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� Compressive strength of foamed concrete significantly depends on cement and foam content.
� Increasing the volume of EPS results in lower thermal conductivity and fire resistance.
� The EPS volume substantially affects the compressive strength of EPS concrete.
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This paper deals with the contribution of expanded polystyrene (EPS) particles on fire resistance, thermal
conductivity and compressive strength of foamed concrete. The foamed (FC) and polystyrene foamed
(PFC) concrete were designed for densities ranging from 1200 kg/m3 to 150 kg/m3 with an EPS volume
range of 0–82.22% and water-cement ratio of 0.33. The foamed concrete (FC) with a density of 800 kg/
m3 and an EPS volume of 0% was designed as reference for polystyrene foamed concrete. The results indi-
cated that increasing the volume of EPS causes a significant reduction of thermal conductivity, fire endur-
ance and compressive strength of concrete.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Structural lightweight concrete provides a vital improvement
in terms of technical, economical and environmental aspects
[1–3]. Application of lightweight concrete significantly reduced
the dead load of structures and relevantly reduced the cross-
section of structural elements (i.e. columns, beams, braces and
plate) and foundation size. Moreover, longer spans, thinner sec-
tions and better cycling load response can be obtained by using
lightweight concrete [4]. Generally, lightweight concrete is instru-
mental to effectively reduce the risk of earthquake damage as the
earthquake acceleration and its magnitude is significantly
affected by the weight of a structure. The factors such as lower
density, higher strength/weight ratio, lower coefficient of thermal
conductivity, better fire resistance, improved durability proper-
ties, better tensile capacity and sound insulation characteristics
are considered as advantages of lightweight concrete compared
with normal concrete. However, the parameters such as bulk
specific gravity, unit weight, maximum size and particles shape,
texture surface, strength of lightweight particles, moisture con-
tent and water absorption ratio considerably affect the properties
of lightweight concrete [5,6]. Three common methods are
applied: Aerated concrete, no-fines concrete [7–9] and replace-
ment (partially or totally) of natural aggregates with lightweight
aggregate [10–106]. Acetated or cellular concrete is obtained by
introducing large air voids within a matrix by chemical admixture
such as foaming agents or aluminum powder (increases matrix
porosity and decreases the unit weight of concrete). No-fines
concrete is mostly produced by using a uniform size of coarse
aggregate and eliminating the fine aggregate completely from
the concrete matrix. While substituting totally or practically of
natural lightweight aggregate with lightweight aggregate such
as pumice [10–18], perlite [19–34], vermiculite [34–39], clay
[40–46], fly ash [47–49], oil palm shell [50–66], recycled plastic
[67–70] and waste rubber [71–73] is another method to produce
lightweight concrete. Though, conventional lightweight aggregate
is associated with higher water demand and higher absorption
value as a result of the porous structure of these materials [74].
In order to eliminate this problem, expanded polystyrene
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Table 1
Chemical composition of cementitious materials.

Composite (%) Ordinary Portland cement (OPC) Fly ash (FA)

