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PREFACE

This is the second in a series of reports summarizing the durability and perfor-
mance of concrete containing fly ash. The first report addressed the sulfate resistance of
concrete containing fly ash. This report summarizes the effect of the partial replacement
of cement with fly ash on the temperature rise in concrete. Other reports in this series
will address the topics of sealing resistance, abrasion resistance, freeze-thaw durability,
creep and shrinkage at early ages, and fly ash characterization.

This is part of Research Project 3-5/9-87-481, entitled ” Durability and Perfor-
mance of Concrete Containing Fly Ash”. The study described in this report was jointly
conducted by the Center for Transportation Research, Bureau of Engineering Research
and the Phil M. Ferguson Structural Engineering Laboratory at the University of Texas
at Austin. The work was co- sponsored by the Texas State Department of Highways
and Public Transportation and The Federal Highway Administration.

The overall study was directed and supervised by Dr. Ramon L. Carrasquillo.
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SUMMARY

One of the most serious problems facing the concrete industry in Texas is the
effect of high temperatures in concrete on concrete performance. Hot weather and the
hydration of cement produce high temperature conditions. One of the major problems
associated with high temperatures in concrete is the potential for thermal cracking.

The temperature rise in concrete in the field can be lowered through the use
of mineral admixtures such as fly ash. This report is the first in a comprehensive study
which addresses the effect of fly ash on the temperature rise in concrete and the thermal
gradient in concrete resulting from the hydration of cement.

This report presents the results from a research program in which the tem-
perature rise in mortar samples and the thermal gradient in concrete are examined. In
the tests conducted to monitor the temperature rise in mortar, TSDHPT Type A and
Type B fly ashes were used as a partial replacement of Type I, Type I- II, and Type III
cements. The percent replacements of cement by fly ash were 0, 20, 27.5, and 35 per-
cent by volume. Other tests were conducted to monitor the thermal gradient along the
vertical cross section of concrete members having various dimensions, curing conditions,
and mix proportions.

The results of this study show that the replacerhent of cement with Type A
fly ash results in a reduction in the temperature rise in concréte, whereas replacement of
cement with Type B fly ash has no significant effect on the temperature rise in concrete.
The results also show that the thermal gradient is not linear through the depth of a
concrete member from mid-depth to the exposed conrete surface. Most of the temper-
ature drop within a concrete member occurs near the exposed concrete surface. The
project engineer is provided with guidelines to produce more durable concrete structures
by reducing the internal concrete temperature, thus reducing the potential for thermal
cracking.



IMPLEMENTATION

The information in this report constitutes the first step in the development of
the information needed to aid resident engineers in the proper selection and use of fly
ash to reduce the temperature rise in concrete due to hydration.

The results from this study provide recommendations in the selection of fly
ash as a partial replacement for cement to reduce the potential for thermal cracking in
concrete.
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CHAPTER 1
INTRODUCTION

1.1 General

The use of pozzolans in the production of mortar is not a new concept in
construction. Over 2000 years ago, the Romans discovered that certain volcanic ashes
were capable of combining with lime mortar to form a hydraulic cement. The use
of pozzolans, particularly fly ash, gained renewed interest in the 1930’s after the first
comprehensive study of the use of fly ash in concrete by Davis et. al. (1]

The use of fly ash in the construction of Hungry Horse Dam (completed in
1952) is generally considered as the first major use of fly ash in concrete. (2,3] The use
of fly ash in concrete has continuously increased since the success of the Hungry Horse
Dam mainly because the partial substitution of cement with fly ash in concrete has been
found to improve the ultimate strength, workability, and durability of concrete.

The use of fly ash in concrete also can result in lower internal concrete tem-
peratures and cost savings. Other benefits include environmental considerations since
the use of fly ash in concrete represents a cost effective alternative to the disposal of a
waste by-product. Today, fly ash is considered a basic and essential component in the
production of high strength concrete and mass concrete.

1.2 Problem Statement

One of the greatest problems affecting the concrete industry in Texas is the
performance of concrete exposed to high temperatures due to atmospheric conditions.
This is referred to as hot weather concreting. The major problems resulting from hot
weather concreting in fresh concrete are: increased water demand, accelerated slump loss,
decreased setting time, and increased tendency for plastic shrinkage cracking. Figure 1.1
shows that the concrete temperature is the greatest single factor affecting the evaporation
rate of concrete bleed water. When the rate of evaporation exceeds the rate of bleeding
of the fresh concrete, the result is plastic shrinkage cracking. In hardened concrete
problems may be decreased strength, reduced durability, increased permeability, and
increased tendency for drying shrinkage and differential thermal cracking.

Concrete temperature can be lowered by two methods: 1) precooling of mixture
components and mixing equipment or 2) minimizing the temperature rise in the concrete
during early ages. Precooling measures include the use of crushed ice in place of mixing
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3

water and cooling of the aggregates. Methods of minimizing the concrete temperature
rise include artificial cooling such as chilled pipes, reducing the cement content, changing
the cement type, and using mineral admixtures such as fly ash. Fly ash has been used in
the concrete in dams for many years because of its lower heat of hydration. It is estimated
that the amount of heat produced by fly ash is one-half that produced by an equivalent
amount of cement. [! That estimate is dependent on the particular fly ash used. Most
of the fly ash used in dam construction classifies as Texas State Department of Highways
and Public Transportation (TSDHPT) Type A (ASTM Class F) while much of the fly
ash produced in Texas is TSDHPT Type B (ASTM Class C). Currently, there is no data
available on the effect of Texas fly ashes on the temperature rise in concrete. Before fly
ash is used in concrete for controlling the temperature rise, the effect of variables such
as type of cement, mix proportions, physical and chemical properties of the fly ash, and
the ambient temperature must be studied and fully understood.

1.3 Definition of Fly Ash

Fly ash is a by-product from the burning of pulverized coal in the genera-
tion of electricity. Fly ash refers to the fine particles that rise with the flue gases and
are collected in the stack by particulate collectors such as electrostatic precipitators,
mechanical collectors, or fabric filters rather than being discharged as an atmospheric
pollutant.

Fly ashes exhibit pozzolanic activity. A pozzolan is defined as ”a siliceous
or siliceous and aluminous material which in itself possesses little or no cementitious
value but which will, in finely divided form and in the presence of moisture react with
calcium hydroxide at ordinary temperature to form compounds possessing cementitious
properties”. 8] Pozzolans react chemically with the alkalies in the Portland cement as
well as with the calcium hydroxide or hydrated lime liberated during the hydration of
portland cement to form stable strength producing compounds. [l The cementitious
compounds resulting from the reaction of the fly ash with calcium are calcium silicate
hydrates which are very similar to those resulting from the hydration of Portland cement.

14 Coal

Coal is formed by the decomposition of plant matter, without free access to air,
under the influence of moisture, pressure, and temperature. Coal is primarily composed
of oxygen, hydrogen, and carbon. The chemical composition of the coal changes with
time as lower oxygen and hydrogen contents and higher carbon contents are associated
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with the coal age. 1] The higher carbon content coals yield more BTU’s per unit weight
of coal, therefore the older more efficient coals of the eastern United States have been
a more popular energy source. Coals are ranked by degree of coalification (calorific
value). From low to high, the ranking is peat, brown coal and lignite, subbituminous,
bituminous (soft coal), anthracite (hard coal), and graphite. Lignite and brown coal
are the lowest ranking fuels commonly referred to as coal. The degree of coalification
is also apparent from the appearance of the coal as lignite is a brownish coal in which
metamorphosed wood may be noticeable whereas anthracite is black with a semimetallic
shine. Despite their lower calorific values, the use of lignite and subbituminous coals has
increased with the increased efficiency of production of electricity from the burning of
coal, and the need for additional domestic energy supplies.

1.5 Fly Ash Classification

The ash resulting from the combustion of coal mainly consists of oxides of
silicon, aluminum, iron and calcium. ASTM C618 groups fly ashes as Class F and Class
C, primarily based on the sum of the percentages of silicon, aluminum, and iron oxides.
[7l The sum of silicon dioxide plus aluminum oxide plus iron oxide must be greater than
70 percent for a Class F fly ash and greater than 50 percent for a Class C fly ash as
shown in Table 1.1. A Class F fly ash could also be classified as a Class C fly ash if the
maximum water requirement for a Class C fly ash is met by a Class F fly ash. Class
F ashes are normally produced from burning anthracite or bituminous coals (generally
eastern coals) and have pozzolanic properties. Class C ashes are normally produced from
lignite or subbituminous coals (western coals) and have both cementitious properties and
pozzolanic properties. The cementitious properties of the Class C ashes are primarily
due to the higher calcium oxide (lime) content which reacts to form calcium silicate
hydrates. ASTM C618 indirectly recognizes the cementitious properties of Class C ashes
by lowering the minimum amount of silicon, aluminum, and iron oxides which allows for
a greater percentage of calcium oxide.

The Texas State Department of Highways and Public Transportation (TS-
DHPT) classifies fly ashes as Type A or Type B. It can be seen from Table 1.1 that the
requirements for a Type A fly ash correspond to those of an ASTM Class F fly ash, and
the requirements for a Type B fly ash correspond to those of a Class C fly ash. Slight
differences do, however, exist between the ASTM fly ash classification and the TSDHPT
fly ash types. The TSDHPT standards provide a more consistent fly ash composition
by having lower allowable limits on moisture content, loss on ignition, and percentage



Table 1.1 Fly Ash Chemical Composition Requirements According to
Different Specifications
]

Fly Ash Chemical Composition Requirements

ASTM Texas DSHPT
618-84 D~-9-8900
Class C Class F Type A Type B

Si + Al + Fe

minimm % 50 70 65 50
Ca oxide

maximm % - - * *
Mg oxide

maximm % - - 5.0 5.0
Sulfate

maximm % 5.0 5.0 5.0 5.0

Available Alkalies
as Na oxide

maximm % 1.5 1.5 1.5 1.5
Ioss on Ignition

maximum % 6.0 6.0 3.0 3.0
Moisture

maximm % 3.0 3.0 2.0 2.0
Fineness #325

maximm retained 34 34 30 30
Pozzolanic Activity 75 75 75 75
Shrinkage

maximm % .03 .03 : .03 .03

* 4% maximum variation from previous ten samples
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retained on the #325 sieve. Further, if the sum of the Si, Al, and Fe oxides in fly ash is
greater than 65 percent that fly ash is designated as a Type A fly ash as per TSDHPT
specifications compared to 75 percent for a Class F fly ash as per ASTM C618. The
TSDHPT designations will be used in this report.

1.6 Research Objectives

This report is the first in a comprehensive study on the effect of fly ash pro-
duced in Texas as a Portland cement replacement in reducing the temperature of con-
crete. The evaluation of fly ash as a partial cement replacement is to be made on the
basis of tests conducted to determine the internal temperature rise, strength, and flow
of fly ash and cement mortar samples. Guidelines have been developed in this study for
the proper selection and use of fly ash in controlling the temperature of fresh concrete
to ensure better and more durable concrete.

In this study, the nature of the thermal gradient along a vertical cross section
of a concrete member is examined. Knowledge of the shape of the thermal gradient
is beneficial in reducing the potential for thermal cracking of concrete. In this study,
research on the thermal gradient in concrete is limited to the gradient produced by the
hydration of cement.

1.7 Report Format

This report consists of eight chapters. The second chapter provides a brief
overview of the chemistry of the hydration of cement and fly ash. A review of the pub-
lished literature on the temperature rise in concrete, strength of concrete containing fly
ash, and the workability of concrete containing fly ash is presented in Chapter 3. Chapter
4 outlines the experimental program followed. Chapters 5, 6, and 7 contain a presenta-
tion and discussion of the test results. Summary, conclusions, and recommendations for
further research are given in Chapter 8.



CHAPTER 2
CHEMISTRY OF THE HYDRATION OF PORTLAND CEMENT
AND FLY ASH

2.1 General

The compounds of Portland cement and fly ash are anhydrous products from
high temperature reactions. When cement or fly ash compounds are hydrated they form
lower-energy compounds which are accompanied by the evolution of heat; therefore the
hydration of cement and fly ash is exothermic.

Because cement is a mixture of several anhydrous compounds, the hydration
of cement involves the reaction of different compounds at different times and at different
rates. The different reactions however do not occur independently of each other. In this
section, a brief overview is presented of the reactions associated with the four major
compounds found in Portland cement and the reaction of cement with fly ash. The
chemical symbols used are those particular to cement chemistry and are defined as

follows:

OXIDE CEMENT NOTATION COMMON NAME
CaO C Lime (Calcium)

SiO, S Silica

Al O4 A Alumina

Fe,O5 F Ferric Oxide

SOg S Sulfur Trioxide

H,O H Water

Four major components of cement are tricalcium silicate, dicalcium silicate, tri-
calcium aluminate, and tetracalcium aluminoferrite which are symbolically represented
as CsS, C, 8, CsA, and C,AF respectively.

2.2 Hydration of Silicates

The hydration of C; can be viewed as a five stage process which proceeds as
a rapid reaction upon contact with water, a dormant period, an acceleration period, a
deceleration period, and a steady state. Those five stages are shown in Figure 2.1.

Briefly after Portland cement is mixed with water, the water becomes super-
saturated with calcium hydroxides as CsS dissolves into hydrated calcium silicate and

7
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calcium and hydroxide ions. This period of rapid heat evolution (stage 1) lasts approxi-
mately 15 minutes until the pH rise caused by the production of calcium and hydroxide
ions slows the reaction of C;S into what is called the dormant period (stage 2). The
dormant period lasts 2 to 4 hours. After the dormant period, hydration resumes due
to the elimination of insoluble hydrated silicates and excess lime in solution to bring
the concentration of hydroxide in the water to its normal level of saturation. With the
lower pH, the hydration of CsS is again accelerated (stage 3) and C-S-H (calcium sili-
cate hydrate) molecules form at the surface of the C3S molecules. C-S-H molecules are
the primary strength producing compounds in hardened cement paste. As hydration
continues, the hydration products slow the migration of water to the unhydrated CsS
grains and the rate of reaction again slows down (stage 4). Hydration continues at an

increasingly slower rate as the diffusion controlled reactions face more diffusion barriers.
(8,9]

The controlling mechanisms can be thought of as through - solution hydration
and solid state hydration. In through - solution hydration, anhydrous compounds are
dissolved into ionic compounds and reorganized in solution (stages 1, 2, and 3). Solid
state hydration takes place at the surface of cement particles without going into solution
(stages 4 and 5). [10]

The hydration of C,S is similar to CsS but occurs at a slower rate and produces
less calcium hydroxide. The reactions of C3S and C,S are symbolically described as
follows:

2c6S + 6H — C-S-H + 3CH (Eg21)

TRICALCIUM WATER CALCIUM CALCIUM
SILICATE SILICATE HYDROXIDE
HYDRATE
2C,S + 4H — C-S—H + CH (Eq.22)
DICALCIUM WATER CALCIUM CALCIUM
SILICATE SILICATE HYDROXIDE

HYDRATE
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The reaction product calcium silicate hydrate is listed as C-S-H because it is
not formed in constant stoichiometric proportions.

