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Wykorzystanie odpadéw przemystowych w produkcji przyjaznego

dla srodowiska betonu

Utilization of industrial waste for green concrete

1. Wprowadzenie

Rézne grupy zawodowe, a mianowicie inzynierowie, architekci,
nauki stosowane i inni specjalisci rozpatrujg srodowisko z réznej
perspektywy. Jako podgrupa wymienionych zawodow, specjali-
$ci zajmujacy sie materiatami i ochrong srodowiska beda przede
wszystkim rozpatrywa¢ wptyw materiatéw budowlanych z punk-
tu widzenia zrownowazonego rozwdju (18). W celu zmniejszenia
niekorzystnego wptywu emisji CO, na atmosfere ziemi Europej-
ska Rada do spraw zréwnowazonego rozwoju podjeta inicjaty-
we popierajacg uwzglednienie zrGwnowazonego rozwoju W pro-
dukcji cementu i wprowadzenie wskaznikow charakteryzujacych
te zmiany (8).

Beton pozostanie gtéwnym materiatem do prowadzenia prac bu-
dowlanych z zakresu infrastruktury na catym swiecie w XXI wie-
ku (5). Wprowadzenie zasad zréwnowazonego rozwoju opartego
na rozwoju korzystnych dla srodowiska materiatéw cementowych
stworzyto zapotrzebowanie na dobre surowce, ktére zmniejszg,
zuzycie energii i emisje CO, (19). Zainteresowanie budzg teraz
odpady przemystowe majace wtasciwosci pucolanowe, do ktérych
nalezg przede wszystkim popioty lotne i granulowany zuzel wiel-
kopiecowy (7, 10, 14). Jest bardzo duzo cytowan literatury w ar-
tykutach na ten temat. Wykorzystanie tych odpadéw do produkc;ji
innych materiatdw zmniejszy oczywiscie zanieczyszczenie srodo-
wiska. Najbardziej popularnymi odpadami przemystowymi sg po-
pioty lotne, ktorych ilo$¢ na Swiecie wynosi okoto 600 milionow ton
(2, 10); w Turcji jest ich okoto 14 milionéw ton (12, 17).

Popioty lotne sg ubocznym produktem spalania pytu weglowego
z wegli brunatnych i kamiennych w elektrowniach; unoszone z ga-
zami czastki sg wytracane w elektrofiltrach, filtrach workowych lub
w skruberach. Te czastki majg ksztatt kulisty i ich wymiary zawar-
te sg w przedziale 1-150 pm (3, 4). Norma ASTM C618 wyrdznia
klasy popiotow lotnych F i C (3). W przypadku, gdy suma SiO, +
Al,O, + Fe,O, w popiele ze spalania wegla kamiennego jest wiek-
sza od 70%, jest on zaliczany do klasy F. Jezeli ta suma w popiele
ze spalania wegla brunatnego jest w przedziale od 50 — 70% za-
licza sie go do klasy C. Wiekszo$¢ popiotéw lotnych klasy C ma
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1. Introduction

Different professions, such as engineering, architecture, applied
sciences and other specialisations assess the environment from
different perspectives. As a subgroup of the professions mentio-
ned, materials and environmental engineers deal with the effects
of building materials on sustainability (18). In order to reduce the
detrimental effects on the Earth’s atmosphere such as the green-
house effect and volatile emissions, The World Board of Commer-
ce for Sustainable Development has taken the initiative to enco-
urage cement sustainability to improve environmental manage-
ment of cement production and the implementation of specific su-
stainability management indicators for this industrial activity (8).

Concrete will remain the primary component of infrastructure th-
roughout the world in the 21st century (5). Once the sustainable
solutions based on green cementitious materials are developed,
the need for valuable raw materials will be reduced together
with energy consumption and greenhouse gas emissions (19).
Researchers now pay more attention to industrial waste products
that exhibit pozzolanic features. These are, for example, fly ash
and granulated blast-furnace slag (14, 10, 7). Utilizing these ma-
terials in the production of building materials will obviously help to
decrease the amount of environmental pollution. Fly ash is the
common industrial waste and is generated approximately 600
million tons throughout the world (2, 10); in Turkey, it is about 14
million tons (17, 12).

