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PRE F ACE 

This is the second 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 seri es summari zes the effect of fly ash on the 
production of structural concrete. The second report summarizes the effect of 
fly ash on concrete used for highway pavement 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. The last report uses 
the results of the previous three reports to develop a mix design procedure 
which results 1n a concrete mix that meets all applicable Texas State 
Department of Highways and Public Transportation specifications. 

This work is part of Research Project 3-9 -811-3611. enti tled 
"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 
with 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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SUM MAR Y 

The need tor more cost ettlcient constructIon materIals tor hIghway 
applicattons and the problem ot waste dIsposal ot fly ash have prompted the 
study presented herei n. Thi s study addresses some ot the maj or concerns ot' 
resIdent hIghway engIneers about concrete containing fly ash for hIghway 
applIcations, which include: curing conditIons, settIng times, strength 
development, and durabIlIty. 

ThIs report summarIzes the experimental observatIons and conclusIons 
from a research program InvestIgatIng the propertIes of both fresh and 
hardened pavement concrete containing fly ash. 

Tests were pertormed to establish guIdelines for the selection of 
materials and trial mix design procedures for producIng quality concrete 
contaIning fly ash. The study investigated freeze-thaw resIstance, flexural 
and compressl ve strength characteristics, mixing condi tions and procedures, 
and curing conditIons such as temperature. humidity, and curing methods. 
Types A and B fly ashes were used In this study as a replacement for O. 15, 
25, and 35S Type I portland cement by weight. In addi tion, Type IP cement 
containing 20S 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 SDHPT specifIcations for 
highway 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 SDHPT. 

This report provIdes the resident engineer with recommendations to 
ensure the production of qualIty concrete containing fly ash for highway 
appl1cations • 
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IMP L E HEN TAT ION 

This report summarizes some of the findings of an extensive 
experl mental Investl gatlon of concrete contal nlng fly ash. Specl fl c 
recommendations tor the resident engineer are presented to ensure adequate 
Quality pavement concrete containing tly ash. 

This study shows that pavement concrete containing fly ash can be 
produced under adverse environmental conditions provided proper concrete 
production procedures are tollowed. 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 1 

INTRODUCTION 

1.1 General 

The search for more efficient construction materials and the problem 
of industrial waste disposal have been comblned ln the development of uses for 
fly ash produced by coal fired power generating statlons. Since the 
ploneering work of R.E. Davls and hls assoclates on cement and concrete 
contalnlng fly ash [1] °in 1937, much time and effort have been devoted to 
evaluatlng the effects of this pozzolan on concrete. 

Much of the research on fly ash concrete is apparently repetitlous, 
but this repetltion is justlfled and even necessltated by the nonuniformity of 
the materlal. Fly ash ls the product of a relatl vely uncontrolled burning 
process and, as a result, its chemlcal and physlcal propertles vary wldely 
from source to source. 

1.2 Problem Statement 

Roads, large consumers of materlals of all klnds, are among those 
clvl1 englneerlng projects wlth which the bul1der can take the most technical 
rlsks; lnnovatlon ln road buildlng ls therefore constant and progresses from 
the laboratory to practlcal use very rapldly. 

Increased hlghway constructlon cost9, coupled with decreasing 
revenues, are spurrlng the contlnulng development of more cost effectlve 
construction methods and materlals. One set of materlals being given serious 
conslderatlon ln Texas ls locally aval1able fly ash. 

It ls estlmated that the current annual production of fly ash in 
Texas exceeds fl ve m11110n tons,maklng fly ash read11y ava11able wi thln 
the state as a potential highway materlal. 

The beneflclal effects of fly ash in concrete are well known 
[2,3,~J; however, at present, although fly ash consumption has lncreased 
steadlly throughout the world, wlth several countrles producing standard 
speciflcatlons for 1 ts use ln concrete [5,6], 1 ta consumptlon in concrete ls 
stl11 very small. There are a number of reasons for the resistance to more 
wldespread use or fly ash, one of whIch ls the lnadeQil8cy of the methods of 
proportioning concrete incorporating fly ash. 

The mlx proportlon!ng procedure of concrete can signlflcantly affect 
1 ts propertl es and cost effecti veness and consequentJ 1'. ln the case of fly 
ash, the atti tude towards 1 ts lncorporation in concrete as a cementi tious 
material. Thls report contalns the results of tests on the use of two types 
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of fly ash as a replacement for part of the cement In concrete and exam1nes 
their effect on the mlx dealgn procedure. Thls Information will constitute 
the flrst step in the development of the needed concrete mlx design procedure 
whIch can be followed by fleld englneers for sate, economlcal and efflcient 
use of fly ash In concrete for hlghway application. 

1.3 Scope and Objectlve ~ ~ Research 

The scope of work in this study involved the evaluatlon'of the 
performance In concrete mlxes of two fly ashea produced In Texas. The 
methods of fly ash inclusion as a cementltlous materlal In concrete can be 
dl vided Into two categories: 1) the use of a blended cement contalnlng fly 
ash, and 2) the Introduction'of fly ash as an addlt10nal component in 
concrete. The flrst method Is slmple, free from most batchlng errors, and 
exlstlng mix proportioning procedures apply, but lt oou14 be Inefflcient for 
some structural applicat10ns where early age strengths are a major deslgn 
criterion. 

The main advantage of the second method is Its flexibllity, allowlng 
the cement/fly ash proportions to be determined by the requlrements of the 
concrete and the properties of the materials. This permlts the most effectlve 
utillzation of fly ash by taklng into account different variables 1nfluencing 
the performance of fly ash concrete. The followlng variables have been 
studled: 

1. Trlal mix design procedure for proportlon1ng concrete mixes 
containlng fly ash to meet Texas State Department of Highways 
and Publlc Transportatlon (SDHPT) StaDdard Speclficatlon for 
Concrete Pavement, Item 360 [10J; 

2. Hoist curlng time required for concrete to meet strength 
requlrements; 

3. Mlxlng water demand for concrete contaIning different amounts 
of fly ash at two fresh concrete temperatures, 70-75°F and 100-
105° F. Incl udlng measurement of sl ump loss up to 1-1/2 hr of 
mlxlng. time; 

4. The effect of different curlng condltiOns and curlng methods on 
strength development of concrete containlng fly ash at 7 and 28 
days. namely 

a. moist curing for 1, 3, and 7 days followed by air dry1ng 
at 400 F and 100'F untl1 testing; 

b. spraylng with curlng compound after castlng followed by 
alr drylng at 75°F and 100°F untl1 testlng; 
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5. Etteoti veness ot ai r-entrai ni ng adm i xt ur e in oon crete 
oontaining fly ash; 

6. Freeze-thaw resistanoe ot conorete oontaining tly ash; and 

7. Comparison ot the pertormanoe ot conorete produced using oement 
oontaining flY ash (blended Type IP portland-pozzolan oement) 
with oonorete produoed using Type I oement with fly ash added 
as a mineral admixture to the tresh oonorete. 

As mentioned earlier, two types ot tly ash, Types A and B have been 
used in this study. Two series ot oonorete batohes were produoed using 5.5 
and 6.5 saoks ot oement in the basio mix respeoti vely and then substJ tuting 
15, 25 and 351 tly ash tor portland oement by weight. 

All mixing was done based on the requ1red slump ot the tresh 
oonorete. Testing ot the tresh oonorete inoluded slump, air oontent, unit 
weight and temperature. Flexural beam strength and oompression oylinder 
strength tests were pertormed on hardened oonorete at ditterent ages such as 
7, 28, 56 and 90 days. 

The main objeoti ves of this study are summarized as tollows: 

1. Establish guidelines tor the selection ot materials and trial 
mix design prooedures tor produoing good quality ooncrete 
oontaining fly ash; 

2. Conduot laboratory tests to provide intormation on treeze-thaw 
resistanoe ot tly ash oonorete; and 

3. Study the ettect of ditferent ouring oonditions, temperature, 
humidi ty, and curing method, on the rate ot strength gain ot 
conorete containing fly ash. 

1._ Definitions 

This section oontains the basic terms and detinitions frequently 
used In the text ot this report exoept terms whioh are obvious and oommonly 
known among praotlolng engineers. 

1. Fly Ash -- Finely di vi ded resl due that results from the 
oombustion ot ground or powdered ooal (7J; 

2. Type A Fly Ash -- Fly ash normally produced trom burning 
anthraoi te or bl tuminous coal that meets the appl1 cable 
requirements tor this type as given in Texas SDH?T Material 
Speoitioation tor Fly Ash D-9-8900 [73J. ThIs type ot fly ash 
has pozzolanio properties. 
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3. Type B Fly Ash -- Fly ash normally produced from llgnl te or 
subbltumlnous coal that meets the appllcable requlrements for 
thls type as given in Texas SOHPT Specification 0-9-8900. This 
type of fly ash, in addition to having pozzolanlc properties, 
also has cementi tious properties. The 11_e content 1n this fly 
ash is typically higher than 10S [13]. 

II. Pozzolans -- SUiceous or siliceous and aluminous materials 
which in themselves possess llttleor no cementltlous value but 
wUl, in finely di vided forll and In the presence of mOisture, 
chelll cally react wi th cal cl u_ hydroxl de at or dlnary 
temperatures to forll compounds possessing cementltious 
properties [7]. 

5. Portland-Pozzoland Cement -- A hydraulic cement consisting of 
an Intlmate and uniforll blend or portland cement and flne 
pozzolan [8]. 

6. Cement Factor -- The number of sacks of cement used to produce 
one cublc yard of concrete. The symbol ncF" Is used to slgnity 
the cement factor [9]. 

7. Coarse Aggregate Factor -- The dry rodded volume of coarse 
aggregate In a unl t vol ume of concrete. The sym bol nCAFn Is 
used to slgnlfy the coarse aggregate factor [9]. 

8. Water/Cement + Fly Ash Ratio -- The ratio of the welght of 
water In one cublc yard of concrete to the welght of all 
cementltlous materlals, cement or cement plus fly ash, used in 
the same volume of concrete. 

The Amerlcan Society or Testing and Materlals classifles fly ash in 
ASTH C618-84, Standard Specir1catlon for Fly Ash and Raw Calcinated Natural 
Pozzolan For Use as a Mlneral Admlxture In Portland Cement Concrete [7] as 
Class C or F as presented In Table 1.1. In general, Texas SOHPT Type A fly 
ash corresponds to ASTH Class F and Texas SOHPT Type B fly ash corresponds to 
ASTH Class C. . 



Table 1.1 Fly Ash Chemical Composition Requirements 
According to Different Specifications 

Fly Ash Chemical Composition Requirements 

Si+Al+Fe oxides 
minimum S 

Ca oxide 
maximum S 

Mg oxide 
maximum S 

Sulfate 
maximum S 

Available Alkalies 
as Na oxide 
maximum S. 

Loss on Ignition 
maximum S 

MOisture 
. maximum S 

Fineness '325 
maximum retained 

Pozzolanlc 
Activity 

Shrinkage 
maximum S 

ASTM 
618-84 

Class C Class F 

50 70 

5.0 5.0 

, .5 1.5 

6.0 6.0 

3.0 3.0 

34 34 

75 75 

.03 .03 

Texas DSHPT 
0-9-8900 

Type A Type B 

65 50 

• • 

5.0 5.0 

5.0 5.0 

1.5 1.5 

3.0 3.0 

2.0 2.0 

30 30 

75 75 

.03 

* 4S maximum variation from previo~ ten samples 

5 





C HAP T E R 2 

PROPERTIES OF FLY ASH 

2.1 The Nature 2t Fly !!h 

Fly ash is a byproduct of the burning of pulverized coal in power 
plants. It is removed from the combustion gases by mechanical collectors or 
electrostatic precipitators as fine particles before they are discharged into 
the atmosphere. Electrostatic precipi tators capture the preferable. finer
sized particles that escape mechanical collectors [11]. 

Fly ash is classified as a pozzolan. a siliceous or aluminous 
material which. in finely divided form and in the presence of mOisture, will 
react with calclum hydroxide to form compounds possessins cementitiOus 
properties. Certain fly ashes from lignite and subbitumlnous coals have 
suffiOiently high calcium oxide contents to have hydraulic properties similar 
to portland cement. 

The characteristics of fly ash from a single source may be uniform 
or quite variable, depending on factors such as the source of coal, degree of 
coal pulverization, design of boiler unit, loading and firing conditions. 
collection, and storage methods. By far the most influential factor of the 
fly ash produced is the coal source [12]. The variable composition of coal is 
distinctive as It relates to the composition of the resulting fly ash produced 
through combustion. Fly ashes with high variability in their composition are 
of 11ttle value for use in concrete due to the unpredictable nature they can 
impart to the hardened concrete properties. 

2.2 Types of .ill!!!! 

Based on the differences in mineralogical composition and physical 
properties, fly ash can be divided into two groups, which differ trom each 
other mainly in their calcium content. The first group, containing usually 
less than 10S analytical CaO, Is generally a byproduct of the combustion of 
anthracite and bltuminous coals. The second group. containing usually 15 to 
35S analytical CaO, 1s generally a byproduct of the combustion of lignite and 
subbi tuminous coals. 

The Texas SDHPT Material Specification tor Fly Ash does not 
differentiate fly ash on the basis of calcium content, although this objective 
ls achieved indirectly by requirlng a minimum of 70S of major noncalcium 
oxldes (sl11ca + alumina + iron oxide) for Type A fly ash, and 50S for Type B 
fly ash, Since the latter Is high In calcium. 
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2.3 Chemical ~ Mineral Composition 

The chemical and mlneral compositlon of coal ash depends largely on 
the geologic and geographic factors related to the coal deposl t, the 
combustion condl tions, and the removal efficiency of air pOllution control 
devlces. The Inorganic constituents of fly ash are those typical of rock and 
so11s, prlmarl1y Si, Al, Fe and Cal the oxides of these four elements 
comprlse 95 to 991 of the compositlon of fly ash. Fly ash also contalns 
smaller amounts <0.5 to 3.51) of Mg, Tl, S, Na and K [13]. 

The low calcium Type A fly ash, conslsts princlpally of 
alumlnosilicate glass. Researchers, Including Diamond [14] and Mortureux et 
ale [15J,have confirmed that the princlpal crystalline minerals in low 
calclum fly ash are quartz, mullite, sillimanite, hematite, and magnetite. 
Since these crystalline minerals are nonreactive at ordinary temperatures in 
the portland cement solution phase, their presence in large proportions 
reduces the reacti vi ty of low calci um fly ash. Accordlng to Mehta [3J, the 
assumption in the ASTM Specification C618-84 that all silica, alumina and iron 
oxide present In pozzolans are potentially reacti ve wi th lime is incorrect 
since, In most fly ashes, substantial amounts of these oxides occur as 
nonreactive crystalline minerals; for example, sillca as quartz, mullite and 
silllmanite; alumina as mullite and sillimanite; and iron as hematite and 
magnetite. 

The principal crystalllne mineral in high calcium Type B fly ash is 
generally C3A which is the most reactive mineral present in portland cement. 
In some higft calcium fly ash, Mehta [3J has detected crystalline C4A3S, CS and 
Free CaO which, in addition to C3A readily react to form cementitious calcium 
alUminate and sultoaluminate hydrates. Unlike low calCium tly ash, many of 
the crystalline minerals in a hlgh calcium tly ash are reactive and capable of 
imparting cementitious characteristics to the tly ash. In tact, quick setting 
behavior of some Texas SDHPT Type B fly ash due to rapid formulation of 
C4AH13' C4ASH18, and ettringi te has been observed by Mehta as well as other 
researchers [3]. 

2.4 Physical properties 

The physical properties of tly ash depend mainly on the composition 
of the coal, the degree of coal pulverization, the rate and etticiency ot 
combustion, the type of combustlon eqUipment, and the tly ash collection 
system. 