2.3 Hydration of Aluminates and Ferrites

The reaction of C3A with water occurs immediately. To prevent flash set of
the concrete, gypsum is added to control the reaction of C3A with water. The resulting
products from the hydration of tricalcium aluminate are dependent on the concentration
of sulfate and aluminate in the solution phase. The high-sulfate product is calcium
aluminate trisulfate hydrate which is commonly referred to as ettringite and the low-
sulfate product is calcium aluminate monosulfate hydrate which is commonly referred
to as monosulfoaluminate hydrate or monosulfate. Ettringite is generally the first to
crystallize because of the high sulfate to aluminate ratio in the first hour of hydration.
(10] When, or if, the sulfate supplied by gypsum is depleted, the rate of reaction of CsA
increases and the aluminate concentration increases. The ettringite becomes unstable
and is converted to monosulfate. The hydration of tricalcium aluminate is shown in
Figure 2.2.

The reaction of C4AF is similar to C3 A, but is generally a little slower. Iron
oxide apparently plays the same role as alumina during hydration (F can substitute
for A in the hydration products). [8] The reactions of C3A and C,AF are summarized
symbolically below.

In the presence of a high sulfate concentration ettringite is formed. This is the
most common initial reaction of C3A during the hydration of ordinary Portland cement.

TRICALCIUM GYPSUM WATER ETTRINGITE
ALUMINATE

Ettringite is a stable compound only if the sulfate concentration is high. The
formation of monosulfate occurs when there is an insufficient supply of sulfate ions to
form ettringite from the aluminate ions.
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203A + Cs.ASaHsz + 41H — 3C4ASH12 (Eq. 2.4)

TRICALCIUM ETTRINGITE WATER MONOSULFATE
ALUMINATE

If a low content of gypsum is in the cement resulting in an insufficient sulfate
content, monosulfate may be formed directly.

CsA + CSHz + 10H e C4ASH12 (Eq. 2.5)
TRICALCIUM GYPSUM WATER MONOSULFATE
ALUMINATE

In the absence of sufficient sulfate to form ettringite or monosulfate the fol-
lowing reactions occur:

C3A + CH + 18H — C4AH19 (Eq. 2.6)

TRICALCIUM CALCIUM WATER CALCIUM
ALUMINATE HYDROXIDE ALUMINATE
HYDRATE

C4AF + 2CH + 10H — CeAFH,, (Eq.2.7)

TETRACALCIUM CALCIUM WATER HYDROGARNET
ALUMINOFERRITE

The reactions represented by equations 2.6 and 2.7 consume calcium hydroxide
and thus compete directly with pozzolans for the lime released by the hydration of
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silicates. In addition, the reactions represented in equations 2.3 and 2.5 also consume
calcium and are affected by any process which lowers the calcium ion concentration. ¢l

The combined effect of the reactions of the components of Portland cement on
the rate of heat evolution during hydration is shown in Figure 2.3.

2.4 Effect of W/C Ratio on the Hydration of Cement

The water to cement ratio is believed to affect the hydration of cement by
aiding or hindering early hydration products. Figure 2.4 shows that as the W/C ratio
is progressively raised from 0.3 to 0.5, increased quantities of ettringite are formed from
5 minutes to 2 hours after contact with water. C-S-H is not detectable at such early
ages. The explanation for this increase in ettringite with the increase in water content is
that there is more aqueous medium available for both dissolving the calcium and sulfate
and for transporting them to the aluminate and ferrite surfaces where the formation of
ettringite occurs. [11]

2.5 Reaction of Cement and Fly Ash

The reaction products of a fly ash and cement mixture are essentially the same
as those produced from ordinary Portland cement; namely: C-S- H, calcium hydroxide,
calcium aluminate hydrate, ettringite, monosulfoaluminate hydrate, and hydrogarnet.
The most important reaction is between silica and calcium hydroxide (pozzolanic re-
action) which forms the strength producing calcium silicate hydrates. In addition, the
pozzolanic reaction can also produce aluminate hydrates.

It has been observed that lime can react with the iron oxide of the fly ash.
There generally is, however, little of the reactive glassy phase iron in fly ash. Thus the
reaction of iron and lime should produce little heat. (€]

The partial replacement of cement with fly ash has four main effects related
to concrete temperature rise:

1) The cementitious reaction of the calcium in fly ash produces heat at a rate
similar to the hydration of cement. Cementitious reactions are particularly
important in the generation of heat by high calcium Type B fly ashes.

2) The reduction in cementitious material lowers the amount of heat evolved at
early ages which in turn reduces the reaction rates. High calcium fly ash may
contribute significantly to the early heat production, however.
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3) The pozzolanic activity of the fly ash produces C-S-H and thus liberates heat.
The heat liberated by the pozzolanic reaction of fly ash occurs at a much later
time than the peak rate of heat generation of cement and thus the concrete
temperature is lowered in nonadiabatic conditions.

4) The rate of hydration of the cement is increased by the “finely divided powder
effect”.

2.6 Pozzolanic Reaction

The most important property of the pozzolanic reactivity of fly ashes affecting
the internal temperature rise in concrete at early ages is when the pozzolanic reaction
begins. Two ways to measure the degree of pozzolanic reaction are indirectly by com-
pressive tests and directly by observing the hydration products.

Research has shown that when Portland cement is replaced by Type A fly ash
on a one - to - one basis (by weight or volume), the resulting mortar and concrete does
not achieve the same strength as similar mixes without flyash at normal temperatures
in less than 6 months. (Figure 2.5) [12:13] High calcium Type B fly ashes can achieve an
equivalent strength at early ages. (3]

The slow rate of the pozzolanic reaction can also be seen by analyzing the
hydration products. The Cement and Concrete Association found that the amount
of portlandite [Ca(OH),] increased within a Portland cement and fly ash paste until
approximately 14 days. [13] Figure 2.6 shows that the rate of hydration of the cement is
greater than the pozzolanic reaction for the first 2 weeks. Thus it appears that the heat
production due to pozzolanic reactions will be minimal in the first 24 hours monitored
in this study.

2.7 Finely Divided Powder Effect

A finely divided powder, such as fly ash, has been found to act as an accelerator
at normal temperatures by increasing the rate of hydration. |14l That effect, known as
“the finely divided powder effect”, is believed to be the result of replacing cement with
fine particles that act as nucleation sites for C-S-H and other hydration products and
not as an indication that fly ash is more reactive than cement. (¢! This effect can also
be seen from the results of strength tests shown in Figure 2.7 in which concrete with
Type A fly ash had the same strength as concrete with quartz powder (an unreactive,
fine powder) up to an age of 7 days. [14]
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2.8 Effect of Particle Size on Hydration

In addition to the catalystic finely divided powder effect, the rate of most
reactions increase as the particle surface area to volume ratio increases. This is also the
case for the hydration of cement which occurs at the particle surfaces. Inspection of the
cement mill reports for the Type I and Type III cements used in this study show nearly
the same chemical compositions but the additional grinding of the Type III into a finer
powder causes a great increase in the rate of hydration.

It is generally believed that the reactivity of fly ash also increases with fine-
ness. Unfortunately, the effect of fly ash fineness is difficult to assess because of the
discrepancies between the different measures of fineness, and because the finer fly ashes
tend to have a high calcium content. Both calcium content and fineness increase the

reaction rate.

The Blaine Air Permeability Test determines the specific surface area based on
the flow of air through the particles in a porous bed. The specific surface area depends
mainly on the amounts of the finest particles.

The other measure of fineness is by particle size distribution. This generally
defines fineness as the percentage retained on the #325 sieve and does not give an
indication of the amounts of the finest particles. There appears to be substantial dis-
crepancies between measuring fineness by surface area and by particle size distribution.
This discrepancy appears to be truer for fly ashes than for Portland cement because of
the influence of carbon (loss on ignition) on the two test methods. ¢!

The chemical analysis of fly ashes shows a strong correlation between the per-
cent retained on the #325 sieve, and the two properties of specific gravity and CaO
content as shown in Figure 2.8. [6:15] It also has been shown that the SiO; and CaO
contents of fly ashes produced in Texas are essentially the only variable major con-
stituents in fly ash composition. ['®] The increase in CaO content is compensated for by
the SiO, component. This means that as fineness increases so does the CaO content;
both which increase the early age reactivity of the fly ash and make the effect of each on
the rate of hydration inseparable without altering the ash as produced. The correlations
between chemical composition are based on statistical analyses and may or may not
be related to the properties of fly ash. For example, the finer particles of the Type B
fly ashes may be the result of burning lignite and subbituminous coal in newer, more
efficient plants.
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CHAPTER 3
LITERATURE REVIEW

3.1 Introduction

The material in this chapter is presented to provide a background of other
work conducted in the areas pertaining to this study. Those areas are temperature rise
in concrete, strength of fly ash concrete, workability of fly ash concrete, and the effect
of chemical admixtures on the hydration of cement.

3.2 Temperature Rise in Concrete

The hydration of cement is an exothermic reaction. The heat liberated causes
an increase in the internal temperature of the concrete. The heat of hydration of cement
may be as high as 180 BTU’s per pound of cement (100 calories per gram) which could
cause a temperature rise of approximately 135°F (75°C) if no heat loss occurred. [12l
Fortunately, even mass concrete does not produce a truly adiabatic condition and a
temperature rise in the range of 55 - 90°F (30 - 50°C) is more likely to occur in service.

A high internal temperature in itself can be detrimental to concrete by reducing
the ultimate strength, and increasing the tendency for plastic and drying shrinkage.
Perhaps a greater problem associated with the concrete temperature rise is thermal
stresses which develop when the exposed exterior concrete surface eventually cools to
its environment. If restraint is present and the thermal gradient across the member is
great enough, cracks due to tensile stresses develop in the young, weak concrete. It is
important to emphasize that high temperatures by themselves do not cause concrete
to crack. Rather, cracks result when the relative strain changes due to a temperature

gradient produce stresses greater than the tensile strength of the concrete.

The cracks resulting from thermal stresses are important to the engineer be-
cause thermal cracks can decrease the structural integrity of the concrete and can cause
serviceability problems. Such serviceability problems are excessive deflections due to
a decreased section, and decreased durability resulting from the corrosion of reinforc-
ing steel, freeze-thaw damage, and increased sulfate attack resulting from the ease of

penetration of sulfates through the cracks.
A classical analysis of thermal stresses in plates is presented by Timoshenko.!1¢!

The thermal stresses (o) developed in a plate due to the restraint of curvature caused by

21
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a nonuniform temperature change through the depth of the member can be calculated
from the following equation:

oc=axExT/(1- u) (Eq. 3.1)

where: @ = coefficient of thermal expansion
= elastic modulus
© = Poisson’s ratio
T = a function of the nonuniform vertical temperature distribution (degrees)

A function of the temperature distribution , T, may be of the form of:

T=Tox(1-4y*/*) for a parabolic gradient (Eq. 3.2)

or

T=T,*(1-y/c) foralinear gradient (Eq. 3.3)

where: T, = difference between temperature at mid-depth and at the surface
c = 1/2 the plate thickness
y = distance from the point in question to mid-depth

If the plate is restrained externally, the stresses resulting from the uniform
temperature change over the depth of the plate are added to the stresses resulting from
the nonuniform temperature distribution calculated from Eq. 3.1.

Both of those gradients (T) assume the maximum temperature is at the surface.
The classical method for calculating thermal stresses in plates shows that the thermal
stresses developed are a function of the thermal gradient and not just of the difference

in temperature at mid-depth and at the surface unless a linear temperature gradient is
valid.

Experimentally, the stress-inducing thermal strains (¢) at mid-depth in con-
crete have been found by Bamforth [17] to be of the following form:
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€= AT x(c; —¢a) (Eq. 34)

where: AT = change in temperature

c; = free thermal movement coefficient (strains/degree)
Cqo = apparent thermal movement coefficient measured in situ (strains/degree)

The results of Bamforth’s study are shown in Figures 3.1 and 3.2 and Table

3.1.
TABLE 3.1 Thermal movement coefficients. [17]
THERMAL MOVEMENT COEFFICIENT**
CONCRETE MIX FREE ACTUAL RESTRAINED
_ (Ca) (Cy) (Ca-Cy)

OPC* 11.1 10.0 1.1
OPC*/FLY ASH 12.1 10.5 16
OPC* / GRANULATED

SLAG 11.7 10.1 1.6

* OPC = Ordinary Portland cement

** The thermal movement coefficients given in Table 3.1 are expressed in microstrain
per degree C.

Alternately, ACI 207 [*8] uses a tensile restraint factor, K,, to estimate the
stress-producing thermal strains. The stress- producing strains are:

e=ALxKg*E, (Eg. 3.5)

where: AL = movement if no restraint

Kr = tensile restraint factor (Figure 3.3)
[Kr=1.0 is total restraint, Kr=0.0 is no restraint]

E. = modulus of elasticity when AL occurs
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Regardless of the formula used, the difficulty in predicting the thermal stresses
is a result of the uncertainty of the restraint provided within the concrete. Internal re-
straint is dependent on the volume change within the member. The internal restraint
adds to the external restraint, but obviously cannot be greater than 100 percent. There-
fore if the external restraint is great, the internal restraint is negligible.

Internal restraint is similar to continuous base surface restraint, except that
the internal restraint acts at the plane where the stress is zero on the vertical stress
profile. If the depth of the tensile stress block (distance from surface to point of zero
stress) is large in relation to the distance between the joints, the stresses induced due
to volume change are low. [18] The reason for the greater stress from a shallow depth of
the plane of zero stress is that the restraint provided by the plane of zero stress to the
surface concrete is greater the nearer to the surface. A similar trend is shown in Figure
3.3. The degree of restraint provided by the concrete can be estimated using Figure 3.3
by setting H as the depth of the tensile stress block and L as the length between joints.

