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ARTICLE INFO ABSTRACT
Keywords: Expanded polystyrene (EPS) is currently being utilized in sustainable materials owing to its ultra-
Expanded polystyrene (EPS) low density and superior thermal performance. It can be incorporated in concrete mixtures to

Lightweight aggregate, Lightweight aggregate
concrete
Drying shrinkage

replace coarse aggregate to produce lightweight aggregate concrete (LWAC). Concerning the high
shrinkage development in LWAC, the present study reviews the available published articles
regarding the drying shrinkage of lightweight concretes containing expanded polystyrene. Ac-
cording to the previous studies, the drying shrinkage development in expanded polystyrene
concrete (EPSC) has been reported to be greater than that in conventional concrete, which must
be considered for its application in the construction industry. It is mainly attributed to the low
elastic modulus and mechanical properties of the EPS. However, incorporating additives and fi-
bers can improve its shrinkage resistance properties. A comprehensive comparison of drying
shrinkage magnitude between various LWAC showed that the drying shrinkage strain of EPSC is
not generally higher than other types of LWAC; however, the density of EPSC was measured lower
than that in other types of lightweight aggregate concretes.

1. Introduction

Concrete is considered one of the most consumed materials in the construction industry, offering strength, durability, reflectivity,
and versatility. The density of normal-weight concrete can be changed depending upon its application. In this regard, the selection of
the raw materials, particularly aggregates, that form the skeleton of the concrete plays a significant role in adjusting the weight of
concrete. Using lightweight aggregates for the fine and coarse aggregates substitution in concrete is the common method to produce
lightweight aggregate concrete (LWAC) [1,2]. However, by applying an air-entraining agent in the concrete mixture, low-density
concrete can be produced. Technically, concrete with a density less than 2000 kg/m> and aggregates with a bulk density of less
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Nomenclature

EPS Expanded Polystyrene

EPSC Expanded Polystyrene Concrete
LWAC  Lightweight Aggregate Concrete
LWC Lightweight Concrete

LWAs Lightweight Aggregates

OPS Oil Palm Shell

OPBC Oil Palm Boiler Clinker

LECA Expanded Clay

W/C Water per Cement

PAC Polystyrene aggregate concrete
MPC Mgnesia Phosphate Cement
OPC Ordinary Portland cement

PP Polypropylene Fibers

RH Rice Husk Ash

SF Silica Fume

SPS Stabilized Polystyrene

ACI American Concrete Institute

than 1120 kg/m? are categorized as lightweight concrete (LWC) and lightweight aggregates (LWA), respectively [3]. LWAs vary in
origins, such as natural aggregates of volcanic origin, artificial aggregates produced by the processing of industrial by-products, and
factory-made artificial aggregates. However, the most LWAs used in concrete are lightweight expanded clay aggregate (bulk density:
200-1000 kg/m®), pumice (bulk density: 500-900 kg/m®), and expanded shale aggregates (bulk density: 600-1000 kg/m>).

With increased emphasis on improving energy efficiency in buildings and enhancing thermal resistance and a less total deadweight
of structures, precast concrete wall panels or facade panels could be the main target to apply LWAC. In the construction industry, the
LWAC is being used with numerous advantages such as significant reduction in structure’s dead load (due to less density) with a
reduction in the costs of both superstructures and foundation, high strength to weight ratio, improved thermal and sound insulation
properties, and frost and fire resistance. In addition, its application may significantly reduce the energy consumption in buildings. The
advantages of using LWA on mortar and concrete thermal properties and energy saving in buildings were discussed in available
literature [4-9]. The thermal conductivity of LWA concrete is lower than the thermal conductivity of normal-weight concrete due to its
higher porosity. Thus, the total heat transfer coefficient of a LWA concrete envelop is lower than the regular weight concrete due to the
higher thermal resistance in LWA concrete.

However, there are some drawbacks such as relatively low mechanical properties, requiring more cement content in the mixtures to
achieve the same strength as conventional concrete, and pre-stressing loss in pre-tension structures. Meanwhile, time-dependent
deformations due to creep and shrinkage are significant drawbacks of such concrete, resulted in the volumetric changes and subse-
quently crack generation on the restrained concrete members affecting durability performance in short-term and long-term ages [1,
10-12]. Shrinkage in hardened concrete is categorized as autogenous shrinkage and drying shrinkage, which can be regarded as water
loss due to the self-desiccation or dry environment. The Japan Concrete Institute (JCI) defines the autogenous shrinkage as the
macroscopic volume reduction of cementitious materials under sealed conditions after the initial setting [13]. While, the drying
shrinkage refers to the volume change caused by the evaporation of internal water from the matrix due to the difference in humidity
between the internal and external of the cement-based material [14]. They are mainly caused by the loss of water in C-S-H and the
change in internal moisture during the drying process of concrete [15,16]. Drying shrinkage, which mainly occurs during the hard-
ening state and restrained concrete members, is one of the most important causes of the crack generation [17]. According to ASTM
C157 [16], shrinkage tests must start 24 h after casting. It is important to assess the drying shrinkage as early as possible because it is
responsible for early age cracking that occurs when the concrete does not have much strength [18]. In addition to adverse effects on the
appearance of concrete, cracks may reduce the strength and durability by increasing the permeability of concrete and facilitating the
entry of aggressive agents into it [17]. This exposes vulnerabilities to corrosion and deterioration of the reinforcement bar, particularly
in concrete structural applications. Specifying the dry shrinkage of concrete in long-term performance is highly required [19].

