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PREFACE 

This is the first report in a series of four reports which 
summarizes the effect of fly ash on the production of concrete 
containing fly ash. The first report in the series summarizes 
the effect of fly ash on the production of structural concrete. 
The second report summari zes the effect of fly ash on concrete 
used for highway applications. The third report of the series 
summarizes the effects of fly ash on the durability of concrete 
containing fly ash. The fourth, and final, report of the series 
outlines a mix proportioning procedure for concrete containing 
fly ash. It uses the results of the previous three reports to 
develop a mix design procedure which results in a concrete mix 
that meets all applicable Texas SDHPT specifications. 

This work is part of Research Project 3-9-84-3611, entitled 
"Production of Concrete Containing Fly Ash." The studies 
described were conducted jointly between 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 studies were performed 
in cooperation wi th the Texas State Department of Highways and 
Public Transportation, Materials and Testing Division through 
contact with Mr. Fred Schindler. 

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

Structural applications of concrete containing fly ash have 
been limited mainly to high strength concrete in the past. This 
trend is primarily due to the lack of information available to 
the resident engineer concerning curing conditions, setting 
times, strength characteristics and durability of normal strength 
fly ash concrete. This study addresses some of the major con­
cerns of resident highway engineers on concrete containing fly 
ash for structural concrete in highway applications. 

This report summarizes the experimental observations and 
conclusions from a research program investigating the properties 
of both fresh and hardened structural concrete containing fly 
ash. 

Tests were performed to establish guidelines for the selec­
tion of materials and trial mix design procedures for producing 
quality concrete containing fly ash. The study investigated 
freeze-thaw resistance, flexural and compressive strength charac­
teristics, mixing conditions and procedures and curing conditions 
such as temperature, humidi ty, curing methods and rate of 
strength gain. Types A and B fly ashes were used in this study 
as a replacement for 0, 15, 25 and 35% Type I portland cement by 
weight. In addi tion, Type IP cement containing 20% Type A fly 
ash was used. 

The results of this study show that concrete containing fly 
ash can be designed and proportioned to meet present Texas SOHPT 
specifications for structural applications. In addition, this 
study reveals that an optimum mix design for concrete containing 
fly ash is both technically and economically advantageous to the 
Texas SOH PT. 

This report provides the resident engineer with recommenda­
tions to ensure the production of quality concrete containing fly 
ash for structural applications. 

v 
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IMPLEMENTATION" 

This report summarizes some of the findings of an extensive 
experimental investigation of concrete containing fly ash. 
Specific recommendations for the resident engineer are presented 
to ensure adequate quality structural concrete containing fly 
ash. 

This study shows that structural concrete containing fly ash 
can be produced under adverse environmental conditions provided 
proper concrete production procedures are followed. In addition, 
concrete containing fly ash can be produced more economically 
than plain portland cement concrete. 
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C HAP T E R 

INTRODUCTION 

1.1 Need for Research 

Civil engineers must constantly search for alternative 
sources of construction materials, for building more economical 
and durable structures. 

In recent years special attention has been given to the 
use of industrial by-products, i.e. fly ash, silica fume, and 
blast furnace slag as alternative sources for building materials, 
especially for concrete construction. Fly ash, being readily 
available and of lower cost than portland cement has been 
increasingly used in the concrete construction industry. Besides 
the immediate savings provided by the reduced material cost, 
concrete containing fly ash has proven to be as durable or of 
improved durability than ordinary concrete [11,32,35J. 

Concrete containing fly ash has been used, in the Uni ted 
States, for the last 45 years,. Until the last ten years 
concrete containing fly ash was used exclusively for mass 
concrete construction with limited application in roadway and 
structural concrete construction. In the last ten years, use of 
concrete containing fly ash for structural concrete construction 
has risen with the increased use of high-strength concrete. 
However, little information has been developed concerning the 
identification of relevant parameters in the selection of 
materials and proportions for producing concrete containing fly 
ash. This is due mainly to the high variability of the chemical 
and physical properties of the fly ash obtained from different 
regions of the Uni ted States. Concrete manufacturers seem to 
ignore these differences, and use fly ash in their concrete 
without proper quality control procedures to ensure that high 
quality and durable concrete is produced. 

As a result, what is needed most is a systematic, 
reproducible procedure for producing concrete containing fly ash 
with readily available materials using conventional ready-mix 
batching procedures. 

This research program consti tutes the much needed first 
step towards the development of the necessary information for the 
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use of concrete containing fly ash in highway structures in the 
State of Texas. 

1 .2 Obj ecti ves 

The overall objectives of the research program described 
herein are as follows: 

1. Establish guidelines in a form useful to highway 
resident engineers in Texas, for the selection of 
materials and trial mix design procedures for 
producing quality concrete containing fly ash. 

2. Identify the most relevant properties of fly ash 
affecting the properties of both fresh and hardened 
concrete. 

3. Conduct laboratory tests to provide information on 
the freeze-thaw resistance of concrete containing fly 
ash. 

4. Study the effects of different curing conditions, 
Le. temperature, humidity, and curing methods, on 
the rate of strength gain of concrete containing fly 
ash. 

1.3 Advantages of Concrete Containing Fly Ash 

There are definite advantages, both technical and 
economical, in using concrete containing fly ash for structural 
applications. The use of fly ash benefi ts concrete in both its 
fresh and hardened state. 

Due to the pozzolanic properties of fly ash, early uses 
were in mass concrete construction. Davis et ale [10J at the 
University of California were the first to conduct a thorough and 
comprehensi ve study on fly ash, its chemical and physical 
properties and the effect fly ash has on the properties of fresh 
and hardened concrete. 

For a constant water-cementitious ratio (w/cm), concrete 
containing fly ash has increased workability compared to portland 
cement concrete. Bleeding of concrete containing fly ash is less 
than that of a comparable concrete mix containing no fly ash. 
Due to the pozzolanic nature of the fly ash, concrete containing 



fly ash, has a longer setting time than portland cement 
In addition hardened concrete containing fly ash has 
properties compared to portland cement concrete. 
containing fly ash has higher long term strength, 
sulfate resistance, lower alkali aggregate reactivity 
permeabili ty. 
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Concrete containing fly ash develops higher strength at 
later ages than portland cement concrete due to its pozzolani c 
properties. The increased impermeability, improved sulfate 
resistance and improved durability are influenced mainly by the 
particle size of fly ash. Alkali aggregate reactivity may be 
decreased due to the chemical composition of the fly ash. 

1.4 Disadvantages of Concrete Containing Fly Ash 

Most of the disadvantages of using concrete containing fly 
ash reported by engineers result from a lack of research and 
available information on the behavior of concrete containing fly 
ash under actual field conditions. The high variability in the 
chemical and physical properties of fly ash is the main drawback 
hindering the incorporation of fly ash in a larger percentage of 
the concrete produced today [5, 12,16J. 

Possible disadvantages resulting from the use of concrete 
containing fly ash include [32,35J: 

1. Need for increased quality control. 

2. Good quality fly ash may not be readily available in 
a gi ven region. 

3. An addi tional bin for the storage of fly ash may be 
required at the ready mix concrete plant. 

4. Formwork removal time may increase due to the slower 
strength gain of concrete containing fly ash. 

1.5 Scope of this Study 

Approximately 1100 concrete specimens, representing 78 
different batches of concrete were made and tested as part of 
this study. While mixing procedure and slump were kept constant, 
the variables studied included fly ash content, cementitious 
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content, mixing temperature, the effect of mixing time, test age, 
and curing conditions. 

In this study, the research approach followed was to 
investigate the basic interactions among concrete components in 
mix proportions which are suitable for producing concrete 
containing fly ash, i.e., fly ash content, and cementitious 
content. Only commercially available materials and conventional 
production techniques used by the Texas State Department of 
Highways and Public Transportation (TSDHPT) were utilized in this 
program. As a result of this study valuable guidelines have been 
established to be followed by practicing engineers in the 
development of trial mixes for producing concrete containing fly 
ash. Without question, a trial mix design procedure must be used 
for"proportioning concrete containing fly ash in the field. 

This report is divided into seven chapters. An 
introduction and background information on the properties of fly 
ash are presented in Chapters 1 and 2. A brief review of 
Ii terature on the production of concrete containing fly ash is 
presented in Chapter 3. The experimental work is described in 
Chapter 4. Test results are presented, discussed and analyzed in 
Chapter 5. Recommendations for producing concrete containing fly 
ash and a cost comparison study are presented in Chapter 6. The 
conclusions obtained in this study are presented in Chapter 7. 

1.6 Terminology 

The terminology adopted in this report is defined as 
follows: 

1. Cementitious Content--the total content of Portland 
cement plus fly ash, by weight. 

2. Water-Cementitious Ratio (w/cm)--the ratio of water 
to the total content of portland cement plus fly ash, 
by weight. 

3. Fly Ash Content--the weight of fly ash in a concrete 
mix expressed as a percentage of the total 
cementi tious content. 

4. Ordinary concrete -- concrete produced with Type I 
portland cement and without fly ash. 



C HAP T E R 2 

FLY ASH: BACKGROUND 

The following is a brief introduction concerning 
properties of fly ash and its effects on the properties of 
concrete, both in its fresh and hardened state. 

2.1 Classification 

Texas State Department of Highways and Public 
Transportation (TSDHPT) Departmental Material Specification 0-9-
8900, "Fly Ash," classifies fly ash into Type A and Type B. In 
this study, fly ash meeting ASTM C618-84 Standard Specification 
for "Fly Ash and Raw or Calcined Natural Pozzolan for Use as a 
Mineral Admixture in Portland Cement Concrete" classifies fly ash 
into Type F and Type C. ASTM Standard Specification C618-84 Type 
F fly ash also met the requirements of TSDHPT Material 
Specification 0-9-8900 Type A fly ash, and fly ash meeting ASTM 
Specification C618-84 Type C fly ash meets the requirements of 
TSDHPT Material Specification 0-9-8900 Type B fly ash. Table 2.1 
summarizes TSDHPT Material Specification 0-9-8900 chemical 
requirements for fly ash. Table 2.2 summarizes the physical 
requirements for fly ash as required by TSDHPT Material 
Specification 0-9-8900. 

According to TSDHPT Material Specification 0-9-8900 
chemical requirements, the main difference between Type A and 
Type B fly ash is the minimum percent for the combination of 
silica (Si02)' alumina (A120~) and ferric oxide (Fe203) required 
for each fly ash. Type B ~ly ash requires a minimum of 50%. 
Type A fly ash requires a minimum of 65%. The loss of igni tion 
(LOI) for Type A and Type B fly ash is limi ted to 3%. The loss 
of ignition is defined as the percentage of residual organic 
matter contained in fly ash; the organic matter is composed 
mainly of unburned carbon. Throughout this report, fly ash will 
be classified and refer~ed to according to TSDHPT Material 
Specification 0-9-8900. 

2.2 Source 

Fly ash constitutes the fine particulate matter, obtained 
from the combustion of coal, that escapes the combustion chamber 

5 
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TABLE 2.1 Texas State Department of Highways and Public 
Transportation Departmental Material 
Specification 0-9-8900, Chemical Requirements 

Silicon dioxide (Si02) plus aluminum 
oxide (AL203) plus iron oxide (Fe03)' 
min, % 

Sulfur trioxi de (S03)' max, % 

Calcium oxide (CaO), variation in 
percentage points of CaO from the 
average of the last 10 samples 
(or less provided 10 have not been 
tested) shall not exceed plus or 
minus 

Magnesi um oxi de (MgO), max, % 

Available alkalies, as Na20, max, 
% (when used in conj unction wi th 
reactive or potentially reactive 
aggr ega t es ) 

Moisture content, max, % 

Loss on ignition, max, % 

Type A Type B 

65.0 50.0 

5.0 5.0 

4.0 4.0 

5.0* 5.0* 

1.5 1.5 

2.0 2.0 

* When the autoclave expansion or contraction limit is not exceeded, 
an MgO content above 5.0% may be acceptable. 



TABLE 2.2 Texas State Department of Highways and Public 
Transportation Departmental Material 
Specification 0-9-8900, Physical Requirements 

Fineness--retained on 325 sieve 
(45 cm), max, % 

Variation in percentage points 
retained on the 325 sieve from the 
average of the last 10 samples (or 
less provided 10 have not been 
tested) shall not exceed 

Pozzolanic activity index with 
portland cement as a minimllll 
percentage of the control at 
28 days 

Water requirement, maximllll 
percentage of control 

Soundness, autoclave expansion 
or contraction, max, % 

Increase of drying shrinkage of 
mortar bars at 28 days, max, % 

Reactivity with cement alkalies 
mortar expansion at 14 days, max, % 

Specif i c gra vi ty, maxim urn 
variation from average % 

Type A Type B 

30.0 30.0 

5.0 5.0 

75 75 

100 100 

0.8 0.8 

0.03 0.03 

0.020 0.020 

5.0 5.0 

Drying shrinkage shall be tested in accordance with ASTM C157. 

Alkali reactivity shall be tested in accordance with ASTM C441. 

Specific gravity shall be tested in accordance with ASTM C188. 

All other physical requirements shall be tested in accordance with 
ASTM C311. 

7 
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with the flue gases. Fly ash is then collected using mechanical 
or electrostatic precipitators. Figure 2.1 shows a typical 
schematic of the coal burning process. Bottom ash is obtained 
from larger particles. which are collected at the bottom of the 
combustion chamber. This study only concerns the use of fly ash. 

Coal used for power generation is classified as ei ther 
bituminous. sub-bituminous. or lignite. Bituminous coal. 
obtained primarily in the eastern United States. is of a high 
carbon content. Sub-bituminous and lignite coals are obtained in 
the western and the southwestern regions of the Uni ted States. 
These coals contain higher quantities of noncombustible materials 
and are therefore referred to as "dirtier" coals. Type A fly ash 
is obtained primarily from the combustion of bi tuminous coal. ' 
Sub-bi tuminous and lignite coals produce mostly Type B fly ash. 
Due to the comparatively lower calcium content obtained from 
bituminous coal ash. Type A fly ashes are commonly referred to as 
low-calci um ashes. Ty pe A fly ashes poss ess poz zol ani c 
properties only. Sub-bituminous and lignite ashes. having a 
higher calcium content. are generally referred to as high-calcium 
ashes. Type B fly ashes possess both cementitious and pozzolanic 
properties. The higher calcium content of Type B fly ashes 
provide the cementitious properties. 

Noti ceable vari ati ons in the chemi cal and physi cal 
properties of fly ashes obtained using the same coal source have 
been observed [10.32.35J. Besides the coal source. other factors 
affecting the variability of the fly ash properties are: degree 
of coal pulverization. firing unit design. loading and firing 
condi tions. ash collection and processing methods. and fly ash 
storage methods [24J. Combustion of finer coal results in a 
finer fly ash having a lower loss on ignition (LOI). Firing 
uni ts operating at a constant temperature ,provide ashes of more 
uniform consistency as compared to less efficient firing units. 
The collection systems used in power generating plants are either 
mechanical or electrostatic precipitators. Electrostatic 
precipitators are more efficient than mechanical precipitators. 
and are capable of collecting ashes with a greater percentage of 
fine particles. Mechanical precipitators. on the other hand. are 
limited to collecting coarser particles about the size of cement 
particles. 

2.3 Chemical Properties 

The chemical composition of fly ash affects the properties 
of concrete. mainly in its hardened state. Fly ash has a direct 
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influence on the strength of the hardened concrete and its 
sulfate resistance. The chemical composition of fly ash, as 
outlined in Table -2.1, consists primarily of silica (Si0 2), 
alumina (A1203)' and ferric oxide (Fe20 3). TSDHPT Material 
Specification ~-9-8900 also limits the amount of sulfur trioxide 
(S03) and the available alkalis (Na20) present in fly ashes~ 

In concrete containing fly ash, the silica from the fly 
ash combines with calcium hydroxide, formed during the hydration 
of portland cement, to produce additional calcium silicate 
hydrate. The additional calcium silicate hydrate produced by the 
incorporation of fly ash in a concrete mix contributes mostly to 
the long term compressi ve strength development of the concrete. 
The decreased amount of tricalcium silicate (C 3S) and slower rate' 
of hydration in concrete mixes containing fly ash, results in a 
lower heat of hydration, making it sui table for mass concrete 
construction. 

The magnesium oxide content in fly ash is limited to a 
maximum of 5% to prevent the expansion caused by the formation of 
magnesium hydroxide gel. Rossouw [34] has reported that a 
distinction should be made between magnesia (MgO) in the form of 
periclase and magnesia (MgO) in combination with glass. Only in 
the form of periclase, does magnesia (MgO) cause unsoundness of 
the concrete. 

The limit on the maximum available alkali content in fly 
ash is expressed as the Na20 content in TSDHPT Material 
Specification D-9-8900. Most fly ashes have been found to 
contain an available alkal1content of less than 1.5% [32]. The 
limit placed on the maximum alkali content available, is to 
prevent expansions due to alkali-aggregate reactions. 

To reduce the possibility of excessive delays in the 
setting time of concrete, the sulfur trioxide (S03) content in 
fly ash is limited to a maximum of 5%. 

