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Abstract Concerns with sustainable solid waste man-
agement and recycling have become increasingly promi-
nent in all sectors of the economy. In light of this, this
research investigates the possibility of utilizing coal bottom
ash (waste from thermal power plants) as a substitute for
fine aggregate in mortar and concrete. The chemical
composition, microstructure and mechanical properties,
including workability, density, water absorption, com-
pressive strength and thermal conductivity, of mortar and
concrete incorporating coal bottom ash in partial and full
replacement of sand were investigated, and the results were
compared to the data for conventional mortar and concrete.
The results show that the density of mortar and concrete
was noticeably decreased with increasing coal bottom ash
content. In addition, despite the permeable pore space of
mortars and concretes increasing with increasing levels of
coal bottom ash, the use of coal bottom ash does not sig-
nificantly affect the compressive strength of concrete.
Furthermore, the mortars and concretes containing coal
bottom ash exhibited good thermal insulation properties;
thermal conductivity values decreased significantly with
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increasing coal bottom ash content, and the thermal con-
ductivity of mortar and concrete with 100 % coal bottom
ash showed a decrease of 68.61 and 46.91 %, respectively,
as compared to that of the control.

Keywords Bottom ash - Fine aggregate replacement -
Thermal conductivity - Microstructure

Introduction

Worldwide, the creation of waste products continues to
increase due to continued demand for resources used by
humans, and this is considered one of the most pressing
environmental problems which we face. It has therefore
become necessary to manage and recycle industrial, resi-
dential and other wastes as well as to use non-renewable
resources wisely and efficiently. Since, because of its
valuable properties, concrete is widely used in construc-
tion, an extensive body of research on waste recycling in
concrete has been developed and the results disseminated
to decision makers [1-5]. Some types of waste can be
incorporated into concrete, either as part of the cement
mixture or as aggregate. This helps increase the sustain-
ability of the construction materials [4, 5]. Some wastes or
by-products from industry have been successfully utilized
in this manner, and this includes fly ash used as a con-
stituent in cement to produce Portland fly ash cement [6—
10]. In addition, wastes or by-products larger than cement
particles may be used as aggregates in mortar or concrete.
This includes waste ceramic [11, 12], recycled plastic [13,
14], recycled glass [15, 16] and waste polyethylene
terephthalate bottles [17].

After combustion of coal within the furnace of a coal-
fired thermal power plant, the finer particles of non-
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combustible ash are extracted in electrostatic precipitators.
Some melted ash accumulates on the boiler walls and
solidifies to form mass particles, which falls to the bottom
of furnace and is cooled in water. The coal ash collected
from the electrostatic precipitators and from the bottom of
the furnace is called fly ash and coal bottom ash, respec-
tively [18]. In recent years, the utilization of fly ash in
mortar and concrete has received considerable attention due
to its potential application in civil engineering for reasons
including its reduced heating during hydration, its low
permeability and its resistance to sulphate attack [19, 20].
However, there have only been limited studies on the use of
coal bottom ash as a partial replacement of Portland cement
[21] or as a partial replacement of fine aggregate [22-25].
Andrade et al. [22] reported that the use of coal bottom ash
at levels of up to 10 % as a replacement material for Port-
land cement could improve the mechanical properties of
concrete. Lee et al. [23] investigated the feasibility of uti-
lizing coal bottom ash as an aggregate in fibre-reinforced
cellular concrete and suggested that coal bottom ash could
be applied as a construction material but warned that it may
not improve the compressive strength of fibre-reinforced
cellular concrete. Yiiksel et al. [24] found that using a
combination of coal bottom ash and granulated blast fur-
nace slag as a fine aggregate in concrete would result in
improved durability of concrete but the compressive
strength was found to decrease by 31.8 % since bottom ash
was used as a fine aggregate replacement at 50 % by vol-
ume. Hussain et al. [25] discussed that the use of bottom ash
as partial substitution of fine aggregate reduced the curing
sensitivity of concrete especially at a lower mass ratio of
water to binder due to its internal curing effect. Although
the replacement of sand with bottom ash seems to result in
the reduction of compressive strength due to an increase in
the volume of all pores in mortars and concretes [26-28],
previous research demonstrated that the presence of pores
influences the thermal conductivity of the materials [29,
30]. Kim et al. [29] investigated the thermal properties of
lightweight aggregate concrete with a high volume of
entrained air generated by an air-entraining agent intro-
duced during the mixing process. The results showed that
the thermal conductivity of concrete linearly decreased as
the porosity increased. Wang et al. [30] tested the thermal
conductivity of lightweight material produced from cement,
sewage sludge ash and aluminium powder. The results
indicated that the addition of sewage sludge ash increased
the volume of pores smaller than 10 pm and thus the ther-
mal conductivity of lightweight cement containing sewage
sludge ash (0.185 W/m K) was lower than the control
cement (0.571 W/m K) which was due to the porous char-
acteristics of the material.