One of the main important factor affecting drying shrinkage of concrete is the degree of restraint by the aggregate — the higher the
elastic modulus of aggregates, the higher the restraint and the volumetric proportion of the paste in the concrete mixture [20].
However, concrete curing and its duration also impact the drying shrinkage magnitudes as the longer sealed curing allowed a better
hydration of cement and reduced long-term water loss [21]. Among various types of aggregate, the LWA with a lower modulus of
elasticity offers less restraint on the potential shrinkage of cement paste. As a result, an immense drying shrinkage strain is expected — it
is mainly affected by the properties and the amount of aggregates [22]. Generally, for the normal-weight concrete, the ultimate drying
shrinkage ranges from 200 to 800 pe [23,24], while that value for LWC could be greater up to a double amount [25]. The magnitude of
drying shrinkage in LWC shows the importance of this phenomenon, particularly in concrete products and structures using LWC.
Although various prediction models can predict the shrinkage development, the actual rate should be examined before using concrete
in any structures or building elements [24,26].
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Based on the available literature, expanded polystyrene (EPS) is considered one of the common materials used instead of aggregates
to reduce the weight and concrete’s thermal conductivity. EPS is a kind of stable foam with low density, consisting of discrete air voids
in a polymer matrix. As a lightweight artificial aggregate, EPS is commercially available and can be incorporated in mortar or concrete
to produce lightweight insulating concrete [27,28]. From the engineering point of view, the advantage of using EPS among different
types of LWAs is the lesser water absorption due to its less porosity [29]. In addition, the low thermal conductivity of EPS (0.03-0.04
W/m.K) is one of the main reasons for its use in the construction industry — particularly for insulting purposes [30]. Previous researches
have promoted the applications of EPSC in construction and building products. Currently, EPS lightweight concrete is used in various
structural and non-structural elements such as precast concrete panels, cladding panels, composite flooring systems, subbase materials
in pavements, floating marine structures, and insulating building elements [31]. However, replacing the normal-weight aggregate with
EPS lightweight aggregate increases drying shrinkage strain. By increasing the drying shrinkage magnitude, the possibility of having
time-dependent deformations and as a result drying shrinkage cracking in the structure would be higher which may yield the formation
of surface crack patterns and impact the durability of the concrete structure [32,33]. Therefore, the current review article presents an
overview of drying shrinkage in EPS lightweight concrete.

An extensive literature search was carried out using appropriate keywords, including lightweight concrete, lightweight aggregate,
EPS, and drying shrinkage in the databases including Scopus, Elsevier, Springer, Wiley, Taylor & Francis, and other scientific and
engineering resources to retrieve the relevant articles. Ultimately, about 75 articles were found and reviewed. However, not many
publications exactly focus on drying the EPS lightweight concrete shrinkage and how it may affect negatively on the properties of EPSC
structures. This comprehensive review helps the research community to give an overview of EPS lightweight concrete shrinkage
behavior in short-term and long-term ages. This review paper eventually helped to glean much information on the way forward and
reveals areas of necessary studies towards controlling and minimizing the shrinkage strain in EPS lightweight concrete.

2. Expanded polystyrene lightweight concrete

Polystyrene is produced using styrene (vinyl benzene), which originates from the crude oil refinery. It is in liquid form at normal
ambient temperature, but increasing the temperature up to 100 °C, the granulated bead polystyrene. Besides using this product for
food packaging and protective devices, its profound impact in the construction industry with its ultra-lightweight and superior thermal
properties is undeniable. Table 1 shows various types of EPS and their densities following ASTM C 578-95 [34]. It is worth mentioning
that EPS with the size of 1-8 mm and density ranging from 12 to 46 kg/m? (0.7-2.82 Ib/ft%) is categorized as a lightweight material;
hence, in the construction industry, it can be used by partially or fully substitution of the normal-weight aggregate in concrete
technology — depending upon the requirements of density and strength.

EPS is a non-natural ultra-lightweight aggregate with closed-cell membranes and a non-absorbent which can be simply mixed with
cement, sand, natural aggregate, and chemical admixture if required for the production of lightweight aggregate concrete with various
densities from 800 to 2000 kg/m® [23,24,35-37] The low-density feature of products made from EPS such as lightweight wall panel
that can be used very effectively for load-bearing walls of single storey houses and non-loadbearing walls of multi-storey buildings,
encourages engineers to consider the EPSC structural and non-structural elements in their technical proposals and designs. In addition,
the LWC-derived structure is lighter; thus, catastrophic earthquake forces and inertia forces that impact the structures could be reduced
since the earthquake forces are linearly dependant on the structure’s weight [38-41]. Fig. 1, prepared by the author, shows the size and
shape of expanded polystyrene grain to produce the EPS lightweight concrete.

