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a b s t r a c t

This article aims at the development of durable cement-based lightweight aggregate composites, with a
good balance between the thermal and mechanical properties. The mixtures are developed with the opti-
mized packing applying the modified Andreasen and Andersen model, to obtain the optimal target grad-
ing curve of all the solids in the mixture. A lightweight material produced from recycled glass is used as
the lightweight aggregates (LWA) in order to obtain the desired low thermal conductivity.
The properties of the designed composites, including the flowability and relative viscosity in fresh

state, and the porosity, strength and thermal properties in hardened state are investigated. The porosity
of the developed composites is studied by both modeling and experiments. Results indicate that there is a
certain amount of closed internal LWA pores in the composites, which contributes positively to a better
thermal insulation property. The developed composites have a low thermal conductivity while still
retaining sufficient strength. Therefore, the designed composite can be used monolithically as both
load-bearing element and thermal insulator.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete is the world’s most used man-made building material,
thanks to its excellent versatility, availability, durability and eco-
nomical efficiency. Nevertheless, concrete is often limited to be
used in structures such as high-rise or long-span buildings due to
its high density, which could lead to a large space demand and a
high cost. Instead, this drawback can be perfectly solved by light-
weight concrete, as the decreased density can result in reduced
member’s sections, simplify construction and save space and cost.

Lightweight aggregates concrete (LWAC) has its roots in the an-
cient period about 3000 years ago when volcanic materials were
used as lightweight aggregates [1]. Because of its many advantages
such as low density, good thermal insulation and good fire resis-
tance, LWAC has been widely developed and applied as both struc-
tural and nonstructural material recently. Among various types of
lightweight aggregates (LWA), LWA produced from a special indus-
trial process such as Leca (UK), Liapor (Germany) and Liaver (Ger-
many) are widely used because of certain special features created
during this production process [2]. Lightweight concretes are nor-
mally categorized into three grades: low density concrete with a
dry density lower than 800 kg/m3, moderate strength concrete
with a dry density between 800 kg/m3 and 1400 kg/m3 and struc-

tural concrete with a dry density between 1400 kg/m3 and
2000 kg/m3 [3].

Numerous investigations have been conducted on the light-
weight concrete. Loudon [4] summarized the thermal properties
of lightweight concrete, and reported that density and moisture
content are the main factors affecting the thermal conductivity,
while the aggregate material can affect the thermal conductivity
up to 25%. Bomhard [5] reviewed the application of lightweight
concrete and concluded that the relatively high price of light-
weight aggregates concrete limits its application and often LWAC
is used below its capabilities either because no adequate project
or less confidence. Al-Noury et al. [6] studied the relationship be-
tween the density and compressive strength of lightweight mortar.
They reported that the compressive strength of lightweight mortar
can be predicted using an empirical formula, if the relative density
of the lightweight mortar to normal weight mortar and the com-
pressive strength of normal weight mortar are known. Zhang and
Gjørv [7] reported that the cement paste penetrates into light-
weight aggregates during the mixing, but the amount highly de-
pends on the microstructure of the surface layer of the aggregate,
particle size distribution of cement and viscosity of the cement
paste. Wasserman and Bentur [8] investigated the interfacial inter-
actions in lightweight aggregate concretes and their influence on
the concrete strength. Both physical and chemical characteristics
of the LWA strongly affect the strength of the LWAC due to the pro-
cesses taking place at the interfacial transition zone. The first is a
physical process governed by the water absorption and later a
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chemical process via two possible routes of pozzolanic reaction be-
tween the aggregates and the alkaline pore solution, which pene-
trates into it or an impregnation process in which calcium
hydroxide deposits in the pores of the aggregates. Alduaij et al.
[9] researched lightweight concrete in hot coastal areas applying
different types of LWA. With expanded clay as LWA, they reported
a compressive strength of 15.5–29.0 N/mm2 when increasing the
cement content from 250 to 350 kg/m3, while keeping similar den-
sities of about 1500 kg/m3. Chandra and Berntsson [1] summarized
the research, technology and applications of lightweight aggregate
concrete. They systematically reviewed the production and proper-
ties of the LWA, the production technique and properties of LWAC,
including microstructure, physical properties, durability, fire resis-
tance and applications of the LWAC. Demirboga and Gul [10] inves-
tigated the thermal conductivity and compressive strength of
expanded perlite aggregate concrete with mineral admixtures.
They reported that silica fume and fly ash as replacement for ce-
ment can decrease the thermal conductivity up to 15%, but the
density and compressive strength of the concrete is also reduced,
up to 30%. Choi et al. [11] investigated the relation between the
flowability and mechanical properties of high-strength lightweight
self-compacting concrete. They designed a lightweight self-com-
pacting concrete with the density between 2000 and 2300 kg/m3