Silicon dioxide (SiO2) 22.8 40.1
Aluminum oxide (Al2O3) 4.2 20.4
Iron oxide (Fe2O3) 2.3 10.1
Calcium oxide (CaO) 64.8 19
Magnesium oxide (MgO) 1.0 3.4
Sodium oxide (Na2O) 0.19 2.1
Potassium oxide (K2O) 0.49 0.5
Sulfur trioxide (SO3) 0.42 0.8
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aggregate (EPS) with non-absorbent, hydrophobic and close cellu-
lar properties [74–106] was introduced as a lightweight material
by Cook in 1973 [104]. The EPS concrete has the potential to be
used as structural elements (cladding panels, curtain walls, load
bearing concrete blocks, composite flooring systems), protective
layers (good energy absorption), insulated concrete [105]. How-
ever, the extremely low density and hydrophobic nature of EPS
beads constrains the application of EPS concrete. In fact, beads
tend to float (10–20 kg/m3) when used as lightweight aggregate
and causes serious segregation and poor mix distribution in the
matrix. The bonding additives such as epoxy resin (aqueous dis-
persions of polyvinyl propionate), water-emulsified epoxies, and
chemically treated EPS [106] particles like BST used to increase
the interfacial bonding strength between beads and matrix. It
was reported that mineral admixture such as fly ash [74–76],
silica fume [77] and rice hush ash [77,78] were used as bonding
additives to increase the interfacial bonding strength between
beads and matrix and improve dispersion of EPS beads in the
cement matrix [77]. A significant improvement is observed in
terms of chemical attack and corrosion characteristics of concrete
when EPS aggregate is replaced with normal aggregate. One
researcher found [103] that the chloride permeability of polystyr-
ene concrete is a factor of EPS volume as increasing the volume of
polystyrene causes lower chloride permeability values (50–65%
lower). In addition, EPS concrete has better stability against
chemical attack which is due to the inert behaviour of EPS
aggregate.

Foamed concrete can be produced by a pre-foaming method or
mixed foaming method [107]. Mortar or cement paste foamed
concrete (air-entraining concrete) is categorized as lightweight
concrete due to the existence of larger amounts of homogeneous
air-voids inside the matrix through a suitable foaming agent. This
method causes high flowability, lower unit weight, minimal con-
sumption of aggregate and excellent thermal conductivity [108].
The factors such as foam agent specification, foam preparation
method, material characteristics, mix design method, foam con-
crete production and its performance in fresh and hardened state
are significantly important for the design of foamed concrete
[108]. Increasing the early strength of foamed concrete along with
a reduction on setting time is obtained by using calcium sulfoalu-
minate cement [109], high alumina cement [109], and rapid hard-
ening Portland cement [110]. Substitution of fly ash (30–70%)
[110–114] with ground granulated blast furnace slag (10–50%)
[115] significantly reduces the hydration heat, cost and increases
the consistency of the mixture, whereas silica fume (up to 10%)
substantially improves the strength of foamed concrete [116].
The density and unit weight of foamed concrete was reduced
by the addition of lime [117], oil palm shell [118,119], chalk
[120], crushed concrete [120], expanded polystyrene [121], Lytag
fines, foundry sand [122] and quarry finer [122] as fine aggregate.
Proportioning and preparation of foamed concrete needs special
consideration as a lower water content causes the bubbles to
break along with a stiff mixture, while segregation of bubbles
occurs with a higher water content [111]. ASTM C 796-97 [123]
provide a method for calculation of foamed volume with known
water-cement ratio and density, while Kearsely and Mostert
[114] proposed an equation based on mixture composition for
estimating the foam volume and cement content. The mechanical
properties of foamed concrete and its behaviour are directly influ-
enced by the water-cement ratio, sand-cement ratio, type of foam
agent, water content, cement content, foam volume, ingredients
characteristics, mixing method, curing method, pore formation
method and void diameter [124–129]. The compressive strength
of foamed concrete enhances with an increase in density of the
concrete and is decreased with increasing the diameter of voids.
Thus, the strength of foamed concrete mainly depends on (a)
water-cement ratio and (b) air-cement ratio.

This experimental study was conducted to provide new infor-
mation about the effects of polystyrene particles (EPS) on thermal
conductivity, fire resistance and compressive strength of polystyr-
ene foamed concrete (PFC). For this purpose and to cover the objec-
tives of this study, foamed concrete with densities of 1200, 1000
and 800 kg/m3 and polystyrene foamed concrete with densities
of 400, 250, 200 and 150 kg/m3 were prepared. Whereas, the
foamed concrete with density of 800 kg/m3 was considered as a
reference for the mixing design of polystyrene foamed concrete
[112].
2. Materials and method