Physical properties of fly ash have a greater influence on the 
performance of fresh concrete than does the chemical composition. Variables 
such as water content, workabUity, bleeding, and unlt weight are dependent 
primarily on the shape, weight and fineness of the fly ash particles rather 
than on their chemical composition [16J. 
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2.-.1 PartIcle Shaee ~ 2!!!. In general, fly ash consists or 
&lassy spheres of sizes varying from under 0.00004-in. to as large as 0.006-
in •• although typical partIcle sIze dlstrlbution shows that most of the 
materIal ls under 0.0008 In. in dlameter (3]. 

On the basls of optIcal and scannIng electron mlcroscope 
observations, Fisher .et ale [17] and Lauf (18] have proposed several 
morphologIcal categorles of fly ash whlch may be summarlzed as follows: 

1. Most of the fly ash partIcles occur as solid glass spheres, 
which are mostly transparent but may be partIally devltrlfIed; 

2. Large lrregular masses may exlst either as agglomerates of 
small sUlcate glass spheres or porous particles of part1ally 
burnt carbonaceous matter: 

3. Magnet1te and hemat1te occur as opaque spheres in high-ion fly 
ash; and 

4. Low calcium fly ash may contain a small amount. up to 5S by 
welght of hollow spheres which are el ther completely empty 
(cenospheres) or filled wIth smaller spheres (plerospheres). 

Large concentrations of cenosphares are,not desirable in ash used 
for concrete slnce they are 11ghter than water and tend to float during the 
finishing operation. This produces dark colored streaks on the concrete 
surface and leaves the appearance of excessive bleeding. 

2.4.2 Fineness. Fineness of fly ash is important as it affects the 
rate of pozzolanlc acti vi ty and the workabill ty of the concrete. Finer fly 
ashes are generally preferable as a component of concrete because they tend to 
reduce the water necessary for a gi ven conslstency. The reductIon of water 
wIll depend on the mix proportionIng, shape of the fly ash particles as well 
as the shape of the aggregate. Lane et ale (16] reported that fly ashes wIth 
over 95S passIng the No. 325 sIeve may requIre an Increase In water over that 
of a control mixture by 1 to 3S. especIally In hIgh strength. low water 
mixtures wIth high cementltlous materlal contents. Greater fIneness of fly 
ash may Increase the demand for alr-entralnlng admIxture. 

2.-.3 ~~cl!!£ Q!!!!!l. Some controversy exIsts over the 
significance of the specific gravity of fly ash. Several researchers (16, 21] 
have concluded that 1t has 11ttle, 1f any, effect on the propertIes of 
concrete except that 1 t may Indlcate the parti cle sl zes present 1n fly ash. 
Flne ashes tend to have a higher spec1flc grav1ty than coarse fly ashes due to 
the greater densIty of the flne particles. The proportlons of the 
constltuents of lron, s111con, aluminum and carbon in the fly ash can also 
affect the speclfic gravity. High iron content 1s generally assoclated w1th a 
biBh specific srayity. whereas high alum1na, sillca and carbon contents tend 
to lower the specIfIc gravity. 
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There are other researchers who claim a strong correlation exists 
between specltlc gravlty. tlneness and carbon content [12, 19. 20). The 
specitlc gravity Is relevant to mix proportioning because variat10ns In 
specltlc gravity slgnltlcantly alter the volume proportions ot the mix. Major 
changes In specitlc gravity should theretore be compensated tor by adjusting 
batch weights to maintain the yield. 

2.~.~ Color. The color ot tly ash lIIay range trom light tan to dark 
gray. depending on the type and quality ot the coal and on the boiler 
operation. Aside trom carbon, other elements such as Iron attect color. A 
high carbon content changes the color to gray or black. while a high Iron 
content produces a tan colored tly ash. Most low calcium ashes are Similar in 
appearance to portland cement. As the color can retlect the amount ot carbon. 
It Is sometimes used as a colorimetric indicator ot carbon [12]. 

2.5 Principles £! Behavior 

By adding tly ash, many aspects ot concrete can be favorably 
intluenced. some by chemical ettects such as pozzolanic and cementitlous 
reactions, and others by physical ettects aSSOCiated wi th the small size of 
tly ash particles which are generally tiner than those of portland cement. 
Both types ot etfects are brietly discussed below. 

2.5.1 Chemical Phenomena. Strength and permeabl1l ty ot hardened 
concrete, reSistance-to thermal cracking, alkali-silica expansion, and sulfate 
attack are the main ettects associated with the pozzolanic and cementltious 
reactions. A direct relationship has been established between the pozzolanlc 
acti vi ty ot tly ash and the percentages ot silica, alumina and iron oxides. 
As reported by Lane et ale [16], the total percentage ot these materials is 
not as cri tical to tly ash pertormance as are the relati ve types and 
proportions ot constltuents present and whether they are present 1n the tine 
or coarse traction ot the ash. When the siliceous and aluminous materials are 
present In noncrystalline torm and as tinely divided particles, they can 
hydrate at a slow rate In alkaline solution to turn1sh silica and alumina tor 
reaction wi th 11me released during the hydration ot portland cement. This 
leads to the tormatlon ot secondary cement1tlous compounds and contributes to 
the development ot compressl ve strength in the concrete. Magnesium oxide 
hydrates sim 1lar to lime, however 1 ts hydration occurs slower and can be 
accompanied by disruptive expansion In the concrete [22]. Sulphur trioxide Is 
added to portland cement In the torm ot gypsum to slow the tast setting action 
of hydrating aluminate; theretore, the soluble portlon ot the S03 content of 
tly ash must be limited to avoid excessive delays in setting and perhaps 
lowering ot resulting compressive strength [21]. 

The presence ot alkalies also has an ettect upon setting times ot 
concrete. High alkali contents reduce the retarding action of 11me and can 
contribute to flash setting without adequate S03 levels [21]. Available 
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alkalies such as Ha20 In fly ash also have the potential to react with cetain 
sl1i ceous aggregates whi ch can cause di srupti ve expansions in the f ini shed 
product well atter construction is complete. 

The addi tion ot predetermined amounts ot tly ash can be used to 
mitigate such alkali-aggregate reactions because the tinely divided amorphous 
silica reacts with the alkalles in the cement and tly ash [12. 21J. However. 
it high quantities ot alkali are present in the tly ash itselt. the mitigating 
ettect can be reduced. 

Unburned carbon particles, whose presence is indicated by loss on 
ignition, can be considered inert as tar as cementitious reactions are 
concerned [12]. However, the carbon particles in fly ash have been shown to 
demonstrate an adverse eftect on the air content in concrete due to adsorption 
of air-entraining admixture. The effect ot this adsorption is a significant 
reduction in the amount and character Of the air void system within the 
hardened concrete. 

2.5.2 Physical Phenomena. Concrete mix proportions, rheological 
behavior of plastic concrete, and degree of hydration ot portland cement are 
among the physical etfects associated with the addition of tly ash to concrete 
mixes. 

The spherical shape ot the fly ash particles contributes to the 
workability of concrete by reducing the friction ot the aggregate-paste 
intertace producing a ball-bearing etfect at the point ot aggregate contact. 
As the specitic gravity of a fly ash is smaller than that ot portland cement, 
an obvious beneti t of the use ot tly ash is an increased paste volume which 
leads to improved cohesion and plasticity. The use of a tly ash as a partial 
cement replacement may reduce the water content of concrete at equal 
consistency. As reported by Mehta [3J. the use ot a coarse tly ash caused an 
increase in the water requirement instead ot reducing it. The presence of fly 
ash between the aggregate particles helps to reduce bleeding by compensating 
for a deficiency ot tines in a tine aggregate and breaking the continuity of 
bleed water channels in the concrete mix. Kobayashi and Sato [23] showed that 
by helping to separate and disperse the tlocculated structure ot particles of 
portland cement more efticiently, the presence of tine particles of fly ash 
increases the early hydration ot cement. Thus, strength of concrete at a 
given cement content to which a tly ash was added, as tine aggregate 
replacement, was increased as early as at seven days when compared to the 
plain concrete. 
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C HAP T E R 3 

METHODS OF DETERMINATION OF THE QUALITY OF FLY ASH 

In a report prepared for the Office of Recycled Materials. 
Frohnsdorff and Clifton [2~] projected .that about 18 million tons of fly ash 
could be consumed every year by the cement and concrete industry. provided 
there is adequate quality control and a better understanding of the technical 
requirements for satisfactory performance of the materials. Currently, only 
about three million tons are used annually in U.S. cement and concrete 
products. 

According to Butler [25], ASTM C618-84 is probably the most 
demanding specification for fly ash, with comprehensive provisions for both 
chemical and physical tests. However, the time delays involved and the cost 

. of testing are often out of proportion to the benef its deri ved. Hei ninger 
[26] states that "there is general dissatisfaction concerning the Classes C 
and F designations used in ASTM SpeCification C618-8~." 

In portland cement, there is a close relationship between chemical 
and mineralogical composi tion; however, this is not the case wi th fly ash 
which may contain large amounts of noncrystalline or glassy matter and are 
usually subject to greater variations in thermal history during the production 
process. Since no direct relationship exists between chemical and 
mineralogical compoSition, which controls the reactivity of these materials at 
room temperature, the standard specifications emphasizing chemical 
requirements may not serve a useful purpose. Therefore, Mehta [3J proposed a 
classification of tly ash in which closer attention is paid to the 
mineralogical rather than to the chemical analysis. This classification is 

.. presented in Table 3.' 

Based on American and foreign specifications as well as on his own 
experience, Manz (5) has proposed the following recommendations related to the 
use of fly ash in concrete; 

1. No reference should be made to the type of coal. Separatton 
between Types A and B, or lime-richness, is as follows: Type A 
exhibits no hydraulic properties unless in the presence of a 
solution saturated with Ca(OH)2' and Type B having hydraulic 
properties; 

2. Require a sImple performance test involving strength of cubes 
conta1 ning fly ash but no cement. Perhaps a standard of 500 
psi at 3 days for Type &, and if less, Type Ai 

3. A turther designation Of percent retained on the No. 325 sieve 
and loss on ignition will further qualify the fly ash for use 
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TABLE 3.1 Classification. Composition and Particle Characteristics 
of Fly Ash for Concrete [3] 

Class1tication 

I. Cementltlous and 
Pozzolanio 

high calcha 
tly ash . 

II. Pozzolanlc 

low calciLlII 
fly ash 

Chemi cal and 
Hineraloglcal Composition 

Hainly silicate glass containing 
calcium, magnesium. aluminum. 
and alkalies. The small quantity 
of crystalline matter present 
generally consists ot quartz and 
C31; free lime and periclase 
may be present; CS and C_A3S 
may be present in the case of 
high sulphur coals. Unburnt 
carbon is usually less than 2S 
ot the total composition. 

Mainly silicate glas8 containing 
aluminum, Iron. and alkalies. The 
small quantity ot crystalline 
matter present consists generally 
of quartz, mulllte, sUllmanite, 
hematl te, and magnet! teo Unburnt 
carbon Is usually less than 5J 
but may be as high as 10S ot 
the total composition. 

Particle 
Characterla tl os 

Powder consisting of 
particles 10-15J larger 
than _5mm in diameter. 
Host particles are 
80lid spheres with a 
diameter less than 
20 mm. Particle surface 
is generally smooth 
but not as clean 
as In low calcium tly 
ash. 

Powder consisting of 
particles 15-30J larger 
than _5mm in diameter. 
Most particles are solid 
spheres with an average 
diameter ot 20mm. 
Cenospheres and 
plerospherea may 
also be present. 
Particles have a smooth 
texture. 



in concrete. 
more desirable: 
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The tiner and the lower loss on ignition. the 
and 

4. Fly ash ot similar mineralogical composition, glass content, 
and tree 11me as well as similar particle size distribution 
should have similar properties when used as a component ot 
cement or concrete. 

According to Meininger [26]. the development of better rapid tests 
and their proper application can aid In the process ot tly ash selection and 
reduce variation ot material shipped tor use in concrete. He proposes the 
tollowlng reasonably quick tests: 

1. Monitoring changes in color ot tly ash; 

2. Measurement ot loss on Ignition or carbon content (a Leco rapid 
carbon apparatus is available); and 

3. Measurement ot percent retained on the No. 325 sieve (an Alpine 
air-jet sieve is available which is taster than the normal 
procedure USing water, used tor cement and pozzolans). 

Other rapid tests which might be adapted for fly ash control 
purposes include: 

1. Particle size distri bution by rapid instrument (UM Microtrac 
Is an example); 

2. Measurement of specific surface by air permeability techniques; 
and 

3. Density or specitic gravity checks on the tly ash. 

There are two rapi d tests available for determination ot the tree 
lime content: (1) measurement ot temperature rise ot a fly ash in a lOS Hel 
mixture, according to a Polish method [27]: or (2) measurement ot pH ot a tly 
ash mixture as reported by Dodson et ale [28]. 

McKerall et a!. [21] developed a theoretical model tor predicting 
properties ot a tly ash. Using this model these approximations ot fineness. 
CaO content, and specitic gravi ty can be quickl y obt ained from the No. 200 
sieve and CaO heat evaluation tests. 





C HAP T E R 4 

THE EFFECT OF FLY ASH ON THE PROPERTIES OF CONCRETE: 
A LITERATURE REVIEW 

11.1 General 

Published literature conta1ns many exoellent papers including state
of-the-art reviews by numerous authors [1-3,111,16.24-30] which prov1de a 
weal th of informat10n on the oomposl t10n and properti es of fly ash and 1 ts 
influence on the propertles of concrete. The following 1s a survey of 
teohnlcal publioations whloh address this subJeot. Properties of fresh and 
hardened conorete as well as durablllty aspeots are discussed. 

11.2 Properties £! Fresh Concrete 

Fresh concrete should be readily placed, oompacted, and flnlshed 
wi th a minimum of segregation. The addl tion of fly ash may produce changes in 
some of the properties of the mlxture. The small size and essentlally 
spherlcal form of fly ash partlcles oontrlbute to the workablllty of concrete 
and will usually reduoe the water oontent of ooncrete for a given consistency. 
Berry and Malhotra [2] cl te two cases In which 30$ fly ash substi tution for 
oement was found to reduce the water requirement by about 7S at constant 
slump. Similarly. Lane and Best [16J reported 5 to 10$ reduction of water in 
mortars of equal oonsistenoy when 33, 67 and 133S fly ash by weight of oement 
was added. 

Replaoement of oement In ooncrete by an equal weight of fly ash, a 
less dense materlal, produces an increase in the paste volume which leads to 
better cohesiveness and workability. In his review of the subject, Abdun-Nur 
[19] consldered improved workability to be "almost axiomatic" when fly ash is 
used 1n properly adjusted concrete mlxes. However, the llterature does 
contaln some conflicting data. 

Brink and Halstead [31J reported that some fly ashes, generally of 
higher carbon content, increased the water requlrements of test mortars. 
Berry and Malhotra [2] ci ted two other cases where adding a fly ash to the 
conorete mix caused an increase in the water requirement instead of reduoing 
it. 

Davls et ala [lJ had concluded as early as 1937 that fly ash cement 
mixtures set more slowly than corresponding cements but the setting times were 
withln the usual specitication limits. The experiences of Lane and Best [16] 
wlth tly ashes generally confirms this. Also, acoording to Lane [32] the rate 
of slump loss is not affected by the addition of tly ash, except to the extent 
that Initial setting time is slightly increased. It may be pOinted out. 
however, that the observations of Davis et a1. and Lane and Best pertain to 
low oalcium fly ash. The high calCium fly ash whlch are generally low In 
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carbon and hlah ln reactlve constltuents sometlmes exhlblt a sllghtly faster 
setUng tim •• 

Covey (33J reported that concrete containlng high calclum fly ash 
showed a taster setting tendency. Also, Welsh and Burton [3~] reported loss 
ot slump and tlow tor concrete made wi th some Australlan tly ashes used to 
partially replace cement. 

Concrete using fly ash ls generally reported [2] to show reduced 
segregaUon and bleeding and to be more satistactory wh.en placed by pumping 
than plain concrete placed under the same clrcumstances. 

