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=

ptrengthening=efficiency=of=nonstandard=addition=of=fluidized=bed=
ash=in=concrete=

jichal=AK=dlinickiNI=drzegorz=kowowiejskiN=and=harolina=dibasN==
N=fnstitute=of=cundamental=qechnological=oesearchI=molish=Academy=of=pciencesI=tarsawI=moland=

ABpqoACqW=qhe=investigation=of=the=influence=of=solid=residue=from=hard=coal=combustion=in=
circulating= fluidized=bed=boilers= on= the= strength= of= concrete=was= performedK= qhe=ash= samples=
from=power=plant=were=collected=regularly=during=NO=months=to=allow=evaluation=of=variability=of=
ash=propertiesK=Cementitious=mixes=were=designed=at=the=constant=workability=and=batched=using=
fluidized=bed=ash=for=partial=replacement=of=mortland=cement=Cbj=fK=qhe=compressive=strength=
of= concrete= at= the= age= beyond= OU= days= was= found= to= increase= due= to= cBC= ash= addition= for=
replacement=of=OMB=of=cementK=qhe=efficiency=of==fluidized=bed=ash=as=potential=type=ff=concrete=
additive=was= evaluated=using=Bolomey’s= and=ceret’s= formulas= for= the=compressive=strength=of=
concreteK=qhe=efficiency=factors=were=established=at=the=age=of=concrete=up=to=N=yearK===
=

N fkqolarCqflk=

polid=residues= from=coal=combustion= in=pulverizedJfuel=boilers= are=commonly=used=as=cement=
and= concrete=additions= –= these=are= fly=ashes= conforming= to= the= requirements= of= bk= 4RMJN= or=
Apqj= CSNUJMP= standardsK= Coal= combustion= in= fluidized= bed=boilers= is= increasingly= used= for=
electric= power= and= heat= generation= in= many= countriesI= lka= EOMM4FX= such= combustion= process=
produces= combustion= byJproducts= EashesF= of= specific= physical= properties= and= chemical=
constitutionK=aue=to=significant=addition=of=sorbent=for=dry=flue=gas=desulfurization=process=and=
rather= low=temperature=of=combustion=Eabout=URMMCF=the=ashes= form=fluidized=bed=combustion=
EcBCF =are =composed =of =fuel =ashI =unreacted =and =reacted =sorbent =used =for =desulfurization =and =
unreacted=coalLcharI=eavlica=et=alK=ENVVUFK=mroperties=of=cBC=ash=do=not=meet=the=requirements=
defined=by=bk=4RMJN=or=Apqj=CSNUJMP=in=order=to=be=used=for=cement=or=concrete=productionK=
AccordinglyI= it= has= to= be= treated= individually= caseJbyJcase= in= order= to= propose= and= accept= a=
technology=for= its=applicationLreuseI= eKgK= in=civil=engineeringI= on=the=basis=of=official= technical=
approvalsK==

dood=pozzolanic=propertiesI=and=the=presence=of=Calfree=and=Capl4= in =cBC=ash=may=result =in =
proper=control=of=the=hydration=and=production=of=stable=and=strong=mineral=microstructuresK=qhe=
preliminary=potential=for=using=cBC=ash=in=concrete=was=revealed=in=dlinicki=et=alK=EOMM4F==and=
wielinski= EOMMTF= J= the= steady= strength= and= the=adequate= frost= resistance= was= demonstrated= for=
concrete=containing=up=to=OMB=of=cBC=fly=ash=in=the=total=mass=of=binderK=curther=investigation=
on= durability= of= concrete= revealed= improved= resistance= to= chloride= migrationLdiffusion= and=
reduced= scaling= resistance= due= to= cBC= ash= additions= up= to= PMB= of= binder= massI= gozwiakJ
kiedzwiedzka= EOMMVFI= jalolepszy= and= holodziej= EOMMVFK= qo= allow= some= quantitative=
understanding= of= the= efficiency= of= such= nonstandard= additions= in= concrete= it= is= necessary= to=
define= efficiency= coefficients= and= provide= tools= for= design= of= the= compressive= strength= of=
concreteK==



 

 

