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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 142.5 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.

recyklingowe kruszywo ceramiczne

Streszczenie. Swiadomos¢ ekologiczna spoteczenstwa, a przede
wszystkim konieczno$¢ dazenia do zrdwnowazonego rozwoju
w gospodarce powoduje, ze wpltyw betonu na srodowisko natu-
ralne jest coraz czgSciej omawiany. Wpisuje si¢ to jednoczes$nie
w szeroko rozumiany trend gospodarki o obiegu zamknigtym,
w ktorej ogranicza si¢ do minimum mozliwos$ci powstawania od-
padow takze w budownictwie. Podejmowane sa liczne badania
majace na celu zmniejszenie energochtonnosci rozwiazan dla
sektora budowlanego oraz zmniejszenia iloSci wytwarzanych
odpadow. W artykule przedstawiono wybrane wyniki badan cech
mechanicznych betonu zawierajacego odpadowe kruszywo ce-
ramiczne i popio6t lotny ze spalania osadow $ciekowych. Okreslo-
no takze wplyw podwyzszonej temperatury 300, 450 i 600°C
na wlasciwosci wytrzymalosciowe betonu. Przeprowadzone ba-
dania jednoznacznie wykazaty mozliwos¢ stosowania kruszywa
recyklingowego pochodzacego z przekruszenia ceramiki szla-
chetnej oraz popiotow lotnych ze spalania osadow $ciekowych
w betonach konstrukcyjnych.

Stowa kluczowe: popiot ze spalania osadow Sciekowych; kruszy-
wo ceramiczne; wytrzymato$¢ na $ciskanie; wysoka temperatura.

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
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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 0of 90% [4]. As aresult 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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cement CEM I. The obtained results con-
firmed that replacing 10% of cement with
the addition of SSA has a positive effect
on the compressive and tensile strength
when bending, as well as porosity. total,
ability to transport chloride ions and re-
sistance to sulfate ions. In [6] an exten-
sive literature analysis was carried out on
the use of SSA in concrete. Due to its
structure and chemical composition, it
was assessed that this material can be
used as a raw material for the production
of cement clinker and lightweight aggre-
gates, fine aggregates, filling aggregates
and in ground form as a component of ce-
ment. In the article [7] the influence of
SSA on the flowability and strength of ul-
tra-high-strength concretes (UHPC) was
investigated. The results showed that the
compressive strength of UHPC samples
with 10% SSA after 7 and 28 days of ma-
turation was slightly higher compared to
the base samples. The SSA content con-
tributed to reducing the heat of hydration
and increasing the pore volume of the
modified concrete. In the study [8], the
acid extraction method of phosphorus
from SSA was used. Phosphorus-free ash
(AW-SSA) was used as a partial replace-
ment for sand or cement in the concrete
mix. With a 10% cement replacement,
the mortar had a similar 28-day compres-
sive strength to the base mortar. It was fo-
und that AW-SSA probably has a latent
hydraulic character, positively influen-
cing the late development of strength.
The compressive strength of the mortar
with 10% cement replacement after 42
days was higher than the reference one by
about 5 MPa. The work [9] assessed the
behavior of cement slurries containing
sewage sludge ash (SSA) at elevated
temperatures (600 — 1000°C). The results
showed that the slurry containing 10%
SSA (S10) showed higher residual com-
pressive strength than the plain cement
slurry (S0). Increased temperatures cau-
sed the decomposition of hydrate pro-
ducts, thickening of pore structures and
the formation of cracks. The addition of
SSA promoted greater formation of gle-
nite at temperatures of 900 — 1000°C, and
such a phase can fill the pores in the ma-
trix. The influence of SSA addition on the
properties of cement mortars was deter-
mined in articles [10 — 12]. Research has
identified the mechanisms behind some

