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h i g h l i g h t s

� Multi-strength grade lightweight
reactive powder concretes are
developed.

� Expanded polystyrene beads were
used to reduce the concrete density.

� Quartz powder was replaced by
GGBFS for environmental and cost
effective purposes.

� Different standard water and heat
curing conditions were applied.

� Properties of lightweight reactive
powder concrete were investigated.
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a b s t r a c t

In this study, a new class of green light weight reactive powder concrete (GLRPC) was developed in dif-
ferent strength-grades by using expanded polystyrene beads. Quartz powder was totally substituted by
ground granulated blast furnace slag as an industrial waste material to develop a more cost-effective and
environmentally-friendly product. Various mixtures were studied by application of expanded polystyr-
ene beads of the size between 0.5 and 2.3 mm, CEM-II Portland cement, silica fume, GGBFS, polycarboxy-
late based superplasticizer and water. The effects of different curing regimes including standard water
curing and heat curing at 100, 150 and 200 �C on compressive strength, water absorption, and
microstructure of GLRPC were investigated. Based on the measurements, density, compressive strength
and water absorption values between 1257 to 1840 kg/m3, 20.8 to 85.6 MPa, 3.47 to 0.22% for GLRPC mix-
tures were achieved, respectively.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

In the early 1990s, a new class of cement based composite with
very high mechanical properties and durability, called reactive
powder concrete (RPC) was developed in France [1]. RPC was
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obtained by modifying the microstructure according to the follow-
ing basic principles [1–5]:

1) Expulsion of coarse aggregate and utilization of fine reactive
powder (less than 600 mm) to enhance homogeneity in RPC
and to achieve a compact microstructure.

2) Low water-to-binder ratio for reducing capillary porosity
and incorporation of superplasticizer to enhance the rheol-
ogy of the fresh concrete.

3) Addition of secondary cementitious materials such as silica
fume (SF) to reduce pore volume by both filling mechanism
and pozzolanic reactions consuming Ca(OH)2 to generate
additional calcium silicate hydrate (C-S-H).

4) Heat-treatment after setting in order to accelerate poz-
zolanic reactions and also to crystallize hydration products
that enhance microstructural behavior of the RPC matrix.

5) Incorporation of steel fibers to enhance ductility and tensile
strength of the material.

Heat curing at temperatures between 50 �C and 250 �C after
final setting time results in significant increase in ultimate com-
pressive strength of RPC by improving the microstructure of C-S-
H hydrates through increased hydration degree and activated poz-
zolanic reaction [1,6,7]. The pozzolanic reaction of silica fume
strongly depends on temperature. When temperature is increased
from 90 �C to 250 �C, the pozzolanic activity of silica fume
enhances from 10% to 75% [8]. Furthermore, consumption of
crushed quartz in hydration reactions was observed at 200 �C
and 250 �C due to significant increase in its pozzolanic activity
from 20% to 65% at these temperatures [8].

At about 100 �C, tobermorite is not crystallized, but curing at
temperatures between 150 �C and 200 �C causes the formation of
coarser and denser tobermorite crystals, whilst xonotlite appears
at about 250 �C, which can increase the concrete compressive
strength and improve its microstructure [3].

Following a rapid growth in the industrial waste materials and
environmental pollution caused by them and the need to reduce
production cost of concrete, some researchers replaced cement or
aggregate with supplementary cementitious materials. Yazichi
et al. [5] studied the mechanical properties of RPC reinforced with
micro fiber and high volume GGBFS replacement at different curing
conditions. They showed that production of RPC with cement con-
tents as low as 375 kg/m3 in comparison to the conventional RPC
containing a much higher amount of cement (800–1000 kg/m3) is
possible. In addition, use of GGBFS as an alternative silica source
in RPC enables partial replacement of SF content. Zhu et al. [9]
showed that SF and cement content of RPC can be partially
replaced by recycled powders from construction and demolition
waste containing clay bricks and concrete solids. They successfully
produced environmentally friendly and low cost RPC. Kushartomo
et al. [10] showed that glass powder from waste glass shards mate-
rial can be used at different proportions instead of quartz powder.
In another study, Singh et al. [11] used GBFS instead of fine aggre-
gate in normal concrete. They replaced sand by GBFS at different
percentages and investigated the effect on compressive strength
of concrete. Their results showed that there exist an optimum
replacement level and compressive strength increases to a maxi-
mum value with increasing the replacement level and then
decreases at higher replacement level. In addition, concrete with
high content of GBFS showed higher compressive strength than
control sample.