2.1. Materials

Ordinary Portland cement (Type GP / ASTM type II, Golden Bay Cement, New
Zealand) and fly ash class C (Golden Bay Cement, New Zealand) satisfying the ASTM
standard were used as mineral admixture to reduce cost, improve workability and
enhance long term strength (Table 1) [112]. In addition, polystyrene beads with
average diameter, bulk density and specific gravity of 6.5 mm, 16.6 kg/m3 and
0.016, respectively were used as lightweight aggregate. Superplasticizer (Sikament
HE200) with the dosage of 5 ml per kg of binder (cement + fly ash) was used to
increase the workability and avoid the segregation of concrete as a result of the
hydrophobic nature of EPS beads; however, the addition of fly ash causes a signif-
icant improvement in workability but differed considerably in its effectiveness as
water-reducing admixture [130]. Ultra-foam and Quick Gel were used as foaming
agent and viscosifier, respectively. The foamed concrete was prepared with a foam
generator at a density of 56 kg/m3.

2.2. The logic of the mix design and fabrication process

Preparation of foamed concrete needs special consideration as a lower water-
binder ratio results in a too stiff mix and causes air bubbles breaking during mixing
of foamed concrete, while a higher water-binder ratio makes the mixture too thin to
hold the air bubbles and causes mixture segregation along with higher density. In
order to achieve the target densities along with stable mixtures, Kearsley and Mos-
tert’s equation (Eq. (1)) [114] and the absolute volume method was used to calcu-
late the mix proportions of foamed concrete.

dm ¼ xþ xðw=cÞ þ xða=cÞ þ xðs=cÞ þ xða=cÞðw=aÞ þ xðs=cÞðw=sÞ þ RDfVf

1000 ¼ x=ðRDcÞ þ xðw=cÞ þ xða=cÞ=RDa þ xðs=cÞ=RDc þ xða=cÞðw=aÞ þ xðs=cÞðw=sÞ þ Vf

�

ð1Þ

where, dm is the target casting density (kg/m3), x is the cement content (kg/m3),
w/c is the water/cement ratio, a/c is the ash/cement ratio, s/c is the sand/cement
ratio, w/a is the water/ash ratio, w/s is the water/sand ratio, Vf is the volume of foam
(l), RDf is the relative density of foam, RDc is the relative density of cement, RDa is the
relative density of ash, RDs is the relative density of sand.

The specimens were categorized in two batches; foamed concrete (FC) and
polystyrene foamed concrete (PFC). The foamed concrete without EPS beads was
prepared with densities ranging from 1200, 1000 to 800 kg/m3. While the PFC spec-
imens were cast and prepared with a variation of EPS volume and designed for 400,
250, 200 and 150 kg/m3 densities with a 45%, 67.4%, 73.1% and 82.2% EPS volume,
respectively. However, the foamed concrete with a density of 800 kg/m3 was
designed as reference for polystyrene foamed concrete. The fly ash with a ash–
cement ratio (a/c) of 0.5 was used as mineral admixture to improve the distribution
of EPS in the matrix along with the denser structure at the transition zone of EPS
and matrix. Specific sequences are used for mixing the FC and PFC concrete. As
Titanium dioxide (TiO2) – 1.5



Table 2
Mix proportions of foam and polystyrene foamed concrete.

Specimens Target density (kg/m3) Cement (kg/m3) Ash (kg/m3) Water (kg/m3) Foam Vol % EPS Vol % w/b* Superplasticizer (ml/m3)

FC 1 1200 589 294 294 60 0 0.33 0
FC 2 1000 486 243 243 58 0 0.33 0
FC 3 800 383 191 191 38 0 0.33 0
PFC 1 400 166 82 124 36 45 0.33 0
PFC 2 250 101 50 76 22 67 0.33 757.45
PFC 3 200 79 39 59 17 73 0.33 594.15
PFC 4 150 57 29 43 12 82 0.33 432.16

* water – binder (cement + fly ash) ratio.
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for the FC, Portland cement and water were mixed for 5 min, then the foam (the
foam was prepared by using the foaming agent and Quick Gel as the viscosifier
and mixed with water about 2 min in a foam generator, until the uniform foam bub-
ble obtained) was added to the mortar, followed by an additional 2 min of mixing.
The mix proportion of foam and polystyrene foamed concrete are shown in Table 2.
Fig. 2. Thermal conductivity test.
3. Experimental procedures