The hydration reaction ot cement is accompanied by the evolution ot 
heat which causes a temperature rise in the concrete. 

In mass concrete, the dltterential in temperature between the 
surtace and the interlor ot the concrete structure will produce thermal 
gradlents which may result in concrete stresses exceedlng the tenslle strength 
ot concrete at early ages. Data cited by Berry and Malhotra [2] conflrm that 
the use or tly ash generally reduces the amount or cement In the concrete 
mlxture and, consequently, reduces both the amount and rate or temperature 
rlse. 

Many laboratory Investigatlons (35-38J and tleld uses have 
demonstrated that trequently some sources ot Texas SOHPT Type A, low CaO 
content. tly ash caused an increase in the quantity ot the air-entralning 
agent required to produce a gi ven content ot entrained air. This is malnly 
due to the tact that tly ash carbon has a capacity tor the selective 
adsorption ot the organic compounds composing common alr-entraining agents. 

4.3 Strength 

It is not easy to summarlze the large volume ot published data on 
the ettect ot tly ash on concrete strength. Both the rate ot strength 
development and the ultlmate strength depend on the water/cement plus tly ash 
ratio and are specitlc to certain tly ashes and certaln concrete deslgns and 
productlon processes. This Is because strength development Is a tunction of 
the pore-tllling process [3J which takes place wlth the tormation ot hydration 
products and Is theretore intluenced by varlations in the mlneralogical 
composl tion and particle characterlstics ot the tly ash. composi tion ot the 
portland cement. curlng temperature, humldity, and concrete mlx proportlons. 
The tollowlng general observatlons can be made in regard to this subject. 
Much research has shown that any percentage replacement ot portland cement in 
concrete by tly ash on a one-tor-one basis (el ther by vol ume or by weight) 
results In lower compressive and tlexural strength up to about three months or 
curlng (2,39J. It was tound, however. [2.16.110] that addltion ot tly ash to 
cement combined wl th a decrease in tlne aggregate content to produce proper 
yield generally glves increased strength in concrete at any ages. 
Improvements were small at seven days but the mixes containing fly ash 



19 

achieved substantially higher strength at later ages when compared to portland 
cement ml xes. 

It the volume ot cementitious material 1n a concrete mixture 1s 
constant and part ot the cement is replaced by tly ash, the compress1v~ 
strength may decrease w1 th increasing tly ash contents [16]. Some authors 
[3,_'] have tound that with high calc1um tly ash, a s1gnlt1cant contribution 
to strength can be expected even at early ages. Many of the crystalline 
minerals in a high calcium tly ash are reactive; theretore, cementltlous and 
pozzolanic activity may start as early as three days atter hydratlon [3]. 
The pozzolanic reactions consume calcium hydroxide and thereby strengthen the 
material, principally through' pore ret1nement during the early stage of 
hydration and later by improving the strength ot the transition phase. . 

_._ Permeability ~ Corrosion 

Although permeability of concrete is not directly related to 
porOSity, it is attected by numerous variables Includ1ng cementitious material 
content, water content, aggregate grading, and interconnected void spaces. 
The pozzolanic reaction ot tly ash in concrete, which produces calcium 
silicate hydrate, tends to tlll these unoccupied spaces to torm a product with 
decreased permeabUi ty. From this it Is clear that the permeabUi ty ot the 
concrete will be directly related to the quanti ty ot hydrated cementl ttous 
material at any given time. Manmohan and Mehta [--J tound that in the case of 
cements containing 10, 20, 'or 30J tly ash, the pore-size retinement and 
~astic drop in permeability ot the cement paste, trom 13 x 10-11 to 1 x 10-

cm/sec, occurred during the 28 to 90 days curing period. This is 
conSistent with the results ot Davis, Cited by Berry and Malhotra [2J on 
permeability ot a pipe made ot tly ash concrete, which was higher than plain 
concrete at 28 days, but substantially lower atter six months ot curing. 

However, pozzolanic reaction consumes Ca(OH) , reducing the 
al kalin1 ty ot concrete. In plain concrete a reduction ot alkali ni ty ot the 
cement paste by carbonation trom atmospheric carbon dioxide is the tirst step 
in the process ot corrosion ot steel in concrete. According to Mehta [3], 
this has caused some concern among construction engineers who feel that due to 
the reduced alkalinity the addition of tly ash to reinforced and prestressed 
concrete would present a danger for corrosion of steel. 

According to Massazza [_2], the resistance to carbonation ot 
concrete does not appear to be related to the amount ot calcium hydroxide in 
the pore solution since many researchers including Diamond [-3J have reported 
that the pore solutiOns in mature portland cement pastes contain little or no 
calcium. He concluded, theretore, that the danger due to carbonation should 
not be ot concern 1n concrete containing fly ash. Berry and Malhotra [2] have 
reported tbat 1n a recent study by Larsen et ale corrosion ~rotection is 
increased by the inclUSion of fly ash in concrete. 
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In conclusion, the pozzolanic and cementitious reactions associated 
with fly ash while reducing the free lime present in the cement paste, on one 
hand, also decrease the permeability of the concrete system. 

4.5 Freeze-Thaw Resistance 

Some controversy eXists surrounding the effects of fly ash in 
concrete subject to freezing and thawing. Early research [19] indicated that 
bituminous fly ash reduced freeze-thaw reSistance; however, these efforts 
often failed to account for the slower strength gains and higher sensitivity 
to air entrainment found in fly ash concrete in which the fly ash had 
significant quantities of carbon, high loss on ignition. 

Larson [45] in presenting his work on the use of fly ash in air
entrained concrete and in reviewing the work of other investigators [46-51J 
concl uded that the pri mary effect of fly ash was upon ai r-entraining agent 
demand, rather than upon the air entrainment system. 

Research sponsored by the Department of Energy has shown that fly 
ash mixes of equal strength and entrained air content demonstrated comparable 
freeze-thaw performance compared to 100 percent portland cement concrete [52J. 
In conclUSion, there are no apparent differences in freeze-thaw durabill ty 
between fly ash and non-fly-ash concrete of equal strength and equal air 
contents. Fly ash does not affect the air entrainment systelll as such, but 
rather the air-entraining agent demand, as discussed earlier. 

4.6 Chemical Resistance 

The chemical resistance of concrete depends on two groups of 
factors: 1) physical--the quality of concrete, mainly permeability, 
uniformity, shape and size of the element, etc., and 2) chemical--the 
resistance or the binder 1 tselr. Depending on the quali ty and intensl ty or 
the aggressive enVironment, either of these two groups may be of primary 
importance. Fly ash, used as a replacement for portland cement, has an 
Indirect influence on both groups of factors [2]. 

The main causes of concrete deterioration by chemical action are 
leaching of calciulll hydroxide, acidic dissolution of cementltlou8 hydrates, 
the action of atmospheriC and dissolved carbon dioxide, and the reactivity of 
cement components with a variety of aggressive agents. Fly ash reduces such 
deterioration by reducing the long-term permeabUi ty of the concrete and, 
through the pozzolanic reaction, by tying up the calcium hydroxide chemically. 

A study by the U.S. Bureau of Reclamation [53] established that fly 
ash in concrete under melUng and drying conditions greatly improves the 
sulfate resistance of concrete made with all types or cement. Also, the 
effectiveness of fly ash In Improving sulfate resistance was found to increase 
proportionally with the severity of the exposure to sulfate [16] •. 
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-.7 Other Properties 

-.7.1 Creep, Modulus 2! Elasticity ~ Drying Shrinkage. Some 
studies have shown [16] that fly ash increases the creep of concrete. 
However, those investigations involved direct replacements of fly ash for 
cement and produced lower strength at loading. Since creep Is dependent on 
both compressive strength and modulus of elasticity, lower strengths should be 
expected to lead to higher creep. Lothia et a1. [SII] have reported that the 
rate of creep with time is quite similar for plain concrete and concrete with 
fly ash contents of lSJ or less. However, at fly ash contents higher than 
1SJ. slightly higher creep occurs. If concrete mixes containing fly ash are 
proportioned to produce equal strength at or before the t1me of loading. creep 
would not increase. Some laboratory studies [16] have shown that fly ash 
concrete produces less creep at ages beyond 100 days. 

Fly ash properties controlling the compressive strength of concrete 
also Intluence the modulus of elasticity but to a lesser extent. The modulus 
of elastici ty, like compressi ve strength, Is lower at early strength and 
higher at ultimate strength when compared with concrete without fly ash [19]. 
As concluded by Lane and Best [16]. cement and aggregate characteristics have 
a lIuch greater effect on the modul us of e1as tl cl ty than the addi tion of fly 
ash. 

Fly ash in commonly used proportions does not generally Influence 
the drying shrinkage of concrete significantly. However, since drying 
shrinkage is a function of the paste volume and since the addition of fly ash 
usually increases paste vol ume, the drying shrinkage lIay be increased by a 
small amount if the water content remains constant. The study by Davis [1] 
indicates no apparent difference in drying shrinkage between concrete with low 
fly ash content and concrete without fly ash. Also, the study by the TVA [2~] 
showed that the drying shrinkage of plain and fly ash concrete bars is 
essentially the same atter 1100 days. 

Ji.7.2 Alkali-Aggregate Reactions. Sodium and potassium alkalis In 
certain cements react with the siliceous constituents of certain aggregates to 
form products of veater volume than the combined volumes of the reactive 
materials. This expansion leads to' cracking and spalling. 

Fly ash has been found to be effective in reducing expansions due to 
alkali-aggregate reactivity in concrete [22,S6-60). The alkalies released by 
the cement preferentially combine wi th the reacti ve silica in the fly ash 
rather than in the aggregate. When a part of the portland cement is replaced 
by fly ash, the available alkali in the system Is reduced by the amount of fly 
ash present, provided the latter does not contain "soluble alkali." A further 
reduction in alkallni ty may also occur wi th the progress of the pozzolan1 c 
reactions [3]. 

It should be noted, however, that the addition of some high calcium 
fly ash containing large amounts of soluble al kali sulfates might increase 
rather than decrease the a1 ka11-aggregate reacti vi ty. Such a phenomena has 
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been reported by Mehta [61] and also by DIamond [62]. Both Investigators have 
poInted out that it Is the soluble alkalI and not the total alkali present in 
a tly ash which plays a role In increasinl the alkall-alarelate reactivity. 

~.1.3 ChemIcal AdmIxtures. Investllations by Sumarin and Ryan [67] 
showed that tly ash can be used successfully wIth water·reducinl agents. 
Compared wIth non-tly-ash mIxes. such concrete provides higher gO-day 
strenlth. less bleedlnlin lean mixes. hilher 28-day tensile strenlths. and 
setting times 1 to 2 hours lonler. 

From an extensl ve laboratory study ot the combined use ot tly ash 
wIth superplastlclzers. Lane (68J has concluded that slllhtly more sand is 
usually used In mIx proportlonlnl wIth these materIals than In conventional 
concrete. He also reported that superplastlc1zers In tly ash m1xes do not 
seem to improve compressive strenlth as much as in plain concrete. Similarly. 
shorter perIods ot 1ncreased plastIcIty and smaller reduct10ns 1n the requ1red 
water were observed. 



C HAP T E R 5 

REVIEW OF FLY ASH CONCRETE MIX PROPORTIONING METHODS 

Even a cursory review of the literature reveals the controversy 
which exists today concerning the role of fly ash in concrete. Fly ash has 
been viewed as an admixture. as a partial replacement for portland cement and. 
in a few instances. as a partial replacement for sand. These different 
viewpoints have resulted in different mlx deslgn methods. 

5.1 Slmple Replacement Methods 

The prlnclpal method used by most mlx deslgners for proportioning 
fly aah concrete Is to substl tute fly ash for cement. This subltl tutlon Is 
senerally made on a one-for-one basis elther by welght or by volume in order 
to make sense out of the existing water-cement requlrements of lpecificatio~. 
Fly ash concrete mi xes proporti oned by thi s method w 111 usually have lower 
strengths than thelr control mlxes at ages up to 28 days, but frequently equal 
or higher atter 28 days. 

The equal replacement approach to mlx proportionlng is suitable for 
most concrete appllcatlons. vhere early strength is not a prlme requirement. 
The main drawback of this method is that the pattern of strength development, 
and vorkabUi ty will fluctuate conslderably depending on the nature of the 
cement and fly ash, the water demand and pozzolanlc activity of the fly ash. 
as veIl as the percentage cement replacement [69J. 

5.2 Modified Replacement Methods 

All these methods have one common feature. The amount of fly ash 
put into the mix is greater than the amount of cement removed. the dlfferenee 
being accommodated by a change in the aggregate proportlons. 

Lovewell and Washa [70] shoved that the actual quantlty of fly ash 
In excess is dependent on the cement content of the orlginal mlx, vi th the 
extra amount of fly ash required Increasing as the cement content decreased. 

Modified replacement methods permlt a f1xed amount of cement 
reduction vithin a certain range, irrespectlve of the original cement content 
In the corresponding plaln concrete mlx. However, the use of fly ash 1n 
mixes of certaln strength ranges may not be economical due to the cement/fly 
ash cost ratio (69). 
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5.3 Rational Methods 

SmIth [71] was probably the tirst to develop a rational approach to 
tly ash concrete mix proportloning. This method it based on the assumptIon 
that every tly ash possesses a unique cementing ettlclency (k) such that a 
mass (F) ot tly ash would be equivalent to amaas (kF) ot cement. The 
required strength and workabll1 ty ot tly ash concrete comparable to plaln 
concrete are obtained by applyIng Abrams' relationship between strength and 
water/cement (W/(c+kF» ratIo and by controlling the volume ratios ot 
cementitlous particles to water and aggregate. 

ACI 211.1-81, Standard Practice tor Proportioning Normal, 
Heavyweight and Mass Concrete, gives proportioning procedures in mass concrete 
contaIning pozzolans. Slgnlticant cement reductions can be achieved by adding 
tly ash to mass concrete in quanti ties greater than the amount replaced. In 
addl tlon, tly ash will reduce the heat ot hydration In masa concrete. The 
ratiO ot tly ash to cement will vary depending on the pozzolanlc activity and 
job specltlcatlons. 

The method applied by the Tennessee Valley Authority (TVA) (72] tor 
proportioning tly ash concrete Is essentIally based on ACI 211.1-81. 
Modltlcatlons to this standard serve to adUust mixture pertormance due to the 
addition ot tly ash. The Increased workabIlity obtained with tly ash allows 
tor lower water contents than those proposed In ACI 211.1-81. As the cement 
content is reduced by using tly ash, the water-cement ratiO by weight Is no 
longer vaUd. Consequently. a water-cement plus pozzolan ratio was adopted by 
TVA several years ago and proposed by AC! Committee 211 (16]. 



C HAP T E R 6 

EXPERIMENTAL PROGRAM 

6.1 Materials 

All materials utilized in this study, except the fly ash and Type IP 
cement, were typical of material presently used in the manufacture of portland 
cement pavement concrete in the Houston, Texas area. : 

Two types of cement were used in this project. The Type I as 
def ined in ASTM Specif i cation C150 was produced by General Portland, Inc., 
Trin1 ty South Dt vision, at a facUi ty located near New Braunfels, Texas. The 
ASTM C595 Type IP cement was produced by Texas Industries, Inc., Cement 
Di vision, at the plant located in Midlothian, Texas and contained 20S Type A 
fly ash by weight. Chemical and physical properties of cements used in this 
study are presented in Tables A.l and A.2 of Appendix A. 

Fly ash used in the study was obtained from two sources. Low 
calcium tly ash, deSignated Class F according to ASTM C618-84 and as Type A 
by Texas SOHPT Material Specification 0-9-8900, was from the Big Brown plant 
near Fairtield,·Texas. High calcium tly ash, Class C according to ASTM C618 
and Type B according to Texas SOHPT Materials Specitication 0-9-8900, was 
obtained from the Welch Plant at Cason, Texas. The chemical and physical test 
results of the fly ashes presented in Table A.3 indicate that they complied 
with the requirements of the ASTM C618-80 and Texas SOHPT 0-9-8900 
specifications in relation to theirphysi cal properties and chem! cal 
cCXllposi tion. 

