Cement & Concrete Composites 33 (2011) 61-67

journal homepage: www.elsevier.com/locate/cemconcomp

Contents lists available at ScienceDirect

Cement & Concrete Composites

Characteristics of lightweight fly ash aggregates produced with different binders

and heat treatments

Niyazi Ugur Kockal **, Turan Ozturan®

2 Akdeniz University, Department of Civil Engineering, Antalya, Turkey
b Bogazici University, Department of Civil Engineering, Istanbul, Turkey

ARTICLE INFO ABSTRACT

Article history:

Received 8 June 2009

Received in revised form 6 September 2010
Accepted 7 September 2010

Available online 16 September 2010

Keywords:
Lightweight aggregate
Fly ash

Crushing strength
Specific gravity
Porosity

This study investigated characteristics of lightweight fly ash aggregates with various binders produced by
different heat treatments. Different amounts of binders were mixed with fly ash and put into the pellet-
ization disc. Bentonite and glass powder were used as binders at 0%, 5% and 10%, individually, and in com-
bination at 7.5% each, by weight of fly ash. The pellets thus produced were then sintered at temperatures
of 1100, 1150 and 1200 °C. Specific gravity, water absorption, porosity and crushing strength of these
aggregates were determined. The properties and microstructure of aggregates were modified by different
sintering agents and heat treatments. The strength and specific gravity of all aggregates decreased with
increasing the binder content (disregarding binder type) at the highest temperature. Aggregates with low
water absorption and high strength and specific gravity can be attributed to the dense structure with dis-
continuous and small size pores. Increasing binder content reduced water absorption at all temperatures.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Approximately 15 million tonnes of fly ash are generated annu-
ally from thermal coal-fired power plants in Turkey and only a very
small proportion of it is used in the construction industry and for
various other purposes. As large quantities of the fly ash remain
unutilized in most countries of the world, the manufacture of light-
weight fly ash aggregates is an appropriate step to greatly increase
its use. Recently, some attempts have been made to use fly ash for
the production of lightweight aggregates by applying cold bonding,
autoclaving or sintering procedures for hardening of the fly ash
pellets.

Cold bonding, being a serious low energy alternative to sinter-
ing, however, results in lightweight fly ash aggregates with gener-
ally inferior properties compared to sintered aggregates [1].
Studies have been made to explore the influences of various hard-
ening methods [2] and the physical and chemical characteristics of
the fly ash [3] on the properties of cold bonded fly ash aggregates.
Investigations were also reported on the influence of cold bonded
fly ash aggregate content [4,5] and the surface treatment of the
lightweight fly ash aggregates [6] on the strength, stiffness, absorp-
tion as well as shrinkage and creep characteristics of concrete.

Physical properties and strength of artificial lightweight sin-
tered aggregates produced from various industrial by products
were previously investigated [7-10]. One advantage of using pul-
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verized coal fly ash compared to other types of ashes in the produc-
tion of sintered lightweight aggregate is that it promotes fuel
efficiency because burning of the carbon in fly ash supplements
the heat needed to evaporate the moisture in the pellets and to
bring them to the sintering temperature [11]. The suitability of
fly ash and different binders for the pelletization and sintering pro-
cess, on the other hand, is difficult to predict because many phys-
ico-chemical factors are involved. Ramamurthy and Harikrishnan
[12] investigated the effect of binders on the properties of fly ash
lightweight aggregates sintered at 1100 °C and they have observed
that the specific gravity, water absorption and strength of the
aggregates depended on the type (cement, lime and bentonite)
and amount (0%, 10%, 20% and 30%) of the binder which did not
alter the chemical composition but the microstructure of the
aggregate. Test results have shown that bentonite performed bet-
ter than cement and lime by significantly improving the 10% fines
value and reducing the water absorption of the aggregates [12].
Manikandan and Ramamurthy [13] discussed the relative perfor-
mance of bentonite with two different swelling characteristics on
the pelletization of fly ash and reached to the conclusion that the
maximum 10% fines value and minimum water absorption result
at the maximum level of factors such as angle and speed of the
disk, duration of pelletization, moisture content and bentonite con-
tent. After testing few organic and inorganic binders quantitatively
for the strength of fly ash pellets sintered at temperatures up to
800 °C Yoo and Jo [14] observed that alkali and acidic materials en-
abled to produce strong pellets whereas lime and cement acted
more efficiently at low temperatures. The manufacturing processes
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and the pore structure of sintered fly ash lightweight aggregate
(Lytag) were investigated [15,16] and the microstructure was
modified by heat and polymer treatments to obtain aggregates
different in their strength, absorption and pozzolanic activity
[17]. Wasserman and Bentur [17] have also shown that the
strength of the concrete could not be accounted for by the strength
of the aggregates only and it was suggested that the absorption and
pozzolanic activity of the aggregates could have an influence on
the strength developed. Many countries are producing fly ash
lightweight aggregates commercially under different trade names,
such as Terlite, Lytag, Waylite, etc. [18]. Commercially produced
lightweight aggregates (Lytag) were used in concrete by many
researchers [19-24] to investigate the strength, stiffness and
durability of concrete.