The loss of ignition (LOI) of fly ash has a direct 
influence on the durability of concrete, mainly its freeze-thaw 
resistance. LOI is also referred to as the carbon content of the 
fly ash. Fly ash with high carbon contents greater than 6% 
require higher dosages of air-entraining admixture to obtain the 
required air-void system for adequate freeze-thaw resistance. 
Carbon has an affinity for the air-entraining admixture available 
in the fresh concrete. Air entraining admixtures in the presence 
of carbon are adsorbed by the carbon particles, reducing the 
amount of available air-entraining admixture available to form an 
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adequate air-void system. Type A fly ashes usually have higher 
carbon contents than Type B fly ashes since they are produced 
from coals containing a higher carbon content. 

2.4 Physical Properties 

The physical properties of fly ash affect concrete mainly 
in its fresh state. Workabili ty and bleedi ng of concrete 
containing fly ash are dependent primarily on the shape and size 
of the fly ash particles. 

Fly ash particles range in size from about 100 n to less 
than 1 n, with approximately 75% or more passing the 45 n (No.' 
325) sieve. The particle size of a fly ash depends primarily on 
the type of collection system used and the efficiency of the 
firing unit used. For equivalent weights, fly ash particles, 
being smaller than the cement particles, have a larger surface 
area. This has a direct effect in reducing the bleeding rate of 
a fresh concrete mix. Fly ash particles act as void fillers 
between the cement particles, closing pores available for water 
to escape through. Bleeding in concrete containing fly ash is 
also reduced due to the lower mixing water content required for a 
given workability as compared to a similar concrete mix 
containing no fly ash. 

Fly ash particles are spherical in nature and can be 
either solid or hollow. Hollow particles are termed cenospheres. 
These are lightweight particles composed of silicate spheres 
filled with nitrogen and carbon dioxide. Fly ashes with large 
concentrations of cenospheres are not desirable since they are 
lighter than water and tend to float during the finishing 
process, producing streaks on the concrete surface [32]. On the 
other hand the spherical nature of the solid fly ash particles 
imparts improved workability on the concrete, allowing for 
reductions in the mixing water content as compared to ordinary 
concrete mixes. 

In general, fly ash has a lower bulk specific gravity than 
Portland cement. If cement is replaced on an equal weight basis 
with fly ash, the fresh concrete will contain a larger volume of 
fine particle material as compared to ordinary concrete. This 
results in an increased volume of paste, improving the 
rheological properties of the mix. 





C HAP T E R 3 

LITERATURE REVIEW: CONCRETE CONTAINING FLY ASH 

The following is a survey of technical publications which 
deal wi th the production of concrete containing fly ash. 
Properties of concrete containing fly ash in its fresh and 
hardened state are discussed. Mix proportioning methods are also 
surveyed. 

In the United States. Davis et al. [10J. in 1937. were the 
first to publish test results concerning the incorporation of fly 
ash in concrete mixes. Until recent years. the use of concrete 
containing fly ash had been limited to mass concrete 
appli cations. 

As its use expanded. more research has been conducted to 
study the properties of concrete containing fly ash. In recent 
years much of the pioneering work to expand the applications of 
concrete containing fly ash has been performed by Cook [7.8J. 
Lane [19J. Malhotra [27J. Cannon [4J. Lovewell and Washa [20J. 

3.1 Properties of Fresh Concrete Containing Fly Ash 

In general. concrete containing fly ash exhibits improved 
performance in its fresh state compared to ordinary concrete. 
Studies have shown that the improved rheological behavior of 
concrete containing fly ash is due mainly to the physical 
properties of the fly ash [18,22.25J. The following discussion 
summarizes research conclusions concerning the effects of fly ash 
on fresh concrete. 

3.1.1 Workability. Production of quality concrete 
requires fresh concrete-exhIbiting the following properties [45J: 

1. Its flow properties should be such that it is capable 
of filling completely the forms for which it was 
designed. 

2. It must be fully compacted wi thout the need for 
excessive amounts of energy. 

3. It must not segregate during placing and 
consoli dat ion. 
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4. It must be capable of being finished properly. 

Due to its smaller size and spherical particle shape, fly 
ash enhances the abovementioned properties of concrete as 
compared to ordinary concrete. 

Use of fly ash as a partial replacement of cement will 
usually reduce the water requirement of the concrete for equal 
workability [32]. 

Lane and Best [18] have reported that workability is 
governed by such factors as the volume of paste, the water-cement 
(w/cm) ratio and proportion, grading, shape and porosity of the" 
aggregates. Berry and Malhotra [2] state that the small size and 
essentially spherical shape of the particles comprising fly ash 
usually influence the rheological properties of cement pastes. 
This causes a reduction in the amount of water required for a 
given degree of workability from that required for an equivalent 
paste without fly ash. Pasko and Larson [46] examined the amount 
of water required to maintain a nominal 2.5-in. slump in concrete 
mixes with partial replacement of the cement with fly ash. They 
found that the water requirement was reduced 7.2% in a mix in 
which 30% fly ash by weight, replaced 20% cement by weight. 

Fly ash has a lower bulk specific gravity than cement. 
For a one to one replacement, by weight, of cement with fly ash, 
concrete containing fly ash will have a greater volume of paste 
than ordinary concrete. Mehta [25] states that the cohesiveness 
of concrete mixes is controlled by the volume of paste in the 
concrete. Due to its increased cohesiveness, concrete containing 
fly ash has shown excellent pumpability qualities. Samarin et 
ale [35] noted that fly ash has been found to be highly 
consistent and cost effective in the production of flowing 
concrete. 

3.1.2 Temperature and Setting Time. In general, fly ash, 
a pozzolan, reduces the hydration temperature of concrete. 
Sturrup et al. [38] noted that the pozzolanic reactions of the 
alumino-silicates in fly ash with the calcium hydroxide liberated 
by the tricalcium silicate (C 3S) and dicalcium silicate (C2S) of 
portland cement take place more slowly than that of tricalcium 
silicate (C 3S) and approximate the reaction rate of dicalcium 
silicate (C2S). This results in concrete having a reduced heat 
of hydration. An added advantage of the reduced heat of 
hydration in concrete containing fly ash is the longer setting 
time which helps avoid cold joints during construction. Manz 



15 

[23J reports that some fly ashes with high calcium contents, 
mainly Type B fly ash, produce rapid heat rises and false set in 
concrete mixes. Even though fly ash generally slows the setting 
of concrete, both initial and final setting times remain within 
specified ASTM Standard Specification C150-84, "Portland Cement," 
limits. Retardation of setting due to the addition of fly ash to 
concrete may be affected by the proportion, fineness, and 
chemical composition of the fly ash; although cement fineness, 
water content, and ambient temperature usually have a much 
greater effect on setting time than the addition of fly ash. The 
chemical composition of fly ash also has been observed to 
influence the setting time of mortars, particularly those with 
high carbon contents. Concrete containing fly ash with a LOI 
above 10%, increase the time of setting due to an increased water· 
demand of the fresh concrete [32J. Berry and Malhotra [2J 
reported that the soluble portion of the tricalclum silicate 
(C3S) content of fly ash must be limited to avoid excessive 
delays in setting. Figure 3.2 compares the effect of fly ash on 
the temperature' rise in concrete as compared to ordinary 
concrete. 

Materials in a non-crystalline form and of small size, 
hydrate at a slower rate than crystalline materials in the 
presence of water. As a resul t, com posi ti on and parti cle si ze 
provide better indicators of the reaction rate of fly ash than 
does its chemical composition. Type B fly ash has been found to 
have an increased reaction rate over that of Type A fly ash. 
Type B fly ashes have been found to contain increased amounts of 
tricalcium aluminate (C3A) which tend to increase the reaction 
rate through the formation of calcium aluminate hydrates. This 
may cause the false setting of the concrete mix. 

Samarin et ale [35J have noted that fly ash in itself does 
not have a significant effect on the setting time of concrete. 
They noted that the fly ash particles act as a nuclei for the 
formation of the hydration products of concrete thus actually 
accelerating the setting process of concrete. Setting time is 
affected mainly by temperature and water demand of the fresh 
concrete. Fly ash with a high LOI, in general, has a higher 
water demand, therefore causing an increase in the concrete set 
time. Shown in Fig. 3.3 is a plot of the required mixing water 
content of concrete for-a-given workability as a function of the 
loss on ignition (LOI) of the fly ash. 

3.1.3 Bleeding and Segregation. Problems associated with 
excessive bleeding of concrete include segregation, poor 
finishabUity, lower abrasion resistance, high concrete 
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permeabi 11 ty, and the lower strength of the hardened concrete. 
Throughout the years the use of air-entraining admixtures has 
proven to be adequate in most cases in reducing bleeding of 
concrete. The effectiveness of the air entraining admixtures in 
reducing bleeding of concrete results from the size and shape of 
the resulting entrained air. Entrained air chokes off the flow 
of water by entrenching itself between the cement particles and 
closing off the capillaries through which the water flows. 

Due to its particle size and shape, fly ash has also been 
shown to reduce the bleeding rate in concrete. Reduced 
segregation and improved finishability characteristics are added 
benefits obtained because of the reduction in bleeding rates 
[25]. Samarin et al. [35] noted that an increase in the total' 
particle surface area decreases the bleeding rate in concrete 
mixes. 

Setting time has been reported to influence the overall 
bleeding capaci ty of a mix. The longer the bleeding duration, 
the higher the bleeding capacity. Extended setting time 
increases the bleeding duration time, increasing the bleeding 
capacity. 

The use of chemical admixtures also influence bleeding 
rates. Admixtures in general act as flocculators or 
deflocculators. Flocculators such as air-entraining admixtures 
decrease the rate of bleeding by reducing the available void 
space in concrete mixes. Deflocculators, such as water reducers, 
when added to mixes of a given mixing water content increase the 
bleeding rates of that concrete due to an increase in the amount 
of free water. Retarders increase the setting time, and 
therefore increase the bleeding capacity of a concrete mix [35]. 
It should be noted that water reducers decrease the water 
requirements in concrete mixes, therefore reducing the free water 
available for bleeding. 

The water-reduCing properties imparted by fly ash on the 
concrete reduce the bleeding capaci ty. For lower water­
cementi tious (w/cm) ratios, the formation of gel proceeds at a 
faster rate reducing the amount of water available for bleeding 
[18]. The increased cohesiveness of concrete containing fly ash 
compared to ordinary concrete reduces the probabili ty of 
segregation in the concrete mix. 
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3.2 Properties of Hardened Concrete Containing Fly Ash 

Concrete containing fly ash has been noted for its lower 
strength at early age. high susceptibility to freeze-thaw damage. 
high sulfate resistance and its low alkali-aggregate reactivity. 
The following discussion summarizes recent 11 terature related to 
the properties of hardened concrete containing fly ash. 

3.2.1 Concrete Strength. Due to the pozzolanic 
properties of flylis-h~-con-crete-containing fly ash exhibits a 
slower compressive strength gain than ordinary concrete. At an 
age of 90 days. concrete containing fly ash exhibits compressive 
strengths equal to or greater than that of ordinary concrete. 
Variations in the rate of compressive strength gain depend on the' 
type of fly ash used. amount of fly ash used. and the type of 
cement used. 

Cannon [4] reported that concrete mixes proportioned using 
fly ash as a cement replacement on a one-to-one basis. either by 
wei ght or by vol ume. generally have lower strengths at 28 days 
than ordinary concrete mixes. At 90 days and beyond. concrete 
mixes containing fly ash have compressive strengths equal to or 
higher than those of ordinary concrete. To overcome this 
strength deficiency at early ages. Cannon [4] recommends using 
the approach developed by Lovewell and Washa [20] which is based 
on proportioning concrete mixes having a fly ash content which 
exceeds that of the cement replaced. Samarin et ale [35] 
indicated that besides the quality of the fly ash and the cement 
used. the method of mix proportioning is the single most 
important factor affecti ng the properti es of the hardened 
concrete. The following three mix proportioning method have been 
proposed: 

1. Partial replacement of cement. 

2. Addition of fly ash as fine aggregate. 

3. Partial replacement of both cement and fine aggregate. 

In general. the optimum fly ash content in a concrete mix 
varies from 20 to 35% by weight of cement replaced. Cement type. 
type of fly ash. coarse and fine aggregate gradation. and the use 
of admixtures are all factors which influence what the optimum 
fly ash content will be. 

TSDHPT Departmental Material Specification 0-9-8900 
classifies fly ash as either Type A. low calcium fly ash and Type 
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B, high calcium fly ash. Noticeable differences have been 
observed between the strength development of concrete containing 
Type A fly ash and concrete containing Type B fly ash. 
Observations indicate that a high calcium fly ash may start its 
cementitious and pozzolanic activity as early as 3 days after the 
hydration of the cement begins whereas a low calcium fly ash 
does not show enough pozzolani cacti vi ty to affect the strength 
of concrete until about two weeks after cement hydration has 
begun [25]. The availabili ty of calcium released by the 
hydration of Type B fly ash, acts as a catalyst for the continued 
formation of hydration products, mainly calcium silicate hydrate 
(C-S-H) • 

Early strength in concrete is provided by the hydration of . 
tricalcium silicate (C3S), which is a highly reactive compound. 
The di cal ci um sil i cate (C 2S) component of cement provi des low 
initial strength with an eventual increase of strength over that 
provided by the tricalcium silicate (C3S) compound at later ages. 
Concrete containing Type A fly ash has a slower reaction rate 
than ordinary concrete due to the pozzolanic effect of the fly 
ash. The reactions of the alumino silicates in fly ash with the 
calcium hydroxide liberated by the tricalcium silicate (C3S) and 
dicalcium silicate (C2S) compounds of portland cement occur at a 
slower rate than the tricalcium silicate (C 3S) reaction and 
approximate the reaction rate of dicalcium SilIcate (C2S). The 
reduction in the amount of available tricalcium silicate (C3S) is 
due to the partial replacement of the cement with fly ash. Yuan 
and Cook [42] have reported results of compressive, flexural and 
durabili ty tests on concrete contai ning Type B fly ash. It was 
reported that in general the compressive strengths of concrete 
containing 30% Type B fly ash, by weight, were higher than those 
of the ordinary concrete control mix. 

Fly ash has also been blended with cement at cement mills 
to produce Type IP ~nd Type I-PM cements. Type IP cement is 
similar in properties to a Type IV cement and Type I-PM cement is 
similar to a Type II cement. Fly ash contents in Type IP cement 
vary from 15 to 40% by weight of cement. Fly ash contents in 
Type I-PM cement vary from 5 to 15% by weight of cement. 

3.2.2 Freeze-Thaw Resistance. Provided equal dosages of 
air-entraining admixture are used, concrete containing fly ash is 
more suscepti ble to freeze-thaw damage than ordinary concrete 
[2,19]. Concrete containing fly ash will have adequate freeze­
thaw resistance provided the proper amount of air is entrained in 
the mix. The ability of concrete containing fly ash to develop 
an adequate air-void system depends on the chemical composition 



21 

of the fly ash, the type of fly ash used, and the amount of fly 
ash in the mix. 

The loss on ignition (LOI) or carbon content of the fly 
ash is the single most important factor affecting the ability to 
adequately entrain air in concrete containing fly ash [38]. Due 
to the incomplete combustion of carbon in the firing units, all 
fly ashes contain residual carbon particles. Due to the large 
surface area of the carbon particles and the chemical composition 
of the air-entraining admixtures, the air-entraining admixture in 
concrete containing fly ash is adsorbed by the carbon particles. 
This results in a smaller amount of available air-entraining 
admixture to form an adequate air-void system in the concrete for 
proper freeze-thaw protection. Gebler and Klieger [12] noted' 
that as the total alkali content in the fly ash increases, the 
air-entraining admixture required to provide an adequate air void 
system in the concrete decreases. In addj tion, as the specific 
gravity of fly ash increases the retention of air in concrete 
increases. This is due to the lower organic matter content of 
fly ashes having a higher specific gravity. They also noted that 
the retention of air in the concrete increased as the sulfur 
trioxide (S03) content of the fly ash increased. 

Freeze-thaw resistance of concrete containing fly ash 
depends on the type of fly ash used as well. Type A fly ash has, 
in general, a higher residual carbon content. The carbon content 
for Type A fly ash has been reported to be in the range of 1 to 
19% by weight while the carbon content for Type B fly ash ranges 
between 1 to 12% by weight [24]. 

Gebler and Klieger [12J noted that test results have shown 
that concretes containing Type B fly ash have a more stable air­
void system than concretes containing Type A fly ash. They added 
that the higher the organic content of a fly ash, the higher the 
air-entraining admixture requirements. In addition higher air­
entraining admixture requirements resul t in a greater loss of 
entrained air on extended mixing. Yuan and Cook [42] have noted 
that air-entrained concrete containing Type B fly ash had an 
improved freeze-thaw resistance over that of the control mix. In 
their tests, specimens were subjected to 1200 freeze-thaw cycles, 
with the specimens of concrete containing Type B fly ash having a 
reduction of the dynamic modulus at 1200 cycles of approximately 
30% from the initial dynamic modulus. They also observed that 
concrete mixes containing a Type B fly ash replacement of 50% 
were found to satisfy ASTM Standard Specification C666-80, 
"Resistance of Concrete to Rapid Freezing and Thawing," 
requirements. 
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3.2.3 Drying Shrinkage and Creep. Data on shrinkage and 
creep of concrete containin01y ash is limited. Drying 
shrinkage refers to the volume change in concrete due to the loss 
of moisture in the hardened concrete. Creep refers to the long 
term deformation of concrete due to applied loads. 

