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Fly ash is used in concrete and other portland cement-based 

systems primarily because of its pozzolanic and cementitious prop-

erties. These properties contribute to strength gain and are known 

to improve the performance of fresh and hardened concrete, mortar, 

concrete construction.

concrete and concrete products. Information and recommenda-

ashes conforming to the requirements of ASTM C618 are provided. 

Topics covered include a detailed description of the composition of 

and specialty concretes, and recommended procedures for quality 

this report; readers can consult ACI 232.3R for more information.

Keywords: alkali-aggregate reaction; controlled low-strength material; 
durability; Ày ash; mass concrete; So]]olan; sulIate resistance; sustain-
ability; workability.
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CHAPTER 1—INTRODUCTION, SCOPE, SOURCES, 

AND SUSTAINABILITY

1.1—Introduction

)ly ash, a material resulting Irom the combustion oI 
SulYeri]ed coal, is widely used as a cementitious and So]]o-
lanic ingredient in concrete and related Sroducts. )ly ash is 
introduced in concrete either as a seSarately batched material 
�A6TM &���, &lass & or )� or as a comSonent oI blended 
cement �A6TM &���/&���M; A6TM &����/&����M; 
A6TM &����/&����M�.

)ly ash Sossesses So]]olanic SroSerties similar to the natu-
rally occurring So]]olans oI Yolcanic or sedimentary origin 
Iound in many Sarts oI the world. Two thousand years ago, 
the Romans mi[ed Yolcanic ash with lime, aggregate, and 
water to Sroduce mortar and concrete �VitruYius �����. ,n 
modern concrete, Ày ash combines with calcium hydro[ide 
�&a�OH��, also known as Sortlandite, which Sredominately 
results Irom the hydration oI Sortland cement, and with 
water to Iorm additional cementing Sroduct. This Srocess, 
called the So]]olanic reaction, creates a ¿ner Sore structure, 
which in turn increases the durability oI mortar and concrete.

All Ày ashes e[hibit So]]olanic SroSerties to some e[tent. 
HoweYer, some Ày ashes also disSlay Yarying degrees oI 
cementitious SroSerties without the addition oI &a�OH�� or 
hydraulic cement. The cementitious nature oI the latter tySe 
oI Ày ash is Srimarily attributed to the Sresence oI reactiYe 
constituents such as calcium aluminate and calcium silicate 
Shases, and calcium o[ide. The role oI Ày ash in concrete 
with hydraulic cement is summari]ed as�

a� &alcium and alkali hydro[ides that are released into 
solution in the Sore structure oI the Saste by hydrating 
cement combine with the So]]olanic Shases oI Ày ash, 
to Iorm additional calcium silicate hydrate �&-6-H� gel 
�cementing matri[�

b� The heat oI hydration helSs to initiate the So]]olanic 
reaction and contributes to the rate oI the reaction

:hen concrete containing Ày ash is cured, Ày ash reac-
tion Sroducts ¿ll sSaces originally occuSied by mi[ing water 
but not ¿lled by the hydration Sroducts oI the cement, thus 
reducing the concrete Sermeability to Àuids �Manmohan 
and Mehta �����. The slower reaction rate oI Ày ash, 
when comSared with hydraulic cement, limits the amount 
oI early heat generation and the detrimental e൵ect oI early 
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temSerature rise in massiYe concrete structures. &oncrete 
SroSortioned with Ày ash can deYeloS SroSerties that are not 
achieYable through the use oI hydraulic cement alone.

1.1.1 History—)ly ash Irom coal-burning electric Sower 
Slants became readily aYailable in the ����s and, shortly 
thereaIter, the study oI Ày ash Ior use in hydraulic cement 
concrete began �DaYis et al. ����; 6tanton �����. This early 
research serYed as the Ioundation Ior initial sSeci¿cations, 
methods oI testing, and use oI Ày ash. Abdun-Nur ������ 
coYers much oI the early history and technology oI using Ày 
ash in construction and includes an annotated bibliograShy 
�����-�����. 6ince this early work, much research has been 
SerIormed regarding alkali-silica reaction �A6R� mitigation 
using Ày ash. A recent summary is SroYided by Thomas et 
al. ������.