The internal restraint in mass concrete can be reduced by decreasing the max-
imum temperature rise or by rapid placement of subsequent pours. The faster rate of
pours reduces the exposure time of the previous pour which tends to make the isotherms
continuous across the pour joint, and obviously the less time that the previous lift has to
set the less stiff it is. [1°] Continuous isotherms across the pour joint reduce the relative
thermal strains and the resulting thermal stresses.

The thermal gradients on a vertical cross section in Figure 3.1 are parabolically
shaped. That is because the foundations cast were insulated on the bottom by earth
and binding concrete and on the top by slag and polyethene. Because the gradient in
each foundation was not great, it was found by Bamforth [17] that the stress- producing
strains were low. The low strains resulted from low internal restraint as shown by the
large value for the actual thermal movement coefficient (c,) in Table 3.1.

Conversely, for exposed concrete it has been suggested by ACI Committee 207
that because the interior concrete reacts so much slower than the exterior concrete to
ambient temperature cycles, it as though the surface concrete is completely restrained
by the interior concrete. [2/ Temperature measurements inside a concrete dam in France
show that the distance between isothermic lines decreases near the concrete surface.
This is illustrated in Figure 3.4. [2°] The spacing of the isothermic lines indicates the
gradient is steepest at the concrete surface and explains why thermal cracks are generally
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Figure 3.4 Isothermic curves in deg. C for horizontal
section of a concrete buttress head for various

ages. [20]
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shallow. The cracked surface concrete does, however, protect the integrity of the member
by insulating the interior concrete from rapid temperature changes.

It is important to understand that high early temperatures that may develop
prior to final set are not significant because the thermal stresses are small due to the
low elastic modulus and high creep of concrete at early ages. Thermal cracking is more
prevalent upon heating or cooling of the hardened concrete. Bamforth has shown that
while fly ash may reduce the temperature rise, fly ash concrete may be as susceptible
to thermal cracking as plain concrete due to the fly ash concrete’s higher E,/f; ratio at
early ages. [17]

Many of the thermal cracking considerations, excluding those for mass con-
crete, are based on rule of thumb approximations. A temperature drop of 45°F appears
to be a reasonable limit to that which unreinforced concrete can withstand without
cracking. [12] The temperature drop limit of 45°F was simply chosen because in one
field study concrete foundations which cracked experienced that temperature drop. [19]
ACI Committee 207 recommends that the maximum temperature drop be limited to 25
to 35°F (14 to 20°C). 2] The validity of such rules of thumb are questionable. What the
maximum temperature drop limit should be is debatable, but common assumptions of
the thermal gradient often are very inaccurate. The thermal gradients shown in Figures
3.1 and 3.4 definitely prove that the commonly assumed linear temperature gradient
from the ambient temperature at the concrete surface to the mid-depth temperature in
a member can be very unconservative in estimating the gradient produced by hydration.

The determination of the maximum temperature drop concrete can withstand
is not totally based on rules of thumb as shown in Figure 3.5. Figure 3.5 provides a
graphical determination of the maximum allowable temperature drop for concrete cast
in cold weather.

The primary method of limiting the temperature rise in concrete has been
to limit the amount of cement in the mix. That is often done by replacing a portion
of the cement with a pozzolan, particularly fly ash, because most pozzolans reduce the
temperature rise by delaying and reducing the heat evolved from hydration. The amount
of heat reduction has been studied but it is difficult to compare results because of the
many variables involved which affect the concrete temperature such as cement type, fly
ash type, initial concrete temperature, sample size, and sample environment. The most
quoted study on the potential reduction in the temperature rise in concrete with the
addition of fly ash is by Davis in 1937. ! Davis found that the percentage reduction
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in the heat of hydration up to 28 days is roughly one-half of the percentage of fly ash
replacement. ACI 211.1-81 states that the early age heat contribution of a pozzolan may
be conservatively estimated at between 15 to 50 percent that of the equivalent weight of
cement. [22]

The above stated reductions in the rate of temperature rise and peak temper-
ature are reasonable for low calcium fly ashes (generally Texas SDHPT Type A) but
may not be accurate for high calcium fly ashes (Texas SDHPT Type B). Early strength
is usually proportional to heat generated at early ages and some high calcium fly ashes

produce strength and heat at a rate similar to cement as shown in Figures 3.6 and 3.8.
(3]

Other research done on mass concrete has also shown that the effect of fly
ash in lowering the peak temperature is reduced as the casting volume is increased. (17]
The implication of that size factor is that as the concrete environment becomes more
nearly adiabatic, the total heat generated predominates over the rate of heat generation
in determining the peak temperature. In other words, the rate of heat generation pre-
dominates as the rate of heat loss increases. The decrease in the effectiveness of fly ash
in decreasing the peak temperature as the casting volume increases indicates that fly
ash hydrates at a slower rate than cement but may produce nearly the same amount of
heat over a period of days.

When the peak concrete temperature will occur is also an important parameter
in thermal cracking. In order to minimize the temperature gradient in the concrete, the
time of casting and the concrete mix design should be determined such that the peak
concrete temperature does not occur at the same time as the low air temperature for
the day. That is especially important for surfaces exposed to the environment.

Exposed concrete surfaces gain heat not only from the hydration of cement and
fly ash but also from solar radiation. A study in Great Britain showed that sunshine
and high air temperatures caused cracking of a concrete roadway. [2%! In that study, it
was found that the cracking was primarily observed in the roadway cast in the morning.
The intensity of cracking was proportional to the maximum day temperature as shown
in Figure 3.7. The proposed reason for the cracking of the slabs cast in the morning
is that those slabs developed a greater temperature because of their longer exposure
to the sun. The higher concrete temperature resulted in a greater drop of the surface
concrete temperature when exposed to the lower night time temperatures, thus a greater
temperature gradient developed in the concrete.
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Number of cracks per 30m of concrete pavement

Figure 3.7
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Number of Cracks per 30m of Day's Work vs.
Maximum Air Temperature on Casting Day during
construction of a concrete road in Great
Britain. [23]
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3.3 Strength of Fly Ash Concrete

It is difficult to summarize the vast amount of research published
on the effect of fly ash on the compressive strength of concrete and mortar.
1, 3, 6, 8, 10, 12, 13, 14, 24, 25, 26, 27, 28] Compressive strength is dependent on the fly ash
properties (chemical and physical), cement type, method of fly ash addition, and mix
proportions. Researchers do, however, generally agree that no single property of the fly
ash can be used to predict its contribution to strength. Researchers also agree that the
addition of fly ash decreases early strength, and that the strength development of fly
ash concretes is more dependent on curing conditions than ordinary Portland cement
concretes.

Studies have shown that high calcium fly ashes will produce higher strength
concretes and mortars at early ages than low calcium fly ashes due to the additional
cementitious properties associated with the higher calcium content. [l Conversely, re-
search by Smith (24! suggested that there is no relationship between the chemical or
physical properties of a fly ash and it’s cementing efficiency. Smith’s fly ash cementing
efficiency factors appear to be more dependent on the cement type than fly ash type.
This is probably due to the fact that the percentage loss in early strength due to fly
ash addition is generally greater for fast reacting cements than for slow cements. Ad-
ditionally, different fly ashes produce mortars that develop strengths at different rates.
(6] Thus the ranking of fly ashes at early ages by compressive strength may not be the
same as at later ages as shown in Figure 3.8.

It is generally accepted that fly ash increases the strength of concrete at ages
greater than 3 to 6 months when replacement is made on a one - to - one basis (by weight
or volume). This strength increase is due to the pore filling quality of the pozzolanic
reaction.

The strength of fly ash concretes and mortars are more dependent on the
curing temperature than mixes without fly ash. 13229 The ultimate strength of mixes
with fly ash increase with increasing temperature whereas mixes with Portland cement

decrease with temperatures in the range associated with mass or hot weather concreting.
[28]

3.4 Workability of Fly Ash Concrete

It is well known that the partial replacement of cement by most fly ashes
improves the workability of concrete and the flow of mortar. The generally accepted
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reason for that increase in workability is that the smooth, spherical fly ash particles act
analogously to ball-bearings in the fresh concrete. Similarly, the workability of concrete
increases with the smoothness and roundness of the coarse aggregate.

Recent research by Helmuth presents a strong argument contradictory to the
long-standing ball-bearing analogy. [>°/ The new hypothesis is that replacement of ce-
ment with fly ash decreases the mix water requirement for a given workability because
the very fine fly ash particles adhere to the surface of the cement particles. The nega-
tively charged fly ash particles adhere to the positively charged regions of the calcium
silicates. If enough of the individual cement particle area is covered (positively charged
areas neutralized), the negatively charged regions of the cement particle will repel simi-
larly coated, negatively charged cement particles. Thus, fly ash is believed to act much
like a chemical dispersant such as superplasticizer (high-range water reducer).

The dispersant analogy for the improved workability with fly ash is supported
by the following findings:

1) Particle shape has a limited effect in the range of cement particle sizes where
surface charge effects dominate. The analogy between round, smooth fly ash
particles and round, smooth coarse aggregate is not valid.

2) The greatest reduction in mixing water required to maintain a given flow re-
sulting from the partial replacement of cement with fly ash occurs with fly
ashes of the highest specific surface areas. This is contrary to the increased
water requirement associated with increased cement fineness.

3) Chemical composition of the fly ash appears to have little effect on the flow of
mortar.

4) The mixing water requirement does not steadily decrease with increasing fly
ash content as would be expected from the ball-bearing analogy. [3°/ Examples
of mortars that did not show a steady increase in flow with an increase in fly
ash content are presented in Figure 3.9 and the properties of those fly ashes
are listed in Table 3.2. The trend shown in Figure 3.9 is not in agreement with
the trend of increasing flow with increasing fly ash content (up to 30 percent
by weight) reported by the Texas Transportation Institute. [15]
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O — Fly ash A

20 A —Flyash B
O — Fly ash C
X — Fly ash D
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Figure 3.9 Water reduction in mortar vs. fly ash
replacement of Portland cement. [30]
Selected properties of the fly ashes are in
Table 3.2.
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3.5 The Effect of Chemical Admixtures on the Hydration
of Portland Cement

3.5.1 Water Reducers/Retarders. A water reducer can be defined as an
admixture which reduces the amount of mixing water in concrete needed to achieve a
particular workability. The reduction in mixing water for commercial water reducers is
generally in the range of 5 to 15 percent.

An admixture which lengthens the setting time of concrete is referred to as
a retarder. Water reducers which also increase the setting time of concrete are called
water reducers/retarders. This combination of effects is common because many of the
commercial water reducers and retarders have some of the same ingredients. A point to
note on retarders is that researchers use both the increased set time and the decreased
degree of hydration as measures of retardation. Those two items are related, but not
the same.

Cement particles tend to flocculate when mixed with water. Water reducers
cause the clusters of cement particles to break into individual cement particles. The
increased mobility of cement particles in the presence of a water reducer is believed to
be the result of one or a combination of the following:

1) the reduction in attraction between particles
2) the release of water trapped in the cement flocs
3) the coating of cement particles by water molecules. [3!]

Water reducers/retarders affect the temperature development in concrete pri-
marily by delaying the period of rapid hydration. While early hydration is delayed by
the retarder, the total heat generated (as measured 38 days later) may be unchanged or
increased. 131l

The chemical or physical mechanism by which water reducers (such as the
lignosulfate based one used in this study) affect hydration is not clear. Studies have
shown conflicting results of the effects of lignosulfates on the very early age hydration
period (2 to 3 hours after mixing). It has been observed that lignosulfates can retard
or accelerate the very early hydration of cement. [3] Both observations may be correct
because of the great number of parameters that may have an influence.

The addition of lignosulfate significantly retards hydration of cement from
3 hours to 1 day after mixing. The retardation of hydration in that time period is
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due to the retardation of C3S and CsA. The lignosulfate concentration in the liquid
phase retards the reaction of C3S and water. The hydration of CsA is delayed because
of the retardation of the conversion of ettringite to monosulfate. That retardation of
ettringite is believed to be due to the absorption of the organic lignosulfate molecules by
ettringite. [31] The retardation of the hydration of cement and fly ash in the presence of
lignosulfonate is shown in Figures 3.10 and 3.11.

3.5.2 Superplasticizers. The addition of superplasticizers to concrete can
reduce the mixing water in concrete by 20 to 30 percent. For that reason superplasticizers
are also referred to as high-range water reducers. Superplasticizers are classified as
three main types: sulfonated melamine formaldehyde condensates, lignosulfates, and
sulfonated naphthalene formaldehyde condensates. Each superplasticizer type causes
cement particles to disperse but by different mechanisms. It is believed that melamine
based superplasticizers form a lubricating film on the cement particles and lignosulfates
decrease the surface tension of the mixing water. The superplasticizer used in this study
is a naphthalene. Naphthalene molecules carry a negative charge, and when absorbed
on the surface of a cement particle the cement particle becomes negatively charged. The
similarly charged cement particles repel each other causing them to disperse. [33:34]
Figure 3.12 provides a schematic representation of the dispersion of cement flocs in the
presence of a superplasticizer.

It is difficult to summarize the effect of superplasticizers on the hydration of
cement because the effect varies not only with the admixture type and dosage rate but
also with the cement composition and the water to solid ratio. It is generally agreed,
however, that naphthalene based superplasticizers retard the reaction of CsA (which
occurs early) by retarding the conversion of ettringite to monosulfate. A retardation of
C3S has also been noted. [31]

The result of the addition of a naphthalene based superplasticizer to cement
paste is an initial acceleration of hydration (first 10 minutes) followed by a retardation
of hydration through the early and middle stages (stages 2-4 described in Chapter 2).
[35] A similar retardation was found for cement paste and naphthalene hydrated at
a constant 25°C. [3¢] As the ambient temperature was raised from 25 to 40°C, paste
containing naphthalene had a larger increase in heat evolution over the first 36 hours than
naphthalene free paste. The temperature sensitivity of the naphthalene superplasticizer
and cement system may indicate that the retardation of hydration with the addition of
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Figure 3.12 Dispersing action of superplasticizer
(schematic representation) : a)
flocculated paste ; b) dispersed paste.
[8]
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superplasticizer may not be as pronounced under the high temperatures developed in
nearly adiabatic conditions.