=

collowing= bk= OMSJN= for= standard= siliceous= fly= ash= a= single= ‘k’= coefficient= is= usually=appliedI=
although=many=factors=like=the=composition=of=cementI= the=substitution=rateI=the=fineness=of=the=
addition=and=the=age=of=concrete=induce=a=great=variability=of=the=efficiency=coefficientI=Cyr=et=alK=
EOMMMFI=Bentur=EOMMTFK=aifferent=buropean=concepts=for=the=application=of=additives=to=concrete=
type=ff=were=presented=by=sollpracht=and=Brameshuber=EOMNMF=and=the=impact=of=additions=using=
the=kJefficiency=factor= concept= was=critically=reviewedK= fn=kJvalue=approach= the=content= of= the=
additive= EaF= is= multiplied= with= a= kJvalue =and =the =water =to =cement =ratio =EwLcF =is =replaced =by =
EwLcFeq=Z=wLEc=H=k=•=aFK=qhe=efficiency=k=factor=concept=is=a=simple=tool=to=quantify=the=impact=of=
addition=and=can=serve=as=a=friendly=parameter=for=mix=designI=but=it=could=be=questionable=when=
considering= the= fundamental= aspects= of= the= influence= of= additions= on= concrete= performanceI=
Bentur= EOMMTFK= eoweverI= its= applicability= for= nonstandard= additions= of= coal= combustion= byJ
products=from=so=called=clean=coal=technology=is=largely=unknownK=

qhe=objective=of=the=current=investigation=is=the=evaluation=of=the=efficiency=factor=of==cBC=ash=
in= respect= to= the= compressive= strength= of= concreteK= qhe= tests= were= performed= on= concrete=
specimens=at=the=age=up=to=N=year=to=provide=experimental=data=for=such=evaluation=of=efficiency=
factorK= qhe= range= of= investigation= included= effects= of= actual= variability= of= ash= properties=
monitored=by=sampling=of=ash=produced=during=several=months=of=power=generationK=

O bumbofjbkqAi=

O.N Materials=and=specimens=

bxperimental= program= included= comparative= tests= of= = O4= concrete= mixes= of= various= cement=
contentI =in =which =a =part =of =cement =was =replaced =by =cBC=ashK = =qhe =following =materials =were =
used=for=concrete=manufacturingW=
· ordinary=mortland=cement=Cbj=f=POKRo=in=amount=of=PRM=kgLmP=and=PMM=kgLmPI=
· cBC=ash=from=hard=coal=combustion=in=heat=and=electric=power=plant=in=tarsawI==captured=by=
electrostatic=precipitators=and=processed=by=soJcalled=mechanical=activation=treatmentI=dlinicki=
et=alK=EOMM4FI=
· naturalJtype=aggregateI =iKeK =gravel =fraction=from=O=to=NS=mm=and=aggregate=mix=made=from=
gravel=fractions=of==OJU=mm=and=UJNS=mmI=
· complex=water=reducingJretarding=chemical=admixtureI=used=at= the=constant=rate=of=MI4B=of=
cement=mass=Eor=sum=of=cement=mass=and=cBC=ash=massFI=
· tap=waterK=

qhe=chemical=composition=of=cBC=ash=determined=using=standard=methods=was=as=followsW==
· pilO=contentW=from=ORKU=to=4MKVB=Ethe=average=PRKSBFI=
· AlOlP=contentW=from=NSKO=to=ONKNB=Ethe=average=NVKMBFI=
· Cal=contentW=from=N4KR=to=O4K4B=Ethe=average=NVKRBFI=
· plP=contentW=from=SK4=to=NMKTB=Ethe=average=UKSBFI=
· ilfW=from=RKS=to=NMKOB=Ethe=average=TKPBFK=

cBC= ash= samples= were= collected= several= times= during= NO= months= periodK= aetailed= chemical=
analysis=of=randomly=selected=samples=of=cBC=ash=revealed=the=total=ignition=loss=in=temperature=
VTRºC= of= NMKNBI= while= on= the= basis= of= qdAJaqA= method= in= a= heliumLair= atmosphere= the=
unburned=carbon=content=was=RKVB=onlyK=pome=loss=on=ignition=can=be=attributed=to=the=presence=
of=calcium=carbonates=in=cBC=ashK=qhe=content=of=sulfurous=acid=anhydride=plP=was=VKTB=and=
free=Cal=content=was=4KVSBK=qhe=result=of=soundness=test=was=positiveW=the=expansion=according=
to=bk=NVSJP=was=less=than=NKMmmK=