Fly ash is a by-product of the combustion of pulverized coals such
as lignite and bituminous coals in power plants; fine particles
are captured in electrostatic precipitators, baghouses and wet
scrubbers. These particles are of a spherical form with diameters
between 1-150 uym (3, 4). ASTM C 618 (3) classifies fly ashes as
Class F and Class C. When the total amount of SiO,+Al,O,+FeO,,
in fly ash from bituminous coal burning, is larger than 70%, it is
referred to as Class F. If the same chemical composition, obtained
from the burning of lignite or subbituminous coal, is between 70%-
50%, then it is referred to as Class C. Most Class C fly ashes have
also self-cementing properties. In addition, the amount of CaO is



wiasciwosci hydrauliczne. Dodatkowo zawarto$¢ CaO jest takze
znaczna; jezeli jest ona wieksza od 10% taki popidt jest nazywa-
ny wysoko wapniowym (klasa C), lub nisko wapniowym (klasa F).
Popioty lotne stosowane do produkcji cementu lub betonu mogg
poprawi¢ wiasciwosci techniczne produktu finalnego, niezalez-
nie od korzysci ekonomicznych i ekologicznych. Dodanie popio-
tow lotnych do betonu poprawia wytrzymatosé po dtugim okresie
twardnienia i trwato$¢ w przypadku eksploatacji w trudnym s$ro-
dowisku (11). Popioty lotne ze wzgledu na kulisty ksztatt czastek
polepszajg konsystencje oraz utatwiajg uktadanie i zageszczanie
betonu. Najdrozszym sktadnikiem betonu jest cement; jezeli jego
czes¢ zostaje zastgpiona popiotem lotnym zmniejsza to w pew-
nym stopniu koszt betonu (9, 11, 16).

W pracy zbadano wptyw dodatku popiotdw lotnych z trzech elek-
trowni zastepujacych w réznym stopniu cement w betonie na jego
mechaniczne wiasciwosci po 7, 28 i 90 dniach twardnienia.

2. Materiaty i metody

Program doswiadczen obejmowat zbadanie wtasciwosci materia-
téw stosowanych do wytwarzania prébek betonu oraz ilos¢ dodat-
ku, a takze wtasciwosci mieszanki betonowej obejmujgce rozptyw,
gestos¢ i zawartos¢ powietrza, a w przypadku betonu wytrzyma-
tos¢ na Sciskanie i zginanie.

2.1. Materialy

W doswiadczeniach stosowano nastepujgce materiaty: cement por-
tlandzki CEM I, naturalne kruszywo, piasek i wode wodociggowg,

Tablica 1 / Table 1

SKLAD CHEMICZNY | WEASCIWOSCI FIZYCZNE POPIOLOW LOTNYCH

CHEMICAL AND PHYSICAL PROPERTIES OF THE FLY ASHES

also important; if CaO content is higher than 10%, then it is called
high-calcium fly ash (Class C), or low-calcium fly ash (Class F).
When utilized in cement and concrete manufacturing, fly ashes
may improve technical properties of the final product in addition
to the economical and ecological benefits. Employing fly ashes in
concrete increases the late strength values and improves the du-
rability in harsh environments (11). Fly ashes, owing to the spheri-
cal shape of their particles, provide consistency, easy placement
and compaction of fresh concrete. Cement is the most expensive
constituent of the concrete; if some part of it is replaced by fly ash,
then the cost of concrete might be somewhat lowered (11, 9, 16).

In this study, waste fly ashes from three different power plants were
used to replace cement in varying ratios and the effects of repla-
cement on the mechanical properties of concrete after 7, 28 and
90 days of curing were investigated.

2. Materials and experimental methods

The experimental program involved firstly the examination of raw
materials properties used in manufacturing of the concrete speci-
mens along with mixture proportioning; then, the quality control te-
sts of fresh concrete covering slump, density and air content and,
finally, the compressive and flexural strengths of hardened con-
crete samples were also measured.

2.1. Materials

The following materials were used in this study: Portland cement
CEM |, tap water, natural coarse aggregates, fine aggregate and
fly ashes from Afsin-Elbistan (AFA), Cayirhan (CFA) and Yatagan
(YFA) power plants. Chemical and physical
properties of these fly ashes were determi-
ned by Ankara Cement Factory and are gi-
ven in Table 1.