It is generally agreed that superplasticizers increase the 28 day compressive
strength of concrete even if the mixing water is not reduced. That increase is attributed
to a greater degree of hydration associated with the dispersion of cement particles. An
increase in strength may not be realized if the superplasticizer entrains additional air.



CHAPTER 4
EXPERIMENTAL WORK

4.1 Introduction

The experimental work in this study was divided into two main areas. One
area of work involved monitoring the temperature gradient for concrete samples cast
under laboratory and field conditions. The four temperature gradient tests are labeled
as Test 1 to Test 4.

The other area of work was an investigation of the effect of fly ash on the
temperature rise in mortar. Along with monitoring the internal mortar temperature,
strength and flow tests were conducted to provide a comparison of mortars based on
compressive strength and workability.

The effect of fly ash on the temperature rise in concrete was studied by monitor-
ing the temperature in mortar samples in nearly adiabatic conditions. A higher mortar
temperature correlates to a higher concrete temperature because heat is generated by
reactions occurring in the paste. The reasons for using mortar instead of concrete are:

1) For small samples the placement of the thermocouple relative to the coarse
aggregate may cause erroneous readings.

2) The specific heat and thermal conductance (if not adiabatic conditions) of the
coarse aggregate have a great affect on the concrete temperature rise. By not
using coarse aggregate the number of test variables is reduced.

Mortar was used instead of paste so that the same batch could be used for
temperature rise tests, compressive strength tests, and flow tests.

4.2 Temperature Gradient Tests

4.2.1 Testing Equipment. The temperature rise with time in the concrete
samples was measured using J-type thermocouples (iron- constantan). The thermocouple
wire was Omega Engineering Inc.’s type FF-J which has a manufacturer’s stated accuracy
of +/- 4°F (2.2°C) and a resistance of 0.357 ohms per double foot at 68°F.

The thermocouples were connected to a Fluke Helios - I Computer Front End.
The computer front end continuously monitored the voltage across each thermocouple
and converted the voltages to degrees Fahrenheit. The manufacturer’s stated accuracy
for data acquisition by the Helios - I with J-type thermocouples is +/- 0.63°F (0.35°C).

45
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The Helios - I executes commands from a host computer. After converting the
voltages to degrees, the temperatures were stored in the random access memory of the
host computer.

4.2.2 Test 1. Test 1 involved the measurement of the internal temperature of
mass concrete cast indoors. The mass concrete sample was 4 ft x 3 ft 10.5 in. x 4 ft, which
will be referred to as a 4 ft cube for the remainder of this report. The formwork , which
was kept on for the duration of the test, consisted of 3 /4 in. plywood lined with plastic.
The formwork was secured to the top of a pallet. J- type thermocouples were secured in
the concrete by attaching them along fishing line. The fishing line was run through the
bottom of the formwork and secured above the eventual finished concrete surface. By
taking care not to chute the ready mixed concrete directly into the thermocouple lines,
the thermocouples moved only slightly from their intended position. Figure 4.1 provides
an illustration of the concrete sample and thermocouple locations within the sample.

A five sack ready mixed concrete with a W/C ratio of 0.49 by weight and
retarder was used. The slump was 3 inches. The mix proportions for the ready mixed
concrete used in Tests 1, 2, 3 and 4 are shown in Table A.1 in Appendix A.

The concrete was compacted by internal vibration and placed in four lifts.

The only reinforcing steel in the mass concrete was two 15 in. U-shaped bent
bars placed in diagonally opposite corners. The stirrups were used in lifting the 4 ft
cube after testing was completed.

4.2.3 Test 2. The same equipment and procedures were used in Test 2 as in
Test 1. The 4 ft cube was cast with the same concrete mix design and the concrete was
ordered from the same ready mix batch plant as the Test 1 concrete. Unlike Test 1, the
Test 2 concrete contained no entrained air. The slump was 6.25 inches.

4.2.4 Test 3. Test 3 involved the measurement of the internal temperature
of concrete beams cast outdoors. The beams were cast in the standard 6 in. x 6 in.x
20 in. steel molds used for flexural strength tests. Sixteen such beams were cast and
eight placed in each of two insulated boxes. The insulated boxes consisted of a 3/4
in. plywood interior wall, a 3 in. gap filled with fiber-glass insulation, and a 1/4 in.
plywood exterior wall. A similar arrangement of insulation and plywood provided a
base for each insulated box. The interior dimensions of the boxes were such that the
beam molds butted together. The tight placement of beams was an attempt to decrease
the air circulation between the molds. The molds were placed on top of black plastic
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spread over both boxes. The two insulated boxes were placed side-by-side outdoors on
a concrete slab free of shadows.

Thermocouples (J-Type) were placed in the center of one beam per each group
of eight beams. The thermocouple depths were 4 in., 3 in., 2 in., and at the concrete
surface. In one insulated box the top surface of each beam was covered with damp
burlap and black plastic. In the other box the beams were left exposed. Figure 4.2
provides an illustration of the placement of the beam molds in an insulated box, and the
thermocouple locations within a beam.

A five sack ready mixed concrete with a W/C ratio of 0.38 by weight and
retarder was used. The slump was 1 inch. That mix was chosen to provide concrete
that would be very susceptible to plastic shrinkage cracking. Unfortunately, the results
of flexural tests to measure surface cracking were meaningless because the low slump
concrete was difficult to finish to a smooth surface partially due to evaporation and de-
creased set time. That difficulty in finishing did, however, provide a first-hand experience
with the problems associated with hot weather concreting.

The beams were cast at 12 PM on September 11 when the air temperature
was 98°F with a relative humidity of 42 percent. The initial concrete temperature was
90°F.

4.2.5 Test 4. Test 4 was conducted to measure the tempera- ture gradient
along the vertical cross section of concrete cast outdoors. Two samples were monitored :
one with an exposed top surface and one with the top surface covered with damp burlap
and plastic.

The two concrete samples were 74 in.x 30 in.x 18 in.. The vertical temperature
gradient was measured along the 18 in. dimension. The forms were constructed of 3/4
in. plywood with 2 x 4 in. stiffeners. The forms were placed where they would be free
of shadows. The J-type thermocouples were secured in the same manner as in Tests 1
and 2, and located as shown in Figure 4.3.

A 5.5 sack concrete mix with a W/Cratio of 0.41 and no retarder was used. The
slump was 2.5 inches. The concrete was directly chuted into the forms and compacted
by internal vibration. A #3 stirrup was placed in each corner of the top surface for
lifting after testing.

The samples were cast at 1:10 PM on October 30 under partly sunny skies.
The air temperature was 83°F and the initial concrete temperature was 83°F. October
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31 was clear and sunny all day. Throughout October 30 and 31 it was very breezy with
wind speeds of 15-20 mph as reported by the local weather service.

4.3 Temperature Rise in Mortar Samples

4.3.1 Test Setup. The type of thermocouple, wire, and data acquisition
equipment used in the temperature gradient tests was also used to measure the temper-
ature rise in mortar.

The mortar samples were placed in insulated boxes to reduce the heat lost
to the atmosphere. The insulated boxes consisted of 2 pound per cubic foot density
polyurethane foam cast around a standard 6 in. diameter plastic cylinder mold. The
test mortar was placed in the plastic cylinder. Because the foam was cast from its liquid
components and allowed to rise in a cardboard box around the plastic cylinder, the
cylinder fit was very snug within the insulation. Each cylinder was surrounded by a
minimum insulation thickness of 5 inches.

After casting the insulated boxes, cylindrical plugs (top insulation) were cast
from the liquid components of polyurethane and allowed to rise in the 6 in. plastic cylin-
ders. That foam was removed from the plastic cylinders and cut into 7.5 in. long solid
foam cylinders. Those 7.5 in. solid foam cylinders were then used as plugs for the mortar
samples by sliding the match-cast foam cylinders into the plastic cylinders containing the
mortar samples. The mortar samples filled the cylinders to approximately mid-height (6
in.). The thermocouples were threaded through small holes drilled through the center of
the plugs and embedded mid-depth into the mortar. Heat loss was minimized through
those holes by adding additional foam and covering the holes with duct tape. A cut-away
view of one such insulated box and plug is shown in Figure 4.4.

4.3.2 Materials. The cements, fly ashes, and admixtures used in this study
are commercially available throughout Texas and provide a basis for comparison of phys-
ical and chemical properties of cements, fly ashes, and chemical admixtures in general.
However, it should be noted that other cements, fly ashes, and chemical admixtures may
produce different results.

The fly ashes used in this study were all produced in Texas and approved by the
Texas SDHPT. The fly ashes are designated by letter without reference to producer. The
abbreviation FA B denotes fly ash B, and not a Type B fly ash. Fly ashes A and B are
Type A fly ashes. Fly ashes C and D are Type B fly ashes. The chemical compositions
of the fly ashes used in this study are listed in Tables A.2 to A.5 in Appendix A.



52

THERMOCOUPLE
WIRE
y
LN A A A S s  EEEE B P . NATATATAT A AT AR AV AT A AT —f
7.5’
7, 7 /
% 7/ g
=
5" min 7 / 5" min -
< & % " < —»
\ MORTAR
SAMPLE
POLYURETHANE
FOAM
Figure 4.4 Mortar sample insulated by polyurethane

foam. Plastic cylinder containing mortar
is sealed with a 7.5" deep cylindrical
foam plug.



53

Three cement types were used. Those three types meet the ASTM speci-
fications for a Type I, a Type LI, and a Type III cement. All three cements were
manufactured in Texas. The results of the mill repbrts are presented in Tables A.6 to
A8 in Appendix A.

Two slightly different sands were used in this study. Both were Colorado
River sands from the Austin, Tx area and distributed by the same aggregate firm. The
properties of both the sands (labeled A and B) are presented in Tables A.9 and A.10 in
Appendix A. The first letter in the mortar mix designation denotes the particular sand
used.

The mixing water used in the mortar was potable tap water from Austin, Tx.

The retarder/water reducer used in this study meets the requirements of
ASTM C494. 137l The retarder/water reducer is lignosulfonate based. The manufac-
turer’s recommended dosage is 4 +/- 1 fluid ounce per 100 pounds (oz/cwt) of cement
for concrete. Mortar mixes containing retarder are designated by the letter R.

The superplasticizer used also meets the requirements of ASTM C494. The
superplasticizer is an anionic naphthalene based material with a manufacturer’s rec-
ommended dosage of 6 to 12 oz/cwt of cement for concrete. Mortar mixes containing
superplasticizer are designated by the letter S.

4.3.3 Mortar Mix Proportions. In this study, the composition of the basic
mortar mixes (all mixes except those in which the cement content is varied) is one part
cement to 2.75 parts of sand by weight as outlined in ASTM C109 Standard Test Method
for Compressive Strength of Hydraulic Cement Mortars. 138! The standard proportions
in ASTM C109 were modified in this study as follows :

1) Cement was replaced by fly ash on an equal volume basis. Because the specific
gravities of the fly ashes used in this study are not the same as cement, the
sand to cementitious material ( cement and fly ash which is abbreviated as
C+FA ) ratio is constant by volume not by weight.

2) The water to cementitious material ratio by weight ( W/ (C+FA)) was de-
creased below the ASTM C109 standard of 0.485 to 0.467 to offset the in-
crease in flow associated with the replacement of cement with fly ash. The
W/(C+FA) ratio was reduced to keep the mortar on the flow table. A simi-
lar reduction is specified in ASTM C109 to accommodate the increased flow
provided by air-entraining agents. ASTM C109 specifies that the water be
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reduced to produce a given flow for mortars containing admixtures other than
air-entraining agents. That specification was not followed because the mixes
were designed based on a constant W/(C+FA) ratio, and not on a constant
flow. Thus, the flow was allowed to vary.

The amount of mortar without fly ash used in a temperature rise sample was
12.5 pounds. For each sample the weight of sand and the sand to cementitious material
ratio by volume was held constant. The total sample weight for mortars containing fly
ash varied slightly due to the difference in specific gravities of cement and fly ash, and
the differing amounts of mix water. Similarly the total sample volume varied slightly
because the W/(C+FA) ratio by weight was held constant and thus the volume of water
varied. The percentage replacement of cement by fly ash is limited by the TSDHPT to
20 to 35 percent by volume. [39]

Tables A.11 to A.13 in Appendix A provide a listing of the mix ingredients
on a unit volume basis. The air content was determined to be 2.6 percent using the
following equation presented in ASTM C185 Standard Test Method for Air Content of
Hydraulic mortars [49] :

Air Content, volume % = 100% [1 — (W,/W,)]

where :
W, = actual weight per unit volume
W, = theoretical weight per unit volume, calculated on an air free basis.

The actual density (W,) was found to be 138.8 pounds per cubic foot for
Type I-II cement mortar with a W/C ratio of 0.467 and no admixtures. The air free
density (W) for the same mix was calculated to be 142.5 pounds per cubic foot. For
proportioning, the air content was estimated as 3 percent for all the mixes.

4.3.4 Mixing Procedure. The mortar mixes used in temperature rise tests
were mixed in a two cubic foot capacity rotary drum mixer. The following mix sequence
was used:

1) Butter (coat) mixer with 10 percent of batch weights of sand, cement, and
water. Mix for 3 minutes, then remove excess.
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2) With mixer running, add sand, cement, fly ash, and water in that order. Chem-
ical admixtures were added to the mix water before pouring into mixer. Stop
mixer and scrape down sides and blades with a trowel.

3) Mix for 3 minutes.

4) Stop mixer and scrape down sides. Let mortar stand for 3 minutes with mixer
covered with a damp but not dripping burlap cloth to prevent the evaporation
of mixing water.

5) Resume mixing for 2 minutes.

The above mixing sequence is based on ASTM C270 Standard Specification for
Unit Masonry 14!l which states “all cementitious materials and aggregate shall be mixed
between 3 and 5 minutes in a mechanical mixer”. The relative times in the mix sequence
are the same as specified in ASTM C305 Standard Method for Mechanical Mixing of
Hydraulic Cement Pastes and Mortars for Plastic Consistency. [42]

4.4 Compressive Tests for Mortar

In this study, the mortar cubes were molded, cured, and tested according to
ASTM C109 with the exception of the cubes exposed to elevated temperatures for the
first 24 hours. The cubes cured at 97°F were formed in molds which were preheated
in a 97°F environment prior to molding. After finishing the cubes, brass top plates
were snugly tightened to the mortar surface. The molds were then immediately placed
in plastic bags and placed in an environmental chamber which maintained an internal
temperature of 97°F. Even with the top plates, plastic bags, and an environmental
chamber relative humidity of 45 to 50 percent, the cubes experienced some drying. The
extent of drying appeared uniform amongst the samples stored at elevated temperatures.