The study on using EPS in concrete is traced back to 1973, when the EPS was first used as aggregate in a concrete mixture [42].
Numerous studies and experimental works have been conducted to explore the properties of EPSC and predict its characteristic in short
and long-term ages [37, 43-45]. Fig. 2 is a schematic of a lightweight non-load-bearing wall panel using the cement fiberboard for
outer layers of the wall (on both sides) and EPSC as infill and insulating material. The heat insulation of such a combination is
approximately twice that of conventional concrete, which is remarkably impactful in the global agenda of reducing CO2 emissions and
energy consumption in buildings.

Generally, the mix proportion, casting, molding, curing, setting time, and demolding of EPSC are similar to conventional concrete.
The mix design for lightweight aggregates concrete such as EPSC is being carried out in accordance with various internationally
recognized standards and specifications. However, the mix proportion and aggregate replacement level can be adjusted to meet
concrete’s workability and mechanical properties. Because of the ultra-light feature of EPS aggregates and their hydrophobic prop-
erties, they might float during the mixing process and integrate poorly with the cement matrix. Therefore, various treatment tech-
niques such as the addition of bonding agents (epoxy resin or water-emulsified epoxies) or different mineral admixtures such as fly ash

Table 1
Various types of expanded polystyrene (EPS) [31]
Type Density (kg/m>)
XI 12
I 15
VIIL 18
1I 22
X 29
XIV 38

XV 46
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1. Cellulose cement fibreboard in different sizes
2. EPS lightweight concrete infill
3.0.50-1.15mm light gauge galvanized steel frame or equivalent @ 305mm c/c max

Fig. 2. Schematic of the lightweight solid wall using expanded polystyrene concrete and cement fiber board. 1. Cellulose cement fiberboard in
different sizes 2. EPS lightweight concrete infill 3. 0.50-1.15 mm light gauge galvanized steel frame or equivalent @ 305 mm c/c max.

or micro silica can improve the bonding of the mixtures and prevent segregation in fresh concrete [46]. EPSC has proven better
corrosion and chemical resistance than those of conventional concrete due to its inert characteristic [47]. Fig. 3 shows the mixing
process of the EPS lightweight concrete, which the author of this study carried out.

The workability decreases when EPS is incorporated into the concrete. Adeala and Soyemi [48] investigated the structural use of
expanded polystyrene concrete. They replaced normal aggregate with 5-30% EPS (5% interval) to compare the workability and

Fig. 3. The mixing of EPS lightweight aggregate concrete.
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mechanical properties of the concrete with different levels of EPS as aggregate. They reported that the workability of the concrete
decreases as the EPS replacement level increases in the concrete. According to the test results, it was observed that the inclusion of 30%
EPS induced a remarkable reduction in the slump value by about 85%. Therefore, higher contents of EPS in concrete would reduce the
workability of concrete. Meanwhile, a similar trend was reported for the compressive strength, whereby a 66% reduction was recorded
for 28-day compressive strength at 30% EPS replacement. It can be concluded that the compressive strength of EPSC is governed by the
volume of EPS in the concrete mixture — the higher the dosage of EPS, the lower the compressive strength of concrete can be expected.
However, the mechanical properties of EPSC can be significantly improved with the addition of supplementary cementitious materials
such as silica fume, fly ash, or bonding additives to the concrete mixtures by 15% [31, 49]. The enhancement of the mechanical
properties is mainly attributed to the better bonding between EPS and the cement paste, microstructural changes and improvement of
the weak interfacial transition zone region through using the supplementary cementitious materials [50-52].

The effects of EPS particles on fire resistance, thermal conductivity, and compressive strength of foamed concrete — with an EPS
volume range of 0-82.22% — were studied by Sayadi et al. [47]. Their test results concluded that a higher fire endurance is obtained for
concrete mixtures with low EPS volume and high cement content, which is due to the amorphous silica in the cement paste contributed
to higher fire resistance. However, by increasing EPS volume, a lower fire endurance and thermal conductivity were recorded, which is
attributed to satisfactory thermal properties of EPS aggregate with 98% air. Concrete with 82% and 28% EPS had a thermal con-
ductivity of 0.0848 and 0.212 W/mK, respectively.

3. Drying shrinkage of lightweight aggregate concrete

Shrinkage is mainly caused by moisture transfer in concrete. It is a complicated time-dependent process taking place in cemen-
titious materials, leading to a volumetric contraction and crack formation within concrete materials. Generally, the variety and
stiffness of fine and coarse aggregates in concrete considerably influence the magnitude of shrinkage and the ultimate shrinkage strain
value [53]. Aggregates impact the deformation properties of concrete through a combination of the effects of the interaction between
cement paste and aggregates, water absorption and aggregate stiffness [54]. Hence, concrete with higher aggregate content exhibits a
lower rate of shrinkage. In addition, concrete with aggregates of higher elastic modulus or rougher surfaces is more resistant to the
shrinkage phenomenon; therefore, a smaller drying shrinkage strain could be expected [55].The amount of shrinkage in conventional
concrete can be calculated as follows [56]:

Ene = gb(l - Vag)" (1)

Where e, is shrinkage of concrete, &is shrinkage of binder, V,, is the aggregate volume, and n is a constant between 1.2 and 1.7.