Results of these investigations on fly ash lightweight aggregate
indicate that one can expect not only the protection of environ-
ment through recycling of waste resources but also the reduction
in weight and enhancement of some properties of concretes.
Although considerable number of research on the lightweight
aggregate production from fly ash and other waste materials are
available in the literature limited number of papers has been pub-
lished on the use of bentonite and glass powder separately and to-
gether for improving pelletizing and sintering behavior as well as
the properties of the lightweight aggregates. The main objective
of this investigation was to study the physical and mechanical
properties of lightweight fly ash aggregates produced with differ-
ent binders (bentonite and/or glass powder) at different sintering
temperatures Glass powder was utilized as an alternative to ben-
tonite, which was mostly used in previous studies, for the purpose
of investigating the effects of differences in chemical composition,
mineralogy and crystallinity as well as physical characteristics of
the binders on the pelletization process and sintering behavior of
the fly ash-binder combinations as reflected in the properties of
the lightweight aggregates produced. Therefore, specific gravity,
porosity (water absorption for open porosity, mercury intrusion
porosimetry (MIP) for total and closed porosity and for critical pore
diameter and pore size distribution) and crushing strength of the
lightweight fly ash aggregates with six different fly ash-binder
compositions, sintered at three different temperatures (1100,
1150 and 1200 °C) were determined.

2. Materials and methodology
2.1. Properties of materials used in the study

Chemical compositions of fly ash, bentonite and glass powder
are shown in Table 1. Quantachrome-NOVA 2200e BET (Brunauer
Emmett-Teller) method was used to determine the specific surface
area of the fly ash from N, adsorption isotherms. The BET method
is commonly used on powders to obtain reliable surface area

Table 1
Chemical composition of fly ash, bentonite and glass powder (wt.%).

Oxide (%) Fly ash Bentonite Glass powder
Si0, 59.00 57.84 70.62
Al,03 19.58 13.77 1.38
Fe,0; 7.23 6.14 0.82
Cao 0.54 3.75 8.75
MgO 4.64 3.04 3.54
SO; 0.69 1.34 1.85
Na,O 0.48 2.80 10.85
K;0 5.95 2.80 1.53
Ccl- 0.0114 0.0035 0.0025
Loss on ignition 0.49 8.40 0.12
CaCO; + MgCOs3 - 6.50 0.75
Specific surface area (m?/kg) 288 - -
Specific Gravity 2.06 2.40 2.50

measurements (<10% error). Fly ash used in this study conforms
to the requirements of Class F as specified by ASTM C 618 which
is shown in Table 2. Particle size distributions of the powder mate-
rials used in lightweight aggregate production are illustrated in
Fig. 1. Mastersizer was used to determine the grading curves of
these materials by laser diffraction. It can be seen that fly ash
has the coarsest and bentonite has the finest particle size distribu-
tion whereas the particle size distribution of glass powder is close
to that of fly ash. Bentonite contains 33% of particles smaller than
10 um, whereas glass powder and fly ash contain 21% and 17% of
particles smaller than 10 pm, respectively.

