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Abstract

The aim of this study is to investigate the effect of polystyrene aggregate size on strength and moisture migration characteristics of
lightweight concrete. The present study covers the use of expanded polystyrene (EPS) and un-expanded polystyrene (UEPS) beads as
lightweight aggregate in concretes that contain fly ash as a supplementary cementitious material. Lightweight concrete with wide range
of concrete densities (1000-1900 kg/m?) were studied mainly for compressive strength, split tensile strength, moisture migration and
absorption. The results indicate that for comparable aggregate size and concrete density, concrete with UEPS aggregate exhibited
70% higher compressive strength than EPS aggregate. EPS aggregate concrete with small EPS aggregates showed higher compressive
strength and the increase in compressive strength was more pronounced in low density concrete when compared with high density
concrete. The UEPS aggregate concrete exhibited brittle failure similar to normal weight concrete (NWC), whereas, gradual failure
was observed in EPS concrete. Moreover, the moisture migration and absorption results indicate that the EPS concrete containing bigger

size and higher volumes of EPS aggregate show higher moisture migration and absorption.
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1. Introduction

The uses of lightweight concrete has been increasing
especially in the construction of high rise buildings, off-
shore structures and long span bridges due to the advan-
tage of its low density, which results in a significant
benefit in terms of load bearing elements of smaller cross
section and a corresponding reduction in the size of the
foundation [1]. The lightweight concrete can be produced
by introducing: 1. gassing agents such as aluminum powder
or foaming agents, 2. lightweight mineral aggregate such as
perlite, vermiculite, pumice, expanded shale, slate, clay,
etc., 3. plastic granules as aggregate e.g. polystyrene or
other polymer materials [2]. The low density lightweight
concretes made with first two methods absorb high
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amounts of water (20-50% weight of dry concrete), which
increase the weight of floating structure [3,4]. The weight
of the structure is an important factor particularly in the
design of floating marine structures. Lightweight concrete
made with non-absorbent, artificial ultra-lightweight (den-
sity of less than 300 kg/m®) EPS aggregate can be used to
produce a lightweight concrete that floats on water [2,5].
Polystyrene concrete is made from a mixture of cement,
sand and polystyrene aggregate (EPS or UEPS aggregates).
Polystyrene is a thermoplastic polymeric material initially
in the solid form (UEPS) and it can be expanded by the
use of steam and expansive agents [6]. EPS aggregates are
commercially available worldwide, unlike the other artifi-
cial lightweight aggregates (expanded clay, shale, slate,
sintered pfa, etc.), where most of the production plants
are concentrated in Russia and Europe [5]. EPS aggregate
has a closed cell structure consisting essentially of 98% air
[1]. By incorporating the polystyrene aggregate at different


mailto:saradhibabu@nus.edu.sg

D.S. Babu et al. | Cement & Concrete Composites 28 (2006) 520-527 521

volumes in the concrete, mortar or in the cement paste, a
wide range of concrete densities can be produced.

Polystyrene aggregate can be used to produce low den-
sity concretes required for building applications [6] and it
can be used for other specialised applications like the
sub-base material for pavement and railway track bed, as
construction material for floating marine structures, sea
beds and sea fences, as an energy absorbing material for
the protection of buried military structures and as fenders
in offshore oil platforms [5,7-10]. Moreover, for equal
concrete densities, EPS aggregate concrete have exhibited
70-270% higher compressive strength than vermiculite or
perlite aggregate concrete [11] and these were found to be
fire-resistant and hence used as a good thermal insulation
material in building construction [2,11].

In recent years, the construction industry has been
widely using fly ash with cement and this reflected in vari-
ous changes in the standards worldwide. Moreover, it is
known that the use of fly ash in NWC has shown excellent
mechanical properties and long-term durability [12-14].
However, the information on the use of fly ash as supple-
mentary cementitious material in lightweight polystyrene
concrete is still meager.

This is the fourth in a series of reports on the compre-
hensive results of an investigation on the behaviour of
lightweight concretes containing polystyrene aggregates
and mineral admixtures. The first paper reported the
strength and durability of EPS concrete containing silica
fume [15], the second on the durability and corrosion per-
formance [16] and the third on the strength behaviour of
EPS concrete containing 50% fly ash [17]. The main objec-
tive of this work is to study the effect of polystyrene aggre-
gate size on strength and moisture migration characteristics
of polystyrene concrete containing fly ash.