Concrete=mixes=were=designed=from=selected=materials=using=the=assumption=of=constant=slumpK=
bach=time=a=pair=of=concrete=mixes=was=castW=without=additive=and=with=cBC=ashK=qhe=cBC=ash=
was=used=as=a=replacement=of=OMB=of=cement=by=weightK=qhe=proportions=of=concrete=mixes=are=



 

 

=

given=in=qables=NJPX=to=show=the=mixes=without=addition=and=with=cBC=ash=the=lower=indices=±M”=
and=±c”=were=introduced=accordinglyK===

Concrete= specimens= for= compressive= strength= testing= were= cast= in= the= cubical= moulds=
NRMxNRMxNRM=mmK=iaboratory=batches= of= concrete=Eover= TM= liter= volumeF=were=produced= in=a=
horizontal=mixer=and=the=mix=was=consolidated=by=vibration=ERJT=seconds=on=a=vibrating=tableFK=
After=O4=hours=in=moulds=specimens=were=demoulded=and=cured=in=high=humidity=conditions=oe=
[=VMB=at=the=temperature=of=NUJOM=ºC=until=the=age=of=testingK=

O.O qest=methods=

ptandard=methods=were=used=to=determine=concrete=mix=propertiesW=
J=slump=according=to=bk=NOPRMJOI=
J=bulk=density=according=to=bk=NOPRMJSI=
J=concrete=mix=temperature=was=checked=about=NM=minutes=after=end=of=mixingI=
J=air=content=according=to=bk=NOPRMJT=in=case=of=some=mixesK=
qhe=compressive=strength=of=concrete=was=determined=according=to=bk=NOPVMJP=at=the=selected=
age=of=concreteW=TI=OUI=VM=and=PSR=daysK=bach=time=three=specimens=were=testedK=

P qbpq=obpriqp=

qhe=results=of=concrete=mix=tests=and=the=average=compressive=strength=of=concrete=are=given=in=
qables=NJPK=cor=determination=of=waterJbinder=ratio=wLEcHfaF=the=amount= of=water=contained=in=
admixture=was=includedK=qo=keep=the=equal=slump=of=the=mix=with=cBC=ash=it=was=necessary=to=
increase=the=amount =of =waterK =qhe=increased=water =demand=for =cBC=ash=mixes=resulted=in=the=
increase=of=waterJbinder=ratio=wLEcHfaF=by=about=VBK=qhis=is=due=to=angular=shape=of=cBC=ash=
particles=and=high=porosity=of=grain=surfacesK=fn=contrast=to=common=siliceous=fly=ash=the=grains=
of=cBC=ash=are=not=spherical=and=the=glassy=phase=is=not=presentI=dlinicki=and=wielinski=EOMMVFK===

=

qable= NK= Concrete= mix= proportionsI= mix= properties= and= the= compressive= strength= of= concrete= –mix=
numbers=from=T=to=OS=Ethe=lower=indices=±M”=and=±c”=denote=mixes=without=addition=and=with=cBC=ash=
respectivelyF=

Basic=ingredients=of=concrete=
mix=xkgLmPz=

Concrete=mix=designation=
70 7c 180  18c 200  20c 2S0 2Sc 

Cement=Cbj=f=POKR=o= P4V= OUU= PSO= OVN= PRV= OU4= P4N= OTT=
cBC=ash= J= TO= J= TP= J= TO= J= SV=
pand=MJO=mm= STU= TMM= SVU= TMN= SUS= SUM= SMU= SNT=
dravel=OJNS=mm= NMVS= NNPN= NNNS= NNOO= NNNO= NNMO= NNU4= NOMO=
tater= N4R= NSS= NTN= NUU= NTU= NUT= NT4= NUP=
jix=
properties=

Bulk=density=
xkgLmP z=

OOTM= OPRV= OP4V= OPTT= OPPS= OPOS= OPMU= OP4V=

plump=xmmz= NTM= NTM= NUM= NTR= NTM= NUM= NUR= NTM=
qemperature=
xoCz=

V= U= U= UIR= NM= NM= N4= N4=

wLEcHfaF= MK4NU= MK4S4= MK4TR= MKRNV= MK4VU= MKROU= MKRNP= MKRPN=
Compressive=
strength=
xjmaz=