In the case of lightweight aggregate concrete, the low elastic modulus of aggregates and great water absorption rate — due to the
texture and porous nature of the LWA — are caused a large rate of drying shrinkage. Extreme concrete drying shrinkage may lead to
micro-cracks development and further crack propagation, which facilitate the penetration of harmful substances into the concrete,
inducing the corrosion of reinforcement and reducing concrete durability and bearing capacity [57,58]. Maghfouri et al. [1] reported a
range of surface cracks, from fine to visible, on LWC containing agro-waste lightweight aggregate. They confirmed that the complete
replacement of normal-weight aggregates with lightweight aggregates leads to a remarkable increase in drying shrinkage and sub-
sequently surface cracks. Moreover, LWC shrinkage heavily affects pre-stress loss measurement and diminishes dimensional stability at
alarge scale. The ACI Committee (2003) [59] suggested the potential adverse impact of drying shrinkage on concrete crack growth and
propagation. It was reported that drying shrinkage could deteriorate pre-stress forces, reduce the effective tensile strength, and induce
structural deformation [60] As a long-term phenomenon, drying shrinkage is influenced by several factors, including the free evap-
oration of water from capillaries and pores exposed to the air, the absorption of water into aggregates, hydration rate, the
water-cement ratio, water content, shape, cement composition, relative humidity, strength, and starting age [61, 62]. Saturated LWAs
can transfer water into the cement at early drying ages, increasing weight loss and shrinkage [63]. Additionally, LWAs of lower
strength caus a minor restraining contribution to cement paste shrinkage, resulting in more significant shrinkage than conventional
concretes. According to Demirboga and Kan [64], aggregate elasticity and paste volume fraction are the major factors that influence
concrete shrinkage.

3.1. Drying shrinkage of expanded polystyrene (EPS) concrete

EPS lightweight concrete is characterized by a considerably lower density and higher structural efficiency than conventional
concrete. Basically, when the bead content increases, both the density and strength are significantly reduced. Chen and Liu [31] re-
ported a range of 10-25 MPa for compressive strength and 800-1800 kg/m? for density of concretes produced with expanded poly-
styrene beads used as partial substitutes for aggregates. Apart from the compressive strength, drying shrinkage is of increasing concern
when focusing on maintaining durable structures. Generally, EPSC possesses a higher drying shrinkage than conventional concrete
[65]. Over time, this high magnitude shrinkage induces cracking which would negatively impact the concrete durability.

3.1.1. Impact of aggregate type on drying shrinkage of EPS lightweight concrete

Several factors affect the drying shrinkage of the hardened concrete, but aggregates similar to EPS have a more substantial impact
on the high rate of LWC’s drying shrinkage in short-term and long-term ages. This is mainly attributed to the low mechanical prop-
erties, higher surface smoothness, and insignificant elastic modulus of EPS, which result in very little restraint to the shrinkage of
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cement paste and, subsequently, the concrete mixtures [10, 36] In an investigation on the properties of lightweight expanded poly-
styrene concrete, EPS with different volumes of 25%, 40%, and 55% was used to replace sand and aggregate. It was observed that
drying shrinkage strain of control concrete mix (without EPS) at the age of 90-day was remarkably lower than EPS concrete mixes by
about 33%, 42%, and 78% when the volume content of EPS in concrete mixtures was 25%, 40%, and 55% respectively [31]. The
previous results and significant increase in creep and drying shrinkage of LWC containing a high volume of EPS were also confirmed by
Sabaa and Ravindrarajah [66] and Elsalah, J., et al. [67].

Additionally, Herki and Khatib [60] applied a novel coating technique with a binder consisting of clay and cement for the EPS beads
to produce stabilized polystyrene (SPS) aggregates and minimize the segregation of EPS particles in concrete mixtures. Their study
investigated the impact of SPS incorporation with different volumes (0%, 30%, 60%, and 100%) on mechanical properties and drying
shrinkage (up to 720-day). Although the coating technique was applied, the increasing drying shrinkage development was recorded. It
was reported that the drying shrinkage of such concrete drastically increased, primarily for the mixture containing 100% SPS, which
was due to the paste volume of mixtures and very little restraint imposed by SPS on the cement paste. Similar findings were reported by
Chen and Liu [31],Tang et al. [65], and Demirboga and Kan [54]. Table 2, recreated from the original source [62], represents six
concrete mixtures (C1-C6 mixes) containing different percentages of fine and coarse MEPS as a replacement for natural aggregate. The
first impact of MEPS inclusion on the concrete mixtures was a significant reduction in density where the C1 mix containing 100% MEPS
aggregate possessed the lowest density by 876 kg/m>.

The results of drying shrinkage value up to the age of 210-day have been indicated for C1 to C6 mixes in Fig. 4. It clearly shows the
direct correlation between drying shrinkage value and MEPS volume in concrete mixtures, as the mixes containing higher volumes of
MPES experienced greater rates of drying shrinkage strain in both early and long-term ages. For instance, the C1 mix showed the
highest rate of shrinkage among other mixes under 210 days ambient curing conditions. In contrast, the lowest shrinkage was recorded
for the C6 mix containing 25% MEPS aggregate and 75% natural aggregate.

