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Abstract
This work aims to study the effect of partial substitution of ordinary Portland cement (OPC) by fly ash (FA)
on the physico-chemical and mechanical properties of the hardened on the properties of composite cement pastes
(CCP). The effect of FA content was studied by the determining chemically combined water, free lime contents,
total porosity, gel/space ratio, bulk density and compressive strength on the hydration progressing up to 90 days.
The free lime of pozzolanic cement pastes increases up to 7 days, and then decrease up to 90 days, due to
pozzolanic reaction of FA. It was found that, the increase of FA content in FA—CCP decreases the required water
of standard consistency values and increases the setting times. The partial substitution of OPC with FA leads to
higher porosity values, leads to decrease the compressive strength values in comparison with OPC control
pastes. The lower values of free lime contents were obtained for SF-CCP with the formation of further
additional amounts of C-S-H, C-A-H and C-A-S-H as a result of the pozzolanic reaction. The hydrated products
formed mainly fibril C-S-H. FA show a dense microstructure rim of the inner hydrated product at the surface of

reacted and unreacted FA particles.
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1. Introduction

Large quantities of industrial by-products are
produced every year by chemical and agricultural
industries. These materials have dual problem on the
environmental and health hazards. Hence there are
environmental problems associated with the disposal
of mineral by-products, such as FA, lime sludge,
phosphogypsum and others. The development and
use of blended cement is growing rapidly in the
construction industry mainly due to considerations of
cost saving, energy saving, environmental protection
and conservation of resources[l].FA is a
heterogeneous material, which is characterized by a
high variance of particles in terms of chemical
composition, crystallinity and porosity, obtained
from different thermal power stations is now being
considered as a cementitious ingredient for
concrete.FAis finely divided waste by-product
precipitated electrostatically from the combustion of
pulverized coal in boilers at the thermal power plants.
FA particles are spherical and have the same fineness
as cement so that the silica is readily available for
reaction [2,3].The properties of FA are variable and
depend upon several factors, such as the type and
origin of coal, degree of coal pulverization, flame
temperature, oxidation condition and pretreatment
during or prior to burning for SO, removal, method
of collection, storage of FA and carbon content
[4,5].The use of FA in mortar and concrete, as a
partial replacement of OPC, appears to constitute a
very satisfactory outlet for this industrial by-product
and significant savings in the cost of production of
concrete. To get full resemblance in properties with
OPC, FAneeds special treatments like mechanical

grinding, thermal activation
etc[6,7].

FA is a polyfunctional ingredient in concrete
[8,9]. It performs the following functions in concrete;
aggregate, active mineral admixture, plasticizer, and
micro-filler. Significance of these functions depends
on FA properties and its application. The pozzolanic
activity of FA is defined in terms of the reactions of
the reactions of its main components; SiO, and Al,Os
with Ca(OH), (CH) to form C-S-H and C-A-H
phases [10].The hydration of four mixes of fly ash-
lime 90:10, 80:20, 70:30 and 60:40 mass% was
studied. Free lime, insoluble residue and combined
water contents were determined up to 90 days. The
results revealed that the combined water content
increases with the lime content especially after 7
days up to 90 days. DTA illustrates the formation of
C-S-H, C-A-H and C-A-S-H hydrates. FA has a
slightly pozzolanic activity and may be used in low
cost filled-pozzolanic cements [11,12]. The effect of
partial substitution of SRC or OPC with 10, 20 and
30 mass% FA on the properties of FA-pozzolanic
cement pastes was investigated [13]. The early
hydration reaction was studied using electrical
conductivity to monitoring the change occurring
during the setting and hardening. The increase of FA
content leads to decrease the compressive strength
and increase the total porosity in comparison with
SRC and OPC control pastes [13].

