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The calcination emissions facto r is 0.53 (van Oss and Padovani 2003). Using
the chemical properties shown in Table 3.2-1, the factor can be calculated as follows:

• I f the typical CaO content of clinker is between 65 - 67 percent,

• Then , the amount required to produce 1  ton clinker with 67 percent CaO would be
= 0.67 / 0.56 = 1.2, and the amount of CO2 released per ton of clinker would be
-1.2x0.44-0.53 .

Therefore, fo r ever y tonn e o f clinke r produce d 0.5 3 tonnes o f CO 2 ar e
released fro m limeston e decomposition , a s show n i n th e derivatio n above . Sinc e
limestone i s an integral par t o f cement production, th e cement industry has focuse d
their effort s t o reduc e CO 2 emission s relate d t o th e therma l energ y use d t o mak e
clinker. Therefore , t o reduc e CO 2 emissions associate d with concret e construction ,
the structura l engineer shoul d focu s o n minimizing th e portlan d cemen t portio n o f
cementitious materials in the mix design.

Global impact and demand — Worldwide, cement manufacturing accounts
for abou t 7  percen t o f CO 2 emissions (IPC C 2005) . Th e differenc e betwee n th e
United State s an d worldwide emissio n percentages ca n largely b e attributed t o th e
greater overal l energ y us e i n th e Unite d State s an d it s associate d CO 2 emissions .
Cement is a globally traded commodity and global warming i s a global phenomenon,
therefore i t is logical to consider emissions on a worldwide basis.

To meet a  demand greater tha n domesti c supply , th e United State s import s
cement fro m a s fa r awa y a s China . I n 2003 , th e trad e defici t fo r portland cemen t
between the United States and all international partner s was more than $873 million
($58 million wa s with China) . Fo r 2006 , these number s ar e significantly higher a t
more than $1.725 billion fo r world trade and $472 million for trade with China. I t is
worth noting that currently the second largest cement trading partner with which the
United States runs a deficit i s Canada (2003:$272 million; 2006 $270 million), which
in some cases could be supplying cement in the United States fro m a  location closer
than the domestic supply. The increase in imported cement is alarming, and especially
alarming i s th e growt h i n cemen t importe d fro m Chin a (U.S . Department o f
Commerce 2008).

Between 1995 and 2006 global cement production increased 8 0 percent fro m
1,390 t o 2,50 0 Mtonnes/y r (U.S . Geological Surve y 2008) . Nearl y hal f o f globa l
production is in China. Unit-based emissions vary from 0.73 to 0.99 kg of CO2per kg
of cement , wit h a n averag e o f 0.90 . While unit-base d emission s hav e decrease d
somewhat, demand for cement has increased considerably. As a result there has been
a significan t ne t increas e i n CO 2 emission s b y th e cemen t industry . Deman d i s
projected to continue to increase; even i f best available practices ar e used to furthe r
reduce the unit-based emissions average , by the year 2050 the cement industry wil l
contribute 9  percent o f global CO 2 emissions with 7 0 percent o f this comin g fro m
calcination (Taylor et al. 2006).

Energy performanc e indicato r —  Th e U.S . Environmenta l Protectio n
Agency (EPA), as part of the Energy Star Industrial Focus Program, uses an Energy
Performance Indicato r (EPI) to rate the energy efficienc y o f cement manufacturers .
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The EPI scores the energy efficienc y o f a single cement plant and allows the plant to
compare its performance to that of the whole domestic industry. The tool is intended
to hel p cemen t plant operator s identif y opportunitie s t o improv e energy efficiency ,
reduce greenhouse ga s emissions, conserve conventional energy supplies, and reduce
production costs. The tool scores a plant fro m 1  to 100. A score of 75 or higher deems
the plant a s energy efficient . Althoug h a  voluntary program, nearly half o f domestic
cement companie s ar e participating i n th e Energ y Sta r Industria l Focu s program .
Owners an d engineer s ca n encourag e furthe r industr y participatio n b y specifyin g
cement fro m companies participating in this program.