,nitially, Ày ash was used as a Sartial reSlacement oI 
hydraulic cement, which is tySically the most e[SensiYe 
manuIactured comSonent oI concrete. As Ày ash usage 
increased, researchers recogni]ed that Ày ash could imSart 
bene¿cial SroSerties to concrete. Additional research was 
done on the reactiYity oI Ày ash with calcium and alkali 
hydro[ides in Sortland cement Saste, and the ability oI Ày 
ash to act as a mitigator oI deleterious alkali-silica reactions 
was identi¿ed �DaYis et al. �����. Other research has shown 
that Ày ash oIten imSroYes concrete¶s resistance to deteriora-
tion Irom sulIates �Dunstan ����, ����; Tikalsky et al. ����; 
Tikalsky and &arrasTuillo �����. )ly ash also increases the 
workability oI Iresh concrete and reduces the Seak temSera-
ture oI hydration in mass concrete. The bene¿cial asSects 
oI Ày ash were esSecially notable in the construction oI 
large concrete dams �Mielen] �����. 6ome maMor SroMects, 
including the Thames %arrier in the 8K �Newman and 
&hoo ����� and the 8SSer 6tillwater Dam in the 8nited 
6tates �3oole �����, incorSorated �� and �� Sercent mass 
reSlacement oI hydraulic cement with Ày ash to reduce heat 
generation and decrease Sermeability, resSectiYely. The 
,raiYan TemSle, built in Kauai, H,, in ����, has a Ioundation 
comSosed oI high-Yolume Ày ash �HV)A� concrete with an 
estimated serYice liIe oI ���� years �Mehta and Langley 
�����. This conceSt oI HV)A concrete was adoSted Ior 
Ioundation construction oI at least two additional temSles in 
the 8nited 6tate� one located in &hicago, ,L, and the other 
in Houston, T; �Malhotra and Mehta �����. ,n addition, 
numerous SroMects in the 8nited 6tates haYe used HV)A 
concrete Ior sustainable construction. More inIormation on 
HV)A usage is aYailable in &haSter � and A&, ���.�R.

A new generation oI coal-¿red Sower Slants were built in 
the 8nited 6tates during the late ����s and ��s using e൶-
cient coal mills and state-oI-the-art SyroSrocessing tech-
nology. These Slants Sroduce Ày ash with a smaller aYerage 
Sarticle si]e and lower carbon content. )ly ash containing 
high leYels oI calcium o[ide became aYailable because oI the 
use oI western 8.6. coal sources, tySically subbituminous and 
lignite. Enhanced economics and imSroYed technologies, both 
material- and mechanical-based, haYe led to a greater use oI 
Ày ash throughout the ready mi[ed concrete industry. E[ten-
siYe research has led to a better understanding oI the chemical 
reactions inYolYed when Ày ash is incorSortated in concrete.

)ly ash is used in concrete Ior many reasons �reIer to 
&haSter ��, including imSroYements in workability oI Iresh 
concrete, reduction in temSerature rise during initial hydra-
tion, imSroYed resistance to sulIates, reduced e[Sansion due 
to alkali-silica reaction, and contributions to the durability 
and strength oI hardened concrete. ,n the ����s and ����s, 
some Sower Slants made changes to co-¿re coal with biomass 
and to imSroYe air Tuality by using scrubbers to reduce 
sulIur o[ide emissions �6O[�, catalytic reduction eTuiSment 
to reduce nitrous o[ide emissions �NO[�, and Yarious systems 
to reduce mercury emissions. These additional systems haYe 
the Sotential to alter the comSosition oI the Ày ash by incor-
Sorating such comSounds as ammonia, sulIate, sul¿te, alkalis, 
and carbon residues. These changes should be considered 
when selecting Ày ash sources, as additional Tuality control 
Sarameters may be reTuired Ior acceStance.

1.2—Scope

The scoSe oI this reSort is to describe the use and char-
acteri]ation oI Ày ash, its SroSerties, and its imSacts on 
concrete SroSerties. *uidance is SroYided concerning 
sSeci¿cations, Tuality assurance, and Tuality control oI Ày 
ash itselI, as well as that oI concrete and related Sroducts 
Sroduced using Ày ash.