Effect of partially replacement of FA up to fully
by limestone dust was studied. The results show that
the substitution of FA by 5-10 mass% limestone with
SRC pastes decreases the electrical conductivity.
Increase of limestone content (15 and 20 mass%), the
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electrical conductivity increases than sample free
from limestone. 5 mass% limestone extended the
final setting times. On the other side, the increase of
limestone content, the final setting times are
shortened. The combined water, degree of hydration
and the gel/space ratio increase with limestone
content. The free lime contents increase at 7 days,
then decreases up to 90 days. On the other hand, the
compressive strength and total porosity decrease with
limestone content [14].

The hydration and durability of FA-limestone-
pozzolanic cement were studied. The results revealed
that the increase of limestone content the water of
consistency of cement pastes increases, whereas, the
initial and final setting time are reduced. The increase
of the limestone up to 10-20%, the free lime content
decreases up to 90 days, on the other hand, free lime
content of 30% limestone increases up to 90 days.
Cement pastes containing FA only show lower values
of total sulphate and chloride contents than SRC
pastes. The compressive strength of 20% FA and
10% limestone showed the higher compressive
strength than the other cements when immersed in
tap and Caron’s Lake water, show lower values of
total sulphate, due to decreased accessibility of
sulphate ions towards the dense structure with low
capillary pore [15].

The aim of the present work is to study the effect
of FA on physico-chemical and mechanical
properties of CCP up to 90 days.

2. Materials and methods
2.1 Materials
2.1.1Cement

The cement used in this study was ASTM Type
(I) ordinary Portland cement (OPC) provided from
Lafarge Cement Company, Egypt. The Blaine
surface area of OPC was 3000 + 50 cm?g. The
chemical analysis of OPC is given in Table (1)

2.1.2Flyash (FA)

Fly ash (FA) was supplied from Sika Chemical
Company, Egypt. The specific surface area of FA
was 3774cmz/g. The chemical analysis of FA is given
in Table (1) Fig (1,2) represented the XRD patterns
and SEM of FA.Fig. FA consists of spherical
vitreous particles of different sizes in the range < 50
pm, hollow and spheres.

2.1.3 Superplasticizer

Superplasticizer (SP) based on polycarboxylate
was obtained from Sika Company, El-Abor City,
Egypt. Table (2) shows some physical and chemical
properties of polycarboxylate admixture used in this
study.

2.2 Methods of investigation

The mix compositions of the prepared cement
blends are given in Table (3) The required water of
standard consistency and setting times were

measured according to ASTM specification [16].At
the end of mixing, the paste was directly moulded in
(2x2x2cm) stainless steel moulds. Immediately after
molding, the specimens were cured in a humidity
chamber at 100% RH at a constant temperature
25+1°C for the first 24 hours and then immersed in
tap water until the time of testing (1, 3, 7, 28 and 90
days). The hydration of cement pastes was stopped
by pulverizing 10g of representative sample in a
beaker containing 1:1 (v/v) methanol-acetone
mixture, and then mechanically stirred for 1 h. The
mixture was filtered through sintered glass G,, after
washing two times with the stopping solution and
diethyl ether, then dried at 70°C for 1h, then collected
in polyethylene bags; sealed and stored in desiccators
for analysis [17].

The combined water content is considered as the
percent of ignition loss of the dried sample (on the
ignited weight basis). Approximately 2g of the pre-
dried samples were ignited up to 1000°C for 1h
soaking time. The results of combined water contents
were corrected for the water of free portlandite
present in each sample [18]. Free lime contents of the
hydrated cement pastes can be thermally determined.
0.5g sample of the hardened cement was placed in a
porcelain crucible introduced into a cold muffle
furnace (room temperature). The temperature was
increased up to 390 then to 550°C at heating rate of
3°C/min. The loss of weight occurred between 390
and 550°C with soaking time of 15 min is equal to
the weight of water of calcium hydroxide. Therefore,
the free portlandite can be calculated [18].

Bulk density was measured before the specimens
subjected to compressive strength determination.
Each measurement was conducted on at least three
similar cubes of the same mix composition and
curing time [15]. Compressive strength was
determined according to (ASTM Designation: C-150,
2007)[19]. A set of three cubes was tested using
compressive strength  machine of SEIDNER,
Riedinger, Germany, with maximum capacity of
2000 kN force.

