
42

NAUKAW BUDOWNICTWIE – WYBRANE PROBLEMY

12/2023 (nr 616)ISSN 0137-2971, e-ISSN 2449-951Xwww.materialybudowlane.info.pl

T he dry weight of sludge from
industrial and municipal sewa-
ge treatment plants amounted
to 1,025.8 thousand tons in Po-

land in 2021 [1]. One of the available
methods for neutralizing this type of wa-
ste and reducing it significantly is its
thermal transformation. This method in-
cludes combustion, co-combustion and

gasification. As a result of using this me-
thod, a significant reduction in the mass
and volume of waste is achieved, which
in the case of combustion may amount
to 90% of the volume and 65% of the in-
itial mass [2]. The percentage share of
thermal methods in the management of
municipal sewage sludge in EU coun-
tries is approximately 18% [3]. The Ne-
therlands dominates among European
countries, where 100% of sewage slud-
ge is neutralized using this thermal me-
thod. Belgium takes second place with
a score of 90% [4]. As a result of burning
municipal sewage sludge, we obtain si-

gnificant amounts of ash. This ash is in-
creasingly used, among others, in con-
struction as a substitute for cement. Re-
search on the use of ash generated from
the incineration of sewage waste (Sewa-
ge Sludge Ash – SSA) is increasingly
being conducted around the world.

Review of the literature
Sewage waste is characterized by dif-

ferent chemical composition, which re-
sults in ash of differing composition. The
authors [5] used the additive (SSA) in the
amount of 10 – 40% as a replacement for
cement in concretes based on Portland
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Abstract.The ecological awareness of society and, above all, the need
to base the country's economy on sustainable development mean that
the issue of impact on the natural environment is an issue that is
increasingly discussed by concrete technologists. At the same time,
it fits into the broadly understood trend of a closed-loop economy,
in which the possibility of generating waste, also in construction, is
minimized. Numerous studies are being undertaken to reduce the
energy consumption of solutions for the construction sector and to
reduce the amount of waste generated. The article presents selected
results of tests on the mechanical properties of concrete containing
waste ceramic aggregate and fly ash from the combustion of sewage
sludge. The concrete was designed based on Portland cement
CEM I 42.5 R. The results of compressive strength tests after 28 and
90 days of curing and Young's moduli were summarized. The
influence of increased temperatures of 300, 450 and 600°C on the
strength properties of concrete was also determined. The conducted
research clearly demonstrated the possibility of using recycled
aggregate from the crushing of fine ceramics and fly ash from the
combustion of sewage sludge in construction concrete.
Keywords: ash from sewage sludge incineration; ceramic
aggregate; compressive strength; high temperature.

Streszczenie. Świadomość ekologiczna społeczeństwa, a przede
wszystkim konieczność dążenia do zrównoważonego rozwoju
w gospodarce powoduje, że wpływ betonu na środowisko natu-
ralne jest coraz częściej omawiany. Wpisuje się to jednocześnie
w szeroko rozumiany trend gospodarki o obiegu zamkniętym,
w której ogranicza się do minimum możliwości powstawania od-
padów także w budownictwie. Podejmowane są liczne badania
mające na celu zmniejszenie energochłonności rozwiązań dla
sektora budowlanego oraz zmniejszenia ilości wytwarzanych
odpadów. W artykule przedstawiono wybrane wyniki badań cech
mechanicznych betonu zawierającego odpadowe kruszywo ce-
ramiczne i popiół lotny ze spalania osadów ściekowych. Określo-
no także wpływ podwyższonej temperatury 300, 450 i 600°C
na właściwości wytrzymałościowe betonu. Przeprowadzone ba-
dania jednoznacznie wykazały możliwość stosowania kruszywa
recyklingowego pochodzącego z przekruszenia ceramiki szla-
chetnej oraz popiołów lotnych ze spalania osadów ściekowych
w betonach konstrukcyjnych.

Słowa kluczowe: popiół ze spalania osadów ściekowych; kruszy-
wo ceramiczne; wytrzymałość na ściskanie; wysoka temperatura.

