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The paper analyses the effect of municipal solid waste incineration fly ash (MWSI FA) on the physical-mechanical
characteristics, environmental toxicity, microstructure and durability (freeze — thaw resistance) of clay bricks. The clay
bricks were prepared by adding 2.5 - 7.5 % FA and firing them at a temperature of 1000 °C. The physical and mechanical
characteristics of the clay brick change depending on the content of the FA added: the shrinkage, density and compressive
strength decreases, while the water absorption and total porosity increases. Also, the mineral composition of the ceramic
bodies changed with the FA additions. Clay bricks containing 2.5 % FA do not exceed the limit values of non-hazardous
substances according to the Waste Directive 2003/33/EC. The recommended limits of the fly ash addition to the clay brick
moulding are 2.5 wt. %. In terms of resistance to freezing and thawing cycles, such products are regarded as freeze-thaw
resistant in middle aggressive environments, i.e., in structures protected from direct environmental effects (Class F1 according

to the EN 771-1:2011+A41:2015 standard).

INTRODUCTION

Municipal waste is used for energy production
through incineration at a temperature of 1000 °C. The
thermal treatment results in the reduction of the muni-
cipal waste mass by 65 - 80 % and the volume by
85-90 % [1].

Incineration of municipal waste mainly produces
slag (bottom ash) of about 95 - 97 % and the remaining
part (from 3 % to 5 %) is fly ash [2, 3]. According to
the European Waste Catalogue (EWC) edited in 2015,
fly ash, a by-product of municipal solid waste incine-
ration (MSWI), is classified as hazardous waste (code
19 01 13) because it contains large amounts of heavy
metals, chlorides, sulfates. The chemical composition
and amount of fly ash generated by the incineration of
municipal waste depend on the original composition of
the initial raw material, the used incineration technology
and the design of air pollution control system.

A literature analysis revealed that the main com-
ponents of fly ash are CaO, SiO, and Al,O; [4-6]. There
is also a significant chloride content. Some authors
find a rather high loss on ignition (usually measured at
a temperature of 1000 - 1200 °C). A high loss on ignition
indicates that the fly ash contains high levels of inorga-
nic salts, such as calcite, chlorides and sulfates [6].

Fly ash also contains high levels of heavy metals,
such as Zn, Pb, Cu, Cd, Cr and other ones [7-9]. A mine-
ral composition analysis of fly ash mainly reveals the
presence of the following minerals SiO,, NaCl, KCI,
CaSO,, CaCO, [10, 11, 7].

The relevance of the disposal of MSWI fly ash
in clay brick manufacturing lies in the need to bind or
immobilise heavy metals at a high temperature by turning
them into insoluble compounds. At high temperatures,
Pb and Zn are encapsulated inside the clay brick and
their leaching values are significantly reduced [12, 13].

The chemical composition of MSWI fly ash covers
a wide range [14-16]. Therefore, the fly ash content in
clay bricks recommended by the authors is also different
[17-20]. The authors [17] propose to add 1 - 10 % of fly
ash and 15 - 35 % of marble waste to a ceramic brick
moulding compound and fire the bricks at a temperature
of 975 - 1050 °C. It was found that with a higher fly
ash content, the flexural strength decreases and the water
absorption increases.

It was proven/demonstrated that clay bricks contai-
ning water treated fly ash have better physical and
me-chanical characteristics compared to unmodified
clay bricks. The proposed FAW (washed MSWI fly
ash) content is 5 wt. %. Such products have a density
of 1.63 g-cm™, a porosity of 41 %, water absorption of
25.5 %, and a compressive strength of 8 MPa [18].
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Clay products containing 20 - 40 % of fly ash have
a density of 1313 - 1578 kg'm™ (1.313 - 1.578 g-em™)
and a total open porosity of 42.1 - 51.01 %. Tests of
heavy metals leaching from ceramic products containing
fly ash revealed high leachate values, which exceed the
limits set forth in normative documents [19]. The authors
[20] propose to manufacture bricks using 20 % of MSWI
fly ash, 60 % of clay, 10 % of feldspars and 10 % of sand.
Ceramic bodies fired at a temperature of 950 °C have
water absorption below 11 %, a compressive strength of
16 MPa, and shrinkage of 0.19 %.