Recycled material s a s fue l —  Cemen t productio n i s mostl y dependen t o n
thermal energy , o n averag e onl y 1 5 percen t o f th e energ y use d i s electrica l
(accounting fo r 1 0 percent o f total emissions), s o switching ove r to clean electricity
sources like wind and solar will not go very far in reducing the overall energy related
emissions. T o supply the thermal energy required fo r burning clinker, mostly fossi l
fuels suc h a s pulverized coal , oi l an d natural ga s ar e used. Worldwide, th e cemen t
industry i s increasingly using industrial wastes such as spent oils, old tires and other
energy-rich alternative fuel s t o help mee t their needs . Today , many plant s mee t 2 0
percent o f their energy requirements wit h alternative fuels , an d some have achieved
70 percent. On average, burning of waste materials currently satisf y 1 0 percent of the
thermal energy needs of cement kilns.

These waste fuel s includ e scrap tires, carpet , used waste oil , solvents, sludge
from th e petroleum industry, plastics, and agricultural wastes such as almond shells.
Common wastes suc h a s spent solvents , printing inks , pain t residues , an d cleaning
fluids ofte n ar e designated a s hazardous becaus e they ar e flammable ; however the y
have high fue l value. These and other high-energy wastes, such as used motor oil and
scrap tires , canno t b e safel y dispose d i n landfills . However , the y ca n be burne d t o
destruction a s fue l i n a  cemen t kiln . Recoverin g thei r energ y valu e i n cemen t
manufacturing help s reduce th e us e o f fossi l fuel s fo r cement production ; however ,
the impact on air quality has to be carefully evaluated.

The EPA has performed studies of the waste combustion technologies used in
the cemen t industr y an d ha s als o examine d an d revisite d thei r impac t o n th e
environment. The EPA has previously concluded that using hazardous waste as a fue l
in regulated, properl y operate d cement kilns pose s n o greater ris k t o human healt h
and th e environmen t tha n cemen t kiln s tha t d o no t recove r energ y fro m waste .
However, a  recent EPA draf t report indicates an eight-fold increase in dioxin releases
compared t o non-hazardou s burnin g plant s (Nationa l Cente r fo r Environmenta l
Assessment 2003). To furthe r complicat e the issue, in some ways cement kilns are a
good fi t with waste fuel s becaus e the inherent alkaline scrubber effec t o f the system
captures emissions such a s hydrochloric an d hydroflouric acid s (Sintef an d Cement
Sustainability Initiativ e 2006) . There i s a  large body o f literature, much o f it by the
EPA, which discusses toxi c emissions fro m wast e combustio n i n cement kilns. Th e
reader is encouraged to review this literature for more information on the subject.

Solid waste — Cement kiln dus t (CKD) i s created durin g the third stag e of
manufacturing whe n clinker i s formed . Electrostati c an d bag filters capture the dus t
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for recycling. I t is standard practice for CKD to be recycled at the plant back into the
cement kiln as raw material. Recycling this byproduct reduces somewhat the amount
of virgin limestone and other raw materials required. In the United States more than
75 percent o f cement kiln dus t is recycled a t the plant. Other uses  for CKD include
agricultural soil benefaction and soil stabilization.

Engineering solutions

Each o f concrete' s thre e principa l constituent s —  cement , aggregate , an d
water — can be specified t o improve concrete' s sustainability. Limiting the quantity
of cement in a mix to that required to meet the specified design strength is an obvious
and simpl e step . A  mor e sophisticate d ste p i s incorporatin g complementar y
cementing materials (CCM) into the concrete mix as a substitute for cement. Properly
graded aggregates wil l reduc e cemen t requirements , an d recycled aggregat e ca n be
used where appropriate, such a s in sidewalks. Wher e quality an d uniformity can be
ensured and maintained, recycle d aggregate ca n be used in structural concrete , also.
Water reclaime d fro m concret e batc h plan t operation s ca n b e use d i n concret e
production. Each of these engineering solutions is discussed below.