The coarse aggregate used was partially crushed, 1-in. maximum size 
ri ver gravel. The tine aggregate was natural sand. Both aggregates were trom 
local Texas sources. Tables A.4 and A.S summar! ze the properti es of these 
aggregates. The aggregates were used in partially saturated states, and their 
mOisture content was determined prior to mixing. Preliminary tests showed 
that the absorption ot these aggregates was relati vely low and amounted to 
0.71 percent and 0.110 percent tor coarse and tine aggregate, respecti vely. 

Two types ot chemical admixtures were used in all the mixes. The 
water reducer-retarder was Pozzoli th 300R. 111e amount used in the concrete 
was 33 OZ/yd3• The air-entraining admixture was MB-VR, used in the amount ot 
1/2 oz/sack ot cement. Tap water was used in all mixes. The unit weight of 
water was taken to be 62.5 Ib/cu.tt. and the temperature was about 75°F:t:5°F 
during mixing. 

The basic concrete mix proportions used in this study were obtained 
trom those used by the Texas SOHPT in District 12, Houston, for concrete 
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pavements. The orlslnal design called for 1-1/2 1n. THD Grade No.2 coarse 
aggregate, coarse aggregate factor (CAF) of 0.80, and a cement factor (CF) of 
5.5 sks/cu.yd. The pre11minary mixes based on this orlg1nal deslgn had poor 
workability and uniformity caused mainly by the small capacity of the mixer 
used (6 cu.ft.) and relati vely large size of coarse aggregate. Therefore, 
after a series of trial mixes, a 1.0 in. max THD Orade No. J& coarse aggregate 
was selected for further mixes and a new CAF equal to 0.11 was established 
accordingly. The other parameters for the original mix were not altered. The 
deslgn work sheets of an orlginal and re-deslgned concrete mlx are shown in 
Appendlx B. The basic mix design was proportioned accordlng to Texas SDHPT 
Construction Bulletin C-ll. 

For the mixes containing fly ash, portions of the cement were 
removed from the basic mix and replaced by an equal weight of fly ash. Thus, 
the solid volume of cementltious material added was increased because of the 
difference between speclflc gravitles. Cement replacements wlth fly ash of 
15, 25, and 351 were used. 

A parallel series of tests was conducted with mixes havlng the CF 
increased frOID an orlglnal 5.5 sks/cu.yd. to 6.5 sks/cu.yd. The design work 
sheet for this mix is included 1n Appendix & 

Slmilar to the previously described mixes, those mixes also had 15, 
25, and 351 of cement replaced by fly ash. A control mix of both types, just 
using cement and no fly ash replacement, was made for control purposes. An 
add 1 tlonal mix of similar proportions was made using Type IP cement. 

The proportions of the baslc mix designs are shown In Appendix B as 
per the Texas SDHPT 1982 Standard Specifications for Construction of Highways, 
Streets and Brldges, Item 360 and Construction Bulletin C-l1. All mlxlng was 
done based on the slump of fresh concrete which was held between three to four 
Inches. All mixes were air-entralned and a retardlng admixture was used In 
all of them. 

6.3 Mlxins Procedures ~ Testlng of Fresh Concrete 

All the mlxes used in this study were made uslng a 6 cu.ft. max 
capacity Essex drum mixer at a mixing speed of 30 rev./mln. The mixer was 
moistened thoroughly tirst and then the aggregate with about 501 of the water 
containing the retarder was put In and mlxed for 5 minutes. The cement or 
cement plus fly ash was added next, and then the remalnder of the water and 
the alr-entralning admixture was added as required to reach the desired slump 
atter 5 min ot mixing. The mixer was then stopped tor 5 min and 3 mln of 
additional mixing followed. More water was added at thls stage it required to 
attain the deSired slump ot 3-1/2 ± 1/2 In. In general, mixing was completed 
In about 15 mlnutes trom the tlme the fIrst materials were added to the m1xer. 
A similar mixIng procedure was tollowed for the mixes used to study the effect 
ot hlgh temperatures on the properties ot concrete containIng fly ash, 
reterred to hereafter as hot weather mixes. In thls case, however, the 
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aggregate was preheated overnight to a temperature of 100°F. Also. in order 
to maintain a high temperature during mixing time. hot tap water at a 
temperature of about 105°F was continuously run over the mixer drum. 

Slump tests were conducted according to 1STM 1~3-78t Standard Test 
Method for Slump of Portland Cement Concrete, and Tex-415-A, Slump of Portland 
Cement Concrete. The unit weight of every fresh mix was measured according to 
ASTH C138-81, Standard Test Method for Unit Weight, Yield, and Air Content 
(GravimetrIc) of Concrete, using a 0.25 cu.ft. container. Yield of the mix 
was calculated on the basis of batch weights and specifiC gravities. 

In additIon, the amount of aIr in every mix was measured according 
to ASTM C231-82 Standard Test Method for Air Content of Freshly Mixed Concrete 
by the Pressure Method USing a PRESS-OR-METER. The temperature of every mix 
was also recorded. 

For the hot weather mixes, the mixing times were 90 min with slump 
readings taken after 30, 60, and 90 min of mixing, respectIvely. After 60 and 
90 min, the slump was adjusted if necessary by adding water. At the same 
time, flexure and comwesslve test specimens were cast. 

6.~ Casting ~ Curing of Specimens 

Twelve standard, 6 x 12 in., compressive strength cylinders and 12 
standard, 6 x 6 x 20 in. flexural beams were cast from each mix. The concrete 
was placed Inside the molds in layers and consolidated using a steel rod. The 
placing and consolidating were done according to current ASTM and Texas SDHPT 
methods. 

For the purpose of freeze-thaw testing. 3 x ~ x 16 In. beam 
specimens were cast. In all, 60 series of ml xes were made wi th a total of 
about 1500 speci mens cast. This incl uded repeat mi xes made throughout the 
project as a check on repeatability of procedures and results. 

After casting, the speCimens were covered with wet burlap and kept 
in the molds for 2~ hr. They were then demolded and transferred to the 
appropriate curIng roam. DependIng on the type of test scheduled. the 
specimens were exposed to one or a combInation of the followIng curing 
condi ti ona : 

1. Moist curing In standard laboratory curIng room condi tions. 
+7~oF and 98J relative humidity; 

2. Cold curing, +_ooF and 55J relative humidity; 

3. Hot curIng. +100°' and 33J relatIve humidity; and 

4. Lab curing, +75°' and 54J relative humidity. 
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The length ot exposure to the particular curing conditions depended 
on the test series. The details ot each Individual test series are given In 
Chapter 8. 

6.5 Testing ot Hardened Concrete 

The tollowlng specifications 'were followed for compressl ve, 
flexural t and freeze-thaw resistance testing; ASTM C39-81, Standard Test 
Method for Compressive Strength of Cylindrical Concrete SpeCimens, Tex-~20-A. 
Flexural Strength ot Concrete (Using Simple Beam with Center-POint Loading). 
ASTM C666-80 Standard Test Method tor Resistance of Concrete to Rapid Freezing 
and Thawing, Method 8. 

Compressive tests were pertormed using a SATEC 400 kip compression 
testing machine. Flexure testing was carried out on a Rainhart hydraulic. 
hand-operated center point loading beam tester having a 12 kip capacity. 

All compressive strength specimens were capped using ForneY's hlgh
strength capping compound. 



C HAP T E R 7 

TEST RESULTS 

This chapter contains the raw data obtained trom various tests which 
were conducted in the course ot this investigation. Due to the high 
variability and complexity ot the test results, it was decided in most cases 
to present the results in graphical torm rather than in tabular torm. Only 
the treeze-thaw test data are presented in both graphical and tabular torms. 
A detailed discussion and analysis ot all data is presented in Chapter 8 of 
thi s report. 

7.1 Properties £! Fresh Concrete 

Immediately tollowing discharge trom the mixer. the slump, concrete 
temperature, air content and unit weight ot the concrete were measured 
accordlng to the methods described in Sec. 6.3. The design ot the mixes was 
based on a constant slump ot the tresh concrete in the range ot three to tour 
inches. The unit weight ot the treshly mixed concrete varied between 140 to 
144 pct and the temperature was in the range ot 40 to 100°F. 

7.1.1 Air Content. The measured air content in all the tresh 
concrete mixes wi th ditterent cement and tly ash proportions are shown in 
Figs. 7.1 through 7.4. All mi xes had a constant dosage ot air entraining 
admixture. As can be seen trom Figs. 7.1 and 7.2. the amount ot air in the 
mixes containing Type A tly ash decreases tor increasing tly ash content. The 
decrease Is almost linear and the amount ot air varies trom about 5 to 7J tor 
mixes without fly ash to between 2.5 to 3J tor mixes with 35J fly ash content. 

A similar trend can be observed tor 5.5 sks concrete mixes 
contalning Type B tly ash. but in this case the drop in the amount ot air due 
to the addit10n ot tly ash was smaller. For 6.5 ska concrete mlxes contalning 
Type B fly ash. no signiticant changes in the amount ot air were observed due 
to the addl tion ot tly ash, as shown In FIg. 7.4. 

7.1.2 Water ICement f!!:!.! !!t Ash Ratl0. Plots ot water to cement 
plus tly ash ratIos needed to maintaln a constant s-lump when the amount ot fly 
ash In the mixtLD"'e was increased are presented In Figs. 7.5 through 7.8. 

The observed slight reduction in w/c+p ratio, it any, implies a 
reduced water content in some tly ash concrete mixes. This can be attributed 
to the lubricating ettect or the glassy tly ash spheres. However, the overall 
amount ot water is Intluenced by the mix proportion and physical as well as 
chemical characteristiCS ot the components. mainly the tly ash. 

The concrete mixes analyzed in this study had a relatively low 
percentage ot sand (34 to 39J ot a total aggregate), and the addition of fines 
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1n the tor. ot tly uh 1mproved the workabIl1ty w1thout necessarily result1ng 
1n a decrease In the water requIrements. 

However, It should be noted that the effect of fly uh on the m1xing 
water requlrement tor a gl ven slump was more noUceable In the hIgher sack 
content mixes, especially in the Type A fly uh mix. 

7.2 Flexural Strength 

Texas SDHPT specitlcatlons [10J requlre that the concrete mIx 
produce a minimum average tlexural strength of 650 psI at the age of 7 days. 
One ot the maln obJ ectl ves ot this research was to determlne the ettect ot 
cement replacement wIth tly uh on the flexural strength of the concrete. In 
addltion, the ettect ot prolonged curlng tlme on the tlexural strength galn 
was studied by testinl some specimens atter 28 days of curlnl. 6 x 6 x 20 In. 
beam specimens tested at an 18-ln. span were used for flexural tests. The 
molds' were stripped 2" hr atter castinl and the specImens were moist cured In 
a curing room untll tested. 

The seven-day flexural strenlth tor various cement and t1y ash 
contents are shown in Figs. 7.9 through 7.12. As shown in Figs. 7.9 and 7.10 
tor 5.5 sks mlxes there were several test 'results whlch had fallen' below the 
specitlcation limit ot 650 psi. 

For the 6.5 sks mlx shown in Flgs. 7.11 and 7.12, the resul ts were 
almost entIrely above the 11mi t except a tew test results at hlgher, 25 and 
35S, tly ash replacement. 

Companlon speclmens were cast wl th the seven-day tlexural beams, 
stored In a molst curlng room tor 28 days, and then tested. The test results 
obta1ned at 28 days are shown 1n Figs. 7.13 through 7.16. Comparing these 
results with those obtalned tor seven-day speclmens, It could be seen that the 
28-day flexural strengths are all hlgher than 650 psl. 

Detailed comparIsons ot tlexural strengths values are presented in 
Sec. 8.2 ot thls report. 

7.3 CompressIve Strength 

The compressIve strength results gathered trom speclmens at varlous 
ages and wI th dltterent tly ash contents are plotted In FIlS. 7.11 through 
7.32. For slmpl1c1 ty ot analysls, the results are d1 vlded Into tour groups, 
accordlng to the age ot speclmen at testing. Four groups were analyzed: 7, 
28, 56 and 90 days. Prlor to tesUng, all speclmens were stored In a curing 
room as descrl bed in Sec. 6.11. 

1.3.1 Compress1 ve Strength ~ Seven Days. The COmpress1 ve strength 
results at seven days, shown In Flgs. 7.17 through 7.20, Indicate that the 
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FLEXURAL STRENGTH vs. FLY ASH CONTENT 
6.5 sack mix, Type B Fly Ash,· Slump: 3-4 in. 
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FLEXURAL STRENGTH vs. FLY ASH CONTENT 
5.5 sack mix. Type A Fly Ash.' Slump: 3-4 in. 
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FLEXURAL STRENGTH vs. FLY ASH CONTENT 
5.5 sack mix, Type B Fly Ash, Slump: 3-4 in. 
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FLEXURAL STRENGTH vs. FLY ASH CONTENT 
6.5 sack mix. Type A Fly Ash.' Slump: 3-4 in. 

1100 ....-; ----------------------. 

........... . . -
fIJ 1000-
0. 

"""-' 
fIJ 

~ 900-
"t:J 
Q'J 
N 
.... 800-
c 
..c -m 700-
c 
CD 
L .... 

en 600 --
~ 
::J 
X 500 CD 

u.. 

[] 

[] 

[] 

[] 

[] 

MINIMUM 7-DAY DESIGN fr , 

[] 

8 a [] 

~ 0 

B ~ 

[] [] 
[] [] 

650 PSI TSDHPT ITEM 360 

400 I I iii '---'---r-i ---I 

o 5 1 0 15 20 25 30 35 40 

Fly Ash Content (percent by weight) 

Fig. 7.15 Effect of Type A fly ash on flexural strength of 6.5 aka concrete mixes at 28 days 

~ 
\It 



FLEXURAL STRENGTH vs. FLY ASH CONTENT 
6.5 sack mix, Type B Fly Ash.' Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
5.5 sack mix. Type A Fly Ash.· Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
5.5 sack mix, Type B Fly Ash,' Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
6.5 sack mix, Type A Fly Ash,' Slump: 3-4 in. 
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incorporation ot tly ash into the mix will cause a reduction in strensth 
relardless ot the type and the amount of fly ash used. Only the specimens 
produced wi th T:rpe IP cement had strengths comparable wi th the strength ot 
plain concrete. 

1.3.2 Compressive Strength !l ~ Da~s. A review ot the data 
presented in Fip. 1.21 through 1.24 shows that 2 days compressive strength 
tends to increase with increased tly ash content. Those trends were more 
noticeable tor concrete with TYpe A tly ash. 

1.3.3 CompressiVe Strength ~ 56 Days. Similar trends were observed 
on 56-day compressi ve strength as on is-day compressi ve strength tor all 
mixes, as can be seen by comparing FilS. 1.21 through 1.24 with Figs. 1.25 
through 1.28. Again, an increase in strength wi th increase tly ash content 
can be observed over the range ot tly ash contents investigated. 

1.3." Compressive Strength at iQ. Days. Figures 1.29 through 7.32 
are plots ot compressive strength results after 90 days ot curing. The 
distribution ot the results is Similar to that tor 28 and 56 days with 
individual data being ot higher value. The seneral discussion ot all 
compressi ve strength results is presented in Sec. 8.3. 

1.4 Eftect 2t Temperature ~ Mixing !!!! 

The ettects ot high temperature and mIxing time on slump and 
strength ot concrete with and wIthout tly ash were studied. Six serles ot 
tests were conducted; three ot them at room temperature, 72±3°F, and three at 
hIgh temperatures, 102±3°F. Each series included a plaln, 6.5 sks reterence 
concrete mIX, and mlxes In which 25 and 351 of cement were replaced by equal 
welght ot Type B tly ash. The mIx proportions are gl ven In Table 7.1. 