2.2. Preparation of lightweight aggregates

Harikrishnan and Ramamurthy have shown that the pelletiza-
tion process parameters such as the speed and the angle of the pel-
letizer disk, moisture content and the duration of the pelletization
strongly influence the properties of the fly ash aggregates pro-
duced [25]. A pelletizer disc of 400 mm diameter and 150 mm
depth was used for manufacturing the fly ash pellets, and the disc
was operated at an angle of 43° and a speed of 45 rpm based on the
findings of a previous study [26]. Binders like bentonite (B) and
glass powder (G) were added as sintering agents at 5% and 10%,
individually, by weight of fly ash (FA). Fly ash without a binder
and fly ash with the combination of these two binders
(B7.5% + G7.5%) were also used for making pellets. Water was
sprayed onto the powder mixture in the pelletizer at 22-25% by
weight of the total material in order to form the spherical pellets.
Less water was required to wet the particles when bentonite was
included in the mixture. Addition of glass powder, however, did
not alter the water content.

Irregular particles were obtained when 15% bentonite was
added to fly ash. An increase in dosage of bentonite beyond this le-
vel resulted in sticking of pellets to each other leading to formation
of muddy balls, which was attributed to the high plasticity index
and higher expansive nature of three-layer montmorillonite struc-
ture of the bentonite [27]. Ramamurthy and Harikrishnan [12], on
the other hand, produced aggregates containing bentonite content
up to 30% with good ballability. The differences in the speed and

Table 2
Chemical properties of fly ash and specification requirements.

Properties (%) Fly ash used ASTM C 618 (Class-F)
SiO; + Al,05 + Fe,03 85.81 70 (min)

MgO 4.64 5 (max)

Ca0 0.54 <10

SO; 0.69 5 (max)

Loss on ignition 0.49 6 (max)

100

90— —fly ash
80+— - - -bentonite
70 — - glass powder
60
50
40
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Fig. 1. Particle size distribution of fly ash, bentonite and glass powder.
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the angle of the pelletizer, moisture content and properties of the
fly ash might have caused this discrepancy between this study
and the one reported in [12]. Also, pelletizing fly ash with 15% glass
powder resulted in pellets with larger diameter. For these reasons,
in this study, the upper limit for both bentonite and glass powder
content was selected as 10%. In addition, insufficient water led to
difficulty in pelletization and surplus water caused bigger and
irregular particles, as also confirmed by Chiou [28].

The pelletizer disc was rotated until firm spherical pellets have
been formed which took approximately 20 min. The pelletizing
time was kept constant for each mixture. After pelletization, the
pellets were first dried in an oven at 110 °C to prevent cracking
and exploding of the wet pellets during heating. Pretests have
shown that the pellets had loosely bound fly ash particles and
weak matrix after sintering at temperatures below 1100 °C
whereas full densification of only fly ash aggregates and bloating
of fly ash aggregates with binders were observed at 1200 °C. There-
fore, it was decided to sinter the pellets at 1100, 1150 and 1200 °C
temperatures. The average heating rate in the kiln was 6.7 °C/min.
The sintering time at maximum temperature was one hour and
kept constant for all mixtures. After sintering was over, the kiln
was shut and the aggregates were left in the furnace to cool in a
slow rate. The heat increase profile in the furnace is shown in
Fig. 2. The schematic illustration of the aggregate production is
presented in Fig. 3.
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0 20 40 60 80 100 120 140 160 18O
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Fig. 2. Heat increase profile in the furnace.
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Notation (designation) for the aggregates produced is such that
the letters OFA, B, G and BG indicate the materials used in the prep-
aration of pellets as only fly ash, bentonite added, glass powder
added and both bentonite and glass powder added, respectively.
The preceding number represents the weight ratio (% by weight)
of the added binders and the following number is for the sintering
temperature.

2.3. Tests and analyses performed on aggregates

2.3.1. Crushing strength

In this study, strength of the lightweight fly ash aggregates was
determined by measuring the crushing strength of the individual
aggregate pellets by loading them diametrically. The individual
aggregate particles were placed between two parallel plates and
were crushed by loading diametrically between these parallel
plates. The crushing force was measured by a 4.5 kN capacity
load-ring. Stress analysis shows that when a spherical particle is
compressed on two diametrically opposed points the crushing
strength ¢ is given by:

2.8x%P
0= )
ED.S

(1)

where X is the distance between loading points and P is the fracture
load [8,9,29,30]. Minimum 20 pellets, each with approximately
10 mm diameter were tested to calculate the average crushing
strength for each aggregate type.

2.3.2. Specific gravity

Oven dry specific gravity of lightweight aggregates were deter-
mined according to ASTM C 127 from measurements of masses of
oven dry sample in air, saturated surface dry sample in air and sat-
urated sample in water.