Tlenki ASTM C 618
Component AFA CFA YFA Klasa F | Klasa C The cumulative curves for the particle size
Class F | Class C distribution of fly ashes are depicted in Fig.
Sktad chemiczny/ Content, mass % 1. Scanning electron micrographs of AFA,
SiO, 18.08 46.74 52.14 - - CFA, YFAfly ashes are shown in Fig. 2. and
AlLO, 8.90 14.42 21.10 - - the X-ray diffraction patterns of AFA, CFA,
Fe,O, 3.27 9.24 5.88 - - YFAin Fig. 3.
S+A+F 30.45 70.13 79.12 >70 > 50
a0 1868 13.35 10.25 i _ 2.2. Test samples and mixture
MgO 2.24 5.26 2.36 <5 <5 properties
K0 0.35 1.98 2.63 ) . The concrete mixture was prepared in ac-
Na,0 0.18 2.13 2.41 <1.50 <1.50 cordance with the Turkish Standard TS 802
SO, 14.78 6.00 1.44 <5 <5 (1). The composition of the mixtures is given
Straty prazenia, % 3.25 054 0.50 <12 <6 in Table 2. The fly ashes CFA and YFA were
LOI, % class F fly ashes, but AFA has much higher
Wiasciwosci fizyczne/ Physical properties SO, and CaO content. This ash is the high
Gestosc¢/Density, g/cm? 2.72 2.44 2.48 - - calcium fly ash with high content of anhydri-
Miatkos¢/Blaine fineness, cm?/g 2700 2130 2750 - - te. Mixture proportioning per a cubic meter,
Aktywnos¢ pucolanowa 50 62,5 61 i i was: 315 kg of cement, 722 kg of fine aggre-
Pozzolanic activity gate, 1126 kg of coarse aggregate, and 175

cwa-4/2010 211



—YFA
/ ——CFA
40 g AFA

Volume (%)
~

01 10 100
Particle Size (um)

100,0 1000,0

Rys. 1. Rozkfad ziarnowy popiotow

Fig. 1. Particle size distribution of AFA, CFA and YFA fly ashes

oraz popioty lotne z trzech elektrowni: AFA, CFAi YFA. Sktad che-
miczny i wkasciwosci fizyczne tych popiotdéw podano w tablicy 1.

Krzywe kumulacyjne rozktadu ziarnowego tych popiotéw pokaza-
no na rysunku 1, a na rysunku 2 zdjecia tych popiotéw pod mikro-
skopem elektronowym, natomiast na rysunku 3 ich rentgenogramy.

kg of water with a w/c ratio of 0.53. According to the Turkish Stan-
dard TS 802, cylindrical samples of 150 x 300 mm and prismatic
of 100 x 100 x 500 mm were cast from each mixture to determi-
ne the compressive and flexural strengths of hardened concrete;
three specimens were used for strength measurements after each
curing period. The specimens were demoulded after 24 hours and
cured in lime-saturated water at 20+2 °C for 7, 28 and 90 days.

3. Results and discussion

3.1. Concrete mixtures

The composition and results of measured concrete mixtures pro-
perties, i.e. slump, density and entrapped air, are given in Table
2. As it can be seen, the slump decreased parallel with the addi-
tion of fly ash. This decrease might be probably attributed to the
volume increase of the paste due to the lower density of fly ash
replacing cement in the mix. Fly ash, although equal in mass, wo-
uld have a larger volume than that of cement. Water requirement
was higher due to the fly ash content; however, the amount of wa-
ter had to be kept constant w/b = 0.53, which resulted in the de-
crease of slump.

Rys. 2. Obrazy pod skaningowym mikroskopem elektronowym popiotéw

Fig. 2. Scanning electron micrographs of AFA, CFA and YFA fly ashes
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Fig. 3. The X-ray patterns of AFA, CFA, and YFA ashes
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2.2. Probki i wiasciwosci mieszanki betonowej

Przygotowano mieszanki betonowe zgodnie z normg turecka TS
802 (1). Sktady mieszanek podano w tablicy 2. Popioty lotne CFA
i YFA nalezaty do klasy F, przy czym popiot CFA miat nieznacznie
przekroczong zawartos¢ SO,. Natomiast popidt AFA byt popiotem
wysoko-wapiennym, o bardzo duzej zawartosci anhydrytu. Skfad
betonu byt nastepujacy (kg/m?): cement — 315, piasek 722, kru-
szywo — 1126, woda — 175 kg, w/c — 0,53. Zgodnie z tureckg nor-
ma TS 802 z kazdej mieszanki przygotowano prébki walcowe 50
x 300 mm i beleczki 100 x 100 x 500 mm w celu oznaczenia wy-
trzymatosci na zginanie i Sciskanie; po kazdym okresie pomiaro-
wym badano po trzy probki.