It should be also noted that scientists [18-20] in
different countries most often analyse the effect of the
MSWI fly ash on the physical and mechanical charac-
teristics and environmental toxicity of fired clay bricks.
The present paper suggests that the microstructure and
durability (resistance to freezing and thawing cycles) are
important characteristics to be analysed as well.

EXPERIMENTAL

Clay, sand and fly ash are used in this experimental
research. The clay and sand were dried at a temperature
of 100 £ 5 °C, crushed and sieved through a 1.25 mm
sieve. The FA was collected from a municipal waste
cogeneration power plant. The FA eluate was produced in
accordance with standard EN 13657. The paper analyses
the FA eluate values obtained in the tests performed
in the period from 09-01-2017 till 05-07-2017. All the
analysed moulding compounds were prepared in the
same manner by changing the content of the fly ash (FA)
in the moulding composition (Table 1). 70 x 70 x 70 mm
and 50 x 50 x 50 mm size specimens were formed from
the moulding compounds, the composition of which is
presented in Table 1.

Table 1. Composition of moulding compounds.

Moulding Raw materials

compounds Clay Sand FA and FAW*
CS 90 10 0

FA2.5 87.5 10 2.5
FAS.0 85.0 10 5.0
FA7.5 82.5 10 7.5

Note: CS is the reference sample

The technological parameters (Atterberg limits) of
the moulding compounds are presented in Table 2. It was
found that higher amounts of FA added to the moulding
mixtures demand more water to obtain the required
consistency of the reference one. Subsequently, the liquid
limit and plastic limit of the moulding increase and the
plasticity index decreases. Fly ash from municipal waste
is considered to be a non-plastic material and the same
is evidenced by the reduced plasticity index at the higher
waste content in the moulding. The drop in the plasticity

index with the higher content of the thinning non-plastic
additions was also proven by other authors [21-23].
According to the authors [24, 25] and the ASTM D4318
standard, moulding compounds with a plasticity index
ranging from 7 to 17 are graded as moulding compounds
of average plasticity.

Table 2. The technological parameters (Atterberg limits) of the
moulding compounds.

Moulding Technological parameters
compounds Liquid limit Plastic limit Plasticity
(%) (%) index

C 35£03 16.5+0.1 18.5+0.2
CS 36.2+0.1 182+0.2 18.0+0.3
FA2.5 37.6+0.2 20.5+0.2 17.1£0.2
FAS 38.6+0.3 22.6+0.3 16.0+0.2
FA7.5 39.4+0.2 23.9+0.2 15.5+0.3

Note: CS is the reference sample, C is the clay sample

The specimens were initially dried for 72 hours in
a natural laboratory environment (18 £+ 5 °C). Later, the
specimens were dried according to the selected regime:
at 60 = 5 °C on the first day and at 105 = 5 °C on the
second day. The specimens were fired at 1000 °C; the
firing time was one hour.

A classical chemical analysis was used to determi-
ne the chemical composition of the primary silicate
raw materials used for the tests by means of an INCA
PentaFETx*3 Si(Li) detector from Oxford Instruments.

The concentration of heavy metals in the eluate
from the clay bricks was determined by the atomic ab-
sorption spectral analysis method using a Buck Scien-
tific 2010 VGP spectrometer with an air-acetylene
flame. The eluate was prepared according to the LST
EN 12457-2:2003 standard. The solution for the pH and
specific conductivity tests was prepared from 2 g of the
test material and 100 g of distilled water. The prepared
solution was agitated for 45 minutes in a magnetic stirrer,
filtered afterwards and tested. The specific conductivity
was measured by a Cond 315i electric conductivity meter
equipped with a Tetra Con 325¢lectrode. The alkalinity
of the solution was measured by a HANA HI 9321pH
meter.

The particle size distribution was identified by
means of a Cilas 1090 liquid analyser. The X-ray dif-
fraction analysis was conducted using a DRON-7 X-ray
diffractometer (a Co anode and an Fe filter) and a Smat-
Lab X-ray diffraction meter equipped with a rotating Cu
anode of 9 kW capacity. The microstructure was analysed
by means of a SEM Quanta 250 with an SE detector.