Drying shrinkage value of C1 mixture containing 100% MPES increased considerably by 820 pe, while drying shrinkage magnitude
of 25% MEPS aggregate and 75% natural aggregate (C6 mix) shows a slow development from 100 to 360 pe up to the age of 210-day.
The drying shrinkage value of 75% MPES and 25% natural aggregate concrete specimens (C2) experienced a considerable increase by
almost 530 pe, the second-highest growth among the concrete samples. Similarly, the C3 mix containing 50% MPES as coarse aggregate
and 50% natural aggregate as fine aggregate also shows an upward trend in the drying shrinkage during the curing condition, reaching
460 pe at 210-day curing condition. While the drying shrinkage development of other samples (C4 and C5) containing 50% MPES
moderately increases by almost 290 and 300 pe, respectively, during 210-day curing age, it is almost stable after 120 curing days [64].

Overall, the higher recorded rate of drying shrinkage strain shows the disadvantage of MPES compared to the control concrete mix,
meaning that MPES aggregate considerably increases the drying shrinkage of concrete.

Generally, it is expected that by increasing the EPS volume in concrete mixtures, the shrinkage would increase, as shown in Table 3.
In this table, the drying shrinkage of 90-day reference concrete was 610 pe. On the other hand, when the number of EPS in the concrete
sample was 20%, the drying shrinkage at the age of 90-day drastically increased to 1000 pe, revealing the effect of the EPS on the
ultimate magnitude of drying shrinkage [68].

3.1.2. Impact of curing condition on drying shrinkage of EPS lightweight concrete

Basically, the purpose of concrete curing is to maintain adequate moisture and temperature to effectively develop the micro-
structure and strength. There are different types of curing conditions which could have different effects on mechanical properties and
shrinkage behavior of concrete [24]. In construction industry, various curing conditions could be proposed as effective factors to
control or minimize drying shrinkage and its subsequent effects such as shrinkage cracking and durability issues in concrete structures.
Many studies focusing on the effect of curing are available which show the significance of this factor [11,16,26,65]. Therefore in this
section, the impact of water curing (with different curing duration) as the common method of curing, on drying shrinkage of EPS
lightweight concrete will be discussed.

In this regard, Table 3 presents the EPSC’s drying shrinkage strains versus drying time and control concrete mix in various con-
ditions of water curing and continuous curing (sample was cured under 90-day water curing until the age of testing), 7 days and 28
days. The results show that drying shrinkage decreases gradually with elapsed time for all concrete mixes under different curing
conditions. Though, the rates of drying shrinkage strain of EPSC and control concrete mix vary at earlier ages [65]. As presented in the
table, drying shrinkage in PAC grows with increasing the EPS content compared to the reference concrete during water curing

Table 2

Details of MEPS concrete mixes containing natural aggregate [58].
Mix MEPS/NA (%) (FA 4 CA)/ (FA + Cement MEPS (kg)  NA (kg) SP w/c Fresh density (kg/ Slump value

3

code CA) (kg) A CA  TA cA (kg) m>) (mm)
C1 50% + 50% / 0% 500 108 77 - - 2.5 0.38 876 25
c2 25% + 50% / 25% + 0% 500 53 75 402 - 2.5 0.39 1229 30
C3 0% + 50% / 50% -+ 0% 500 - 74 786 - 2.5 0.42 1572 30
c4 50% + 0% / 0% + 50% 500 104 - - 804 2.5 0.42 1621 30
C5 25% + 25% / 25% + 25% 500 52 37 393 402 2.5 0.42 1596 40
C6 25% + 0% / 25% + 50% 500 52 - 390 797 2.5 0.43 1956 50

NA: natural aggregate; FA + CA: fine and coarse aggregates; SP: superplasticizer.
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Fig. 4. The effect of various percentages of MEPS on the drying shrinkage of concrete [64].

Table 3
Drying shrinkage results of the polystyrene aggregate (PA) under various water curing conditions.
Mix codes Drying shrinkage (ue) Curing condition Ref.
Short-term ages Long-term ages
3 days 7 days 14 days 28 days 60 days 90 days
PA (0) - 200 320 475 630 630 Continuous curing [31]
PA (0) - 200 290 430 520 610 Continuous curing [68]
PA (20) 70 230 320 390 480 530 28-day water curing [65]
PA (20) 150 240 380 430 570 595 7-day water curing
PA (20) - 250 400 670 940 1000 Continuous curing [68]
PA (20) 160 270 410 600 700 720 Continuous curing [69]
PA (25) - 225 430 640 870 990 Continuous curing [31]
PA (40) - 300 480 685 930 1020 Continuous curing
PA (40) 198 305 400 440 570 630 28-day water curing [65]
PA (40) 160 320 470 510 630 670 7- day water curing
PA (40) 190 310 450 640 720 740 Continuous curing [69]
PA (45) - 485 590 800 1060 1100 Continuous curing [68]
PA (55) - 430 600 830 1080 1120 Continuous curing [31]
PA (60) 210 350 480 650 740 770 Continuous curing [69]
PA (60) 250 380 510 580 720 780 28-day water curing [65]
PA (60) 250 340 510 630 750 810 7- day water curing
PA (80) 320 505 690 760 850 910 28-day water curing
PA (80) 400 520 770 880 970 1070 7-day water curing

conditions. Furthermore, LWC with different percentages of polystyrene aggregate (PA) under continuous curing shows a higher
drying shrinkage value than 7- and 28-day water curings. Usually, the drying shrinkage values of the expanded polystyrene concrete
made of Portland cement and 20-80% PA are reported to be between 70 and 1120 pe at the age of 3-90 days [69].