P=days= J= J= OSKS= NRKS= J= J= J= J=
T=days= PPKN= OPKN= PSKR= PTKT= 4NKP= PRKN= PUKU= P4KP=
OU=days= 4OKO= 4RKT= 4TKU= 4SKO= ROKS= 4PK4= 4RKP= 4TKS=
VM=days= 4SKN= RUKP= ROKM= RUKS= R4KP= R4KN= 4VKU= R4KU=
PSR=days= ROKV= SNKN= J= J= SMKM= RUK4= RRKP= RVKO=

=



 

 

=

qable= OK= Concrete= mix= proportionsI= mix= properties= and= the= compressive= strength= of= concrete= –mix=
numbers=from=OU=to=TOX=E=aF=–=aggregate=mixture=obtained=after=mixing=fraction=OJU=mm=and=UJNS=mmF=

qable= PK= Concrete= mix= proportionsI= mix= properties= and= the= compressive= strength= of= concrete= –mix=
numbers=from=T4=to=ORPX=X=aF=–=aggregate=mixture=obtained=after=mixing=fraction=OJU=mm=and=UJNS=mmI=dF=
–=mixture=of=amphibolites=aggregate=obtained=by=mixing=fraction=OJSKP=mm=and=UJNS=mmF=

fn= the= tables= the= lower= indices= ±M”=and=±c”=denote=mixes= without= addition=and= with=cBC= ash=
respectivelyK =qhe =average =compressive =strength =of =concrete =specimens =tested =at =OU =days =was =
within=the=range=from=OVKV=to=RVK4=jma=while=the=coefficient= of=variation=was=not=higher=than=
SBK=qhe=compressive=strength=of=concrete=without=addition=was=found=to=grow=faster=in=the=early=
agesK= qhe= strength= at= the= age= of= = T= days= was= about= URB= of= the= OUJdays= strengthI= while= for=
concrete=containing=cBC=ash=it=was=about=TMBK=At=the=age=of=OU=days=the=compressive=strength=
of=both=types=of=concrete=was=almost=identicalI=and=in=the=long=term=the=strength=of=concrete=with=
cBC= ash= surpassed= the= strength= of= reference= concrete= by= about= RJNMBK= cor= few= series= of=
specimens= the=compressive= strength=data= was= available=up= to= the=age=of=4= years= and= that= was=
used=to= illustrate= the= = effect=of= age=on= the= compressive=strength=of= concrete=with=and=without=
fluidized=bed=ash=additive=EcigK=NFK=

Basic=ingredients=of=concrete=
mix=xkgLmPz=

Concrete=mix=designation=
280  28c 300  30c 380  38c 720 72c 

Cement=Cbj=f=POKR=o= P44= OTV= P4U= OUO= P4M= OTM= P4S= OTR=
cBC=ash= J= TM= J= TN= J= SU= J= SV=
pand=MJO=mm= SNP= SON= SMU= SNU= SRR= SRN= SS4= SSM=
dravel=OJNS=mm=aF= NNVP= NOMU= NNUV= NOMU= NNSS= NNRV= NNUM= NNTP=
tater= NTR= NUR= NSV= NUR= NVO= OMM= NUS= NUT=
jix=
properties=

Bulk=density=
xkgLmPz=

OPOS= OPS4= OPNR= OPSR= OPRP= OP4V= OPTS= OPSR=

plump=xmmz= NSM= NSM= NTM= NTM= NTM= ONM= NTM= NUM=
qemperature=
xoCz=

NPKR= NPKR= NM= NM= V= V= OO= ON=

wLEcHfaF= MKRNN= MKRPP= MK4UU= MKROT= MKRSR= MKRVR= MKRPU= MKR4T=
Compressive=
strength=
xjmaz=

T=days= 4PKR= PPKM= 4MKM= PPKM= J= J= P4KP= PPKN=
OU=days= 4PKR= 4TKR= 4VKS= 4VKN= PVK4= PVKR= 4MKR= 44KP=
VM=days= 4SKV= RSKM= ROKO= RSKT= 4PKM= 4VKM= 4UKP= RNKT=
PSR=days= RPKT= RUKS= RTKO= SMKU= 4TKP= RPKU= RPKN= RTKT=