Unfortunately, studies on thermal insulation and the
microstructure of mortar and concrete containing coal
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bottom ash have been very limited. This study therefore
aims to investigate the microstructure and mechanical
properties of mortar and concrete containing various
amounts of coal bottom ash. The properties which are
investigated include workability, compressive strength,
density, permeable pore space, water absorption,
microstructure and thermal conductivity. This study may
help reduce the use of non-renewable material resources
and therefore contribute to increased sustainability.

Materials and methods
Materials

The cement used in this study was ordinary Portland
cement type I (OPC) conforming to ASTM C150 [31] and
it had a specific gravity of 3.15. The analysis of the
chemical composition carried out by X-ray fluorescence
techniques is presented in Table 1.

Crushed gravel with a maximum size of 19 mm,
according to ASTM C33 [32], was used as a coarse
aggregate. The grain size distribution of the crushed gravel
is shown in Fig. 1. Both the water absorption and the
specific gravity of crushed limestone were measured
according to ASTM C127 [33]. These were approximately
1.0 % by mass and 2.71, respectively (Table 2).

Well-graded natural sand with a size less than 4.75 mm
was used in all mortar mixtures. The grain size distribution
of the sand is shown in Fig. 1. The fineness modulus of
sand was 2.95 obtained by the summation of the cumula-
tive percent retained on the standard sieve (Fig. 1). The
water absorption and specific gravity of sand, measured
according to ASTM Cl128 [34], were approximately
1.12 % by mass and 2.60, respectively (Table 2). The
particle shapes and surface texture of the sand, observed by
scanning electron microscope (SEM), are shown in Fig. 2.
As can clearly be seen from the SEM images, the sand is
slightly angular, with a smoother surface texture (Fig. 2c,
e) than that of coal bottom ash (Fig. 2d, f). The analysis of
the chemical composition, measured by X-ray fluorescence
technique (XRF), is presented in Table 1.

The coal bottom ash (BA) used in this study was
obtained from Mae Moh power plant, which is operated by
the Electricity Generating Authority of Thailand. The dried
coal bottom ash was sieved through a sieve mesh Nos. 4, 8,
16, 30, 50 and 100. The grain size distributions of both
sand and coal bottom ash aggregates were kept the same in
order to allow a direct comparison of their effects on
compressive strength (Fig. 1). Optical photographs and
SEM images of coal bottom ash aggregate are shown in
Fig. 2. Water absorption and the specific gravity of coal
bottom ash aggregate were measured according to ASTM
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Table 1 Chemical composition

Portland cement (wt%)

Sand (wt%) Coal bottom ash (wt%)

20.18

95.19 36.84
3.05 18.28
- 18.43
0.57 15.46
- 2.62
- 2.29
- 0.17
- 0.75
- 0.90
- 0.20
- 0.74
1.19 2.02

of Portland cement, sand and Oxide
coal bottom ash Si0,
Al O3 4.98
CaO 63.74
F6203 3.44
MgO 2.66
K,0 0.64
P205 -
Na,O 0.45
TiO, -
MHOQ -
SO; 2.46
Loss on ignition (LOI) 1.45
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Fig. 1 Grain size distribution of fine and coarse aggregates

C128 [34], and these were found to be 15 % by mass and
1.75, respectively. Particle shapes and the surface texture
of coal bottom ash were checked by optical microscope
(OM) and SEM and are shown in Fig. 2d, f respectively.
As can be seen, coal bottom ash particles are angular and
rougher than sand. The chemical analysis carried out by
XREF is presented in Table 1.