The crystalline phases of cement pastes were
identified using XRD technigque of BRUXER, AXxs
D8 ADVANCE A8, and GERMANY Diffractometer.
The samples were finely ground to pass a 200-mesh
sieve. The identification of all samples was
confirmed by computer-aided search of the PDF
database obtained from the Joint Committee on
Powder Diffraction Standards-International Center
for Diffraction Data (JCPDA-1CDD), 2001.

Thermal gravimetric analysis (TGA) was carried
out using DTA-50 Thermal Analyzer (Schimadzu
Co., Tokyo, Japan). A dried sample of about 50 mg
(=53 wm) was used at heating rate 20 °C/min under
nitrogen atmosphere.
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3. Results and discussion
3.1 Hydration behavior of composite cement
pastes
3.1.1 Water of standard consistency and setting
times

The variations of the required water of standard
consistency and setting times of OPC and FA-CCP
containing 10, 25 and 50 mass% FA with and
without SP are given in Table (3) The results show
that FA-CCP blends require higher water demands as
well as elongated final setting times in the
comparison with OPC pastes,this is due to the
relatively low rate of hydration of FA as related to its
mineralogical composition. The low hydraulic
properties of fly ash are due to that it constitutes
mainly of crystalline phases such as quartz, mullite
and hematite [11-15].The retardation of setting
process, may be due to the decrease of OPC portion
in comparison with FA-CCP pastes [20,21]. FA-
composite cement paste containing 10 mass% FA
tends to shorten the initial setting time than the plain
cement paste (OPC). This is principally due to the
nucleating effect, which accelerates the rate of
cement hydration. As the amount of FA increases up
to 50 mass%, the initial setting time elongated. This
is mainly due to the dilution effect of the cement,
which decreases the rate of hydration of FA-
composite cement pastes in comparison with OPC.
The required water of standard consistency decreases
in thepresence of SP as shown in Table (3) This is
due to the increase of fluidity of the cement pastes
leading to reduction in required water of standard
consistency [22]. In the presence of SP, the final
setting time of FA-CCP pastes elongated with FA
content.

3.1.2 Compressive strength

Compressive strength of OPC and FA-composite
cement pastes in the presence and absence of SP
cured up to 90 graphically plotted in Fig (3) The
values of the compressive strength increase with
curing time for all hydrated cement paste, this is due
to the continuous hydration and formation of
excessive amounts of hydrated (C-S-H, C-A-H and
C-A-S-H). These hydrated products deposited in the
available open pores forming a closed compact
structure. On the other hand, the compressive
strength of cement pastes decreases with FA content
as shown in Fig (3A,3B) [23-26]. This is due to
lower activity of the FA particles as well as due to
the decrease of cement content, which affects the
mechanical properties of the hardened cement pastes
[27].This reduction in the compressive strength of
FA-CCP pastes is proportional to the content of FA,
which affects the mechanical properties of the
hardened cement pastes [28]. Also, the compressive
strength results are in a good agreement with those of
total porosity, bulk density as well as combined water
contents. The strength development depends
primarily on the formation of hydrated calcium

silicate as the main hydration product, which is
precipitated into the water filled spaces to form a
more compact body. This is mainly attributed to
crystallization of the initially formed hydrates,
having strong binding forces and/or their
transformation into other hydration products having
weaker binding forces [29].

The compressive strength of FA-composite
cement pastes increase in the presence of SP as
shown in Fig (3B) The required water of standard
consistency as well as initial porosity decreases in the
presence of SP. The decrease in the total porosity
facilitates the approaching of active silica and
alumina containing FA from the liberated lime from
the hydration of cement phases (C3S and B-C,S) to
form additional amounts of C-S-H, C-A-H and C-A-
S-H with low lime content, leading to relatively
homogeneous composites. At later ages (90 days),
FA-CCP paste containing 10% FA gives the highest
values of compressive strength than those of the
other FA-CCP pastes; this is due to the efficiency of
the pozzolanic reaction of FA with CH liberated from
the hydration of C5S and p-C,S.