Fly ash added to concrete has a two fold effect on the 
drying shrinkage of concrete. Due to a lower specific gravity, 
fly ash replacement of cement on a equal weight basis results in 
an increase in the paste volume of the fresh concrete mix. If 
the water demand of the concrete containing fly ash increases 
over that of the control mix, the drying shrinkage of the 
concrete containing fly ash may increase compared to that of the 
control mi x. However, the fly ash generally reduces the water· 
demand of a mix, therefore reducing the water loss due to 
shrinkage. This results in a negligible increase in shrinkage 
due to the use of fly ash in concrete [18]. Studies by the 
Tennessee Valley Authori ty (TVA) [32] indi cate negli gi ble 
differences between the drying shrinkage of ordinary concrete and 
that of concrete containing fly ash. Tests by Hague et ale [15] 
indicate that the drying shrinkage of concrete decreases with an 
increase in the fly ash content. 

Resul ts of shrinkage measurements done on concrete 
containing fly ash, and ordinary concrete indicate a reduction in 
shrinkage for the concrete containing fly ash [13]. In this 
study, the 28-day compressive strength of the concrete containing 
fly ash was equivalent to that of the control mix. The main 
difference in the concrete mixes was a lower water-cementi tious 
(w/cm) ratio for the concrete containing fly ash as compared to 
the ordinary concrete. 

Much confusion still exists among researchers concerning 
the effect of fly ash on the creep characteristics of concrete. 
Samarin, et al. [35] noted that concrete containing fly ash 
exhibited lower creep as compared to ordinary concrete. Lane and 
Best [18] reported that concrete containing fly ash may exhibit 
higher creep strain than ordinary concrete due to the lower early 
strength of concrete containing fly ash as compared to that of 
ordinary concrete. As a result of this, creep specimens made of 
concrete containing fly ash loaded at 28 days will show increased 
creep strains as compared to creep specimens made of ordinary 
concrete. They further added that specimens of concrete 
containing fly ash of comparable compressive strength to ordinary 
concrete showed no increases in creep strains as compared to the 
ordinary concrete. 
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Factors affecting the creep process in concrete include 
the water-cementi tious ratio (w/cm), cement composi tion, and 
permeability of the concrete. In general concrete containing fly 
ash has a reduced water-cementitious ratio (w/cm), decreasing the 
amount of water available for creep. Due to the particle size 
and shape of the fly ash, concrete containing fly ash is more 
impermeable than ordinary concrete. The use of fly ash in 
concrete reduces the voids available for the movement of water. 
The chemical composition of the cement has some effect on creep 
behavior of concrete as well [45J. It has been noted that lower 
tricalcium silicate (C3S) contents in the cement increase creep. 
Concrete containing ("ly ash has a reduced amount of available 
tricalcium silicate (C3S) due to the partial replacement of the 
portland cement. Exactly how the tricalcium silicate (C 3S) . 
content of the cement influences the creep behaviour of concrete 
is not yet fully understood. 

3.2.4 Sulfate Resistance. The use of fly ash in concrete 
has been shown to improve the resistance of the concrete to 
sulfate attack. Fly ash in concrete has a twofold effect in 
increasing the resistance to sulfate attack of the concrete. 
This is accomplished by reducing the permeability of the concrete 
and reducing the amount of tricalcium aluminate (C3A). An 
extensi ve research program was undertaken by the U.S. Bure'au of 
Reclamation [11] to investigate the resistance of concrete 
containing fly ash to sulfate attack. This research indicates 
that the use of fly ash greatly improves the resistance of 
concrete to sulfate at tack. The following list summarizes the 
sulfate resistance of concrete, from the highest resistance to 
the least resistance: 

Type V cement and fly ash (highest resistance) 

Type II cement and fly ash 

Type V cement 

Type II cement 

Type I cement and fly ash 

Type I cement (least resistance) 

The reaction of silica in fly ash with free calcium forms 
additional calcium silicate hydrate (C-S-H) which reduces the 
permeability of the concrete. Due to its reduced permeability, 
concrete containing fly ash is more resistant to the influx of 
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chemicals in the environment. Sulfate attack results from the 
combination of aluminates and sulfates producing calcium 
sulfoaluminates (ettringite). This causes a volume expansion 
within the paste which generates large internal stresses 
resulting in the formation of cracks in the concrete and its 
ultimate deterioration. Provided the sulfate content in the 
concrete is kept to a minimum the formation of damage causing 
ettringite will be kept to a minimum. 

Reductions in the amount of aluminate in the concrete are 
of beneficial effect in its sulfate attack resisting capaci ty. 
The use of less portland cement in concrete containing fly ash 
reduces the amount of aluminates available for reaction with 
sulfates for the formation of ettringite. 

3.2.5 Alkali-Aggregate Reacti vi ty. Al kali-aggregate 
reaction failures in concrete are due to expansions caused by a 
chemical reaction between the alkalis contained in the cement 
paste and certain reactive forms of silica within the aggregate. 
The use of fly ash in concrete has been shown to reduce the 
probabili ty of alkali-aggregate reactions [2]. 

The mechanisms by which fly ash reduces alkali-aggregate 
reactivity are not fully understood. Replacement of portland 
cement with fly ash reduces the available alkali content in the 
concrete. Further reductions in alkalinity may be obtained as 
the pozzolanic reaction progresses [25]. Type B fly ashes may 
contain a large amount of soluble alkali sulfates which may 
increase rather than decrease the alkali-~ggregate reactivity. 
It must be noted that it is the soluble alkali and not the total 
alkali present in the fly ash which affects the alkali-aggregate 
reactivity [25]. The standard test for measuring the 
effectiveness of a fly ash in reducing alkali reactivity is ASTM 
Standard Specification C441, "Control of Alkali-Aggregate 
Reaction Using Mineral Admixtures." Sturrup et al. [38] 
indicated that the alkalis in the cement combine with the 
reactive silica of the fly ash to reduce expansions caused by 
alkali aggregate reactions. Due to the rapid reaction of the 
cement alkali and fly ash silica, expansion caused by the 
attraction of water by the alkali-silicate gel, is reduced [45]. 

3.3 Mix Proportioning Procedures 

Mix proportioning of concrete containing fly ash vary from 
that used for ordinary concrete. In the Uni ted States, various 
researchers and organizations have proposed mix proportioning 
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techniques for the incorporation of fly ash in concrete. In 
general these techniques fall into one of the three following 
procedures: 

1. Direct replacement of cement wi th fly ash by weight. 

2. Replacement of fine aggregate with fly ash. 

3. Replacement of cement and fine aggregate with fly ash. 

Fly ash, used as recommended by Method 2 would be 
considered an admixture rather than a cementitious material. 
Method 1 has been used extensively in the production of mass 
concrete. 

ACI Standard 211, "Standard Practice for Selecting 
Proportions for Norm aI, Hea vyw ei ght and Mass Concr et e," 
recogni zes the cementi ti ous properti es provided by the fly ash 
and recommends the use of the water-cementi tious (w/cm) ratio 
referring to the water/cement plus fly ash ratios by weight. 

Tests by Lovewell and Washa [20] indicate the need to use 
Method 3 if comparable early strengths are to be obtained. Again 
the use of the water-cementitious (w/cm) ratio is recognized for 
use in making workabili ty and strength comparisons. Listed in 
Table 3.1 are sample mix designs for concrete containing fly ash 
[8]. 
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TABLE 3.1 Sample Mix Designs tor Concrete Containing Fly Ash 

Cementi tious content (lbs/yd3) 586 532 

Gompressive strength @ 28 days (psi) 6419 6658 

Cement (Type I) (lbs/yd3) 467 381 

Type ot Fly Ash B B 

Fly Ash (lbs/yd3) 119 151 

Fine Aggregate (lbs/yd3) 1238 1329 . 

Coarse Aggregate (lbs/yd3) 1928 1803 

Water (lbs/yd3) 250 272 

WR--Admixture (3 oz/cwt) 18 oz. 

Air 2.5 

Slump 4 4.5 

Water-cementltlous ratio 0.42 0.51 

Unit wt (lbs/tt3) 148.5 



C HAP T E R 4 

MATERIALS AND TEST PROCEDURES 

4.1 Introduction 

Throughout this investigation, only commercially available 
materials currently approved by the Texas State Department of 
Highways and Public Transportation (TSDHPT) were used. 
Workability as measured by the slump test was the controlling 
factor for all mixes. All the concrete mixes had slumps of at' 
least 3-1/2 in. + 1/2 in. Production, curing, and testing of 
concrete specimens in this study were conducted according to 
applicable procedures described in the TSDHPT Manual of Testing 
Procedures Physical Section 400-A Series. The American Society 
for Testing and Materials' 1984 Annual Book of ASTM Standards, 
Part 14, "Concrete and Mineral Aggregates," and the TSDHPT 1982 
Standard Specifications for Construction of Highways, Streets and 
Bridges. 

In this chapter, a description of the materials, mix 
proportioning, and mixing procedures used in this study are 
presented. 

4.2 Material Properties 

The materials used in this study include two sources of 
portland cement, one type of coarse aggregate, one type of fine 
aggregate, one water-reducing and retarding ASTM C494 type D 
admixture, one air-entraining ASTM C260 admixture, two types of 
fly ash, and local tap water. Composition and physical 
properties of the cements and fly ashes used are presented in 
Appendix A. 

4.2.1 Portland Cement. Two types of Portland cement, 
ASTM C150 types I and Ihere included in this study. Each of 
the two cements were produced in Texas at two different plants. 
For mix design purposes, the specific gravity of the Type I 
cement was assumed to be 3.15. 

The type IP cement used was a blended cement consisting of 
20% by weight, Type A fly ash and 80% Type I cement. This cement 
was manufactured using Type A fly ash obtained from the 
Monticello plant near Mt. Pleasant, Texas. The specific gravity 
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of the Type IP cement was 3.01. Table A.1 summarizes the 
chemical and physical properties of these cements. Table A.3 
summarizes the chemical and physical properties of the Type A fly 
ash used in the production of the Type IP cement. 

4.2.2 Coarse Aggregate. The coarse aggregate used in 
this study was a siliceous rounded river gravel obtained from a 
commercial supplier in Texas. The maximum size of the aggregate 
was 1 in. Table 4.1 summari zes the properti es of thi s aggregate. 

study. 
Texas. 

4.2.3 Fine Aggregate. Natural sand was used in this 
This aggregate was provided by a commercial supplier in 
Table 4.2 summari zes the properties of this aggregate. 

4.2.4 Fly Ash. A Type A and a Type B fly ash, satisfying 
the requirements of TSOHPT Material Specification 0-9-8900, was 
used in this study. These were obtained from commercial 
suppliers in the State of Texas. The fly ash was used as a 
partial replacement of cement in concrete mixes using the 
following quantities: 15, 25 and 35 percent by weight of the 
total cementitious content. The fly ash and portland cement were 
batched simultaneously. Table A.2 summarizes the chemical and 
physical properties of the fly ash used. 

4.2.5 Chemical Admixtures. A water reducer-retarder, 
ASTM C494 Ty"'j)'eO---ad'"mixture was used. The air-entraining 
admixture used was a neutralized vinsol resin. In calculating 
the water-cementitious (w/cm) ratio of all mixes, the quantity of 
admixture added was included as part of the mixing water. 

4.2.6 Water. Tap water was used in all mixes. The uni t 
weight of waterwas taken to be 62.4 Ibs/cu.ft. The water 
temperature was 750 F + 50 F during this study. 

4.3 Mixing and Testing 

All mix designs were based on the saturated surface dry 
condition of the aggregate. The main variables considered in mix 
proportioning were: the water-cementitious (w/cm) ratio required 
to produce concrete of a gi ven sl ump, the cementi tious content 
and the fly ash content. 

Slump was maintained at 3-1/2 in. + 1/2 in. in all 
batches. Two cementi tious contents, 6.0, and-7.0 sacks/cu. yd. 
(564, and 658 Ibs/cu.yd.) were considered. All mixes were 
proportioned for an approximate air content of 3%. 
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TABLE ~.1 Summary of Coarse Aggregate Properties 

Nominal size (in.) 1.0 

Texas Grade ~ 

Type and description siliceous rounded river gravel 

Bulk specific gravity, SSD 

Absorption, % 

Dry rodded unit weight 
(lb/ft3), SSD 

2.52 

0.68 

98 
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TABLE 4.2 Summary of Fine Aggregate Properties 

Fineness modulus 

Bulk specific gravity, SSD 

Absorption, % 

Unit weight, SSD 

Descri ption 

2.73 

2.61 

0.04 

97.1lb/ft3 

SUi ceous sand 
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The concrete was mixed in 4-112 cu.ft. batches. For most 
concrete batches, the following specimens were cast: twelve 6 x 
12-in. cylinders cast in steel mol ds, and three 6 x 6 x 21-in. 
flexure test beams cast in steel molds. Three 6 x 12-in. 
cylinders from each batch were tested for compressive strength at 
7, 28, 56, and 91 days for strength gain comparisons. The three 
flexure beams were tested at 7 days. Tests to study the effects 
of different curing condi tions and the curing time required the 
casting of nine additional flexure test beams. For these tests 
twelve 6 x 12-in. cylinders and twelve 6 x 6 x 21-in. flexure 
beams were tested at 28 days. The variable in these tests was 
the difference in time the specimens were moist cured. The moist 
curing time varied from 1, 3, 7 or 28 days. In addi tion two 3 x 
4 x 16-in. specimens were cast for freeze-thaw tests for the' 
first 16 batches. Addi tional batches were used to study other 
variables such as: effect of high temperature during mixing; the 
influence of mixing time on the concrete strength; and the effect 
of using a membrane curing compound on the strength development 
of the concrete. The concrete mixing room including the concrete 
mixer used in this study are shown in Fig. 4.1. 

4.3.1 Mixing Procedures. The mixing procedure for all 
concrete mixes consisted of first batching the aggregate, cement 
and fly ash together, and mixing the dry material for two minutes 
before adding the water. The air-entrainning admixture was added 
wi th the first 30% of the water. The batch was mixed for fi ve 
minutes afterward. Then the water-reducing admixture was diluted 
with an additional 30% of the mixing water and added to the 
batch. The remainder of the water was added as required to reach 
the desired slump. 

For the study of the effect of high temperature on the 
properties of fresh concrete, similar batching procedures as 
descri bed earlier were followed except that the materi als were 
preheated overnight to a temperature of 1000 F and hot tap water 
at a temperature of about 1050 F was used for mixing water. 
During mixing, the mixer was kept hot by continuously running hot 
tap water over the drum. A pI asti c cover fitted over the mouth 
of the mixer prevented cooling of the fresh concrete during the 
duration of the mixing. One 6 x 12-in. cylinder and one 6 x 6-
in. x 21-in. flexure beam were cast immediately after the desired 
slump was obtained. 

After mixing for 60 minutes, the slump was adjusted to the 
original slump, by adding water, and two 6 x 12-in. cylinders and 
two 6 x 6 x 21-in. flexure beams were cast. After mixing for 90 
minutes the slump was again adjusted by adding water and two more 
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Fig. 4.1 Concrete bat ching laboratory showing the concrete mixer 
at lett. 

Fia. 4.2 The 40o-kip compressive testing machine. 
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6 x 12-in. cylinders and two 6 x 6 x 21-in. flexure beams were 
cast. The remainder of the mix was discarded. All other mixes 
required approximately 15 minutes mixing time before casting. 

Mixes performed to study the strength development 
characteristics of membrane cured concrete containing fly ash 
were done using the above mentioned procedure. The effect of 
curing temperature was also studied with these mixes. Only 
concrete containing Type A fly ash was studied in this 
investigation. A TSDHPT Item 526, "Membrane Curing," Type 2 
curing compound was applied to one set of specimens at the time 
of demolding and allowed to sit at room temperature and 72% 
relative humidit.y until time of testing. The same curing 
compound was applied to the second set of specimens; however" 
these were placed in a room at 100oF, and 33% relative humidity 
until time of testing. 

4.3.2 Tests on Fresh Concrete. The mi xer was a 6 cu.ft. 
maximum capacity Essex drum mixer with a mixing speed of 30 
rev/min. Concrete was made and molded according to ASTM Standard 
Specification C192-81, "Making and Curing Concrete Test Specimens 
in the Laboratory", and Tex-418-A, "Compressive Strength of 
Molded Concrete Cylinders ," except for the following exceptions 
from some of the specified procedures: 

1 • A primary goal of this research was to show whether or 
not concrete containing fly ash could be produced 
using materials and handling procedures similar to 
those used at batching plants. Therefore, coarse and 
fine aggregates were stored as received, in bins, at a 
constant moisture content rather than in separate size 
fractions or under water. 