DOI: 10.15199/33.2023.12.09

The influence of ashes
from the combustion

of municipal sewage sludge
on the strength properties of concrete

containing recycled ceramic aggregate
Wpływ popiołów ze spalania komunalnych osadów ściekowych

na cechy wytrzymałościowe betonu zawierającego
recyklingowe kruszywo ceramiczne

dr inż. Jacek Szulej1)*)

ORCID: 0000-0002-1411-3204
dr hab. inż. Paweł Ogrodnik, prof. SGGW2)

ORCID: 0000-0003-3515-8505
dr inż. Aleksandra Powęzka3)

ORCID: 0000-0002-5749-8618
dr inż. Andrzej Sumorek1)

ORCID: 0000-0002-7521-6709

O
riginalresearch

paper
(O

ryginalny
artykułnaukow

y)
m

aterialybudow
lane.info.pl/science

MM
AA
TT
EE
RR
II AA

LL
YY
  BB

UU
DD
OO
WW
LL
AA
NN
EE
  SS
CC
II EE

NN
CC
EE



43

NAUKA W BUDOWNICTWIE – WYBRANE PROBLEMY

12/2023 (nr 616) ISSN 0137-2971, e-ISSN 2449-951X www.materialybudowlane.info.pl

ce ment CEM I. The ob ta ined re sults con -
fir med that re pla cing 10% of ce ment with
the ad di tion of SSA has a po si ti ve ef fect
on the com pres si ve and ten si le strength
when ben ding, as well as po ro si ty. to tal,
abi li ty to trans port chlo ri de ions and re -
si stan ce to sul fa te ions. In [6] an exten -
si ve li te ra tu re ana ly sis was car ried out on
the use of SSA in con cre te. Due to its
struc tu re and che mi cal com po si tion, it
was as ses sed that this ma te rial can be
used as a raw ma te rial for the pro duc tion
of ce ment clin ker and li gh twe ight ag gre -
ga tes, fi ne ag gre ga tes, fil ling ag gre ga tes
and in gro und form as a com po nent of ce -
ment. In the ar tic le [7] the in flu en ce of
SSA on the flo wa bi li ty and strength of ul -
tra -high -strength con cre tes (UHPC) was
in ve sti ga ted. The re sults sho wed that the
com pres si ve strength of UHPC sam ples
with 10% SSA after 7 and 28 days of ma -
tu ra tion was sli gh tly hi gher com pa red to
the ba se sam ples. The SSA con tent con -
tri bu ted to re du cing the he at of hy dra tion
and in cre asing the po re vo lu me of the
mo di fied con cre te. In the stu dy [8], the
acid extrac tion me thod of pho spho rus
from SSA was used. Pho spho rus -free ash
(AW -SSA) was used as a par tial re pla ce -
ment for sand or ce ment in the con cre te
mix. With a 10% ce ment re pla ce ment,
the mor tar had a si mi lar 28-day com pres -
si ve strength to the ba se mor tar. It was fo -
und that AW -SSA pro ba bly has a la tent
hy drau lic cha rac ter, po si ti ve ly in flu en -
cing the la te de ve lop ment of strength.
The com pres si ve strength of the mor tar
with 10% ce ment re pla ce ment after 42
days was hi gher than the re fe ren ce one by
abo ut 5 MPa. The work [9] as ses sed the
be ha vior of ce ment slur ries con ta ining
se wa ge slud ge ash (SSA) at ele va ted
tem pe ra tu res (600 – 1000°C). The re sults
sho wed that the slur ry con ta ining 10%
SSA (S10) sho wed hi gher re si du al com -
pres si ve strength than the pla in ce ment
slur ry (S0). In cre ased tem pe ra tu res cau -
sed the de com po si tion of hy dra te pro -
ducts, thic ke ning of po re struc tu res and
the for ma tion of cracks. The ad di tion of
SSA pro mo ted gre ater for ma tion of gle -
ni te at tem pe ra tu res of 900 – 1000°C, and
such a pha se can fill the po res in the ma -
trix. The in flu en ce of SSA ad di tion on the
pro per ties of ce ment mor tars was de ter -
mi ned in ar tic les [10 – 12]. Re se arch has
iden ti fied the me cha ni sms be hind so me