Probki rozformowywano po 24 godzinach i przechowywano w na-
syconym roztworze wodnym w 20 + 2°C przez okres 7, 28 190 dni.

3. Wyniki i ich omowienie
3.1. Mieszanki betonowe

Wyniki badan rozptywu, gestosci i zawarto$ci powietrza podano
w tablicy 2. Wyniki te wykazuja, ze rozptyw maleje ze wzrostem

Tablica 2 / Table 2
SKLAD | WEASCIWOSCI MIESZANKI BETONOWEJ

COMPOSITION AND PROPERTIES OF CONCRETE MIXTURES

Although the measured density of concrete mix was decreasing
with the increase of fly ash content, this reduction was insignifi-
cant. Likewise, entrapped air did not exhibit considerable diffe-
rences; air content equal 2.2% was measured in control speci-
mens while it was 2.6% for the highest fly ash-cement replace-
ment ratio of 22.5%.

3.2. Compressive strength of cylindrical samples

In Fig. 4 the compressive strength of the cylindrical concrete sam-
ples were presented. Strength measured after 7 days of concrete
hardening were lower for all cement replacement ratios. The lo-
west strength was observed for the mixes with 22.5% fly ash ad-
dition, replacing cement. This reduction of compressive strength
was about 45% with respect to that of the control specimens.
When the fly ash containing mixes were compared between them-
selves, it was observed that all mixes gave similar results after 7
days of hardening.

The compressive strength of concrete with fly ash addition after 28
days of hardening still had lower values when compared to those
of the control specimens. The samples with fly ash addition betwe-
en 7.5% and 20.0% yielded similar results, but 22.5% percent re-
placement showed noticeable reductions of strength in all mixes.

The compressive strength of concrete after 90
days differed from the results after a shorter har-
dening time. The concrete containing AFA ash (the

boniot lotm/Flv ash added one with high calcium) showed similar results to
opiot lotn ash adde o .
P ey Gestosé Zawartos¢ the control specimens, even for 22.5% cement
Cement llo$é Rozptyw ) powietrza . A
Zrédio Density replacement the difference was not significant.
kg/m?3 % Amount Slump mm 5 Entrapped . »
s Source kg/dm air % Concrete samples with addition of fly ash CFA
m , /0
9 showed an increase of compressive strength until
3150 0 0 - 80 2326 22 the 15% replacement ratio for which the highest
AFA 80 2.325 22 strength was obtained equal to 15%. 17.5% repla-
2914 75 23.6 CFA 76 2.325 2.2 cement produced essentially the same strength
YFA 78 2.320 2.1 as that of the control specimens while the rema-
AFA 75 2.323 2.3 ining 20.0% and 22.5% replacement levels gave
283.5 10.0 31.5 CFA 74 2.316 23 lower strength than that of the control samples.
YFA 73 2.314 2.2 Concrete samples with YFA ash addition presen-
AFA 70 2317 23 ted the increase of compressive strength, and only
275.6 125 39.4 CFA 68 2308 24 22.5% replacement presented almost the same
YEA 67 2310 24 strength as the control specimen. It should be no-
AFA 60 2303 23 ted that the strength was increasing with the in-
267.8 15.0 473 CFA 62 2203 23 crease of fly ash addition till 15% and then gra-
YFA 50 2301 o4 duaIIy'feII down to the'level of control specimens.
The highest strength increase equal to 23% was
AFA 50 2.292 2.3
found for 15% of cement replacement.
259.9 17.5 55.1 CFA 48 2.290 2.4
YFA 49 2.285 2.5 The deviations in the strength of the concrete
AFA 40 2.290 24 samples containing fly ashes addition from three
252.0 20.0 63.0 CFA 38 2284 25 sources may be attributed to the differences of
YEA 38 2.280 25 chemical compositions and in the minor degree
AFA 34 2286 25 of different fly ash fineness. However, the gre-
2449 225 70.9 CFA 32 2281 24 atest importance will be attributed to the diffe-
YFA 30 2278 26 rences of pozzolanic activity of these three ap-

plied fly ashes.
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Rys. 4. Wytrzymato$¢ na $ciskanie prébek betonu z dodatkiem popiotu po
7, 28 i 90 dniach twardnienia

