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The influence of 0, 5, 15 and 25 wt. % natural perlite (PT) on the specific properties of Ordinary (OPC)
and Slag (SPC) Portland cements was studied. The results showed that the water of consistency was
increased with the increase of PT content and also the setting times were elongated, but they were
higher with SPC than with OPC. The combined water content, bulk density and compressive strength
were increased with curing time up to 28 days and then became nearly stable at 90 days, but only
increased with PT content up to 15 wt. % and then decreased. The apparent porosity decreased with
curing time, but only decreased up to 15 wt. % PT and then increased. The free lime content of the OPC
pastes increased gradually up to 90 days, while those of SPC pastes and those mixed with PT
decreased gradually. According to the results of the free lime, the PT possessed high pozzolanic
activity as confirmed by the FT-IR spectra and SEM images. The addition of higher amounts of PT (25
wt. %) has affected adversely on all properties of both cements.
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INTRODUCTION
Nowadays, the pozzolanic materials are widely used as
supplementary cementing materials in OPC cements and
may replace a part of the clinker to enhance the
performance of the hydrated cement. Such cements are
employed for their economical, ecological and
technological benefits, that is reduction of energy
consumption as well as CO2 emission. Supplementary
cementing materials reduce the lime content in hydrated
OPC cements and replace it with pore-filling cement
hydrates, which are known to improve the ultimate
strength, impermeability and durability to a chemical
attack of cement (Singhand and Garg, 1991; Kuroda et
al.,2000;Darweesh,2005;Yan and Yang, 2000; ElDidamony et al., 2008; Jaturapitakkul et al., 2004;
Deschner et al., 2012). Due to the rapid increase in the
price of energy, most nations had done their best to save

wise its use in order to reduce its burder. The cement
industry is one of the most consuming energy either by its
thermal or electrical forms. This will be carried out either
by developing new technologies for manufacturing or by
increasing the reduction capacity at the level of energy
consumption. There are about 6700 million tons of perlite
deposits in the world and 2/3 of this amount exists in
turkey (Erdem et al.,2007). Perlite is a glassy volcanic
rock that contains about 70-75 % SiO2 and 12-18 %
Al3O2. 2-6 % of Its combined water content causes its
expansion till become a cellular material of an extremely
low bulk density when heated to about 900 ○C. Hence,
the expanded perlite can be used in various
constructional, horticultural and industrial applications
(Chandra and Berntsson,2002;Demirboga et al.,2001).
Due to its glassy structure and high SiO2 and Al2O3
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Table 1.The Chemical composition of the OPC, SPC and PT, wt. %.
Oxides Materials
OPC
SPC
PT

L.O.I
2.64
0.43
1.11

SiO2
20.12
38.21
74.85

Al2O3
5.25
10.45
10.12

Fe2O3
3.38
1.27
1.26

CaO
63.13
37.70
0.58

MgO
1.53
2.05
0.04

Na2O
0.55
3.5
----

K2O
0.3
1.61
5.13

SO3
2.54
0.71
----

Table 2.Mineralogical composition of the OPC sample, mass %.
Material phase
OPC

C3S
46.81

C3A
5.90

β-C2S
28.43

C4AF
12.56

Table 3.Cement mixes containing Perlite, wt. %.
Group
OPC

SPC

Raw material Mixes
P0
P1
P2
P3

OPC
100
95
85
75

SPC
----------------

PT
----5
15
25

S0
S1
S2
S3

-----------------

100
95
85
75

----5
15
25

contents, perlite is a pozzolan. Though its pozzolanic
properties have been mentioned in some technical
papers (Demirboga et al., 2001;Yu et al.,2003), no
investigation has so far been made on the use of natural
perlite in manufacturing blended cements.Some
advantages can be achieved with perlite blended cement
as: the reduction in OPC consumption, improved
workability, lower permeability, higher strength, etc.
Moreover, each of these items can result in further
benefits. The reduction in OPC consumption helps to
decrease the CO2 emission and the cost due to the lower
energy consumption during grinding and calcination.
Since more than 50 % of the total electrical energy
consumption during cement production can be saved
(Erdem et al., 2007; Ellerbrock and Mathiak,1994;
Hewlett,1998).The natural perlites are easily grindable,
have pozzolanic properties and the cements containing
these perlites conformed to the standard specifications
for blended cements. So, these perlites can be used as a
pozzolanic mineral addmixture in cement industry
(Urhan,1987;Nehdi et al.,2003;Deepa et al.,2006). This
will reduce the OPC consumption. So, the main objective
of this study is to investigate the influence of the
combination of natural perlite on the specific properties of
Portland and slag cement pastes. The performance of
perlite as a pozzolanic material in blended cements was
also investigated.
MATERIALS AND METHODS
The Ordinary Portland cement (OPC-1, 32.5 R) and Slag