3.1.3 Total porosity and bulk density

The total porosity and bulk density of OPC and
FA-CCP pastes cured for 1, 3, 7, 28 and 90 days are
graphically presented in Fig (4) The total porosity for
all cement pastes decreases with curing time,
whereas the bulk density increases. The values of the
bulk density increase with curing time for all
hydrated FA-CCP pastes; this is due to the
continuous hydration and formation of excessive
amounts of hydrated products (C-S-H, C-A-H and C-
A-S-H). The bulk density decreases with the increase
of FA content. The results of bulk density for cement
pastes in the presence of SP are higher than those
without SP, this mainly due to the decrease of mixing
water which increases the mechanical properties as
shown in Fig (4B) The total porosity of FA-
composite cement pastes becomes closer; this is
attributed to the predominance of the pozzolanic
reaction, especially at the later hydration ages (90
days). Mix AS1 (10 mass% FA) has a lower values
of total porosity than those of FA-CCP pastes. This
behavior is more pronounced for FA-CCP paste
containing 10% FA, where lower values of the total
porosity at the later hydration ages. In addition, the
total porosity values of the hardened FA-CCP paste
containing 10% FA in the presence of SP are
relatively lower than those of the other pastes at all
curing ages. This is mainly due to the decrease of the
W/C ratio (initial porosity) as well as the filler effect
of FA.

3.1.4 Free lime contents

The free lime contents of OPC and FA-composite
cement pastes cured up to 90 days are graphically
represented in Fig (5) Evidently, the free lime content
of OPC paste increases with curing age up to 90
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days. The increase of the free lime contents is due to
the continuous hydration of the main cement phases
(CsS and B-C,S), liberating CH. As FA content
increases the values of free lime decrease. The initial
increase of free lime in FA-CCP pastes is mainly due
to the progressive hydration of calcium silicate
phases (CsS and B-C,S). The decrease of free lime
contents is due to the pozzolanic reaction of FA.
There are two different processes; one tending to
increase CH content and the another tending to
decrease it [13,30]. At 1-7 days the rate of liberation
of CH exceeds the rate of lime consumption. After 7-
90 days the rate of consumption is higher than its
liberation. Therefore, CH contents decrease with
curing time up to 90 days. Free lime contents of
superplasticized FA-CCP pastes show a lower free
lime wvalues than those of specimens without
superplasticizer up to 90 days as shown in Fig (5B)

3.1.5 Chemically combined water contents

Fig (6) represents the variations of the chemically
combined water contents of OPC and FA-CCP pastes
with and without SP. The chemically combined water
content increases gradually with curing time for all
hardened cement pastes, leading to the formation of
more excessive amounts of hydrated products, which
precipitated in the available open pores system of the
hardened cement pastes.The increase of FA content
decreases the chemically combined water contents
[31,32]. Therefore, FA shows somewhat pozzolanic
activity, which decrease the hydration characteristic
of FA-CCP pastes [33,34]. The combined water
content of FA-CCP pastes decrease. The chemically
combined water contents of superplasticizedFA-CCP
pastes  were  decreased than  those  of
unsuperplasticized pastes as shown in Fig (6B) this is
attributed to the decrease of required water of
standard consistency.

3.1.6 Gel space ratio

The gel/space ratios (X) of the hydrated OPC and
FA-composite cement pastes were calculated on the
basis of the degrees of hydration and their W/C
ratios. The strength of the pastes is affected by W/C
ratio, degree of hydration, air content, cement
additives and temperature [35-37]. On increasing the
amount of hydration products the gel/space ratio,
consequently increases as shown in Fig (7) The
strength can be correctly related to the solid
hydration products and to the space available for
formation of these products. The synergistic effect of
hydration products formed in the pores of the cement
pastes enhances the compressive strength. The results
show that the gel/space ratio increases with curing
time for all cement pastes. This is due to the progress
of hydration products to increase of the amounts of
C-S-H, C-A-H and C-A-S-H hydrated gel increasing
of gel/space ratio. The presence of 1 mass% SP, the
gel/space ratio increases, this is due to the formation
of dense and close-textured structure. The gel/space

ratios of Al and AS1 mixes show an increase than
those of OPC and other FA-CCP pastes in the
absence and presence of polycarboxylate SP as
shown in Fig (7A,7B) This is due to Al and AS1
mixes act as nucleating sites to improve the hydrated
products.

