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a b s t r a c t

The content of unburned carbon is an important characteristic of bottom ash which could make it
unsuitable for incorporation as aggregate for road construction. In this work, the effect of the content
of unburned carbon in the bottom ash from the Serbian power plant “Nicola Tesla” on its applicabil-
ity for road construction was examined. Four samples with different contents of unburned carbon, i.e.,
raw bottom ash, two size fractions obtained from it (2–5 and <2 mm) and bottom ash treated by the
“float–sink” method, were investigated. When these materials were used as a component in the mixture:
fly ash–Portland cement–bottom ash–water for road construction, it was found that only mixtures con-
taining bottom ash with a lower carbon content (size fraction <2 mm and treated) were employable. The
content of unburned carbon in the mentioned materials was determined by simultaneous DTA/TGA. This
method was also used to investigate the composition of the hardened mixtures.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Significant amounts of waste coal ashes are produced during
ombustion of coal in thermal power plants. For ecological and
conomical reasons, there is intensive research to find ways of
ncreasing the use of these waste materials, especially if they can
e utilized in bulk, such as for sub-base and base materials for road
onstruction.

Two kinds of coal ashes are distinguished: fly ash (FA) and bot-
om ash (BA). There are three principal differences between them:
. The contents of the oxides: SiO2, Al2O3 and Fe2O3 are greater in
FA, which consequently may exhibit pozzolanic properties, but
BA is a more or less inert material, e.g., bottom ash usually does
not exhibit pozzolanic properties;

. FA has a lower unburned carbon (coal) content;

∗ Corresponding author. Tel.: +381 11 3219108; fax: +381 11 3235539.
E-mail address: slobodankamarinkovic@gmail.com (S.R. Marinkovic).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.10.022
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3. FA consists of finer (powdery) particles than BA, the particles
of which are coarse (sized between sand and gravel), fused and
with a glassy texture [1,2].

According to the mentioned characteristics, FA could be applied
as a partial substitute for Portland cement (PC) and BA as the entire
source of aggregate, or blended with natural aggregates (sand and
gravel) [2] in road construction.

The content of unburned carbon in the ashes is an important
factor for their applicability in road construction.

It was reported in the literature [3] that a high percentage of
carbon decreases the pozzolanic activity of fly ash.

Bottom ash, with a higher content of unburned carbon, has a
more porous and vesicular texture and consequently is crushed

more easily under compacting and loading. There are literature data
[4] that show that bottom ash is not a suitable aggregate for most
highway construction applications.

It is well known [5–7] that the carbon content is closely related
to the particle size distribution in ash. The amount of unburned

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:slobodankamarinkovic@gmail.com
dx.doi.org/10.1016/j.tca.2009.10.022
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Table 1
Chemical compositions of the fly ash and bottom ash.

Fly ash (%) Fly ash specifications (ASTM 618) (%) Bottom ash (%)

SiO2 52.27 – 42.09
Al2O3 22.34 – 14.72
Fe2O3 6.05 – 5.56
SiO2 + Al2O3 + Fe2O3 80.66 50.0 minimum, Class C70.0 minimum, Class F 62.37
CaO 6.64 less than 10%, Class F more than 10%, Class C 2.64
MgO 4.41 – 2.69
SO3 2.74 5.0 maximum 1.98
P2O5 0.08 – 0.08
TiO2 1.07 – 0.70
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Na2O 0.41
K2O 1.36
CaO free –
Loss on ignition (L.O.I.) 2.04

arbon decreases with increasing fineness of the ash particles. Due
o this, raw bottom ash and various size fractions obtained from
t by sieving contain different contents of unburned carbon. Also,
t is known that unburned carbon particles are characterized by a
ower density than the bottom ash particles and, consequently, the
oat–sink method may be applied to reduce the carbon content in
ottom ash [7,8].

In this work, a sample of raw bottom ash from the Serbian power
lant “Nicola Tesla” and samples obtained from it by sieving and
reatment by the float–sink method, which thus contained differ-
nt contents of unburned carbon, were mixed with fly ash, Portland
ement and water. After 7 days, the compressive strength and com-
osition of the hardened mixtures were determined.

The aim of the work was to establish the effect of the con-
ent of unburned carbon in bottom ash on its applicability as the
ntire source of aggregate for road construction in the mixture (fly
sh–Portland cement–bottom ash–water).

. Experimental

Fly ash and bottom ash, both by-products or waste materials,
rom the “Nicola Tesla” thermal power plant, the biggest in Serbia,
ere used in this work.