Mix design

The starting place fo r any concrete project , "green" or not, i s a  high-quality
mix design. Engineers should have a  solid understanding o f what constitutes a  good
concrete mix design and what parameters they should specify  o r what is in the scope
of the concrete supplier. Following the American Concrete Institute' s Building  Code

Requirements for  Structural  Concrete  (ACI  ACI  318-08)  and  Commentary  (ACI

318R-08) (ACI Committee 318 2008), the structural engineer is simply instructed that
the mi x shal l b e proportione d s o tha t i t meet s th e projec t requirement s fo r
workability, strength, and durability. For guidance on how to proportion the materials,
ACI Committe e 21 1 (Proportionin g Concret e Mixtures ) publishe s a  suit e o f
guidelines giving standard practices fo r various types of concrete. Standard Practice

for Selecting  Proportions for Normal,  Heavyweight, an d Mass Concrete  (1991) gives
a goo d overvie w o f th e fundamentals . Whe n durabilit y an d othe r environmenta l
concerns ar e absent , i t i s normall y allowable fo r th e structura l enginee r t o simpl y
specify slumps , maximum aggregates sizes, and 28-day strengths. Th e materials and
water/binder rati o tha t ar e needed t o mee t the slum p an d strength requirements ar e
left i n th e hand s o f th e concret e supplier . I t canno t b e overstresse d tha t providin g
good durability should be a  goal for every project . Furthermore, sinc e it is relatively
easy and usually cost-neutral to satisf y green criteria such as reduced CO2 emissions,
structural engineers should be proactive i n improving the quality and decreasing the
impact of the concrete they specify . The structural engineer must be more involved in
the specification of the mix design and materials used.

When environmenta l consideration s suc h a s extendin g th e servic e lif e an d
reducing th e ecologica l footprin t o f a  structur e ar e desig n factor s th e structura l
engineer mus t hav e a n active rol e i n developing th e mi x design . Wit h jus t a  littl e
background reading structural engineers can be a lot more knowledgeable about what
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does and does not make sense for a quality concrete mix. This education is imperative
for a  structural engineer to be a valuable member of an integrated design team and the
point o f contact with the concrete supplier. Provided here is a very brief overview of
how to use concrete in the age of global warming.

Main goa l —  Specif y element s o f a  mi x design tha t wil l provid e concret e
with the needed strength, durability , an d workability. Thi s should be achieved wit h
the most efficien t us e of resources and least environmental damage possible. In short,
the goal is to figure out how to use the least amount of cement without compromising
performance goals.

Steps to minimize the portland cement content include the following:

• Reduce  water  content:  Usin g a  lower water/binde r rati o ca n provide th e sam e
strength wit h les s binder . Usin g fl y as h an d superplasticizer s hel p improv e
workability without increasing water.

• D o not use portland cement  as the only binder:  Using coal fly ashes, slags, natural
pozzolans an d ultrafine s reduce s th e cemen t conten t withou t raisin g th e
water/binder ratio.

• Reduce  th e paste  volume  (binders  plus  water):  Usin g th e larges t maximu m
aggregate siz e suitabl e reduce s th e surfac e are a th e past e need s t o cover . I f
possible use well-graded aggregates with coarse sand only.

• Select  proper strengths:  Choose targe t strengths ( f ' c ) a t ages that realisticall y
reflect th e needs o f the project , rather than generi c design strengths a t 28 days .
This will reduce the cement required and allow for a greater flexibility in the use
of fly ash.

Good mix design is synergistic — The strategies listed above reduce cement
use whil e maintainin g strengt h an d workabilit y an d the y wil l als o improv e th e
durability of the concrete and extend the service life of the structure.

Strength

Strength of a mix design depends upon a variety of factors.

Water/binder rati o (w/b) — Th e term binder  i s used instead o f cement s o
that i t i s inclusiv e o f cemen t an d al l othe r material s tha t contribut e t o th e past e
content tha t bind s aggregate s together . Th e relationship betwee n th e water/binde r
(w/b) ratio and strength is commonly known — the lower the w/b ratio, the higher the
strength, t o a  point . I n concret e wit h a  lo w w/ b rati o a  highe r percentag e o f th e
cement grains may never come into contact with water. Unhydrated cement does not
form an y binder products . I n lo w w/ b mixes , superplasticizers an d water-reducin g
admixtures are effectiv e a t ensuring a higher portion of cement grains are hydrated.