Portland cement (SPC) with blaine surface areas of 3350
and 4450 cm2/g, respectively were delivered from
National Cement Company, Egypt. The perlite (PT) was
obtained from the Egyptian Company for manufacturing
Perlite and Vermiculite, Egypt has a grain size of about
200 mesh sieve (≈ 63 µm). The chemical analysis of
these raw materials is shown in (Table 1), while the
mineralogical phase composition of OPC as calculated
from Bogue equations (Hewlett,1998) is given in (Table
2).
Preparation of cement pastes
The OPC and SPC cements were mixed with 0, 5, 15 and
25 wt. % of Perlite as shown in (Table 3). The mixes are
taken the symbols of P0, P1, P2, P3 (with OPC cement)
and S0, S1, S2 and S3 (with SPC cement). The pastes
were moulded into one inch cubic stainless steel moulds
3
(2.5 x 2.5 x 2.5 cm ), vibrated manually for two minutes
and on a mechanical vibrator for another two minutes.
The surfaces of pastes were smoothed with a spatula
and then were kept inside a humidity cabinet for 24 hrs at
23 ±1 ּסC and 100 % R.H, demoulded and soon cured
under water till the time of testing for bulk density,
apparent porosity and compressive strength after 1, 3, 7,
28 and 90 days.
The water of consistency (or mixing water) as well as
setting times (initial and final) of the prepared cement
pastes were directly determined by Vicat Apparatus
(ASTM-Standards ,2002b and ASTM-Standards 2002a).
The water of consistency was determined from the
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following relation:
WC, % = L / w × 1oo

1

Where, WC is the water of consistency, H is the amount
of water taken to produce a suitable paste and w is the
weight of the cement sample (300 g).The initial setting
time is the time taken to reach the initial set while the final
setting time is the time taken to reach the final set of the
paste. The bulk density and apparent porosity (Singhand
and Garg, (2000) and Hewlett,1998) of the hardened
cement pastes were calculated from the following
equations:

the pink colour does not appear on heating. Calculate
the free lime content from the following relation: CaO % =
(V x 0.0033/1) x100, where V is the volume of 0.1 N HCl
taken on titration.
The phase compositions of some selected samples
were investigated using infrared spectroscopy (FT-IR)
and scanning electron microscopy (SEM). The IR spectra
were performed by Pye-Unicum SP-1100 in the range of
-1
4000-400 cm . The SEM images of the fractured
surfaces, coated with a thin layer of gold, were obtained
by JEOL-JXA-840 electron analyzer at accelerating
voltage of 30 KV.

B. D, (g/cm3) = W 1 / (W 1 – W 2) × 1

2

RESULTS AND DISCUSSION

A. P, % = (W 1 – W 3) / (W 1 – W 2) × 100

3

It is generally estimated that the surface area of added
materials to is one of the most important parameters that
have a crucial influence on fresh and hardened cement
pastes, mortar or concrete properties. So, the water
demand and workability of OPC blended with these
materials depend on their finenesses and particle size
distribution (El-Didamony et al., 2008;Yu et al., 2003;
Hewlett,1998).
The particle size and crystalline/ amorphous ratio on
the other hand play a vital role in their reactivity towards
lime. This is mainly attributed to the pozzolanic reactions
that can take place on the surfaces of particles.
Moreover, the glassy content of these materials is greater
for the finest fractions which in turn affects largely the
rate of their pozzolanic activity (Deepa et al.,2006;ASTMStandards,2002c).

Where, B. D, A. P, W 1, W 2 and W 3 are the bulk density,
apparent porosity, saturated, suspended and dry weights,
respectively.
The compressive strength (ASTM-Standards (2000c))
was measured by using a hydraulic testing machine of
the Type LPM 600 M1 SEIDNER (Germany) having a full
capacity of 600 KN and the loading was applied
perpendicular to the direction of the upper surface of the
cubes as follows:
Cs = L (KN) / Sa (cm2) KN/m2 x 102 (Kg/ cm2)/10.2(MPa)
4
Where, Cs: Compressive strength (MPa), L: load (KN),
Sa: surface area (cm2).