2.3.3. Porosity
Pore structure and open and closed porosity of the lightweight
fly ash pellets were investigated.

2.3.3.1. Water absorption of aggregates. Open porosity of light-
weight fly ash aggregates were estimated according to ASTM C
127 by calculating the weight percentage water absorption of the
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Fig. 3. Production of lightweight fly ash aggregates.



64 N.U. Kockal, T. Ozturan/Cement & Concrete Composites 33 (2011) 61-67

aggregates from measurements of masses of oven dry and satu-
rated surface dry samples in air.

2.3.3.2. Mercury intrusion of aggregates. Pore structure (total poros-
ity and pore size distribution) of the lightweight fly ash aggregates
was estimated by mercury intrusion porosimetry with a pressure
applied up to 220 MPa. Mercury intrusion porosimetry (MIP) is a
better measure of closed porosity of aggregates. Quantachrome-
PoreMaster Mercury porosimetry was used in this study to deter-
mine the total porosity of the lightweight fly ash aggregates. The
porosity and the critical pore diameter were determined from
the pore size distribution curves for each aggregate. The method
for the preparation of the samples for the MIP test can have impact
on the porosity values; for example, mechanical chipping and sub-
sequent drying can lead to microcracks in the samples. Therefore,
individual aggregate particles with diameter smaller than 8 mm
were used for MIP tests.

Assuming that the pores have cylindrical shape, the diameters
of the pores were computed according to Eq. (2) using the pressure
and intruded quantity of mercury [31-34],

d=—4x7xcos0/P (2)

where d is the pore width, P is the net pressure across the mercury
meniscus at the time of the cumulative intrusion measurement, y is
the surface tension, and 0 is the contact angle between mercury and
the pore wall. In this study, the values for 7 and 0 were 0.480 N/m
and 141.3°, respectively.

3. Test results and discussion

3.1. Effects of temperature and type and content of the binder on
specific gravity

Effects of the sintering temperature, type and content of the
binder on oven dry specific gravity of the fly ash aggregates are
exhibited in Table 3. Specific gravity values increased continuously
with the increasing sintering temperature in the case of OFA aggre-
gates. Obtaining denser structures and higher specific gravities can
be attributed to the excessive glass formation at higher tempera-
tures as also observed by Al-Bahar and Bogahawatta [35]. It is also
noted that the aggregates showed substantial changes in specific
gravities with increasing binder concentration. The highest and
the lowest specific gravity values for OFA aggregates were obtained
by sintering at 1200 and 1100 °C, respectively; whereas the aggre-
gates with a binder sintered at 1150 and 1200 °C mostly gave the
highest and lowest specific gravities, respectively.

Addition of binders (disregarding binder type) increased the
specific gravity values at 1100 and 1150 °C due to the fact that
some of the binder particles were retained unreacted at lower tem-
peratures. These retained particles closed and insulated the inter-
stitial voids, leading to low water absorption and high specific

Table 3
Oven dry specific gravity, water absorption and crushing strength of lightweight fly
ash aggregates.

Temp. (°C) Property OFA 5B 10B  5G 10G  7.5BG
1100 OD. spec. grav. 1.51 175 177 181 177 1.78
Water abs. (%) 184 84 69 116 82 45
Crushing str. (MPa) 5.1 131 13.7 9.7 115 14.0
1150 OD. spec. grav. 1.74 190 193 193 185 1.73
Water abs. (%) 104 23 08 34 26 09
Crushing str. (MPa) 8.6 204 23.1 156 147 142
1200 OD. spec. grav. 192 162 156 166 1.59 1.34
Water abs. (%) 2.2 1 0.7 1.1 0.7 0.8

Crushing str. (MPa) 193 134 120 11.8 96 71

gravity. In other words, addition of binders increased the specific
gravity at lower sintering temperatures due to the incomplete
reaction resulting in insufficient gas evolution to form pores within
the fly ash pellets. As can be seen from Table 1, specific gravities of
glass powder and bentonite are higher than the specific gravity of
fly ash. Thus, addition of these binders to fly ash naturally in-
creased the pellet specific gravity at low sintering temperatures,
in the absence of sufficient heat for bloating. At 1100 and
1150 °C sintering temperatures, increasing bentonite content from
5% to 10% increased the specific gravity from 1.75 to 1.77 and from
1.90 to 1.93, respectively, while with the same increase of glass
powder content, specific gravity decreased from 1.81 to 1.77 and
from 1.93 to 1.85, respectively. Nevertheless, all of the aggregate
types produced had specific gravities below 2.0 to be identified
as lightweight.