The mlxlng tlme was 90 mIn wlth slump readlngs taken atter 15, 30, 
60, and 90 mln ot alxlng. Atter 60 and 90 min of mlxlng retemperlng water was 
added to every mix in order to restore the Initial slump ot 3-1/2 in. The 
slump readlnp are summarized In Table 1.2 and presented graphically In FIgs. 
1.33 and 1.3- In the torm ot tlme plots and In FIlS. 7.35 through 1.38 In the 
tQMI or h1stoarams tar the test time Intervals. 

Approximately atter 15 mln of mlxlng as well as atter 60 and 90 mIn, 
tlexural strenlth and compressive strength speclmens were cast usinl the 3-
1/2-1n. sl ump concrete. The strength resul ts are gl ven In Table 1.1 and are 
shown In Fll. 1.39 and 7."0. 

Presented 1n Fig. 1.37 are the ettects of temperature and mixing 
time on water/cement plus t11 ash ratto, whereas Flg. 1.38 shows the Influence 
or those parameters on water .. and tor various tly ash contents. 

1.Jt. 1 ~2.!::.2!!. The results IncUcate that of the tl y ashes 
used, Type B had a sllnlficant effect on slump loss. For the serIes batched 



COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
5.5 sack mix. Type A Fly Ash •. Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
5.5 sack mix. Type B Fly Ash,' Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
6.5 sack mix, Type A Fly Ash, Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
6.5 sack mix, Type B Fly Ash, . Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
5.5 sack mix. Type A Fly Ash •. Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
5.5 sack mix, Type B Fly Ash,' Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
6.5 sack mix. Type B Fly Ash.· Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
5.5 sack mix, Type A. Fly A.sh, . Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
5.5 sllck mix. Type B Fly Ash,' Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
6.5 sack mix. Type A Fly Ash •. Slump: 3-4 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
6.5 sack mix, Type B Fly Ash,· Slump: 3-4 in. 
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TABLE 7.1a Effect of Mixing Time at 72·F on Concrete Properties 

Mixing Tla. (min) 
0 60 90 0 60 90 0 60 90 

Type I CaDent (lb/cu.yd.) 59- 611 598 1159 1152 _54 1t03 396 396 
Type B Fly Ash UbI cu.yd.) 153 151 151 216 213 213 
Cement plus Fly Ash 

Content (lb/cu.yd.) 5911 611 598 612 603 605 619 609 609 

Fly Ash Content, (S) 0 0 0 25 25 25 35 35 35 
Coarse Aggregate 

(l b/ cu .. yd • ) 191t9 2005 1963 2005 1978 1986 20311 2001 2000 
Fine Aggregate 

(l b/ cu. yd • ) 986 10111 993 10111 1000 1001t 1028 1012 1011 
Retarder (oz) 33.0 33.0 33.0 33.0 33.0 33.0 33.0 33.0 33.0 
Air Entrainer (oz) 3.25 3.25 3.25 3.25 3.25 3.25 3.25 3.25 3.25 
Water (lb/cu.yd.) 258 218 275 225 260 269 203 246 252 

Water/Cement plUS 
Fly!!!! Ratio 0.113 0.1t5 o. "6 0.31 0.1t3 0."1t 0.33 0.40 O. III 

Flexural Strength 
@ 7 days (psI) 720 695 6Jt2 710 627 615 655 610 550 

Compressive Strength 
@ 28 days (pst) 5706 5230 5168 5811 5706 51t92 6109 5945 5662 



TABLE 7.1b Effect of Mixing Time at 102°F on Concrete Properties 

Mixing Time (min) 
o 60 90 0 60 90 o 60 90 

Type 1 Cement (lb/cu.yd.) 5911 611 601 1166 1151 11113 1102 386 381 
Type B Fly Ash (lb/cu.yd.) 156 151 1118 216 207 205 
Total Cementitlous 

Content (lb/cu.yd.' 5911 611 601 622 602 591 618 593 586 

Fly Ash Content, (S, 0 0 0 25 25 25 35 35 35 
Coarse Aggregate 

(l bl cu. yd • ) 19"9 20011 19711 2042 1972 19311 2028 19116 1922 
FIne Aggregate 

(1 b/ cu. yd • ) 986 1013 998 1033 998 981 1026 9811 972 
Retarder (oz) 33.0 33.0 33.0 33.0 33.0 33.0 33.0 33.0 33.0 
Air Entrainer (oz) 3.25 3.25 3.25 3.25 3.25 3.25 3.25 3.25 3.25 
water (lb/cu.yd.' 258 280 302 229 2911 313 238 289 319 

Water/Cement plus 
Fly Ash 0.113 0.116 0.50 0.37 0.119 0.53 0.39 0.119 0.54 

Flexural Strength 
@ 7 days (psi) 820 805 780 690 555 505 650 520 400 

Compressive Strength 
@ 28 Days (psi) 61166 6113 5627 6155 5732 5176· 5742 11576 3745 

0\-
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Mixing Time 

(min) 

15 

30 

60 

90 

15 

30 

60 

90 

TABLE 7.2 Slump and Temperature Readinp 

Temperature 

72;t3°' 

tor 

all 

mixes 

102;t3°F 

tor 

all 

mixes 

OS 

3.5 

2.4· 

2.013.5 

2.8/3.5 

1.0 

1.0/3.5 

2.8/3.5 

Fly Ash Content 

25S 

Slump (In.) 

3.5 

1.2 

1.0/3.5 

2.8/3.5 

Slump (in.) 

3.5 

0.6 

0.5/3.5 

2.7/3.5 

351 

3.5 

1 .1 

1.0/3.5 

3.1/3.5 

3.5 

0.5 

0.5/3.5 

2.8/3.5 

Note: Retempting water was added to each mix atter 60 and 90 min 
ot mixing in order to restore the original slump ot 3.5 in. 
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SLUMP vs. MIXING TIME 
6.5 sack mix, Type B Fly Ash, Mixed at 72 deg. F 
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Fig. 7.33 Slump variation after 30,60, and 90 min of mixing. Mixes with 0, 25 and 35% of cement 
replaced by an equal weight of Type B fly ash mixed at room temperature (72°F) 
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SLUMP vs. MIXING LENGTH 
6.5 sack mix, Type B Fly Ash, Mixed at 102 deg. F 
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Fig. 7.34 Slump variation after 30, 60 and 90 min of mixing. Mixes with 0, ·25 and 35% of Type 8 
fly ash mixed at high temperatures (102°F) 
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SLUMP LOSS vs. MIXING PERIOD 
5.5 Sack Mix, Type B Fly Ash 
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Fig. 7.35 Slump 10s8 during mixing intervals of 0 to 30 min and 30 to 60 min. Mixes with 0, 25 and 
35% of cement replaced by an equal weight of Type B fly ash mixed at room temperature 
(72°F) 
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SLUMP LOSS vs. MIXING TIME 
5.5 Sack Mix, Type B Fly Ash 

CONCRETE TEMPERATURE = 102 of 

z z z 
U) U) U) 

~ ~ ~ 

~ ~ >-
..J 

t.L. t.L. 
LI.. 

~ 
~ ~ 0 0 

0 10 
0 

10 
N ,." 

o I " " " '- '-I"" -«-" "'/ / / / /, '" " " " '>''''' *" "'/ / / / / I 
o to 30 30 to 60 

Mixing Period (minutes) 
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WATER / C+P RATIO vS .. MIXING TIME 
6.5 sk. mix, Type B FA, Mixed at 72 &: 102 F . 
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WATER vs. FLY ASH CONTENT 
Type B Fly Ash, Slump': 3.5 in. 
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at room teaperature, the mixes containing fly ash showed higher slump loss as 
compared to the mix wi thout fly ash. This phenomenon was less pronounced in 
the series mixed at high temperatW"e. The slump loss was not significantly 
intluenced by the percentage of cement replacement, however, slump loss was 
greater for high temperatW"e mixes. As shown on the histograms in Figs. 7.35 
and 7.36, a major portion of the slump loss occurs during the first 30 min of 
mixing; thus indicating that under hot weather condi tions, slump loss may 
become a problem mainly with regard to transportation, handling, and plaCing 
of the mix. 

7.Ji.2 Water/Cement Plus Fly Ash Ratio and Mixing Water Demand. The 
water/cement plus fly ash rat~w/c+p~where ce.Dent plus fly ash refers to 
the total weight of cement and Type B fly ash, was found to be influenced by 
both temperatW"e and mixing time. The data presented in Table 7.1 and in Fig. 
7.37 indicates that for a concrete of a constant slump, the 'w/c+p ratio 
increases as the mixing time increases, regardless of the mixing temperature. 
For the room temperature mixes, it was observed that the w/c+p ratios 
decreased wi th increased percentages of fly ash for any duration of mixing 
time. However, in the case ot high temperature mixes containing tly ash, the 
w/c+p ratios increased over that of the plain concrete mix when subjected to 
mixing times in excess of 15 min. 

The water requirements for a given slump ot concrete, as shown in 
Fig. 7.38, were higher for longer mixing times. For the room temperature 
mixes, the water demand was lower tor higher fly ash contents. However, in 
the case of high temperatures, the mixing water demand increased as the 
amount of fly ash in the mix increased, especially for the mixing times longer 
than 15 min. For any mixing period, the mixes batched at higher temperatures 
showed higher water demand. 

7.~.3 Flexural ~ Compressive Strength. The effect ot mixing 
time, temperature, and tly ash content on 7-day flexural strength of concrete 
is shown graphically In Fig. 7.39. The flexural strength of all concretes 
tested decreased with increased mixing time. The rate ot strength loss was 
generally higher for high temperature mixes. 

The 28-day compressive strength of corresponding concretes are shown 
in Fig. 7. 110. Mixins time and temperature generally show the same eftect on 
the 28-day compressive strength as on 7-day flexural strength tor all mixes as 
can be seen by comparlns Fig. 7.39 and 7 •• 0. In this case however, the mixes 
batched at room temperature and containing fly ash showed higher strengths 
than plain concrete mixes. 

7.5 Ertect of Curing Compound 

In tleld curing ot concrete, it is often common practice to apply 
curing compounds to the concrete surface to prevent mOisture loss and assure 
proper strength development of the hardening concrete. 



FLEXURAL STRENGTH vs. MIXING LENGTH ~ 
6.5 sk. mix. Type B FA. Mixed at 72 & 102 deg. F. 
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COMPRESSIVE STRENGTH vs. MIXING LENGTH 
6.5 sk. mix, Type B FA. Mixed at 72 Be 102 deg. F. 
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In order to test the effectiveness of a curing compound on the 
strength development of fly ash concretes three series of specimens were cast. 
The basic mlx used for this purpose was the 6.5 ska mix In which 25 and 351 of 
cellent was subsequently replaced by Type B fly ash. 

A total of 15 bealls and 15 cyllnders were cast. After 2~ hours, 
followlng removal froll the forms, specimens were coated wl th a curlng compound 
meeting TEX-218-F Speclfication of the Texas SDHPT. Following the curing 
compound appllcatlon, three of each set of flve bea.s and flve cylinders were 
placed in an enVironmental chamber, where they were subjected to a temperature 
of 100%2-F and a relative humldity of about 331. The remalning two beams and 
two cylinders were kept In the laboratory room in which the temperature was 
+75%4-F and the relatlve humidity ranged from 50 to 601. 

Flexural tests were carrled out on the bealls after 7 days and 
cylinders-were tested in cOllpresslon after 28 days. The results of the 
flexural as well as compressive strength tests performed on these three mixes 
are shown in Table 7.3 and in Figs. 7.Ji1 and 7.42. 

7.6 Effect £! Curing ConditiOns 

Presented in this section are the effects of cold and hot curing 
conditions on the strength of concrete having varying percentages and types of 
fly ash. 

Cold curlng conditions are defined as the combination of low 
temperature, +40·F, and a relative humidity of 551. Hot curing conditions are 
defined as the combination of high temperature, +1000 F, and a low relative 
humidity of 331. 

As mentioned in Sec. 6.4, the specimens were cured under moist 
condi tions, +7Jio F, 98S relative humidity, for the specified amount of time, 
which was 1, 3 or 7 days for flexural beams and " 3, 7. or 28 days for 
compressive cylinders. After the prescribed moist curing period, the 
specimens were placed in cold or hot environmental chambers accordingly, where 
they were kept until the test tlme. The flexural beams were tested at 7 days 
and the compressive strength cylinders at 28 days. SpeCimens subjected to the 
above procedure were therefore cured in cold or -hot rooms for the following 
periods of time: 

- beams 6 or 4 days 

- cylinders 27, 25, or 21 days 

The specimens kept in the moist room for the full length of 7 or 28 
days served as a reference for flexural and compressive strengths, 
respectively. 



Mix 

1 

2 
3 

4 

5 
6 

7 

8 
9 

10 

11 
1.2 

TABLE 7.3 Flexural and Compressive Test Results of Specimens 
SUbjected to Different Curing Methods 

Fly Ash 
Replacement 

Type of Weight of 
Fly Ash . Cement 

B 
B 

B 
B 

B 
B 

B 
B 

Replaced (" 

o 

25 
35 

o 

25 
35 

o 

25 
35 

o 

25 
35 

Flexural 
Strength at 

7 Days 
(psi) 

523 

1130 
388 

590 

555 
532 

545 

"55 
395 

816 

715 
651 

Compressi ve 
Strength at 

28 Days 
(psl) 

5241 

118111 
11016 

56511 

5141 
11160 

5199 

116211 
3360 

57111 

61611 
6027 

Curing Conditions 

Coated with curing compound; 6 or 27 days 
at +100±2°F. Relative humidity about 33' 

Same as above 
Same as above 

Coated with curing compound; 6 or 27 days 
at +75±II°F. Relative humidity about 55' 

Same as above 
Same as above 

Not coated; 6 or 27 days at 1 00±2°F. 
Relative humidity about 33' 

Sane as above 
Same as above 

Not coated; 6 or 27 days at moist room 
temp. 711°F. Relative humidity 98, 

Same as above 
Same as above 

....., ....., 



FLEXURAL STRENGTH vs. FLY ASH CONTENT 
Coated and Not Coated spec.~ slump: 3.5 in. 
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COMPRESSIVE STRENGTH vs FLY ASH CONTENT 
Coaled and Not Coated spec.; slump: 3.5 in. 
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7.6.1 Cold Curing. The tlexural strength test results tor cold 
cured mixes are presented in Figs. 7.Ji3 through 7.Ji6. It could be seen that 
the results are intluenced by the length ot moist curing betore transter to 
the cold room as well as by the cement content ot the original mix and type ot 
tly ash used. 

In Figs. 7.-7 through 7.50 the compressive strength results for cold 
cured mixes are presented. The discussion and analysis follov 1n Sec. 8.6.1. 

7.6.2 ~ Curing. Figs. 7.51 through 7.5Ji show the flexural 
strength results for hot cured mixes. Similar to that of the cold cured 
mixes, the hot cured mixes were influenced by the length of initial moist 
curing and the type of fly ash used. 

The age-compressi ve strength relationshi ps for the ditterent hot 
cured mixes are shown in Figs. 7.55 and 7.58. The general rate ot strength 
development of the concrete containing fly ash is Similar to that of plain 
portland cement concrete. 

A discussion and analysis ot hot cured mi xes is presented in Sec. 
8.6.2. Section 8.6.3 provides a general comparison between cold- and hot 
cured mixes. 

7.7 Freezing and thaWing 

ASTH C666-80, procedure A, Rapid Freezing and Thawing in Water Test 
was carried out on a total of about 50 specimens. Evaluation of the freeze
thaw resistance of concrete was carried out by measuring the tundamental 
transverse trequency before freezing and atter approximately every 30 cycles 
of freeze-thaw. The change in the dynamic modulus of elasticity was determined 
from the fundamental transverse trequency readings. 

The results of these tests are presented in Appendix C. These 
tables give the average dynamic modulus ot elasticity, frequency and 
durabil1ty factor for each set of specimens atter each increment of treeze
thaw cycles. The results will be discussed trom the standpoint ot changes in 
dynamic modulus ot elasticity, reduction in the durability factor and change 
in physi cal appearance. 

