence criterion met.
Estimation Summary

R 8.604E-6
PPC(c2) 0.000085
RPC(c2) 0.000181

Object 1.191E-9
Objective 0.900327

Observations Read 321
Observations Used 321

277



Observations Missing 0

Sum of Mean Approx

Source DF Square Square F Value Pr>F
Model 11 101.1 9.1922 3165.06 <.0001
Error 310 .9003 0.00290

Uncorrected Total 321 102.0

Approx 95%

Parameter Estimate Std Error Approximate Confidence Limits

fl 0.4275 0.0203 0.3876 0.4675

cl 0.6695 0.4985 -0.3114 1.6505

c2 0.0810 0.848 -0.6055 0.7675

c3 2.5456 0.395 0.9806 4.1105

c4 -1.3667 0.807 -1.9724 -0.7610

c5 -12.9421 4.824 -21.8441 -4.0400

el -1.4211 0487 -1.7897 -1.0525

e2 0.5564 0.211 0.1412 0.9717

e3 -7.3194 0.678 -8.6543 -5.9845

e4 6.1213 0.415 5.3033 6.9393

eb 43.5201 3390 35.8655 51.1746
Approximate Correlation Matrix

fl cl c2 c3 c4 c5
fl 1.0000000 -0.0051867 -0.00437010.0223570 -0.3648591 0.0198678
cl -0.0051867 1.0000000 -0.92546050.3312047 -0.0715470  -0.4449762
c2 -0.0043701 -0.9254605 1.00000000.0822852  -0.0249781 0.2343499
c3  -0.0223570 0.3312047  -0.08228521.0000000 -0.3123541  -0.9854486
c4 -0.3648591 -0.0715470 -0.02497810.3123541 1.0000000 0.2886547
c5 0.0198678  -0.4449762 0.23434990.9854486 0.2886547 1.0000000
el -0.0261261 0.0409441 0.039689(0.1308485  -0.0270170 -0.1102611
e2 0.0347034 0.0483709  -0.05604960.0091034 0.0253532  -0.0001285
e3 -0.0014404 0.0346074 0.0230575.2328682  -0.0288019 -0.2245138
e4 0.2175530  -0.0176976 0.00648370.0405416  -0.0268276 0.0394675
e5 0.0034101  -0.0259972  -0.02538890.2267540 0.0285916 0.2194395
el e2 e3 e4 e5

fl -0.0261261 0.0347034  -0.00044  0.2175530 0.0034101
cl 0.0409441 0.0483709 0.03460740.0176976  -0.0259972
c2 0.0396890  -0.0560490 0.02305750.0064837  -0.0253889
c3 0.1308485  -0.0091034 0.23286820.0405416  -0.2267540
c4  -0.0270170 0.0253532  -0.02880190.0268276 0.0285916
c5 -0.1102611 -0.0001285 -0.22451380.0394675 0.2194395
el 1.0000000 -0.6647036 0.71449020.0580861  -0.6976842
e2 -0.6647036 1.0000000 -0.40876850.0909391 0.4550650
e3 0.7144902  -0.4087685 1.00000060.1399219  -0.9966252
e4  -0.0580861 -0.0909391 -0.13992191.0000000 0.1233304
e5 -0.6976842 0.4550650  -0.99662520.1233304 1.0000000
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4. Residual Plots for Explanatory Variables
The following figures present residual plots fdreadplanatory variables used in the

final HVFA concrete degree of hydration model assented in Chapter 5.
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Figure E.6: Plot of residuals against fly ash CaO content
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Appendix F

Sample Results from ConcreteWorks Analysis

Appendix F contains sample results that were géeei@during the
ConcreteWorks analysis detailed in Chapter 6. $ampplace concrete temperature
profile data are presented for selected mixturesnaglaced in the 6 ft x 6 ft column

elements at 40 °F, 70 °F, and 95°F.
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Table F.1: Sample in-place temperature profiles for CTRL44-L