The chemical composition of these materials (presented as oxide
quivalents) was determined by classic chemical analysis.

The mineralogical composition of the fly ash and bottom ash
as investigated by X-ray diffraction analysis, using a Philips PW

729 X-ray generator and a Philips PW 1710 diffractometer.
The grain size distribution of the bottom ash was determined by

ieving through sieves of mesh size 5, 4, 3, 2.5 and 2 mm.
Four samples of bottom ash: S1, S2, S3 and S4 were used. The S1

ample was untreated-raw bottom ash. Samples S2 (2–5 mm size
raction) and S3 (less than 2 mm size fraction) were obtained by
ieving the bottom ash sample. Sample S4 (treated bottom ash) was
repared from the raw bottom ash by the float sink method.

The float–sink method consisted of immersion of the bottom
sh in tap water and separation of the floating material (unburned
arbon) by filtration. These operations were performed five times.

The four samples of bottom ash were examined by differential
hermal analysis (DTA) and thermogravimetric analysis (TGA) in
rder to determine their content of unburned carbon. The DTA and
GA examinations were performed using a Netsch STA 409 simul-
aneous differential thermal and thermogravimetric analyzer. All
xperiments were performed in an air atmosphere by heating the
amples at a constant rate of 10 ◦C/min in the temperature interval

–1000 ◦C.

Mixtures of the four bottom ash samples (S1, S2, S3 and S4) with
y ash, Portland cement and water (W) were investigated in the
anner described below with view of determining their suitability

or road construction.
aximum 0.33
0.90
–

aximum 6.23

Cylindrical specimens of the mentioned mixtures (with a diam-
eter of 10.2 cm and a height 11.7 cm) were made by means of
compression (so-called Proctor specimens). The mass ratios of fly
ash:Portland cement and of fly ash + Portland cement:bottom ash
were 3:1 and 1:1, respectively, in all mixtures. The required amount
of water in the mixtures, i.e., the optimum moisture content, was
determined in preliminary research, according to the procedure for
the standard Proctor test (SRPS U.B1.012 and SRPS U.B1.038), valid
in Serbia. These values were: 47.22, 49.05, 45.80 and 45.99% of the
mass of the solid phase in the mixtures with the four bottom ash
samples: S1, S2, S3 and S4, respectively.

After preparation, the specimens were kept under wet condition
(about 100% moisture content) at temperature 20 ± 2 ◦C for 7 days.

The specimens were made in triplicate and designated as:

S′
1 : FA–PC–BA(S1)–W; S′

2 : FA–PC–BA(S2)–W;

S′
3 : FA–PC–BA(S3)–W; S′

4 : FA–PC–BA(S4)–W.

The compressive strength of the Proctor-sized specimens
(S′

1, S′
2, S′

3 and S′
4) were measured after 7 days.

The specimens crushed during determination of their com-
pressive strength were then pulverized and studied by DTA/TGA
analysis in order to determine their composition. The DTA/TGA
examinations were performed under the same conditions as those
employed for the bottom ash.

3. Results and discussion

The chemical compositions of the fly ash and bottom ash are
given in Table 1. The requirements (according to ASTM 618) for the
potential use of fly ash as a pozzolan in the construction industry
are also shown in Table 1.

Based on the results presented in Table 1, it is evident that the
fly ash from the “Nicola Tesla” Power Plant can be classified as a
class F fly ash and that it satisfies the chemical requirements for
use as a pozzolon in the construction industry, because the content
of pozzolan oxides (SiO2 + Al2O3 + Fe2O3) in this fly ash was greater
(80.66%) than the minimum content of these oxides (70%) required
by ASTM 618. Also, the contents of SO3 and Na2O, as well as the
L.O.I. are in accordance with ASTM 618 (Table 1).

The bottom ash from the “Nicola Tesla” Power Plant can be clas-
sified as a class F ash according to its content of the oxide CaO,
but the sum of the oxides: SiO2 + Al2O3 + Fe2O3 was lower (62.37%)
and the L.O.I. higher than regulated by ASTM 618 (Table 1) for a

pozzolan. Consequently, it is a relatively chemically inert material.

Based on the X-ray diffraction study, it could be stated that
the major crystalline phase in the fly ash was quartz-SiO2. The
other crystalline phases present in small amounts in the fly
ash, were mulite-Al6Si2O13, anhydite-CaSO4, feldspar-NaAlSi3O8,
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Table 2
Particle size distribution of the bottom ash.