Water of consistency and setting time
The chemically-combined water content at each
hydration age was also determined on the basis of
ignition loss (kondo et al., 1975;Darweesh and Awad,
2008) as follows:
Wn,%=W1-W2 / W2 x100

5

Where, Wn, W1 and W2 are combined water content,
weight of sample before and after ignition, respectively.
The free lime content of the hydrated samples pre-dried
at 105 ºC for 24 hours was also determined (Darweesh,
2005; Hewlett, 1998;kondo et al., 1975). 0.5 g sample +
40 ml ethylene glycol → heating to about 20 min. (without
boiling). Add 1-2 drops of ph. ph. indicator to the filtrate
and then titrate against freshly prepared 0.1 N HCl till the
pink colour disappears. The 0.1 N HCl was prepared
using the following equation: V1= N x V2 x W x 100 / D x
P x 1000, where, V1 is the volume of conc. HCl, V2 is the
volume required, N is the normality required, W is the
equivalent weight, D is the density of Conc. HCl and P is
the purity %. Repeat heating and titration several times till

Figure 1 shows the water of consistency and setting
times (initial and final) of the OPC (P0) and SPC (S0)
pastes compared with those blended with 5, 15 and 25
wt. % of PT (P0-P3 and S1-S3). The water of consistency
of the OPC (P0) and SPC (S0) pastes tends to increase
with the incorporation of perlite (P1-P3 and S1-S3). This
is mainly attributed to the increase of the specific surface
area of the cements by the addition of perlite which is
certainly responsible for high water demand (Darweesh
and
Awad, 2008; El-Didamony et al.,1995). The
combination of PT with SPC increases the w/c ratio more
than with OPC pastes. The mixing water (that is water
content) with OPC/PT cement mixes was in the range 28
- 31 %, while with SPC/PT cement mixes was in the
range 29.3 -32.25 %.
On the other hand, the setting time of the
corresponding cements displayed the same trend as
water of consistency, that is the initial and final setting
times are elongated. The setting time of the SPC pastes
are higher than those of OPC pastes (Rahhal and Talero,
2005). The initial and final setting times with OPC/PT
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Figure 1.Water of consistency and setting time of OPC and SPC cement pastes mixed with
0, 5, 15 and 25 wt. % PT.

were in the range 126-152 min., 232-264 min., while with
SPC/PT in the range 132-158 min., 241-275 min.
respectively. So, the perlite can be used as a retarding
mineral admixture.
Combined water content
The chemically combined water contents of the OPC (P0)
and SPC (S0) pastes compared with those blended with
5, 15 and 25 wt. % of PT (P1-P3 and S1-S3) are plotted
as a function of PT content in (Figure 2). Generally, the
combined water content of the various cement pastes
increases gradually with curing time up to 90 days. This
is mainly due to the continuous formation of hydration
products from the chemical reactions between the
different phases of OPC and SPC with water to form
Calcium Silicate and sulphoaluminate hydrates. This is
often responsible for the increase of combined water
contents (Chandra and Berntsson, 2002; Hewlett,1998).
Furthermore, the PT and GbfS itself can react with the
released Ca(OH)2 during the hydration of C3S and β-C2S
to form additional amounts of hydration products as CSH
and calcium aluminosilicate hydrates. This causes a
further increase in the combined water contents of the

hardened cement pastes (Rahhal and Talero, 2005).
The P2 mix containing 15 wt. % PT exhibited the
highest values of combined water at all curing ages of
hydration, whilst S3 containing 25 wt. % PT achieved the
lowest values of combined water contents at all curing
times. The decrease of combined water contents of S3 is
mainly due to the sluggish rate of hydration of slag in
SPC cement as well as PT (Darweesh,2000;El-Didamony
et al.,2008;Hewlett,1998). On the other side, the increase
of combined water contents of OPC cement is mainly
attributed to the high hydraulic properties of the OPC
phases. It can be deduced that the SPC mixes (S0-S3)
give lower values of combined water than those of OPC
mixes (P0-P3).
Free lime content
The free lime contents of the OPC (P0) and SPC (S0)
paste compared with those blended with 5, 15 and 25 wt.
% of PT (P1-P3 and S1-S3) are represented as a PT
content in (Figure 3). It is clear that the free lime content
of the OPC pastes (P0) increases with curing time up to
90 days, whilst those of the other blended cement pastes
(P1-P3) decrease gradually. The increase of the free lime
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Figure 2.Bulk density of OPC and SPC cement pastes mixed with 0, 5, 15 and 25 wt. %
PT cured up to 90 days.