2. The mixer was moistened thoroughly, but was not 
buttered before each mix. 

3. Except for "hot weather" mixes, every batch was 
steadily mixed for about ten to fifteen minutes, with 
stops as necessary to check and adjust the slump until 
the desired slump was reached. 

4. Flexural test specimens were moist cured under the 
same conditions at 98% relative humidity and at a 
temperature of 730 F + 30 F, as were the compressive 
strength cylinders. 

Slump tests were conducted according to ASTM Standard 
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Specification C143-78 for "Slump of Portland Cement Concrete", 
and Tex-415-A, Testing Procedure "Slump of Portland Cement 
Concrete". The fresh unit weight of every mix was measured 
according to ASTM Standard Specification C138-81, "Unit Weight, 
Yield, and Air Content (Gravimetric) of Concrete", using a 0.25 
cu.ft. container. Yield was calculated on the basis of batch 
weights and specific gravities. The temperature of each mix was 
also recor ded. 

Specimens were cured in a curing room meeting ASTM 
Standard Specification C511-80, "Moist Cabinets, Moist Rooms, and 
Water Storage Tanks Used in the Testing of Hydraulic Cements and 
Concretes" • 

4.3.3 Test Procedures. The following specifications were 
followed for compressive, and flexural strength testi ng: ASTM 
Standard Specification C39-81, "Compressive Strength of 
Cyl1 ndri cal Concrete Speci mens"; Tex-418-A, "Com pressi ve 
Strength of Molded Concrete Cylinders"; ASTM Standard 
Specification C239-79, "Flexural Strength of Concrete (Using 
Simple Beam wi th Center-Point Loading)"; Tex-420-A, "Flexural 
Strength of Concrete (Using Simple Beam wi th Center-Point 
Loading)"; ASTM Standard Specification C666-80, "Resistance of 
Concrete to Rapid Freezing and Thawing". 

Compressive strength tests were performed using a 400-kip 
compression testing machine, shown in Fig. 4.2. Flexure testing 
was carried out on a hydraulic, hand-operated, single-point 
loading beam tester having a 12,000 Ib capacity. All compressive 
strength test specimens were capped using a high strength capping 
compound. 



C HAP T E R 5 

PRESENTATION AND DISCUSSION OF TEST RESULTS 

5.1 Introduction 

The experimental test results are presented and discussed 
in this chapter. The effect of the use of fly ash as it relates 
to the production of Texas State Department of Highways and 
Public Transportation (TSDHPT) Standard Specification Item 1421, 
"Concrete for Structures," Class C concrete is di scussed. 
Recommendations for the incorporation of concrete containing fly 
ash into the above mentioned specification are provided. 
Comparisons are also made, for mixes having a constant 
cementi tious content, on the performance of concrete containi ng 
fly ash wi th respect to ordinary concrete. Specifications for 
TSDHPT Item 1421, Class C concrete are summari zed in Table 5.1. 

This chapter is divided into the following four sections: 
strength characteristics of concrete containing fly ash, 
durabili ty of concrete containing fly ash subjected to freeze­
thaw cycles, the influence of moist curing time (780 F, 98% RH) 
and subsequent curing conditions (100FOF, 33% RH or 140oF, 55% RH) 
on the strength of concrete contai ni ng fly ash, and the effect 
mixing time, mixing temperature and retempering have on the 
strength of concrete containing fly ash. The results for the 
tests performed are presented and discussed in each section, with 
recommendations for the specification of materials, batching 
procedures and performance requirements given, wherever possible, 
for the use of concrete containing fly ash in structural 
applications. 

The test results presented in this chapter are based on 16 
basic trial mixes. Table 5.2 summarizes the differences between 
the 16 mixes considered in this study. For mixes having an equal 
cem&ntitious content the amount of fine aggregate, amount of 
coarse aggregate. and admi xture dosage used remained constant. 
These trial mixes are based on an Item 1421, Class C concrete mix 
design provided by the TSDHPT. This mix design is shown in Table 
5.3. For purposes of our study, the fine and coarse aggregate 
quantities used were adjusted to reflect the physical properties 
of the aggregates used. The mix proportions of the concrete 
tested in this study are presented in Appendix B. The slump of 
the fresh concrete was used as an indicator of uniformity between 
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TABLE 5.1 TSDHPT Specifications for Item 421 Class C Concrete 

Minimum cement content 

Minimum compressive strength 
(fo @ 28 days) 

Minimum beam strength @ 7 days 

Maximum water-cementitious ratio 

Coarse aggregate no. 

Usage 

564 lbs/yd3 

3600 psi 

600 psi 

0.53 

1-2-3-4-5-8* 

Drilled shafts, bridge 
railing and substruc­
ture, cul verts, 
wingwalls 

NOTE: When Type II cement is used with Class C concrete, the seven­
day beam strength required will be 550 psi minimum. 

* Grade 8 aggregate for use in machine laid curb. 
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TA8LE 5.2 Concrete Mixes Considered in This Study 

Cementi tious Type of Fly Ash Type of 
Mix Content Fly Ash Content Cement 
LD. (lbs/cu.yd.) Used (% by wt) Used 

61 564 0 I 

61P A 20 1pa 

6A15 15 I 

6A25 25 

6A35 35 

6B15 8 15 

6825 25 

6835 35 

7I 658 0 I 

7IP A 20 1pa 

7A15 15 

7A25 25 

7A35 35 

7815 8 15 

7825 25 

7B35 35 

a This cement 1s produced by blending 80% (by weight) Type I cement 
and 20% (by weight) Type A fly ash. 
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TABLE 5.3 Mix Design Originally Submitted by TSDHPT for Use in 
This Study 

Aggregate Characteristics 

Materi al 

Fine Aggregate 

Coarse Aggregate 

Material 

Cement 

Specific 
Gravi ty 

2.61 

2.55 

Mix Proportions 

Fine Aggregate, SSD 

Coarse Aggregate, SSD 

Water 

Admixture 

Air-Entrai ning 

Reducer-Retarder 

Dry Rodded 
SSD Unit Wt. 
(lbs/cu.ft. ) 

97.1 

96.4 

Quanti ty 
(lbs/cu.yd. ) 

564 

1050 

2082 

234 

Dosage 

1/2 oz/sack 

33 oz/cu.yd. 

Percent 
Solids 

59.5 

60.5 
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batches. The allowable slump range for all mixes was 3-1/2 + 1/2 
in. 

5.2 Strength Characteristics of Concrete Containing Fly Ash 

The effect of the use of fly ash in concrete mixes, as a 
partial replacement of cement, on its flexural and compressive 
strength performance are discussed in this section. A total of 
16 batches were mixed to study the effect the variation of fly 
ash content and fly ash class have on the strength of concrete. 
In this set of tests, the cementitious content was also varied to 
obtain a comparison of its effect on the strength of concrete. 
For each batch twelve 6 x 12 in. compressive strength cylinders, . 
three 6 x 6 x 21 in. flexural strength beams and two 3 x 4 x 16 
in. freeze-thaw beams were poured. All the specimens were moist 
cured (18 0 F, 98% RH) until time of testing. The three flexural 
strength beams were tested at 1 days while the three compressive 
strength cylinders were tested at 1, 28, 56, and 91 days, 
respecti vely. The values shown in the plots represent the 
average of 3 specimens tested. 

5.2.1 Flexural Strength of Concrete Containing Fly Ash. 
Results for the 1-day flexural strength of concrete containing 
fly ash are shown in Figs. 5.1 through 5.4. Provided the water­
cementitious (w/cm) ratio was lower than that obtained for 
ordinary concrete, concrete containing fly ash had a 1-day 
flexural strength equal to or greater than the flexural strength 
of ordinary concrete. No noticeable differences were noted in 
the flexural strength performance of concrete containing Type A 
fly ash and concrete containing Type B fly ash. The variation in 
the water-cementitious (w/cm) ratio of concrete containing Type A 
fly ash and concrete concrete containing Type B fly ash averaged 
9% for the 6-sack mixes and 3% for the 1-sack mixes. The higher 
variation in the water-cementltiollS (w/cm) ratio of the 6-sack 
mixes is probably due to their higher water-cementitious (w/cm) 
ratios as compared to the 1-sack mixes. Compared to ordinary 
concrete, the water-cementi tious (w/cm) ratio of concrete 
containing fly ash was approximately 5% lower for the 6-sack 
mixes and approximately 3% lower for the 1-sack mixes. The lower 
difference in water-cementitious (w/cm) ratios of 7-sack mixes 
containing fly ash compared to the control mix is also due to the 
high cementitious content of these mixes. 

All the mi xes contai ning fly ash had 1-day flexural 
strengths higher than the minimum specified for TSDHPT Item 421 
Class C concrete. The only mix containing fly ash failing to 
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MODULUS OF RUPTURE vs. FLY ASH CONTENT 
7 sack mix. Type B Fly Ash. Slump: 3-4 in. 
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meet this requirement was the 6-sack mix containing 35% Type A 
fly ash. This mix had an unusually high water-cementitious 
(w/cm) ratio, 11% higher than that of the control mix, which is 
the cause of its poor performance. The 7-day flexural strength 
of concrete containing fly ash varied from 650 to 760 psi for 
concrete having both cementitious contents. 

5.2.2 Compressive Strength of Concrete Containing Fly 
Ash. The results of the compressive strength with age for 
concrete containing fly ash are presented in Figs. 5.5 through 
5.8. As can be noted from Fi gs. 5.5 and 5.7, concretoe cont ai ni ng 
Type A fly ash had compressive strengths that were approximately 
equal to or higher than the compressive strength of the control 
mi x at 56 days and beyond. At 28 days the compressi ve strength 
of concrete having a Type A fly ash content of 25% or higher was 
approximately 10% below that of the control mix. Concrete 
containing Type B fly ash, in general, had compressive strengths 
lower than the control mix even after 91 days. The most 
noticeable difference in the compressi ve strength of concrete 
containing Type B fly ash and ordinary concrete can be noted from 
Fig. 5.6, whi ch shows the compressi ve strength of 6-sack mi xes 
containing Type B fly ash. The decreased compressive strength of 
the concrete mixes shown in this figure compared to those shown 
in Fig. 5.8 can be attributed mainly to the variation in the 
water-cementi tious (w/cm) ratio. The 7-sack mixes had water­
cementitious (w/cm) ratios equal to or less than that of the 
control mix. For the 6-sack mixes shown in Fig. 5.6 the water­
cementitious (w/cm) ratio was higher for mixes containing fly ash 
than that of the control mix. 

The improved performance of concrete containing Type A fly 
ash over that of concrete containing Type B fly ash can be 
attributed mainly to the lower air contents of concrete 
containing Type A fly ash. The air content of concrete 
containing Type A fly ash ranged from 1.8 to 4.3%, the average 
being 3.0%, and for concrete containing Type B fly ash the range 
was from from 2.0 to 4.4%, the average being 3.7%. Increasing 
the air content of a concrete mix results in a decrease in the 
compressi ve strength; therefore, higher compressi ve strengths 
were obtained by concrete containing Type A fly ash. Another 
factor affecting the performance of the concrete was the water­
cementitious (w/cm) ratio. Concrete containing Type A fly ash, 
in general, had lower water-cementitious (w/cm) ratios than 
concrete containing Type B fly ash. 

5.2.3 Discussion of Test Results. The use of fly ash for 
the production of TSDHPT Item 421 Class C concrete produced 
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6 sack mix, Type 8 Fly Ash, Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs. SPECIMEN AGE 
3-4 in. 7 sack mix, Type B Fly Ash, Slump: 
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concrete satisfying the minimum requirements specified for the 
above mentioned concrete specification. Both types of fly ash 
used in this study satisfied the requirements of the TSDHPT 
Departmental Materials Specification 0-9-8900, "Fly Ash". The 
fly ash content of concrete mixes made in this study ranged from 
15% to 35% by weight of portland cement. Concrete produced using 
a Type IP blended cement containing 20% Type A fly ash by weight 
was also studied for comparison with ordinary concrete. For 
trial mix design programs in the State of Texas, the replacement 
of cement wi th fly ash should range from 20% to 35% by wei ght. 
If a Type IP cement containing fly ash as a partial replacement 
of cement is readily available and of delivered cost less than or 
equal to the deli vered cost of the Type I cement it should also 
be included in the trial mix design program to ensure the most 
economical and durable concrete is obtained. If possible, both 
Type A and Type B fly ash should be evaluated in the trial mix 
design program. 

For both cementitious contents studied the 7-day flexural 
strength of concrete containing Type A fly ash ranged from 0 to 
11% higher than the 7-day flexural strength of concrete 
containing Type B fly ash. This was due in general to the lower 
water-cementitious (w/cm) ratio of concrete containing Type A fly 
ash as compared to concrete containing Type B fly ash. The 
decrease in the water-cementitious (w/cm) ratio of concrete 
containing Type A fly ash ranged from 0 to 7% below that of 
concrete containing Type B fly ash. The difference in the water­
cementitious (w/cm) ratio of concrete containing Type A fly ash 
and concrete containing Type B fly ash is due to differences in 
their chemical composition. Type B fly ash is of a higher 
calcium content than Type A fly ash. The Type B fly ash used in 
this study had a calcium oxide content of 38% and the Type A fly 
ash used in thi s study had a calci um oxi de content of 10%. The 
higher calcium content of Type B fly ash allows for a more rapid 
cementltlous reaction to occur due to the liberation of calcium 
hydroxide during its hydration. This results in a higher content 
of hydration products in concrete containing Type B fly ash than 
in concrete containing Type A fly ash. Therefore, to obtain 
equal workabll i ty, concrete containi ng Type B fly ash requires 
higher amounts of water than concrete containing Type A fly ash. 
This is also due to the immediate hydration of Type B fly ash in 
concrete compared to Type A fly ash. 

The 6-sack mixes containing fly ash had 7-day flexural 
strengths equal to or greater than that obtained for the 6-sack 
control mix, except for the mix having a Type A fly ash content 
of 35%. The highest 7-day flexural strength of a 6-sack mix 
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containing fly ash was 18% greater than the 7-day flexural 
strength of the 6-sack control mix. The lower water-cementitious 
(w/cm) ratios obtained for concrete containing fly ash as 
compared to the control mix is due to the physical properties of 
the fly ash. The spherical shape of the fly ash particles and 
the lower specific gravity of fly ash combine to improve the 
workability of concrete containing fly ash over that of ordinary 
concrete. Replacement of cement with fly ash on an equal weight 
basis, as done in this study, results in concrete having an 
increase in the paste volume, due to the lower specific gravity 
of fly ash. The specific gravity of the fly ash used in this 
study ranged from 2.46 for Type A fly ash to 2.72 for Type 8 fly 
ash, compared to the specific gravity of cement, 3.15. The 
increased paste volume of concrete containing fly ash over the 
paste volume of ordinary concrete results in improved 
workability, which allows for reductions in the water­
cementitious (w/cm) ratio of concrete containing fly ash compared 
to ordinary concrete. 

For both cementitious contents studied, concrete 
containing Type A fly ash had 28-day compressive strengths 9 to 
13% higher than the 28-day compressive strength of concrete 
containing Type 8 fly ash. The 7-sack mix containing Type 8 fly 
ash had higher 28-day compressi ve strengths compared to the 6-
sack mixes containing Type 8 fly ash except for the 6- and 7-
sack mixes containing 35% Type 8 fly ash. The lower 7-day 
flexural strength of the 7-sack mixes containing Type 8 fly ash 
compared to 6-sack mixes containing Type 8 fly ash was due to the 
use of the ASTM C494 Type D water reducing-retarder admixture 
used in the 7-sack mixes. The dosage rate specified in the trial 
mix design specified by the TSDHPT for use in this study was 33 
oz/cu.yd. The decrease in the water requirement of the 7-sack 
mixes compared to the 6-sack mixes allowed for a higher 
concentration of the water reducing-retarder admixture in the 
concrete. This caused delayed setting of 7-sack mixes containing 
Type 8 fly ash. 

In some instances the specimens of 7-sack mixes containing 
fly ash had to have an additional 24 hours curing time before 
being demolded. This problem was overcome by mixing all the 
materials until the desired amount of workability was obtained in 
our case a a sl ump in the range of 3 to 4 in. Once the requi red 
slump was obtained the mix was allowed to sit for 5 minutes. 
After waiting 5 minutes the batch was mixed for 2 additional 
minutes at which time the slump was checked again to ensure the 
mix had the proper degree of workability. At this point the 
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water content of the mixes had to be increased by approximately 
1% to restore the workability to the desired range. 

Compressi ve strength development characteristi cs of 
concrete containing fly ash were comparable to those of ordinary 
concrete. Concrete containing fly ash averaged a compressi ve 
strength increase of 10% compared to an average compressive 
strength increase of 8%-for the control mixes from 28 to 56 days. 
From 56 to 91 days the average compressi ve strength increase of 
concr~te containing fly ash was 6% compared to a 2% increase in 
the compressive strength of the control mixes. 

For trial mix design purposes it is recommended that the 
1-day modulus of rupture be used as the acceptance cri teria of 
the concrete strength. A comparison of Figs. 6.1 and 6.5 shows 
that the 1-day flexural strength of concrete containing fly ash 
is more critical than the 28-day compressive strength of the same 
concrete in meeting the TSDHPT Item 421 Class C concrete 
specifi cations. 