Test results also indicated that the use of glass powder and ben-
tonite led to a significant reduction in specific gravity of the result-
ing aggregate when sintered at 1200 °C. The effect was more
prominent in the aggregates containing higher content of binders.
When 7.5% glass powder and 7.5% bentonite were added as binders
to fly ash, a greater bloating effect was noticed as was evident from
the relatively low values of specific gravity of the aggregate pro-
duced. This is due to the increase in the quantity of gases evolved
during sintering at high temperature. The decrease in density at
high temperatures which has also been reported by other research-
ers [36-41] was attributed to the internal sintering due to the
calorification and combustion of organic materials and the acceler-
ated expansion due to gas generation. Adell et al. [40] reported that
an initial marked contraction followed by an expansion stage was
observed with increasing sintering temperature and all samples
started to expand at temperatures above 1200 °C. This reduction
in density was also attributed to internal pressure caused by the
formation of CO, (and possibly CO) upon combustion of the carbon
[42]. On the other hand, it was demonstrated that carbon was oxi-
dised and released from the samples at temperatures below 850 °C
under conventional, slow sintering conditions [43]. However,
Huang et al. [44] stated that the surface of the sample was not
completely vitrified when gas was produced, making it possible
for gas to escape. In the present study, it was observed that as
the surface of the pellets became more sticky by glassy materials
more of the gas produced with the increase in internal temperature
had been wrapped up in the particles, which made the aggregates
lighter.

Glass powder and bentonite contained high concentrations of
calcium containing minerals, such as calcium oxides and carbon-
ates as well as sodium and potassium oxides and sulfates (Table
1). These minerals act as fluxes which lower the melting point,
causing sintering and densification at lower temperatures. Fly
ash contained less of low melting point fluxes and more of high
melting point minerals compared to glass powder and bentonite.
Density of the aggregates with binders increased with temperature
from 1100 to 1150 °C because in this temperature range, as the
aggregate sintered, the fluxing agents in the glass powder and ben-
tonite melted to form a liquid phase that filled voids between par-
ticles through capillary action. Density increased as voids were
filled and as the sintering temperature increased, more of the com-
pounds in the binders melted, substantially eliminating all the
pores and forming a larger glassy, crystalline solid matrix. At the
temperature of maximum densification, essentially all of the void
space in the aggregate were filled. Density decreased with increase
in temperature from 1150 to 1200 °C, on the other hand, because
further temperature increase resulted in aggregate melting and
bloating.

Bloating was caused by the entrapment of gases in the melted
liquid phase, resulting from volatization of certain components of
the aggregate. The entrapped gases formed the pores. The proper
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viscosity could be determined from the chemical compositions of
the raw materials used [37,39,40]. Generally, total CaO and MgO
contents account for a sudden change in the viscosity of the raw
materials at high temperatures. Fly ash did not cause a sudden
change in the viscosity even at high temperatures because its total
CaO and MgO content was 5.18%, compared to 12.29% and 6.79%
for glass powder and bentonite, respectively. In general, when
the Al,Os + SiO, content is high, the melting point and viscosity
tend to be high. Thus, it is expected that the melting point of the
fly ash would be higher than those of bentonite and glass powder.

3.2. Effects of temperature and type and content of the binder on
porosity

Variation in water absorption of the lightweight aggregates
with sintering temperature and type and content of the binder is
shown in Table 3. Water absorption of all aggregate types declined
with the increase in sintering temperature. OFA aggregates showed
linear decrease, however aggregates with binders exhibited a sig-
nificant decrease from 1100 to 1150 °C, and then the drop was
slight up to 1200 °C. Sintering OFA aggregates at 1100 °C led to
loosely bounded fly ash particles with extensive volume and con-
nectivity of the internal and surface pores resulting in the high de-
gree of water absorption. A decrease was observed with the
increase of binder content regardless of binder type as also ob-
served by Ramamurthy and Harikrishnan [12]. The reduction was
larger in bentonite aggregates than in glass powder aggregates at
1100 and 1150°C and the same at 1200 °C. The disconnected
porosity close to the surface which occured at 1200 °C led to fur-
ther decrease in water absorption which was also reported
[28,37] to be due to the formation of glassy texture on the surface
of the aggregates at higher temperatures. Water absorption of
OFA1200 aggregate was close to the aggregates with binders sin-
tered at 1150 °C indicating the efficiency of the use of binders.