Figure. 3 Apparent porosity of OPC and SPC cement pastes
mixed with 0, 5, 15 and 25 wt. % PT cured up to 90 days.
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Figure 4. Combined water content of OPC and SPC cement
pastes mixed with 0, 5, 15 and 25 wt. % PT cured up to 90
days.

Figure 5. Free lime content of the OPC and SPC cement pastes
mixed with 0, 5, 15 and 25 wt. % PT cured up to 90 days.
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Figure 6. Compressive strength of OPC and SPC pastes mixed with
0, 5, 15 and 25 wt. % PT cured up to 90 days.

of P0 is mainly due to the rapid hydration of C3S at early
ages of hydration and the hydration of β-C2S at later ages
(Hewlett,1998;kondo
et
al.,1975;Darweesh
and
Awad,2008). The decrease of free lime contents of P1-P3
is essentially attributed to the pozzolanic reactions that
can take place between the added PT with the released
Ca (OH)2 from the hydration of Portland cement (3-6). On
the other side, the SPC cement pastes containing GBFS
and PT recorded the lowest values of free lime at all
curing ages. This is mainly attributed to the high rate of
(5,13,24)
pozzolanicity of GBFS and PT
. Cement pastes of
S2 containing 15 wt. % PT shows the lowest values of
free lime contents than OPC mixes due to presence of
GBFS and PT. This indicates that PT has a high
pozzolanic activity than Slag. This is in a good agreement
with the results of combined water.
Bulk density and total porosity
The bulk density as well as apparent porosity of the OPC
(P0) and SPC (S0) paste compared with those blended
with 5, 15 and 25 wt. % of PT (P1-M3 and S1-S3) are
graphically plotted as PT content in (Figures 4 and 5)
respectively. It is obvious that the bulk density increases
gradually, while the apparent porosity decreases with
curing time up to 90 days for all cement pastes. This is
mainly due to the continual deposition of the formed

hydration products resulting from the hydration of OPC
phases and the pozzolanic reactions of perlite with the
liberating Ca(OH)2 from the hydration of C3S and β-C2S
to form additional CSHs and CAHs into the available pore
structure
of
the
hardened
cement
pastes
(Hewlett,1998;Hwang and Shen,1991;Darweesh,2007).
Hence, the apparent porosity decreased and the bulk
density increased. The bulk density of mixes P1 and P2 as
well as S1 and S2 are slightly higher than those of the
blank mixes P0 and S0 due to the higher rate of
pozolanicity of perlite, while those mixes P3 and S3 are
lower than those of blanks due to the fact stated that the
higher amounts of the added perlite delays and hinders
the hydration process to some extent and therefore the
bulk density and apparent porosity affected negatively
and tended to be lower than those of the blanks (ElDidamony
et
al.,2008;Hewlett,1998;Hwang
and
Shen,1991;Darweesh,2007). As a result, the higher
amount of perlite must be avoided.
Compressive strength
The compressive strength of the OPC (P0) and SPC (S0)
pastes compared with those blended with 5, 15 and 25
wt. % of PT (P1-P3 and S1-S3) are graphically plotted as
a function PT content in (Figure 6). Generally, as the
curing time proceeds, the compressive strength gradually
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Figure 7. The FT-IR spectra of the OPC (P0) and those mixed with
Perlite (P1, P2 and P3) cured up to 90 days.

increases. This is mainly due to the continual deposition
of the formed hydration products, which fill the pore
structure. Hence, the total porosity decreases which
reflected positively on the bulk density. This often
accompanied with an increase in the compressive
strength
(Hewlett,1998;Hwang
and
Shen,1991;Darweesh,2007).
The compressive strength of cement pastes of P1 and
P2 as well as S1 and S2 incorporating 5 and 15 wt. % PT
are slightly higher than those of the P0 and S0 pastes at

all curing ages, whilst those of P3 and S3 mixed with 25
wt. % PT are lower. The higher values of compressive
strength at all curing ages are due to the continuous
formation of additional CSHs which fill the open pores.
This could be reflected positively on the mechanical
strength (Hewlett,1998;Darweesh,2007;Jaturapitakkul et
al.,2004). However, there is no large difference in the
compressive strength values of P1 or P2 compared with
those of P0 pastes or S1 and S2 compared with those of
S0 pastes. This is essentially attributed to the main
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Figure 8.The FT-IR spectra of the SPC (S0) and those mixed
with Perlite (S1, S2 and S3) cured up to 90 days.