3.1.7 XRD diffraction patterns

X-ray diffractgrams of the mixes A3 and AS3
hydrated for 90 days are shown in Fig (8) shows the
formation of C-S-H and CH phases as the main
hydration products. The peaks characterizing the
anhydrous cement phases (B-C,S, CsS), quartz and
CaCO; (€€) appeared in the XRD diffraction
patterns. The intensities of the peaks characterizing
to anhydrous cement phases decrease with curing
time, whereas, the intensities of the hydrated
products peaks increase with increasing age of
hydration. The peak characteristic to C-S-H
overlapped with €Cincreases with age of hydration;
this is due to progress of hydration up to 90 days, this
peak could also be detected in the diffraction patterns
at 3.03 A. The peak characteristic to C-S-H increases,
where the peaks of CH decrease markedly with
curing time, this is mainly due to the enhanced rate of
pozzolanic interaction of FA with the liberated CH,
forming additional amount of C-S-H. Mix AS3
exhibits lower intensity of CH and higher intensity of
diffraction lines characteristic to C-S-H peaks in
comparison with those of mix A.3 free from
superplasticizer.

3.1.8 Differential thermal analysis

Fig (9A,9B) illustrate DTA/TGA thermograms of
hydrated mixes A3 and AS3. The weight losses at
1000°C were found to be 9.71, 12.00 and 15.23% for
A3 mix, where for AS3 mix were 8.02, 10.95 and
13.78 hydrated for 1, 7 and 90 days respectively.
DTA/TGA thermograms show the presence of three
main endothermic peaks and one exothermic peak.
The first peak located at 100-120°C, corresponding to
the decomposition of C-S-H, C-A-H and C-A-S-H
hydrated products. The decomposition of C-S-H peak
overlapped with the decomposition of calcium
sulphoaluminate hydrates (ettringite and mono-
sulfate hydrates) as well calcium alumino-silicate
hydrates peaks [14]. The second peak at 450-500°C,
is attributed to decomposition of Ca(OH),[38]. The
third endothermic peak was observed at 750-785°C,
which is due to the decomposition of calcium
carbonate. The exothermic peak located at 850-890°C
is attributed to the crystallization of the pseudo-
wollastonite phase (monocalcium silicate, CS). This
exothermic peak is characteristic for the
decomposition of C-S—H [39,40].

The main features of the thermograms are
characterized by an increase in the peak area of C-S-
H, C-A-H and C-A-S-H with curing time due to
continuous hydration of the cement pastes. The
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losses of endothermic peak below 200°C were found
to be 3.09, 4.89 and 8.45% for A3 mix, while for
AS3 mix were 2.67, 4.57 and 7.30 for specimens
hydrated for 1, 7 and 90 days respectively, which
corresponding to the decomposition of C-S-H, C-A-
H and C-A-S-H hydrated products. The intensity of
C-S-H peaks increases with curing time. From the
endothermic peak located at 450-500°C, it is clear
that the peak area increases from 1 day up to 7 days,
then decreases at 90 days, this is due to the
pozzolanic reaction of FA with liberated lime. As the
curing time increases the exothermic peak located at
850-890°C, shows an increase in the areas and
intensities of the crystallization of the pseudo-
wollastonite phase from 1 day up to 90 days.

The results showed also that the weight loss
decrease in the presence of SP and increase in the
absence of SP as shown in Fig (9A,9B)This
exothermic peak is characteristic of the

Table (1) Chemical analysis of OPC, FA (mass, %).

decomposition of the hydrated calcium silicate
hydrated produced as a result of the pozzolanic
reaction between FA and the free CH liberated
during OPC hydration.