Results of total porosity measurements by mercury porosimetry
are presented in Table 4 and Fig. 4 to represent the pore size distri-
bution of the aggregates sintered at different temperatures. Such
figures illustrate the variation of cumulative pore volume obtained
from the intruded quantity of mercury under increasing pressure
with the size of the pores obtained from Eq. (2) and help to produce
the data in Table 4. In all cases, the total porosity measured by the
mercury porosimetry were greater than the water saturation of the
aggregates due to the presence of a relatively large volume of
closed pores which could be penetrated by mercury only after

Table 4
Results of MIP tests.

Aggregates Pore diameter Critical pore Total Closed
range (nm) diameter (nm) porosity porosity
mx___min & o

OFA1100 10277.72 7.02 26.92 19.1 0.7

5B1100 10277.75 7.28 32.44 15.3 6.9

5G1100 953524  7.01 19.90 13.6 2.0

10B1100 10277.74 6.80 38.63 15.1 8.2

10G1100 10551.59 6.70 15.94 11.3 3.1

7.5BG1100 10840.49 7.16 34.93 13.4 8.9

OFA1150 10017.71 7.16 19.62 13.3 29

5B1150 1084049 7.11 1944 10.1 7.8

5G1150 10277.72 6.66 17.87 7.3 3.9

10B1150 10551.60 6.60 21.47 2.0 1.2

10G1150 10017.69 6.77 12.16 3.9 13

7.5BG1150 9311.02 6.60 49.23 2.5 1.6

OFA1200 10840.51 6.82 16.35 6.5 4.3

5B1200 10277.77 6.88 53.38 17.6 16.6

5G1200 1084049 6.82 21.64 16.9 15.8

10B1200 10840.46 6.82 28.03 8.4 7.7

10G1200 8159.76  7.08 1249 6.2 55

7.5BG1200 10840.49 6.68 74.91 21.8 21.0

1
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Fig. 4. Pore size distribution of aggregates sintered at 1100 °C.

the rupture of pore walls under the high mercury pressure. It is re-
vealed that increase in the temperature should generally result in
greater fusion and sintering leading to reduction in open porosity
[17]. However this reduction may not be as high as expected due
to increase in the volume of the solid which causes reduction in
density. In this study, a lower density aggregate with a microstruc-
ture of high porosity within a matrix was targetted and thus ben-
tonite and glass powder were introduced into fly ash as binders.
The binders burned off during sintering, increasing the porosity
of the resultant aggregates and decreasing their densities. Thus,
lightweight aggregates with specific gravities as low as 1.34 could
be produced by adding binders. Comparing the density and water
absorption data clearly indicated a change in the nature of the
porosity as the sintering temperature and the binder content in-
creased which may be explained in terms of the expansion and
bloating taking place due to the softening of the glassy phase
and gas evolving decomposition reactions occurring in a low vis-
cosity glassy matrix.

There was a linear reduction in total porosity of OFA aggregates
as in water absorption. Inclusion of binders reduced the total
porosity at 1100 and 1150 °C, but increased at 1200 °C. At each
temperature level, total porosity decreased when the content of
binders increased except for 7.5BG1200 aggregates. However, this
behavior is contradictory with the results of specific gravity and
crushing strength at 1200 °C. The reason may be due to the forma-
tion of excessive glassy phase for higher binder contents at 1200 °C
close to the surface of the particles preventing the penetration of
mercury. In this study, 220 MPa mercury pressure applied on
aggregates may have been insufficient to rupture the thick and
strong pore walls developed under such circumstances.