1.3—Source of �y ash

Due to the increased global use oI SulYeri]ed coal as 
Iuel Ior electric Sower generation, Sarticularly in &hina 
and ,ndia, Ày ash is aYailable in many areas oI the world. 
ASSro[imately ��.� million tons ���.� million metric tons� 
oI Ày ash are Sroduced annually in the 8nited 6tates �Amer-
ican &oal Ash Association �����. An estimated �� Sercent oI 
that total is used in the Sroduction oI cement, concrete, and 
manuIactured concrete Sroducts.

1.3.1 Production and processing—The ash content oI 
coals by mass may Yary Irom � to � Sercent Ior subbitu-
minous and anthracite coals, to as high as �� to �� Sercent 
Ior some lignites. The combustion Srocess, which creates 
temSeratures oI aSSro[imately �����) ������&�, liTue¿es 
the incombustible minerals. RaSid cooling oI these liTue¿ed 
minerals uSon leaYing the ¿rebo[ causes them to Iorm sSher-
ical Sarticles with a Sredominantly glassy structure. Many 
Yariables can a൵ect the characteristics oI these Sarticles. 
Among these are coal comSosition, grinding mill e൶ciency, 
the combustion enYironment �Ior e[amSle, temSerature and 
o[ygen suSSly�, boiler/burner con¿guration, mineral addi-
tions, Srocessing conditions, and the rate oI Sarticle cooling.

Modern coal-¿red Sower Slants that burn coal Irom a 
uniIorm source Sroduce Yery consistent Ày ash. )ly ash 
Sarticles originating Irom the same Slant and coal source will 
Yary in si]e, chemical comSosition, mineralogical comSosi-
tion, and density. 3article si]es may run Irom less than � ȝm 
to more than ��� ȝm, and density oI indiYidual Sarticles may 
Yary Irom less than ��.� lb/It� �� g/cm�� Ior hollow sSheres 
to more than ��� lb/It� �� g/cm�� Ior Ày ash with a SreSon-
derance oI solid sSheres. The true density oI bulk Ày ash 
Sroduced by a single coal-burning Slant will tySically not 
Yary dramatically.
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&ollection oI these Sarticles Irom the Iurnace e[haust 
gases is routinely accomSlished by electrostatic or mechan-
ical SreciSitators or by bag houses. A tySical gas Àow Sattern 
through an electrostatic SreciSitator is shown in )ig. �.�.�.

As Ày ash Sarticles are collected in a bag house or mechanical 
SreciSitator, they segregate in seTuential SreciSitator hoSSers 
according to their si]e and density; the larger and heaYier 
Sarticles tend to accumulate closer to the Ày-ash-laden gas 
inlet, whereas the smaller and lighter Sarticles tend to collect 
Iarther Irom the inlet. ,n electrostatic SreciSitators, howeYer, 
the Sarticle si]e and density trends in seTuential hoSSers are 
disruSted due to the inÀuence oI the charged collection grids. 
The ¿neness, density, and carbon content oI Ày ash can Yary 
signi¿cantly Irom hoSSer to hoSSer in both mechanical and 
electrostatic SreciSitators. HoSSers can be selectiYely emStied 
and transSorted to a main silo. %lending occurs as a natural 
result oI Sneumatic material handling oSerations.

1.3.2 Impact of environmental regulations—Nitrous 
o[ide emissions are considered to contribute to the Sroduc-
tion oI o]one leYels; along with 6O[, both are considered 
to contribute to acid rain. Additionally, air regulations are 
being imSlemented that Iurther limit ¿ne Sarticulate and 
mercury emissions.

,t has been suggested that some aSSroaches to Sollution 
reduction in coal combustion may modiIy the cementi-
tious or So]]olanic SroSerties oI Ày ash. &hanges in Ày ash 
glass content and minerali]ation, combined with changes in 
Sarticle si]e distribution and Sarticle morShology, can a൵ect 
Ày ash reactiYity. The imSact on reactiYity can Yary Irom 
signi¿cant to inconseTuential, deSending on the sSeci¿c 
Iuel and combustion modi¿cation system emSloyed. 3ost-
combustion technologies Ior reducing NO[ emissions and 
mercury emissions may also imSact Ày ash Tuality. The 
Srocesses are summari]ed in the Iollowing sections.