Mix proportions

The details of the mix proportions identified by specific
codes are given in Table 3. The characters ‘M’ and ‘C’
represent mortar and concrete, respectively. The number
next to the characters, for example ‘0’, ‘10, etc., refers to the

Table 2 Physical properties of aggregates

proportion of fine aggregate replaced by coal bottom ash.
The amount of Portland cement, sand, coal bottom ash,
coarse aggregate and water shown in Table 3 was back-
calculated based on total volume of mixture and density
values of the raw materials. Coal bottom ash was used as sand
replacement at 10, 20, 30, 50, 70, 80 and 100 % by volume in
mortar mixtures. For concrete mixtures, coal bottom ash was
used as sand replacement at 20, 50, 80 and 100 % by volume.

Workability

The workability of the mortar was measured according to
ASTM C1437 [35]. The makeup of each mortar mix
(blended in a mechanical mixer) is shown in Table 3. After
mixing, the fresh mortar was added to a flow-table mould in
two approximately equal layers, with each layer compacted
by 25 strokes of a tamper. The excess mortar was skimmed
off with a palette knife, the mould was slowly raised ver-
tically and then the table was jolted for 15 s at a constant
tempo. Measurement of the workability was obtained by the
average of four values of the diameter of the fresh mortar
measured in two directions at right angles to one another.
The workability of concrete was investigated according
to ASTM Cl143 [36]. After each fresh concrete mix was
prepared (as per the details in Table 3), the fresh concrete
was filled in a slump mould placed on a flat surface and
then tamped with a steel rod 25 times at three different
layers. After the top layer was tamped, the surface of the
fresh concrete was struck off by means of a screening and
rolling motion with a tamping rod. The mould was

Aggregates Maximum size (mm) Specific gravity (—) Water absorption (%) Fineness modulus (—)
Sand 4 2.60 1.12 2.95
Coal bottom ash 4 1.75 15.48 2.95
Crushed gravel 20 2.71 1.03 6.65
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Fig. 2 a Illustration of natural sand, b illustration of coal bottom ash, ¢ SEM of sand particles, d SEM of coal bottom ash particles, ¢ SEM of

natural sand surface and f SEM of coal bottom ash surface

immediately removed from the fresh concrete by raising it
carefully in a vertical direction. The slump was immedi-
ately measured by determining the vertical difference
between the top of the mould and the displaced original
centre of the top surface of the specimen.

Water absorption, apparent density and volume
of permeable pore space

The tested specimens were prepared according to the pro-
cedure outlined in the previous section and in accordance
with ASTM C305 [37]. After 28 days of curing in water,
the specimens were removed from the water, dried in an
oven at a temperature of 110 £ 5 °C for 72 h and then
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cooled in a desiccator to room temperature. The mass of
the dry specimen was determined and recorded as A. The
dried specimens were then immersed in tap water at a
temperature of approximately 21 °C for 72 h. The speci-
mens were boiled, covered with tap water for 5 more hours,
allowed to cool by natural heat loss for 24 h and then
surface-dried by removing surface moisture with a towel.
The mass was recorded as B. Finally, the boiled specimen
was weighed in water and this mass was designated as C.
The values of A, B and C were used to determine water
absorption, apparent density and volume of permeable
pores (void) of the specimen using a calculation as follows,
where py, is the density of water [38]: the reported results
are from the average of three specimens.
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Table 3 Mix proportion of mortars and concretes containing various amounts of coal bottom ash