The closed porosity of OFA, 5B and 5G aggregates increased
with the rise in temperature. This increase was remarkable in
OFA aggregates sintered at 1150 °C, however, a sharp increase
was observed in aggregates with 5% of binder at 1200 °C. The
aggregates with higher binder content showed decrease in total
porosity at 1150 °C. Total porosity of aggregates with 10% benton-
ite and glass powder exhibited decreases from 15.1% to 2.0%, and
from 11.3% to 3.9%, respectively. In addition, aggregates produced
with both glass powder and bentonite showed a drop from 13.4%
to 2.5%. These changes in porosity were in consistence with the
trend observed in specific gravity and strength. 7.5BG1200 aggre-
gate had the highest closed porosity due to the high amount of
binders resulting in occurence of insulated larger pores after sin-
tering at high temperature. While OFA1100 aggregate had much
higher water absorption capacity than 5B1200, 5G1200 and
7.5BG1200 aggregates, these aggregates showed similar total
porosities, but indicating a more open, water-accessible pore struc-
ture for OFA1100 aggregate compared to the others. 10B1200 and
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10G1200 aggregates, however, had less total porosity, but almost
all of the pores were unconnected and closed.

The minimum and maximum pore diameters were about 7 and
10000 nm, respectively. The critical pore diameter which corre-
sponds to the smallest pore size that creates connected paths
through the sample was obtained from the inflection point of the
plot of volume versus size of the pores. Generally, the critical pore
diameters of aggregates showed paralellism with the total porosity
values. The critical pore diameter decreased with sintering temper-
ature in OFA aggregates. However, aggregates with binders showed
a decrease up to 1150 °C, and then a rise with further increase in
temperature. A relatively high critical pore diameter was obtained
for the 7.5BG1200 aggregate. This aggregate with its high binder
content greatly expanded at 1200 °C due to bloating which may
have resulted in thin pore walls making the aggregate pore struc-
ture more vulnerable to high pressures of the mercury in MIP test.

3.3. Effects of temperature and type and content of the binder on
crushing strength

Effects of sintering temperature and binder type and content on
crushing strength are shown in Table 3. The aggregates with bind-
ers exhibited higher strength than OFA aggregates at 1100 and
1150 °C as also reported by Ramamurthy and Harikrishnan [12].
Crushing strength increased slightly by the binder content at these
temperatures except for the G1150 aggregates. Variation in crush-
ing strength could not be correlated only with the variation in
porosity as also demonstrated by other studies [12,17]. Several
interrelated factors such as change in the mineralogical composi-
tion, difference in melting points of binders densification effects
by sintering, bloating of the aggregate and cracks and internal de-
fects due to thermal stresses may be effective.

Strength of OFA aggregates continuously increased with the sin-
tering temperature whereas aggregates with binders gained the
highest strength at 1150 °C. Decrease in strength was probably be-
cause of the large pores formed due to bloating at 1200 °C. Volume
expansion observed at different sintering temperatures for differ-
ent materials was claimed to be the cause of the drop in strength
of the aggregates [7,8,10,37-39,41,45]. Thus, steady increase in
the strength of OFA aggregates with temperature was achieved
through densification of fly ash. Expansion of OFA aggregates prob-
ably might take place at temperatures higher than 1200 °C, at
which density of OFA aggregates was similar to those of aggregates
with binders at 1150 °C. Addition of binders modified the densifi-
cation behavior of fly ash, resulting in a tighter temperature inter-
val between the initial softening, sintering, and melting of the
material by changing the chemical composition and mineralogy
of the material.

The chemical composition affects the viscosity and the sintering
behavior of fly ash as illustrated by SiO, acting as a network former
and positively affecting the viscosity whereas CaO or Na,O modify-
ing the silicate network structure and decreasing the viscosity [40].
The principal chemical compositions of fly ash, bentonite and glass
powder given in Table 1 met the requirements of expansive clay
(Si0,: 48-70%, Al,03: 8-25% and Flux (sum of Fe,03, CaO, MgO,
Na,O and K;0): 4.5-31%) as stated by Riley [46]. Two conditions
were essential for the bloating of materials: development of a
glassy phase over a wide temperature range and evolution of gases
from the dissociation of mineral components such as carbonates,
oxides, hydrates, and sulfates. Fly ash is richer in glass forming oxi-
des (SiO, + Al,03) than bentonite and glass powder. The modifying
or fluxing oxide contents of fly ash (18.84%) and bentonite (18.53%)
are close to each other and lower than that of glass powder
(25.49%) which was the main reason for the viscosity showed by
the melted materials. The greater possibility of better bloating
could be achieved when bentonite and glass powder were mixed

with fly ash at adequate proportions. The addition of glass powder
increased the flux content and improved the chances of bloating in
the aggregates.