2. Experimental investigation
2.1. Materials and mix proportions

Ordinary Portland cement (OPC) conforming to both
IS:12269 and ASTM Type I, Class F fly ash and silica fume
were used as cementitious materials in the concrete mixes.
The chemical characteristics of cement, fly ash and silica
fume are given in Table 1. Sand finer than 2.36 mm, and

Table 1

Chemical composition of the cement, fly ash and silica fume
Chemical composition OPC Fly ash Silica fume
Silica (SiO,) 21.78 58.29 74.07
Alumina (Al,03) 6.56 31.74 222
Ferric oxide (Fe,03) 4.13 5.86 1.57
Calcium oxide (CaO) 60.12 1.97 2.95
Magnesium oxide (MgO) 2.08 0.14 1.27
Sodium oxide (Na,0) 0.36 0.76 2.89
Potassium oxide (K,0) 0.42 0.76 6.51
Sulphuric anhydride (SO;) 2.16 0.15 0.95
Loss on ignition (LOI) 2.39 0.31 7.67

Table 2
Characteristics of polystyrene aggregates

Sieve size (mm) Grading of polystyrene aggregate —

cumulative passing (%0)*

Type P Type Q Type U

8 100 100 100

6.3 100 100 100
4.75 100 0 100
2.36 100 0 100
1.18 0 0 0
Bulk density (kg/m®) 23.6 9 66.5
Specific gravity 0.029 0.014 1.02

# Types P and Q are EPS; Type U is UEPS.

with a fineness modulus of 2.8, was used. Normal coarse
aggregate (crushed blue granite) passing through 8 mm
sieve was used in concrete of higher density. Commercially
available spherical shaped polystyrene aggregates of differ-
ent sizes labeled as P, Q and U, were used. Types P and U
have same aggregate grading, however, the Type P is EPS
aggregate and the Type U is UEPS aggregate. The proper-
ties and grading details of polystyrene aggregates are given
in Table 2. All the polystyrene concretes were initially
designed as per the recommendations of ACI-211.2 [18]
and were modified by considering the efficiency of fly ash,
similar to the mixes designed for previous studies [15-
17,19]. The detailed mix proportions are given in Table 3.
The production and curing of concrete adopted has been
described earlier [15-17].

2.2. Test program

The flow values of the fresh concrete were measured
according to ASTM C 124-1973. Compressive strength
tests were carried out on 100 mm cubes at the age of 1, 3,
7, 28 and 90 days on a testing machine of 2000 kN capacity
at a loading rate of 2.5 kN/s. The splitting tensile strength
test was conducted on cylinders of 100 mm in diameter and
200 mm in height, at 28 days as per ASTM C 496-89. Each
of the results reported for the compressive strength and
splitting tensile strength were average results of two speci-
mens. However, if the variation between the two values is
more than 10%, an additional specimen was tested to find
this average.

The moisture migration test was carried out on different
polystyrene concrete in order to characterize the rate of
moisture migration of water into the pores in concrete.
After 28 days of curing, two 100 mm cube specimens were
properly cleaned with nylon brush and washed thoroughly
with flowing water. These specimens were dried in a similar
manner to the specimens prepared earlier for absorption
study [15,16]. The schematic diagram of the moisture
migration test setup used is shown in Fig. 1. All the dried
specimens in this test were placed on cotton cloth, which
rests on perforated steel plate. The test was carried out
up to the point at which the difference between two
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Table 3

Mix details of the concretes investigated

Name Cement Fly ash w/(c+f) ratio Weight distribution of aggregate® % Volume of SP% of Wet density Flow
(kg/m?) (kg/m?) Sand (%) CA (%) PS (%) PS in total TCMP (kg/m?) (mm)

Series I: EPS concretes containing 30% fly ash

P105 394 169 0.355 15 - 85 50 0.50 1012 605

P143 394 169 0.355 14 26 60 35 0.50 1492 630

P182 394 169 0.355 24 42 34 20 0.50 1858 590

Q105 394 169 0.355 15 - 85 50 0.50 1076 580

Q143 394 169 0.355 14 26 60 35 0.50 1454 550

Q182 394 169 0.355 24 42 34 20 0.50 1842 490

NWC 525 - 0.378 33 67 0 0 - 2410 -

Series II: UEPS concretes®

UF175 393 212 0.265 18 31 51 30 1.00 1786 520

US175 454 51 0.327 20 34 46 30 1.25 1795 550

% CA — normal coarse aggregate; PS — polystyrene aggregate (EPS or UEPS).