The physical and mechanical characteristics of the
fired specimens were determined in accordance with
standard testing methodologies: the density was deter-
mined in accordance with the LST EN 772-13:2003
standard; the water absorption was determined in accor-
dance with the LST EN 772-21:2011 standard; the
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compressive strength was determined in accordance with
the LST EN 772-1:2011 standard. The effective porosity,
total open porosity, relative thickness of the pore and
capillary walls were determined in accordance with
the methodology described in the literature [26]. The
microstructure was analysed by means of a SEM Quanta
250 with an SE detector.

The durability of the fired specimens was evaluated
by their resistance to the all-side and one-side freezing
and thawing cycles:

e one-side freeze — the thaw method in accordance with
the CEN/TS 772-22:2006 standard “Methods of test
for masonry units — Part 22: Determination of the
freeze/thaw resistance of clay masonry units” and the
LST 1985:2006 standard “Determination of freeze and
thaw resistance of clay masonry units”;

e all-side freeze — the thaw method in accordance with
the CEN/TS 1985-22:2006 standard “Methods of test
for masonry units — Part 22.

The drying shrinkage and firing shrinkage were cal-
culated from Equations 1 and 2 below.

LO_LI

* 100 % (D

0 2

* 100 % 2

where L, is the distance between the markings in the wet
specimen (mm); L, is the distance between the markings
in the dried specimen, mm; L, is the distance between the
markings in the fired specimen, in mm.

The two sided confidence intervals with a confiden-
ce level of 0.95 of the measured quantities (porosities,
shrinkage, density, water absorption, strength) of the
sample means were calculated by assuming that the
samples are distributed according to the Normal law
and Student’s z-test distribution was applied for the cal-

Table 3. The chemical composition of the clay.

culation of the confidence intervals: (m — td(la,z)-s/\/n) <
<pu<(m+ td_(wz)~s/\/n), where m, s and n = 6 are the
estimations of the mean, standard deviation and sample
size, respectively, t; 42 = 2.57 is the (1 — 0/2) = 0.975
quantile of the Student’s t-test distribution, where
o = 0.05 is the level of significance and d =n—1=151is
the degree of freedom. The numbers written in the m + A
format in the figures and tables of this paper represent
the values of the corresponding sample means, the letter
m, and the deviations of the limits of confidence intervals
of the porosities A = l‘d,(m/z)'S/“/"-

RESULTS AND DISCUSSION

The chemical composition and particle size distri-
bution of the clay are presented in Tables 3 and 4. The
clay contained sufficient amounts of Al,0,+TiO, and
Fe,0;, and rather small amounts of CaO+MgO. The
high level of Fe,0; and low level of CaO+MgO may
influence the colour of the final product and the high
content of organic impurities may cause the swelling of
the clay brick. The clay contains 84.5 % clay fraction. It
has the plasticity index of 18.5 and, thus, can be graded
as clay of average plasticity. The chemical composition
and particle size distribution in the sand are presented in
Table 3 and Table 5.

The analysis of clay microstructure is presented
in Figure la. The clay particles are plate shaped and
distributed evenly. The clay particles are in contact
with particles of other substances via thin clay particle
bridges; particulate debris is present among the clay
plates, the size of plates ranges from 0.5 um to 9.0 pm.
The X-ray tests of the clay showed that the following
minerals prevail: mica (muscovite) (K-Mg—Fe—-Al-Si—
—0-H,0), quartz, (Si0,), feldspars (CaAlSi;Oy), kaoli-
nite (Al,g,05(OH),) (Figure 1 b).

Chemical composition (%)

Raw

Sio, Al,0,+TiO, Fe,0, CaO MgO Na,O K,0 L.o.i
Clay 51.43 20.54 7.44 4.26 3.07 0.42 33 9.54
Sand 98.5 <0.60 % <0.05 - - - - -
Table 4. The particle size distribution in the clay.
Raw Amount (%)

>0.25 mm 0.25 - 0.05 mm 0.05 - 0.005 mm 0.05 - 0.001 mm <0.001 mm
Clay 0.10. 0.52 14.85 25.67 58.86
Table 5. The particle size distribution in the sand.