Particle size %

4–5 mm 0.93
3–4 mm 14.04
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2–2.5 mm 3.96
<2 mm 80.05

iopside-CaMg(SiO3)2 and hematite-Fe2O3. In the bottom ash, the
ajor crystalline phase was quartz, then calcite-CaCO3 and small

mounts of anhydrite, feldspar, diopside and hematite.
In addition to the mentioned crystalline phases, a significant

mount of amorphous aluminosilicates (glass) was inconcluded in
he XRD pattern of the fly ash. The amount of amorphous alumi-
osilicates in the bottom ash was smaller than in the fly ash.

The SiO2 present as quartz and in the crystalline aluminosilicates
hase is inert. Similarly, the part of the alumina in the crystalline
hase is inactive. Both the silica and alumina in the amorphous
luminosilicates (glass) are reactive.

Based on the results of the X-ray analysis, it is evident that the fly
sh was more reactive than the bottom ash, which is in accordance
ith the chemical composition of the oxides of these materials

Table 1).
The particle size distribution of the bottom ash (raw, untreated)

rom the “Nicola Tesla” Power Plant is given in Table 2.
Based on the results presented in Table 2, the bottom ash was

ractioned into two size fractions: (1) sample S2, which consisted
f particles of larger size (2–5 mm) but was present in a smaller
mount in the bottom ash (19.95%) and (2) sample S3 which had
articles of smaller size (<2 mm) but was present in a larger amount

n the bottom ash (80.05%).
The DTA/TG curves of the raw bottom ash (sample S1), the frac-

ion of bottom ash composed of 2–5 mm sized particles (sample
2), the fraction of bottom ash composed of less than 2 mm sized
articles(sample S3) and the bottom ash treated by the float–sink
ethod (sample S4) are presented in Fig. 1.
The DTA curves in Fig. 1a–c exhibit one strong exothermic peak

at 469, 452 and 485 ◦C, respectively), while the DTA curve in Fig. 1d
xhibits two exothermic peaks (at 462 and 531 ◦C). These exother-
ic peaks correspond to the combustion of unburned carbon [5,9].

he lower temperature exothermic peak in Fig. 1d represents the
ombustion of amorphous carbon and the higher temperature one
s due to the combustion of a crystalline variety of carbon in the
reated bottom ash [10].

The exothermic peaks present in the DTA curves in Fig. 1a–c
re not split into two peaks, very probably because of the low con-
ent of the crystalline variety of carbon in the untreated bottom ash
raw bottom ash and its two fractions). However, during the treat-

ent of the bottom ash by the “float–sink” method, amorphous
arbon, which has a lower density [11], was partially separated
rom the bottom ash. In this way, the relative content of the crys-
alline variety of carbon was increased and the exothermic peak at
31 ◦C appeared in Fig. 1d.

The very small endothermic peaks in Fig. 1a–d (at 628, 685 and
80 ◦C, respectively), as well as two shoulders at 605 and 761 ◦C in
ig. 1b are attributed to the decomposition of carbonates [5]. This
grees with the results of X-ray diffraction analysis concerning the
resence of carbonates in the bottom ash (mentioned above).

The mass loss in the 300–580 ◦C range, due to the combustion
f carbon [12], and the mass loss in the 580–800 ◦C interval, due

o decomposition of carbonate [12], which were read from the TG
urves (Fig. 1), are presented in Table 3. Note that the mass loss in
he 580–800 ◦C interval appeared only in Fig. 1b, which presents
he TG curve of S2, the sample of bottom ash with particles sized

Fig. 1. DTA/TG curves of the samples of the bottom ash: a, S1; b, S2; c, S3; and d, S4.
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Table 3
Mass loss of bottom ash.

Sample of bottom ash Mass loss (%)

300–580 ◦C 580–800 ◦C

S1 4.8 –
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Table 5
Compressive strengths according to SRPS U. E9.024.

3. 550–800 C, due the decomposition of carbonates, which were
read from the TG curves (Fig. 2), are presented in Table 6.
S2 14.8 6.6
S3 2.5 –
S4 3.4 –

etween 2 and 5 mm. In the other TG curves, there was no mass loss
n this interval because of the low carbonate content in the bottom
sh samples S1, S3, and S4 (very small intensity of the endother-
ic peak for carbonate in the DTA curves of these samples). Some

ugmentation of the mass in this interval (Fig. 1a, c and d) can be
ttributed to the oxidation of sulfides, sulfur and some iron miner-
ls present in bottom ash [5].