and found it is difficult to obtain a sufficient flowability with the
increase of the lightweight fine aggregates in the mixture. Ünal
et al. [12] developed a lightweight concrete block applying diato-
mite as LWA with a 28-day compressive strength of about 3.5–
6.0 N/mm2 and the densities of about 950–1200 kg/m3. A linear
relation between the cement content and thermal conductivity of
the LWAC was found, the thermal conductivity increased from
0.22 to 0.30 W/(m K) as the cement content increased from 250
to 400 kg/m3. Liu et al. [13] developed a lightweight aggregates
concrete with high resistance to water and chloride-ion penetra-
tion. With the cement content of 500 kg/m3 and unit density of
1400 kg/m3, applying expanded clay and expanded glass as light-
weight aggregates, the 28-day compressive strength of the LWAC
reached 24 N/mm2. In Liu et al. [13], Chia and Zhang [14], Nyame
[15], Bentz [16] and Liu et al. [17], the durability of lightweight

concrete was addressed, but controversial findings with regard to
the effect of LWA on permeability of concrete were reported.

Nevertheless, so far there is still no systematic study on LWAC
regarding themix designmethodology. There are usually two objec-
tives to thedesignof the LWAC, either to achieve as low thermal con-
ductivity (or low density) as possible or to achieve as strong
mechanical properties as possible, but no studies have yet been re-
ported to obtain a LWAC with a low density while retaining suffi-
cient mechanical properties. In addition, the available mix designs
for lightweight concrete are targeted without taking into account
its permeability,which is determinedby theporosity and connectiv-
ity of the pores in the lightweight composites. Durability, in addition
to themechanical and thermal properties, is a very important factor
determining the quality of lightweight composites.

The present study, therefore, addresses the development of
lightweight cement-based composites, with excellent thermal
properties, durability and sufficient mechanical properties. The de-
signed composite is supposed to be used in monolithic concrete
structures, on the one hand, as load-bearing structure, and on the
other hand as thermal insulation material. Meanwhile, a good
durability, i.e. low permeability assures a low water intake be-
tween the internal and external environment, which in turn prom-
ises again a good thermal comfort to the residents. This study is
presented as two parts. As Part 1 of the present study, this article
presents a mix design methodology of the cement-based light-
weight composites and their hardened properties. Then in Part 2,
the durability related properties of the developed composites are
presented [18]. The present article consists of four sections. In Sec-
tion 2, the mix design as well as the behavior of the developed ce-
ment-based lightweight composites (CLC) in their fresh state will
be presented and analyzed. Two different types of CLC, including
self-compacting cement-based lightweight composites (SCLC)
and vibrated cement-based lightweight composite (VCLC), are
developed to compare their properties and the applied mix design
methodology. In Section 3, the properties of the designed compos-
ites in hardened state including porosity, mechanical properties
and thermal properties are investigated. Finally brief conclusions
are reached in Section 4.