Amount (%)
2500 pm 1250 pm 1000 pm 800 pm 630 um 400 pum 315 pum 200 um 160 pm 100 um 63 um 50 pm

Sand 0.10 0.20 0.30 1.50 2.70 7.50 9.40 34.40 17.20 17.80 830  0.65
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H — mica (muscovite)
Q - quartz

. K —kaolinite

S 600 Ls — feldspar

Intensity (a

Figure 1. The microstructure (a) and the X-ray diffraction pattern (b) of the clay (nm).

Table 6. The FA eluate test results.

Titl Range of the composition Test results of
e [References] the present work

PO, 0.30—0.55 % 0.55 %
Na,O 2.65-3.68 % 2.65%
K,0 3.52-4.69 % 3.52%
MgO 1.15-139% 1.15%
Mg 0.693 - 0.84 % 0.693 %
CaO 40.6 —45.17 % 4517 %
SiO, 0.081-0.23 % 0.23 %
ALO, 1.08—2.56 % 1.08 %
Al 0.573-1.35% 0.573 %
TiO, 1543 — 3245 mg-kg! 1543 mg'kg™
Titanium 925 — 1945 mg-kg! 925 mg-kg!
Fe,0;, 6938 — 9883 mg-kg! 6938 mg-kg!
Iron 4853 — 6913 mg'kg! 4853 mg-kg!
MnO, 334 - 755 mgkg! 334 mg-kg!
Manganese 259 — 477 mgkg! 259 mgkg!
Arsenic 13.8 - 23.0 mgkg' 13.8 mg'kg
Lead 1987 - 3611 mg'kg! 1987 mg-kg™
Cadmium 83.4 - 143.0 mg-kg! 83.4 mgkg!
Chromium 50.5 — 82.8 mg-kg' 50.5 mg-kg’!
Copper 625 — 1491 mg'kg' 625 mgkg’!
Nickel 12.2 -23.7 mgkg' 12.2 mg-kg
Mercury 8.2 - 15.6 mgkg™ 10.4 mgkg!
Zinc 8827 — 14540 mg-kg™ 10209 mg-kg™!
Barium 154 — 448 mg-kg! 237 mgkg’!
Molybdenum <1.0-1.90 mgkg' <1 mgkg!
Tin 301 — 412 mgkg! 367 mgkg!
Beryllium <1-1.17 mgkg' <1 mgkg'
Cobalt 5.99 — 14.4 mg-kg' 5.99 mgkg’!
V,0; 9.55-28.6 mgkg! 9.55 mg-kg!
Vanadium 5.35-16.0 mg-kg! 5.35 mgkg!
Tungsten <1-33.5mgkg’ <1 mgkg'
Strontium 239 - 296 mg-kg! 239 mg-kg’!
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The FA eluate characteristics presented in Table 6
are taken from the tests performed in the period from
09-01-2017 till 05-07-2017. The range of the determined
value is rather narrow. The data in Table 5 show that the
FA contains a high amount (45.17 %) of CaO, 19.01 %
of chlorides (mainly KCI, NaCl, MgCl,), also traces of
Na,0O, K,0, MgO, Al,0,, Fe,0,, and TiO,. It also con-
tains the heavy metals: lead, cadmium, chromium, copper,
mercury, molybdenum, tin, tungsten, strontium, etc.

The dry residue of the FA is 100 %, the humidity
is 2 - 3 %, the total organic carbon is 1.48 %, and the
sulfur content is 0.82 %. The FA has a specific electric
conductivity of 15.26 pS-cm™, pH = 11.93.

The FA microstructure analysis revealed that the
fly ash is amorphous and contains particles of different
shapes. These particles have a round form, porous
struc-ture and even surface. The smaller particles stick
to coarser particles, thus, forming a heterogeneous
structure (separate grains are clearly seen), the particle
size is above 10 pm (Figures 2a and 2b). The particles
have a high closed porosity; the same is confirmed by
the literature source [27]. Some authors argue [28] that
the high closed porosity of fly ash is closely related to the
leaching of heavy metals.