® TCM - total cementitious material.

¢ UF175 — designed with 35% fly ash replacement and US175 — designed with 10% silica fume replacement.

Plastic tank
Cube
: Water level
S[?e(nmens \ Perforated
Thin cotton W v»/ metal sheet
wet cloth
i Rollers to support

metal sheet

Fig. 1. Diagrammatic representation of moisture migration test setup.

consecutive readings at 12 h interval was almost negligible.
The absorption test was also carried out to verify the
results of moisture migration test. The weight gains were
measured in both the tests.

3. Results and discussion
3.1. Compressive strength

The variation of compressive strength with age for dif-
ferent size of polystyrene aggregates is shown in Fig. 2. It
can be observed that for similar concrete densities, the
strength of concretes increases with decrease in the size of
EPS aggregate and this is in accordance with a recent study
[20]. This increase is consistent for all the concrete densities
(1050, 1430 and 1820 kg/m?®). The increase in compressive
strength of the EPS concretes observed at 28 days and 90
days in 1050, 1430 and 1820 kg/m> density are 27% and
39%, 14% and 9% and 11% and 5% respectively, with the
use of smaller size (P) instead of bigger size (Q) EPS aggre-
gate. It indicates that the increase of compressive strength
with decrease in EPS aggregate size was significant in lower
density concrete. This may be due to the fact that the lower
density concrete generally have high amount of EPS, inher-
ently has lower strength; therefore the benefit obtained
with the use of small size aggregate was significant.
Whereas, in case of higher density concrete, contain lower
amount of EPS aggregate usually have higher strength,

therefore the strength contribution due to the use of small
size aggregate may be not significant.

The Types P and U have same aggregate size, however,
the concrete containing UEPS (Type U) aggregate showed
about 70% higher compressive strength than concrete with
EPS aggregate (Type P) for comparable water to binder
ratio and concrete density. Lower compressive strength in
EPS concrete may be due to the difference in the density
of aggregates i.e., EPS has 60% lower density than UEPS
aggregate (Table 2).

While testing for compressive strength, the concrete
containing EPS and UEPS aggregate showed different
behaviour. In the case of EPS concrete, the failure mode
of concrete specimens under compressive loading did not
exhibit the typical brittle failure normally associated with
NWC. The failure observed was more gradual (compress-
ible), and the specimens were capable of retaining the load
after failure without full disintegration [15,17,21]. Whereas,
a typical brittle failure was observed in concretes contain-
ing UEPS aggregate. It was also noticed that EPS aggre-
gates sheared off along the failure plane in EPS concrete,
whereas, in UEPS concrete, no damage to the UEPS aggre-
gate was observed. However it was observed that some of
the UEPS aggregate along the failure plane was de-bonded
from the matrix. This indicates that the bond between
UEPS aggregate and the matrix is weaker than the failure
strength of the UEPS aggregate. The bond between the
EPS aggregate and the matrix seems to be stronger than
the failure strength of the EPS aggregate. The recent
micro-structural study on EPS aggregate concrete also sug-
gests the strong interfacial bond with EPS aggregate [22].

The variation of compressive strength with age (Fig. 2)
shows a continuous increase in all the mixes. It is to be
noted that the EPS concretes containing 30% fly ash have
shown 70% of 28-day compressive strength in 7 days. In
contrast, the strength gain of almost 95% of the 28-day
strength in 7 days was reported in EPS concretes made with
OPC [6]. The lower rate of strength gain in concretes
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Fig. 2. Variation of compressive strength with age for different densities.

containing fly ash may be due the effect of slow reactivity of
fly ash at early ages [23]. For the same replacement of silica
fume (Fig. 2), UEPS concrete shows about 85% of 28-day
strength in 7 days, in contrast to the EPS concretes shows
95% of 28-day strength in 7 days [16]. It shows that
strength development with EPS aggregate seems to be
higher than that with UEPS aggregates. This may be due
to the high heat of hydrations in EPS aggregate concrete,
which may take place due to the significant increase of ther-
mal resistivity and decrease of specific thermal capacity of
concrete with EPS aggregate [6].