Nomenclature

Roman

a0 parameter (Eq. (8))
b0 parameter (Eq. (8))
c mass of the cement (g)
c0 initial mass of the cement (g)
D particle size (lm)
m mass (g)
ms surface dried mass of water-saturated sample in air (g)
mw mass of water-saturated sample in water (g)
md mass of oven dried sample (g)
n hydration degree
q distribution modulus
ste structural efficiency (N m/kg)
V volume (dm3)
w0 initial mass of the water (g)
x mass fraction

Greek

a0 degree of carbonation of monosulfate phase
k thermal conductivity (W/(m K))
q density (kg/m3)

rc compressive strength at 28 days (N/mm2)
u volume fraction
m specific volume (cm3/g)

Subscript

CLC CLC
C3S C3S
C2S C2S
C3A C3A
C4AF C4AF
C�S C�S
d compressed water
i fraction size of the LWA
lwa lightweight aggregates
max maximum
min minimum
p water permeable
paste cement paste
s chemical shrinkage
w capillary water
v void fraction
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2. Mix design

2.1. Materials

The cement used in this study is Ordinary Portland Cement
(OPC) CEM I 52.5 N, provided by ENCI B.V. (The Netherlands).
The lightweight aggregates used here are produced from recycled
glass, via a special procedure. These LWA have internal cellular
pore structures. Although in some extent the pores inside the par-
ticles are interconnected, most of them remain closed and sepa-
rated, and the outer surfaces are rather closed, as can be seen in
Fig. 1. The used LWA have very low particle densities, which pro-
vide great freedom to design lightweight concrete to desired low
density, i.e. low thermal conductivity. On the other hand, the
LWA still have relatively strong crushing resistance, up to 12 N/
mm2, which makes it possible to design structural lightweight con-
crete with these LWA [19]. However, as this type of LWA is pro-
duced from expanded glass, it can potentially cause alkali-silica
reaction. Therefore, this will be investigated in the present study.
Limestone powder is used as filler to adjust the powder amount
in the mixture. Normal weight aggregates used are broken sands
with two different fractions of 0–1 mm and 0–4 mm and micro-
sand, containing a high amount of powder fraction (<125 lm),
with the maximum particle size of 1 mm (Graniet-Import Benelux,
The Netherlands). A polycarboxylic ether-based superplasticizer is
used to adjust the workability. The used materials are summarized
in Table 1 and Fig. 2.

The water absorption of LWA is normally an influential factor in
the lightweight aggregates concrete design and production, since
LWA absorb a certain amount of free water from the mixture be-
fore setting. It is shown that the water absorption of lightweight
aggregates could have a negative influence on the workability, if
mixing them with other materials under dry conditions prior to
adding water [1,13,20,21]. However, this negative effect depends
not only on the used amount of the lightweight aggregates, but
also clearly on their type and production process. There are two
mixing methods which are widely used to address this issue, i.e.
to presoak the LWA in water for a certain period, usually 30 min
to 1 h [1,22], or to add extra water which is calculated normally
based on the 1 h water absorption [13]. Both methods have disad-
vantages especially regarding the LWA used in this work. The pres-
oaked LWA should be surface dried before mixing with other
materials for the concrete production. However, for the lightweight
aggregates used here, this could cause considerable errors due to
their very small particle size. Adding extra water from the begin-
ning of the mixing process can easily cause segregation or bleeding
of the mixture, especially in the case of self-compacting light-
weight mortar or concrete. However, as listed in Table 2, the water

absorption of the used LWA is quite low, especially in the first hour
(approximately 1.0% by mass), due to their rather closed external
surfaces (see Fig. 1). A more detailed analysis of the water absorp-
tion of the used LWA is presented in [23]. Hence, the applied LWA
should not affect the workability significantly, and on the other
hand, the absorbed free water reduces the water/cement ratio at
the early stage after concrete casting, and as a consequence the mi-
cro-bleeding at the aggregates surfaces is prevented [19]. More-
over, the absorbed water also contributes to the hydration
process in a later stage due to the so called internal curing effect.
Therefore, in the present study, the LWA is applied in dry condi-
tions directly to the mixture and no extra water is added.