3.1.9 Microstructure

Fig (10) shows SEM micrograph of mix AS3
hydrated at 1 and 90 days. SEM micrograph shows a
layer of surface hydrated products was found around
FA particles after 1 day Fig (10A) These hydrated
products are mainly amorphous ill-crystals of C-S-H.
FA particles form also, inner hydration products [41].
After 90 days, the hydrated products formed mainly
fibril C-S—H and dense crystalline hydrated products.
FA particles partially and fully hydrated show a
dense microstructure rim of the inner hydrated
product, which was observed between the dense layer
of hydration products at the surface of reacted and
unreacted FA particles Fig (10B) [42].

S|02 FO, A|203 CaO MgO SO, K,O Na,O L.O.l
OPC 19.3 3.8 3.94 62.67 1.90 3.22 0.44 0.22 3.04
FA 63.10 5.40 26.54 2.33 0.00 0.09 0.85 0.52 0.80

Table (2) Physical and chemical properties of polycarboxylatesuperplasticizer.

Appearance Light brownish liquid
Solid residue% approximately 36%
pH 5.2-5.3

Specific gravity (kg/l) approximately 1.06%
Rotational viscosity (MPa) 79.30
Carbon-content (C%) 52.25

Table (3) Mix compositions of OPC-FA-CCPblends, consistency and setting times of the prepared composite

cements.
Mix No. OPC, % FA, % SP, % Consistency, % Setting times (min)
Initial set Final set

A0 100 0 0 26.5 165 275
Al 90 10 0 26.0 116 265
A2 75 25 0 28.0 120 300
A3 50 50 0 29.0 120 360
ASO 100 0 1 20.1 65 220
AS1 90 10 1 20.9 80 240
AS2 75 25 1 21.2 90 260
AS3 50 50 1 21.9 110 275
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Fig (1) XRD pattern of FA
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Fig (3) Compressive strength of hydrated OPC and FA-composite cement pastes in the
presence andabsence ofsuperplasticizer cured up to 90 days
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4. Conclusion
From the above findings it can concluded that:

1-

The results show that FA-CCP blends require
higher water demands as well as elongated final
setting times in the comparison with OPC pastes.
FA-composite cement paste containing 10 mass%
FA tends to shorten the initial setting time than
OPC.

The compressive strength of cement pastes
decreases with FA content. At later ages (90
days), FA-CCP paste containing 10% FA gives
the highest values of compressive strength than
those of the other FA-CCP pastes.

Mix AS1 (10 mass% FA) has a lower values of
total porosity than those of OPC and FA-CCP
pastes, this is due to the filler effect of FA.

The free lime content of the neat OPC increases
with curing time; whereas, free lime contents of
FA-CCP pastes decrease with the curing age. Free
lime contents of superplasticized FA-CCP pastes

53 AR
HV det |mag O W‘D spot| HFW
3:14:21 PM|20.00 kV|LFD| 5000 x [17.3 mm| 4.0 [59.7 pm

Fig (10) SEM of suprplasticizered AS3 mix cured for 1 and 90 days

84

600
Temperature, oC

Fig (9B) DTA/TGA thermograms of mix AS3 cured at 1, 7 and 90 days

1000

EMRA A3S 90 days

show a lower free lime values than those of
specimens without superplasticizer up to 90 days.
The increase of FA content decreases the
chemically combined water contents.

The gel/space ratios of Al and AS1 mixes show
an increase than those of OPC and other FA-CCP
pastes in the absence and presence of
polycarboxylate SP.

The losses of endothermic peak below 200°C
were found to be 3.09, 4.89 and 8.45% for A3
mix, while for AS3 mix were 2.67, 4.57 and 7.30
for specimens hydrated for 1, 7 and 90 days
respectively, which corresponding to the
decomposition of C-S-H, C-A-H and C-A-S-H
hydrated products.

The hydrated products formed mainly fibril C-S—
H. FA particles partially and fully hydrated show
a dense microstructure rim of theinner hydrated
product at the surface of reacted and unreacted
FA particles.
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