The spectroscopy tests (element composition) of
the particles showed that Ca (27.15 %) is the prevailing
element and the other elements are: Cl (26.89 %), O
(31.84 %), K (6.85 %), Rb (1.86 %), S (1.16 %), Na
(3.65 %), Al (0.60 %) (Figure 3d EDS analysis). Other,
partly carbonised particles are also seen, crystallisation
reaction products are clearly visible as a porous space
filled in part by chaotically distributed needle-shaped
particles up to 0.1 pm wide (Figure 2c¢).

The following minerals were mainly observed in
the FA in the X-ray tests (Figure 3): calcite (CaCO,),
calcium chloride (CaCl,), potassium calcium chloride
(KCaCl,), potassium chloride (KCI), sodium chloride
(NaCl), anhydrite (CaSO,). Chloride and sulfate salts
mainly prevail in fly ash.

The FA particle size distribution tests revealed that
the particle size ranges from 1 pm to 100 um, 10.82 um
median size particles make up approx. 50 % of the fly ash
(Figure 4).

The X-ray tests of the FA structure showed that all
the ceramic bodies with the FA addition contained iso-
morphous minerals, plagioclase albite-anorthite (Ca, Na)
(SiAl),Oq, calcium sulfate (CaSO),, sodium iron sili-
cates (NaFe(III)(Si0O;),, hematite (Fe,O,), anorthite

Figure 2. The microstructure of the FA.
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(0.48Na-0.52Ca-1,52A1-2.48Si0y), albite (0.667Na
0.33K)(AISi;0q4), orthoclase (KAISi;0q), sanidine
(K(AISi;)Oy), and also quartz (Si0,). The peak intensities
in the X-ray diffraction (XRD) pattern differ depending
on the FA content in the clay brick. Figure 5 illustrates
the XRD analysis tests. Quartz (SiO,), hematite (Fe,0;),

CCI — calcium chloride
400 C — calcite =
1 K — potassium calcium
350 chloride
1 CCL H — halite
300+ S — sylvite
’;:‘ 2504 o SO - anhydrite
< : K
2 200+
[2]
5
b 150-_
100
50
0 T T T T T T T T T 1
10 20 30 40 50 60
26 (%)

Figure 3. The X-ray diffraction pattern of the FA (nm).
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80 /
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40. /i

Volume of particulates (%)

’ I
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1

Figure 4. The particle size distribution in the fly ash: a — FA.
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albite-anorthite (Ca,Na)(SiAl),Os, spinel (MgAlQ,), dio-
pside MgCaSiO, minerals are identified in the fired
reference clay brick, the CS clay brick.

Open pores and defective cracks may develop during
the clay brick firing process, then the amount of the liquid
phase can be insufficient for the safe immobilisation of
all the fly ash particles in the clay matrix and, thus, part
of the heavy metals present in the fly ash may leak into
the environment. For this reason, the possibility of heavy
metal leakage from clay bricks must be evaluated.

The tests of heavy metal leakage from the clay bricks
showed that in the clay bricks FA5 and FA7.5 containing
5.0 - 7.5 % of FA addition, the amount of leached Cr,
chlorides and sulfates exceeds the limit values of inert
waste set forth in Directive 2003/33/EC.

Although the limit values of the non-hazardous
waste set forth in Directive 2003/33/EC have not been
reached, we assume that the limit values set for the
leaching of inert materials should be observed when
hazardous waste, such as MSWI fly ash, is utilised in
the manufacturing of building materials. Clay bricks
with an FA addition could be used in the construction
of residence buildings. Construction products used for

m (Ca, Na)(Si, Al),0,
¢ CaSO,
2200 NaFe+3(SiO,), ]
2000 < Fe,0,
1800 & Nao_4aca05.2A|1,52.Si2,4808
- 1600 v (Nao.§57K0.33)(AIS'3Os)
& 1400 KAISI,O,
= h M K(AISi,)O
< 1200 4L % SO 38
—11000
1 |

Figure 5. The FAS X-ray diffraction analysis.