constituents of PT (SiO2 and Al2O3) which can react with
the resulting Ca (OH)2 from the hydration to form
additional CSHs (e.g. Hydrogarnet) as follows ;
SiO2+Al2O3+3CH+xHC3AS2Hn

6

On the other side, the constituents of slag could react
with another part of the released Ca (OH)2 to form
ettringite and CSHs, particularly during the later ages of
hydration as follows:

BC6S5A +3CS + 2CH +nH  C3A3CSH32 +5CaSiO3.MH
--------7
So, there is a continuous consumption of the evolved Ca
(OH)2 leading to a further decrease in the free lime
content, Ca(OH)2, and an increase in the compressive
strength
(El-Didamony
et
al.,2008;Darweesh,2007;Jaturapitakkul
et
al.,2004).
However, the values of compressive strength of OPC
mixes are slightly higher than those of SPC mixes. So,
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S0

P0

S2
Figure10.The SEM images of the SPC pastes
(S0) and the optimum mix (S2) with 15 wt. %
Perlite hydrated up to 90 days.

P2
Figure 9.The SEM images of the OPC pastes (P0)
and the optimum mix (P2) with 15 wt. % PT hydrated
up to 90 days.

the presence of PT with OPC is better than with SPC.
This is mainly attributed to the highly pozzolanic reactions
with OPC than with SPC, the filling effect and the
plasticizing action of this mineral admixture, which could
be contributed to the higher strength development and
workability improvements of the fresh cement pastes or
even
concrete
(Jaturapitakkul
et
al.,
2004;Slanicka,1991;Echart et al.,1995).
Consequently, the formation of CSH in the presence of
PT would be more effective in filling pores of the matrix.
This is because it accelerates the hydration reactions of
OPC or SPC pastes either by providing nucleation sites
for Ca (OH)2 or by reacting with Ca2+ ions which affects
the nature of the resulting CSHs (Slanicka, 1991;Echart
et al.,1995;Collins,1989;Rukzon et al.,2009). However,
the larger amounts of PT could be avoided because it

has a high surface area which tends to increase water
demand in blended cements or concrete, which in turn
creates a more pore structure.
Therefore, from the economical point of view, the
amount of PT must be limited to be not more than 15 wt.
%) to be accepted for the cement or concrete users.
FT-IR Spectra
The FT-IR spectra of the OPC (P0) and SPC (S0) paste
compared with those blended with 5, 15 and 25 wt. % of
PT (P1-P3 and S1-S3), are shown in (Figures 7 and 8)
respectively.The sharp absorption band at 3646-3640 cm-1
is related to the free OH- group coordinated to Ca+2, that
is Ca(OH)2 or free lime. The intensity of the broad
-1
absorption band at 3448-3425 cm , which was ascribed
+
to the OH group associated to H bond that related to the
symmetrical stretching frequency of water, increased in
presence of PT. The two absorption bands at 2962 and
2865 cm-1 are due to -CH2 and -CH3 from the residual
organic mixture. The two absorption bands at 1643-1638
cm-1 and 1434-1425 cm-1 are related to the main silicate
band involving Si-O stretching vibration bands of CSH,
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-1

while the band at 1120-1110 cm may be due to CAH.
-1
The intensity of the two absorption bands at 995-982 cm
-1
-2
-2
and 876 cm characterizing CO3 and SO4 is irregular
due to the rate of carbonation or sulphonation of CSH
and /or CAH, where the vibrations of CO3-2 are smaller
than those of SO4-2. Also, the intensity of the absorption
bands of Si-O, CAH, CO3-2 and SO4-2 are slightly higher
with PT / cement mixes. The intensities of the main
characteristic peaks were slightly improved with OPC
than with SPC pastes.

higher values on all cement properties. So, the higher
amounts of PT must be avoided.
The IR analysis revealed the highly modified crystals of
hydrates in presence of PT. The SEM images showed
that the combination of the PT with OPC or even SPC
cements did not affect the chemistry of their hydrates, but
it only affected the physical state, shape or morphology
and crystallinity of the formed hydrates. Also, the
presence of PT eventually has preferential efficiency with
both cement pastes.

Scanning electron microscopy
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