2.2. Mix design

A good balance between the thermal and mechanical proper-
ties of the developed composite is the main design target. As
shown in Fig. 3 [24], the optimal mix is reached by designing
the mixture with a high porosity but low permeability at the same
time. In order to produce a lightweight composite with low per-
meability, it is of vital importance to combine together proper
LWA with a dense hardened paste, i.e. well bound to the aggre-
gates. Contrary to other available researches, in the design ap-
proach followed in this study, a particle packing model is used
to maximize the packing density of the granular solid materials.
The mixes of the cement-based lightweight composite (CLC) are
designed using a mix design tool applying the optimized packing
methodology. Applying the optimized packing method, the parti-
cles can be better packed, which results in improved hardened
properties as well as improved workability, since more water is
available to act as lubricant between the particles [25]. In this
mix design method, the modified Andreasen and Andersen (A&A)
model, as shown in Eq. (1), acts as a target function for the subse-
quent granular optimization of the individual materials (detailed
information is presented in [26]). The proportions of the individual

Fig. 1. SEM pictures of LWA: (a): open pores seen from outside; (b): interconnected pores.

Table 1

Properties of materials used.

Material Type Specific density (kg/m3)

Cement CEM I 52.5 N 3180
Filler Limestone powder 2710
Fine sand Microsand 2720
Fine sand Sand 0–1 mm 2650
Coarse sand Sand 0–4 mm 2650
LWA Expanded glass 310–810a

Superplasticizer Polycarboxylate ether 1100

a See detailed information in Table 2.
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materials in the mix are adjusted until an optimum fit between
the composed mix grading curve and the target curve is reached,
using an optimization algorithm based on the Least Squares Meth-
od (LSM), i.e. the deviation between the target curve and the com-
posed mix expressed by the sum of the squares of the residuals
(RSS) at defined particle sizes is minimal [26,27,28]. Hence, the
optimized mixture will possess a compact structure/matrix due
to the optimal packing but also large value of non-interconnected
pores, contributed by the LWA, which theoretically will lead to
sufficient mechanical properties as well as good thermal insula-
tion. So far this design methodology has not been addressed in
the literature for the design of LWAC.

PðDÞ ¼
Dq � Dq

min

Dq
max � Dq

min

ð1Þ

where P(D) is a fraction of the total solids being smaller than size D,
D is the particle size (lm), Dmax is the maximum particle size (lm),
Dmin is the minimum particle size (lm) and q is the distribution
modulus.

Densities of lightweight concrete are strongly linked with its
thermal properties. Neville [20] reported that there is an almost
linear relation between the thermal conductivity and the density
of lightweight concrete produced with different types of light-
weight aggregates such as pumice, permite, vermiculite, cinders,

Fig. 2. Particle size distribution of the used materials.

Table 2

Characteristics of lightweight aggregates used.

LWA type Particle size (mm) Dry particle densitya (kg/m3) 1 h water absorption (wt.%) 24 h water absorption (wt.%)

LWA 0.1–0.3 0.1–0.3 810 1.06 2.81
LWA 0.25–0.5 0.25–0.5 540 0.88 3.90
LWA 0.5–1.0 0.5–1.0 450 1.59 8.50
LWA 1.0–2.0 1.0–2.0 350 1.71 7.63
LWA 2.0–4.0 2.0–4.0 310 0.55 7.80

a Taken from the provider.