Part Mix Coal bottom ash Cement Sand Coal bottom ash Gravel Water
designation (%) (kg/m®) (kg/m®) (kg/m®) (kg/m) (kg/m®)
Mortar MOBA 0 562 1405 0 - 296
MI10BA 10 562 1264 94 - 309
M20BA 20 562 1124 189 - 321
M30BA 30 562 983 283 - 334
MS50BA 50 562 702 472 - 359
M70BA 70 562 421 661 - 385
MS8OBA 80 562 281 756 - 397
M100BA 100 562 - 945 - 422
Concrete COBA 0 375 562 - 1252 229
C20BA 20 375 449 75 1252 239
C50BA 50 375 281 189 1252 254
C80BA 80 375 112 302 1252 269
C100BA 100 375 - 378 1252 279
) B—A together following the procedures detailed in ASTM
Water absorption = <A) x 100 (1) C192 [40]. The fresh concrete was cast and compacted
in 150-mm cubic moulds, smoothed and covered with
Apparent density = (B) X Py, (2) plastic film to prevent moisture loss during curing in the
BC moulds. After setting for 24 h, the specimens were
BA removed from the moulds and cured in pH 12 water at
Permeable pore space = BC> x 100. () room temperature. The compressive strength of the

Thermal conductivity

The constituents of specimens were mixed together
according to ASTM C305 and prepared in cylinder-shaped
moulds (25 mm in diameter and 100 mm in height for
mortar, 100 mm in diameter and 100 mm in height for
concrete) [37]. After 28 days of curing in water, the
specimens were removed from water and dried in an oven
at a temperature of 110 = 5 °C for 72 h and then cooled in
a desiccator to room temperature. Thermal conductivity
tests were carried out using KD2 Pro Thermal Properties
Analyser. This complied with ASTM D5334 [39]. The
reported results are from the average of four specimens.

Compressive strength

All mortar constituents were weighed according to the mix
proportions shown in Table 3 and then mixed together fol-
lowing the mixing procedures in ASTM C305 [37]. After
setting for 24 h, the specimens were removed from the
moulds and cured in pH 12 water at room temperature. The
compressive strength of the mortars was tested at 3,7, 14, 28,
60 and 120 days using ELE International ARD1500 stan-
dards. The reported results are the averages of three samples.

All concrete constituents were weighed according to
the mix proportions shown in Table 3 and mixed

concretes was measured at 7, 28 and 160 days using
ELE International ARD1500 standards. The reported
results are the averages of three samples.

Scanning electron microscopy (SEM)

Raw materials and fragments of mortar specimens resulting
from tests for compressive strength were tested for mor-
phology and chemical characteristics. Small pieces of
mortar containing various amounts of coal bottom ash were
attached to double-sided carbon tape mounted on a brass
stub. All samples were coated with gold operated by
1020 mA DC current. The elemental composition and
morphology of the samples were determined at the Elec-
tron Microscopy Research and Service Center (EMRSC) of
Chiang Mai University using low vacuum SEM with a
JEOL JEM-5910LV microscope linked to an energy-dis-
persive X-ray spectrometry (EDS) unit.

X-ray diffraction (XRD)

The crystalline phases of natural sand and coal bottom ash
were investigated using XRD technique (Philips X’Pert-
MRD, The Netherlands). Both fine aggregates were ground
and sieved through a sieve mesh No. 100 (opening
150 wm). The powder was weighed and approximately 5 g
was used to determine the crystalline phases, and the
measurements were made with a 20 step interval of 5°-80°.
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Results and discussion
Workability

The effect of using coal bottom ash as a replacement for
fine aggregates on the workability of mortars and concretes
is presented in Fig. 3. The workability of mortars was
assessed based on the measured flow of the fresh mortar.
The results show that the flow of mortars slightly decreased
with increasing coal bottom ash content. The flow of the
100 % coal bottom ash mortar was approximately 16.1 cm,
which was a 34.3 % decrease compared to the control
mortar.