3.1. Compressive strength

The unconfined compressive strength of foamed and polystyr-
ene foamed concrete was evaluated after 28 days with
100 � 200 mm standard cylinders as per ASTM C39 [131] at the
loading displacement rate of 0.1 mm/s. The specimens were
demolded after 24 h and kept in water curing at 20�C for the whole
curing period. The compressive tests were conducted on foamed
concrete with densities of 1200, 1000 and 800 kg/m3 along with
polystyrene foamed concrete with densities of 150, 200, 250 and
400 kg/m3.
3.2. Fire resistance

Cubes of 100 mm size were used for studying the fire resistance
of polystyrene foamed concrete. Small scale sandwich panels were
placed on top of a heating unit and four thermocouples (T1-T4)
were inserted into the sample, which was covered with a square
galvanized steel sheet with 305x305x0.55 mm on the opposite
side. The ceramic heating elements were set to reach a maximum
temperature of 900 �C [112]. The small scale sandwich panels were
considered to fail when the cold face temperature reaches 160 �C,
i.e. thermocouple T4 reached the threshold value of 160 �C. The
polystyrene foamed concretes with densities of 150, 200, 250
and 400 kg/m3 were prepared for fire resistance tests. The details
of the heating unit are shown in Fig. 1.
Fig. 1. The hea
3.3. Thermal conductivity

Prisms of 200 � 200 � 40 mm were cast for thermal conductiv-
ity tests and an Anacon TCA-8 thermal conductivity analyser was
used for k-factor measurements (Fig. 2). The specimens were con-
tacted by a cold and a hot plate with diameter of 10 cm, which are
kept at temperatures of 37 �C and 10 �C, respectively. The TCA-8
automatically measures the thickness of the sample and combines
the reading with the heat-flow measurement to yield a direct dig-
ital readout of thermal conductivity [112]. Thermal conductivity
tests were conducted on five series of polystyrene foamed concrete
with densities of 150, 200, 250 and 400 kg/m3, respectively.
4. Results and discussion

4.1. Density

The differences between planned and actual densities of poly-
styrene foamed concrete were higher than foamed concrete spe-
cially for specimens with higher volume of EPS due to the
contribution of polystyrene particles and the fact that Kearsleys
equation is proposed for a mix design of foamed concrete and
ting unit.



Table 3
The differences between target and actual densities of PFC.

Specimen Target
density
(kg/m3)

Actual
density
(kg/m3)

Proposed
equation density
(kg/m3)

PFC 1 400 425 432
400 436 432
400 437 432

PFC 2 250 257 271
250 257 271
250 273 271

PFC 3 200 208 222
200 227 222
200 231 222

PFC 4 150 127 130
150 132 130
150 136 130
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the addition of EPS affects the actual density of fresh concrete. As a
consequence the PFC specimens with densities of 400, 250, 200
and 150 kg/m3, reveal about 4.1%, 5.02%, 11.11% and 13.76% differ-
ences, respectively. In order to increase the accuracy of the actual
density, the following equation is proposed (Eq. (2)). The proposed
factor (a) can be used as a modification factor for Kearsley‘s equa-
tion when polystyrene particles used as aggregate in foamed con-
crete. The differences between the target density, actual density
and proposed equation density of polystyrene foamed concrete
(PFC) are shown in Table 3.

a ¼ 2B2
ffiffiffiffiffiffi
BþE

F

p
E
F
B

EF2:5

cAD ¼ cTD þ a 100 kg=m3 < c 6 150 kg=m3

cAD ¼ cTD � a 150 kg=m3 < c 6 400 kg=m3

8><
>:

ð2Þ

where, a is modification factor, cAD is actual density (kg/m3), cTD is
target density (kg/m3), B is binder (cement + fly ash) content (kg/
m3), F is foam content (kg/m3), E is polystyrene volume (%), c is den-
sity (kg/m3).