of the be ne fi cial ef fects of SSA on the
strength de ve lop ment of mor tars thro ugh
a com pa ra ti ve stu dy with se wa ge slud ge
fi ne ash (FSSA). The re sults of this stu -
dy in di ca te that the pre sen ce of SSA ac -
ce le ra tes the ra te of he at re le ase of ce -
ment hy dra tion. Re pla cing ce ment with
SSA or FSSA up to 10% did not cau se si -
gni fi cant chan ges in the po re struc tu re of
the slur ries. The for ma tion of bru schi te in
SSA or FSSA ce ment mor tars con tri bu -
tes to the in cre ase in the strength of the
mor tars after a lon ger set ting pe riod. It
was fo und that the ad di tion of SSA cau -
sed the for ma tion of a lar ger amo unt of
et trin gi te in mor tars un der wa ter im mer -
sion con di tions and the mor tars expan ded
al re ady be fo re the 7th day of ma tu ra tion.
Re se arch has shown that re pla cing 15%
of Por t land ce ment with SSA and its frac -
tions: co ar se -gra ined (SSAC) and me -
dium -gra ined (SSAM) re sults in an in -
cre ase in com pres si ve strength. In work
[13], the pro per ties of mor tars with the
ad di tion of ash from sep tic tank slud ge
(SA) we re exa mi ned. Ce ment and sand
we re used in mass pro por tions of 1 : 3.
Per cen ta ge ad di tions of slud ge ash we -
re 5 – 30% in re la tion to the we ight of ce -
ment. The ob ta ined re sults in di ca te that
the ad di tion of SA im pro ves the ge ne ral
pro per ties of mor tars, and the ad di tion
of 20% SA was con si de red the most opti -
mal. The po ssi bi li ty of using ag gre ga tes
from the cru shing of sa ni ta ry ce ra mics as
full -va lue sub sti tu tes for na tu ral ag gre ga -
tes in mor tars and con cre tes was con fir -
med in [14]. The pro ce du re for pro du cing
ag gre ga te (cru shing, di vi ding gra ins in to
two gro ups – fi ne and co ar se, and de ter -
mi ning the ir pro por tions) and de si gning
the con cre te mi xtu re are de scri bed. Te sts
on the pro per ties of this ag gre ga te and the
pro per ties of con cre te con ta ining this ag -
gre ga te we re pre sen ted. The te sted con -
cre te was cha rac te ri zed by high strength
and high abra sion re si stan ce. Par ti cu lar -
ly fa vo ra ble re sults we re ob ta ined when
using clay ce ment and sam ples sub jec ted
to ther mal lo ads up to 1000°C. Ba sed on
the con duc ted re se arch, it was con fir med
that ag gre ga te for sa ni ta ry ce ra mics can
be re com men ded for ma king spe cial ty -
pes of con cre te: abra sion -re si stant con -
cre te and con cre te in ten ded for ele ments
ope ra ting at high tem pe ra tu res. The po -
ssi bi li ty of using sa ni ta ry ce ra mics in or -

di na ry con cre te was al so con fir med in
work [15], in which con cre te mi xtu res
we re de si gned using CE M 32.5R ce ment
and on ly ag gre ga te from cru shed sa ni ta -
ry ce ra mics of va rio us frac tions.