40 °F 70 °F 95 °F
Time
(hour) Edge | Center | Edge | Center | Edge | Center
CC) | CC) | (C) | (°C) | (°C) | (°C)
0.083 5 4.89 22.05 21.89 35.3 35.2p
4 6.6 4.9 26.59 24.68 49.31 51.1%
8 7.11 6.44 34.25 42.37 56.16 74.7p
12 9.67 12.03 37.15 58.54 53.19 80.59
16 12.57 21.04 36.7 65.3 48.24 82.0p
20 16.01 311 38.54 67.44 50.05 82.04
24 18.4 38.95 37.58 67.5 49.89 81.0p
28 19.62 43.34 37.18 66.47 50.14 79.29
32 18.34 45.19 34.62 64.84 48.3p 77.16
36 17.13 45.54 32.36 62.93 45 74.8f
40 16.27 44.99 30.72 60.87 41.6f 72.97
44 16.67 43.84 33.08 58.7 44.45 70.29
48 17.12 42.29 32,51 56.45 44.98 68
52 17.02 40.49 325 54.2 45.8 65.1
56 15.17 38.63 30.26 52.04 44.61 63.48
60 13.63 36.8 28.22 50.06 41.7 61.4%
64 12.47 35.03 26.57 48.22 38.4p 59.61
68 12.88 33.28 28.69 46.46 41.4p 57.93
72 12.4 31.53 28.29 44.73 42 56.31L
76 12.25 20.81 28.37 43.05 43.21 54.71
80 11.03 28.16 26.36 41.49 42 .4 53.2
84 9.72 26.64 24.53 40.08 39.63 51.85
88 7.9 25.21 23.41 38.79 36.57 50.6P
92 7.39 23.83 26.08 37.56 39.93 49.65
96 7.71 22.46 26.18 36.34 40.58 48.6¢
100 9.73 21.44 27.08 35.44 41.47 47.97
104 10.87 20.55 27.65 34.64 41.93 47.»
108 11.38 19.71 27.82 33.99 41.85 46.98
112 11.62 18.92 27.85 33.36 41.5f 46.41
116 11.77 18.21 28.16 32.82 41.7p 45.92
120 12.15 17.59 28.52 32.34 42.47 45.d9
124 12.33 17.04 28.53 31.93 42.41 44.72
128 12.34 16.56 28.38 31.57 42.4 44.39
132 12.27 16.14 28.11 31.26 42.08 44.11
136 12.18 15.78 27.86 30.99 41.6P 43.46
140 12.11 15.47 28 30.76 41.76 43.6p
144 12.34 15.2 28.24 30.55 42.48 43.48
148 12.38 14.96 28.15 30.36 42.33 43.41
152 12.27 14.75 27.95 30.18 42.2p 43.17
156 12.15 14.55 27.67 30.02 41.94 43.44
160 12.03 14.38 27.42 29.87 41.48 42.92
164 11.92 14.23 27.54 29.73 41.5p 42.42
168 12.07 14.09 27.81 29.6 4221 42.73
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Table F.2 Sample in-place temperature profiles for LA-35F%-

40 °F 70 °F 95 °F
Time
(hour) Edge | Center | Edge | Center | Edge | Center
CC) | CC) | (C) | (°C) | (°C) | (°C)
0.083 5 4.89 22.06 21.89 35.31 35.2p
4 7.17 5.5 28.16 27.28 47.24 49.0p
8 9.21 10.11 32.4 40.5 51.53 64.56
12 11.38 17.03 33.35 50.39 49.74 71.38
16 12.82 24.05 33.13 56.05 45.8p 74.36
20 14.74 29.78 35.82 58.83 48.38 75.42
24 16.1 33.72 355 59.76 48.56 75.2p
28 16.92 36 35.51 59.57 49.13 74.2)
32 15.66 37.1 33.23 58.72 47.56 72.79
36 14.67 37.42 31.19 57.53 44.28 71.08
40 14.07 37.17 29.72 56.14 40.96 69.3
44 14.79 36.47 3231 54.57 43.95 67.48
48 15.49 35.44 31.87 52.86 44.47 65.99
52 15.6 34.2 31.96 51.08 45.4% 63.60
56 13.95 32.9 29.76 49.35 44.28 61.7p
60 12.56 31.64 27.78 47.74 41.3) 59.95
64 11.54 30.4 26.18 46.23 38.1 58.3p
68 12.08 29.14 28.41 44.77 41.28 56.47
72 11.69 27.84 28.04 43.29 41.88 55.43
76 11.62 26.52 28.16 41.83 43.08 53.98
80 10.46 25.26 26.15 40.45 42.29 52.99
84 9.21 24.07 24.33 39.22 39.49 51.36
88 7.45 22.95 23.24 38.08 36.42 50.9
92 7.01 21.85 26 36.97 39.9 49.35
96 7.38 20.72 26.11 35.86 40.49 48.41
100 9.27 19.87 27.01 35.03 41.4p 47.69
104 10.35 19.11 27.59 34.33 41.95 47.de
108 10.84 18.39 27.78 33.69 41.88 46.47
112 11.08 17.72 27.82 33.17 41.4 45.94
116 11.25 17.12 28.15 32.63 41.8p 45.48
120 11.65 16.59 28.54 32.2 42.56 45.08
124 11.86 16.14 28.57 31.83 42.51 4414
128 11.9 15.74 28.44 31.51 42.5p 44.44
132 11.85 15.4 28.18 31.24 42.2 44.18
136 11.78 15.11 27.95 31 41.75 43.9p
140 11.75 14.87 28.11 30.8 41.91 43.77
144 12.01 14.65 28.38 30.62 42.61 43.41
148 12.07 14.47 28.31 30.46 42.5p 43.47
152 11.99 14.3 28.12 30.31 42.5 43.3¢%
156 11.89 14.15 27.85 30.18 42.15 43.43
160 11.79 14.03 27.6 30.05 41.68 43.13
164 11.71 13.92 27.74 29.94 41.81 43.45
168 11.89 13.81 28.04 29.83 42.5p 42.97
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Table F.3 Sample in-place temperature profiles for LA-50F%-