Based on the results presented in Table 3, it could be concluded
hat the unburned carbon and carbonates in bottom ash were con-
entrated in the fraction of bottom ash with particle sizes between
and 5 mm. Also, it is evident that the main fraction of the bottom

sh (80.05%) consisting of particles of size less than 2 mm had a
onsiderably lower content of carbon (6.02 times) than the other
raction in the bottom ash (19.95%), consisting of particles of size
etween 2 and 5 mm.

The contribution of each fraction of the raw bottom ash to the
otal carbon content was calculated according to the equation [7]:

mass% of the fraction × mass% of unburned carbon content in the f
mass% of unburned carbon content in the raw bottom ash

Calculated in this way, the contributions of each fraction to the
otal carbon content (4.85%) were: 60.88% for the 2–5 mm fraction
nd 40.60% for the fraction <2 mm.

The results of the determination of the compressive strength
f the four specimens: S′

1, fly ash–Portland cement–bottom ash
S1)–water; S′

2, fly ash–Portland cement–bottom ash (S2)–water;
′
3, fly ash–Portland cement–bottom ash (S3)–water; and S′

4, fly
sh–Portland cement–bottom ash (S4)–water, are given in Table 4.

Based on the results presented in Table 4, it is evident that the
amples S′

3 and S′
4, which were prepared with bottom ash contain-

ng lower contents of unburned carbon (the fraction of untreated
ottom ash of small particles – less than 2 mm and the bottom
sh treated by the “float–sink” method) had greater compressive
trengths (1.52 and 1.5 MPa, respectively) than the other two sam-
les. The compressive strengths of the specimens S′

3 and S′
4 were

reater, respectively, by 38.82% and 38.08% than the compressive
trength of the specimen S′

2, and by 36.97% and 36.19% than the
ompressive strength of the specimen S′

1.
Consequently, it follows that the compressive strength value

Table 4) of the specimens augments in the order S′
2 → S′

1 → S′
4 →

′
3, i.e., in the same order as the content of unburned carbon in the
ottom ash present in them decreases (see Table 3).

By comparing the compressive strength values in Table 5 with

hose for base and sub-base mixtures, proposed by the valid Stan-
ard in Serbia (Table 5), it could be concluded that only the mixtures
′
3 and S′

4 satisfied the requirement of SRPS U. E9.024 for sub-base
ixtures for road construction.

able 4
ompressive strength of the mixtures fly ash–Portland cement–bottom ash–water.

Specimen Compressive strength after 7 days (MPa)

S′
1 0.96

S′
2 0.93

S′
3 1.52

S′
4 1.50
on

Compressive strength after 7 days (MPa)

Base mixtures 2–5.5
Sub-base mixtures 1.5–4.5

The DTA/TG curves of powdered specimens of the examined
mixtures: S′

1, fly ash–Portland cement–bottom ash (S1)–water;
specimen S′

2, fly ash–Portland cement–bottom ash (S2)–water;
specimen S′

3, fly ash–Portland cement–bottom ash (S3)–water and
specimen S′

4, fly ash–Portland cement–bottom ash (S4)–water, are
presented in Fig. 2.

On the DTA curves of the samples (Fig. 2), the following peaks
are present:

• the endothermic peaks at: 52 ◦C (Fig. 2a), 59 ◦C (Fig. 2b), 40 ◦C
(Fig. 2c) and 53 ◦C (Fig. 2d), corresponding to calcium silicate
hydrates (C–S–H) [13,14];

• the endothermic peaks at: 106 ◦C (Fig. 2a), 110 ◦C (Fig. 2b),
106 ◦C (Fig. 2c) and 107 ◦C (Fig. 2d), corresponding to ettringite
(3CaO·Al2O3·3CaSO4·32H2O) [14];

• small endothermic peaks at173 ◦C (Fig. 2a), 178 ◦C (Fig. 2b), 171 ◦C
(Fig. 2c) and 179 ◦C (Fig. 2d), which could be attributed to mono-
sulfate aluminate (3CaO·Al2O3·CaSO4·12H2O) [15];

• the endothermic peak at: 445 ◦C (Fig. 2a) and the shoulders at:
about 500 ◦C (Fig. 2b) and at 480 ◦C (Fig. 2c) are due to the dehy-
dration of calcium hydroxide [13,15];

• the endothermic peaks at: 745 ◦C (Fig. 2a), 755 ◦C (Fig. 2b), 746 ◦C
(Fig. 2c) and 743 ◦C (Fig. 2d), corresponding to carbonates [13];

• the exothermic peaks at: 423 and 462 ◦C (Fig. 2a), 456 ◦C (Fig. 2b),
436 ◦C (Fig. 2c) and 452 ◦C (Fig. 2d), which arise from the presence
of unburned carbon in the bottom ash and

• the exothermic peaks at 925 ◦C (Fig. 2a), 940 ◦C (Fig. 2c) and 940 ◦C
(Fig. 2d), which are characteristics for C–S–H [16].