Considering the workability of the concrete, as can be
seen from the results of the tests, the slump was clearly
reduced by increasing the proportion of coal bottom ash.
Nonetheless, there was no detrimental effect on slump
values when the coal bottom ash was added at 20 % by
volume. In this case, the slump values were similar to the
control concrete. However, when coal bottom ash was used
as sand replacement at 80 and 100 % by volume, the slump
values dropped close to 0 (4 and 1 cm, respectively). The
decrease in workability of mortars and concretes can be
attributed to the angular shape and rough surface of coal
bottom ash which might lead to an increase in friction
between the mixing components [28].

Density

The effect of coal bottom ash on the density of mortars and
concretes at 28 days is shown in Fig. 4. As can be seen, the
wet bulk density of mortars and concrete containing coal
bottom ash was lower than that of the control group, and it
was also inversely proportional to the amount of coal

28
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Fig. 3 Relationship between workability and amount of coal bottom
ash
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bottom ash. When sand was entirely replaced with coal
bottom ash, the density of mortar at the age of 28 days was
1.83 g/cm® and that of the concrete at the same age was
2.21 g/em?’. This represents a decrease of 12.86 and 6.36 %
compared to that of the control mortar and concrete,
respectively. The cause of the decrease in density can be
explained by two factors. First, this may occur due to the
physical characteristics of coal bottom ash since the
specific gravity of coal bottom ash is lower than that of the
sand and this results in a reduction in density of the mortars
and concretes. The second reason is that mortars and
concretes containing coal bottom ash require more water
and the presence of excess water forms internal voids in
hardened mortars and concretes [41, 42]. In addition, the
reduction in the density of both mortar and concrete with
respect to the amount of coal bottom ash appears to be
linear with a correlation factor (R2 value) close to 1.

Permeable pore space and water absorption

The permeable pore space and water absorption of mortars
and concretes are presented in Table 4. The results indicate
that theses increased with the increase in the levels of sand
being replaced by coal bottom ash [28]. The permeable
pore space of mortars and concrete increased from 21.91 to
37.05 % and 15.48 to 21.31 %, respectively, with the use
of 100 % coal bottom ash as compared to that of the
control mix. For the water absorption values of the speci-
mens, mortars and concretes containing coal bottom ash at
100 % by volume exhibited the highest values, which were
25.21 and 10.78 %, respectively. These represented an
increase of 56.01 and 34.79 % respectively, as compared to
the control mix.

2.5
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2.4 A Concretes
JAN
—~ 231 a
5 5
S 221
\; Y=2.3718-0.001x
= 2.1 R’=0.9484
5
Q 20' [ ]
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“ | R’=0.9833
18 T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 10
% Bottom Ash

Fig. 4 Relationship between density and amount of coal bottom ash
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Table 4 Summary of the permeable pore space and water absorption
of mortars and concretes

Mix Permeable pore space (%) Water absorption (%)
MOBA 21.91 11.09
MI10BA 23.27 12.86
M20BA 25.00 13.02
M30BA 26.35 14.34
MS0BA 29.22 16.15
M70BA 32.12 19.81
MS80BA 34.16 22.98
MI100BA 37.05 25.21
COBA 15.48 7.03
C20BA 15.72 7.16
C50BA 17.12 8.45
C80BA 20.63 10.25
CI100BA 21.31 10.78

Thermal conductivity

A similar trend of thermal conductivity of mortars and
concretes is shown in Fig. 5. As can be seen, it is inter-
esting to note that the mortars and concretes containing
coal bottom ash exhibited good thermal insulation prop-
erties since thermal conductivity values show a significant
decrease with increasing coal bottom ash content. More
precisely, the thermal conductivity of mortar decreases
from 1.666 to 0.523 W/m K and that of concrete decreases
from 2.052 to 1.089 W/m K with the replacement of sand
by coal bottom ash at 100 % by volume compared to that
of the control mix. These can be expressed as 68.61 and
46.91 % reduction in thermal conductivity for mortar and
concrete, respectively (Table 5). Thermal conductivity
plotted as a function of the volume of the permeable voids
is shown in Fig. 6. As can be seen, the thermal conductivity
of mortar was found to decrease linearly as the porosity
increased (R2 = 0.9854). In addition, the cross section of
specimen with and without bottom ash supported the
thermal conductivity result since a lot of pores were found
in the specimen with 100 % bottom ash (Fig. 7). This
indicates that the presence of pores in the material is an
important factor in thermal insulating performance [43,
44].