3.1.3. Impact of additives on drying shrinkage of EPS lightweight concrete

Many researchers have reported that by increasing the volumetric proportion of the EPS in concrete mixtures, the rate of shrinkage
would increase significantly. It is mainly attributed to the low elastic modulus of the EPS ranging from 4 to 10 MPa [31,43,65].
However, incorporating steel fibers remarkably improves the shrinkage resistance properties and provide some exceptional control of
long-term drying shrinkage cracking. Chen and Liu [31] presented steel fibers to EPSC with a density up to 1800 kg/m> and revealed
that the steel fibers could significantly enhance the tensile and compressive strengths and improve the drying shrinkage of the EPSC
specimens [10]. Past investigations also confirmed that EPSC reinforced by steel fibers possesses a better control in a drying shrinkage
development [68,70]. Technically, the three-dimensional distribution of steel fibers in concrete provides a frame constraining the
shrinkage deformation of concrete. This positive impact on drying shrinkage would be stronger with the increasing volume fraction of
steel fiber due to the better net structure bridged among steel fibers [62].

Furthermore, the inclusion of silica fume in LWC mixtures could mitigate the adverse effects of drying shrinkage. It has been
highlighted by Zhang et al. [71] that shrinkage of LWC is reduced by the addition of 5% silica fume and up to 1.5% steel fibers. Beng
etal. [31] tested 14 different EPS-based concrete mixtures on investigating the impact of silica fume and steel fiber on mechanical and
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shrinkage properties of EPSC. They reported that drying shrinkage of normal concrete at the age of 90-day was about 630 pe, while that
value for the EPSC with volume contents of EPS at 25%, 40%, and 55% (at the same age) was up to 950, 995, and 1121 pe, respectively.
Additinally, they found out that steel fiber greatly decreases the drying shrinkage of EPS concrete. Even for EPS concrete with 55% of
the volume content of EPS and 1.5% of steel fibers, the drying shrinkage at 90 days was 610 microstrain, which was less than that of
normal concrete (630 pe) and EPSC made with 55% EPS without steel fiber content (1121 microstrain).

Moreover, researchers have demonstrated that drying shrinkage would be changed by changing the property of EPS. For instance,
adding different additives such as rice husk ash and polypropylene fiber into the EPSC could increase drying shrinkage [72,73] Another
study investigated the quality of the interfacial transition zone between the cement and expanded polystyrene beads. It was high-
lighted that the inclusion of silica fume in the EPSC mixtures improved the bonding between the EPS and C-H-S, and as a result, the
compressive strength was enhanced [70] Additionally, previous studies reported that, by inclusion of 10 mm basalt aggregate and
silica fume (SF), the rate of drying shrinkage of the EPSC can be reduced in short-term and long-term ages. The shrinkage value of EPSC
containing SF (400 kg cement + 40 kg SF) was reported by 730 ue at 84 days, whereas that value for EPSC containing SF as cement
replacement (360 kg cement + 40 kg SF) — with lesser binder compare to the previous mix — was 655 pe [36]. It shows how EPS in
concrete mixtures can significantly increase, which is mainly due to the low stiffness of the polystyrene beads providing very little
restraint to the shrinkage of cement paste.

Fig. 5 shows the drying shrinkage of certain expanded polystyrene concretes with polypropylene fibers (PP) and rice husk ash (RH)
under various curing ages. The drying shrinkage of each sample is compared with It can be concluded from the figure that using 0.3%
and 0.5% of PP remarkably increases the drying shrinkage value of the EPSC. At the same time, the inclusion of silica fume results in a
reduction of drying shrinkage development. Additionally, similar results can be observed and concluded for the concrete containing
rice husk ash (RH) [47]. EPSC containing 0.5% PP has the highest value of drying shrinkage, as opposed to the EPSC made with 15%
EPS and 10% SF, which has the least amount. Concretes containing 15% EPS with the addition of 0.30% PP and 20% RH experienced
an increasing trend of drying shrinkage, compared with normal-weight concretes (EO) and concretes made with 15% EPS, which the
last ones show higher drying shrinkage values than the first ones. It can be found out that increasing curing age significantly increases
the drying shrinkage value in NWC and certain EPS concrete with different additives.

Fig. 6 demonstrates the influence of another additive, named magnesia phosphate cement (MPC), on the drying shrinkage strain of
the EPSC. Similar to the concrete mixtures by ordinary Portland cement (OPC), the shrinkage strain of MPC-EPSC increased by
increasing the volume of EPS in the mixture [69] Furthermore, the shrinkage strain of the reference magnesia phosphate cement
sample was constant after 28 days, but the shrinkage of MPC-EPSC samples extended after 28 days. At the age of 60 and 90 days, the
drying shrinkage of MPC-EPSC samples was lower than 800 pe, and the drying shrinkage of reference EPSC was only about 315 pe.
Overall, the drying shrinkage of MPC containing various percentages of EPS showed a more upward trend in the increment of drying
shrinkage value after 14 days compared to the curing age up to 7 days. This is mainly due to the higher moisture of aggregates due to
the continuous curing condition and higher strength of concrete, as well as the low stiffness and high compressibility of polystyrene
aggregates which offer little restraint to the shrinkage process.