4.2. Compressive strength

The relationship between compressive strength and air-dry
density of foamed concrete (FC) and polystyrene foamed concrete
(PFC) is shown in Fig. 3. The compressive strength of foamed con-
crete significantly depends on density of concrete, cement content,
water-cement ratio, foamed type, foam content, mineral admix-
ture, curing method and particles specification [132]. The results
showed that with identical water-binder ratio, increasing the
Fig. 3. The relationship between compressive strength and air
density of concrete with higher volume of cement and lower foam
content results in higher compressive strength and higher density
due to lower air-void content and denser paste structure. The spec-
imens with density, binder content and foam content of 1200
kg/m3, 883 kg/m3 band 21 kg/m3 shows a higher compressive
strength of about 9.18 MPa compared to specimens with densities
of 800 kg/m3 and 1000 kg/m3. The specimens with density of
1000 kg/m3 and 800 kg/m3 gained 0.267% and 0.091% of compres-
sive strength (28-day) compared to specimens with a density of
1200 kg/m3, due to a lower cement content and a higher porosity
value, respectively. However, it can be seen that the compressive
strength of PFC increased with an increase of density. A compar-
ison of compressive strength reveals that concrete with 82.22%
EPS volume reached a strength of 0.08 MPa after 28 days, while
the strength of 0.067, 0.24, 0.29 and 0.85 MPa was obtained for
specimens containing 73.10, 67.40 and 45.0% polystyrene beads,
respectively. Thus, increasing the volume of EPS directly affects
the compressive strength and density of polystyrene foamed con-
crete due to close to zero strength of EPS particles and high com-
pressibility behaviour which causes formation of micro cracks at
the transition zone of particles and cement paste. In addition, the
smooth surface of EPS and its poor bond characteristic resulting
in failure which takes place at the transition zone at a much lower
stress level [79]. It can be concluded that there is a direct relation
between EPS volume and density as the higher volume of EPS
results in higher porosity and lower density. The foamed concrete
with 82.22%, 73.10%, 67.40% and 45.0% EPS particles (volume %)
obtained 0.93%, 0.197%, 0.368% and 0.073% of 28-day compressive
strength of foamed concrete with a density of 800 kg/m3 due to the
fact that increasing the volume of EPS causes higher porosity and
lower paste content along with lower strength of EPS which accel-
erates the reduction rate. Thus, the compressive strength of
foamed and polystyrene foamed concrete mainly depends on (a)
EPS volume, (b) foam content, and (c) cement content. Equations
are proposed to predict the compressive strength of foamed con-
crete (Eq. (3)) and polystyrene foamed concrete (Eq. (4)).

f 0c ¼ 0:0034e0:0063c ðR2 ¼ 0:9803Þ ð3Þ

f 0c ¼ 0:0243e0:0083c ðR2 ¼ 0:8075Þ ð4Þ
where, f0c is the 28-day compressive strength, c is the density of
concrete.

4.3. Fire resistance

Foamed concrete with its porous structure results in a signifi-
cant improvement in fire resistance as at a high temperature stage
dry density of foamed and polystyrene foamed concrete.



Fig. 4. Failure modes of polystyrene foamed concrete; (a) density of 150 (kg/m3), (b) density of 250 (kg/m3), (c) density of 400 (kg/m3).

Fig. 5. Time–temperature curve; (a) density of 150 kg/m3, (b) density of 200 (kg/m3), (c) density of 250 (kg/m3), (d) density of 400 (kg/m3).
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the heat transfer through porous materials is affected by radiation
(radiation is an inverse function of the number of air–solid inter-
faces traversed). An earlier study on fire endurance of foamed con-
crete [133] reported that lower densities of foamed concrete
showed better fire resistance compared to normal concrete while
with higher densities, this trend is indicated to be inverted. More-
over, the ratio of Al2O3/CaO remarkably affects the fire resistance of
foamed concrete as the higher Al2O3/CaO ratio (about 2 times)
results in better fire endurance up to 1450 �C without any serious
damage [108,134].