40 °F 70 °F 95 °F
Time
(hour) Edge | Center | Edge | Center | Edge | Center
CC) | CC) | (C) | (°C) | (°C) | (°C)
0.083 5 4.89 22.06 21.89 35.31 35.2p
4 7.49 5.89 28.59 28.15 47.12 49.31
8 9.35 10.61 31.63 39.58 50.14 62.]
12 10.96 16.62 32.01 47.68 48.18 67.97
16 11.93 22.34 31.68 52.47 44.41 70.71
20 13.64 26.91 34.53 54.92 47.2p 71.76
24 14.87 30.05 34.34 55.8 47.5 71.67
28 15.69 31.91 34.47 55.66 48.2p 70.79
32 14.48 32.86 32.27 54.96 46.76 69.45
36 13.57 33.19 30.31 53.96 43.45 67.91
40 13.04 33.06 28.92 52.77 40.2p 66.32
44 13.91 32.54 31.64 51.42 43.34 64.69
48 14.67 31.72 31.26 49.91 43.87 62.98
52 14.86 30.71 31.41 48.33 44.88 61.2
56 13.29 29.64 29.23 46.8 43.79 59.46
60 11.96 28.62 27.29 45.39 40.88 57.95
64 10.99 27.61 25.73 44.07 37.6p 56.41
68 11.62 26.57 28.03 42.78 40.9p 55.08
72 11.24 25.48 27.68 41.46 41.4p 53.77
76 11.2 24.35 27.82 40.13 42.74 52.44
80 10.08 23.26 25.83 38.89 41.97 5197
84 8.86 22.25 24.02 37.78 39.18 50.04
88 7.13 21.28 22.95 36.77 36.11 49.00
92 6.73 20.32 25.78 35.77 39.68 48.24
96 7.12 19.32 25.89 34.74 40.26 47.38
100 8.88 18.54 26.69 33.98 41.15 46.72
104 9.88 17.86 27.22 33.33 41.59 46.14
108 10.34 17.21 27.38 32.75 41.4p 45.6
112 10.55 16.6 27.41 32.23 41.2 45.11
116 10.71 16.07 27.75 31.79 41.4p 44.y
120 11.12 15.6 28.13 31.41 4217 44.34
124 11.33 15.2 28.17 31.09 42.1p 44.03
128 11.37 14.85 28.04 30.81 42.13 43.97
132 11.33 14.56 27.79 30.57 41.8p 43.44
136 11.27 14.31 27.56 30.37 41.3f7 43.95
140 11.25 14.1 27.73 30.2 41.54 43.19
144 11.52 13.92 28.01 30.05 42.2p 43.de
148 11.59 13.77 27.94 29.91 4217 42.94
152 11.52 13.63 27.76 29.78 42.15 42.43
156 11.43 13.51 275 29.67 41.8p 42.74
160 11.34 13.41 27.26 29.56 41.35 42.d6
164 11.27 13.32 27.41 29.47 41.4p 42.99
168 11.47 13.24 27.71 29.38 42.21 42.93
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Table F.4 Sample in-place temperature profiles for LA-35E4%0