Bentonite was more effective in strength rise than glass powder
especially at 1150 °C. The strengths of aggregates with glass pow-
der were lower than those of aggregates with bentonite at all tem-
peratures. Glass powder used in this study was coarser than
bentonite (Fig. 1), resulting in larger pores during exposure to high
temperatures. OFA aggregates became stronger by the temperature
rise and showed marked increase between the temperatures 1150
and 1200 °C. Furthermore, as bentonite and/or glass powder were
added, binders closed the pores by fusing, causing denser aggre-
gates at 1100 and 1150 °C. At 1150 °C, strength gain was markedly
high in aggregates with 5% binders, especially in the case of ben-
tonite, whereas addition of 10% binders did not provide significant
increase in strength, even the aggregates with glass powder pre-
sented a slight drop.

Among the aggregates produced, 10B1150 aggregate had the
highest (23.1 MPa) and OFA1100 aggregate had the lowest
(5.1 MPa) strength values. The strengths of aggregates with binders
showed the same trend of pellet densities with increasing temper-
ature, increasing to a maximum value and then decreasing, as ex-
pected. Bentonite was finer than glass powder and aggregates
made from small particle sizes showed a higher strength, which
is consistent with observations obtained by other researchers
[10,40]. Since smaller particles give a larger total surface area,
small ash particles may result in a larger change in the surface area
during sintering, and in turn, a larger change of free energy. The
densification and thus the development of the strength is thermo-
dynamically more likely to occur for ash with a smaller particle
size.

4. Conclusions

Physical and mechanical properties of lightweight fly ash aggre-
gates produced with and without bentonite and/or glass powder
binders sintered at 1100, 1150 and 1200 °C temperatures were
investigated. Following conclusions can be drawn from the results
and findings of the experimental study:

e Pellets had loosely bound fly ash particles and weak matrix by
sintering at temperatures below 1100 °C whereas full densifica-
tion of OFA aggregates and bloating of fly ash aggregates with
bentonite and/or glass powder binders were observed by sinter-
ing at temperatures at and above 1200 °C. The particles in the
OFA aggregates fused at 1150 °C, whereas melting and fusion
occured at 1100 °C with the addition of a binder. Addition of
binders modified the densification behavior of fly ash, resulting
in a tighter temperature range for the initial softening, sintering
and melting of the material.

Specific gravity of OFA aggregate continuously increased with

sintering temperature. Addition of binders increased the spe-

cific gravity at low sintering temperatures (1100 and 1150 °C)
due to higher specific gravity of the binders compared to fly
ash as well as the absence of sufficient heat for bloating and
gas evolution to produce large pores. The use of binders led to

a significant reduction in specific gravity of aggregates sintered

at 1200 °C due to expansion and bloating.

e Water absorption of all aggregates declined with the increase in
temperature. Relatively high water absorption, low specific
gravity and low strength at 1100 °C were due to open and con-
nected porosity of the aggregate particle. Aggregates with bind-
ers had lower water absorption at 1150 °C due to discontinuous
porosity, denser structure and small pore size while further
decrease in water absorption was obtained at 1200 °C owing
to the large but closed pores and formation of glassy texture
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on the surface of the aggregate particles. Water absorption of
OFA1200 aggregate was close to the aggregates with binders
at 1150 °C indicating the efficiency of the binders.

o Total porosity continuously decreased with the increase in tem-
perature for OFA aggregates. Inclusion of binders, however,
reduced the total porosity at 1100 and 1150 °C, but increased
it at 1200 °C. While the critical pore diameter continuously
decreased with temperature in aggregates without binder, for
the aggregates with binder it decreased up to 1150 °C and then
raised with further increase in temperature.

o Strength of aggregates with bentonite and glass powder binders
at 1100 and 1150 °C were much higher than OFA aggregate and
increased with binder content. Bentonite was more effective in
increasing the strength than glass powder especially at 1150 °C.
The highest strength for OFA aggregates was obtained at
1200 °C whereas the strength of aggregates with binder at
1200°C were reduced due to bloating effect resulting in large
closed pores.
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