Fig. 4. Compressive strength of concrete samples with fly ash addition
after 7, 28, and 90 days of hardening

dodatku popiotu. Ten spadek moze by¢ prawdopodobnie spowo-
dowany zwiekszeniem objetosci zaczynu, w zwigzku z mniejszg,
gestoscig popiotu zastepujgcego cement w mieszance. Popidt
lotny przy tej samej masie bedzie miat wigkszg objetos¢ niz ce-
ment. Wodozadnos¢ byta wieksza w zwigzku z dodatkiem popio-
tu, jednak ilo$¢ wody utrzymywano na tym samym poziomie (state
w/c+P), co zmniejszyto rozptyw.

Aczkolwiek znaleziona gesto$¢ mieszanki betonowej malata ze
wzrostem udziatu popiotu lotnego, jednak ten spadek byt bardzo
maty. Takze zawartos¢ powietrza nie wykazata znaczniejszych roz-
nic: zawartos¢ na poziomie 2,2% znaleziono w prébce kontrolnej
podczas gdy w przypadku najwiekszego dodatku popiotu réwne-
go 22,5% wynosita ona 2,6%.
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Rys. 4. Wytrzymatos¢ na zginanie probek betonu z dodatkiem popiotu po
7, 28 i 90 dniach twardnienia

Fig. 5. Flexural strength of concrete with the fly ashes addition after 7, 28,
and 90 days of hardening

3.3. Flexural strength of prismatic samples

In Fig. 5 the results of flexural strengths measurements of concre-
te samples are depicted. The flexural strength after 7 and 28 days
was lower than those of the control specimens. The replacement
of 22.5% of cement caused an average reduction of 21% of fle-
xural strength after 7 days of curing while the reduction was 17%
after 28 days. However, AFA containing mix presented a little hi-
gher strength compared to the mixes with CFA and YFA fly ashes
after 7 days, but the difference was not very significant. Another
comment of the results was that the replacement ratios betwe-
en 7.5% and 17.5% gave similar flexural strength for all three dif-



3.2. Wytrzymalos¢ na Sciskanie probek walcowych

Na rysunku 4 pokazano wytrzymato$¢ na Sciskanie walcowych
probek betonu. Zmierzona wytrzymatos$¢ wszystkich prébek po 7
dniach twardnienia byfa nizsza w przypadku dodatku popiotu lot-
nego zastepujacego cement. Najmniejszg wytrzymatos¢ osiggne-
ty probki, w ktorych 22,5% cementu zastapiono popiotem lotnym;
spadek wytrzymatosci na Sciskanie wyniost okoto 45% w poréw-
naniu z prébkami kontrolnymi. Natomiast wszystkie mieszanki za-
wierajgce dodatek popiotu lotnego osiggnety podobng wytrzyma-
fos¢ po 7 dniach twardnienia.

Wytrzymatos$¢ na s$ciskanie betonu z dodatkiem popiotu lotnego
po 28 dniach twardnienia byta nizsza niz probki kontrolne. Probki
z dodatkiem popiotu od 7,5% do 20% miaty podobng wytrzyma-
tos¢, jednak probki z dodatkiem 22,5% wykazaty znaczny spadek
wytrzymatosci w przypadku wszystkich stwardniatych mieszanek.