of the beneficial effects of SSA on the
strength development of mortars through
a comparative study with sewage sludge
fine ash (FSSA). The results of this stu-
dy indicate that the presence of SSA ac-
celerates the rate of heat release of ce-
ment hydration. Replacing cement with
SSA or FSSAup to 10% did not cause si-
gnificant changes in the pore structure of
the slurries. The formation of bruschite in
SSA or FSSA cement mortars contribu-
tes to the increase in the strength of the
mortars after a longer setting period. It
was found that the addition of SSA cau-
sed the formation of a larger amount of
ettringite in mortars under water immer-
sion conditions and the mortars expanded
already before the 7th day of maturation.
Research has shown that replacing 15%
of Portland cement with SSA and its frac-
tions: coarse-grained (SSAC) and me-
dium-grained (SSAM) results in an in-
crease in compressive strength. In work
[13], the properties of mortars with the
addition of ash from septic tank sludge
(SA) were examined. Cement and sand
were used in mass proportions of 1 : 3.
Percentage additions of sludge ash we-
re 5—30% in relation to the weight of ce-
ment. The obtained results indicate that
the addition of SA improves the general
properties of mortars, and the addition
0f20% SA was considered the most opti-
mal. The possibility of using aggregates
from the crushing of sanitary ceramics as
full-value substitutes for natural aggrega-
tes in mortars and concretes was confir-
med in [14]. The procedure for producing
aggregate (crushing, dividing grains into
two groups — fine and coarse, and deter-
mining their proportions) and designing
the concrete mixture are described. Tests
on the properties of this aggregate and the
properties of concrete containing this ag-
gregate were presented. The tested con-
crete was characterized by high strength
and high abrasion resistance. Particular-
ly favorable results were obtained when
using clay cement and samples subjected
to thermal loads up to 1000°C. Based on
the conducted research, it was confirmed
that aggregate for sanitary ceramics can
be recommended for making special ty-
pes of concrete: abrasion-resistant con-
crete and concrete intended for elements
operating at high temperatures. The po-
ssibility of using sanitary ceramics in or-
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dinary concrete was also confirmed in
work [15], in which concrete mixtures
were designed using CEM 32.5R cement
and only aggregate from crushed sanita-
ry ceramics of various fractions.

Materials and methods

The tests used standard cubic (10 cm
x 10 cm x 10 cm) and cylindrical concre-
te samples (30 cm high and 15 cm in dia-
meter) in accordance with the standard
[16]. The average values of compressi-
ve strength and Young’s modulus of a gi-
ven series of samples were obtained by
testing at least three samples. Compres-
sive strength tests were performed on an
Advantest 9 testing machine, and
Young’s modules were tested using the
WalterBai system, which cooperates
with extensometers located on cylindri-
cal samples. The samples were made of
the following ingredients: waste ceramic
aggregate of the 0 —4 mm and 4 — 8 mm
fraction, which was obtained from pro-
ducts that did not meet the quality crite-
ria of one of the leading domestic manu-
facturers of sanitary fittings, and ash ob-
tained from thermal treatment of sewa-
ge sludge from the Ptaszow II sewage
treatment plant in Krakéw and Portland
cement CEM [42.5 R from Cementow-
nia Ozaroéw SA in Ozar6éw. Four series of
samples were made: base samples and
three series containing 5, 10 and 15% of
ash replacing cement. The research
aimed to determine the impact of the ad-
dition of ash on the physical and strength
characteristics of the modified concrete.
Compressive strength after 28 and 90
days of setting and the influence of tem-
peratures (from 300 to 600°C) on com-
pressive strength were determined. Table
No. 1 lists the proportions of materials
used to prepare the samples.

After curing in accordance with stan-
dard requirements [16], the samples we-
re dried at a temperature of 105 = 5°C
to constant weight in a KC-100/200 la-
boratory dryer. Then they were heated in
a special PK 1100/5 furnace equipped
with a heating chamber. The station has
dedicated ThermoPro software that al-
lows you to program the thermal pro-
cess. The heating time depended on the
programmed temperature. The tempera-
ture was maintained in the oven for 30
minutes until the heating process was
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Table 1. Composition of concrete mixtures
[kg/m’]
Tabela 1. Sklad mieszanek betonowych
[kg/m’]

Designation of a series of samples
Ingredients

CP0c CP5c CP10c CP15c
Cement (142,5R) 488,0 463,6 4392 4148
Ash (SSA) 0,0 244 488 732
Ceramic aggre- 9970 9970 997,0 997,0
gate (4 — 8 mm)
Ceramic aggre- 390 4 3989 3980 398,0
gate (0 —4 mm)
Water 196,0 196,0 196,0 196,0

completed. The temperature distribution
in the furnace was monitored by a regu-
lating thermocouple inserted through
the rear wall. The thermocouple is loca-
ted near the top of the furnace. Figure 1
shows the actual temperature distribu-
tions during heating in the PK 1100/5
special furnace recorded by the Ther-
moPro software. The standard ,,tempe-
rature-time” curve in accordance with
the requirements [17] was adopted as
the basis for the heating process.