Density is one of the important parameters which can
control many physical properties in lightweight concrete
and it is mainly controlled by the amount and density of
lightweight aggregate. The previous studies indicate that
the density of EPS concrete decreases with increase in vol-
ume of EPS aggregate and hence results in a decrease in
compressive strength of the concrete [15,17]. The relation-
ship between compressive strength and fresh concrete
density of EPS aggregate concrete is shown in Fig. 3. The
figure also shows the strength and density results of EPS
aggregate concrete from different sources [4,6,9,15,17,24].
The relationship between fresh concrete density and com-
pressive strength (r =0.976) based on the results of 60
EPS concretes with densities ranging from 200 to 2000 kg/
m°® can be proposed as

fo=103 %98 % 107° (1)
where f; is the compressive strength (MPa) and y is the
fresh concrete density (kg/m?) of the concrete.

3.2. Splitting tensile strength

Similar to compressive strength, the splitting tensile
strength of EPS aggregate concrete also increased with
decrease in EPS aggregate size. While testing for splitting

tensile strength, the failure mode of concrete specimen con-
taining EPS aggregate also did not exhibit the typical brit-
tle failure normally observed in NWC. The failure observed
was more gradual and the specimens did not separate into
two pieces in concrete containing EPS volumes of 35% and
50%. This gradual failure was more significant in concrete
made with high EPS volumes. Similar type of failure was
also reported earlier for the concretes containing plastic
shredded aggregate [21,25]. However, the concrete contain-
ing UEPS aggregate exhibited a similar failure as NWC.

The relationship between splitting tensile strength and
compressive strength (Fig. 4) indicates increase in splitting
tensile strength with an increase in compressive strength.
The figure also shows higher tensile strength in concrete
containing 30% fly ash as compared to silica fume concrete
[16]. This may be due to the fact that 30% fly ash concretes
were designed with lower water to binder ratios than 50%
fly ash and silica fume concretes [16,17]. The relationship
between splitting tensile strength and compressive strengths
of 40 EPS aggregate concretes made with different binder
types exhibited good correlation (r = 0.947) for the com-
pressive strengths ranging from 3 to 22 MPa. The relation-
ship can be proposed as

fu = 0.2416 % 075 ()

where f is the splitting tensile strength (MPa) and £ is the
compressive strength (MPa) of EPS concrete.

3.3. Moisture migration

The durability of concrete primarily depends upon its
permeability, which defines the resistance to the ingress
of aggressive ions. The moisture migration and absorption
characteristics indirectly represent the porosity through an
understanding of the permeable pore volume and its con-
nectivity. Concretes with greater porosity results in higher
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moisture migration, which indicate higher weight gains.
The variation of moisture migration with time for both
EPS and UEPS aggregate concretes are shown in Fig. 5.
Though all these concretes have the same water to binder
ratio and binder content, the moisture migration was
observed to be different for EPS concretes made with differ-
ent sizes of EPS aggregate (Types P and Q) and different
EPS aggregate volumes (20%, 35% and 50%).

For the same size of EPS aggregate, the concrete with
higher volume of EPS aggregate shows higher moisture
migrations. Since EPS aggregates are non-absorbent type,
the possibility for different moisture migrations may be
due to the shrinkage of EPS aggregate [16]. This can be
confirmed from the higher moisture migrations of low den-

sity concretes (1000 kg/m?). These concretes have higher
volumes of EPS, therefore the spacing between the EPS
aggregates is very small, i.e., the thickness of matrix
between the aggregates is small. If the aggregates shrink,
the matrix surrounded by the aggregates may suffer
micro-cracking which cause higher moisture migrations.
Whereas, in the case of higher density concretes, the
amount of micro-cracking may be insignificant as the
amount of EPS aggregate is less.

For the same EPS aggregate volume, the concrete made
with bigger size EPS aggregate (Type Q) shows higher
moisture migrations. The concrete with bigger EPS aggre-
gates may shrink more and this may result in more
micro-cracks compared to small sized EPS aggregate (Type
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P). This can be clearly seen from the Fig. 5 where the con-
crete with Type Q (bigger size) aggregate shows two times
higher moisture migration than concrete with Type P
(smaller size). Moreover, the concrete containing UEPS
aggregates also results in lower moisture migrations than
NWC. This is because the un-expanded aggregate is strong
and the shrinkage due to drying may be insignificant.