Compressive strength

The compressive strength and relative strength of mortars
and concretes containing various proportions of coal bot-
tom ash are presented in Tables 6 and 7, respectively. As
can be seen, with increasing duration of the curing period,
the strength of mortars containing coal bottom ash in par-
tial or full replacement of fine aggregate showed

24
vy Y=2.0116-0.0093x .

204 2 R’=0.9866
1.8
1.6
1.4 -
1.2
1.09  v=1.7155-0.0118x
084 R™=0.9904

Mortars
A Concretes

0.4

0.2

0.0 T T T T T T T T T T T
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% Bottom Ash

Thermal Conductivity (W/m-K)

Fig. 5 Relationship between thermal conductivity and amount of
coal bottom ash

continuous and significant increases. Mortars with various
levels of coal bottom ash developed compressive strengths
ranging from 27.20 to 36.85 and 33.45 to 49.21 at 7 and
28 days, respectively. At these time points, concrete with
various amounts of coal bottom ash developed compressive
strengths ranging from 20.50 to 31.92 and 31.39 to 32.84,
respectively. The relationship between the compressive
strength and the proportion of coal bottom ash is shown in
Fig. 8. The results indicate that the compressive strength of
mortars and concretes is linearly correlated with the use of
coal bottom ash, since these showed a correlation factor (R2
value) of 0.9659 and 0.8182, respectively.

In addition, the difference in the compressive strength of
different mixes was found to depend on the coal bottom ash
content; at 28 days of curing, mortars containing 10, 20,
30, 50, 70, 80 and 100 % coal bottom ash demonstrated
compressive strength of 99.04, 93.98, 88.11, 82.14, 79.74,
77.61 and 67.97 %, respectively, when compared to that of
the control mortar (Table 7), thus showing a slight decrease
in strength with increasing coal bottom ash content. Nev-
ertheless, as can be seen, the replacement of sand with coal
bottom ash up to 50 % in content did not strongly affect
compressive strength since the strength of the 50 % coal
bottom ash mortar at 3, 7, 14, 28 and 60 days decreased by
only 13.49, 15.79, 12.27, 17.86 and 19.68 %, respectively
(Table 7). This decrease in compressive strength can be
ascribed to two factors: the increase in porosity in mortars
and the replacement of dense aggregate with porous
aggregate (Fig. 2). Compressive strength is related to
microstructure as shown earlier, where free water available
for absorption through the porous coal bottom ash particles
may contribute to pore formation and possibly lead to the
decrease in strength.

Further, it seems that coal bottom ash has no significant
negative effect on compressive strength since the

@ Springer



312

J Mater Cycles Waste Manag (2017) 19:305-317

Table 5 Summary of the result

and relative thermal Mix Thermal conductivity (W/m K) Relative thermal conductivity (%)
conductivity at 28 days in MOBA 1.666 100 (Control mortar)
comparison to control mix

MI10BA 1.616 97.00

M20BA 1.532 91.96

M30BA 1.376 82.59

MS50BA 1.070 64.23

M70BA 0.924 55.46

MSOBA 0.783 47.00

MI100BA 0.523 31.39

COBA 2.052 100 (Control concrete)

C20BA 1.801 87.75

C50BA 1.493 72.74

C80BA 1.296 63.17

C100BA 1.089 53.09

1.8

1.6+

Y=3.4296-0.0787x
R’=0.9854

1.4+

1.2

1.0+

0.8+

0.6+

Thermal Conductivity (W/m-K)