3.1.4. Impact of additives on drying shrinkage of various LWCs versus EPSC

Comparison of the EPSC with other lightweight aggregate concretes gives a broad perspective on the characteristic of such concrete
with a particular focus on shrinkage properties. In this regard, Table 4 compares properties of several types of lightweight aggregate
concretes such as drying shrinkage, compressive strength, and density with 50% and 100% of lightweight aggregates including, EPS,
MEPS, oil palm shell (OPS), oil palm boiler clinker (OPBC), expanded clay (LECA), pumice, expanded perlite and sintered fly ash
aggregate (Lytag). From the summarized information in the table, normal-weight concrete made with granite aggregates has almost
the lowest drying shrinkage strain value compared to other types of lightweight concretes. Additionally, it can be observed that
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Fig. 5. Drying shrinkage of EPS concretes with different additives including 0% Expanded Polystyrene (E), 15% Expanded Polystyrene (E) with 10%
Silica Fume (SF), 15% Expanded Polystyrene (E) with 20% rice husk ash (RH), 15% Expanded Polystyrene (E), 15% Expanded Polystyrene (E) with
0.5% polypropylene fibers (PP) and 15% Expanded Polystyrene (E) with 0.3% polypropylene fibers (PP) [47].
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Fig. 6. Effect of EPS content (0%, 20%, 40% and 60%) on drying shrinkage strain of MPC-EPS concrete [69].

lightweight concretes containing EPS or MEPS have the lowest density and compressive strength. In contrast, this type of concrete does
not possess the lowest drying shrinkage strain value, among others. Furthermore, the importance of drying shrinkage in concretes
made with complete substitution of lightweight aggregates are greater than those mixtures containing 50% or lower replacements.
According to the table, the ultimate drying shrinkage of lightweight concrete containing 50% EPS without cementitious materials
under 28-day water curing conditions is almost two times higher than that of the lightweight concrete made with modified EPS at an
early age (28 days of curing). However, the drying shrinkage of LWC containing EPS with MPC at the age of 90-day is approximately
7% greater than that of the EPS-LWC without MPC. LWC made with pumice aggregate, pre-soaked for 24 h, has a higher drying
shrinkage value than that under one-hour pre-soaking. While LWC containing OPS and various percentages of OPBC experienced
higher drying shrinkage values than LWC made with cement at W/C 0.39. Using 50% OPBC in OPS-LWC at W/C 0.29 resulted in a
lower drying shrinkage by at least 23%.

Similarly, the addition of other additives and various curing conditions directly affects the drying shrinkage of different LWC, made
with a 100% substitution level of lightweight aggregates. EPS-LWC indicates a higher ultimate drying shrinkage than MPS-LWC. Lytag
concrete, as another type of LWC, shows a lower drying shrinkage when using 1.7% steel fiber compared to using 1% polypropylene
fibers. Additionally, LWC made with 100% pumice aggregates with one-hour pre-soaking curing condition has a higher drying
shrinkage value than that cured under 24-hour pre-soaking condition, as opposed to LWC containing 50% replacement pumice ag-
gregates under the same curing condition. Therefore, the types of conditions and the addition of various cementitious materials and
coarse aggregates considerably impact the drying shrinkage value.

Comparing the rate of drying shrinkage development, although lightweight concrete containing 100% Lytag aggregates experi-
enced the highest drying shrinkage development at long-term age, this type of concrete has higher compressive strength and density
than EPS concretes. The compressive strength of concrete directly impacts the rate of drying shrinkage. The higher the compressive
strength, the lower the drying shrinkage strain. Generally, it can be concluded that EPS or MEPS has a significant effect on the me-
chanical properties of LWCs, which should not be underestimated.

4. Conclusion

This review paper investigates the drying shrinkage behavior of lightweight concrete made with expanded polystyrene (EPS) and
various types of additives. Based on the existing published articles, drying shrinkage is an important factor affecting the behavior of
EPS lightweight concrete in the hardened state. From the preceding, the following conclusions can result:

1. Lightweight concrete containing EPS has a larger drying shrinkage than normal-weight concretes since EPS aggregates have lower
mechanical properties and lower stiffness.

2. Polystyrene aggregate concrete (PAC) showed a more significant drying shrinkage strain at higher polystyrene aggregate fractions.
While early-age shrinkage is important at higher polystyrene contents, the PAC and control specimens showed no considerable
drying shrinkage differences at higher ages. Drying shrinkage values in PAC increased by increasing EPS aggregate content
compared to the conventional concrete during the same water curing condition. The main reason is polystyrene aggregates’ low
stiffness and high compressibility, which offer little restraint to the shrinkage process.