4.5 Flow Tests for Mortar

The flow tests were conducted as specified in ASTM C109. The ASTM flow
test begins by forming a truncated cone of mortar on a circular flow table. The flow table
is connected to a crank cam which is cranked by hand to drop the flow table through
0.5 inches, 25 times in 15 seconds. The flow of a mortar is the resulting increase in the
base diameter of the mortar expressed as a percentage of the original diameter.

Because the W/(C+FA) ratio was held constant, the flow varied with the
mix ingredients and proportions. The flow was only monitored to provide a means of
comparing the placeability of different mortars.



CHAPTER 5
TEST RESULTS

5.1 Imntroduction

The results of the experimental work conducted are presented in this chapter.
The temperature rise data is presented in graphical form because of the large number
of data points. The values corresponding to the peak temperature and the time to the
peak temperature are also presented in tabular form in Appendix B.

The compressive strength and flow test results are provided in graphical form
in this section and in tabular form in Appendix B.

In this section the test results are presented with no discussion of their signif-
icance. The test results and their significance are discussed in Chapter 6 and 7.

5.2 Data Reduction

5.2.1 Temperature Rise. The temperature rise curves shown on Figures
5.13 to 5.43 are not smooth curves fitted to data points, but rather a tracing of straight
lines drawn between data points by a computer and plotter. Because there are 6 data
points per hour, the straight lines appear as a smooth curve. Each data point represents
the average of two samples from the same mortar batch. No two companion samples
differed from each other by more than approximately 2°F at any time. All data and
references referring to the temperature rise or thermal gradient in concrete presented in
Figure 5.1 to 5.12 are single readings.

To calculate the temperature rise, the initial mix temperature was subtracted
from all the average temperatures at later times. The initial mix temperature was
assumed as the lowest temperature during the first 30 minutes after batching, because
for some mixes there was a slight temperature differential on the order of 1°F in the
first half hour. All temperature changes prior to the time corresponding to the assumed
initial temperature were set to zero.

5.2.2 Peak Temperature. The peak temperature rise for each mortar mix
was determined by subtracting the initial mix temperature from the maximum average
sample temperature for two companion samples. The temperature rise gradients along
the vertical cross sections of the concrete samples were similarly determined except each
point represents a single reading not an average of two readings.

57
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5.2.3 Time to Peak Temperature. In addition to monitoring the peak
temperature, it is important to know when the peak occurs. To reduce the tendency
for thermal cracking in concrete with exposed surfaces, it is best not to allow the peak
internal concrete temperature to occur at the same time when the ambient temperature
reaches a daily low. Also, from the times to peak observed under nearly adiabatic
conditions in this study, one can predict how the temperature rise will be affected under
nonadiabatic conditions. If the time to the peak temperature is great under nearly
adiabatic conditions, then under conditions where the rate of heat loss is significant a
lower temperature rise may develop. That is because as the time to peak increases, there
is more time for heat to dissipate.

In this study, the time to the peak temperature corresponds to a point on
the temperature curve where the curve begins to plateau and not the time when the
actual maximum temperature is reached. Expressing the time to the peak temperature
as the earlier time provides a more reliable determination of the time to the peak and a
better comparison between the higher temperature curves which are generally rounded
at the peak and the lower temperature curves which tend to be very flat at the peak.
The flatter, lower temperature curves have a negligible change in temperature for a few
hours before and after the maximum temperature is reached. Thus, the time elapsed
to the peak temperature was taken as the time to reach 95 percent of the actual maxi-
mum temperature rise. By inspection the arbitrary choice of 95 percent appears to be
reasonable.

The temperature gradient profiles correspond to the time of the actual peak
temperature because that is when the gradient was most severe.

5.3 Thermal Gradients

The peak temperature rise in the center of each test sample is shown in Table
5.1.

In this report, temperature differential is the mid-depth temperature minus
the exterior surface temperature (T, in Chapter 3). The concrete surface temperature
(depth = 0 in.) was monitored by placing a thermocouple against the concrete surface
but exposed. Table 5.1 shows the maximum temperature differential in each sample.
The maximum temperature differential generally occurred when the maximum internal
temperature occurred.
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The temperature profiles and thermal gradients for Tests 1, 2, 3, and 4 are
shown in Figures 5.1 to 5.10.

Table 5.1 Results of thermal gradient tests.
Initial Concrete  Temperature Temperature

Temperature Rise Differential

Test (F) (F) (F)
Test 1 84 71 28
Test 2 84 71 37
Test 3(exposed surface) 87 47 43
Test 3(covered surface) 87 51 14
Test 4(exposed surface) 83 38 50
Test 4(covered surface) 83 48 37

5.4 Temperature Rise in Mortar

5.4.1 Test Parameters. Before conducting tests to determine the effect of
fly ash on the temperature rise in mortar, the effect of a few important test parameters
were investigated. Such parameters tested were the insulating environment around the
mortar sample, ambient temperature, initial mix temperature, cement type and content,
and water to cementitious materials ratio. A thorough review of those parameters was
not the purpose of this study but a brief study was necessary to show which parameters
have an effect and how sensitive the results of this study are to a change in one of those
test parameters. Regardless of the effect of the test parameters, an attempt was made
to keep all five of the above mentioned test parameters constant.

5.4.1.1 Correlation of Small Samples to Mass Concrete. Two experiments were
run to correlate the temperature rise in a 14.6 pound (0.098 cubic feet which is half the
volume of a standard cylinder) insulated sample to that in a 4 ft cube ( the same cubes
used in temperature gradient Test 1 and Test 2). The same ready mixed concrete was
used for the small sample and mass concrete, and the coarse aggregate was left in the
small sample. The mass concrete and insulated sample were exposed to the same room
conditions. The small samples were found to have a lower peak temperature than the
mass concrete by 27°F for Test 1 and 28°F for Test 2 as shown in Figures 5.11 and 5.12.
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5.4.1.2 Ambient Temperature. The ambient temperature of the surroundings
near the insulated boxes containing the mortar mixes was varied from a range of 68
- T3°F to a range of 79 - 84°F. The mortar mixes in this experiment contained Type
I-IT cement. The lower ambient temperature range produced a peak temperature rise
of 48.7°F and a time to 95 percent of the peak temperature of 10.8 hours compared
to 51.9°F and 12.0 hours for the higher ambient temperature range as shown in Figure
5.13. This difference could be attributed to the different heat loss experienced under
each ambient condition.

5.4.1.3 Initial Mix Temperature. For Type I-II cement without fly ash and
initial mix temperatures of 79°F, 87°F and 94°F the peak mortar temperature rises were
76°F, 75.3°F, and 78.3°F respectively. The times to 95 percent of the peak temperature
rise for the low, middle, and high initial mix temperatures were 11.5, 10, and 8.3 hours
respectively.

Mortar with Type I-II cement and 35 percent FA A (Type A) by volume with
initial mix temperatures of 79°F and 92°F produced peak temperature rises of 51.9°F
and 49.5°F respectively. As the initial temperature rose from 79°F to 92°F the time to
95 percent of the peak temperature decreased from 12 hours to 9.5 hours.

Mortar with Type I-II cement and 35 percent FA C (Type B) by volume with
initial mix temperatures of 80°F and 92°F produced peak temperatures rises of 77.0°F
and 72.6°F respectively. As the initial temperature rose from 80°F to 92°F the time to
95 percent of the peak temperature decreased from 14 hours to 11.5 hours.

The results from the tests with varying initial mix temperatures are shown in
Figures 5.14 and 5.15.

5.4.1.4 Cement Type and Content. Figure 5.16 provides a comparison of the
temperature profiles for each of the three cement types without mineral or chemical
admixtures. The Type III cement mortar produced the highest temperature, followed in
order of decreasing peak temperature by Type I cement mortar, and Type I-II cement
mortar. The peak temperatures and times to 95 percent of the peak for the Type III,
Type I, and Type I-II cement mortars were 80.8, 71.4, and 63.1°F, and 7.7,9.7, and 11.5
hours respectively.

The effect of the cement content on the temperature rise in mortar was studied
by monitoring mixes containing no fly ash and 10.7, 16.8, and 23.6 percent of Type I
cement per unit volume of mortar. Those three mixes had sand to cement ratios by
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weight of 5.5, 2.75, and 1.375 respectively. Thus, Figure 5.17 refers to the mixes as half
cement content, control, and double cement content. The peak temperature rises for
the half cement content, control, and double cement content mixes were 44.0°F, 71.4°F,
and 108°F respectively. The times to 95 percent of the peak temperature for increasing
cement content were 9.2, 9.7, and 9.2 hours.

5.4.1.5 Water to Cementitious Materials Ratio. Four tests were conducted
to determine the effect of the W/(C+FA) ratio by weight on the temperature rise in
mortar. The effect of the W/(C + FA) ratio was monitored for mixes differing only in
water content. The effect of the W/(C+FA) ratio was monitored for mixes with each of
three cement types, three different fly ashes, and three replacement rates. The results of
the effect of varying the water to cementitious material ratio are shown in Figures 5.18
to 5.21.

Figure 5.18 shows that as the W/(C+FA) ratio is raised from 0.467 to 0.485 for
a mix containing Type III cement and 20 percent FA B (Type A), the peak temperature
rise decreases from 66.5 to 65.3°F, and the time to 95 percent of the peak temperature
decreases from 13.3 hours to 8.5 hours.

Figure 5.19 shows that as the W/(C+FA) ratio is raised from 0.467 to 0.545
for a mix containing Type I cement and 35 percent FA D (Type B) the temperature rise
is unchanged at 64.0°F and the time to peak decreases slightly from 15.8 hours to 15.7
hours.

Figure 5.20 shows that as the W/C ratio is increased from 0.467 to 0.55 for
a mix containing Type I-II cement and no fly ash, the temperature rise increases from
63.1 to 70.0°F and the time to peak decreases from 17.7 hours to 11.5 hours.

Finally, Figure 5.21 shows that as the W/(C+FA) ratio is increased from
0.385 to 0.55 for a mix containing Type I-II cement and 35 percent FA A (Type A), the
temperature rise decreases from 40.8 to 39.6°F and the time to peak increases from 11.0
hours to 13.0 hours.

5.4.2 Temperature Rise Profiles. The effect of the partial replacement of
cement with fly ash on the temperature rise in concrete was studied by monitoring the
temperature rise in mortar samples. The results of the tests conducted to measure the
temperature rise in mortar samples are shown in Figures 5.22 to 5.36. In those tests,
the cement type, fly ash type, and the percent replacement were varied. The water to
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cementitious material ratio (W/(C+FA)) by weight, initial temperature, and ambient

temperature were held nearly constant.

The temperature profiles are arranged by cement type. The first group is
Type I-1I, followed by Type I and Type III. Figures 5.26, 5.31, and 5.36, which show the
temperature profiles for mortar mixes containing the same cement type and volume of
fly ash but variable fly ash type, were constructed from the same curves in the figures
in which only the percent replacement was varied. The effect of the variable fly ash
type was only plotted for 27.5 percent volume replacement of cement by fly ash because
the same trend occurs for 20, and 35 percent replaceme;nts. The profiles of the mixes
containing chemical admixture are presented in Figures 5.37 to 5.43.

5.4.2.1 Peak Temperature. The peak temperatures for the mortar samples
monitored are listed in Tables B.1 to B.4 in Appendix B.

5.4.2.2 Time to Peak Temperature. The time elapsed to reach 95 percent of
the peak temperature for the mortar samples monitored are listed in Tables B.1 to B.4
in Appendix B. The same mortar batches were used to measure the time to peak as were
used to determine the peak temperature.

5.5 Strength

Compressive strength tests were conducted on 2 in. mortar cubes which had
varying cement types, fly ash types and percent replacements, chemical admixture types
and dosage rates, and curing conditions. The 7 and 28 day strengths for the cubes are
plotted in Figures 5.44 to 5.49 versus the percent replacement of cement by fly ash. The
values for those ﬁgurés and for mixes containing chemical admixture are listed in Tables
B.5 to B.7 in Appendix B.

The results of varying the curing temperature (ambient) on the 24 hour com-
pressive strength are as shown in Table 5.2.

All of four of the above mixes were batched with the same W/(C+FA) ratio.
FA Cis a Type B fly ash.
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Table 5.2 24-Hour compressive strength of mortar.

CURING TEMPERATURE

MORTAR MIX 73°F 97°F
(strength 1n psi)
Type III 4580 4670
Type I1I, 35% FA C 2940 4370
Type I 3060 4650
Type I, 35% FA C 1600 3290
5.6 Flow

Flow tests were conducted on mortar samples containing Type I and Type III
cement. Cement was replaced by fly ash from 0 to 35 percent by volume. The results of
the cement and fly ash mortar flow tests are shown in Figures 5.50 and 5.51.

The results of the flow tests with the addition of a water reducer /retarder or
superplasticizer are shown in Table B.8 in Appendix B along with the flows for the mixes
without any chemical admixture.
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CHAPTER 6
DISCUSSION OF TEST RESULTS

6.1 Introduction

In this chapter all of the experimental test results are discussed, except the
test results involving the addition of chemical admixture. To avoid confusion, the test

results from the mortar mixes containing chemical admixture are discussed in Chapter
7.

The cements, fly ashes, and admixtures used in this study are commercially
available throughout Texas and provide a basis for comparison of physical and chemical
properties for cements, fly ashes, and admixtures in general. However, it should be
noted that other cements, fly ashes, and chemical admixtures may produce different
results. Thus, for different materials it is recommended to prepare trial batches before
construction.

6.2 Thermal Gradient
The thermal gradients shown in Chapter 5 illustrate two important points:

1) The temperature gradient on a vertical cross section does not vary linearly
from the mid-depth temperature to the surface temperature.

2) While covering the exposed concrete surface allowed a higher internal concrete
temperature to develop, the difference between the mid-depth and surface
temperature (temperature drop) was not as great in the covered specimen as
for a similar exposed specimen.