Fig. 3. Possible interrelations between porosity and permeability [24].
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expanded shale and expanded slag. Loudon [4] also reported that,
despite the effect of the type of the used lightweight aggregates,
the thermal conductivity of lightweight concrete decreases when
its density decreases. Therefore, here the effect of density on the
investigated properties is taken into consideration. Two types of
composites with different workability are developed, which are
self-compacting and conventionally vibrated, to investigate the
influence of the water content and the used distribution modulus.
As from [20,29], the strength of concrete is related to the cement
content. The compressive strength of lightweight concrete pro-
duced from expanded clay and sand increases from 12 to 25 N/
mm2 when the cement content increases from 250 to 480 kg/m3

[20]. Therefore, in the present study the used cement content is
set as a fixed and economically acceptable value in order to mini-
mize the effect of its dosage on the investigated targets.

It is recommended [30] that a water/powder ratio by volume of
0.85–1.10 is a suitable starting value for the water content deter-
mination in order to design self-compacting concrete, which is also
confirmed by Hunger [31], who reported an optimal water/powder
ratio by mass of 0.30. Due to the high fluidity, self-compacting con-
crete/mortar normally has a risk of segregation and bleeding,
which can be prevented by the use of a sufficient amount of fines
(defined as particles with a size smaller than 125 lm). Hence, in
the present study, the water amount, i.e. water/powder ratio is
chosen as one of the research topics, and different water contents
are used to investigate their effect.

For the distribution modulus used in the modified A&A grading
equation, Hunger [31] recommended a value of 0.25 for the design
of self-compacting concrete. As discussed in [23,27], a smaller dis-
tribution modulus leads to a mixture with a larger amount of fine
materials, which in turn results in a larger water demand if the
same flowability is required. Hüsken [19] reported that the com-
pressive strength decreases with the increase of the distribution
modulus q and the decrease is larger with a q from 0.25 to 0.30
than with a q from 0.35 to 0.40. In [28], the effect of the distribu-
tion modulus q on the calcium sulfate-based lightweight compos-
ite was also investigated and a similar finding was reported, i.e. the
increase of the q leads to a reduction of the compressive strength.
Thus, here two different values of 0.25 and 0.32 are applied as the
preliminary design values to study their effect. For the vibrated
lightweight composite design, a larger distribution modulus value
of 0.35 is used, which is usually suitable for conventional vibrated
concrete design [32]. A much lower water content is chosen
(water/cement ratio of 0.35 by mass), because on the one hand this
value is common for conventional vibrated concrete, and on the
other hand a comparable density of this mix to mix SCLC2 is set
in order to study the relation between the density and other
properties.

Therefore, applying the optimization algorithm, a preliminary
design of the solid materials of three mixes is derived here. The de-
signed grading curve as well as the PSDs of the used materials is
shown in Fig. 4, using mix SCLC1 as an example (Table 3), with
the absolute amount of all the materials ready to be varied by
adjusting the water content and superplasticizer (SP) dosage in or-
der to achieve the desired flowability.

2.3. Fresh state behavior

The fresh state behavior analysis of the designed mixtures,
especially in the case of the self-compacting composites, is essen-
tial because only through this step the final water content as well
as the dosage of the superplasticizer can be determined. To reach
the desired workability, the designed mix must have an optimal
balance between the water content and the SP dosage. Insufficient
dosage of the SP results in insufficient flowability; however, over-
dosing the SP may lead to segregation, bleeding, blockage or to a

negative influence on the hydration process. For normal weight
self-compacting mortar, two workability parameters are usually
investigated, i.e. the slump flow and the funnel time, which are
used to assess the flowability and relative viscosity of the mixture,
respectively. In the present study, these two parameters are also
employed for the mix development.

Normally, lightweight aggregates adsorb a certain amount of
water due to their open pores, but the LWA used in the present
study have a very low water absorption, especially in the early
stage due to their rather closed external surfaces (Table 2). The
water absorption of the LWA after contact with water for 6 min,
which is about the time to perform the mini-slump flow and V-
funnel test, is only approximately 0.2% by mass [23], which indi-
cates that the influence of the water absorption on the measured
slump flow spread and V-funnel time can be neglected.