Non-cement binders — Moderate and high strength concretes can and should
be achieve d using mor e tha n just portland cement . Pozzolans , slags , an d ultrafine s
can b e use d i n varyin g amount s t o targe t specifi c strengt h needs . Thes e
complementary cementing materials and their uses are discussed in detail in the next
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section. Th e primary chemica l functio n o f pozzolans an d slags i s to reac t with th e
calcium hydroxid e (CH ) forme d b y portlan d cemen t an d water . Th e secondar y
reaction product is calcium silicate hydrate (C-S-H), which provides a  much stronger
bond especially in the critical area around aggregates. C-S-H takes longer to develop
and therefore design strength requirements shoul d be adjuste d a s necessary. In many
applications a  28-da y desig n strengt h i s merel y conventio n an d no t a  functiona l
requirement. For these cases a 56 or even 90 day strength should be specified. If early
strength (suc h a s 7  day) i s required, a  mi x using highl y reactiv e pozzolan s (silic a
fume o r rice hus k ash ) and/o r ultrafine s ca n provide a  significan t boos t befor e th e
later pozzolanic reaction starts.

Aggregates —  Normall y availabl e aggregate s ar e stronge r tha n th e
surrounding hardene d paste . Maximizin g th e aggregat e conten t i s consisten t wit h
economical, environmental and high strength design.

Durability

Similar to strength, the durability o f a  mix design depends upon a  variety o f
factors.

Water/binder rati o (w/b ) —  Th e relationship betwee n th e w/ b rati o an d
durability i s a t least a s important a s w/b an d strength. The maximum w/b ratio that
will not introduce voids is 0.32. This is derived fro m the simple facts that cement has
a higher specifi c gravity than water (typically 3.14 vs. 1.0), and as water and cement
combine th e new volume o f paste i s the su m of their individual volumes . S o every
volume unit of water combined with the same volume unit of cement corresponds to a
w/b =  1/3.1 4 o r 0.3 2 (Meht a an d Monteiro 2006) . An y increas e i n wate r weigh t
means a n increas e i n wate r volume , whic h result s i n "fre e water. " Fre e wate r i s
unbound water that creates unwanted voids in the concrete as it cures and contributes
to dryin g shrinkag e a s i t evaporates . Unwante d void s an d shrinkag e crackin g
negatively effec t durabilit y by providing conduits for corrosive ions to the interior of
the concrete where steel reinforcement is put at risk.

Non-cement binders —  A s C H becomes C-S- H both th e strengt h an d th e
durability o f the concret e wil l improve . I t i s important t o not e tha t ther e i s only a
favorable correlatio n betwee n hig h strengt h an d durabilit y i n concret e containin g
pozzolans and slags. C-S-H is a much denser product that CH, thus i t makes a  more
impermeable an d durabl e concrete . Further , non-cemen t binder s suc h a s pozzolans
will lowe r th e hea t o f hydration . Thi s i s cruciall y importan t especiall y i n hig h
ultimate strengt h concretes . Hig h heat s o f hydratio n ar e associate d wit h th e
development o f therma l cracking , whic h wil l increas e permeabilit y an d ca n
dramatically limi t servic e life . Specifi c durabilit y issues suc h alkali-silica reaction s
are discussed below in complementary cementing materials.

The Nationa l Read y Mi x Concret e Associatio n provide s a  fre e softwar e
program, calle d Life-365 , t o hel p designer s optimiz e th e durabilit y o f thei r mi x
designs. I n additio n t o w/ b ratio , past e volum e an d type s o f binders , desig n
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parameters include exposure environments, time span, reinforcement (regular, epoxy
coated, o r stainles s steel ) an d clea r cover . Th e progra m calculate s estimate s fo r
service life , repair schedules, and cost benefi t analysis . It is a  very usefu l too l to see
the lif e cycl e benefit s o f on e mi x agains t another , howeve r thi s progra m i s no t a
substitute for testing and should not be relied upon to generate a mix design. It can be

Aggregates —  Wher e availabl e aggregate s hav e a  histor y o f alkali - silica
reactions (ASR), a high portion of fly ash is recommended.

Workability

Workability of a mix design will depend upon the same factors as strength and
durability.