3. Lightweight concrete made with various lightweight aggregates, especially PAC, under continuous curing conditions showed a
lower drying shrinkage value than those under 7- and 28-day water curing conditions. This may be due to higher moisture of
aggregates resulted from the continuous curing condition, as well as higher strength of concrete. Other types of lightweight ag-
gregates such as Lytag, OPS, pumice, expanded perlite, and expanded clay possess different drying shrinkage values when various
cementitious materials are added under different curing conditions. In 50% aggregate replacement level, concrete containing
expanded perlite under constant relative humidity showed the highest ultimate drying shrinkage strain, while in 100% aggregate
replacement level, the highest rate of drying shrinkage was recorded for the EPS lightweight concrete under 28 days water curing
condition. This difference mainly results from the various stiffness and mechanical properties of the aggregates.
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Table 4
Different rates of shrinkage for various lightweight aggregates at 50% and 100% aggregate replacements.
Aggregate Concrete Ref. Remark
Density Compressive Drying shrinkage
(Kg/m>) strength 28-day (pe)
(MPa) . a
Type Replacement 90- Ultimate'
level (%) day

Granite - 2357 74.4 215 271 [11]  Control aggregate for control mix (for
comparison)

Expanded < 50 2302 NG 410 900 [73] 100% constant relative humidity was applied for

perlite 1 curing

EPS 1 50 1765 23.1 705 840 [65]  28-day water curing was applied

Pumice 1 50 2350 60.6 490 630 [75]  Pumice was pre-soaked in water for 24-hr

OPS+O0OPBC 1 < 50 1808 37 560 570 [76] OPS replaced with OPBC at 10% by volume (w/c
=0.36)

OPS 1 50 2053 46.3 411 544 [1] Cement + 20% fly ash

OPS 2 50 2011 44.5 430 540 [77]1 w/c =0.29

OPS+OPBC 2 < 50 1833 43.5 510 525 [76] OPS replaced with OPBC at 30% by volume (w/c
=0.36)

OPS+OPBC 3 50 1904 41 490 515 [78]  OPS replaced with OPBC at 50% by volume (w/c
=0.36)

Pumice 2 50 2359 61.7 415 510 [751 Pumice was pre-soaked for 1-hr

OPS 3 50 2141 52 317 471 [1] Only cement was used as a binder

MEPS 1 50 1572 NG 410 460 [64]  50% (modified expanded polystyrene as coarse
aggregates) + 50% (natural fine aggregates)

Expanded 50 1809 30.8 315 430 [771 Expanded clay with a nominal size of 8 mm

Clay 1°
MEPS 2 50 1596 NG 320 420 [64]  50% (modified expanded polystyrene as coarse

and fine aggregates) + 50% (natural coarse and
fine aggregates)

MEPS 3 50 1621 NG 390 410 [64]  50% (modified expanded polystyrene as fine
aggregates) + 50% (natural coarse aggregates)
OPS+OPBC 4 50 1940 51.1 380 395 [78] OPS replaced with OPBC at 50% by volume (w/c
=0.29)
Expanded < 50 2302 NG 70 130 [74] Lime-saturated water was applied
perlite 2
EPS 2 50 1036 12.9 1087 - [31] Underwater curing condition without silica fume
and steel fiber
MPC-EPS 50 990 17 750 - [69] EPSC containing Portland cement with magnesia
phosphate cement (MPC)
EPS 1 100 1170 8 1040 1210 [65] 28-day water curing
Lytag 1¢ 100 1890 64.8 800 1060 [79] Plain Lytag concrete
Lytag 2 100 1860 57.9 630 995 [79]  LWP3 Reinforced with polypropylene fibers 1%
OPS 4 100 1753 33.1 701 935 [1] Cement + 20% fly ash
Lytag 3 100 1940 61.2 655 925 [80]  LWS3 Reinforced with steel fibers 1.7%
OPS 5 100 1909 40.5 593 826 [1] Only cement was used as a binder
MEPS 4 100 876 NG 610 820 [64] 100% modified expanded polystyrene as coarse
and fine aggregates
Pumice 3 100 2208 47.1 650 770 Pumice was pre-soaked in water for 1-hr
Pumice 4 100 2246 50.5 625 720 [75] Pumice was pre-soaked in water for 24-hr
Expanded clay 100 1880 25 415 420 [80] 14 mm LECA with density of 760 kg/m> (w/c =
2 0.40)
OPBC 1 100 NG - 335 395 [81] 10 mm POC as both coarse and fine aggregates
+ 90% OPC + 10% fly ash
OPBC 2 100 NG - 260 330 [81] 20 mm OPBC as both coarse and fine aggregates
+ 90% OPC + 10% fly ash
Expanded clay 100 1950 35 280 330 [80] 14 mm LECA with density of 970 kg/m3 (w/c =
1 0.40)

2 The maximum recorded shrinkage in research.
b Expanded clay aggregate is also known as LECA.
¢ Sintered fly ash aggregate known as Lytag.

4. Adding various types of additives such as rice husk ash, silica fume, and polypropylene fiber into the expanded polystyrene
concretes can impact the rate of drying shrinkage. The inclusion of silica fume and rice husk ash leads to an increase in the drying
shrinkage at lower extents. Whereas the addition of steel fibers to EPS concrete significantly improves the shrinkage resistance
properties and provides exceptional control of long-term drying shrinkage cracking. This is mainly due to the improvement of
bonding between EPS and the cement paste.

Although this review studied the drying shrinkage phenomena in EPS concrete, there are still research gaps in the area. For future
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studies, reviewing and comparing the available published articles related to the drying shrinkage values in various lightweight
aggregate concretes in comparison with EPSCs would be useful since there is a lack of comprehensive information regarding this
subject. Furthermore, investigating the effects of different additives and nanotechnology on the drying shrinkage of EPS concretes
would be interesting. Finally, investigating the relationship between the financial aspect and EPSCs facing drying shrinkage is also
recommended.
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