The mini-slump flow test, performed in order to investigate the
flowability of the designed lightweight composite, is carried out
employing the Hägermann cone (see detailed test procedure pre-
sented in [28]). Tregger et al. [33] investigated the rheological
properties of self-compacting cement paste using the mini-slump
flow test, and reported that the spread of the sample becomes sta-
ble at the time of 20 s, which is in line with the duration of the
measurement performed here. The relative viscosity and blocking
behavior of the sample is investigated by carrying out the V-funnel
test with sizes shown in Fig. 5, following the procedure described
in EFNARC [30] for mixes with the maximum particle size smaller
than 4 mm.

Varied slump flow values from 240 mm to 330 mm and V-fun-
nel times from 4 s to 11 s are reported for self-compacting normal
aggregates concrete [25,30,31,34–37]. Different from self-com-
pacting normal aggregates concrete, a great amount of fines is
needed to bound the LWA in order to avoid the segregation of
the developed composite due to the low density of the LWA. There-
fore, the viscosity of the mixture should be higher than for normal
SCC. Hence, in the present study a slump flow value of 300 mm and
V-funnel time value of 9–11 s are chosen as the target values.

By slightly modifying the proportion of the solid ingredients
and changing the amount of SP or the water content, trial experi-
ments are performed in order to achieve the above mentioned tar-
get values. A maximum effective SP dosage of 1.0% by mass of the
cement is found here. Results show that the slump flow remains
constant when increasing the SP amount from 1.0% up to 1.5% by
mass of cement. Actually, this addition (1.0%) is also the recom-
mended value by the SP producer. This is in line with [31], who re-
ported that from a certain dosage of superplasticizer (1.5% based
on the cement content), the mixture (self-compacting mortar) will
not respond anymore with an increase of the slump flow. This indi-
cates that an overdose of SP will not contribute to the flowability,
but on the contrary it might cause problems such as segregation
and delayed setting.

The water dosage is adjusted in order to reach the desired den-
sity and the target flowability. The spread flow increases from
250 mm to 300 mm and V-funnel time decreases from 11 s to 6 s
when the water/cement ratio increases from 0.45 to 0.60 with a
fixed SP dosage of 1.0% by mass of cement, and a water/cement ra-
tio of 0.59 is finally selected to be used in the mix of SCLC1. The
spread flow increases from 300 mm to 340 mm while the V-funnel
time decreases from 16 s to 10 s when the water/cement ratio in-
creases from 0.51 to 0.60 with a fixed SP dosage of 1.0% by mass
of cement. A water/cement ratio of 0.54 is finally selected to be
used in the mix of SCLC2 based on these results.

Hunger [31] reported a V-funnel value between 4 and 6 s for a
self-compacting cement mortar using normal weight aggregates,
and he reported that a V-funnel time of about 7.5 s already causes
the blockage of the V-funnel, which apparently is shorter than the
time obtained here, especially in the case of mix SCLC2. This can be
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explained by the large amount of powders used in these two mixes
compared to the powder content used in the self-compacting mor-
tar in [31]. The distribution modulus of 0.25 is used for the design

of the mix SCLC2, which results in even larger powder content in
this mix than that of SCLC1, as can be seen in Table 3. However,
to use such a large amount of fine materials is necessary to avoid
the segregation of the mixture. This also indicates that the low val-
ues recommended by [31] are less suitable for the design of self-
compacting lightweight mortar.

For the VCLC, two target values are used here, i.e. the density
and the flow determined on a jolting table. The target density of
the VCLC is chosen to be similar to the SCLC2 in order to compare
their properties in hardened state. The flow test is carried out using
a Hägermann cone and a jolting table (15 jolts) with a target flow
value of 150 mm. Based on these requirements, a final water/ce-
ment ratio of 0.38 is chosen and a SP dosage of 0.8% by mass of ce-
ment. Hence, the final determined mix proportions of these three
composites are listed in Table 3.