40 °F 70 °F 95 °F
Time
(hour) Edge | Center | Edge | Center | Edge | Center
CC) | CC) | (C) | (°C) | (°C) | (°C)
0.083 5 4.89 22.06 21.89 35.3 35.2p
4 6.6 4.9 25.09 23.01 43.57 42.7%
8 6.39 5.57 29.2 32.22 53.23 65.38
12 7.49 8.25 33.14 46.59 54.1% 79.6P
16 9.11 12.96 35.48 59.36 50.46 85.5p
20 12.1 19.24 39.3 66.92 52.58 87.5p
24 14.93 26.28 39.29 70.28 52.48 87.75
28 17.2 33 39.3 71.21 52.5¢ 86.79
32 17.12 385 36.87 70.8 50.63 84.9f
36 16.93 42.42 34.62 69.67 47.2 82.85
40 16.84 44.79 32.91 68.08 43.77 80.596
44 17.73 45.83 35.14 66.16 46.3) 78.47
48 18.5 45.86 34.42 64 46.81 75.6p
52 18.6 45.18 34.31 61.7 47.58 73.1p
56 16.8 44.09 32.01 59.4 46.25 70.6p
60 15.28 42.79 29.86 57.2 43.3 68.2P
64 14.11 41.35 28.1 55.09 39.91 66.183
68 14.48 39.77 30.13 53.05 42.8p 64.12
72 13.96 38.06 29.64 51.02 43.3b 62.17
76 13.79 36.28 29.67 49.03 44.5p 60.25
80 12.5 34.52 27.59 47.15 43.59 58.483
84 11.11 32.81 25.69 45.42 40.74 56.77
88 9.18 31.18 24.49 43.83 37.61 55.3p
92 8.62 29.56 27.1 42.3 40.91 54
96 8.87 27.95 27.14 40.8 41.51 52.7B
100 11.68 26.74 28.58 39.69 42.88 5177
104 13.26 25.67 29.46 38.76 43.6 50.95
108 14.04 24.65 29.79 37.89 43.64 50.17
112 14.45 23.69 29.92 37.11 43.44 49.45
116 14.73 22.84 30.3 36.42 43.68 48.82
120 15.21 22.08 30.72 35.82 44.44 48.47
124 15.47 21.43 30.76 35.29 44.4 47.79
128 15.55 20.86 30.64 34.84 44.4 47.37
132 15.53 20.38 30.39 34.44 44.0p 47.41
136 15.48 19.97 30.15 34.11 43.63 46.49
140 15.45 19.63 30.3 33.81 43.77 46.42
144 15.71 19.33 30.55 33.56 44.45 46.19
148 15.78 19.07 30.47 33.33 44.35 45.98
152 15.7 18.84 30.27 33.11 44.31 45.79
156 15.59 18.65 29.99 32.92 43.9p 45.42
160 15.49 18.47 29.73 32.75 43.47 45.47
164 15.4 18.32 29.85 32.59 43.58 45.34
168 15.56 18.19 30.12 32.44 44.2p 45.43
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Table F.5 Sample in-place temperature profiles for LA-50E4%0

40 °F 70 °F 95 °F
Time
(hour) Edge | Center | Edge | Center | Edge | Center
CC) | CC) | (C) | (°C) | (°C) | (°C)
0.083 5 4.89 22.06 21.89 35.31 35.2p
4 6.61 4.9 24.83 22.75 41.71 40.34
8 6.39 5.6 27.81 29.88 50.27 58.34
12 7.35 8.1 31.13 41.52 52.58 74.3p
16 8.74 12.3 337 53.62 50.32 83.3B
20 11.5 17.76 38.31 62.76 53.12 87.6/L
24 14.15 23.85 39.05 68.13 53.483 89.¢7
28 16.34 29.88 39.57 70.65 53.4 88.97
32 16.32 35.24 37.45 71.4 51.71 87.66
36 16.29 39.56 35.38 71.1 48.32 85.89
40 16.41 42.64 33.77 70.11 44.8p 83.43
44 17.52 44.47 36.02 68.61 47.4p 81.57
48 18.49 45.23 35.29 66.73 47.9 79.15
52 18.74 45.18 35.17 64.6 48.57 76.4
56 17.07 44.61 32.88 62.4 47.17 74.06
60 15.63 43.73 30.7 60.24 44.29 71.6p
64 14.52 42.62 28.9 58.13 40.78 69.36
68 14.94 41.29 30.89 56.04 43.61 67.24
72 14.44 39.76 30.35 53.94 44.1p 65.16
76 14.29 38.11 30.36 51.86 45.28 63.11
80 13 36.42 28.27 49.87 44.28 61.1p
84 11.61 34.77 26.34 48.03 41.4 59.36
88 9.66 33.15 25.1 46.32 38.24 57.7B
92 9.1 31.53 27.67 44.68 41.5 56.3B
96 9.33 29.89 27.68 43.05 42.09 54.94
100 12.48 28.64 29.43 41.86 43.73 53.49
104 14.26 27.54 30.49 40.84 44.5p 52.98
108 15.15 26.48 30.92 39.9 44.7p 52.13
112 15.65 25.49 31.12 39.05 44.57 51.44
116 16 24.61 31.55 38.3 44.85 50.6p
120 16.53 23.84 32 37.65 45.64 50.0p
124 16.84 23.18 32.08 37.09 45.6P 49.92
128 16.97 22.62 31.98 36.6 4564  49.06
132 16.99 22.14 31.75 36.19 45.34 48.47
136 16.98 21.75 31.52 35.83 44.80 48.43
140 16.98 21.42 31.69 35.53 45.08 48.44
144 17.27 21.14 31.96 35.26 45.73 47.19
148 17.37 20.9 31.88 35.03 45.68 47.56
152 17.31 20.7 31.69 34.81 45.50 47.37
156 17.23 20.52 31.42 34.62 45.24 47.19
160 17.15 20.37 31.16 34.45 44.7p 47.43
164 17.08 20.25 31.29 34.29 44.87 46.9
168 17.26 20.13 31.57 34.14 45.55 46.18
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