=

Basic=ingredients=of=concrete=
mix=xkgLmPz=

Concrete=mix=designation=
740  74c 1530 153c 2440 244 c 2530 253 c 

Cement=Cbj=f=POKR=o= PPP= OTN= PMT= O4P= PRP= OTT= P4R= OUN=
cBC=ash= J= SU= J= SN= J= SV eF= J= TM=
pand=MJO=mm= SOO= SPP= TOP= TNO= TMS= SV4= SRV= STN=
dravel=OJNS=mm= NNSS= NNUU= NOPO= NONV= NORMd F= NOOTd F= NNRPaF= NNTPaF=
tater= NTO= NV4= N4V= NST= NTR= NUO= N4S= N4U=
jix=
properties==

Bulk=density=
xkgLmPz=

OOV4= OPRR= O4N4= O4MR= O4U4= O4RM= OPM4= OP44=

plump=xmmz= NUM= NUM= OMM= NVM= NRM= NRM= SM= PM=
qemperature=
xoCz=

ON= ON= NN= NN= NP= N4= NR= N4=

Air=content=xBz= J= J= OKU= NKU= OKM= OKO= J= J=
wLEcHfaF= MKROM= MKRTR= MK4VO= MKRRS= MK4VS= MKROT= MK4OS= MK4OR=

Compressive=
strength=
xjmaz=

T=days= PRK4= OVKU= OTKV= NRKV= 4NKM= PVKM= 4NIV= POKT=
OU=days= 4NKO= 4NKT= PUK4= OVKV= ROKP= RVK4= 4OIP= RMKR=
VM=days= 44KR= 4UKN= 4RKN= PVKU= RVK4= STKP= RRIU= RVKR=
PSR=days= 4TKS= ROKV= J= J= SOKR= TPKO= J= J=

=



 

 

=

=

=

cigure=NK=qhe=effect= of=age=on= the=compressive=strength=of=concrete=with= and=without= fluidized=bed=ash=
additive=Eexamples=selected=from=qables=N=and=OJ=the=experimental=data=included=the=strength=after=P=and=4=
years=that=were=not=available=for=other=seriesFK=

=

4 Appbpjbkq=lc=qeb=bccfCfbkCv=lc=qeb=Aaafqflk=

qo=assess= the= influence= of= additions= on= the=compressive= strength= of= concrete=the=well= known=
Bolomey’s=and=ceret’s=formulas=were=usedI=hasperkiewicz=ENVVUFK=fnstead=of=one=kJfactor=two=
distinct= efficiency= factors= are= introducedK= pimple= Bolomey’s= formula= describes= the=
proportionality=of= the=concrete=strength=to=cementJwater= ratio=cLwK=ln=this=basis=the=proportion=
of=strength=of=reference=concrete=fc=and=concrete=with=addition=fcfa=can=be=expressed=as=the=ratio=
of=adequate=binderJtoJwater=ratioK=cor=concrete=with=addition=of=cBC=ash=the=EcLwF=ratio=should=
be=replaced=by=an=equivalent=binderJtoJwater=ratio=EbLwFfaI=assuming=the=equivalent=binder=mass=
b=in=the=following=wayW=

( )bb ×+×=×+= OKMUKMcacb fafa = = = = = = = =ENF=

where== c=–=mass=of=cement=in=the=reference=concreteI=c===cfa=H=afaI=
cfaI=afa=–=mass=of=cement=and=mass=of=fluidized=bed=ash=in=concrete=mix=containing=cBC=ashI=
β=–=efficiency=factor=of=fluidized=bed=ash=in=relation=to=cementK=



 

 

=

kumerical =coefficients =MKU=and=MKO=result =from=OMB=cement =replacement =by=fluidized=bed=ashK =
tater=content=in=reference=concrete=and=concrete=with=fluidized=bed=ash=is=denoted=by=w=and=wfa=
respectivelyK=And=therefore=the=ratio=of=concrete=strengths=is=described=by=the=following=formulaW=

w

w

w
c

w
b

f
f fafa

c

cfa

N

OKMUKM b×+

== = = = = = = = = = EOF=

from=which=the=efficiency=factor=β=may=be=calculatedK=

fn= ceret’s= formula= the= compressive= strength= is= proportional= to= the= square= of= the= fraction= of=
cement=volume=over= the= total=volume=of=cementI= water=and=air= voidsK=aenoting= the= efficiency=
factor=of=fluidized=bed=ash=in=relation=to=cement=as=αI=the=equivalent=binder=mass=b=is=given=by=a=
following=formulaW=