0~4 T T T T T T T T
20 22 24 26 28 30 32 34 36 38

Volume of Permeable Pore Space (%)

Fig. 6 Relationship between thermal conductivity and volume of
permeable pore space

Fig. 7 Cross-section images of
a mortar without coal bottom
ash and b mortar with 100 %
coal bottom ash

@ Springer

compressive strength of concrete containing 100 % coal
bottom ash (31.39 MPa at 28 days) was very similar to that
of the control (32.84 MPa at 28 days). This can be
understood as resulting from the fact that the reduction in
the proportion of fine to total aggregate with the use of
coarse aggregate possibly results in lower effects on fine
aggregates.

Microstructure

Given the fact that the mechanical properties of materials
depend on their intrinsic microstructure [28], a comparison
of the microstructure of mortars made with coal bottom ash
and conventional mortar (the control mortar) is described
in this section. The SEM image of the 50 % BA mortar
shows a good mechanical interlocking connection between
the rough surface of the coal bottom ash particle and
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Table 6 Summary of compressive strength at various ages

Mix Age
3 days (MPa) 7 days (MPa) 14 days (MPa) 28 days (MPa) 60 days (MPa) 160 days (MPa)
MOBA 33.74 36.85 40.44 49.21 58.04 -
MI10BA 31.82 35.32 38.93 48.74 54.18 -
M20BA 31.49 33.51 38.19 46.25 50.52 -
M30BA 30.95 32.24 36.28 43.36 47.79 -
MS50BA 29.19 31.03 35.48 40.42 46.62 -
M70BA 27.95 30.24 33.19 39.24 45.79 -
MSOBA 25.16 30.18 32.51 38.19 44.62 -
MI100BA 22.59 27.20 30.28 33.45 38.70 -
COBA - 21.92 - 32.84 - 40.80
C20BA - 20.77 - 32.26 - 39.82
C50BA - 20.67 - 31.55 - 39.05
C80BA - 20.59 - 3141 - 38.73
CI00BA - 20.50 - 31.39 - 37.97
Table 7 Relas comesie N e
comparison to the control mix 3 days (%) 7 days (%) 14 days (%) 28 days (%) 60 days (%) 160 days (%)
MOBA 100 (Control mortar)
MI10BA 94.31 95.85 96.27 99.04 93.35 -
M20BA 93.33 90.94 94.44 93.98 87.04 -
M30BA 91.73 84.49 89.71 88.11 82.34 -
MS50BA 86.51 84.21 87.73 82.14 80.32 -
M70BA 82.84 82.06 82.07 79.74 78.89 -
MB0OBA 74.57 81.90 80.39 77.61 76.88 -
MI100BA  66.95 73.81 74.88 67.97 66.68 -
COBA 100 (Control concrete)
C20BA - 94.75 - 98.23 - 97.60
C50BA - 94.30 - 96.07 - 95.71
C80BA - 93.93 - 95.65 - 94.93
C100BA - 93.52 - 95.58 - 93.06

cement paste since small cracks could clearly be seen
between the cement paste and the sand particles (showing a
smooth surface), whereas no significant cracks were found
between coal bottom ash particles and cement paste
(Fig. 9). This may be due to the rougher surface of the coal
bottom ash which improved the grip between the paste and
the aggregate [12]. Therefore, it would seem that this
should lead to an increase in compressive strength [12];
however, this investigation found that the compressive
strength of the mortar decreased with an increase in coal
bottom ash content. This can be explained by the voids in
the mortar which were generated from excess water
absorbed by the ash, and these may have more effect on
compressive strength than the solid bond developed at the

interfacial zone between the cement paste and the coal
bottom ash aggregate.