The dynamic modulus of elasticity is defined as the square of the 
fundamental transverse frequency of the beam: 

DE • n2 (psi) 

The durablli ty factor ot the concrete is expressed as the ratiO of a YDE to 
the square ot the fundamental transverse trequency of the beam betore testing 
begins: 



FLEXURAL STRENGTH vs. MOIST CURING TIME 
5.5 sack mix, Type A Fly Ash. Cold Cured, Slump 3-4 in. 

1000 I I 

~ . . -
~ 900 

....-
III 
>-
0 
"0 800

1 LTYPE IP CEMENT 

" -J( 

..... 
0 

.J: 700 ..... 
ltD 
c 

600J 
a----r7- MI NIMUM DESIGN I, t 650 PSI CD 

L TSDHPT ITEM 360 ..... 
en -0 
L 
::J 
)( 500 
tD 

..... 

400!~----~-----:----~-----.-----.-----:r-----~---J 
1 2 3 456 7 8 

~olst Curing Length (days) 

Fig. 7.43 Flexural strength of "cold" cured, 5.5 ska concrete mixes containing Type A fly ash 

Q) ..... 



FLEXURAL STRENGTH vs. MOIST CURING TIME 
5.5 sack mix. Type B Fly Ash. Cold Cured. Slump 3-4 in. 
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FLEXURAL STRENGTH vs. MOIST CURING TIME 
6.5 sack mix. Type A Fly Ash, Cold Cured. Slump 3-4 in. 
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FLEXURAL STRENGTH vs. MOIST CURING TIME 
6.5 sack mix. Type B Fly Ash. Cold Cured. Slump 3-4 in. 
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STRENGTH vs. MOIST CURING LENGTH 
5.5 sack mix. Type A Fly Ash. Cold Cured. Slump 3-4 in. 
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STRENGTH vs. MOIST CURING LENGTH 
5.5 sack mix, Type B Fly Ash, Cold Cured, Slump 3-4 in. 
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STRENGTH vs. MOIST CURING LENGTH 
6.5 sack mix, Type A Fly Ash, Cold Cured. Slump 3-4 in. 
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STRENGTH vs. MOIST CURING LENGTH 
6.5 sack mix, Type B Fly Ash. Cold Cured. Slump 3-4 in. 
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FLEXURAL STRENGTH vs. MOIST CURING 'TIME 
5.5 sack mix. Type A Fly Ash. Hol Cured. Slump: 3-4 in. 
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FLEXURAL STRENGTH vs. MOIST CURING TIME 
5.5 sack mix, Type B Fly Ash, Hot Cured, Slump: 3-4 in. 
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FLEXURAL STRENGTH vs. MOIST CURING TIME 
6.5 sack mix. Type A Fly Ash, Hot Cured, Slump: 3-4 in. 
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FLEXURAL STRENGTH vs. MOIST CURING TIME 
6.5 sack mix, Type B Fly Ash. Hot Cured. Slump: 3-4 in. 
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STRENGTH vs. MOIST CURING LENGTH 
5.5 sack mix. Type A Fly Ash, Hot Cured. Slump: 3-4 in. 
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STRENGTH vs. MOIST CURING LENGTH 
5.5 sack mix. Type B Fly Ash. Hot Cured. Slump: 3-4 in. 
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STRENGTH vs. MOIST CURING LENGTH 
6.5 sack mix, Type A Fly Ash, Hot Cured. Slump: 3-4 in. 
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STRENGTH vs. MOIST CURING LENGTH \0 
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6.5 sack mix. Type B Fly Ash. Hol Cured, Slump: 3-4. in. 
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where: 

n 

N 

H 

97 

DF • PaN/H 

• fundamental transverse frequency of resonance atter c cycles 
of treezlng and thawing; 

• tundamental transverse frequency ot resonance at zero cycles 
ot treezlng and thawing; 

• num bel" ot treeze-thaw cycles at whi ch Pc reaches the 
spec1tied minimum value (60S) tor discontinuing the test or 
the specitied number ot cycles at which the exposW"e is to 
b.e terminated, whichever is less. 

• specified number ot cycles (300) at which the exposW"e is to 
be terminated. 

ASTH C666-80 requires measW"ements to be carried out to 300 treeze
thaw cycles, unless the concrete deteriorates below a specltled level betore 
this number has been reached. All but two ot the concrete specimens pertormed 
well enough tor the test program to continue to 300 cycles. For these two 
cases the durability tactor was calculated according to ASTH C666-80. 

7.7.1 Reduction ~ Dynamic ~odulus £! ElastlcltX. The primary 
method ot evaluation of distress caused by treeze-thaw cycling is the 
reduction In the dynamic modulus of elasticity. MeuW"ements ot the reduction 
ot the dynamic modulus ot elasticity due to freezing and thawing showed 
signlticant variations among the dltterent concrete mixes. The variations in 
the dynami c modulus ot elasticity tor the concrete containing tly ash, as well 
as, the plain concrete mixes are shown in Fip. 7.59 through 7.62. 

The 6.5 sks concrete mixes containing tly ash pertormed exceedingly 
well in this reg8J"d. the maximum reduction in the dynamic modulus tor all but 
two sets ot specimens being less than 3S atter 300 freeze-thaw cycle as shown 
in Fl,s. 7.59 and 7.60. Although in the case of the 6.5 sks mix containing 
25S Type A tly ash, the reduction in the dynamic modulus was as high as 20S. 
This still ylelds.a durability tactor ot 80S atter 300 cycles. 

The reduction ot the dynamic modulus in 5.5 sks concrete mixes was 
typically Slightly greater than that ot the 6.5 sks mixes, as shown in Figs. 
7.61 and 7.62. Particularly large variations In the meuW"ed response of the 
dynamic modulus to freezing and thawing occW"red in the 5.5 sks concrete mixes 
containing 25 and 35S ot Type A fly ash, as shown In Fig. 7.61. In these two 
cases the dynamic modulus dropped below the recommended failW"e level of 60S 
ot the starting value at about 100 treeze-thaw cycles. 

The reduction in the dynamiC modulus of the 5.5 sks concrete mixes 
containing Type B fly ash Is shown in Fig. 7.62. Only the mix containing 35S 



RELATIVE DYNAMIC MODULUS vs. CYCLES 
6.5 sack mix. Type A Fly Ash,' Slump: 3-4 in. 
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RELATIVE DYNAMIC MODULUS vs. CYCLES 
6.5 sack mix. Type B Fly Ash,' Slump: 3-4 in. 
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RELATIVE DYNAMIC MODULUS vs. CYCLES 
5.5 sack mix. Type A Fly Ash.· Slump: 3-4 in. 

4-.----------------------------------------

"""":"'J.5 
'in 
a. 

U) 

a 3 w 
* ......", 

fn 
:::J 
:; 2.5 
"'0 
o 
~ 

.~ 2 
E 
a 
c 
>-c 1.5 

c (0,6.5) 
V (20.4.7) 

x (15.4.0) 

<> (35,3.0) 
• (25,3.5) 

o 

(PERCENT FLY ASH, AIR CONTENT 

50 100 150 200 250 300 350 400 

Number of f"reeze-Thaw Cycles 

Fig. 7.61 Comparison of dynamic modulus of freeze-thaw .peeimens containtog Type A fly ash 

..... 
o o 



RELATIVE DYNAMIC MODULUS vs. CYCLES 
5.5 sack mix. Type B Fly Ash,· Slump: 3-4 in. 

4~1--------------------------------------~ 

-:-- 3.5 
." 
a.. 

CD 
o 3 
LtJ 

* .......... 
." 
:::J 
:; 2.5 
"C 
o 

::::JE 

u 2 --E 
o 
c 
~ 

Cl 1.5 

c (0,S.51 

x (15. S.5) 

V (25,5.4) 

# (35,4.5) 

(PERCENT FLY ASH. AIR CONTENT) 
1 ~I------~-----'------~------.------r------~----~------~----~ 

o 50 100 150 200 250 300 350 400 

Number of F'reeze-Thaw Cycles 

Fig.7.62 Comparison of dynamic modulus, freeze-thaw specimens containing Type 8 fly ash 

... 
o ... 



102 

tly ash showed rather sharp drop in the value ot the dynamic modulus, but it 
continued past 300 treeze-thaw cycles retaining about 651 ot its original 
dynamic modulus. 

In summary, tor 5.5 sks concrete mixes the intluence ot the type and 
the amount ot tly ash or the treeze-thaw resistance ot concrete wae more 
pronounced than tor the 6.5 sks mixes. Concretes with higber amount ot Type A 
tly uh experienced a greater loss in ~he dynamic modulus. 

7.7.2 Durabil1ty tactor. The durability tactors computed in 
accordance wi th ASTH Designation C666-80, Resistance ot Concrete to Rapid 
Freezing and Thawing are shown in Figs. 7.63 through 7.66. For 6.5 sks 
concrete mixes, the durabil1ty tactor in all but one cue wu higher than 90S 
as shown in Figs. 7.63 and 7.64. 

The behavior ot concrete with 25S Type A tly ash was discussed in 
Sec. 7.7.1. Figures 7.65 and 7.66 indicate that tor 5.5 sks concrete mixes, 
the durability tends to decrease with the increase'd tly ash content. However, 
as indicated on the tigures the air content was lower in ml xes with higher tly 
ash contents, and treeze-thaw durability is directly related to the entrained 
air system. 

From the air contents shown in Figs. 7.63 through 7.66, it Is 
evident that mixes wi th higher amounts ot Type A tly ash have a lower air 
content than corresponding mixes with Type B fly ash. For concrete with 6.5 
sks ot cement this intluence on the durability is not as signiticant as in the 
5.5 sks mi xes. 

7.7.3 £l!!.!ll! in Physical !ppearan£!. Illustrations ot the 
apearance ot typical specimens ot dltterent mixes atter 300 cycles are 
provided in Figs. 7.67 through 7.74. Changes in physical appearance resulting 
trom the treeze-thaw cycles vere very noticeable tor the 5.5 sks concrete 
mixes. For these mixes, as the tly ash content increases so does the surtace 
deterioration. It is also apparent trom Figs. 7.67 through 7.72 that when the 
same percentage ot tly ash was used, the deterioration was more severe tor the 
specimens which contained Type A tly ash. The specimens containing 351 ot 
Type A tly ash show considerable surtace distress as shown in Fig. 7.72. 

Little ditterence was observed in physical appearance ot specImens 
made ot 6.5 sks concrete mi xes. Regardless of the type ot tly ash used, no 
surtace damage vu observed atter, 300 treeze-.thaw· cycles, even tor concrete 
with 35S tly ash replacement, as compared between Figs. 7.73 and 7.74. 

The apparent ditterence In appearance ot the upper surfaces 
horizontal sides ot the specimens as compared with the remaining sides was 
observed. In nearly every case the appearance ot the cast upper surface was 
not attected by the repeated treezing and thawing exposure. 



DURABILITY FACTOR vs FLY ASH CONTENT 
6.5 sack mix, Type A Fly Ash, Slump 3-4 in. 
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DURABILITY FACTOR vs FLY ASH CONTENT 
6.5 sack mix, Type B Fly Ash,' Slump: 3-4 in. 
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Fig. 7.67 Physical appearance of concrete containing 15% Type B fly 
ash in a 5.5 sks mix, after 300 freeze-thaw cycles 

Fig, 7.68 Physical appearance of concrete containing 15% Type A fly 
ash in a 5.5 sks mix, after 300 freeze-thaw cycles 
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Fig. 7.69 Physical appearance of concrete containing 25% Type B fly 
ash in a 5.5 aks mix, after 300 freeze-thaw cycles 

Fig. 7.70 Physical appearance of concrete containing 25% Type A fly 
ash in a 5.5 sks mix, after 300 freeze-thaw cycles 
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Fig. 7.71 Physical appearance of concrete containing 35% Type B fly 
ash in a 5.5 sks mix, after 300 freeze-thaw cycles 

Fig. 7.72 Physical appearance of concrete containing 35% Type A fly 
ash in a 5.5 sks mix, after 300 freeze-thaw cycles 
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Fig. 7.73 Physical appearance of concrete containing 35% Type B fly 
ash in a 6.5 sks mix, after 300 freeze-thaw cycles 

Fig. 7.74 Physical appearance of concrete containing 35% Type A fly 
ash in a 6.5 sks mix, after 300 freeze-thaw cycles 



C HAP T E R 8 

DISCUSSION OF TEST RESULTS 

A detailed analysis and discussion of all the results obtained 
during this study is presented in this chapter. The chapter Is divided Into 
sections. each having a counterpart in Chapter 7 where the corresponding test 
resul ts are presented. 

8.1. Properties g! Fresh Concrete 

Type and amount of fly ash used was observed to have a slgn1ricant 
influence on the properties of tresh concrete. Some detailed intormation 
concerning the slump and settlng time were discussed in Secs. 4.2 and 7.4 tor 
Type B tly ash. The overall tindings in general terms oan be summarized as 
follows: 

1. Substl tutlng fly ash tor an equal wei ght ot oement increases 
the paste-aggregate ratio due to the lower specific gravity of 
the tly ash. This provides better cohesion and plasticity. Due 
to the spherical shape of tly ash particles. it also improves 
the workability. It was observed. however, that the plastic 
properties were extremely sensi ti ve to small changes in the 
amount of mixing water. 

2. A strong correlation was observed between the content of Type A 
tly ash and the amount ot entrained air. At a constant air 
entraining admixture dosage. air oontent decreased 
proportionally with Type A tly ash content; 

3. In cases where 35S Type A tly ash was used. additional set 
retardation was observed. This phenomenon was not investigated 
in this study. however. the delayed pozzolanic reaction of Type 
A fly ash is beUeved to be the cause or the retardation. In 
addi tlon. the water-reducing admi xture dosage used was held 
constant throughout the study. The pozzolanic nature of Type A 
tly ash does not require a water reducer-retarder to delay its 
setting time, theretore only the oement traction ot the binder 
material is directly affected by the water-reducing admixture. 
By maintaining a constant admixture dosage the cement may 
actually be overretarded by as much as 501 with a 351 
replacement with Type A fly ash. In most cases. however final 
setting times were only slightly longer than those of plain 
concrete mixes; 

J1. When the average values ot water/cement plus fly ash ratios are 
oompared in VI gs. 8.1 and 8.2. it is apparent that the lower 
ratios were associated with 6.5 sks mixes. This is especially 
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WATER / C+P RATIO vs. FLY ASH CONTENT 
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true for mlxes containing Type B fly ash. From this, lt can be 
seen that fly ash affects the properties of concrete 
differently dependlng on the proportions of the concrete 
mixture, having a more pronounced effect in richer mixtures. 

5. By comparing Figs. 8.1 and 8.2, one may conclude that the 
influence of the type of fly ash on the vater/cement plus fly 
ash ratio depends on the cement plus fly ash content ln the 
mix. 

8.2 Flexural Strength 

The fly ash concrete showed lower flexural strength at 1 and 28 days 
when compared to the corresponding control concrete containing no fly ash, as 
shown ln Figs. 8.3 through 8.6. The decrease in flexural strength was 
generally greater at 1 days than it was at 28 days, indlcating that some 
pozzolanic reactlon had occurred during prolonged curlng period. 

For all mlxes analyzed, the reduction in flexural strength was 
greater for higher fly ash contents. The type of fly ash used seems to be 
particularly important at early ages. The flexural strength of concrete wl th 
Type B fly ash decreased more rapidly than those made wi th Type A fly ash, 
mainly due to the effect on the alr content of the concrete. The average 1-day 
flexural strengths obtained for 5.5 sks mixes containing Type B fly ash were 
all below 650 psi, which was the mlnimum required by Texas SDHPT Specificatlon 
Item 360 [10J. The 5.5 sks mlxes containlng Type A fly ash all had average 
flexural strengths above the 650 psi limit. At 28 days the values of flexural 
strength, obtained for concrete containing Type B fly ash were similar to 
those obtained for concrete made wlth Type A fly ash, and above 100 psi. 