5.3 Durability of Concrete Containing Fly Ash Subjected to 
Freeze-Thaw CYcles 

The results of the freeze-thaw durabil1 ty test performed 
on concrete containing fly ash are presented and discussed in 
this section. Along wi th the 3 flexure beams and 12 cylinders 
used to perform the tests discussed in the previous section, two 
3 x 4 x 16 in. freeze-thaw beam specimens were cast for the 16 
mixes studied. These were used to perform the freeze-thaw 
durability test according to TSDHPT Testing Procedure Tex. 423-A, 
"Resistance of Concrete to Rapid Freezing and Thawing." For 
concrete freeze-thaw durability comparisons all the mixes done in 
this study had an equal dose of air-entraining admixture. The 
type and brand of the air-entraining admixture used was the same 
throughout this study. This study was done to investigate the 
effect the use of fly ash had on the freeze-thaw durabili ty of 
concrete. In this section the variability of the air content 
with fly ash content is discussed as is the durability of 
concrete containing fly ash. 

5.3.1 Air Content of Concrete Containing Fly Ash. The 
air contents of all the mixes studied in this project are plotted 
versus concrete fly ash content on Figs. 5.9 through 5.12. For a 
constant fly ash content, concrete containing Type A fly ash had 
a lower air content than concrete containing Type B fly ash. The 
air content of concrete containing Type A fly ash ranged from 1.2 
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AIR CONTENT vs. FLY ASH CONTENT 
7 sock mix. Type A Fly Ash, Slump: 3 - 4 in. 
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7 sack mix. Type B Fly Ash. Slump: 3 - 4 in. 
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to 4% compared to a range of 2 to 6% for concrete containing Type 
B fly ash. Concrete containing Class A showed a trend toward a 
decreased air content wi th an increase in the fly ash content. 
This was not obvious in concrete containing Type B fly ash. 

Compared to the control mixes, concrete containing fly ash 
had lower air contents. Concrete containing Type A fly ash 
averaged air contents 34% lower than the control mix, while 
concrete containing Type B fly ash averaged air contents 14% 
lower than the control mix. 

5.3.2 Deterioration Rate of Concrete Containing Fly Ash 
Subjected to Freeze-Thaw Cycres:-- To obtain an indication of the 
deteri oration rate of concrete containing fly ash subj ected to 
freeze-thaw cycles, the variation of the dynamic modulus with an 
increase in the number of freeze-thaw cycles is plotted in Figs. 
5.13 through 5.16. It is obvious from these figures the improved 
resistance of concrete containing Type B fly ash, compared to 
concrete containing Type A fly ash, to freeze-thaw cycles. The 
dynamic modulus of concrete containing fly ash was generally less 
than that of the control mix after an equal number of cycles, but 
for concrete containing Type B fly ash this difference was 
generally not higher than 10%. For concrete containing Type A 
fly ash differences as high as 45% were obtained. From these 
figures it can be noted that concrete mixes containing fly ash 
having a variation in the dynamic modulus not higher than 10% of 
the control mix generally had air contents of 3% or higher. 

5.3.3 Durability. Texas State Department of Highways and 
Public Transportation Testing Procedure Tex. 423-A, "Resistance 
of Concrete to Rapid Freezing and Thawing," states that "the 
point of failure of concrete specimens subjected to this test 
shall be Pc of 60% or 300 cycles, whichever is least". Pc is the 
relative dynamic modulus of elasticity after c cycles of freezing 
and thawing, calculated using the following equation: 

where: 

(5.1) 

nc Fundamental transverse frequency of resonance 
after c cycles of freezing and thawing. 

n = fundamental transverse frequency of resonance at 
zero cycles of freezing and thawing. 
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DYNAMIC MODULUS vs. No. OF CYCLES 
6 sack mix, Type B Fly Ash, Slump: 3 - 4 in. 
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DYNAMIC MODULUS vs. No. OF CYCLES 
7 sack mix, Type A Fly Ash, Slump: 3 - 4 in. 

4~·--------------------------------------·------~ (0.35, 2.3) 

~i3 :- 0° ~3.51 ~~ (0.3913.~~ 1. 

VJ 
c.. 

<.0 3 
o I 
~ 2.5~ 
---- I 
~ 2 ~ 
:::J ! 
"0 ! 

~ 1.5 ~ 
(.) \ .- , 

E 1 ~ 
o 
c: 
~ 

o .5 

\ 
\ 
'1(0.37,1.8 ) 

20% 

""-'-'5 % ~ .. , lI< 

Fly Ash 

Content 
(by weight) 

I 
o -4------,.------. 

(w I.cm -:~~ t oir content ~ ____ i I 
o 50 1 00 1 50 200 250 300 350 

Number of Freeze-Thaw Cycles 

Fig. 5.15 Dynamic modulus versus number of freeze-thaw cycles, 
seven sack mixes, Type A fly ash. 

VI 
1.0 



DYNAMIC MODULUS vs. No. OF CYCLES 
7 sack mix, Type B Fly Ash. Slump: 3 - 4 in. 

4~---

35% (0.34,3.8)1 (0.39,3.5) 15 % (0. 39, 4 .0 ) 

~ 3.5 ~ ::s = S )(13')( n 
._ ~; H = ~. , ___ u~~ ):!3;ii.>'-: 

(0.38, ".", 

<D 3l : o I ~ 
~ 2.5~ 
~ 2~ 
-g I 
::2: 1.5-1 
u i 

1 
c I 

1 ""i L.. 
i 0 
I c 
I >- I 0 .5"1 
I 
i 

o~ 
0 

Fly Ash Content 

(by weight) 

25% 

(w/cm ratio, air content) 

0°/0 

,--------y--- -.--------,- T-----.------f 

50 100 150 200 250 300 350 

Number of Freeze-Thaw Cycles 

Fig. 5.16 Dynamic modulus versus number of freeze-thaw cycles, 
seven sack mixes, Type B fly ash. 

0\ 
o 



61 

Concrete specimens are considered to have adequate freeze­
thaw resistance if the Ourabili ty Factor (OF) of the test 
specimen is 60% or greater where OF is calculated using the 
following equation: 

where: 

(5.2) 

Pc as calculated using Eq. 5.1 

N number of freeze-thaw cycles at which Pc reaches 
the specified minimum value (60%) for 
discontinuing the test or the specified number 
of cycles at which the exposure is to be 
terminated, whichever is less. 

M = specified number of cycles (300) at which the 
exposure is to be terminated. 

Figures 5.17 through 5.20 contain plots of the Ourabili ty 
Factor (OF) versus Fly Ash content for the mixes performed in 
this study. From these figures it can be noted that an increase 
in the Type A fly ash content of concrete resul ts in a decrease 
in the air content. Also, for concrete containing Type A fly ash 
an increase in the cementi tious content from 564 lbs/cu.yd. to 
658 lbs/cu.yd. resulted in a decrease in the durability factor 
(OF). In this study the only mixes to fail Tex. 423-A were those 
containing Type A fly ash with air contents less than 3%. There 
was one case shown in Fig. 5.18 and two cases shown in Fig. 5.19 
in which the concrete tested had air contents less than 3% but 
still had a durability factor higher than 60%. If Figs. 5.14 and 
5.15 are compared it will be noted that these mixes had water­
cementitious (w/cm) ratios as much as 10% below that of the 
control mix. The increased strength of these mixes compared to 
the other mixes probably resulted in the good performance 
observed. Concrete containing Type B fly ash performed 
satisfacto"rily regardless of the fly ash content used. 

Pictures taken of the various specimens, after the freeze­
thaw tests were completed, are shown in Figs. 5.21 through 5.28. 
The first number in the identification card indicates the 
cementitious content. The letter represents the class of fly ash 
used in the mix. F-Type A, C-Type B. The last two numbers 
specify the fly ash content in percent. Concrete containing Type 
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DURABILITY FACTOR vs. FLY ASH CONTENT 
7 sack mix, Type A Fly Ash, Slump: .3 - 4 in. 
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7 sack mix, Type 8 Fly Ash, Slump: 3 - 4 in. 
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Fig. 5.21 Seven sack mix speclmen subjected to 300 freeze-thaw 
oycles oontaining no fly ash. 

Fig. 5.22 Seven sack mix speoimen subjected to 300 freeze-thaw 
cycles containing 15% Type B fly ash. 



Fig. 5.23 Seven sack mix speoimen subjected to 300 freeze-thaw 
oyoles containing 25S Type B fly ash. 
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Flg. 5.24 Seven sack mix spec1me~ subjected to 300 freeze-thaw 
cyoles containing 3SS Type B fly ash. 
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Fig. 5.25 Seven saok mix specimen subjected to 300 freeze-thaw 
cyoles oon~lning 15S Type A fly ash. 

Fig. 5.26 Seven sack mix specimen- subjected to 300 freeze-thaw 
cycles containing 20S Type A fly ash. 



F1a. 5.27 Seven sack mix specimen subjected to 300 treeze-thaw 
cycles containing 25~ Type A fly ash. 

Fla_ 5.28 Seven sack mix specimen subjected to 300 freeze-thaw 
cycles containing 35J Type A fly ash. 
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I or IP cement only are identified by the letters I or IP. 
Figures 5.22 through 5.24 show the concrete specimens containing 
Type B fl Y ash. Com pari ng these speci mens to the control 
specimen shown on Fig. 5.21 indicates that these specimens had 
approximately equal degree of concrete deterioration. Concrete 
specimens containing Type A fly ash subjected to the freeze-thaw 
testing are shown in Figs. 5.25 through 5.28. Figures 5.27 and 
5.28 clearly show the highly deteriorated state of the concrete 
containing 25 and 35% Type A fly ash. This is in agreement with 
the results shown in Fig. 5.19 which indicated that these two 
specimens failed according to· TSDHPT Testing Procedure Tex. 423-
A. 

5.3.4 Discussion of Test Results. Concrete containing 
fly ash is more susceptible to freeze-thaw damage than ordinary 
concrete. The most important factor affecting the susceptibility 
of concrete containing fly ash to freeze-thaw damage is the loss 
on ignition (LOI) or carbon content of the fly ash used. In this 
study the Type A fly ash used had a LOI of 0.43% and the Type B 
fly ash used had a LOI of 0.26%. The LOI of the Type A fly ash 
was 65% higher than that of the Type B fly ash. The LOI of the 
Type A fly ash used in the manufacture of the Type IP blended 
cement was 0.24%. 

The poor performance of concrete containing Type A fly ash 
compared to concrete containing Type B fly ash was due mainly to 
its lower air content. Six-sack mixes containing Type A fly ash 
averaged air contents 27% lower than the air content of the 6-
sack mixes containing Type B fly ash. Seven-sack mixes 
containing Type A fly ash averaged air contents 44% lower than 
the 7-sack mixes containing Type B fly ash. The reduction in the 
air content of concrete containing Type A fly ash is due to the 
higher carbon content. reflected in the LOI. of these fly ashes. 
The residual carbon contained in fly ash has a high affinity for 
the air-entraining admixture. absorbing it and reducing the 
amount of air-entraining admixture available to form an adequate 
stable air-void system. The type of air-entraining admixture 
used in this study was limited to a neutralized vinsol resin 
based solution satisfying the requirements of ASTM C260-77. "Air­
Entraining Admixtures for Concrete"; therefore. the effect of 
other types of ai r-entrai ni ng admi xtures on the performance of 
concrete containing fly ash will not be discussed. 
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The dosage of air-entraining admixture was kept constant 
for all mixes throughout this study; therefore, no comparisons 
were made into what effect the air-entraining admixture dosage 
had on the air-void system of concrete containing fly ash. 

As was noted earlier the LOI of the Type A fly ash used in 
this study was 0.lJ3J while the LOI of the Type A fly ash used in 
the blended cement, Type IP, was 0.2lJJ, even though both of these 
fly ashes were obtained from the same source. From Fig. 6.lJ it 
can be observed that the mix containing the blended cement, 20% 
fly ash by weight, averaged a durability factor 3% above that of 
the control mixes. Even though TSDHPT Departmental Material 
Specification 0-9-8900, "Fly Ash", allows for a maximum LOI of 3% 
for both Type A and Type B fly ash it is recommended that for the 
production of concrete containing fly ash subjected to freeze­
thaw cycles the LOI of the fly ash used be limi ted to 0.26%. If 
the LOI of the fly ash used exceeds this limi t, it is necessary 
to ensure the concrete has the proper amount of entrained air. 
This is obtained by increasing the air-entraining admixture 
dosage until a proper air-void system is obtained. The LOI of 
the Type B fly ash used in this study was 0.26. Its performance 
to freeze-thaw cycles was adequate; therefore, this limit should 
ensure that durable concrete containing fly ash subjected to 
freeze-thaw cycles is produced. 

5.lJ Effect of Curing Conditions on the Strength of Concrete 
Containi~ Fly Ash -- ---

To study the effect curing conditions had on the strength 
of concrete containing fly ash a series of tests were performed. 
Two environmental conditions, a summer condition with a 
temperature of 1000 F and a relative humidity of 33% and a winter 
condition with a temperature of lJooF and a relative humidity of 
55%, were considered. These were thought to be the temperature 
extremes in which concrete would be batched and cast in the State 
of Texas. This set of tests consisted of pouring twelve 6 x 12 
in. cylinders and twelve 6 x 6 x 21 beams, moist curing ('780 F, 
98% RH) sets of 3 specimens for 1, 3, 7, or 28 days and removing 
them from the moist curing room after a specified moist curing 
time, be it 1, 3, or 7 days, and placing the specimens in an 
environment room wi th the temperature and relati ve humidity set 
to simulate the desired environmental condition. Once inside the 
environmental room the concrete specimens were not moist cured at 
any time. A set of control specimens to be used for comparison 
purposes were left in the moist curing room (780 F, 98% RH) until 
the time of testing. The flexural beams moist cured (78 0 F, 98% 
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RH) for 1, 3, and 7 days were tested at 7 days. For comparison 
purposes' a set of flexure beams were moist cured (78 0 F, 98% RH) 
for 28 days and tested at 28 days. This was done to obtain an 
indication of the flexural strength gain obtained between 7 and 
28 days. All the compressive strength specimens were tested at 
28 days. From these results, the moist curing time required for 
an adequate strength to develop in concrete can be obtained. 
Table 5.4 summarizes the mixes done in this study. These mixes 
were done twice, once for each environment~l condition 
investigated. For these mixes, the slump was maintained between 
3 to 4 in. to obtain concrete having approximately equal 
consistency~ 

To investigate the effect the use of a membrane curing 
compound had on the strength of concrete containing fly ash, 
tests using only 6-sack mixes containing Type A fly ash were 
performed. For this set of tests, the curing compound was 
applied immediately after demolding the specimen. The specimens 
were then subjected to either a temperature of 78 0 F or 100oF. 
Specimens were left in the same curing condition until time of 
testing, either at 7 or 28 days. 

5.4.1 Concrete Cured at High Temperatures. The results 
on the study of the effect of moist curing time and curing 
temperature on the flexural and compressive strength of concrete 
are presented in this section. 

All flexural test specimens poured were tested at 7 days 
except for 3 which were moist cured until the time of testing at 
28 days. Flexural strength specimens moist cured for 1 and 3 
days and compressive strength test specimens moist cured for 1, 
3, and 7 days were placed in an environmental chamber set at 
1000F and 33% relative humidity after being moist cured for the 
specified amount of time. 

Specimens were moist cured according to ASTM Standard 
Specification C192, "Making and Curing Concrete Test Specimens in 
the Laboratory"~ The control concrete mix having a cementi tious 
content of 564 lb/cu.yd. did not have any flexural strength 
specimens tested at 28 days; therefore, the graph for this mix 
terminates at 7 days as shown in Fig. 5.20. 

5.4.1.1 Flexural Strength. The results of the flexural 
strength obtained for the mixes investigated are shown on Figs. 
5.29 through 5.32. 
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TABLE 5.4 Mixes Performed to Study the Effect of Curing 
Condition on Concrete Strength 

Cementi tious Type of Fly Ash 
Mix Content Fly Ash Content 
1.0. (lbs/cu.yd. ) Used (% by wt) 

61 564 0 

61P A 20 

6A25 A 25 

6B25 B 25 

71 658 0 

71P A 20 

7A25 25 

7A35 35 

7B25, B 25 

7B35 B 35 
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A moist curing length of only one day was not adequate 
enough for any of the concrete specimens to develop the minimum 
7-day flexural strength required for TSDHPT Item 421 Class C 
concrete, except for the mix having a Type IP cementitious 
content of 658 Ibs/cu.yd. Extending the moist curing length to 3 
days improved the performance of most mixes. Moist curing for 7 
days resulted in all specimens having strengths greater than the 
minimum 7-day flexural strength required for TSDHPT Item 421 
Class C concrete. No distinct pattern of behaviour was observed 
for mixes containing the same type and amount of fly ash but 
having different cementi tious content. The pattern of flexural 
strength gain with increased moist curing ti me was not uniform 
with increased time. 