Water/binder rati o (w/b) — Workability is the ability to successfull y plac e
or pump concrete. It is normally specified by the slump measurement. High w/b ratios
generally mea n highe r slumps . Th e require d slum p depend s o n the elemen t bein g
formed an d the degree o f congestion o f the rebars. The higher the slump, the looser
the concrete mix is and the easier it is to place in forms and around rebar. If the slump
is to o hig h th e aggregate s wil l segregat e (large r one s fallin g towar d th e bottom) ,
which i s detrimenta l t o th e integrit y o f th e concrete . I n som e concret e operation s
slump i s increased a s needed by the addition o f water (and usually mor e cement t o
maintain a prescribed w/b ratio). This unnecessarily increases the paste volume and is
wasteful o f cement . Water-reducer s an d superplasticizers ca n b e use d t o increas e
workability withou t increasin g wate r an d cement contents . Thes e admixture s ar e a
good way t o minimize wate r conten t an d use cemen t mor e efficiently . Th e dosage
used should follo w th e manufacturers ' instructions , bu t a  good rule o f thumb i s t o
limit the water-reducers o r superplasticizers t o 2  percent o f the mas s o f the binder s
(this is determined using the mass of the solids portion of the admixtures). Too much
of these admixture can cause segregation and excessive bleed water.

Non-cement binders —  Fly as h should b e included i n mix designs t o help
enhance workability. It s spherical shape acts as a physical lubrican t and thus aids in
cement hydration. Studies dating back as far as 1952 find that for every 10 percent of
fly as h adde d approximatel y 3  t o 4  percent o f th e wate r ca n b e reduce d withou t
sacrificing workability (Joshi and Lohtia 1996).

Aggregates — An excessive amount of fines can make a mix sticky to work
with. Usin g coarse r sand s wil l reduc e wate r deman d an d i s th e mos t appropriat e
choice for most applications.

Complementary cementing materials (CCM)

Formerly know n a s supplementar y cementitiou s material s (SCM) , a  mor e
current an d correc t terminolog y i s complementar y cementin g material s (CCM) .

downloaded at: http://www.nrmca.org/research/life365 instruction.asp
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Pozzolans ar e not cementitious, bu t they d o complement cement hydration product s
with a  secondar y reactio n formin g calciu m silicat e hydrat e (C-S-H ) cementin g
compounds.

Overview — For every tonne o f cement replaced by a  carbon-neutral wast e
product, 0.9 tonnes of CC> 2 emissions are avoided (Taylor et al. 2006). The practice of
using CCMs in concrete has been growing in North America since the 1970s . Some
of these materials are currently going to waste an d using valuable space in landfills .
The CCM s discussed her e —  fl y ash , sla g cement , silic a fume , ric e husk ash , an d
ultrafine mineral s — are industrial by-products and, therefore, carbon neutral. These
materials are considered pre-consumer recycled materials; they are not manufactured,
but are sold, as the byproducts of an industrialized process.

The use o f CCMs a s a  partial replacement fo r portland cement improves the
environmental footprint of the concrete structure in the following ways:

• reducin g its embodied energy content;

• reducin g CO2 emissions;

• reducin g the amount of materials that are placed in landfill;

• reducin g the environmental impacts caused by extracting virgin materials;

• reducin g the environmental impacts that result fro m the manufacturing of portland
cement clinker; and

• improvin g durability and extending service life .

Use —  CCM s ar e used a s a  partia l replacement fo r the portland cemen t i n
concrete and are frequentl y used in ready mixed concrete. Fly ash is commonly used
at replacement levels up to 25 percent; slag cement up to 60 percent; and silica fum e
is commonl y use d a t replacemen t level s u p t o 7  percent . Th e binde r conten t o f
concrete i s typicall y abou t 1 0 to 1 5 percent, i t follow s tha t CC M replacemen t o f
cement will range between 2 to 8 percent of the mass of the concrete.

There ar e tw o method s o f inclusion fo r incorporating CCM s int o concrete ,
batch mixing an d blended cements . Most common in the United State s is to simply
specify th e CC M (classifie d a s a  minera l admixture ) a s a  separatel y batche d
ingredient. This means the CCM is added into the mix at the batch or ready mix plant.
A second method (more common in Europe) is to use a blended cement in which the
pozzolanic o r sla g materia l i s eithe r intergroun d wit h portlan d cemen t o r
mechanically blended to "attain an intimate and uniform blend" (ASTM C595-08a).
A third approach to incorporating CCMs is to use a combination of batch mixing and
blended cements. Blended cements are discussed in detail later in this section.