Materials and methods
The te sts used stan dard cu bic (10 cm

x 10 cm x 10 cm) and cy lin dri cal con cre -
te sam ples (30 cm high and 15 cm in dia -
me ter) in ac cor dan ce with the stan dard
[16]. The ave ra ge va lu es   of com pres si -
ve strength and Young’s mo du lus of a gi -
ven se ries of sam ples we re ob ta ined by
te sting at le ast three sam ples. Com pres -
si ve strength te sts we re per for med on an
Ad van test 9 te sting ma chi ne, and
Young’s mo du les we re te sted using the
Wal ter Bai sys tem, which co ope ra tes
with exten so me ters lo ca ted on cy lin dri -
cal sam ples. The sam ples we re ma de of
the fol lo wing in gre dients: wa ste ce ra mic
ag gre ga te of the 0 – 4 mm and 4 – 8 mm
frac tion, which was ob ta ined from pro -
ducts that did not me et the qu ali ty cri te -
ria of one of the le ading do me stic ma nu -
fac tu rers of sa ni ta ry fit tings, and ash ob -
ta ined from ther mal tre at ment of se wa -
ge slud ge from the Pła szów II se wa ge
tre at ment plant in Kra ków and Por t land
ce ment CEM I 42.5 R from Ce men tow -
nia Oża rów SA in Oża rów. Fo ur se ries of
sam ples we re ma de: ba se sam ples and
three se ries con ta ining 5, 10 and 15% of
ash re pla cing ce ment. The re se arch
aimed to de ter mi ne the im pact of the ad -
di tion of ash on the phy si cal and strength
cha rac te ri stics of the mo di fied con cre te.
Com pres si ve strength after 28 and 90
days of set ting and the in flu en ce of tem -
pe ra tu res (from 300 to 600°C) on com -
pres si ve strength we re de ter mi ned. Ta ble
No. 1 li sts the pro por tions of ma te rials
used to pre pa re the sam ples.

After cu ring in ac cor dan ce with stan -
dard re qu ire ments [16], the sam ples we -
re dried at a tem pe ra tu re of 105 ± 5°C
to con stant we ight in a KC -100/200 la -
bo ra to ry dry er. Then they we re he ated in
a spe cial PK 1100/5 fur na ce equ ip ped
with a he ating cham ber. The sta tion has
de di ca ted Ther mo Pro so ftwa re that al -
lows you to pro gram the ther mal pro -
cess. The he ating ti me de pen ded on the
pro gram med tem pe ra tu re. The tem pe ra -
tu re was ma in ta ined in the oven for 30
mi nu tes until the he ating pro cess was
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com ple ted. The tem pe ra tu re di stri bu tion
in the fur na ce was mo ni to red by a re gu -
la ting ther mo co uple in ser ted thro ugh
the re ar wall. The ther mo co uple is lo ca -
ted ne ar the top of the fur na ce. Fi gu re 1
shows the ac tu al tem pe ra tu re di stri bu -
tions du ring he ating in the PK 1100/5
spe cial fur na ce re cor ded by the Ther -
mo Pro so ftwa re. The stan dard „tem pe -
ra tu re -ti me” cu rve in ac cor dan ce with
the re qu ire ments [17] was ad op ted as
the ba sis for the he ating pro cess.

A FEG Quanta 250 scanning electron
microscope was used to examine the
morphology and elemental composition
of concrete. Mechanical tests were
carried out using an Advantest 9
Controls hydraulic press. The obtained
results were compared with reference
samples. The research was carried out at
the Construction Laboratory of the
Lublin University of Technology.

Results
The re sults of te sts on the che mi cal

com po si tion of the com po nent ma-
te rials: wa ste ce ra mic ag gre ga te, ash
and ce ment are sum ma ri zed be low. The
com pres si ve streng ths of fo ur se ries of

con cre tes we re al so pre sen ted, ta king
in to ac co unt the in flu en ce of he ating
tem pe ra tu res (300, 450 and 600°C). The
che mi cal com po si tion and mor pho lo gy
we re de ter mi ned using a Qu an ta 250
FEG SEM mi cro sco pe. The che mi cal
com po si tion of the te sted fly ashes was
de ter mi ned using the XRF ener gy di -
sper si ve X -ray flu ore scen ce me thod.
The mi ne ral com po si tion was de ter mi -
ned by X -ray pha se ana ly sis (XRD).