Table 7. The results of testing the pH, Sel (Stream electric conductivity), leaching of heavy metals, chlorides and sulfates from

clay bricks.

pH, Sel, heavy metals, Clay brick Limit values 2003/33/EC
chloride, sulfate values CS FA2.5 FA 5.0 FA 7.5 Inert waste Non-hazardous waste
pH 7.53 8.17 8.53 8.9 - —
Sel (uS-cm™) 355 1160 1488 1887 - -
Cu (mgkg™ 0.015 0.019 0.037 0.048 2.0 50.0
Cd (mg-kg™) 0.0073 0.013 0.017 0.024 0.04 1.0
Cr (mgkg™") 0.16 0.38 0.96 1.17 0.5 10.0
Pb (mg-kg™) 0.028 0.055 0.087 0.093 0.5 10.0
Zn (mg'kg") 0.77 0.88 1.41 1.92 4.0 50.0
Ni (mg-kg™) 0.14 0.28 0.41 0.49 0.4 10.0
Chloride (mg-kg™) 540 709 1410 2120 800 15000
Sulphate (mg-kg™) 2580 5600 14920 15350 6000 20000
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such purpose must not cause any hazards to the envi-
ronment or human health. Special consideration should
be given to the solutions at the end of the life cycle of
such bricks. Crushed clay bricks with the FA addition
could be recycled in the manufacturing of other building
materials. This would implement the principle of a
circular economy.

The test results revealed that FA additions reduce the
drying and firing shrinkage of the clay bricks (Figure 6).
The reference clay brick CS had a drying shrinkage of
9.1 % and a firing shrinkage of 11.2 % when fired at
1000 °C. When 2.5 % FA was added to the moulding
compound, the drying shrinkage reduced to 8.3 %. When
the FA content in the moulding compound was increased
from 5.0 % to 7.5 %, the drying shrinkage dropped down
to 7.0 % and 6.4 %, respectively. The drying shrinkage
diminishes because the fly ash forms a framework inside
the moulded specimen. This framework prevents the clay
particles from moving closer to each other during the
drying. The non-plastic particles of fly ash stabilise the
drying process irrespective of the higher water demand
in the forming phase (Table 2).

M Drying |
25 T M Firing

Value (wt. %)

0 25 5.0 7.5
Fa addition (wt. %)

Figure 6. The FA addition reduces the clay brick shrinkage.

40

w
[¢)]
" | "

w
o

N
o

Value (wt. %)

0 2.5 5.0 7.5
Fa addition (wt. %)

Figure 7. The effect of the FA and FAW addition on the effective
porosity and water absorption.

When the moulding compounds with the different
FA contents were fired at 1000 °C, no defects, such as
swelling or cracking, occurred in the fired clay bricks.

The presence of fly ash particles among the plastic
clay particles in the moulding compound influences the
development of the additional pore structure in the clay
matrix. The liquid phase in the clay during the firing
process is not sufficient to fill in that pore structure and
the non-plastic fly ash particles between the plastic clay
particles and the liquid phase prevent the clay particles
from getting closer. This mechanism causes the firing
shrinkage and density of the specimens containing the
FA addition to reduce and the effective porosity and total
porosity of the specimens to increase (Figures 7, 8).

The effective porosity of the CS clay brick reaches
18.0 %. The addition of 2.5 % FA increases the effective
porosity of the clay brick up to 27.5 % and the addition
of 7.5 % FA increases the effective porosity of the clay
brick up to 34.7 % (Figure 7). The effective porosity
describes the structure of the clay brick, characterises the
effective potential of the pores and capillaries, i.e., those
pores and capillaries, which easily become filled with
water; therefore, there is a strong correlation between
the effective porosity and the water absorption. The clay
brick water absorption tests revealed that 2.5 % of FA
addition increases the clay brick water absorption up to
15.3 %, whereas with 7.5 % of the FAW addition, the
increase is 21.7 %.

The FA addition reduces the density of the clay
bricks and increases the total porosity (Figure 8). The FA
addition reduces the density of clay products by 6.25 %
down to 1.8 g-em™ and increases the total porosity up to
31.2 % compared to the CS clay brick. The worst results
are obtained when 7.5 % of the FA is added to the clay
brick. The density of the FA7.5 clay brick is reduced
by 16.6 % down to 1.6 g'cm™ and the total porosity is
increased up to 41 %.

The compressive strength of the CS clay brick
reaches 35 MPa. With 2.5 % of the FA addition, the
compressive strength of the clay brick drops to 27 MPa.