Increasing the density of concrete causes remarkable improve-
ment in fire endurance [108]. The insulation failure of specimens
with densities of 150, 200 and 400 kg/m3 is shown in Fig. 4. The
specimen with a density of 150 kg/m3 started to burn with a small
amount of smoke after 17 min and the smoke reached its highest
value after 36 min. The sample started to diminish and reached
the insulation failure criterion of >160 �C after 60 min because of
the polystyrene beads were burned gradually as illustrated in
Fig. 4a. While, the specimen with 250 kg/m3 reached to the insula-
tion threshold value (>160 �C) after 1 h 56 m as a results of higher
density and paste content along with a lower amount of EPS beads
and started to smoke after 1 h 55 m (Fig. 4b). The specimen with a
density of 400 kg/m3 (Fig 4c) did not show a significant failure and
the test was stopped after 3 h as a result of the heating elements
running at maximum power and continuing could damage the
heating equipment. The results indicated that increasing the
amount of cement paste and decreasing the volume percentage
of EPS significantly improves the fire resistance of polystyrene



Table 4
Thermal conductivity of polystyrene foamed concrete.

Concrete Thermal conductivity
(W/m K)

Density (kg=m3) EPS (Vol %)

PFC-150 0.0848 150 82
PFC-200 0.0864 200 73
PFC-250 0.0927 250 67
PFC-400 0.1566 400 45

Table 5
Comparison between the thermal conductivity of ACI and proposed equation with
experimental results.

Specimens Experimental
results (W/m K)

ACI 213R-03 [141]
(W/m K)

Proposed equation
(W/m K)

PFC 150 0.0848 0.1042 0.0800
PFC 200 0.0864 0.1109 0.0860
PFC 250 0.0927 0.1181 0.0932
PFC 400 0.1566 0.1424 0.1232
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foamed concrete. Thus, a reduction of EPS from 82.22% to 45.0%
results in an about 3 times higher fire resistance. The samples with
densities of 200 kg/m3 and 250 kg/m3 showed a higher fire resis-
tance of about 63% and 93% respectively than the specimen with
a density of 150 kg/m3. The time–temperature curve of polystyrene
foamed concrete is shown in Fig. 5.

4.4. Thermal conductivity

Thermal conductivity of concrete significantly depends on
moisture content (thermal conductivity of water is 25 times
greater than air) [135,136], cement content [137], density, miner-
alogical characteristics of the aggregate, mineral admixture
[138,139] and temperature of the concrete [140]. Moreover, ther-
mal conductivity is a function of density as a lower density results
in a lower thermal conductivity value [4]. The presence of polystyr-
ene particles caused substantial reductions in thermal conductivity
of PFC. The addition of 82.22% EPS volume is resulting in a 127%
reduction in thermal conductivity relative to the specimen with
28.17% EPS volume. The specimen with 82.22% EPS exhibited the
lowest thermal conductivity value of 0.0848W/m K. The results
show that the addition of 45%, 67.40%, 73.10% and 82.22% polystyr-
ene beads results in 23.24%, 108%, 123% and 127% reduction in
thermal conductivity compared to specimens with 28.17% EPS,
respectively. Thus, the reduction of thermal conductivity is mainly
contributed to the volume percentage of EPS and the density as a
result of the fact that EPS particles have lower thermal capacity
(98% air). The variations in thermal conductivity and density are
summarized in Table 4.