The greater reduction in the 1-day flexural stren'8th of concrete 
containing Type B fly ash as compared to Type A fly ash may be due to the 
followlng considerations: 

1. The water/cement plus fly ash ratio of the mixes containing 
Type B fly ash was higher, as shown in Figs. 8.1 and 8.2, and 
therefore the strength was lower; . 

2. The difference in the specific gravitles of the fly ashes 
yields a larger volume of paste ln the concrete contalnlng Type 
A fly ash, which may lead to better strength development 
characteristics. 

3. The air content of concrete containing Type A fly ash is lower 
for equal AEA dosages as compared to concrete containing Type B 
fly ash. Thls is especially true for hlgh percentages of 
replacement. The reduced air content would lncrease the 
strength of the concrete. 
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FLEXURAL STRENGTH vs. FLY ASH CONTENT 
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FLEXURAL STRENGTH vs. FLY ASH CONTENT 
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The use of a blended Type IP cement, contai ning 20S Type A fly ash 
was beneficial in early strength development. No significant differences in 
strength between concrete made with Type IP cement or concrete having fly ash 
added at the time of mixing were observed after 28 days of curing as shown in 
Fig. 8.5. 

On the average, the increase in flexural strength between 7 to 28 
days is on the order of , 3S for concrete wi thout fly ash and about' 8S for 
concrete containing 25S fly ash, either Type A or B. 

8.3 Compressive Strength 

Figures 8.7 and 8.8 show that the 7-day compressi ve strength of all 
fly ash concretes decreases as the fly ash content increases. Concrete 
containing Type A fly ash shows a less severe decrease in early compressi ve 
strength than Type B fly ash mixes, as shown in Fig. 8.7. 

The average values of 28-day compressi ve strength, shown in Figs. 
8.9 and 8.' 0, increased with increased fly ash content. The increase was much 
greater for concrete containing Type A fly ash than for Type B. The results 
for Type A fly ash show little strength increase for 15S replacement but 
realize higher compressive strengths at 25 and 35S replacement than those of 
concrete without fly ash. Concrete containing Type B fly ash prOduced 
compressive strengths nearly equal to those of plain concrete without fly ash 
atter 28 days. rising strength were observed. 

Similar trends can be observed in Figs. 8." and 8.'2 where the 
results of 56-day compressive strength are presented. Again, an increase in 
compressive strength for Type A fly ash concrete and nearly equal strengths 
for Type B fly ash concrete, when compared to concrete without fly ash. 

The tendency for large increases in compressive strength for Type A 
fly ash concrete is well pronounced in Fig. 8.13 where the average values of 
90-day strengths are shown. The results for Type B fly ash concrete, 
presented in Fig. 8.1_, are less clear. In rich concrete mixes the high 
percentage of Type B tly ash replacement had neglIgible eftect on the gO-day 
compressive strength, whereas lower fly ash contents showed substantIal 
strength increases. 

. . . . 
The results for the Type B fly ash indicate that there is an optimum 

replacement content, which will yield the greatest long term strensth benefit 
for a siven mix design. 

At every age the strengths tor concrete made wi th Type IP cement 
showed signIficantly higher values than plain Type I cement. This indicates 
that fly ash incorporated in the cement undergoes a quicker and more complete 
pozzolanic reaction. 
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As shown in Figs. 8.15 through 8.18, there Is a contlnuous and 
slgnlflcant strength development beyond 28 days In concrete contalnlng fly 
ash. The rate of strength galn between 7 and 28-days Is relatl vely steep. 
reflectlng the fact that early strength of fly ash concrete was lower than the 
strength of equl valent portland cement concrete. At 28 days. all but a few 
values of the fly ash concrete strengths are higher than the plaln concrete 
strength. There Is no exceptlon at 90 days where all strength values at fly 
ash concrete, regardless of type or amount ot tly ash used, are higher than 
those ot the plaln concrete control mlx. In some cases the Increase In 
strength Is slgnlflcant. 

Thls Increase In strength galn Is better shown In Flgs. 8.19 through 
8.22 where the relatlve compresslve strength values are presented for 
dltterent ases and tly ash contents In relatlon to 28-day. 

The relati ve decrease 1 n strength at early age dues to the use ot 
tly ash varles from about 0.55 to about 0.82 dependlng on the amount and type 
of tl-y ash used. The relatl ve Increase In strength Is greater atter a 
prolonged curlng tlme. Agaln. the increase in strength depends on type and 
amount ot tly ash used but It could be as high as _OS In some cases. 

In summary. although It seems to be obvious that the rate ot 
strength varlatlons depends on the age ot concrete as well as type and amount 
ot tly ash used, one should remember that 1 t Is also stronSlY dependent on the 
consistency ot the tresh concrete. the w/c+p ratl0 and the alr content. The 
results Indicate only the general trends, In order to be more concluslve, 
turther research is needed wlth strlngent control on conslstency, water, and 
al r contents. 

8._ Effect ot Temperature and Mixlng Time 

The data presented In Chapter 7._ demonstrates clearly that Type B 
tly ash may Increase the slump loss ot concrete made at 72°F. The total slump 
loss Is not slgniflcantly Intluenced by the percentage ot cement replacement. 
Slump loss Is rapld durlng the tirst 30 mln and relatlvely mlnor thereafter. 
The amount ot mlxing water needed tor a gl ven sl ump In the hot temperature 
mlxes tended to increase tor Increased tly ash contents. this, in comblnation 
wlth its slower rate ot strength galn, reduces the early strength ot concrete 
contalnlng Type B tly ash. The slower Inltial strength galn did not Intluence 
the 28-day compressive strength as long as th. tly.ash replacement was below 
25S. 

Mlxes conta1nlng tly ash are more sens1tive to the ettects of 
prolonged mlxlng than are plaln concrete m1xes. The increased sensltlv1ty may 
be due to the reduced inltlal w/c+p ratio'which is shown in Table 7.1. 
Excesslve m1xlng ot tly ash concrete may cause severe workab1lity, handling, 
and plaCing problems. 

i 
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COMPRESSIVE STRENGTH vs. SPECIMEN AGE 
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COMPRESSIVE STRENGTH vs. SPECIMEN AGE 
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COMPRESSIVE STRENGTH vs. SPECIMEN AGE 
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COMPRESSIVE STRENGTH vs. SPECIMEN AGE 
6.5 sack mix. Type B Fly Ash.' Slump: 3-4 in. 
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RELATIVE STRENGTH vs. TEST AGE 
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RELATIVE STRENGTH vs. TEST AGE 
5.5 sack mix, Type B Fly Ash,' Slump: 3-4 in. 
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RELATIVE STRENGTH vs. TEST AGE 
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RELATIVE STRENGTH vs. TEST AGE 
6.5 sack mix, Type B Fly Ash, Slump: 3-4 in. 
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For all cases when the extended mixing time is necessary, it ls 
suggested that several trial mixes be made so that the requlred degree of 
workability can be determined. 

8.5 Effect of Curing Compound 

The curing compound used in this study had no effect on the flexural 
strength and a nominal effect on the compressive strength under hot dry 
conditions, as shown in Figs. 7.41 and 7.42. The use of the spray curing 
compound shows a detrimental effect to tly ash concretes cured at 75°F. 
Figure 7.42 shows that plain concrete cured at 72°F and 100S relative humidity 
had nearly the same compressive strength as plain concrete cured at 75°F, 55S 
relative humidity and with a curing compound, whereas fly ash mixes under the 
same curing condi tions showed drastl cally lower strengths were the curing 
compound was used. 

Fly ash realizes much greater strength gains when a mOist condition 
is maintained In the concrete. The pozzolanic reaction of tly ash requires 
both calclum hydroxide, a product ot cement hydration, and water to provide 
addl tlona! bindlng agents to the concrete. The spray curing compound does not 
provide an adequate mOisture barrier in fly ash concrete. 

8.6 Effect of Curing Conditions 

The compressi ve and flexural strength test resul ts tor concrete 
subjected to different curing conc11tions are presented in Sec. 7.6. Figures 
7.43 through 7.50 show the eftects of curing concrete containing fly ash at 
cold, but not freezing, temperatures. In general, the flexural and 
compressive strength developments in fly ash concretes is simllar to that of 
concretes wi thout tly ash. Type IP cement pertormed well under these cold 
condi tions, especially In the 5.5 ska mix. Concrete containing Type IP at 5.5 
sks/cu.yd. had both higher tlexural and compressive strengths than ei ther 0 or 
25S Type A tly ash replacement mixes. Compressi ve strengths in cold cured 
mixes with a CF ot 6.5 vas greater in nearly all fly ash mlxes than in 
Concrete without tly ash. In general. cold curing did not substantially affect 
the strength of concrete contalning tly ash in th1s study. 

The eftects of hot curing conditions are presetned in Figs. 7.51 
through 7.58. SpeCimens vere mOist cured tor d1tterent times to distinguish 
the optimal mOist curing ti-me ot concrete eontaining fly ash from that ot 
portland cement concrete mixes under high temperatures and low humidity. 
Again, the flexural strength developments ot all the mixes were similar, and 
Type IP cement produced higher strengths regardless of the mOist curing t1 me 
vhen compared to concrete vi thout fly ash. 

Fro. Figs. 7.55 and 7.56 1 t is seen that tor mi xes wl th a CF of 5.5, 
a 3-day mOist curing period tollowed by 25 days of hot dry conditions produced 
the highest com pressi ve strengths. The results were the same for fl y ash 
concretes and concrete without tly ash. In mixes wlth a CF of 6.5 the optlmum 
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compressive strength va~ied between 3 and 7 days tor ditte~ent tly ash 
contents and types. Mixes containing 351 Type A fly ash reached the highest 
strengths when mOist cured 3 days and sto~ed at hot dry conditions tor 25 
days. However, concrete containing O. 25 and 351 Type B tly ash or 20 and 251 
Type A tly ash reached optimal strength atter 7 days ot mOist curing and 21 
days ot hot dry condi tions. The strength gain ot these tly ash mi xes were 
typically much greater between 3 and 7 days when compared to plain concrete 
wi thout tly ash. 

In summry, optimal moIst curIng time depends on the cement plus tly 
ash content, as well as. the percent replacement ot cement wI th tly ash and 
environmental condltlona atter moIst curing is discontinued. However, fly ash 
mixes benetit more than mixes without tly ash trom slightly extended mOist 
curIng times. 

8.7 Freezing and thawing 

From the results ot treeze-thaw tests presented In Chapter 8, the 
tollowing generalizatIons can be made: 

1. The 6.5 sks concrete mixes wIth or without tly ash pertormed 
excellently In the test trom the standpoint ot reduction in 
dynamic modulus and physical appearance. The type and the 
amount ot tly ash were not signiticant tactors; 

2. The treeze-thaw resistance ot 5.5 sks mixes was influenced by 
the type and the amount ot tly ash. Concrete contaIning higher 
contents ot Type A tly ash experienced greater treeze-thaw 
damage than concrete containing Type B tly ash; 

3. The amount ot entra1ned air 1n the 6.5 sks concrete series was 
not as Important In providIng better treeze-thaw resistance ot 
the concrete as in the 5.5 sks concrete series. The study 
demonstrated that use ot a low calcium, higher LOI Type A, tly 
ash attects the amount ot all" entrainment ot concrete; and 

Ji. It may be concluded trom the above tindings, that the use ot 
tly ash wIth a relatively rIch concrete mIx has a negligible 
ettect on the treezing and thawing durabIlIty ot that concrete. 
In lean mixes, however, the am.ount·ot air should be caretully 
controlled in order to assure that the durabilIty ot tly ash 
concrete Is comparable with the durabilIty ot a concrete 
wIthout tly ash. 
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CONCLUSIONS AND RECOMMENDATIONS 

9.1 Conclusions 

The decision to use or not to use tly ash should be based on such 
tactors as the quality ot the material available, the ettect ot the tly ash on 
the properties ot tresh and hardened concrete, and cost ettecti veness. The 
test results presented in this report reter mainly to the second tactor 
mentioned above - properties ot concrete containing tly ash. 

The detailed comments on the results ot physical tests pertormed on 
tly ash concretes are presented In Chapter 8. Based on those results, more 
general conclusions are presented in thls chapter, which should serve as 
guidellnes tor the selectlon ot materials and trlal mix deSign procedure tor 
proportioning concrete contalnlng tly ash. 

While using these guidellnes the resldent engineer should remember 
that the test resul ts are based upon and retlect a gl ven set ot cements and 
tlyashes. The authors cannot overemphasize the necessity ot testlng the 
particular materials being considered and not assuming that the results will 
be similar to a "like" set ot materlals belng used elsewhere. Brands ot 
cement and sources ot fly ash vary too much to assume spec1tic behaviors. One 
can only say that the trends observed should be similar to those presented 
here. 

The data presented demonstrates clearly that concrete ml xes wl th 
ditterent cement tactors containing up to 351 by welght ot tly ash can be 
designed to have adequate workabillty, strength, and durability tor highway 
pavement appl1cations. The tollowing conclusions have been made regarding the 
selection ot materials, strength and durabillty propertles as well as mix 
design procedure: 

1. During the mixing operations, it is recommended that a constant 
slump and constant air content be used as the criterion tor 
establishing the water requirement, since tly ash is a 
workability agent. The use ot tly ash as a partial cement 
replacement will usually reduce the water content ot concrete 
at equal consi-stency. The reduction ot water will depend on 
the mix proportioning as well as type and properties ot tly 
ash; 

2. Since the air content appears to be related to the type ot tly 
ash used, in cases when air-entrained concrete is specitied 
several. trial mixes should be made so that the required dosage 
of air-entralning agent can be determined; 
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3. AlthouSh in seneral the settins time or rly ash concrete was 
comparable with the settins time or plain concrete. some 
retardation or settins due to the use or rly ash may occur 
dependins on the proportions or concrete mix and chemical 
composi tion or the ash; 

~. In these tests. the errect on the strensth or both the type and 
amount or rly ash is qui te distinct. Fly ash concrete showed 
lower rlexural strength (especially at 7 days) when compared to 
the correspondins control concretes with no rly ash. The 
reduction in flexural strensth tends to be greater for hisher 
fly ash contents. The compressive strength of fly ash concrete 
was at 28. 56. and 90-day values exceeded that of the non-rly 
ash concretes; 

5. Mixes containins fly ash have been found to be more influenced 
by prolonsed mixins time than plain concrete mixes. For cases 
where the extended mixins time misht be necessary it is 
sussested that several trial mixes be made under the expected 
Job conditions; and 

6. Fly ash concretes tend to be more sensitive to curins 
temperature. humidity. and air entrainment than plain 
concretes. 

9.2 ~ Design Recommendations 

Mix design procedures for conventional portland cement concrete are 
based on general knowledge of the relationship between the mix proportions and 
the expected characteristics of both the plastic and hardened concrete. 
Laboratory testing is usually required to verify the expected perrormance. 
The extent of physical tests necessary for confidence depends on the 
information available on the past performance or each of the particular 
consti tuents used in the mi x. 

The above considerations apply to the design of concretes containing 
fly ash. as well. because in general the fly ash mix design procedure has as 
its objective a particular concrete strength at a desired consistency. 

The mix design may be ·in terms of. weishts or volumes. but must 
ultimately yield one cubic yard for the specified c+p content. coarse 
agsrelate factor. air content. and water factor. The procedure proposed in 
Report 36~-~ is primarily concerned with the problem of rationally 
proportioning the constituents in concrete containing fly ash to produce 100d 
quality concrete that meets all applicable specifications. The procedure also 
must provide a means of optimizing the rly ash content through a ranse of 
cement factors. so as to realize both the techn1cal and economic advantases or 
concrete containlns fly ash. 



It is the recommendation of this report that trial batches of 
varyins cement factors and fly ash contents, by weisht or volume, be performed 
and tested to obtain an economically efficient mix desisn which meets all 
necessary specifications. 