In addition, SEM analyses of the mortar fragments
composed of varying proportions of coal bottom ash are
shown in Fig. 10. As can be seen from this, the control
mortar was denser than the mortars containing bottom ash.
In particular, tiny pores were found in the coal bottom ash
mortar structure (0.1-10.0 um in size) and it seems that the
replacement of sand with coal bottom ash leads to pore
formation in the structure. This finding supports the results
of investigating the effects of bottom ash on permeability
and compressive strength as reported earlier, since the
number of pores noticeably increased with the use of coal
bottom ash.
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Fig. 9 Microstructure of mortars containing coal bottom ash. a SEM
micrograph, b EDS spectrum of paste and ¢ EDS spectrum of bottom
ash
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XRD analysis

Investigation of the various phases occurring in the hard-
ened mortars with and without coal bottom ash was carried
out using X-ray diffraction. After 28 days of curing, small
pieces were removed from the middle of the hardened
mortar and immersed in acetone for 48 h to stop the
hydration reaction. These were then dried in a desiccator at
40 °C. The dried specimens were ground and sieved
through a 90-pm sieve. The XRD tests were performed for
diffraction angle (20) ranges of 5-80° in steps of
20 = 0.012. The X-ray pattern of mortars containing 0, 20,
50, 80 and 100 % coal bottom ash are presented in Fig. 11.
In all mortars, calcium silicate hydrate and unhydrated
phases, such as dicalcium silicate and tricalcium silicate,
were not clearly seen, implying that they tend to be
swamped by the strong crystalline peak of Portlandite and
Quartz. In addition, the intensity peak of Quartz was found
to correlate with the use of coal bottom ash in mortars since
the intensity peak of Quartz was predominant in mortar
with a higher amount of sand.

Conclusions

This research presents the effects of coal bottom ash on the
microstructure and mechanical properties of mortars and
concretes. Experiments were conducted by replacing nat-
ural sand with coal bottom ash in varying percentages in
mortars and concretes. Based on the analysis of the test
results, the following conclusions can be drawn:

1. The density of mortars and concretes was noticeably
decreased with increasing coal bottom ash. This is due
to the lower specific gravity of coal bottom ash and the
increase in pore volume.

2. The quantity of permeable pore space and the water

absorption of mortars and concretes at 28 days were
consistent with the results of the density tests. Levels
of these were found to increase with increased levels of
coal bottom ash. The permeable pore space of mortars
and concretes increased from 21.91 to 37.05 % and
15.48 to 21.31 %, respectively, with the use of 100 %
coal bottom ash when compared to that of the control
mix.

3. With regard to the thermal conductivity test, it is

interesting to note that the use of coal bottom ash as
fine aggregate replacement improved thermal insula-
tion since thermal conductivity showed a significant
and linear decrease with increasing coal bottom ash
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content. This is probably due to the porous structure of
coal bottom ash and the high volume of permeable
pore space in the test specimens since the thermal
conductivity of mortar and concrete made with 100 %
coal bottom ash was reduced by 68.61 and 46.91 %,
respectively, as compared to that of the control mix.
Moreover, although the permeable pore space of
mortars and concretes increased with increasing coal
bottom ash content, there is no detrimental effect on
compressive strength for mortars and concretes since
all mortars and concretes gained compressive strength
approximately or more than 30 MPa at the age of
28 days. Therefore, these have the potential to be
developed as an energy-saving building material such
as heat-insulation blocks or precast concrete walls in
the future.

Fig. 10 SEM micrographs show the tiny pores in mortars structure containing a 0 %, b 20 %, ¢ 50 %, d 80 % and e 100 % coal bottom ash
4,

The replacement of fine aggregate with coal bottom
ash did not negatively affect the compressive strength
of the concrete, as the compressive strength of concrete
containing 100 % coal bottom ash (31.39 MPa at
28 days) was very similar to that of the control
(32.84 MPa at 28 days). As well as in mortar, the
replacement of sand with coal bottom ash at up to
50 % by volume did not strongly affect compressive
strength; the strength of the 50 % coal bottom ash
mortar at 28 days decreased by only 17.86 %.

The SEM tests were in agreement with the data on
permeable pore space since the number of pores
noticeably increased with the amount of coal bottom
ash. The average pore sizes were between 0.1 and
10.0 pm.
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