( )aa ×+×=×+= OKMUKMcacb fafa = = = = = = = EPF=

where=numerical=coefficients=correspond=to=OMB=cement=mass=replacement=by=fluidized=bed=ashK=
Assuming= previously= introduced= symbolsI= ceret’s= formula= for= the= compressive= strength= of=
concrete=with=and=without=cBC=ash=yields=the=following=formulasW=

=

OM
SKO
OKM

NKP
UKM

SKO
OKM

NKP
UKM

X
OM

NKP

NKP

++
×

+
×

×
+

=
++

=
fa

cfac

wcc

cc

A
f

wc

c

A
f

a

a

= = = = = E4F=

cor =derivation =of =these =formulas =a =constant =air =void =content =of =OB=was =assumed =for =concrete =
mixes=EiKeK=OM=dmPLmPFK=qhe=meaning=of=other=parameters=isW=

· A=–=a=coefficient=used=for=global=description=of=aggregate=qualityI=cement=strength=and=
additional=influencing=factorsI=in=jmaX=

· PKN=–=density=of=cement=in=kgLdmPI==
· OKS==–=density=of=cBC=ash=in=kgLdmPK==

qhere=are=two=unknown=variables=in=the=set=of=two=equations=E4FI=so=the=equations=can=be=solved=
for=unknown=A=and=unknown=efficiency=factor=αK==

After= introducing= the= experimental= data= as= the= parameters= of= concrete= mix= composition= and=
experimentally=determined=concrete=compressive=strength=the=formulas= EOF=and=E4F=yielded=the=
efficiency= factor= β= according= to= Bolomey’s= formula= and= the= efficiency= factor= α= according= to=
ceret’s= formulaI= respectivelyK= = Calculated= efficiency= factors= for= the= compressive= strength= of=
concrete=at=the=age=up=to==VM=days=were=in=the=following=rangeW=β=from=MKVR=to=PKO4=and=α=from=
MKUR=to=OK4S=Ein=each=case=β>αFK =Average=values=of =efficiency=factors =determined=for =the=same=
age=of=concrete=up=to=N=year=fell=in=a=fairly=narrow=rangeW=β=from=NKU=to=OKM=and=α=from=NK4=to=NKRI=
in=spite=of=expected=variability=of=cBC=ash=properties=during=NO=months=of=samplingK=A=tendency=
of=decreasing=standard=deviation=β=and=α=factors=with=increasing=the=age=of=concrete=was=foundK=
Calculated=values=of=coefficient=A=used=in=ceret’s=formula=were=PRU–PU=jma=and=4M4–PU=jma=
for=concrete=age=of=VM=and=PSR=daysI=respectivelyK=

qo=estimate=the=characteristic=value=of=efficiency=factor=the=scatter=of=experimental=data=should=
be= taken= into=accountI= although=some=authors=use=average=values= onlyI= mapadakis= and=qsimas=
EOMMOFK==Considering=the=scatter=of=data=a=conservative=estimation=of=the=characteristic=efficiency=
factor=equal=to=NKM=is=proposed=both=for=β=and=α=for=concrete=age=of=at=least=VM=daysK==cor=OUJday=
compressive=strength=an=estimated=characteristic=efficiency=factor= is=slightly= lowerI= iKeK= =MKU=or=
MKV=respectivelyI=depending=on=the=formula=used=to=design=the=compressive=strength=of=concrete=



 

 

=

containing= nonstandard= cBC= ash= additionK= cBC= ashes= are= chemically= active= and= readily= react=
with=waterX=the=chemical=reactivity=of=the=ashes=is=largely=due=to=the=large=content=of=unreacted=
lime=from=the=calcinations=of=excess=limestone=sorbentI=Bulewicz=EOMMUFK==qhereforeI=because=of=
both=hydraulic=and=pozzolanic=activityI=such=high=efficiency=factor=for=cBC=ash=can=be=justifiedK=
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compressive=strengthK=
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