All three of the concrete specimens monitored show that the temperature gra-
dient is insignificant over the middle portion of the member and very steep towards the
surface. That finding is in agreement with the isotherms shown in Figure 3.4. In the 4
ft cube monitored in Test 1, 86 percent of the temperature drop occurred over the top
1 ft of depth despite being covered. In both of the 6 in. x 6 in. x 20 in. beams, 93
percent of the temperature drop occurred over the top 2 inches regardless of whether
the surface was covered or exposed. For the two 18 in. deep samples, 72 percent of the
temperature drop occurred over the top 1 in. for the covered sample and 48 percent
for the uncovered sample. Thus it is clear that the temperature drop within a concrete
member from mid-depth to the exposed surface is not linear, but rather most of the
temperature drop occurs near the exposed concrete surface.
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Tests 3 and 4 conducted under field conditions indicate that the total temper-
ature drop is decreased by covering the top surface of the concrete. The covering used
consisted of damp burlap and plastic, which is commonly used to cure concrete in the
field. The covered surface allows the interior concrete to reach a higher temperature by
slowing the loss of heat generated from the hydration of cement and from solar radiation.
The covering also insulates the concrete surface from the ambient temperature cycles
which decreases the temperature drop between the mid-depth and the covered surface.

6.3 Test Parameters

6.3.1 Correlation of Samples to Mass Concrete. The heat loss in the
small samples caused a peak temperature difference between the 4 ft concrete cube and
small samples of 270F for Test 1 and 280F for Test 2. The lower temperature in the
small sample is partially due to heat lost to the environment. However, the majority
of heat loss occurs in heating up the polyurethane foam which is snug with the plastic
cylinder containing the sample.

The greatest difference between companion samples was approximately 2°F.
The recorded difference in temperatures between the same mix in different insulated
boxes is less than the error associated with temperature measurement by J-type ther-
mocouples. Thus, the insulated boxes provide a means predicting the maximum tem-
perature in mass concrete specimens from small specimens.

6.3.2 Ambient Temperature. Variations in the ambient temperature within
the range of 68 to 84°F has a small effect on the order of 3 to 4°F on the maximum
temperature rise. The lower ambient temperature did, however, increase the time to 95
percent of the peak temperature by 1.2 hours. That increase in time may be due to the
lowering of the mortar temperature at early ages caused by placing the mortar in an
environment colder than the mortar’s initial temperature. The lowering of the mortar’s
initial temperature resulted in a slower rate of hydration at early ages.

6.3.3 Initial Mix Temperature. A similar trend was seen from varying
the initial mix temperature as was seen from varying the ambient temperature. The
temperature rise was not altered by the initial temperature regardless of the percent
replacement of cement by fly ash, and the fly ash type. The time to the peak temperature
was increased as the initial temperature decreased in all cases tested due to the slower
rate of hydration at lower temperatures.



117

The fact that the initial concrete temperature affects the rate of heat generation
is important for concrete in a nonadiabatic environment. Precooling of concrete can
reduce the internal temperature rise by decreasing the rate of heat generation. The lower
rate of heat generation provides a longer time for heat to dissipate which decreases the
potential for thermal cracking due to a thermal gradient within a concrete member.

6.3.4 Cement Type and Content. The greater peak temperature of the
Type Il cement as compared to that for the Type I cement in Figure 5.16 shows the effect
of cement fineness on hydration. Both cements have the same chemical composition,
but the Type III cement is ground finer. The finer the cement particles, the greater the
particle surface area. The greater surface area exposed to the mixing water increases the
rate of hydration, particularly at early ages. The Type I-II cement was slower reacting
than the Type I cement primarily due to the lower tricalcium aluminate content and
lower particle surface area, as determined by the Blaine Air Permeability Test, of the
Type I-II cement. The chemical and physical properties of the cements are given in
Tables A.6 - A.8 in Appendix A.

Figure 5.17 shows that as the cement content increases, the temperature rise
also increases. For Type I cement mortars containing no fly ash, the temperature rises
were 4.1, 4.3, and 4.6°F per percent volume of cement per unit volume of mortar for
mixes with 10.7, 16.8, and 23.6 percent volume of cement per unit volume of mortar.
The slight increase in the temperature rise per pound of cement as the cement content
increased is mainly due to an increase in the rate of hydration associated with higher
temperatures.

6.3.5 Water to Cementitious Materials Ratio. The four tests conducted
on the effect of the W/(C+FA) ratio on the temperature rise of mortar covered a wide
range of cement types, fly ash types, replacement percentages, and water to cementitious
materials ratios. Those four tests showed no apparent trend.

Other research has shown that the initial W/C ratio, ranging from 0.157 to
0.80 by weight, does not have a significant effect on the rate of hydration of Portland
cement over the initial 20 hours. 142 At later ages, the rate of hydration decreases as the
water to cement ratio decreases. The effect of the W/C ratio at later ages may be due
to the decrease in aqueous medium which transports the reactants to the surfaces where
hydration occurs, the decrease in space available for hydration products, or simply an
insufficient supply of mixing water to continue hydration.
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Mortars may be batched to achieve a constant compressive strength, flow, or
W/(C+FA) ratio. For field applications concretes are designed to achieve a particular
strength and workability. In this study the water to cementitious materials ratio was
held constant for all mortar mixes.

6.4 The Effect of Fly Ash on the Temperature Rise in Mortar

6.4.1 Peak Temperature. As shown in Figures 6.1 to 6.3, the effect of the
replacement by volume of cement by fly ash on the peak temperature rise of mortar
appears to be best categorized by fly ash type.

For all three cement types tested, Type A fly ashes (FA A and FA B) signif-
icantly decreased the mortar peak temperature rise. Regardless of cement type, both
Type A fly ashes had a similar effect on the temperature rise. For example, mortars with
35 percent replacement of cement with either of the Type A fly ashes produced similar
decreases in peak temperature rise compared to the corresponding control mixes of 20°F
+/- 2°F. For all three cement types, the temperature rise decreased with an increase in
the Type A fly ash content. Thus, the addition of Type A fly ash consistently decreased
the peak mortar temperature rise. That decrease appears to be due to the inertness of
the Type A fly ashes at early ages.

The replacement of cement with the Type B fly ashes produced much higher
temperatures than in similar mixes containing the Type A fly ashes. The Type A fly
ashes significantly decreased the temperature rise, whereas the Type B fly ashes did not
cause a significant decrease in the peak mortar temperature rise as compared to the
control containing no fly ash. The measured peak temperature rise for all combinations
of the two Type B fly ashes, three cement types, and three replacement rates ranged
from a decrease of 10.7°F to an increase of 1.9°F as compared to the control mix. There
was no significant decrease in the peak temperature rise as the percentage of Type B fly
ash was increased from 20 to 35 percent by volume.

Unlike the Type A fly ashes, the two Type B fly ashes did not produce similar
temperature rises in mortar when used with different cements. However, the greatest
difference between similar mortar mixes containing fly ashes C and D was only 7.3°F,
regardless of cement type and percent replacement.

6.4.2 Time to Peak Temperature. Under adiabatic conditions the time
required to reach the peak temperature does not have an effect on the peak temperature
because no heat is lost. In concrete members when heat loss is significant, the time to
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peak influences the peak temperature because a longer time to peak allows more heat
to dissipate. The longer time to peak results in a lower internal temperature rise in
concrete.

The time to reach 95 percent of the peak temperature is dependent on the
cement type and the fly ash used. Type III cement produced the earliest peak time,
followed by Type I and Type I-II cement respectively. For the slower reacting Type I-1I
and Type I cements, the time to peak associated with the addition of Type B fly ash is
greater than the time to peak associated with the addition of Type A fly ash as shown
in Figures 6.4 and 6.5. Figure 6.6 shows that with the faster reacting Type III cement,
the difference in the effect of fly ash type on the time to peak is not as clear as with the
slower reacting Type I, and Type I-II cements.

Two general trends are apparent:

1) The Type A fly ash mixes peak earlier than similar Type B fly ash mixes.
Because the time to peak for the Type A fly ash mixes is similar to that of the
control mixes, it appears that the slight time lag associated with the addition
of Type A fly ash is due to the replacement of cement with a fairly unreactive
material.

2) The time to peak increases with the percent replacement of cement with Type
B fly ash regardless of cement type. The time to peak is not significantly
changed with the replacement of cement by a Type A fly ash. This is clearly
illustrated in Figures 6.4 to 6.6 which show the time to 95 percent of the
maximum temperature rise.

The longer time to peak for Type B fly ash mixes may indicate that, although
the peak temperature was not significantly decreased under nearly adiabatic conditions,
under conditions where the rate of heat loss is significant, the longer time to peak may
result in a lower temperature rise in concrete in service. That is because as the time to
the peak temperature increases, there is more time for heat to dissipate.

6.5 Strength

The strength gain of mortar cubes tested in this study tended to agree with
the research findings reported in Chapter 3. All of the strength tests conducted in this
study were based on a constant W/(C+FA) ratio without any water reduction to offset
the increased flow associated with the replacement of cement with fly ash.
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For mixes containing Type III cement and fly ash, the compressive strength
was less than that of the control mix at 28 days regardless of the fly ash type or percent
replacement. Fly ash mixes showed a higher rate of strength gain than the control mixes
containing no fly ash from 7 to 28 days as shown in Figure 6.7. For ages of 7 and 28
days, the fly ash / control strength ratio for Type III cement mortar mixes increased
from 0.87 to 0.94 for 35 percent Type B fly ash (FA D) and from 0.74 to 0.86 for 35
percent Type A fly ash (FA A).

For mixes containing Type I cement, the 7 day compressive strengths for all
mixes containing fly ash were less than the control mix. At 28 days, the strength
of mortars containing Type B fly ash exceeded the control strength, whereas mortars
containing Type A fly ash did not. Figure 6.8 shows that the Type A fly ash mortars
did, however, have a higher rate of strength gain from 7 to 28 days than the control. For
example, as the mortar age increased from 7 to 28 days, the fly ash / control strength
ratio for Type I cement mortar with 35 percent Type A fly ash (FA A) increased from
0.68 to 0.85.

Type I-II cement mortar containing Type B fly ash produced greater strengths
at 7 days than the control mix containing no fly ash, except for 20 percent FA D. Similar
to the Type I and Type III cement mortars, the Type I-II cement mortars with Type
A fly ash produced strengths less than the control strength at 28 days, but exhibited a
higher rate of strength gain from 7 to 28 days. (Figure 6.9)

It is important to note that the strength results for Type I- II cement mortars
containing fly ash clearly show that each fly ash type has its own optimum percent of
cement replacement. Figures 5.44 and 5.45 show that the strength of mortar with FA
D appears to have an optimum replacement percentage of approximately 27.5 percent
for all cement types and mortar test ages. The mortar strengths with FA C show an
opposite trend with lower strengths for 27.5 percent replacement than for 20 and 35
percent. FA C and FA D are both Type B fly ashes. The strength decreased with
increasing percentage of Type A fly ash. Similar optimum replacement percentages for
fly ash in mortar with a constant W/(C+FA) ratio have been found. 28l

The effect of the curing temperature on the 24 hour compressive strength is
shown in Figure 6.10. As the ambient temperature increases, the compressive strength
increases. In addition, the figure shows that the strength of cubes containing Type B fly
ash were more temperature dependent than were cubes without fly ash. The effect of
curing temperature on cube strength is shown in Figure 6.10 as the ratio of the strength
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at 97°F to the strength at 73°F. Although the mix containing Type I cement and 35
percent Type B fly ash (FA C) showed the greatest strength gain with the increase in
curing temperature, it still had the lowest strength at both temperatures. All four mixes
were batched with the same W/(C+FA) ratio.

In mass or hot weather concreting applications a substantial increase in early
strength may result for concrete containing a low heat cement or fly ash. The ultimate
strength of fly ash concrete generally increases with the curing temperature, in the range
of hot weather conditions, whereas the ultimate strength of plain concrete decreases.

6.6 Flow

The replacement of cement with fly ash increased the flow of mortar. The
amount of the increase in flow is dependent on the flow of the control mortar which
contains no fly ash. A similar trend occurs for the slump of concrete containing water
reducers. The increase in slump with the addition of a water reducer is greatest for a
low slump base mix.

Flow tests were conducted on Type I and Type III cement mortars. Those
cements did not differ greatly in chemical composition but the Type III was ground
much finer. Due to the increased surface area associated with the finer particles, the
flow of the control mix was only 86 percent for a Type III cement mortar compared to a
flow of 127 percent for a Type I cement mortar having the same water to cement ratio.

From Figures 5.50 and 5.51 it can be seen that fly ash increases the flow of
mortar. One of the Type A fly ashes (FA A) did, however, have an insignificant affect on
the flow. One possible explanation for that lack of flow increase is the high percentage
of fine particles in FA A, as compared to the other Type A fly ash (FA B), caused a
high water demand. It is also important to note that an increase in flow was not always
produced by an increase in fly ash content.



CHAPTER 7
DISCUSSION OF TEST RESULTS FOR MIXES CONTAINING
CHEMICAL ADMIXTURE

7.1 Introduction

In this chapter the experimental test results for mortar mixes containing chem-
ical admixture are discussed. To avoid confusion resulting from the large number of
variables investigated in this study, the effect of the addition of chemical admixture on
the temperature rise, strength, and flow of mortar is discussed alone in this chapter.

This report is the first in a more comprehensive study. The results presented
in this study on the effect of the addition of chemical admixture on the temperature rise
in concrete are not conclusive due to the limited amount of test data. A more thorough
investigation needs to be conducted to verify the results in this study pertaining to the
addition of chemical admixture.

7.2 The Effect of Chemical Admixture on the Temperature Rise
in Mortar

7.2.1 Peak Temperature. The addition of a retarder or a superplasticizer
to any of the mortar mixes without fly ash did not cause a significant change in the peak
temperature as shown in Figures 7.1 and 7.2. That is somewhat surprising because the
steeper slopes of the temperature rise curves with time shown in Figures 5.37 to 5.41 for
the mixes with either of the two chemical admixtures indicate a more rapid rate of heat
generation than for the control mixes after the dormant period. The greatest increase
in temperature for mixes containing no fly ash associated with the addition of chemical
admixture over that for a similar mix without chemical admixture addition was only
3.9°F.