The recommended trial batchins and mix proportionins procedure are 
presented in detail in Research Report 36ij-4. 
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APPENDIX A 

MATERIAL PROPERTIES 

This section contains the physical and chemical properties of the 
cements, fly ashes and aggregates used in this study. 
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Table A.1 Chemlcal and Physlcal Propert.les of Type I 
Portl and Cement. 

Chemlcal Composlt.lon 

Slllcon Dloxlde (S10) 
Alumlnum Dloxlde (A1203) 
Ferric Oxide (Fe203) 
Calci um Oxide (caO) 
Magneslum Oxlde (MgO) 

Sulfur Trloxlde (S03) 
Loss on I snl t.1 on 
Insoluble Resldue 
Free Llme (caO) 

Trlcalclum Slllcat.e (C3S) 
Trlcal.cilm Ahmlnat.e (C3A) 

Physlcal Propert.les 

Tlme of Set.t.1ng: 
In1 t.1 al 
Flnal 

Speclflc Surface: 
Blaine 
Wagner 

Ccmpressi ve Strength: 
l-day 
3-day 
1-day 

Gilmore 

91 mln 
112 mln 

3310 em/gill 
1880 am/gill 

2020 psi 
3800 psi 
4160 psl 

Percent 

22.0 
4.1 
3.1 

65.8 
.9 

2.1 
.9 
.5 

1.0 
59.0 

6.0 

Vlcat 

86 mln 
161 mln 



Table A.2 Chemlcal and Physical Properties of Type IP 
Portland CElDent 

Chemical Composition 

S11100n Dioxide (SiO) 
Aluminum Dioxide (A1 203) 
Ferric Oxide (Fe203) 
Calcium Oxide (CaO) 
Magnesium Oxide (MgO) 
Sodi um Oxi de (HaO) 
Postasslum Oxide (KO) 
Insoluble Residue 
Free Lime (CaO) 

Physical Properties 

Time of Setting: 
Initial 
Final 

Specific Surface: 
Blaine 
Wagner 

Compressive Strength: 
1-day 
3-day 
7-day 

28-day 

Gilmore 

165 mi n 
280 min 

3026 em/gm 
1355 em/gm 

1922 psi 
3513 psl 
.115.115 psi 
6093 psi 

151 

Percent 

28.9 
7.9 
3.8 

53.1 
.1 
.2 
• .11 

1.11.7 
.7 

Vicat 

106 min 
226 min 
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Table A.3 Fly Ash Cheall cal Caaposl tlon Requlr_enta 

Specitications 
Experimental Program Texas SDHPT 

Big Brown Monticello Welch Type A Type B 

Si+A1+Fe oxides 
mlnlml.lll S 78.117 85.117 57.05 65 50 

Ca oxlde 
maxlmlJD S 10.22 9.22 38.09 • • 

Mg oxlde 
maximlJD S 1. 73 1.88 6.80 5.0 5.0 

Sultate 
maxlmun S 0.911 0.25 11.211 5.0 5.0 

Available Alkalles 
as Na oxlde 
maxlmlJD S 0.17 1.5 1.5 

t.oss on Ignit10n 
maxlml.lll S 0.113 0.211 0.26 3.0 3.0 

Molst ... e 
maxlmlJD S 0.10 0.15 2.0 2.0 

Fineness 1325 
maxlml.lll retained 12.80 35.70 12.80 30 30 

Pozzolan1c 
Actl vi ty 96.95 989 psi 106.05 75 75 

Shrinkage 
maxlml.lll S 0.011 0.008 .03 .03 

I 4S maximua variation trail previous ten samples 
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Table 1..4 Coarse Aggregate 

Haterial: Partially crushed river gravel 

Haxim1.lll si ze: 1 • 0 in. 

Bulk specific gravity, SSO: 2.55 lb/cu.ft. (ASTH C127) 
(Tex !l03A) 

Unit weight, SSO: 96.!I lb/cu.ft. (ASTH C29) 
(Tex !lOllA) 

• of solids: 60.5' (Tex -05A) 

Absorption: 0.77' (ASTM C127) 
(Tex -03A) 

Seive • Size Pass1ng 
ASTH C33 
Size 57 

Texas Item 
Grade II 

153 

!l21 

1-1/2 in 100 100 Same as ASTH 

1 1n. 98.9 95-100 

1/2 in. 3l1.8 25-60 

III 1.2 0-10 

18 0.3 0-5 

Pan 0 
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Table A.S FIne Aggregate 

MaterIal: natural sand 

Flneness modulus: 2.73 

Bulk specIflc gravity, SSD: 2.61 lb/cu.ft. (ASTM C128) 

Unlt weight, SSD: 97.1 lb/cu.ft. (ASTM C29) 

J of sollds: 59.5J 

Absorptlon: O.~J 

Selve 
Slze 

3/8 In. 

I~ 

18 

,,6 

130 

150 

1100 

1200 

Pan 

J 
Passing 

100 

99.2 

93.3 

73.2 

~6.6 

13.6 

1 • 1 

o 

ASTM C33 

100 

95-100 

80-100 

50-85 

25-60 

10-30 

2-10 

o 

Texas Item ~2' 
Grade 1 

100 

95-100 

80-100 

50-85 

25-65 

10-35 

0-10 

0-3 

o 
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APPENDIX B 

MIX DESIGN 

This section contains the "original" mix proportions as supplied 
by the Texas State Department of HIghways and Publ1c Transportation as 
well as the "re-deslgned" mix proportions for mixes wi th a CF of 5.5 
and 6.5 sks/cu.yd., respect! vely. 
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Table 8.1 5.5-Sack Mix Proportions (per" cubic yard) 

Pozzollth AIr UnIt 
Mix CaDent Fly Ash Sand CA Water (oz) Sll.lllp Content wt 

Deseri pt1 on (lb) (lb) (lb) (lb) (lb) MBVR (oz) (1n. ) (I) (lb/tt3) 

A 
No Fly Ash "98 1254 192" 218 33/2.15 3.0 6.5 lit .. 

B 
151 Type 8 1123 15 1209 188 .. 218 33/2.15 3.0 6.5 ' .. 0 

C 
251 Type 8 382 121 1183 1913 22 .. 33/2.15 3.1 ".5 , .... 

D 
351 Type 8 330 111 1111 1965 218 33/2.15 3.0 ".6 1113 

E 
351 Type A 331 118 1182 1913 22" 33/215 11.0 3.5 111 .. 

F 
251 Type A 383 121 1186 1980 211 33/215 315 3.5 lit .. 

G 
151 Type A "26 15 1231 1909 228 33/215 3.0 ".0 1112 

H 
201 Type A 511 1186 1980 22" 33/2.15 3.8 ".1 , ..... 5 
IP CElient 



Table 8.2 6.5-Sack Mix Proportions (per' cubic yard) 

Pozzolith Air Unit 
Mix C_ent Fly Ash Sand CA Water (oz) 811ftp Content wt 

Descr1 pti on (lb) (lb) (lb) (lb) (lb) MBVR (oz) (in. ) (') (lb/rt3) 

J 
No Fly Ash 596 1017 1960 2116 33/3.25 ".0 6.0 1111 .0 

K 
15' Type 8 526 93 1097 1968 2116 33/3.25 3.3 5.0 1115.0 

L 
25' Type 8 11117 150 1018 1962 2"5 33/3.25 3.5 6.0 1112.0 

M 
35' Type B "00 215 10110 2022 239 33/3.25 3.5 11.7 1115.0 

N 
15' Type A 512 90 999 1973 258 33/3.25 3.5 11.3 1112.0 

0 
25' Type A 1162 153 1031 20111 228 33/3.25 3.75 3.8 , ..... 0 

p 
35' Type A 396 212 1075 2005 226 33/3.25 3.5 2.5 1115.0 

I 
20' Type A 602 1000 1975 265 33/3.25 3.0 ".0 '''2.0 .... 
IP Cement V1 ..... 



• • 
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APPENDIX C 

FREEZE-THAW TEST DATA 

This section contains the freeze-thaw test data for concrete 
mixes investigated in this study. The tests have been conducted by 
personnel from the Materials and Test Division of the Texas State 
Department of Highways and Public Transportation. 
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Resul ts or Laboratory Freezing-Thawing Tests· 
(5.5 sk II1xes) 

Mix 
Designation AN BN CN DN EN FI (jN lIN 

Type of B B B A A A A 
Fly Ash (Type IP 

C_ent) 
Percent 
Replacement 0 15 25 35 35 25 15 20 
by wt 

10. of Cycles Frequency (hz) 

0 1803 1886 1198 1813 1818 18119 175" 1809 

30 1181 1857 1183 1789 1625 1756 1719 1738 

60 1771 18 .. 8 1776 118" 1501 1635 1706 170' 

90 1771 18"9 1781 1760 11179 11181 1699 1708 

120 1777 18113 1787 1725 11119 '''03 1685 1688 

150 1753 1837 1785 168 .. 11111 12110 1679 1686 

180 11 .... 1823 1781 16 .... 11152 1321 1639 1697 

210 1726 1806 1775 1617 11136 1388 162" 1690 

2 .. 0 1707 1783 1173 1572 1253 '1139 1598 1769 

210 1702 1757 1776 15113 111611 '''33 1566 1675 

300 170 .. 1739 1768 1Jt65 1391 1362 151" 1656 

• Each value Is the average of at least two tests. 

• 
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Resul ts or Laboratory Freezing-Thawing Tests-
(6.5 sk _hea) 

Mix 
Designation IN IN KH LN til ffN at PN 

Type of A B B B A A F 
Fly Ash (Type IP 

Caaent) 
Percent 
Repl ace. ent 20 0 15 25 35 15 25 35 
by lit 

No. or Cycles Frequency (hz) 

0 1868 1928 1883 1883 185" 1896 1900 191111 

30 1860 190_ 1861 1876 1838 18911 1880 1930 

60 185_ 1892 1862 1816 18116 1893 1873 1931 

90 185_ 1892 1860 1876 1850 1895 1860 1930 

120 18511 1887 1860 1813 1850 1888 1852 1932 

150 18511 1889 1858 1817 1852 1891 18119 1932 

180 1859 181_ 1853 18111 1851 1887 181t3 19311 

210 1857 1869 1853 1811 1850 1881 1830 1933 

2110 1856 1868 18'" 1868 1852 1881 1816 1933 

270 1851 1859 1831 1870 1856 1810 1768 1929 

300 1855 18117 1830 1868 1850 1868 1700 1929 ..... 
CI' 

• Each value 13 the average or at least two tests. ..... 
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Results of Laboratory Freez1ng-Thaw1nl Tests* 
(5.5 sk .. hes) 

Mix 
Des1gnation AN BN eN ON EN FN ON HN 

Type or B B B A A A A 
Fly Ash (Type IP 

Ceaaent) 
Percent 
Replacement 0 15 25 35 35 25 15 20 
by wt 

No. or Cycles Relat1ve Dynam1c Modulus (E x 106 pal) 

a 3.25 3.56 3.23 3.29 3.31 3.'12 3.08 3.21 

30 3.11 3.,.6 3.11 3.20 2.65 3.08 2.95 3.02 

60 3.13 3.111 3.15 3.18 2.25 2.61 2.91 2.30 

90 3.1'1 3.112 3.11 3.10 2.19 2.20 2.89 2.92 

120 3.16 3.39 3.19 2.98 2.01 1.91 2.811 2.85 

150 3.01 3.31 3.19 2.89 1.99 1.55 2.82 2.85 

180 3.011 3.32 3.11 2.10 2.11 1.16 2.69 2.88 

210 2.98 3.26 3.15 2.62 2.06 1.9'1 2.63 2.86 

2"0 2.92 3.18 3.1" 2.111 1.51 2.01 2.55 3.12 

210 2.89 3.08 3.15 2.31 2.1" 2.05 2.116 2.80 

300 2.90 3.02 3.13 2.15 1.93 1.86 2.29 2.111 

• Each value 1s the average or at least two tests. 

• 



.. 

Results of Laboratory Freezing-Thawing Tests' 
(5.5 sk mixes) 

Mix 
Designation AN BN CM DN EN FN CN tIN 

Type or B B B A A A A 
Fly Ash (Type IP 

Cement) 
Percent 
Replactlllent 0 15 25 35 35 25 15 20 
by wt 

No. or Cycles Durability Factor 

0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

30 97.6 96.9 98.3 97.3 76.3 90.1 95.9 92.3 

60 96.5 95.9 97.6 96.7 68.1 78 ... 9".6 88.7 

90 I 96.5 96.1 98.2 9".1 66.1 64.2 93.7 89.1 

120 97.1 95." 98.8 90.5 60.8 57.6 92.2 87.1 

150 9".5 911.8 98.8 86.3 60.2 "5.3 91.7 87.1 

180 93.5 93.3 98.3 82.2 63.8 51." 87.2 88.1 

210 91.8 91.6 97." 79.5 62.3 56.8 85.5 87.5 

2"0 89.8 89.3 97.3 75.1 "7.11 60.5 82.8 95.7 

270 89.0 86.6 97.5 7 ..... 6".8 60.0 79.7 85.8 

300 89.2 811.8 96.9 65.3 58.3 5".11 7 ..... 83.8 
..... 

------ a-
• Eachvalue-rs-the average ot at least two tests. I..J 
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Reaul ts or Laboratory Freezl ng-Thawl ns Tests. 
(6.5 sk .lxes) 

Mix 
Dealsnatlon IN JH KN LN .. HH at PH 

Type or A 8 8 B A A A 
Fly Ash (Type 1P 

C.ent) 
Percent 
Replac_ent 20 0 15 25 35 15 25 35 
by wt 

No. or Cycles Relative Dynamic Modulus (E x 106 psi) 

0 3."9 3.72 3.55 3.55 3."" 3.59 3.61 3.18 

30 3."6 3.63 3."6 3.52 3.38 3.59 3.53 3.12 

60 3."" 3.58 3.116 3.52 3."0 3.58 3.51 3.13 

90 3.1111 3.56 3."6 3.52 3."2 3.59 3."6 3.12 

120 3.1111 3.56 3.116 3.51 3.112 3.51 3."3 3.13 

150 3.11 .. 3.57 3."5 3.53 3."3 3.58 3."2 3.13 

180 3."5 3.51 3.1111 3.51 3."2 3.56 3."0 3.111 

210 3.115 3."9 3.11" 3.50 3."2 3.5" 3.35 3.13 

2"0 3 ..... 3.119 3.39 3.119 3."3 3.511 3.30 3.7" 

270 3."2 3."5 3.35 3..50 3."8 3.50 3.13 3.72 

300 3."" 3.111 3.35 3."9 3.112 3."9 2.89 3.12 

• Each value is the averase or at least two tests. 



Results or Laboratory FreeZing-Thawing Tests' 
(6.5 ak .1xes) 

Mix 
Designation II JH KN LH ... HI (Ii PH 

TYpe ot .l B B B A A A 
Fly Aah (Type IP 

eement) 
Percent 
Replaceaaent 20 0 15 25 35 15 25 35 
by wt 

No. or eyel es Durab1l1ty factor 

0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

30 99.2 97.5 97.5 99.1 98.3 100.0 97.8 98." 

60 98.6 96.2 97.6 99.1 98.9 99.8 91.1 98.6 

90 98.6 96.2 97.6 99.1 99." 100.0 95.8 98." 

120 98.6 95.1 97.5 98.9 99.3 99." 95.0 98.1 

150 98.6 95.9 91.2 99.3 99.7 99.6 9".7 98.8 

180 98.9 9 ..... 96.8 99.0 99.5 99.1 9".1 98.9 

210 98.9 93.9 96.8 98.5 99." 98.5 92.1 98.7 

2110 98.6 93.1 95.6 98.3 99.6 98.5 91.3 98.8 

270 98.0 92.9 911.3 98.5 101.2 97.5 86.6 98.5 

300 98.6 91.1 9".3 98.3 99." 91.2 80.1 98." ..... 
0-

• Each value Is the ueraie' of at least tvo tests. VI 
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