5.4.1.2 Compressi ve Strength. Results of the average 
28-day compressive strength of 3 concrete specimens containing 
fly ash moist cured for 1, 3, or 7 days and placed in a 
controlled environment of 1000F and 33% relative humidity until 
the time of testing at 28 days are shown in Figs. 5.33 through 
5.36. Unlike the results obtained for the 7-day flexural 
strength, all the specimens tested had 28-day compressi ve 
strengths equal to or greater than the minimum 28-day compressive 
strength required by the TSDHPT for Item 421 Class C concrete. 

The decrease in compressive strength gain for moist curing 
from 7 to 28 days for concretes containing Type A fly ash and 
having a cementitious content of 658 Ibs/cu.yd. was due mainly to 
the sharp decreas e in the 28-day compressive strength obtained 
for the mix having a Type A fly ash content of 35% and moist 
cured for 28 days. 

5.4.2 Concrete Cured at Low Temperature. The results of 
tests performed to investigate the effect of curing time at low 
temperatures on the flexural and compressive strength of concrete 
containing fly ash are presented in this section. The test 
procedures followed were the same as those presented in Section 
5.4.1 of this chapter except specimens were placed in a 
controlled environment at 400 F and 55% relative humidity instead 
of a controlled environment at 1000F and 33% relative humidity as 
specified in the previous section. 

The same concrete mixes performed in Section 5.4.1 of this 
chapter were performed for this set of test. As stated in 
Section 5.4.1 specimens were moist cured for a specified amount 
of ti me 1, 3, 7 or 28 days, then placed in the controlled 
environment room until time of testing. Once placed in the 
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controlled environment room, moist curing of the test specimens 
was terminated. 

5.4.2.1 Flexural Strength. Results of the 7-day 
flexural strength tests performed are shown in Figs. 5.37 through 
5.40. Half of the specimens moist cured for one day had 7-day 
flexural strength lower than the minimum 7-day flexural strength 
required for TSDHPT Item 421 Class C concrete. All specimens 
mOist cured for 3 days, except the mix having a cementitious 
content of 564 lb/cu.yd. and containing 25% Type B fly ash, had 
7-day flexural strengths equal to or greater than the minimum 
allowed for the above mentioned TSDHPT class of concrete. All 
the specimens moist cured for 7 days except the above mentioned 
mix had 7-day flexural strengths equal to or greater than the 
minimum 7-day flexural strength required for TSDHPT Item 421 
Class C concrete. No particular behaviour pattern was observed 
for mixes having the same class of fly ash and fly ash content 
but different cementitious content. 

5.4.2.2 Compressive Strength. Results of the average 
28-day compressive strength of 3 concrete specimens containing 
fly ash moist cured for 1, 3. or 7 days and placed in a 
controlled environment of 400 F and 55% relative humidity until 
time of testing at 28 days are shown in Figs. 5.41 through 5.44. 
None of the mixes tested failed to meet the minimum 28-day 
compressive strength required for TSDHPT Item 421 ~lass C 
concrete. 

A decrease in the 28-day compressive strength of concrete 
wi th an increase in the moist curing time was obtained for the 
control mix having a cementi tious content of 564 lbs/cu.yd. with 
an increase in the moist curing time from 1 to 3 days. The 
control mix having a cement! tious content of 658 Ibs/cu.yd.; with 
an increase in the moist curing time from 3 to 7 days, also had a 
decrease in the 28-day compress1 ve strength. The 28-day 
compressive strength of the control mix was higher for specimens 
moist cured for 3 days than for specimens moist cured 28-days. 

5.4.3 Use of Membrane Curing Compounds. A 11 mi ted num ber 
of mixes were batched to study the effect of curing the specimens 
using a membrane curing compound. This study was limi ted to 
mixes having a cementi tious content of 564 Ibs/cu.yd. and 
containing Type A fly ash only. Instead of moist curing the 
specimens, a membrane curing compound was applied on'the 
specimens immediately after casting. The effect of the 
environmental condition during the time of curing on the strength 
development of the concrete was studied by placing one set of 
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Type B Fly Ash, Cold Cured, Slump: 3 - 4 in. 
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7 sack mix, Type A Fly Ash, Cold Cured, Slump: 3 - 4 in. 
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COMPRESSIVE STR. VS. MOIST CURING TIME 
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specimens at an ambient room temperature of 78oF, and one set of 
specimens in a environmental controlled chamber at 1000F and 33% 
relative humidity. The membrane curing compound used was a 
TSDHPT Standard Specification Item 526 "Membrane Curing", Type 2 
membrane curing compound. The membrane curing compound used 
satisfied the requirements of TSDHPT Test Procedure Tex-219-F 
"Testing of Concrete Curing Materials". 

5.4.3.1 Flexural Strength. Results of the 7-day 
flexural strength tests for specimens cured using a membrane 
curing compound are shown in Fig. 5.45. The 7-day flexural 
strength of concrete containing Type A fly ash exposed to a 
temperature of 78 0 F ranged from 10% below to 12% above that of 
the control mix. The average 7-day flexural strength of concrete 
containing Type A fly ash was 2% lower than that of the control 
mix. The concrete mixes containing 25 and 35% Type A fly ash 
failed to satisfy the minimum 7-day flexural strength requirement 
for TSDHPT Item 421 Class C concrete. The 7-day flexural stength 
of concrete containing Type A fly ash exposed to a temperature of 
1000 F ranged from 4% to 29% higher than the 7-day flexural 
strength of the control mix. The average 7-day flexural strength 
of concrete containing Type A was 20% higher than that of the 
control mix. The control mix and the mix having a fly ash 
content of 25% by weight failed to meet the minimum 7-day 
flexural strength for TSDHPT Item 421 Class C concrete. 

The flexural strength of the concrete specimens exposed to 
a temperature of 1000 F was less than the flexural strength of 
concrete specimens exposed to a temperature of 780 F except for 
concrete containing 35% fly ash. The 7-day flexural strength of 
concrete containing fly ash cur'ed using a membrane placed in an 
environmental chamber at 1000 F were comparable to the 7-day 
flexural strength for specimens moist cured one day and then 
placed in an environmental chamber set at 100oF. 

5.4.3.2 Compressi ve Strength. Resul ts of the 28-day 
compressi ve strength test for specimens cured using a membrane 
curing compound are shown in Fig. 5.46. The 28-day compressive 
strength of concrete containing Type A fly ash exposed to a 
temperature of 780 F ranged from 1% below to 8% above that of the 
control mix. Concrete containing fly ash averaged a 28-day 
compressive strength 3% higher than that of the control mix. The 
28-day compressive strength of concrete containing Type A fly ash 
exposed to a temperature of 1000 F ranged from 1% lower to 16% 
higher than the 28-day compressi ve strength of the control mix. 
Concrete containing fly ash averaged a 28-day compressi ve 
strength 6% higher than the 28-day compressi ve strength of the 
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control mix. The compressi ve strength of concrete specimens 
exposed to a temperature of 1000 F was higher than the compressive 
strength of concrete specimens exposed to a temperature of 780 F. 

5.4.4 Discussion of Test Results. It is recommended that 
concrete containing fly ash designed to meet the requirements of 
TSDHPT Item 421 Class C concrete cast in temperatures not 
exceeding 1000F be moist cured for at least 7-days. For concrete 
containing fly ash cast in the winter time in temperatures as low 
as 400F it is recommended that it be moist cured at least 3-days 
to ensure strength properties satisfying the requirements of the 
above mentioned TSDHPT class of concrete. Concrete containing 
Type A fly ash having a cementi tious content of 564 Ibs/cu.yd. 
should have a maximum water-cementitious (w/cm) ratio of 0.40 if 
it is to be membrane cured. This includes concrete containing 
fly ash cast in temperatures of approximately 1000 F. 

The 7-sack mixes cured at 1000 F, 33% RH after being 
initially moist cured (78 0 F, 98% RH) for a period of 1,3 or 7 
days required 7 days of moist curing compared to at least 3 days 
of moist curing required for the 6-sack mixes to obtain 7-day 
flexural strengths equal to or greater than that specified for 
TSDHPT Item 421 Class C concrete. This probably resulted due to 
the lower water-cementi tious (\ii/cm) ratio of the 7-sack mixes 
compared to that of the 6-sack mixes. 

It is theorized that placement of 7-sack concrete mixes in 
the environmental chamber set at 1000 F, moist cured less than 7 
days, resulted in excessive loss of water due to evaporation, 
therefore reducing the hydration rate of the concrete and its 7-
day flexural strength. This is not reflected in the 28-day 
compressive strength of the 7-sack mixes, since hydration of the 
concrete has continued up to the time of testing, at 28 days, 
resulting in higher strengths. The opposite effect was observed 
for concrete containing fly ash moist cured for either 1, 3 or 7 
days and placed in an environmental chamber set at 40oF. The 
lower water-cementi tious ratio of the 7-sack mixes compared to 
the 6-sack mixes resulted in concrete having a higher 7-day 
flexural strength. Six-sack mixes averaged water-cemetitious 
ratios 20% higher than the 7-sack mixes. The 7-day flexural 
strength of the 7-sack mixes averaged a 10% increase over that of 
the 6-sack mixes. As shown in Fig. 6.9, the 28-day compressi ve 
strength of the 7-sack mix containing Type B fly ash had strength 
development properties equal to those obtained for the 7-sack mix 
cured at 1000 F. 
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The increased 28-day compressive strength of concrete 
cured using a membrane compound at 1000 F is probably due to a 
steam curing effect obtained by the use of the membrane and the 
hot enviromental surrounding. Moisture in the concrete was 
probably trapped by the curing membrane resulting in a steam 
curing effect. This caused accelerated curing of the concrete 
which resulted in concrete of higher strengths. This increase in 
the 28-day compressive strength averaged 3%. 

5.5 Effects of Mixing Time and Temperature 

A limited study to investigate the effect of mixing time 
and temperature on the slump, water-cementi tious (w/cm) ratio, 7-
day flexural strength, and 28-day compressi ve strength of 
concrete containing Type A fly ash was conducted. Mixes were 
batched at room temperature, 78 0 F, and at 1000 F as outlined in 
Chapter 4, Section 4.3.1. Concretes contai ni ng Type A fly ash 
contents of 25 and 35% by weight were studied. A concrete mix 
using Type IP cement was also done at a mixin"g temperature of 
1000 F. All mixes studied had a cementi'tious content of 564 
Ibs/cu.yd. Tests on the fresh concrete were performed at 30-
minute intervals from the time of initial mixing up to a mixing 
time of 90 minutes. Two 6 x 6 x 21-in. flexural strength beam 
specimens and two 6"x 12 in. compressive strength cylinders were 
cast at 60 and 90 minutes after initial mixing. The reference 
point taken as the 0 minute mark corresponded to the time at 
which the mix had reached the desired slump, in the range of 3 to 
4 in. 

5.5.1 Slump. Results of the slump measured at 30-minute 
intervals during the 90 minutes of mixing for concrete containing 
Type A fly ash are presented in Figs. 5.47 and 5.48 for the two 
mixing temperatures considered. 

After 60 and 90 minutes of mixing, water was added to the 
batch to increase the concrete slump. Once this was 
accomplished, specimens were cast to be tested at a later age. 

The results obtained indicate that increases in the Type A 
fly ash content of concrete results in a higher slump loss with 
mixing time. 

The slump loss of concrete containing Type A fly ash mixed 
at 780F ranged from 54 to 67% for the first 30 minutes of mixing, 
33 to 45% for the second 30 minutes of mixing, and 29 to 43% for 
the last 30 minutes of mixing after the batch had been retempered 
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with water. The slump loss for the control mix was 36% for the 
first 30 minutes of mixing, 20% for the second 30 minutes of 
mixing, and 23% for the last 30 minutes of mixing after 
retempering to restore the slump. 

The slump loss of concrete containing Type A fly ash mixed 
at 1000 F ranged from 57 to 64% for the first 30 minutes of 
mixing, 20 to 67% for the secohd 30 minutes of mixing, and 42 to 
63% for the last 30 minutes of mixing after the batch had been 
retempered with water. The slump loss for the control mix at 
1000 F was 64% for the first 30 minutes of mixing, 20% for the 
second 30 minutes of mixing and 38% for the last 30 minutes of 
mixing after retempering the batch. 

5.5.2 Water-Cementi tious Ratio. Figures 5.49 and 5.50 
show the increase in the measured water-cementi tious (w/cm) ratio 
with increased mixing time for concrete containing fly ash. At 
the ti me interval of 60 and 90 minutes the water-cementi tious 
(w/cm) ratio was that measured after retempering water was added 
to the batch to restore the slump to the range of 3 to 4 in. 

For concrete containing Type A fly ash mixed at 780 F, the 
increase in the water-cementitious (w/cm) ratio due to the added 
water demand after 60 minutes of mixing ranged from 8 to 12%, and 
from 4 to 5% over the water-cementitious (w/cm) after the 
concrete was retempered at a mixing time of 90 minutes. Concrete 
containing Type A fly ash mixed at 1000F had a water-cementitious 
(w/cm) ratio increase due to the added water after 60 minutes of 
mixing in the range of 8 to 21% and from 7 to 11% over the water­
cementitious (w/cm) ratio obtained at 60 minutes after the 
concrete was retempered at a mixing time of 90 minutes. The 
increase in the water-cementi tious (w/cm) ratio of the control 
batch mixed at 780F due to the added water demand after a mixing 
time of 60 minutes was 4%. Retempering the control concrete 
batch at a mi xing ti m e of 90 minut es resul ted in an increase of 
the water-cementitious ratio over that obtained at a mixing time 
of 60 minutes of 4%. 

5.5.3 Flexural Strength. Results of the 7-day flexural 
strength test on concrete containing Type A fly ash cast after 0, 
60 and 90 minutes of mixing are presented in Figs. 5.51 and 5.52. 
Compared to ordinary concrete, concrete containing fly ash had a 
higher loss in flexural strength after 60 minutes of mixing time. 
Provided the flexural strength of the mix containing fly ash was 
greater than that of the control mix at time t z 0 min., the 
flexural strength of concrete containing fly ash was still higher 
than that of the control mix after 60 minutes of mixing time. If 



WATER-CEMENTITIOUS RATIO VS. MIXING TIME 
6 sk. mix, Type A FA, Mixed at 78 deg. F., Slump: 3-4 in . 

. 7 ,------------------------------------------------------------------, 

.65 

o :g .6 ~ Fly Ash Content 
~ I (by weight) 

~ .551 I 0 % 

ii .5 ~ ~ r 25% 

~ .45 i ~ I 35% 

-+--' 4' o . "'i 
5: I 

I 
.35 l 

I 

ot 
o 15 30 45 60 75 90 

Mixing Time (minutes) 

Fig. 5.49 Water-cementitious ratio versus mixing time, six sack 
mixes, Type A fly ash, mixed at 78°F. 

105 

6 
<::) 



WATER-CEMENTITIOUS RATIO VS. MIXING TIME 

. 7 

.65 

0 
-+-' .6 0 
n::: 

CJ'J 
::J .55 
0 

-+-' 
-+-' 
c .5 
(l) 

E 
(l) 

U .45 
I 
L 
(l) 

-+-' .4 0 
:s: 

.35 

o 

6 sk. mix, Type A FA, Mixed at 100 deg. F., Slump: 3-4 in . 

-

-

-

r 

r 
o 

Fly Ash Content 
(by weight) 

0% 
20% 

~ 35% 

I 25% 

15 30 45 60 75 90 

Mixing Time (minutes) 

Fig. 5.50 Water-cementitious ratio versus mixing time, six sack 
mixes, Type A fly ash, mixed at 100~. 

105 

~ 
o 
~ 



MODULUS OF RUPTURE VS. MIXING TIME 
6 sk, mix, Type A FA, Mixed at 78 deg. F .• Slump: 3 - 4 in, 

750-r- "--

,...--.,. 

'00 725 
0.. 

............. 

~700 
o 

-0 

,....... 675 • Fly Ash 
@ Content , 
Q) (by weight) 1 5 650 >... 0% 

~ ~" ~35% I & 625 I 
'0 TSDHPT Item 421 Class C Concrete Minimum ft 25 0I.-J 
en 600 0 • 

:J 

-g 575 
:::2 

o -t-------,. .-- ------------------------, 

a 15 30 45 60 75 90 

Mixing Time (minutes) 

Fig. 5.51 Modulus of rupture versus mixing time, six sack mixes, 
Type A fly ash, mixed at 78Of. 

105 

I-" 
o 
N 



MODULUS OF RUPTURE VS. MIXING TIME 
6 sk. mix, Type A FA, Mixed at 100 deg. F., Slump: 3 - 4 in. 

800...-------·----

............ 
0(f) 

0..750 -...-
(J] 

~ o 
-0 700 
r----
@ 

~ 650 
::J ....... 
0.. 
::J 

0::: 
_ 600 
o 
(J] I 
::J I _ I 

-5 550 ~ 

~ Fly Ash 
Confent 

____ (by weight) 
->.L 

TSOHPT Item 421 Closs C Concrete 

Minimum ft 

" ------s 0 % 

.~ 

~."* 
20 0

/ 0 

25 0/0 

35 % 

~ I 
ot.- I---~· 

o 15 30 45 60 75 90 105 

Mixing Time (minutes) 

Fig. 5.52 Modulus of rupture versus mixing time, six sack mixes, 
Type A fly ash, mixed at 10oPF. 