The difference in the peak temperatures for mixes containing no fly ash as-
sociated with the dosage rate of retarder or superplasticizer is negligible for the range
of dosages tested. In this study, some of the superplasticizer dosages used in the mor-
tar mixes are slightly lower than the manufacturer recommended dosages for concrete.
Dosage rates are typically stated in ounces per hundred weight of cement. However, ex-
cept for batches containing Type III cement, the upper end of the range of recommended
dosages for concrete caused the mortar to segregate.
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Figures 7.3 to 7.6 show that the addition of the superplasticizer did not cause a
significant increase in the peak temperature in mixes containing fly ash as was the case
in mixes containing no fly ash. The addition of the superplasticizer to mortar mixes
containing Type I or Type III cement, and Type A or Type B fly ash did not increase
the peak temperature by more than 1.4°F as compared to similar mixes containing fly
ash and no superplasticizer.

7.2.2 Time to Peak Temperature. Although the addition of a retarder did
not produce much change in the peak temperature, it did significantly alter the time
to reach the peak temperature. Addition of a retarder increased the time to the peak
temperature as shown in Figure 7.1. The range of that increase for the three cement
types, with no fly ash, and a retarder dosage of 4 to 5 oz/cwt was from 1.3 to 4.8 hours.
The temperature rise curves corresponding to mixes with retarder addition are shaped
similarly to the curves without admixtures. The shapes are similar but the retarder
delays the curve by 1 to 5 hours which suggests an increased dormant period.

Figure 7.2 indicates that, unlike the addition of the retarder, the addition
of superplasticizer to mixes without fly ash did not significantly increase the time to
peak. That is because the superplasticizer contained no set retarders. The addition of
superplasticizer increased the rate of hydration. That increased rate of hydration can be
seen on the temperature rise curves in Figures 5.37 to 5.41. After an extended dormant
period, the slope of the temperature rise curves for the mixes with superplasticizer are
greater than for the mixes with or without retarder. That increased rate of hydration is
most likely a result of the dispersion of cement due to the addition of the superplasticizer.

The addition of superplasticizer had a different effect on the mortar mixes
which contained fly ash. A dosage of 8 oz/cwt of Type III cement with 27.5 percent fly
ash by volume showed an increase in time to peak of 2.5 hours for a Type A fly ash mix
and 2.2 hours for a Type B fly ash mix. For a similar mix containing Type I cement
and superplasticizer, a time increase of 4.5 hours was recorded for a Type A fly ash mix
opposed to no increase for a Type B fly ash mix.

Thus, the general conclusion from these tests on the effect of the addition of the
superplasticizer on the time to the peak temperature is that mixes containing fly ash and
a superplasticizer take longer to peak than mixes with fly ash and no superplasticizer.
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7.3 Strength

Figure 7.7 shows that for all three cement types tested, the addition of the
retarder reduced the 28 day compressive strength of mortar containing no fly ash. The
addition of the superplasticizer to mortar containing no fly ash caused less than a 5 per-
cent change in strength at 28 days compared to a control mix containing no admixtures
for all three cement types tested. A significant loss in 28 day strength was observed with
the addition of the superplasticizer to mortar containing Type A and Type B fly ash,
and Type I and Type III cement as listed in Tables B.6 and B.7 in Appendix B. The loss
of strength with the addition of the superplasticizer is surprising because it is generally
agreed that chemical dispersants allow for a greater degree of hydration and therefore a
greater strength. The loss of strength with chemical admixture addition may be due to
the increased bleeding which may reduce the strength of the cube’s top surface. That
strength loss may also result from additional air content.

7.4 Flow

Figure 7.8 shows a comparison of the flow for mortars containing fly ash and
mortars containing a chemical admixture. Both the addition of fly ash and the addition
of a chemical admixture produced a greater increase in flow for Type III cement mortars
than for the Type I cement mortars.



142

‘yse A13 ou Huturejuoo .
Iejrow yo yjzbusils Aep gz SY3J UO SINIXTUPR TedTwsyd JO 30931 L*L ®anbta

3dAL IN3IN3D
I I-1

Ir

] mm.

- G6°

7

1M2/z0 8 : 39vsod d3ZIDILSYId¥3dNS &

1M2/Z0 € : 39vS0a MIANVLIIN N

o't
OllVY O/M 9%

HL1ON3¥1S JAISSIUANOD Ava 82

HLONIMLS T08INOD / HIONINLS



143

ddAL IN3W3D

*Ie3I0W _JO MOTF Y3} UO SanjxXTupe TeOTWSYD pue yse ATF JO 3097Jd g', 21nb1J

1MO/Z0 8 : 39vS0Q ¥3IZIOUSYIdN3dNS @

1MO/Z0 € : 39vS0a ¥3GVIIN NN

a v4 %S¢
O V4 %G¢ &
8 v4 258 DN

¥ L
o o o
N -

Od1INOD d3A0 MOTd4 NI 3SVIHONI %

T
o
M

-0y

(¥ %0)

OlLVY (V4+2)/M L9%°
dVI¥0ON 40 MO14

oS



CHAPTER 8
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

8.1 Summary

This study was conducted to develop guidelines to aid engineers in designing
more durable concrete with respect to temperature effects. The cements, fly ashes, and
admixtures used in this study are commercially available throughout Texas and provide
a basis for comparison of physical and chemical properties of cements, fly ashes, and
admixtures in general.

In this report, the nature of the thermal gradient along a vertical cross section
for concrete members with varying dimensions and exposure conditions was examined.
The primary purpose of this study was to investigate the effect of fly ash produced
in Texas on the temperature rise in concrete. That was accomplished by monitoring
the temperature rise in mortar samples. The following materials and proportions were
investigated:

1) Cement Type
a) Typel
b) Type I-II
c) Type IlI
2) Fly Ash Type
a) Type A
b) Type B
3) Percent Replacement of Cement By Volume
a) 0%
b) 20%
c) 27.5%
d) 35%

The effect of the addition of two chemical admixtures on the temperature rise
was also examined. Those admixtures were a water reducer/retarder and a superplasti-
cizer.

Strength and flow tests were conducted on all mortar samples. Those tests
provide a basis for comparison between mixes with or without fly ash based on the
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properties of strength and placeability, which generally are the controlling criteria for

concrete mix design.

8.2 Conclusions

8.2.1 Temperature Tests. The purpose of this report is to aid engineers in

designing more durable concrete by providing guidelines which will reduce the tendency

for thermal cracking. The conclusions of this study pertaining to internal concrete

temperature are:

1)

2)

3)

4)

The thermal gradient along a vertical cross section resulting from the heat
developed during the hydration of cement does not vary linearly from the
mid-depth temperature to the surface temperature. Most of the temperature
drop occurs near the exposed concrete surface. As a result, current guidelines
assuming a linear distribution are unconservative for estimating the thermal
stresses in concrete resulting from the internal heat of hydration.

The two Type A fly ashes in this study did significantly reduce the temperature
rise in mortar for all cements tested. For all materials used, the higher the
cement replacement with Type A fly ash, the lower the peak temperature rise.
Cement replacement with Type B fly ash did not significantly reduce the peak
temperature. Further, no significant decrease was generally noticed as the
percentage of Type B fly ash was increased from 20 to 35 percent by volume.

The time to the peak temperature under nearly adiabatic conditions for mortar
containing Type A fly ash was nearly the same as the control mix containing
no fly ash. The time to the peak temperature was longer than the control mix
for the Type B fly ash mixes. Unlike the Type A fly ashes, the time to the peak
temperature increased with the content of Type B fly ash. That indicates that
reductions in the temperature rise within concrete may be realized using higher
percentages of Type B fly ashes if the concrete loses heat to the environment
at early ages. The longer time to peak allows more heat to dissipate under
nonadiabatic conditions.

The addition of either the retarder or the superplasticizer used in this study
did not cause a substantial change in the peak temperature rise for all cements
used. Regardless of cement type, the superplasticizer also did not have a
significant effect on the peak temperature rise of mixes containing either type
of fly ash.



5)

1)

3)

4)

5)

6)

1)

2)
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Under nearly adiabatic conditions, the addition of a retarder to mortar con-
taining no fly ash increased the time to peak, whereas the addition of a super-
plasticizer did not. Both chemical admixtures produced a prolonged dormant
period followed by an increased rate of hydration. Thus, in a nonadiabatic sys-
tem, the increase in the rate of hydration produced from the addition of either
of the chemical admixtures may increase the temperature rise in concrete.

8.2.2 Strength. The conclusions from the testing of mortar cubes are:

At ages up to 28 days, the strength of cubes containing Type B fly ash may
be greater than the control strengths depending on the cement type, fly ash
type, and percent replacement.

At test ages of 28 days or less, mortar containing 20 to 35 percent Type A fly
ash had a lower strength than the control strength for all cements used.

In all cases, the mixes containing fly ash showed a greater rate of strength gain
from 7 to 28 days than the control mix containing no fly ash.

A greater reduction in strength at ages less than 28 days was observed due to
the replacement of cement with fly ash in the high early strength cement mix.
Thus, the Type III cement mortars showed a greater strength reduction than
Type I cement mortars due to the addition of fly ash.

The strength of mortar containing fly ash is dependent on the fly ash type and
percent replacement. Each individual fly ash has its own optimum replacement
percentage for each cement used. This is more significant as the strength of
the control mix decreases.

As the curing temperature is raised from 73 to 970F, the percent increase in
strength at 24 hours is greater for mortar containing Type B fly ash than for
a similar control mix containing no fly ash. That is to say that fly ash mortar
is more temperature sensitive than control mixes containing Type I or Type
IIT cement and no fly ash.

8.2.3 Flow. The conclusions of the flow tests are:

In general, the flow of mortar is increased with the replacement of cement by
fly ash.

A greater increase in flow was observed with the replacement of Type III
cement with fly ash than with the replacement of Type I cement.
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3)

The flow is not steadily increased within the replacement range of 20 to 35
percent. Such a steady increase in flow with fly ash content is predicted by the
ball-bearing analogy for the spherical fly ash particles. The increase in flow in
mortar containing fly ash may well be due in part to the fact that fly ash acts
as a dispersant.

8.3 Guidelines

Based on the test results presented in this study, the following guidelines for the

partial replacement of cement with fly ash to reduce the tendency for thermal cracking

in concrete have been developed:

1)

2)

3)

4)

5)

Regardless of fly ash type, the use of fly ash reduces the tendency for thermal
cracking in concrete in nonadiabatic conditions.

The partial replacement of cement with Type A fly ash results in a reduction in
the peak temperature rise in concrete thus reducing the potential for thermal
cracking.

The partial replacement of cement with Type B fly ash does not cause a signifi-
cant reduction in the peak temperature rise in concrete under nearly adiabatic
conditions. However, Type B fly ash produces a longer time to the peak tem-
perature allowing more heat dissipation in concrete in nonadiabatic conditions.
As a result, the replacement of cement with Type B fly ash will reduce the
tendency for thermal cracking in concrete cast and cured in the field.

The higher the cement content, the greater the temperature rise in concrete,
and thus the greater the potential for thermal cracking.

Curing concrete by covering the exposed surfaces with damp burlap and plastic
may result in a higher internal concrete temperature at mid-depth, but a lower
temperature drop between the mid-depth temperature and the covered surface
temperature. The lower temperature drop reduces the tendency for thermal
cracking.

8.4 Recommendations for Future Research

This report addressed the important question of whether the partial replace-

ment of cement by fly ash in general reduces the temperature rise in concrete. There
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is still much more that needs to be investigated on the temperature rise in concrete.

Recommended areas for future research are:

1)

2)
3)

4)

Develop equations or guidelines to predict the thermal gradient in concrete
due to hydration.

Develop a failure theory for concrete subjected to a thermal strain gradient.

Monitor the rate of heat evolution of fly ash paste under isothermal conditions.
This will show how the cement - fly ash system is affected by the system
temperature. Also, the measurement of the rate of heat evolution and the
total heat evolved will indicate the potential temperature rise under varying
thermal conditions (rates of heat loss).

Examine the effect of superplasticizers on the temperature rise in concrete.
Only one of the three superplasticizer formulations was tested in this study.



APPENDIX A
MATERIAL PROPERTIES AND MIX PROPORTIONS
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Table A.1 Ready Mixed Concrete Proportions

Test 1 Test2 Test3  Test 4
Design Strength (psi) 5000 5000 6000 5000
Coarse Aggr.: River Gravel, 1888 1854 1880 1893
3/4 in. max (Ib/yd® at SSD)
Fine Aggr.: River Sand 1456 1493 1440 1413
(Ib/yd® at SSD)
Cement: Type I (1b/yd?) 474 467 473 517
Water (Ib/yd?) 168 168 107 144
Water Reducer: Lignosulfate Based 0.0 0.0 0.0 3.2
(0z/cwt)
Retarder: Lignosulfate Based 3.8 3.6 3.3 0.0
(oz/cwt)
Air Entraining Agent: Saponified 0.6 0.0 0.9 0.0

Wood Resin (oz/cwt)
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Table A.2 Chemical and Physical Properties of Fly Ash A

Experimental Specifications
Program Texas SDHPT*
Fly Ash A Type A Type B
Si+Al+Fe Oxides (%) 78.48 65 50
Si Oxide (%) 55.54 - -
Al Oxide (%) 18.61 - -
Ca Oxide (%) 6.97 ** **
Mg Oxide (%) 0.81 5.0 5.0
Sulfate (%) 0.26 5.0 5.0
Available Alkalies (%) 0.31 1.5 1.5
Loss on Ignition (%) 0.04 3.0 3.0
Moisture Content (%) 0.07 2.0 2.0
Shrinkage (%) 0.007 0.03 0.03
Pozzolanic Activity 97.09 75 75
Specific Gravity 2.32 - -
Blaine Fineness (cm?/gm) 2520 - -
Percent Retained on #325 Sieve 13.30 30 30

*Maximum values except for sum of oxides and pozzolanic activity.

**4% maximum variation from previous ten samples.
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Table A.3 Chemical and Physical Properties of Fly Ash B

Experimental Specifications
Program Texas SDHPT*
Fly Ash B Type A Type B
Si+Al+Fe Oxides (%) 79.77 65 50
Si Oxide (%) 52.90 - -
Al Oxide (%) 17.89 - -
Ca Oxide (%) 9.55 ** ok
Mg Oxide (%) 1.66 5.0 5.0
Sulfate (%) 0.90 5.0 5.0
Available Alkalies (%) 0.57 1.5 1.5
Loss on Ignition (%) 0.19 3.0 3.0
Moisture Content (%) 0.03 2.0 2.0
Shrinkage (%) 0.01 0.03 0.03
Pozzolanic Activity 90.90 75 75
Specific Gravity 2.43 - -
Blaine Fineness (cm?/gm) 2560 - -
Percent Retained on #325 Sieve 23.81 30 30

*Maximum values except for sum of oxides and pozzolanic activity.