Me asu re ments we re ma de using the po -
wder me thod using an X’per t PRO
MPD X -ray dif frac to me ter with a PW
3020 go nio me ter.
Test re sults for ash from the com bu -

stion of se wa ge slud ge and 43.5 R ce -
ment and re cyc led ce ra mic ag gre ga te.
Pho tos 2, 3 and 4 re spec ti ve ly show the
mi cro struc tu res and EDS ana ly sis re -
sults from the ima ge are as of ce ra mic
ag gre ga te, ash from the com bu stion of
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Fig. 1. Tem pe ra tu re di stri bu tion in the fur -
na ce ac cor ding to the exter nal ther mo co uple
Rys. 1. Rozkład temperatury w piecu wg
termopary zewnętrznej

Photo 1. View of the microstructure of ceramic aggregate (500x magnification). EDS
elemental analysis from the area visible in the photo
Fot. 1. Widok mikrostruktury kruszywa ceramicznego (powiększenie 500x). Analiza
pierwiastkowa EDS z obszaru widocznego na zdjęciu

Photo 2. View of the microstructure of ash from sewage sludge (500x magnification). EDS
elemental analysis from the area visible in the photo
Fot. 2. Widok mikrostruktury popiołu z osadów ściekowych (powiększenie 500x). Analiza
pierwiastkowa EDS z obszaru widocznego na zdjęciu

Photo 3. View of the cement 42,5 R microstructure (2000x magnification). EDS elemental
analysis from the area visible in the photo
Fot. 3. Widok mikrostruktury cementu 42,5 R (powiększenie 2000x). Analiza pierwiastkowa EDS
z obszaru widocznego na zdjęciu
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Table 1. Composition of concrete mixtures
[kg/m3]
Tabela 1. Skład mieszanek betonowych
[kg/m3]

Ingredients
Designation of a series of samples
CP0c CP5c CP10c CP15c

Cement (I 42,5 R) 488,0 463,6 439,2 414,8
Ash (SSA) 0,0 24,4 48,8 73,2
Ceramic aggre-
gate (4 – 8 mm) 997,0 997,0 997,0 997,0

Ceramic aggre-
gate (0 – 4 mm) 398,0 398,0 398,0 398,0

Water 196,0 196,0 196,0 196,0
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mu ni ci pal wa ste and 42.5R Por t land ce -
ment. Ta ble No. 2 sum ma ri zes the re -
sults of te sting the oxi de com po si tion of
the abo ve -men tio ned pro ducts. ce ra mic
ag gre ga te, ash and ce ment.

Com pa ring the oxi de com po si tion of
ce ment, in which the sum of the per cen -
ta ges of SiO2 and CaO, re spon si ble 
for the hy dra tion of the clin ker pha ses, is
ap pro xi ma te ly 80%, and the ash in qu -
estion, in which ap pro xi ma te ly 40% of
the se com po unds we re fo und, it can be
conc lu ded that the ad di tion in the form of
ash do es not ha ve si gni fi cant hy drau lic
pro per ties. The re sults of te sting the oxi -
de com po si tion of the ce ra mic ag gre ga -
te sho wed ma in ly si li ca SiO2 (61.19%)
and alu mi num dio xi de Al2O3 (29.95%). In
con cre tes that re qu ire high re si stan ce to
high me cha ni cal lo ads and ag gres si ve
envi ron men tal in flu en ces, it is ne ces sa ry
to use ag gre ga tes with high re si stan ce to
cru shing, i.e. with a low Los An ge les LA
co ef fi cient. The ce ra mic ag gre ga te test
was car ried out on the 4÷8 mm frac tion.
Be fo re te sting, the ag gre ga te was wa shed
and then dried at a tem pe ra tu re of 110
±5°C. As a re sult of the te sts, an LA co -
ef fi cient va lue of 22.4 was achie ved, the -
re fo re the ag gre ga te can be clas si fied as
LA 25. As part of the re se arch work, frost
re si stan ce te sts we re al so car ried out. The
test re sults sho wed a we ight loss du ring
the frost re si stan ce test of 0.29%, which
is ≤ 1%, which, in ac cor dan ce with the
ap pli ca ble re qu ire ments, al lows the ob ta -
ined ce ra mic ag gre ga te to be clas si fied in
the F1 ca te go ry. At the sa me ti me, it was
de ter mi ned that the ave ra ge bulk den si ty
of the ag gre ga te is 2403 kg/m3 and the
ave ra ge wa ter ab sorp tion is 1.98%. This
me ans that the den si ty of ce ra mic ag gre -
ga te is si mi lar to that of na tu ral rocks
such as gra ni te or mar ble, and the wa ter
ab sorp tion is si mi lar to that of do lo mi te
or gra vel with a pre do mi nan ce of car bo -
na te gra ins. Ho we ver, the wa ter ab sorp -