..... 
o 
VI 



104 

the mixing time was extended to 90 minutes the flexural strength 
of concrete containing fly ash was lower than that of the control 
mix. Some of the concrete containing fly ash mixed at 1000 F and 
cast at 90 minutes had flexural strength lower than the' minimum 
required for TSDHPT Item 421 Class C concrete. 

5.5.4 Compressive Strength. Results of the 2B-day 
compressi ve strength test on concrete containing Type A fly ash 
cast after 0, 60 and 90 minutes of mixing are presented in Figs. 
5.53 and 5.54. The general trend observed for the 2B-day 
compressi ve strength of concrete containing fly ash was a 
decrease in compressive strength with an increase in the fly ash 
content. This loss in 2B-day compressive strength was higher for 
mixes batched at 1000 F. Mixes containing Type A fly ash in the 
range of 25 to 35% by weight had a decrease in the compressi ve 
strength in the range of 1B% with an increase in the mixing time 
to 60 minutes. After the mixes were retempered at 60 minutes the 
2B-day compressive strength loss due to an additional 30 minutes 
of mixing was in the range of 3%. 

The mixes containing Type A fly ash batched at 7BoF had a 
decrease in the 2B-day compressi ve strength in the range of B% 
after the mixes were retempered at 60 minutes and mixed an 
additional 30 minutes. The differences observed here are due to 
the high temperature of the mixes batched at 1000 F and the 
extended mixing time, 60 minutes, before the mixes were 
retempered. After 60 minutes of mixing, the water demand of the 
mixes containing Type A fly ash batched at 1000 F was higher than 
that of mixes containing Type A fly ash batched at 7BoF. This 
can be noted by comparing Figs. 5.49 and 5.50. This was due 
mainly to the evaporation of water in the concrete mix due to the 
high temperature. Concrete batched at 7BoF was not susceptible 
to the loss of water by evaporation; therefore, the slump loss 
after 60 minutes of mixing was less than the slump loss obtained 
for the same mixing time for concrete batched at 1000 F. 

5.5.5 Discussion of Test Results. Concrete containing 
Type A fly ash has a greater sl ump loss wi th increased mixing 
time compared to ordinary concrete. For mixes done at room 
temperature concrete containing fly ash averaged a slump loss BO% 
greater than that of the control mix after 30 minutes of mixing. 
After 60 minutes of mixing the slump loss of concrete containing 
fly ash was 75% greater than that of the control mix. The slump 
loss obtained for concrete containing Type A fly ash mixed at 
high temperatures 1000 F, was approximately equal to that of the 
control mix after 30 minutes of mixing. After 60 minutes of 
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mixing, concrete containing fly ash averaged a slump loss 10% 
greater than that obtained for the control mix. 

Typically, concrete containing fly ash required a higher 
water content for retempering at 60 and 90 minutes compared to 
ordinary concrete. The increased water demand after 60 and 90 
minutes of mixing required to obtain concrete with a slump in the 
range of 3 to 4 in. resulted in increases in the water­
cementitious (w/cm) ratio of concrete poured at these times as 
compared to concrete poured at time, t .. 0 minutes. However, 
concrete containing fly ash had water-cementi tious (w/cm) ratios 
lower than that of the control mix for all mixing times including 
after the concrete was retempered. Concrete mixes containing fly 
ash done at a temperature of 78 0 F averaged water-cementi tious 
(w/cm) ratios 14% lower than that of the control mix after 
initial mixing, 11% lower after 90 minutes of mixing. For mixes 
done at 1000 F concrete containing fly ash averaged the following 
reductions in the water-cementi tious ratios as compared to the 
control mix, 11% after initial mixing, 9% after 60 minutes of 
mixing, and 10% after 90 minutes of mixing. Mixes done at 100~ 
averaged water-cementitious ratios 2%, 10%", and 16% hi gher than 
mixes done at 78 0 F after 0, 60, and 90 minutes of mixing 
respecti vely. 

Concrete containing fly ash mixed for more than 60 minutes 
did not satisfy TSDHPT Item 421 Class C concrete requirements. 
All mixes containing fly ash had 7-day flexural strength less 
than 600 psi if the specimen was poured after 90 minutes of 
mixing. The same results were obtained for concrete mixed at 
780 F. Concrete containing fly ash mixed at 780 F averaged 7-day 
flexural strengths 4% higher than the control mix for the first 
60 minutes of mixing. After 90 minutes of mixing the 7-day 
flexural strength of concrete containing fly ash was 4% lower 
than that of the control mix. 

At a mixing temperature of 1000 F concrete containing fly 
ash averaged a 7-day flexural strength 4% lower than the control 
mix for the first 60 minutes of mixing and 11% lower after 90 
minutes of mixing. From these observations it is recommended 
that concrete containing fly ash have a mixing time limit of 60 
minutes, if it is to be retempered at 60 minutes. 





C HAP T E R 6 

MIX DESIGN RECOMMENDATIONS AND ECONOMICAL CONSIDERATIONS 

6.1 Mix Design Recommendations 

The governi ng specif i cati on used by the Texas State 
Department of Highways and Public Transportation (TSDHPT) for the 
production of structural concrete is the TSDHPT 1982 Standard 
Specification for the Construction of Highways, Streets and 
Bridges Item 421, "Concrete for Structures". This specification 
governs the mix design requirements for a total of ten classes of 
regular and special concrete. This study was concerned with the 
production of Item 421 Class C concrete. This class of concrete 
is generally used for drilled shaft, bridge railings and 
substructure, culvert, wingwall, concrete approach slab, concrete 
barrier railing and machine laid curb construction. The 
following recommendations concern the production of TSDHPT Item 
421 Class C concrete. 

Using a format similar to that used by the TSDHPT, Table 
6.1 enti tIed "Mix Design Guidelines for the Production of 
Structural Concrete Containing Fly Ash" is presented here. The 
information in Table 6.1 is a result of over 40 trial batches of 
concrete made using materials commercially available to ready-mix 
plants in the State of Texas and mixed using conventional mixing 
techniques. The recommendations are based on a study of the 
interaction among components of concrete containing fly ash and 
its mix proportions, and of their contribution to the strength of 
the concrete produced. It is expected that the recommendations 
presented in Table 6.1 will serve as a guideline to resident 
engineers in the selection of materials and their proportions for 
producing concrete containing fly ash. Table 6.1 is intended to 
be used as a guideling only and it should not replace the making 
of trial mixes. As new information becomes available, the 
recommendations in Table 6.1 should be modified to incorporate 
field experience in using concrete containing fly ash. 
Substantial improvements in strength and workability may be 
achieved simply by experimenting with different brands of cement, 
fly ash, and chemical admixtures. Concrete producers are also 
encouraged to try fly ash contents greater than the maximums 
specified in Table 6.1. An increase in the amount of water used 
above that recommended may result in a drastic loss of strength. 
Admixture dosages can be expected to vary with brand of admixture 
and source of fly ash. In securing a source of fly ash to be 
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TABLE 6.1 Mix Design Guidelines for the Production of Structural 
Concrete Containing Fly Ash 

Class of concrete C 

Sacks of cement per cu.yd. (min.) 6 

Minimum canpressive strength 
(fb) 28 day. psi 3600a 

Minimum beam strength (fl) 7 day. psi 600b 

Maximum water-cementitious ratio 
(gal/sack) 5.1 c 

Maximum water-cementitious ratio 
5.4d (gal/l00 lbs) 

Maximum fly ash. LOI. % 0.26e 

Fly ash content. % by wt 25-35 

a Based on tests performed on a 6 x 12 in. cylinder of concrete cast 
in a rigid steel mold. 

b Based on tests performed on a 6 x 6 x 18 in. simply supported beam 
tested at the centerpoint. 

c Mixes containing no fly ash have a maximum water-cementitious 
ratio of 6 gal/sack. 

d Mixes containing no fly ash have a maximum water-cementitious 
ratio of 6.4 gal/l00 lbs. 

e The use of fly ash having a LOI greater than 0.26 is permitted 
provided the proper amount of air is entrained in the concrete mix. 
This will require an increase in the dosage of the air-entraining 
admixture used. Air contents greater than 3% are recommended for 
for proper protection of concrete subjected to freeze-thaw cycles. 
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used it is important that the chemical and physical composition 
of the fly ash be maintained constant throughout the production 
of concrete. See the footnotes following Table 6.1 for 
additional important refinements to the guidelines. 

For trial mix design purposes a total of at least three 
small trial mixes shall be made for any cementitious content 
selected. Trial mixing shall consist of one trial mix containing 
no fly ash and of two other trial mixes having two different fly 
ash contents. Fly ash contents by weight of total cementi tious 
materi al in the range from 20 to 35% for both Type A and Type B 
fly ash are suggested. At least five flexural strength beam 
specimens for strength testing should be made. The beam 
specimens should be cured and tested at seven days in accordance 
with TSDHPT testing procedures. Plot the test results as shown 
in Fig. 6.1, "Trial mix design curves". The optimum mix 
proportion for use in the Field Trial Batch should be selected 
from the trial mix design curves (Fig. 6.1) based on the desired 
strength and cost effectiveness. Unless based on prior 
experience, the small trial mix design selected for field testing 
should have a flexural strength at least 1.10 times the minimum 
required flexural strength in the specification. The trial mix 
design procedure should be repeated as needed increasing the 
cementitious content until a mix satisfying all design and 
specification requirements is obtained. 

6.2 Economic Considerations 

The use of fly ash in concrete construction has been shown 
to result in more economical structures. Use of high strength 
concrete containing fly ash may result in a delivered cost saving 
of 5% per 1000 psi for a concrete compressi ve strengths in the 
range of 9000 to 12000 psi [29]. Use of fly ash in mass concrete 
has resulted in a delivered cost saving of $1.75/cu.yd. and a 
delivered cost saving of $1.50/cu.yd. for structural concrete 
[32]. 

Table 6.2 summarizes the costs of the materials used 1n 
the production Of ordinary concrete and concrete containing fly 
ash. This program of study did not investigate variations in the 
admixture dosage reqUirements of concrete containing fly ash; 
therefore, the costs of the admixture required are not included. 
Concrete containing Type A fly ash which has a high carbon 
content may require excessive amounts of air-entraining admixture 
to develop a proper air-void system. High air-entraining 
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admixture dosage requirements may reduce the cost savings 
achieved with the use of fly ash. 

Cost comparisons of some of the concrete mixes studied in 
this report are presented in Table 6.3. 
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TABLE 6.2 Assumed Material Costs (based on February 1985 
delivered price to Austin, Texas) 

Type I cement $ 63.00/ton 

Type IP cement $ 63.00/ton 

Type A fly ash $ 24.08/ton 

Type B fly ash $ 36.60/ton 

Coarse aggregate $ 5.30/ton 

Fine aggregate $ 3.50/ton 
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TABLE 6.3 Comparison of Material Costs for Concrete Containing Fly Ash 
(Fine and Coarse Aggregate Quantities Constant) 

Concrete 
Descri ption 

7 sack, 5600 
pSi, no fly ash 

7 sack. 5820 
pSi, Type IP 
cement 

7 sack, 6000 psi 
15% Type B 
fly ash 

7 sack, 6520 psi 
15% Type A 
fly ash 

7 sack, 5710 psi 
35%, Type B 
fly ash 

7 sack, 6940 psi 
35% Type A 
fly ash 

Approximate 
Mix 
Design 

Cement 658 lb 
Fly Ash ---

Cement 658 lb 
Fly Ash ---

Cement 559 lb 
Fly Ash 99 lb 

Cement 559 Ib 
Fly Ash 99 Ib 

Cement 428 1 b 
. Fly Ash 230 lb 

Cement 1128 lb 
Fly Ash 230 Ib 

Total 
Cost 
Material 
$/cu.yd. 

$20.73 

$20.73 

20.73 

$20.73 

$17.61 
1.81 

$19.42 

$17.61 
1.19 

$18.80 

$13.48 
4.21 

$17 .69 

$13.48 
2.77 

$16.25 

Conc. 
Cost 
per 
cu.yd. 
%1 
cu.yd. 

100% 

100% 

91% 
9 

76% 
24 

83% 
17 

Total 
Cost Relative 
$1 Cost 
1000 
psi 

1.00 
$3.66 

0.97 
$3.56 

0.89 
$3.24 

$2.88 0.79 

$3.10 0.85 

$2.34 0.64 





C HAP T E R 7 

CONCLUSIONS 

The results of this study demonstrate that structural 
concrete containing fly ash can be produced in the State of Texas 
with readily available materials using conventional batching 
procedures. The following conclusions have been made regarding 
the selection of materials, mix design, and production of 
concrete containing fly ash satisfying the requirements of TSDHPT 
Standard Specification Item 421, "Concrete for Structrures," 
Class C concrete. 

1. Concrete containing a maximum fly ash content of 35% 
by weight and having the minimum cementitious content 
specified for TSDHPT 421 Class C concrete (6 
sacks/cu.yd.) satisfies the minimum flexural and 
compressive strength requirements for the above­
mentioned class of concrete. It is therefore 
recommended that concrete containing fly ash have a 
minimum cementitious content of 564 Ibs/cu.yd. (6 
sacks/cu.yd.). 

2. The water-cementitious ratio (w/cm) is the most 
important factor affecting the compressive strength of 
concrete. In general, to produce concrete containing 
fly ash having a 28-day compressive strength of at 
least 3600 pSi, the water-cementitious ratio (w/cm) 
must be less than 0.45. 

3. Replacement of cement with fly ash on an equal weight 
basis results in concrete of a lower 28-day 
compressi ve strength than ordinary concrete. At an 
age of approximately 91 days the compressive strength 
of concrete containing fly ash will be equal to that 
of ordinary concrete. 

4. The most influential factor affecting the freeze-thaw 
resistance of concrete containing fly ash is the loss 
on ignition (LOI). To produce concrete containing fly 
ash having adequate freeze-thaw resistance the LOI of 
the fly ash used should be limited to 0.26%. Use of 
fly ash having a LOI greater than 0.26 is' permitted 
provided the proper amount of air is entrained in the 
concrete mix. This will require an increase in the 
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dosage of the air-entraining admixture used. Air 
contents greater than 3% are recommended for the 
proper protection of concrete subjected to freeze-thaw 
cycles. 

5. Fly ash is a highly variable material which is 
influenced by such factors as type of coal used, 
operating efficiency of the firing unit, type of 
collection equipment used, and storage conditions. 
Strict quality control must be enforced to ensure the 
fly ash used is of uniform consistency both chemically 
and physically. 

6. For trial mix design purposes the seven-day modulus of 
rupture obtained using a simple beam with center point 
loading should be used as the acceptance criteria. 

7. It has been shown that concrete containing fly ash is 
more economical than ordinary concrete. Concrete 
containing fly ash, delivered to the construction 
site, can be from 10 to 35% more economical than 
ordinary concrete. The main factor affecting the 
reduction in cost is the fly ash content of the mix. 
The user should be aware of concrete containing fly 
ash requiring a high dosage of air-entraining 
admixture for the development of a proper air-void 
system. In many cases, the increase in cost due to 
the admixture requirements may eliminate any savings 
in cost obtained by the use of fly ash. 

8. The 28-day compressive strength of concrete containing 
fly ash which has been moist cured according to ASTM 
C192 (780 F, 98% RH) for seven days after casting is 
not seriously affected by curing in hot (1000 F) and 
dry (33% RH) condi tions from 7 to 28 days after 
casting. 

9. The 28-day compressive strength of concrete containing 
fly ash which has been moist cured according to ASTM 
C192 (780 F, 98% RH) for three days after casting is 
not seriously affected by curing in cold weather 
(450 F, 55% RH) from 3 to 28 days after casting. 

10. Concrete containing fly ash having a slump in the 
range of 3 to 4 in. can be produced even when m i xi ng 
temperatures are of the order of 1000 F and the total 
period of mixing does not exceed 60 minutes. 
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11. It is recommended that concrete mixes containing Type 
A or Type B fly ash requiring a water reducing­
retarding admixture should be mixed to the desired 
wor kabil i ty, then allowed to stand for 5 to 10 
minutes, and finally remixed, adding water if 
necessary, until the desired degree of workability is 
obtained. This should be done to ensure retardation 
of setting in the concrete does not occur. 