A Temperature [°C]
7007
600
500
400
300 —300°C
200 —— 450 °C
100+ — 600 °C
0 ‘ : - >
0 10 20 30 40 50 60 70
Time [min]

Fig. 1. Temperature distribution in the fur-
nace according to the external thermocouple
Rys. 1. Rozkiad temperatury w piecu wg
termopary zewnetrznej

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 results of tests on the chemical
composition of the component ma-
terials: waste ceramic aggregate, ash
and cement are summarized below. The
compressive strengths of four series of

concretes were also presented, taking
into account the influence of heating
temperatures (300, 450 and 600°C). The
chemical composition and morphology
were determined using a Quanta 250
FEG SEM microscope. The chemical
composition of the tested fly ashes was
determined using the XRF energy di-
spersive X-ray fluorescence method.
The mineral composition was determi-
ned by X-ray phase analysis (XRD).

Photo 1. View of the microstructure of cer:

Fe

Measurements were made using the po-
wder method using an X’pertPRO
MPD X-ray diffractometer with a PW
3020 goniometer.

Test results for ash from the combu-
stion of sewage sludge and 43.5 R ce-
ment and recycled ceramic aggregate.
Photos 2, 3 and 4 respectively show the
microstructures and EDS analysis re-
sults from the image areas of ceramic
aggregate, ash from the combustion of
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elemental analysis from the area visible in the photo
Fot. 1. Widok mikrostruktury kruszywa ceramicznego (powigkszenie 500x). Analiza

pierwiastkowa EDS z obszaru widocznego na z
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Fe

Fe

200 300 400 500 600 7,00 800 900  keV

1,00

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 popiotu z osadow sciekowych (powiekszenie 500x). Analiza
pierwiastkowa EDS z obszaru widocznego na zdjeciu
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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 (po
z obszaru widocznego na zdjeciu

wiekszenie 2000x). Analiza pierwiastkowa EDS
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municipal waste and 42.5R Portland ce-
ment. Table No. 2 summarizes the re-
sults of testing the oxide composition of
the above-mentioned products. ceramic
aggregate, ash and cement.

tion of the tested aggregate is much lower
than that of other recycled aggregates,
such as crushed RCA concrete, the water
absorption of which in various tests ran-
ges from 3 to 15% [18]. It is also impor-

Table 2. Oxide composition of ceramic aggregate, ashes and Portland cement CEM 142.5 R
Tabela 2. Skiad tlenkowy kruszywa ceramicznego, popiotow i cementu portlandzkiego

CEM142,5R
Fe, O, NaO Mgo ALO,
Oxide
Aggregate 2,79 1,57 0,35 29,95
Ash 13,51 1,18 4,56 9,51

Cement 2,06 0,20 1,21 4,03

Comparing the oxide composition of
cement, in which the sum of the percen-
tages of SiO, and CaO, responsible
for the hydration of the clinker phases, is
approximately 80%, and the ash in qu-
estion, in which approximately 40% of
these compounds were found, it can be
concluded that the addition in the form of
ash does not have significant hydraulic
properties. The results of testing the oxi-
de composition of the ceramic aggrega-
te showed mainly silica SiO, (61.19%)
and aluminum dioxide Al,0, (29.95%). In
concretes that require high resistance to
high mechanical loads and aggressive
environmental influences, it is necessary
to use aggregates with high resistance to
crushing, i.e. with a low Los Angeles LA
coefficient. The ceramic aggregate test
was carried out on the 4+8 mm fraction.
Before testing, the aggregate was washed
and then dried at a temperature of 110
+5°C. As a result of the tests, an LA co-
efficient value of 22.4 was achieved, the-
refore the aggregate can be classified as
LA25. As part of the research work, frost
resistance tests were also carried out. The
test results showed a weight loss during
the frost resistance test of 0.29%, which
is < 1%, which, in accordance with the
applicable requirements, allows the obta-
ined ceramic aggregate to be classified in
the F1 category. At the same time, it was
determined that the average bulk density
of the aggregate is 2403 kg/m® and the
average water absorption is 1.98%. This
means that the density of ceramic aggre-
gate is similar to that of natural rocks
such as granite or marble, and the water
absorption is similar to that of dolomite
or gravel with a predominance of carbo-
nate grains. However, the water absorp-

Sio

24,64

, PO, SO, KO (a0 TiO,
[%]