Wytrzymatos¢ na sciskanie po 90 dniach réznita sie od wynikow
po krétszym okresie twardnienia. Probki betonu z dodatkiem po-
piotu AFA (popidt z duzg zawartoscig wapnia) wykazat wytrzyma-
to$¢ podobng do prébek kontrolnych; nawet probka z 22,5% do-
datkiem tego popiotu data bardzo matg réznice. Natomiast probki
betonu z dodatkiem popiotu CFAwykazaty przyrost wytrzymatosci
na $ciskanie az do poziomu dodatku wynoszacego 19%, w przy-
padku ktérego osiggnety najwieksza wytrzymatos¢, a wzrost wy-
niost 15%. Zastgpienie cementu na poziomie 17,5% dato bez
mata takg sama wytrzymatos$¢ co probki kontrolnej, podczas gdy
dodatek 20% i 22,5% dat mniejszg wytrzymato$¢ od probki kon-
trolnej. Probki betonu z dodatkiem popiotu YFA wykazaty przyrost
wytrzymatosci, tylko probka z dodatkiem 22,5% osiagneta prawie
takg sama wytrzymato$c¢ jak probki kontrolne. Trzeba podkreslic¢,
ze wytrzymato$c¢ rosta ze zwigkszeniem dodatku popiotu do 15%,
a nastepnie stopniowo malata do wartosci osiagnietej przez préb-
ki kontrolne. Najwigkszy przyrost wytrzymatosci wynoszacy 23%
stwierdzono przy dodatku rownym 15%. Wahania wytrzymatosci
probek betonu zawierajacych popioty lotne z réznych elektrowni
mozna prawdopodobnie przypisac réznicom w sktadzie chemicz-
nym i miatko$ci stosowanych popiotéw. Jednak najwigksze znacz-
nie bedg miaty roznice aktywnosci pucolanowej trzech stosowa-
nych popiotéw lotnych.

3.3. Wytrzymatos¢ na zginanie beleczek

Na rysunku 5 pokazano wyniki pomiaréw wytrzymatosci na zgina-
nie. Wytrzymatos$¢ na zginanie po 7 i 28 dniach twardnienia byta
nizsza niz probek kontrolnych. Zastgpienie cementu popiotem
dodanym w ilosci 22,5% spowodowato zmniejszenie wytrzyma-
tosci na zginanie 0 21% po 7 dniach twardnienia, a 0 17% po 28
dniach. Jednak, w przypadku prébek betonu z dodatkiem popiotu
AFA wytrzymatos$¢ byta troche wyzsza w poréwnaniu z mieszan-
kami zawierajgcymi popioty YFA i CFA po 7 dniach twardnienia,
lecz roznica byta mata. Mozna wiec stwierdzi¢, ze dodatek od 7,5
do 17,5% dawat w przypadku wszystkich trzech popiotéw bardzo
podobne wyniki po 7 dniach twardnienia. Pomiary po 90 dniach
takze pokazano na rysunku 5. Mozna stwierdzi¢, ze probki betonu

ferent fly ashes used. The measurements after 90 days are also
shown in Fig 5. It is evident that the concrete with AFA addition
had lower flexural strength than the control samples as well as of
other mixes with CFA and YFA. The closest value to the flexural
of control samples was obtained with 17.5% YFA fly ash addition.

4. Conclusions

The following conclusions may be drawn from the experimen-
tal results:

1) Both workability and density of concrete decreased while air
content increased with the increase of fly ash addition; also
water demand was higher in the mixes in which fly ash were
replacing cement.

2) Compressive strength was lower after 7 and 28 days of har-
dening, the reductions were more pronounced at the highest
replacement ratio of 22.5%. On the other hand, after 90 days,
the results were getting closer to those of the control speci-
mens for the AFA and even better results were obtained for
CFA and YFA containing samples. The highest increase in the
compressive strength equal to 23% was found for 15% repla-
cement for the specimens produced with YFA.

3) Flexural strengths of all specimens with fly ash addition were
low after 7 and 28 days of hardening.

4) CFAand YFA addition both produced similar flexural strength
after 90 days as those of the control specimens without any
relevance to the replacement ratios; however, high calcium
AFA did not reach the level of control samples after 90 days
of hardening.

5) Both compressive and flexural strength for YFA containing mi-
xes yielded better results than their alternatives.

6) The trend observed in the changes of compressive strength
of the concrete specimens manufactured with the addition of
fly ash from three different sources was the same as in the
case of flexural strength. More specifically, the results for the
specimens produced with high calcium AFA ash were lower
in comparison to the strength of the specimens cast with CFA
and YFA at all ages; on the other hand, the results obtained
for concrete samples with CFA and YFA additions resembled
each other, although a little in favor of YFA, at all curing ages.
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z popiotem AFA majg nizszg wytrzymato$¢ na zginanie niz probki
poréwnawcze, a takze z dodatkiem dwoch innych popiotow CFA
iYFA. Najblizszg wytrzymato$¢ do probek kontrolnych uzyskat be-
ton z dodatkiem 17,5 % popiotu lotnego YFA.

4. Wnioski
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