Shaheen and Shrive [12] have produced lightweight RPC with
density of 1760 kg/m3 and high compressive strength by replacing
some amount of quartz with carbon fiber and application of heat
treatment. Sadrkarimi [13] reduced density of RPC approximately
to 1900 kg/m3 without losing strength by increasing the SF content

of the concrete and by high temperature curing. Gokce et al. [14]
reported that lightweight RPC of density ranging from 1840 to
2430 kg/m3 and compressive strength values of 69–175 MPa can
be produced by using pumice aggregate, applying pre-setting pres-
sure (between 0 and 50 MPa) and application of heat curing.

Expanded polystyrene is a closed-cell foam that can be used as a
lightweight material. Expanded polystyrene beads (EPS) can be
added to concrete mix at different volume ratios to achieve differ-
ent density and strength grade lightweight concretes for different
applications [15]. The use of EPS in concrete mix, however, has
two important technical disadvantages affecting the concrete qual-
ity significantly. These disadvantages include: 1) extreme lightness
of the EPS beads that can results in significant segregation in the
cement matrix, 2) hydrophobic property of EPS leads to a weak
bonding with cement paste [16,17].

This paper aims mainly at investigating the application of com-
mercially available EPS beads or even recycled EPS beads as light-
weight aggregate for producing multi-strength grade green
lightweight RPC (GLRPC) with a wide range of densities that pro-
vide the advantage of reducing the dead load of concrete structures
that are exposed to earthquake. This new high strength and light-
weight concrete provides new design and building options for tall
construction projects and long-span bridges. In addition, for speci-
fic structures such as off-shore and oil platform structures, precast
concrete columns made of this high strength lightweight concrete
can be easily transported to the site by floating on the sea surface.
For this purpose, different GLRPC mixtures were prepared by par-
tial replacement of RPC paste volume with EPS beads. The effects
of replacement level and curing conditions on compressive
strength, density, the amount of water absorption and microstruc-
ture of the GLRPC were investigated.

2. Experimental

2.1. Materials

Portland cement CEM-II (PC) of strength grade 42.5 complying
with ASTM C150, and manufactured by Tehran Cement Company
in Iran, was employed in this study. The undensified SF conforming
to ASTM C1240 containing about 90–95% SiO₂ supplied by Iranian
ferro-alloys industries was used. Quartz powder and quartz sand
were completely replaced by GGBFS as fine aggregate to enhance
adhesion of EPS with paste and to improve the distribution unifor-
mity of EPS beads in the RPC matrix. The physical and chemical
properties of the materials utilized (PC, SF and GGBFS) are provided
in Table 1. The particle size distribution of the materials utilized
(PC, SF and GGBFS) are also given in Fig. 1. Polycarboxylate-based
superplasticizer (SP) conforming to ASTM C494 was also utilized.
Commercially available spherical-shaped EPS beads with
properties presented in Table 2 were used as artificial lightweight

Table 1
Physical and chemical properties of Portland cement, silica fume and GGBFS.

Property Portland cement Silica fume GGBFS

Chemical
CaO 63.26 0.35 36.91
SiO₂ 22.50 96.12 36.06
Al₂O3 4.15 0.82 9.16
Fe₂O3 3.44 0.59 0.70
MgO 3.25 0.29 10.21
K₂O 0.65 0.40 0.70
SO3 1.80 0.10 1.15
LOI 0.61 0.63

Physical
Density (kg/m3) 3150 2130 2600
Specific surface area (m2/kg) 302 18,000 320
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