3. Results and discussion

As the designed lightweight composites are supposed to be
used in monolithic concrete structures, the porosity, density,
strength, and thermal conductivity of the CLC in hardened state
are essential to be evaluated. The porosity is addressed through
both modeling and experimental measurements, while the thermal
and mechanical properties are experimentally investigated.

Fig. 4. Particle size distribution of the used materials and the composed mix SCLC1 and target line (with q = 0.32).

Table 3

Dosages of the developed mixes.

Material SCLC1 (kg/m3) SCLC2 (kg/m3) VCLC (kg/m3)

CEM I 52.5 N 425.3 423.5 419.7
Limestone powder 111.9 259.6 0
Sand 0–4 0 0 407.0
Sand 0–1 0 95.6 0
Microsand 381.5 424.6 306.0
LWA 0.1–0.3 56.0 68.3 0
LWA 0.25–0.5 44.8 0 0
LWA 0.5–1.0 56.0 54.9 0
LWA 1.0–2.0 44.8 39.4 63.6
LWA 2.0–4.0 0 0 71.6
Water 250.9 230.3 159.4
SP (% mass of cement) 1.0% 1.0% 0.8%
Water/cement ratio 0.59 0.54 0.38
Water/powder ratio 0.35 0.26 0.29
Distribution modulus 0.32 0.25 0.35

Fig. 5. Sizes of used V-funnel with the volume of 1.13 dm3.
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3.1. Porosity

3.1.1. Modeling

Fig. 6 shows the schematic diagram of the designed CLC. As can
be seen, the CLC is composed of lightweight aggregates, cement
paste, sand, inert filler and air. In the matrix, the porosity origi-
nates from both the internal porosity of LWA and from the porosity
of the cement paste. Chandra and Berntsson [1] reported that the
exchange of air and water during the water absorption results in
a rim of air bubbles in the interfacial transition zone (ITZ) of the
lightweight aggregates concrete. However, this does not seem to
occur in the present study, as shown in Fig. 7. There it can be
clearly seen from the SEM picture that no air bubbles are present
in the interface zone of the CLC. So here the additional porosity
of the interface zone in the composite is assumed to be very small
and therefore not considered in the calculation.

The internal porosity of the LWA in the designed composite is
calculated from

u
v;LWA ¼

X

n

i¼1

VLWA;i � 1�
qlwa;i

qslwa

� �� �

X

n

i¼1

VLWA;i

,

ð2Þ

where uv,LWA is the porosity introduced by LWA in the designed
composites, qlwa,i (g/cm

3) is the apparent density of aggregate par-
ticles in fraction i, qslwa (g/cm

3) is the specific density of the aggre-
gate raw material and VLWA,i is the volume of the LWA in fraction i.

The porosity resulting from the hydration of cement consists of
two parts: the first part is the capillary porosity and the second
part is the chemical shrinkage porosity due to cement hydration,
which can be described using a model proposed by Brouwers
[38], reading

u
v;paste ¼ uw þus ¼

w0
c0
� n wdmd

mwc

� �

mc
mw

þ w0
c0

ð3Þ

where u is the volume fraction,w0/c0 is the initial water/cement ra-
tio by mass, c is the hydrated cement content (g), td is the specific
volume of the compressed water (here meaning gel water + non-
evaporable water) (cm3/g), tc is the specific volume of the cement
(cm3/g) (here a value of 0.314 cm3/g is obtained from the specific
density of the used cement, see Table 1), tw is the specific volume
of water (cm3/g) (here a value of 1.0 cm3/g is used), wd is the mass
of reacted water (g), n is the hydration degree, subscript v is the
void fraction, paste is cement paste, w is the capillary water and s

is the chemical shrinkage.
Brouwers [38,39] proposed an expression to compute (wdmd)/