The results show that the thermal conductivity of concrete
depends on the density and the volume of EPS. ACI Committee
213R-03 (Eq.(5)) [141] recommended an equation for estimating
the thermal conductivity of lightweight concrete. However the
suggested equation is only relying on the density of concrete with-
Fig. 6. Comparison the results of ACI equation, e
out considering the EPS volume. A specific equation with two vari-
ables (density and EPS volume) is proposed to better estimate the
thermal conductivity of polystyrene foamed concrete (Eq. (6)).

k ¼ 0:0864e0:00125c ð5Þ

k ¼
7:2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c

VEPS :VFoam

VEPS

q
VEPS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c:VFoam

VEPS
p ð6Þ

where, k is the thermal conductivity (W/m K), c is the density
(kg/m3), VEPS is the volume of EPS (%) and VFoam is the volume of
foam (%)

In order to verify the proposed equation, the effective factors
(density and EPS volume) were inserted into the proposed equa-
tion and consequently compared with experimental results and
the ACI committee equation [141]. The results showed that the
proposed equation gives a dependable estimate. Fig. 6 and Table 5
reveal the comparison between the thermal conductivity of exper-
imental results, proposed equation and ACI equation.

5. Conclusions

The following conclusions resulted from the assessment of ther-
mal conductivity, fire resistance and compressive strength of
foamed and polystyrene foamed concrete:

(1) The factors such as cement content, foam volume and EPS
volume directly affect the mechanical and thermal proper-
ties of the proposed concrete.

(2) The strength of foamed concrete was reduced with an
increase in EPS volume due to the almost zero strength
and lower interfacial bond strength at contact zone of matrix
as results of the hydrophobic nature of EPS aggregate. In
xperimental results and proposed equation.
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addition, the compressible behaviour of EPS aggregates
accelerates the crashing of paste at the interfacial zone of
matrix.

(3) An increase in volume of EPS results in lower thermal con-
ductivity due to thermal properties of EPS aggregate (98%
air and 2% polystyrene). The lower thermal conductivity of
0.0848W/mK was observed is specimens with 82% EPS
while this value was 2.5 times higher in sample with 28%
EPS volume.

(4) A lower fire resistance was obtained for specimens with
higher EPS volume (82%) as a result of the fact that EPS par-
ticles shrank and lost their strength when subjected to tem-
perature. A higher fire endurance was obtained for
specimens with lower EPS volume (28%) and higher cement
content due to the fact that amorphous silica in the cement
paste contributed to higher fire resistance.

(5) The volume of EPS significantly influenced the density of
concrete, as the higher volume of polystyrene results in
lower density and unit weight.

In addition, a specific equation was proposed considering the
variation in EPS volume and density to predict the thermal conduc-
tivity of polystyrene concrete. A further equation was proposed to
modify Kearsley‘s equation when polystyrene particles are used as
aggregate in foamed concrete.
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[31] _I.B. Topçu, B. Is�ıkdağ, Effect of expanded perlite aggregate on the
properties of lightweight concrete, J. Mater. Process. Technol. 204 (1–3)
(2008) 34–38.

[32] _I. Türkmen, A. Kantarcı, Effects of expanded perlite aggregate and different
curing conditions on the physical and mechanical properties of self-
compacting concrete, Build. Environ. 42 (6) (2007) 2378–2383.

[33] S. Yilmazer, M.B. Ozdeniz, The effect of moisture content on sound absorption
of expanded perlite plates, Build. Environ. 40 (3) (2005) 311–318.

[34] S. Abidi, B. Nait-Ali, Y. Joliff, C. Favotto, Impact of perlite, vermiculite and
cement on the thermal conductivity of a plaster composite material:
experimental and numerical approaches, Compos. B Eng. 68 (2015) 392–400.

[35] Koksal Fuat, Diaz Del Coz, Juan J. Gencel, Osman Alvarez Rabanal, P. Felipe,
Experimental and numerical analysis of new bricks made up of polymer
modified-cement using expanded vermiculite, Comput. Concr. 12 (3) (2013)
19–36.

[36] Fuat Koksal, Osman Gencel, Mehmet Kaya, Combined effect of silica fume and
expanded vermiculite on properties of lightweight mortars at ambient and
elevated temperatures, Constr. Build. Mater. 88 (2015) 175–187.