44 2.0

42+~ 18
40~ -F1e
= 7 [
< s F14
g a0 - R 12 £
S 344~ - 10 2
= ] N
g %27 j | . o8 2
5 30~ - 0.6 O
“6 4
F 28 ! =

26~ .

241

0 2.5 5.0 7.5
Fa addition (wt. %)

Figure 8. The effect of the FA addition on the total porosity
and density.
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The 7.5 % of the FA addition reduces the compressive in the specimen’s structure due to the changes on a

strength of the clay brick to 17 MPa. microstructure level. Waste fly ash additions change the
Changes in the FA modified clay brick density, microstructure of the fired clay bricks. This assumption

compressive strength, reduced shrinkage, and increased  was confirmed by further tests.

water absorption and porosity is caused by the changes

a) CS

¢) FA2.5 (1 - SiO,

> 2 - FeZO3)

c) FA7.5
Figure 10. The effect of the FA addition on the clay brick micro-

Figure 9. The effect of the FA addition on the clay brick micro-  structure, and the identification of the minerals. (Continue on
structure. next page)
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¢) FA7.5 (4 — CaS0,)

Figure 10. The effect of the FA addition on the clay brick micro-
structure, and the identification of the minerals.

The structure of the fired CS clay brick is suffi-
ciently dense and has low porosity. The pores are round
and evenly distributed across the entire matrix. No de-
fects or cracks were observed on a microstructure
level. It means that the amount of liquid/amorphous
phase is sufficient to fill the entire matrix (Figure 9a).
The microstructure of the specimens containing the FA
addition and fired at 1000 °C changes (Figure 9b). The
pores in the microstructure of the fired clay brick FA2.5

Table 8. The EDS spectrum of the fired clay brick.

have an eclongated form. The pore edges are uneven,
the pores are distributed along the entire structure. The
tests of specimen FA7.5’s microstructure showed a less
dense matrix with many elongated shape pores and large
round pores. An irregular surface morphology can be
observed in specimen FA7.5 (Figure 9c). The obtained
microstructure test results correlate with the results of
the physical and mechanical characteristics and porosity
tests.

The quartz (SiO,), hematite (Fe,0O,), diopside
(MgCaSi,O4) minerals are identified easily in the clay
brick microstructure (Figure 10). These minerals form
the most often in the fired clay brick. Diopside is
formed through the reaction of calcium and magnesium
compounds with SiO, and Al,O;. The minerals were
identified by the EDS tests (Table 8). Figure 10a illustra-
tes that identified particles are closely bound and covered
with new reaction products and a constant uniform sur-
face of amorphous/glass phases is formed.

Additionally, calcium sulfate (CaSO,) minerals are
identified in the clay bricks modified by the FA addition
(Figures 10d,e).

Calcium sulfate minerals have a sufficiently large
volume and they build up inside the pores most often.
There is not any good contact zone between the calcium
sulfate minerals and the matrix; therefore, the formation
of these minerals causes the increase in the specimen
porosity and water absorption and the deterioration in the
strength properties (Figuress 7, 8). Besides, the calcium
sulfate minerals do not degrade during the firing even
at high temperatures. Calcium sulfate can degrade in
the presence of oxygen during the firing only at about
1230 °C. The presence of this mineral may also have a
negative effect on the durability (freeze - thaw resistance)
of the specimens.

In further tests, the resistance of the clay specimens
to the freeze-thaw cycles in the one-side and all-sides
tests was evaluated. In both methods, the resistance of
the specimens to the freezing and thawing cycles was
evaluated by visual examination of the types of damage.
In the one-side test, all the clay specimens resisted at least
50 freezing and thawing cycles without any noticeable
damage. Further tests revealed that the damage, which
typically occurs in the one-side freeze-thaw method