Testing ca n determine the maximu m amounts o f CCMs that ca n be used t o
meet th e project' s performanc e properties specifie d fo r concrete . Whe n CCM s ar e
used in high proportions, tes t mixes should be performe d earlie r than usual to allow
for mi x design modifications. As with al l mix testing, these tests are to demonstrate
that th e concret e mi x desig n (usin g th e actua l projec t materials ) satisfie s projec t
requirements.

Using CCM s i s goo d fo r concret e structure s an d sustainabl e developmen t
alike, because mos t CCMs enhance the durability o f concrete. Larg e proportions o f
pozzolans dramaticall y increas e impermeabilit y an d thu s durability . Th e mos t
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problematic aspec t o f most CCMs (type F  fly ash in particular) i s that curing time s
increase. Fo r mos t project s thi s i s no t a n issue , bu t fo r som e ternar y blen d mi x
designs only minimal CCM inclusions are appropriate.

The properties o f fly ash, slag, and most CCMs vary; the structural engineer,
project contractor , an d th e concret e produce r shoul d us e judgment , testing , an d
control procedures t o ensure goo d concrete performance . The projec t specifications
should explai n th e require d concret e propertie s fo r eac h buildin g element , th e
acceptable rang e o f CC M content , an d an y othe r project-specifi c caveat s suc h a s
when cold weather placement or exposure to de-icing chemicals is likely, or if a high
pozzolan content i s required to provide enhanced durability. Limits to CCM content
may be set based on previous performance where applicable, and the performance of
new concrete tests in the fiel d or laboratory. Contact your local ready-mixed concrete
suppliers t o determine wha t classe s o f fl y as h o r other CCM s ar e available an d t o
verify it s performanc e i n qualit y concrete . Thi s ma y var y betwee n suppliers .
Anecdotal experience fro m several practitioners suggests that your local supplier may
need to be encouraged to locate CCMs.

Fly ash

According to a report issued by the Portland Cement Association (PCA) "Fly
ash i s commonl y use d a s a  partia l replacemen t fo r portlan d cement — o r a s a n
addition t o portland cemen t —  becaus e i t ca n enhance th e placement , engineerin g
properties, and durability of concrete (Marceau et al. 2002)."

Fly ash, shown in Figure 3.2-3, is a pozzolanic by-product of the combustion
of pulverize d coa l i n electri c powe r generatin g plants . I t i s commonl y use d a s a
partial substitute for 15 to 25 percent of the portland cement in concrete. In the United
States, fl y as h i s normally use d a s a  mineral admixtur e an d added t o read y mixe d
concrete at the batch plant.

Figure 3.2-3. Fly ash (Meryman 2007)
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Fly as h i s the mos t abundant CC M worldwide an d domestically. Fl y as h i s
available throughout mos t o f the Unite d States ; however , quantitie s ar e limite d i n
some locations . Th e 200 6 Coa l Combustio n Produc t (CCP ) Productio n an d Us e
Survey compiled by the American Coa l Ash Association (2008) reports 6 5 Mtonnes
of fly ash were generated in 2006, of which, approximately 45 percent were recycled
and 3 5 percen t wer e place d i n landfills . O f fl y as h produced , 1 7 Mtonnes, o r 2 6
percent, wa s use d i n concret e product s an d cement . No t al l fl y as h i s useabl e i n
concrete. Power plants with high NOx emissions controls are producing fly ash that is
ammoniated. Fl y as h with ammoni a content greate r tha n 10 0 ppm i s considered a
health hazard ; t o protec t workers , contaminate d as h i s no t acceptabl e fo r us e i n
concrete. Severa l technologica l solution s exis t tha t proces s th e as h t o remov e th e
ammonia (Malhotra and Mehta 2008).

Benefits —  "The us e o f fl y as h i n concret e ca n reduce  th e environmenta l
impact o f concrete and can actually improve the quality o f the concrete (Marceau et
al. 2002)."

Incorporating fl y as h i n concret e ca n enhanc e th e propertie s o f concrete .
During placement , improvement s t o th e propertie s o f fres h concret e includ e th e
following:

• enhance d workability;

• reduce d bleed water;

• resistanc e to segregation; and

• reduce d slump loss.