3.4. Water absorption

The variation of water absorption with time for the
concretes containing EPS and UEPS aggregate is shown
in Fig. 6. It shows that similar to moisture migration,
the absorption results of EPS concrete increased with

increase in the size and volume of the EPS aggregates. It
also indicates that most of the concretes containing EPS
and UEPS aggregates show lower absorptions than
NWC. EPS concrete with lower density (1000 kg/m?)
showed higher absorption than NWC. However, higher
density concrete (1800 kg/m?®) showed lower absorption
than NWC. The concrete containing UEPS aggregate
made with 35% fly ash (UF175) and 10% silica fume
(US175) showed considerably lower absorption than
NWC. The lower absorption in EPS and UEPS aggregate
concrete may be due to the non-absorbent nature of aggre-
gate and changes in the pore structure of the hydrated
cementitious system caused by the use of supplementary
cementing materials [23].
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A limit on the 30 min absorption for assessing the con-
crete quality has been defined by CEB [26]. The assessment
criteria for EPS concrete containing 50% fly ash was dis-
cussed earlier [16]. The EPS concretes containing 30% fly
ash showed absorptions ranging between 0.27% and
1.11% at 30 min, where higher value correspond to lower
concrete density (Q105) and bigger size EPS aggregate
(Type Q). As per the assessment criteria given by CEB,
all 30% fly ash concretes were showing a low absorption
rating (<3% absorption), indicating a ‘“good” concrete
quality, just as in the absorptions of EPS concrete contain-
ing silica fume [15]. The absorption in EPS concrete made
with OPC for the fresh concrete densities ranging between
815 and 980 kg/m? reported were in the range of 21-27% of
dry weight [4]. However, for comparable densities, EPS
concrete made with fly ash showed 50% lower absorptions
than EPS concrete made with OPC only [3]. The lowest
absorptions in this study may be attributed to the pore fill-
ing caused due to the pozzolanic reactivity of fly ash [27].

In general, the lightweight concrete with wide range of
densities (500-1900 kg/m?) can be achieved by introducing
different fillers (air, porous lightweight aggregate, etc.)
[2,3]. The durability performance of higher density light-
weight concretes produced by introducing air (aerated
concrete) and artificial porous lightweight aggregate may
be comparable to the concrete made with EPS aggregate.
However, in the case of lightweight concrete with densities
lower than 1200 kg/m?®, the water absorptions were more
than 20% for aerated concrete [5] and more than 30% for
porous lightweight aggregate concrete [28]. Therefore,
these concretes may not be suitable for applications where
durability or high resistance to water penetration is
required. Whereas, the concrete made with EPS aggregate
did not suffer that problem due to the non-absorbent nat-
ure of EPS aggregate. The 30 min absorption for these con-
crete also showed very low absorptions which are
comparable with earlier studies [15,16]. The earlier reports
on durability performance also suggested higher resistance
of EPS concretes to water and chloride permeability, and
resistance to chemicals [15,16,24]. From this, it can be con-
cluded that lightweight EPS concretes are very cost effec-
tive and which can be used as damp proof course in
buildings and road sub-bases.

4. Conclusions

For the same size of aggregate and comparable concrete
density, concretes containing UEPS aggregate shows
higher compressive strength (35 MPa) than EPS aggregate
(20 MPa). The concretes containing EPS aggregate shows
higher rate of strength gain than UEPS aggregate. Under
compressive loading, concretes containing EPS aggregate
show more gradual and ductile failure. However, the con-
crete containing UEPS aggregate exhibited brittle failure
similar to NWC.

For comparable density, EPS concretes with smaller size
EPS aggregate shows higher compressive strength. Concrete

densities vary significantly with change of EPS volume. The
proposed equation for the relation between compressive
strength and density of different EPS concretes ranging
from 200 to 2000 kg/m? is given by f, = 10.3 * y"?18 % 1076,

For similar mix proportions, the EPS concretes contain-
ing smaller size EPS aggregate and lower amounts of aggre-
gate show higher splitting tensile strength. The proposed
equation for the relation between splitting tensile strength
and compressive strength of different EPS concrete is given
by fo = 0.2416 x f07%.

For similar mix proportions, the EPS concretes with big-
ger size EPS aggregate and concretes with higher volume of
EPS aggregate (or concretes with lower densities) show
higher moisture migration. Micro-cracking due to the
shrinkage of EPS aggregate seem to be resulting in higher
absorption.

EPS concrete containing fly ash showed low absorption
rating as per the assessment criteria given by CEB with a
“good” concrete quality. These show comparable or even
lower moisture migration and absorption than NWC.
UEPS concrete containing fly ash and silica fume exhibited
lowest absorption.
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