tion of the te sted ag gre ga te is much lo wer
than that of other re cyc led ag gre ga tes,
such as cru shed RCA con cre te, the wa ter
ab sorp tion of which in va rio us te sts ran -
ges from 3 to 15% [18]. It is al so im por -

tant that the sa ni ta ry ce ra mics ag gre ga te
do es not show any chan ges in struc tu re as
a re sult of he ating at high tem pe ra tu res.
The te sts of the ag gre ga te struc tu re we re
pre ceded by he ating ag gre ga te gra ins of 
the 4 ÷ 8 mm frac tion at tem pe ra tu res
of 300°C and 600°C in a PK1100/5
cham ber fur na ce. After re aching the as -
su med tem pe ra tu re, it was then ma in ta -
ined in the fur na ce cham ber for an ho ur.
The sur fa ce of the ce ra mic ag gre ga te 
do es not chan ge its struc tu re and form
after an ne aling. Ir re gu lar po res are still
vi si ble thro ugho ut the ma te rial. Im por -
tan tly, the te sts did not re ve al any mi cro -
cracks for med du ring the he ating of the
ce ra mic ag gre ga te. Ho we ver, such da ma -
ges we re vi si ble in te sts of ba salt ag gre -
ga te which, after he ating at 600°C, sho -
wed a num ber of ir re gu lar cracks. The
te sts car ried out on the tech ni cal cha rac -
te ri stics of re cyc led ag gre ga te ba sed on
cru shed ce ra mic cul let cle ar ly show that

its fe atu res do not dif fer si gni fi can tly
from tho se of na tu ral ag gre ga tes, and in
se lec ted ca ses such as the re si stan ce to
high tem pe ra tu res even si gni fi can tly
exce eds them [19].
Re sults of me cha ni cal te sts of con -

cre te sam ples with the ad di tion of ash
from se wa ge slud ge. Fi gu re 2 shows
the com pres si ve strength of con cre te 
cu bic sam ples with ed ge di men sions
of 10 cm. Re pla cing ce ment by 10% re -
sul ted in al most iden ti cal com pres si ve
strength va lu es   com pa red to the ba se
sam ples after 90 days of cu ring.

In order to take into account the
subsequent increase in compressive
strength of concrete samples caused by
the addition of ash (SSA), the effect of
high-temperature loading of concrete
was checked after 180 days (Fig. 3).
Similar compressive strength results
were obtained for samples with 5 and
10% SSA content compared to the base
samples heated at 300°C. The highest
values   of compressive strength after
heating at 600°C were obtained by
samples of the CP5c and CP10c series.

Be low (Fig. 4) are the re sults of
Young’s mo du li of fo ur se ries of sam -
ples te sted after 28 days of ma tu ra tion.
The hi ghest va lue of 37.66 GPa was
achie ved by CP0c se ries con cre te.