1.3.2.1 SOx reduction technologies—To reduce 6O[ emis-
sions, the Sower-generating industry has adoSted a two-
Sronged aSSroach. The ¿rst is a shiIt toward Iuel sources 
that are lower in sulIur content, and the second is to aSSly 
technologies such as Àue gas desulIuri]ation �)*D�. :ith 
regard to low-sulIur coal sources, some coal-¿red Sower 

Slants haYe shiIted Irom the use oI eastern and central 8.6. 
coal sources in IaYor oI western coal sources, Srimarily those 
Irom the 3owder RiYer %asin �Energy ,nIormation Admin-
istration �����. Due to low natural gas Srices, the increased 
suSSly oI natural gas due to Iracking technology, and the 
need to reduce &O� emissions Irom Sower generation, the 
8.6. is e[Sected to decrease its reliance on coal in Iuture 
years. ,n ���� �Energy ,nIormation Administration �����, 
8.6. coal Sroduction Iell below one billion short tons in the 
8nited 6tates—�.� Sercent lower than ����—with Sroduc-
tion Irom the :estern Region reSresenting ��.� Sercent oI 
the 8.6. total.

)*D methods haYe been in Slace Ior many years as a result 
oI limits Slaced on 6O[ emissions as Sart oI the &lean Air 
Act �&AA�. ,n general, 6O[ is remoYed Irom Àue gases by a 
Yariety oI methods that include wet scrubbing using a slurry oI 
sorbent such as limestone or lime, sSray-dry scrubbing using 
similar sorbents, or dry sorbent inMection systems �Nolan 
�����. Normally, the by-Sroduct is a material that is currently 
unusable Ior Sortland cement concrete. HoweYer, some )*D 
materials haYe been used as a calcium sulIate source Ior the 
cement and wallboard industries. The Sresence oI )*D mate-
rials in Ày ash is detected by testing 6O� leYels.

Other aSSroaches include the increased use oI Àuidi]ed 
bed combustors, which result in lower 6O[ Sroduction but 
also result in Sroduction oI Àuidi]ed bed combustor ash 
that currently is not marketed Ior use in Sortland cement 
concrete Sroduction. Reducing the e[cess air in the combus-
tion Srocess also controls Iormation oI 6O[; howeYer, limits 
on e[cess air could lead to increases in unburned Iuel, which 
increases the loss on ignition �LO,� Yalue or, theoretically, 
could result in incomSlete o[idation oI mineral sSecies. 
E൵ects stemming Irom the latter concern haYe not been 
reSorted in the literature reYiewed.

1.3.2.2 NOx reduction technologies—The control oI NOx

emissions is addressed Srimarily through the use oI low-NO[
burners and a Yariety oI downstream treatment technologies 
including the use oI oYer-¿re air, selectiYe catalytic reduc-
tion �6&R�, and selectiYe noncatalytic reduction �6N&R�.

NO[ Iorms during the combustion oI coal as a result oI two 
Srimary mechanisms. Thermal NO[ results Irom the o[ida-
tion oI nitrogen in air while Iuel NO[ results Irom o[idation 
oI nitrogen in coal. The ¿rst source, thermal NO[, increases 
e[Sonentially with temSerature and is controlled by moder-
ating Àame temSerature and o[ygen concentration at the 
burner �LaRue et al. �����. Limiting the o[ygen aYailable 
during the early stages oI the combustion Srocess controls 
Iuel NO[. Technologies that reduce o[ygen aYailability at 
the Àame will e൵ectiYely reduce NO[, but as a by-Sroduct oI 
this Srocess change, there tends to be an increased amount 
oI unburned Iuel that can be Iound in the Àue gases as either 
carbon mono[ide �&O� or as carbon Sarticulate. EYen with 
the addition oI oYer-¿re air, higher unburned Iuel amounts 
occur with the same total amount oI combustion air �LaRue 
et al. �����.

The basic SrinciSle oI 6&R is the reduction oI NO[ to N�
and H�O by the reaction oI NO[ and ammonia �NH�� within a 
catalyst bed. 6&R catalysts are manuIactured using ceramic 

precipitator.
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