[37] C. Martias, Y. Joliff, C. Favotto, Effects of the addition of glass fibers, mica and
vermiculite on the mechanical properties of a gypsum-based composite at
room temperature and during a fire test, Compos. B Eng. 62 (2014) 37–53.

[38] Adilson Schackow, Carmeane Effting, Marilena V. Folgueras, Saulo Güths,
Gabriela A. Mendes, Mechanical and thermal properties of lightweight
concretes with vermiculite and EPS using air-entraining agent, Constr.
Build. Mater. 57 (2014) 190–197.

[39] M. Sutcu, Influence of expanded vermiculite on physical properties and
thermal conductivity of clay bricks, Ceram. Int. 41 (2, Part B) (2015) 2819–
2827.

[40] A. Ardakani, M. Yazdani, The relation between particle density and static
elastic moduli of lightweight expanded clay aggregates, Appl. Clay Sci. 93–94
(2014) 28–34.

[41] José Alexandre Bogas, Jorge de Brito, José M. Figueiredo, Mechanical
characterization of concrete produced with recycled lightweight expanded
clay aggregate concrete, J. Cleaner Prod. 89 (2015) 187–195.

[42] Murat Emre Dilli, Hakan Nuri Atahan, Cengiz S�engül, A comparison of
strength and elastic properties between conventional and lightweight
structural concretes designed with expanded clay aggregates, Constr. Build.
Mater. 101 (2015) 260–267.

http://refhub.elsevier.com/S0950-0618(16)30275-6/h0005
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0005
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0005
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0010
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0010
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0015
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0015
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0015
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0020
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0020
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0020
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0025
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0025
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0025
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0030
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0030
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0035
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0035
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0035
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0040
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0040
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0045
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0045
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0045
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0050
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0050
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0055
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0055
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0055
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0055
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0055
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0055
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0060
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0060
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0060
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0060
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0060
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0060
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0065
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0065
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0070
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0070
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0070
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0075
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0075
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0075
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0080
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0080
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0080
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0080
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0085
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0085
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0085
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0085
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0090
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0090
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0090
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0095
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0095
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0100
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0100
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0100
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0105
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0105
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0105
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0110
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0110
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0110
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0115
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0115
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0115
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0120
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0120
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0120
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0120
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0125
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0125
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0125
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0130
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0130
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0130
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0135
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0135
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0135
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0140
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0140
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0145
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0145
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0145
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0150
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0150
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0150
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0155
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0155
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0155
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0155
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0160
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0160
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0160
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0160
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0165
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0165
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0170
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0170
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0170
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0175
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0175
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0175
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0175
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0180
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0180
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0180
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0185
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0185
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0185
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0190
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0190
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0190
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0190
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0195
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0195
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0195
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0200
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0200
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0200
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0205
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0205
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0205
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0210
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0210
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0210
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0210
http://refhub.elsevier.com/S0950-0618(16)30275-6/h0210


A.A. Sayadi et al. / Construction and Building Materials 112 (2016) 716–724 723
[43] M. Hubertová, R. Hela, Durability of lightweight expanded clay aggregate
concrete, Proc. Eng. 65 (2013) 2–6.

[44] Abdurrahmaan Lotfy, Khandaker M.A. Hossain, Mohamed Lachemi,
Application of statistical models in proportioning lightweight self-
consolidating concrete with expanded clay aggregates, Constr. Build. Mater.
65 (2014) 450–469.

[45] M.C.S. Nepomuceno, P.D. Silva, Experimental evaluation of cement mortars
with phase change material incorporated via lightweight expanded clay
aggregate, Constr. Build. Mater. 63 (2014) 89–96.

[46] A.V. Uglyanitsa, Study of reinforcement corrosion in expanded clay concrete,
HBRC J. 11 (3) (2015) 307–310.

[47] P. Gomathi, A. Sivakumar, Accelerated curing effects on the mechanical
performance of cold bonded and sintered fly ash aggregate concrete, Constr.
Build. Mater. 77 (2015) 276–287.
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