**4% maximum variation from previous ten samples.
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Table A.4 Chemical and Physical Properties of Fly Ash C

Experimental Specifications
Program Texas SDHPT*
Fly Ash C Type A Type B
Si+Al+Fe Oxides (%) 53.51 65 50
Si Oxide (%) 28.38 - -
Al Oxide (%) 20.19 - -
Ca Oxide (%) 33.93 ** **
Mg Oxide (%) 8.41 5.0 5.0
Sulfate (%) 4.45 5.0 5.0
Available Alkalies (%) 1.54 1.5 1.5
Loss on Ignition (%) 0.25 3.0 3.0
Moisture Content (%) 0.02 2.0 2.0
Shrinkage (%) -0.005 0.03 0.03
Pozzolanic Activity 91.46 75 75
Specific Gravity 2.79 - -
Blaine Fineness (cm?/gm) 3510 - -
Percent Retained on #325 Sieve 10.40 30 30

*Maximum values except for sum of oxides and pozzolanic activity.

**4% maximum variation from previous ten samples.
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Table A.5 Chemical and Physical Properties of Fly Ash D

Experimental Specifications
Program Texas SDHPT*
Fly Ash D Type A Type B
Si+Al+Fe Oxides (%) 59.38 65 50
Si Oxide (%) 32.23 - -
Al Oxide (%) 22.18 - -
Ca Oxide (%) 29.86 ok ok
Mg Oxide (%) 5.63 5.0 5.0
Sulfate (%) 2.48 5.0 5.0
Available Alkalies (%) 1.67 1.5 1.5
Loss on Ignition (%) 0.03 3.0 3.0
Moisture Content (%) 0.10 2.0 2.0
Shrinkage (%) ' -0.007 0.03 0.03
Pozzolanic Activity 91.55 75 75
Specific Gravity 2.70 - -
Blaine Fineness (cm?/gm) 4220 - -
Percent Retained on #325 Sieve 18.90 30 30

*Maximum values except for sum of oxides and pozzolanic activity.

**4% maximum variation from previous ten samples.
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Table A.6 Chemical and Physical Properties of Type I Portland Cement

Chemical Composition Percent
Silicon Dioxide (Si0,) 20.3
Aluminum Dioxide (A150s) 5.9
Ferric Oxide (Fe;05) 3.0
Calcium Oxide (Ca0) 64.2
Magnesium Oxide (Mg0) 1.1
Sulfur Trioxide (S03) 3.1
Loss on Ignition 1.5
Insoluble Residue 0.18
Free Lime 1.5
Tricalcium Silicate (C3S) 54.0
Tricalcium Aluminate (C3A) 10.6
Alkali Total 0.77
Physical Properties Gilmore Vicat
Time of Setting:
Initial 105 min -
Final 215 min -
Specific Surface:
Blaine 3500 cm?/gm
Wagner 1890 cm? /gm

Compressive Strength:
1-day 2080 psi
3-day 3470 psi
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Table A.7 Chemical and Physical Properties of Type I-II Portland Cement

Chemical Composition Percent
Silicon Dioxide (Si0) 21.8
Aluminum Dioxide (A120,) 4.2
Ferric Oxide (Fe;05) 3.2
Calcium Oxide (Ca0) o 64.7
Magnesium Oxide (Mg0) 0.6
Sulfur Trioxide (S03) 2.9
Loss on Ignition 0.9
Insoluble Residue 0.3
Free Lime 0.9
Tricalcium Silicate (C5S) 54.0
Tricalcium Aluminate (C3A) 6.0
Alkali Total 0.63
Physical Properties Gilmore Vicat
Time of Setting: ‘
Initial 125 min 88 min
Final 225 min 201 min
Specific Surface: -
Blaine 3350 cm?/gm
Wagner 1880 cm?/gm

Compressive Strength:
1-day 1970 psi
3-day 3550 psi
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Table A.8 Chemical and Physical Properties of Type III Portland Cement

Chemical Composition Percent
Silicon Dioxide (Si02) 20.6
Aluminum Dioxide (A1203) 5.4
Ferric Oxide (Fe203) ‘ 2.6
Calcium Oxide (Ca0) 64.4
Magnesium Oxide (Mg0) . 1.1
Sulfur Trioxide (S03) 3.7
Loss on Ignition 1.6
Insoluble Residue 0.22
Free Lime 14
Tricalcium Silicate (C3S) 55.0
Tricalcium Aluminate (C3A) 10.0
Alkali Total 0.75
Physical Properties Gilmore Vicat
Time of Setting:
Initial 100 min -
Final 195 min -
Specific Surface:
Blaine 5990 cm? /gm
Wagner 2840 cm?/gm

Compressive Strength:
1-day 3760 psi
3-day 5100 psi




Table A.9 Sand A (Colorado River Sand)

Absorption Capacity: 0.6 %
Specific Gravity SSD: 2.6
Fineness Modulus: 2.58

Sieve Analysis

Sieve Percent Retained
No. 4 0.2
No. 8 3.8
No. 16 26.5
No. 30 53.7
No. 50 77.8
No. 100 96.2

Table A.10 Sand B (Colorado River Sand)

Absorption Capacity: 1.2 %
Specific Gravity SSD: 2.6
Fineness Modulus: 2.78

Sieve Analysis

Sieve Percent Retained
No. 4 0.1
No. 8 8.5
No. 16 30.0
No. 30 58.1
No. 50 83.4

No. 100 97.8
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MORTAR MIXES

Batch Numbering
Sample batch number: B4 27.5D I-II

The batch number describes the mortar mix as follows:

First letter designates the sand used: A or B

First number designates chronological order of mixes.

Second number denotes the percentage of cement replaced by fly ash
by volume: 0, 20, 27.5, or 35.

Second letter denotes fly ash used: A, B, C, or D.

The final numbers refer to the cement type used: , I-II, or IIL

The sample batch number above refers to a mortar mix containing sand B, and 27.5
percent replacement of Type I-II cement by fly ash D. This was the fourth batch mixed
with sand B.

Batch Weights

The batch weights are the stock weights. The dry weight of the sand can be calculated
given the moisture content (MC) which was determined just prior to batching.

Admixture

The letter next to the admixture dosage denotes the admixture type used. R refers to
the addition of the retarder and S refers to the addition of the superplasticizer.

Yolume Per Cubic Foot

The volumes per cubic foot are based on the sand at saturated surface dry condition
(ssD).
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TEST RESULTS
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Table B.1 Temperature Rise Test Results for Mortar Containing
Type I-II Cement

Cement Replacement Peak Temp. Time to 95%
Batch Fly Ash By Fly Ash Admixture* Rise of Peak

‘ (%) (oz/cwt)  (° F) (Hours)
Al3 - 0 0 75.3 10.0
Ale - 0 0 78.3 8.3
Al17 A 35 0 49.5 9.5
AlS8 C 35 0 72.6 11.5
Al9 - 0 0 76.0 11.5
A20 A 35 0 5.9 120
A21 C 35 0 77.0 14.0
A24 A 35 0 40.8 11.0
A25 A 35 0 39.6 13.0
A26 - 0 0 70.0 11.5
A29 A 35 0 48.7 10.8

*R denotes addition of the retarder.

S denotes addition of the superplasticizer.
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Table B.2 Temperature Rise Test Results for Mortar Containing
Type I-II Cement

Cement Replacement Peak Temp. Time to 95%

Batch Fly Ash By Fly Ash Admixture* Rise of Peak

(%) (0z/cwt) (° F) (Hours)
B39 - 0 0 63.1 11.5
B5 A 20 0 50.0 11.8
B4 A 27.5 0 44.9 11.8
B40 A 35 0 44.7 11.5

B9 B 20 0 49.0 12

B10 B 27.5 0 46.9 12.2
B11 B 35 0 41.7 13.3
B6 C 20 0 60.9 14.2
B7 C 27.5 0 60.9 15.7
B8 C 35 0 60.8 16.2
B2 D 20 0 59.3 15.7
B3 D 27.5 0 57.0 17.8
B1 D 35 0 55.9 19.7
R1 - 0 4R 67.0 14.3
R6 - 0 5R 67.0 16.3
S5 - 0 8S 65.7 12.7

* R denotes addition of the retarder.

S denotes addition of the superplasticizer.
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Table B.3 Temperature Rise Test Results for Mortar Containing
Type I Cement

Cement Replacement Peak Temp. Time to 95%
Batch Fly Ash By Fly Ash ~ Admixture* Rise of Peak
(%) (oz/cwt) (°F) (Hours)
B25 - 0 0 71.4 9.7
B36 A 20 0 58.2 10.7
B37 A 275 0 55.9 10.7
B38 A 35 0 51.3 11.0
B29 B 20 0 58.2 10.8
B30 B 27.5 0 56.0 11.0
B31 B 35 0 514 12.0
B26 C 20 0 70.8 11.0
B27 C 27.5 0 70.9 12.3
B28 C 35 0 73.3 13.3
B32 D 20 0 66.5 12.0
B33 D 27.5 0 68.9 13.3
B35 D 35 0 64.0 15.8
B34 D 35 0 64.0 15.7
B42 - 0 0 108.0 9.2
B43 - 0 0 44.0 9.2
R2 - 0 4R 72.7 11.8
R5 - 0 5R 72.5 13.0
S6 - 0 58 75.3 10.3
S7 - 0 8S 72.7 10.3
S9 B 27.5 8S 56.8 13.5
S10 C 27.5 8S 71.1 12.7

*R denotes addition of the retarder.

S denotes addition of the superplasticizer.
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Table B.4 Temperature Rise Test Results for Mortar Containing
Type III Cement

Cement Replacement Peak Temp. Time to 95%
Batch Fly Ash By Fly Ash Admixture* Rise of Peak
(%) (oz/cwt) (° F) (Hours)
B12 - 0 0 80.8 7.7
B15 A 20 0 67.0 8.3
B14 A 27.5 0 62.1 8.7
B13 A 35 0 59.8 8.3
B41 B 20 0 66.5 9.3
B20 B 27.5 0 65.1 8.5
B21 B 35 0 57.8 8.3
B22 C 20 0 78.9 8.5
B23 C 27.5 0 76.1 7.8
B24 C 35 0 70.1 8.7
B16 D 20 0 76.6 10.3
B17 D 27.5 0 77.8 10.8
B18 D 35 0 77.5 11.8
B19 B 20 0 65.3 8.5
R3 - 0 4R 80.6 9.0
R4 - 0 5R 78.9 9.7
S2 - 0 158 81.6 8.2
S8 - 0 8S 824 8.3
S11 C 27.5 8S 77.5 10.8
S12 B 27.5 8S 64.5 10.3

*R denotes addition of the retarder.
S denotes addition of the superplasticizer.
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Table B.5 Compressive Strength of Mortar Cubes with Type I-II Cement

Cement Replacement

Fly Ash By Fly Ash Admixture*  7-Day Strength  28-Day Strength

(%) (o /cwt) (psi) (psi)
- 0 0 5760 8220
A 20 0 5830 7450
A 27.5 0 4430 6840
A 35 0 5250 7560
B 20 0 5190 7630
B 27.5 0 4880 7490
B 35 0 5230 7490
C 20 0 6360 9180
C 27.5 0 6010 8510
C 35 0 6500 8930
D 20 0 5040 6890
D 27.5 0 6930 9680
D 35 0 6670 9030
- 0 4R 6690 9060
- 0 5R 6390 8000
- 0 8S 6630 8320

* R denotes addition of the retarder.
S denotes addition of the superplasticizer.
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Table B.6 Compressive Strength of Mortar Cubes with Type I Cement

Cement Replacement

Fly Ash By Fly Ash Admixture*  7-Day Strength 28-Day Strength

(%) (oz/cwt) (psi) (psi)
- 0 0 7380 8130
A 20 0 6170 7870
A 27.5 0 5980 7840
A 35 0 5050 6890
B 20 0 5610 7240
B 27.5 0 5550 6750
B 35 0 5230 6750
C 20 0 7030 8500
C 27.5 0 6790 8200
C 35 0 6810 8340
D 20 0 6700 8280
D 27.5 0 7140 9060
D 35 0 6570 8160
- 0 4R 7260 8250
- 0 5R 6610 7380
- 0 58 7380 7350
- 0 8S 6820 7710
B 27.5 8S 5580 7390
C 27.5 8S 6080 7660

* R denotes addition of the retarder.

S denotes addition of the superplasticizer.
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Table B.7 Compressive Strength of Mortar Cubes with Type III Cement

Cement Replacement

Fly Ash By Fly Ash Admixture*  7-Day Strength  28-Day Strength

(%) (0z/cwt) (psi) (psi)
- 0 0 8110 9600
A 20 0 6550 8540
A 27.5 0 6560 8380
A 35 0 6030 8210
B 20 0 6600 8280
B 27.5 0 6440 8090
B 35 0 5740 7310
C 20 0 7210 8750
C 27.5 0 7140 8870
C 35 0 7290 8700
D 20 0 7410 9090
D 27.5 0 7240 8950
D 35 0 7020 8980
- 0 4R 7620 8260
- 0 5R 7410 8250
- 0 158 7590 8920
- 0 8S 7820 9100
C 27.5 8S 6500 8120
B 27.5 8S 6120 7610

* R denotes addition of the retarder.

S denotes addition of the superplasticizer.
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Table B.8 Flow of Mortar with Type I and Type III Cement

Cement Replacement

Fly Ash By Fly Ash Admixture*  Type I Cement Type III Cement
(%) (oz/cwt) (Flow in%) (Flow in %)

- 0 0 127 86
A 20 0 126 83
A 27.5 0 128 83
A 35 0 127 96
B 20 0 136 122
B 27.5 0 138 124
B 35 0 143 122
C 20 0 129 117
C 27.5 0 128 123
C 35 0 129 126
D 20 0 135 109
D 27.5 0 127 115
D 35 0 132 122
- 0 4R 126 97
- 0 5R 129 102
- 0 5S 143 -

- 0 8S 138 109
- 0 158 - 128

* R denotes addition of the retarder.

S denotes addition of the superplasticizer.
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