Conclusions
Based on the results obtained, it can

be concluded:
1. Ash from ther mal pro ces sing of se -

wa ge wa ste in the amo unt of 5 – 15%

Table 2. Oxide composition of ceramic aggregate, ashes and Portland cement CEM I 42.5 R
Tabela 2. Skład tlenkowy kruszywa ceramicznego, popiołów i cementu portlandzkiego 
CEM I 42,5 R

Oxide
Fe2O3 Na2O MgO Al2O5 SiO2 P2O5 SO3 K2O CaO TiO2

[%]

Aggregate 2,79 1,57 0,35 29,95 61,19 0 0 2,72 0,71 0,73

Ash 13,51 1,18 4,56 9,51 24,64 23,62 1,81 1,91 17,64 1,62

Cement 2,06 0,20 1,21 4,03 14,95 0,29 3,41 1,19 72,34 0,22
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Fig. 2. Average compressive strength and standard deviation of samples with different ash
content measured after 28 and 90 days of curing
Rys. 2. Średnia wytrzymałość na ściskanie i odchylenie standardowe próbek z różną zawartością
popiołu po 28 i 90 dniach dojrzewania
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can be used as a par tial re pla ce ment for
ce ment in a con cre te mix ba sed on wa -
ste ce ra mic ag gre ga te.

2. Te sts of the pha se com po si tion of
ash from ther mal pro ces sing of wa ste re -
ve aled par tial ly hy drau lic com po nents.
The con duc ted re se arch shows that the
in i tial bin ding pro cess it self is slo wer
than in the re fe ren ce sam ples. After a pe -
riod of 90 days of ma tu ra tion, si mi lar
va lu es   of com pres si ve strength of the
sam ples (CP5c, CP10c and CP15c) we -
re ob ta ined in re la tion to the ba se sam -
ples. The hi ghest in cre ase in com pres si -
ve strength after 90 days of ma tu ra tion,
amo un ting to al most 15%, was ob se rved
in the CP5c se ries sam ples.

3. As a re sult of he ating the sam ples to
tem pe ra tu res in the ran ge of 300 – 600°C,
it sho uld be sta ted that with the in cre ase 
in the he ating tem pe ra tu re, the re si du al

strength of the sam ples de cre ases. It is cle -
ar ly vi si ble that in cre asing the ad di tion of
ash do es not af fect the na tu re of chan ges
in strength, be cau se both for the re fe ren ce
sam ples and tho se with the ad di tion of ash,
the strength drops are com pa ra ble at all
he ating tem pe ra tu res. At the sa me ti me,
a cer ta in ano ma ly was no ti ced – the he -
ating tem pe ra tu re of 300°C re sul ted in a se -
ve ral per cent in cre ase in the strength of all
ty pes of sam ples in re la tion to the re fe ren -
ce sam ples for which the strength was de -
ter mi ned after 28 and 90 days of cu ring.

4. It can be cle ar ly sta ted that the ad -
di tion of fly ash from the com bu stion of
se wa ge wa ste re du ces the mo du lus of
lon gi tu di nal ela sti ci ty – Young’s mo du -
lus. This de cre ase is pro por tio nal to the
amo unt of fly ash ad ded. It sho uld be em -
pha si zed, ho we ver, that the dif fe ren ce be -
twe en the re fe ren ce sam ple and con cre -
te mar ked CP15c is ap pro xi ma te ly 15%.

5. The con duc ted re se arch cle ar ly
sho wed that it is po ssi ble to use this ty -
pe of ash in con cre te with 100% re cyc -
led ag gre ga te. The ob ta ined me cha ni cal
pro per ties and re la ti ve ly high re si stan ce
to ele va ted and high tem pe ra tu res ma ke
this ty pe of con cre te a re la ti ve ly easy
way to re du ce the amo unt of wa ste ge -
ne ra ted as a re sult of hu man ac ti vi ty.
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Fig. 3. Average compressive strength and standard deviation of samples with different ash
content measured after 180 days of curing and heated at temperatures of 300, 450 and 600°C
Rys. 3. Śred nie wy trzy ma ło ści na ści ska nie i od chy le nie stan dar do we pró bek z róż ną za war -
to ścią po pio łu mie rzo ne po 180 dniach doj rze wa nia i pod da nych wy grze wa niu w tem pe ra-
tu rze 300, 450 i 600°C
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Fig. 4. Young’s module of concrete samples
with different ash content
Rys. 4. Moduł Younga próbek betonowych 
z różną zawartością popiołu
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