For hardened concrete, the addition of fly ash provides the following benefits :

• increas e long-term strength;

• reduc e permeability;

• increas e durability;

• reduc e potential for sulfate attack; and

• reduc e potential for alkali-silica reactivity.

Fly ash concretes generally have a slower rate of strength gain, due to a lower
heat o f hydration . Thi s i s desirabl e i n mas s concret e application s an d whe n th e
atmospheric temperature i s high. Lower heats of hydration correspond to a reduction
in therma l micro-crackin g an d thu s decrease d permeability . A s wit h al l concret e
constituents, proper use is necessary for successful concrete.

Composition an d specifications —  Whe n considering fl y ash , a  structura l
engineer should understand the following:

Chemistry an d mineralogy:  Fl y as h i s primaril y amorphou s silicat e glas s
containing silica , aluminum, iron , an d calcium. Mino r constituents ar e magnesium,
sulfur, sodium , potassium, an d carbon . Crystalline compound s ar e present i n smal l
amounts.
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Physical properties: Th e relative density (specifi c gravity ) o f fl y ash ranges
between 1. 9 and 2.8 and the color is gray or tan. I t is usefu l t o recognize, tha t since
fly as h is lower i n density than portland cement, replacement o n a "per mass" basis
increases th e paste volume of concrete. Thi s provides better coverage o f aggregates
and improve s th e cohesivenes s an d workability . Further , fl y as h particle s ar e
spherical, which helps "lubricate" a mix during hydration; in effec t increasin g slump
without increasing the w/b ratio. By holding slump and paste volume constant, these
characteristics (shap e an d density ) ca n b e use d t o decreas e th e cemen t an d wate r
content of a mix, without lowering strength.

Class F fly ash: This type is a by-product of burning bituminous coal, which is
generally found in the eastern portion of the United States. Class F materials are high
in iron, silica, an d alumina, bu t low in calcium (less than 1 0 percent CaO) . Carbon
contents are usually less than 5 percent.

Class Cfly  ash:  This type is a by-product of burning the sub-bituminous coals
and lignites found in western states. Class C materials are higher in calcium oxide (10
to 3 0 percent CaO ) with carbo n content s typicall y les s tha n 2  percent. Du e t o th e
reactivity o f the Ca O content, Clas s C  fl y ashes ar e considered semi-cementitious.
Concrete with Clas s C  fly ash generally develops strength faste r tha n concrete wit h
Class F  fl y ash . Clas s C  fl y as h ma y b e preferre d t o Clas s F  fl y as h wher e
construction schedules demand a fast curing concrete.

Freeze-thaw: Both types vary in composition and carbon content. Fly ash used
in concret e subjec t t o freezin g an d thawin g shoul d hav e lo w level s o f unburne d
carbon i n order to achieve adequate ai r content —  extra ai r entrainment agen t may
still b e required because i t get s absorbed an d deactivated b y carbon . Specification s
typically limi t th e unburned carbo n conten t t o a  maximum o f 6  percent ; however ,
market forces have typically limited this to less than 1  percent (Marceau et al. 2002).

Particle size:  For optimum result s a  finer particle siz e i s preferred . Particle s
large than 45 jam are generally non-reactive. Pozzolanic activity has been shown to be
directly proportional to the amount of particles finer than lOja m (Mehta 1985). ASTM
C618-08a allow s fo r a  maximu m o f 3 4 percen t o f particle s large r tha n 45u m a s
retained o n a No. 32 5 sieve. However, i t is recommended to limit this to value to a
maximum of 15 percent.

Class F  an d Clas s C  fl y ashe s meetin g AST M C618-08a , Standard

Specification for  Coal  Fly  Ash  and  Raw  or  Calcined  Natural Pozzolan  for Use  in

Concrete, ar e commonl y use d fo r genera l purpos e concrete . AST M C618-08 a
provides minimu m values fo r the pozzolanic compounds, limit s carbo n content an d
particle size . ACI 232.2-03, Us e of Fly Ash i n Concrete,  (ACI Committee 232 2003)
provides an extensive review of fly ash.

Use — Fly as h ofte n replaces cemen t a t 1 5 to 25 percent b y mass o f binder
material, tha t is , th e tota l o f cement , fl y ash , an d othe r complementar y cementin g
materials. Replacement rates vary with the reactivity of the ash and the desired effect s
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