6,19 0 0 272 071 073

2362 181 191 1764 162

1495 029 341 L9 7234 022

tant that the sanitary ceramics aggregate
does not show any changes in structure as
a result of heating at high temperatures.
The tests of the aggregate structure were
preceded by heating aggregate grains of
the 4 + 8 mm fraction at temperatures
of 300°C and 600°C in a PK1100/5
chamber furnace. After reaching the as-
sumed temperature, it was then mainta-
ined in the furnace chamber for an hour.
The surface of the ceramic aggregate
does not change its structure and form
after annealing. Irregular pores are still
visible throughout the material. Impor-
tantly, the tests did not reveal any micro-
cracks formed during the heating of the
ceramic aggregate. However, such dama-
ges were visible in tests of basalt aggre-
gate which, after heating at 600°C, sho-
wed a number of irregular cracks. The
tests carried out on the technical charac-
teristics of recycled aggregate based on
crushed ceramic cullet clearly show that

its features do not differ significantly
from those of natural aggregates, and in
selected cases such as the resistance to
high temperatures even significantly
exceeds them [19].

Results of mechanical tests of con-
crete samples with the addition of ash
from sewage sludge. Figure 2 shows
the compressive strength of concrete
cubic samples with edge dimensions
of 10 cm. Replacing cement by 10% re-
sulted in almost identical compressive
strength values compared to the base
samples after 90 days of curing.

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.

Below (Fig. 4) are the results of
Young’s moduli of four series of sam-
ples tested after 28 days of maturation.
The highest value of 37.66 GPa was
achieved by CPOc series concrete.

Conclusions

Based on the results obtained, it can
be concluded:

1. Ash from thermal processing of se-
wage waste in the amount of 5 — 15%
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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. Srednia wytrzymatosé na Sciskanie i odchylenie standardowe probek z roznq zawartosciq

popiotu po 28 i 90 dniach dojrzewania
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415 5 4 3,06

Standard
deviation
[MPa]

Average compressive
\strength
[MPa]

CPOc

CP5c¢
m 300°C

m 450°C

2,97

0,65 — 0,76

CP10c CP15c¢

m 600°C

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. Srednie wytrzymatosci na Sciskanie i odchylenie standardowe probek z réznq zawar-
tosciq popiotu mierzone po 180 dniach dojrzewania i poddanych wygrzewaniu w tempera-

turze 300, 450 i 600°C

37,66

35,22

Young’s module [GPa]

CPOc

CP5c¢ CP10c CP15c¢

Fig. 4. Young’s module of concrete samples
with different ash content

Rys. 4. Modul Younga probek betonowych
z réznq zawartosciq popiotu

can be used as a partial replacement for
cement in a concrete mix based on wa-
ste ceramic aggregate.

2. Tests of the phase composition of
ash from thermal processing of waste re-
vealed partially hydraulic components.
The conducted research shows that the
initial binding process itself is slower
than in the reference samples. After a pe-
riod of 90 days of maturation, similar
values of compressive strength of the
samples (CP5c, CP10c and CP15c) we-
re obtained in relation to the base sam-
ples. The highest increase in compressi-
ve strength after 90 days of maturation,
amounting to almost 15%, was observed
in the CP5c series samples.

3. As a result of heating the samples to
temperatures in the range of 300 — 600°C,
it should be stated that with the increase
in the heating temperature, the residual

strength of the samples decreases. It is cle-
arly visible that increasing the addition of
ash does not affect the nature of changes
in strength, because both for the reference
samples and those with the addition of ash,
the strength drops are comparable at all
heating temperatures. At the same time,
a certain anomaly was noticed — the he-
ating temperature of 300°C resulted in a se-
veral percent increase in the strength of all
types of samples in relation to the referen-
ce samples for which the strength was de-
termined after 28 and 90 days of curing.
4. It can be clearly stated that the ad-
dition of fly ash from the combustion of
sewage waste reduces the modulus of
longitudinal elasticity — Young’s modu-
lus. This decrease is proportional to the
amount of fly ash added. It should be em-
phasized, however, that the difference be-
tween the reference sample and concre-
te marked CP15c is approximately 15%.
5. The conducted research clearly
showed that it is possible to use this ty-
pe of ash in concrete with 100% recyc-
led aggregate. The obtained mechanical
properties and relatively high resistance
to elevated and high temperatures make
this type of concrete a relatively easy
way to reduce the amount of waste ge-
nerated as a result of human activity.
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