A P PEN D I X A 

MATERIAL PROPERTIES 

The physical and chemical properties of the portland 
cement and fly ash used in this study are included in this 
section. 
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TABLE A.1 Chemical and Physical Properties of Cements 
Used in This Study 

Cement Type 

Chemical Data 

Si02 (%) 
Al203 (%) 
Fe20( (%) 
CaO %) 
MgO (%) 

s03 (%) 
Loss on Ignition ( %) 
Insoluble Residue 
Free Lime 
Tricalcium Silicate (C~S) 
Tricalcium Aluminate ( 3A) 

Physical Data 

Specific Surface, sq. cm ./gm. 
Blaine 
Wagner 

Compressive Strength (psi) 
ASTM Cl09 Mortar Cubes 

1 day 
3 days 
7 days 

28 days 

Time of Setting (min.) 
Vicat 

Initial 
Final 

Gilmore 
Ini tial 
Final 

Air Entrainment (%) 

Soundness (%) 
Autoclave Expansion 

I 

22.0-22.4 
4.1- 4.6 
3.1- 3.3 

64.3-65.5 
0.8- 0.9 
2.5- 2.7 
0.7- 0.9 
0.3- 0.5 
0.6- 0.9 

49.9-56.2 
6.0- 7.0 

3230-3340 
1840-1900 

1590-1910 
3320-3520 
4450-4700 

88- 98 
205- 215 

126-135 
234-256 

9.1-10.8 

0.01-0.02 

IP 

28.94 
7.91 
3.84 

53.05 
0.96 
2.70 

14.70 
0.74 

3734 

1922 
3513 
4545 
6093 

106 
226 

165 
280 

6.7 

-0.021 
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TABLE A.2 Chemical and Physical Properties of Fly Ashes 
Used in This Study 

TDSHPT 
Type A 

TDSHPT 
Type B 

I. Chemical Analysis (% wt) 

A. Metal Oxides 
1. Sum of Fe203' Si02' and A1203 78.47 57.05 
2. CaO 10.22 38.09 
3. S06 0.94 4.24 
4. Mg 1.73 6.80 

B. MOisture Content 0.10 0.15 
C. Loss on Igni tion 0.43 0.26 
D. Alkali Oxides 

1. Na20 
2. K20 
3. Total Alkalies 

II. Physical Analysis 

A. Pozzolanic Activity Index 
(% of control) 96.95 106.04 

B. Water Requirement 
(% of control) 91.67 91.67 

C. Fineness 
(% retained on No. 325 sieve) 12.8 12.8 

D. Soundness 
(% of control) -0.016 0.106 

E. Specific Gravity 2.46 2.72 
F. DryIng Shrinkage of Mortar Bar 

@ 28 Days (% of control) -0.011 0.008 
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TABLE A.3 Chemical and Physical Properties of the Type A Fly Ash 
Used in the Type IP Cement 

I. Chemical Analysis (% wt) 

A. Metal Oxides 
1 • Sum of Fe203' S102' and Al203 
2. CaO 
3. S08 
4. Mg 

B. Moisture Content 
C. Loss on Ignition 
D. Alkali Oxides 

1. Na20 
2. K20 
3. Total Alkalies 

II. Physical Analysis 

A. Pozzolanic Activity Index 
(% of control) 

B. Water Requirement 
(% of control) 

C. Fineness 
(% passing a No. 325 sieve) 

D. Soundness 
(% of control) 

E. Specific Gravity 
F. Drying Shrinkage of Mortar Bar 

@ 28 Days (% of control) 

TDSHPT 
Type A 

85.47 
9.22 
0.22 
1.88 

0.25 

0.17 
0.22 
0.31 

64.3 



A P PEN D I X B 

MIX PROPORTIONS 

In the following pages, mix proportions used for the 
concrete mixes made during the experimental phase of this study 
are presented. The mixes are identified using the convention 
shown below: 

Type of Fly Ash 

Cementi tious 
Content 

(sacks/cu.yd. ) 

6 B 15 

Fly Ash 
Content 

(% by wt) 

Concrete containing no fly ash is identified as follows: 

Cementi tious 
Content 

(sacks/cu.yd .) 

6 

125 

IP 

Type of 
Cement 
Used 
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Batch 

Cement 

Fine Agg. 

Coarse Agg. 

Water 

ill Ash: 

Type 

Wt (lbs) 

S Replace. 

Retarder 

Air Entr. 

w/cm Ratio 

Slump (in.) 

S Air 

Unit Wt. 
(lb/t't3) 

f~ @ 7 d (psi) 

tID PIOPORTIa.S 

61 6815 6825 6835 6&15 6IP 6&25 6&35 

113.0 72.0 78.0 70.0 72.0 98.75 78.0 67.5 

209.0157.5193.0198.25157.5183.75193.0193.0 

401.0 312.25 370.5 380.5 312.25 364.25 370.5 370.5 

49.0 36.0 45.0 50.0 33.5 36.0 44.5 51.0 

B B B A A A A 

12.75 26.0 37.5 12.75 26.0 36.75 

15 25 35 15 20 25 35 

190 147 180 180 1.:.7 180 171 

18 13 16 16 13 16 15 

0.437 .428 0.435 0.466 0.396 0.367 0.432 0.494 

3.5 3.0 3.5 5.0 3.5 3.0 4.5 3.5 

4.3 2.0 4.4 4.0 1.9 3.8 3.2 3.0 

74 83 75 75 78 78 75 75 

14':'.0 146.0 144.0 144.0 146.0 142.0 143.0 146.0 

645 650 700 760 760 695 700 575 

f ' ') c @ 28 d (psi) 62-0 5660 4840 6790 6370 6240 5470 6640 

Comments: ~tixes for strength and durabilitv comparisons. 
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MIl PROPORTIa.S 

Batch n 1815 7825 7835 1:&15 7IP 7&25 7&35 

Batch ~ (lbs): 

Cement 121. 75 103.5 91. 25 79.0 103.5 121. 75 93.75 60.0 

Fine Agg. 159.25 159.25 159.25 159.25 159.25 159.25 163.5 121. 75 

Coarse Agg. 370.25 370.25 370.25 370.25 370.25 370.25 380.25 291. 5 

Water il...Q. ~ 4U.. Ur...2.. ~ .1!1.:J 47.0 33.5 

Fly Ash: 

Type _ B_ _ B _ _B _ ....L A A A 

Wt (lbs) - 18.25 30.5 42.5 18.25 31. 25 32.25 --
S Replace. 15 25 35 15 20 25 35 

Adm. (cc): 

Retarder 180 180 180 180 180 180 180 137 

Air Entr. ~ 19 19 19 19 19 19 14.5 

w/cm Ratio 0.390 0.386 0.382 0.344 0.382 0.353 0.377 0.367 

Slump (in. ) 3.0 3.5 3.0 3.5 4.5 4.5 4.0 3.0 

S Air 3.5 4.0 3.3 3.8 2.0 2.3 2.0 1.8 

Temp. Op- ..lL 74 76 75 74 75 74 73 

Unit Wt. 
(lb/t't3) 145.0 142.0 144.0 143.0 146.0 146.0 145 146.0 

f' 
t @ 1 d (psi) 715 615 700 670 710 740 740 700 

f' @ 28 d (psi) 5660 6000 5200 4960 6520 5820 585e. 6940 
c 

Comments: Mixes for strensth and durabilit~ comparisons. 
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MIl PIOPOITIOE 

Batcb 6I 6815 6825 6835 6&15 6IP 6125 6&35 

Batch vt (lbs): 

Cement 203.5 ~ ll.:)5 1~ -.---

Fine ASS. 378.0 368.5 360.0 372.75 

Coarse ASS. 750.0 730.5 714.0 739.0 

Water 87.0 85.0 83.0 90.0 

Fly Ash: 

Type _C_ _F_ ....L 

Wt (lbs) 53.5 - 5~ --
S Replace. 25 20 25 

Adm. (cc): 

Retarder 345 342 333 342 

Air Entr. 32 32 29 32 

w/cm Ratio 0.428 0.421 0.431 0.443 

Slump (in. ) 4.0 4.0 3.75 3.75 

S Air 4.6 4.4 3.2 2.1 

Temp. or 75 75 75 74 

Unit Wt. 
(lb/tt3) 144.0 143.0 146.0 146 

f' 
t @ 7 d (psi) 880 680 800 655 

f' @ 28 d (psi) 5930 5000 5780 7020 
c 

COIIIIIIen ts : Mixes for: hot cur:ing conditions {6 sacksl· 



Batch 7I 

Cement 233.75 

Fine AU. 308.75 

Coarse AU. 739.5 

Water 

Fly Ash: 

Type 

Wt (lbs) 

S Replace. 

Retarder 

Air Entr. 

w/cm Ratio 

Slump (in.) 

S Air 

Temp. or 
Unit Wt. 
(lb/t't 3) 

89.0 

342 

36 

0.383 

4.0 

3.8 

75 

145.0 

f ~ @ 7 d (psi) 750 

f~ @ 28 d (psi) 6400 
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KU PIOPOBTIa.S 

7815 7B25 7835 7&15 7IP' 7&25 7&35 

175.5 149.5 230.5 173.0 149.5 

309.0 304.5 304.5 304.5 304.5 

739.5 729.0 729.0 729.0 729.0 

87.0 79.0 80.0 77.0 77.0 

C C F F F 

58.25 80.5 57.5 80.5 

25 35 20 25 35 

342 342 342 342 342 

36 36 36 36 36 

0.373 0.345 0.348 0.335 0.335 

3.25 3.0 3.25 4.0 4.0 

3.0 3.5 3.5 2.4 1.6 

75 77 75 75 75 

145.0 145.0 143.0 146.0 146.0 

650 755 725 855 685 

6170 7990 7580 7780 6540 

Comments: Mixes for hot curing conditions (7 sacks). 
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tal PIOPOITIc:.s 

Batch 6I 6815 6825 6835 6&15 6IP 6&25 6&35 

Batch .!!1 (lbs): 

Cement 197.5 148.0 197.5 148.0 - - " 

Fine Aa. 36.1...:1. 36..Z.:.l. 367.5 367.5 

Coarse Aa. 728.5 72.!:.1.. 728.5 72.,bL -
Water 84.0 78.5 78.0 72.0 

Fly Ash: 

Type e F F -
Wt (lbs) 49.5 .!i:2 

J Replace. 25 20 25 

~ (ce): 

Retarder 342 342 286.0 342 

Air Entr. 32 32 32 32 

w/cm Ratio 0..:..!!1] 0..:.lli 0...:..J.2l 0..:.liZ 

Slump Un. ) .l.:..2.. .1:..Q.. .l&. 1.:.2.. 

J Air 4.6 .!.JL .lJL 1.:.2.. 
T_p. 0, 76 77 ..1L 76 

Unit Wt. 
(lb/tt3) 142.0 139.0 145.0 1.i!.:.Q 

ff 
t , 7 d (psi) 700 21i. 795 710 

ft , 28 d (psi) 6140 5J1Q.. 7310 7230· 
c 

COIIIIDents: Mixes for cold curin8 conditions ( 6 sacks). 
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MIl noPOana.s 

Batab 71 7815 7825 7835 7&15 71P 7&25 7&35 

Batch wt (lbs): 

Cement 2~ 173.0 149.5 230.5 173.0 149.5 

Fine Ag. 30~ 304.5 304.5 304.5 304.5 304.5 

Coarse Ag. 722..&.... 729.0 729.0 7li.:..9- 7li.:..9- 729.0 

Water 82..:..L 80.5 85.5 88.0 ~ ~ 

Fly Ash: 

Type - _C_ -L F F F --
Wt (lbs) .2l:J 80.5 57.5 80.5 

S Replace. 25 35 20 25 35 

Adm. (cc): 

Retarder 342 342 342 342 342 342 

Air Entr. 36 36 36 36 36 36 

w/cm Ratio 0.376 0.350 0.373 0.383 0.368 0.364 

Slump (in. ) 4.0 3.0 2.5 3.5 2.5 3.5 

S Air 2.7 3.0 2.0 1.8 1.0 

Tep. or 78 77 84 80 78 83 

Unit Wt. 
(lb/tt3) 144.0 143.0 144.0 145.0 146.0 

f' 
t • 7 d (psi) 805 695 705 800 740 750 

f' • 28 d (psi) 6220 6000 6670 6350 7080 7540 
c 

COIIIIII en ts : Mixes fOT cold curing conditions (7 sacks). 
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lID P80POItII:*S 

Batab 61 

Mixing Time 0 30 min. 60 min. 90 min. 
(mJ.n) 

Batch wt (lba): 

C.ent 84.5 

Fine Agg. 157.5 

Coarae AU. 312.25 

Water 42.5 +1. 75 +2.0 

Fly!!!!.: 

Type 

Wt (lba) 

S Replace. 

Adm. (cc): 

Retarder 145 

Air Entr 13 

w/cm Ratio 0.506 0.527 0.550 

Slump (in. ) 3.5 2.25 3.25 3.25 

S Air 5.0 5.0 4.9 

T.p. or 68 68 66 

Unit Wt. 
(lb/tt 3) 139.0 139.0 140 

f~ • 7 d (pai) 680 640 635 

ft • 28 d (psi) 5480 5410 4840 
c 

Comments: Mixes were done at room temperature. 
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lID PROPORTlC*S 

Batah 6A.25 6A35 

Mixing Time 0 30 min. 60 min. 90 min. 0 30 min. 6~n. 90min. 
(min) 

Batch wt (lbs): 

Cement Ua..2... 57.0 

Fine Ag. 157.5 162.75 

Coarse Ag. 312.25 322.75 

Water ~ +3.0 +1.5 36.0 +2.25 +2.0 

Fly Ash: 

Type F F 

Wt (lbs) 21.0 30.5 

J Replace. ..1L 35 

M!.:. (cc): 

Retarder 145 150 

Air Entr 13 14 

w/cm Ratio 0.456 0.491 0.509 0.417 0.442 0.465 

Slump (in. ) 3.25 1.5 3.5 3.25 4.0 1.25 3.5 3.25 

J Air 2.9 1.4 1.2 3.0 1.5 1.1 

Temp. Op- 65 66 65 65 65 66 

Unit Wt. 
(lb/tt3) 144.0 147.0 146.0 145.0 147.0 147.0 

f~ @ 1 d (psl' 730 660 595 690 670 625 

f' , 28 d (psi) 7~ 7210 6620 7340 7070 7020 
c 

COIDDIents: Mixes were done at room temEerature. 
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MD PROPORTICIIS 

Batch 61 6IP 

Mixing Time 30 min. 60 min. 90 min. 30 min. 60 min. 90 min. 
(min) 

Batch wt nbs): 

Cement 84.5 84.5 

Fine Ag. 157.5 157.5 

Coarse AU. 312.25 312.25 

Water 43.0 +5.5 +5.0 40.5 +6.25 +4.75 

Fly Ash: 

Type F 

Wt (lbs) 

S Replace. 20 

Adm. (cc): 

Retarder 145 145 

Air Entr 13 13 

w/c:m Ratio 0.512 0.577 0.636 0.485 0.559 0.615 

Slump (In. ) 3.25 1.5 3.0 3.0 3.5 1. 25 3.25 3.0 

S Air 2.9 2.3 1.9 2.3 1.8 1.4 

Temp. or 98 105 100 65 99 100 

Unit Wt. 
(lb/tt 3) 143.0 147.0 148.0 145 145.0 144.0 

f~ • 7 d (psi) 755 680 640 670 650 590 

f' • 28 d (psi) 6560 6040 5640 7000 6760 5830 
c 

Comments: Mixes were done at h1Sh temperature. 
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MIX PROPOITIOIS 

Bat.cb 6A25 6A35 

Mixing Time 0 30 min. 60 min. 90 min. 0 30 min. 60 min. 90 min. 
(min) 

Batch wt (lbs): 

Cement 63.5 57.0 

Fine Ag. 157.5 162.75 

Coarse Ag. 312.25 322.75 

Water 36.5 +3.0 +2.75 39.0 +8.0 +5.5 

Fly Ash: 

Type F F 

Wt (lbs) 21.0 30.5 

S Replace. 25 35 

Adm. (cc): 

Retarder 145 150 

Air Entr 13 14 -
w/cm Ratio 0.435 0.471 0.503 0.448 0.540 0.602 

Slump (in. ) 3.5 1. 25 3.5 3.5 3.5 1.5 3.5 3.25 

S Air 2.7 1.0 0.8 1.0 0.9 0.9 

Temp. or 90 101 102 102 104 102 

Unit Wt. 
(lb/ft3) 146.0 147.0 148.0 148 147.0 146.0 

f~ @ 1 d (psi) 790 il5 575 720 620 5.50 

f~ • 28 d (psi) 8280 6830 6620 7640 6210 6020 

Comments: Mixes were done at high tem:eerature. 
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MIl PIOI'OII'I'IOI3 

8Iltcb 6I 6815 6825 6835 6&15 6IP 6l.25 6&35 

Batch ~ (lbs): 

Cement 84.5 ~ ~ ll.:..Q. 

Fine AIS. 157.5 16~ 152.:1.. 16~ 

Coarse AIS- 312.25 322.75 311.:12 321.:..,U 

Water 40.5 3i,:.L 'll,&. 36.5 

Fly Ash: 

Type F F F -
Wt (Ibs) 21.0 30.5 

J Replace. - ..2JL ~ ~ -
Adm. (ee): 

Retarder 145 145 145 150 

Alr Entr. 13 13 13 14 

w/em Ratio 0.485 0.398 0.441 0.422 

Slump (in. ) 4.2 4.0 3.75 3.25 

S Alr 4.1 3.1 2.3 1.7 

Temp. or 63 65 63 65 

Un1t Wj. 
(lb/tt ) 145 145 144.0 147.0 

f~ @ 7 d (psl) - -- -
f' @ 28 d (psi) 

c 

Coaaents: Samples were tested for curins comEound effects. 
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