The presence of C–S–H, ettringite, monosulfate aluminate and
calcium hydroxide in the hardened mixtures confirmed that hydra-
tion reactions of Portland cement and fly ash (amorphous SiO2 and
Al2O3 from the fly ash) had occurred. The carbonates in the hard-
ened samples are due to carbonation of the specimens during their
standing in air.

The mass losses in the temperature intervals:

1. 0–350 ◦C, due to dehydration of the products of the hydration
reactions of PC and FA (C–S–H, ettringite and monosulfate alu-
minate);

2. 350–550 ◦C, due to the combustion of the unburned carbon and
dehydration of calcium hydroxide, and

◦

Based on the results presented in Table 6, it is evident that the
mass losses in the temperature interval 0–350 ◦C were the highest

Table 6
The mass loss of the specimens (the mixtures FA–PC–BA–W).

Specimen Temperature interval

0–350 ◦C 350–550 ◦C 550–800 ◦C

S′
1 2.44% 3.76% 2.44%

S′
2 3.91% 9.3% 4.30%

S′
3 4.99% 1.72% 2.14%

S′
4 2.8% 2.07% 2.31%



P.D. Trifunovic et al. / Thermochim

Fig. 2. DTA/TG curves of specimens of the mixtures: a, S′
1; b, S′

4; c, S′
3; and d, S′

4.
ica Acta 498 (2010) 1–6 5

(4.99%) for specimen S′
3 (in which the unburned carbon content

from the bottom ash was the smallest) and then for specimen S′
2

(3.91%) (in which the unburned carbon content from the bottom
ash was the highest). Consequently, it could be concluded that the
content of unburned carbon from the bottom ash does not effect
the hydration reaction of PC and FA in the mixtures: FA–PC–BA–W.

The mass losses in the temperature interval 350–550 ◦C for the
hardened mixtures (S′

1, S′
2, S′

3 and S′
4) were in accordance with

the content of unburned carbon in the bottom ash samples (S1, S2,
S3 and S4, Table 3), which were components of the mixtures.

The results of the mass losses in the temperature interval
550–800 ◦C showed that carbonation of specimen S′

2 was the great-
est, which may be because it contained the highest content of
unburned carbon from the bottom ash (unburned carbon is porous
and can easy absorb CO2 from the air).

4. Conclusions

The results obtained in this study showed:

• The main fraction of the raw bottom ash (80.05%), consisting of
particles of size less than 2 mm, had a lower content of unburned
carbon than the other fraction, consisting of particles of size
between 2 and 5 mm, and than the raw bottom ash, consisting
of particles of size less than 5 mm: 6.02 times and 1.97 times,
respectively.

• The compressive strength of the FA–PC–BA–W specimen pre-
pared with the main fraction of bottom ash was greater than the
compressive strength of the specimens prepared with the other
fraction of bottom ash and with the raw bottom ash, by 1.63 times
and 1.59 times, respectively.

• The bottom ash treated by the “float–sink” method had 1.43 times
lower content of unburned carbon than the untreated bottom ash
(raw bottom ash).

• The compressive strength of the specimen FA–PC–BA–W which
was prepared with the treated bottom ash was 1.57 times greater
than that of the specimen prepared with untreated bottom ash.

• The content of unburned carbon (coal) in the bottom ash affects
the compressive strength of the FA–PC–BA–W mixtures for road
construction, with the compressive strength increasing with
decreasing content of carbon in the bottom ash.

• It is advantageous to perform some pre-treatment of the bot-
tom ash to reduce its carbon content (sieving, treatment by the
“float–sink” method, etc.).

• The content of unburned carbon of bottom ash as a compo-
nent in the mixture: FA–PC–BA–W affects the applicability of the
mentioned mixture for road construction. Only the specimens of
FA–PC–BA–W containing bottom ash with a lower carbon content
(size fraction <2 mm and “float–sink” treated) were employable
for road construction, because they had compressive strength val-
ues (1.52 and 1.5 MPa, respectively) exceeding the lowest value
(1.5 MPa) proposed for sub-base layer in road construction (SRPS
U. E9.024).

• Based on the obtained DTA/TGA results, it is evident that
unburned carbon in the bottom ash did not hinder the reaction
of PC and FA with water in FA–PC–BA–W mixtures for road con-
struction.
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