Analysis of all the elements

Fired clay brick - -

o Mg Al Si K Fe Ca S Ti Zn
CS particle 1 48.64 0.23 4.21 44.42 1.65 - 0.75 - -
CS particle 2 30.61 1.98 1.20 1.57 - 62.33 0.43 - 2.6 -
CS particle 3 49.19 23.13 3.04 13.90 - 1.23 9.1 - - 0.41
FA2.5 particle 1 50.06 0.11 2.18 46.12 1.12 - 0.41 - - -
FA2.5 particle 2 32.63 1.51 1.44 1.38 - 61.21 0.70 - 1.13 -
FA2.5 particle 3 47.60 2.33 1.62 14.10 - 0.27 10.08 - - -
FA2.5 particle 4 58.61 0.58 - - - - 22.80 18.01 - -
FA7.5 particle 4 54.68 2.55 1.04 1.93 - 2.79 24.86 12.13 - -
Ceramics — Silikaty 64 (4) 423-433 (2020) 431



Voisniene V., Kizinievi¢ O., Kizinievic V.

Table 9. The durability (freeze-thaw resistance) of the fired clay brick.

Fired Freezing and thawing method

clay all-sides tests (after cycles) one-side tests (after cycles)

brick - 55750 75 100 150 200 300 350 50 100 150 250 350 400 550
CS0 — — — — — — — — — — — — — —

FA2.5 — - — f — — oA

FA5.0 - — f — om A

FA7.5 - f — o4A

Note: — no violations, ® surface peeling, m crack with a width < Imm crack, ¢ crack with a width > 1 mm crack, A delamination, f— fracture

(peeling, spalling, delamination), appeared in the control
clay specimens after 550 freeze-thaw cycles, whereas, in
the specimens containing the MSWI FA additions, the
same damage was observed after 100 (FA5.0 and FA7.5
clay brick) and after 150 (FA2.5 clay brick) freeze-thaw
cycles, respectively.

The control ceramic specimens tested by the all-si-
des method resisted 350 freeze-thaw cycles without any
noticeable typical damage (fractures), whereas the spe-
cimens with the MSWI FA additions resisted 50-100
freeze-thaw cycles.

According to the requirements reported in the
LST EN 771-1:2011+A1:2015 and LST EN 1985:2006
standards and the one-side freeze-thaw test results, the
clay brick specimens containing the MSWI FA addition
can be used in masonry structures exposed to a medium
aggressive environment, i.e., in structures protected from
a direct environmental impact. The same finding was
confirmed by the all-sides freeze-thaw test results.

The clay brick with the FA addition is a complex,
heterogeneous material consisting of quartz, hematite,
diopside, calcium sulfate, Ca and Mg/Fe-silicates, amor-
phous/vitreous phases and numerous pores. The change
of the constituent minerals and microstructure of the clay
brick influences the behaviour under the freezing and
thawing conditions.

It should be noted that the FA addition deteriorates
the durability (resistance to freezing and thawing cycles)
of the clay brick. Presumably the FA addition causes
the development of a higher amount of Ca compounds
in the ceramic specimens. As mentioned earlier, the
development of these compounds increases the porosity
and water absorption of the clay bricks (Figure 7). The
increasing porosity and water absorption of the clay
bricks has a negative effect on the resistance of the
products to the freezing and thawing cycles by both the
one-side and all-sides methods. The negative effect of
the Ca compounds on the resistance to the freezing and
thawing cycles is also confirmed by other authors [29].

CONCLUSIONS

The tests revealed that fly ash (FA) influences the
mineral composition of the clay brick. The FA addition
leads to the formation of CaSO, minerals, which increase
the porosity and water absorption of the specimens and

reduce the density and compressive strength.

The leaching tests of the heavy metals, chlorides and
sulfates of the clay bricks with the FA addition revealed
that the specimens containing 2.5 % of FA do not have
leaching values exceeding the limit for non-hazardous
waste set in Directive 2003/33/EC.

It is recommended to add 2.5 % of FA to the moul-
ding compounds and fire the bricks at 1000 °C. Such clay
bricks have a density of 1.8 kg'm?, a shrinkage of 9.4 %,
a compressive strength of 27 MPa, water absorption of
15.3 %, and a total open porosity of 31.2 %.

According to the durability characteristics determi-
ned by the all-side and one-side freeze-thaw methods, the
specimens containing the FA addition can be considered
as resistant to freezing and thawing under aggressive
environment conditions and can be used in masonry
structures exposed to such conditions, i.e., structures
protected from a direct environmental impact (Class F1
according to EN 771-1:2011+A1:2015).
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