(mwc) in Eq. (3) under the assumption of a congruent and full hydra-
tion, reading

wdmd
mwc

¼ 0:284xC3S þ 0:301xC2S þ 1:141xC3A þ 0:387xC4AF

þ ð0:320a0 � 0:082ÞxC�S ð4Þ

where x is the mass fraction, subscripts C3S, C2S, C3A, C4AF, C�S are
alite, belite, aluminate, ferrite, and anhydrite respectively and a0
is the degree of carbonation of the monosulfate phase. The mass
fractions of the above mentioned five phases are calculated using
the Bogue method and the chemical composition of the used ce-
ment obtained from the provider (shown in Table 4a) [40], and
the results are listed in Table 4b. The degree of carbonation of the
monosulfate phase (a0) is assumed zero, due to the short curing
period of 28 days. Hence, (wdmd)/(mwc) can be calculated using the
given values, yielding 0.330.

Therefore, the porosity of the designed lightweight composites
can be calculated from

um ¼ um;LWA �uLWA þum;paste �upaste ð5Þ

where uv is the porosity of the designed composites. The results are
listed in Table 5. Here the hydration degree is assumed to be 0.7 for
the curing age of 28 days [1].

Paste

Air

CLC Solids + Water Ingredients

Water

LWA

Sand

Filler

Fig. 6. Schematic diagram of the volume composition of CLC.

Paste

Sand

ITZ

LWA

Fig. 7. SEM picture of the lightweight composite (the developed VCLC).

Table 4

Chemical composition of CEM I 52.5 N: (a): oxides content; (b): phase content
computed from the Bogue method.

Substance Content (%)

(a)

LOI 1.56
Na2O 0.35
MgO 1.99
Al2O3 4.80
SiO2 19.64
P2O5 0.59
SO3 2.87
Cl 0.06
K2O 0.56
CaO 63.34
TiO2 0.34
Fe2O3 3.28
Others 0.62

(b)

Cement type xC3S xC2S xC3A xC4AF xC�S

CEM I 52.5 N 0.571 0.142 0.082 0.091 0.039
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3.1.2. Experiments

The vacuum-saturation technique is applied in order to saturate
the accessible pores with water, as this technique is referred to as
the most efficient saturation method [41]. Samples with a format
of a disc (a height of 10–15 mm and a diameter of 100 mm) are ex-
tracted from the inner layer of three 150 mm cubes for each pre-
pared lightweight composite.

The saturation is carried out on three samples for each mix, fol-
lowing the standards NT Build 492 [42] and ASTM C1202 [43]. The
following test procedure is employed:

� Place the samples in a dessicator and apply a pressure of
40 mbar for 3 h.

� Fill in slowly the dessicator with water (with the pump still
connected and running) until approximately 10 mm more than
the top surface of the samples.

� Maintain the pressure for an additional hour, then turn the
pump off.

� Let the samples soak in water for 18 h.
� Measure the mass of the surface dry samples in air.
� Measure the hydrostatic mass of the samples (in water).
� Dry the sample in an oven at 105 �C until a constant mass is
reached, then measure the mass.

The water-permeable porosity is calculated as follows:

um;p ¼
ms �md

ms �mw

� 100; ð6Þ

where uv,p is the water-permeable porosity (%), ms is the surface
dried mass of the water-saturated sample in air (g), mw is the mass
of water-saturated sample in water (g), and md is the mass of the
oven-dried sample (g).

The results of the measurements are listed in Table 6. It can be
seen that all the obtained values are larger compared to conven-
tional concrete, for instance [41] reported a porosity of 20.5% of
the concrete produced with a water/cement ratio by mass of 0.60
employing the same measurement method, i.e. vacuum-saturation
technique. This is attributed to the large internal porosity of the
lightweight aggregates. Although the external shell of the used ex-
panded glass lightweight aggregate is rather closed and imperme-
able, it still contains some openings which are interconnected (see
Fig. 1), through which liquids can enter the aggregates. The inflow
of water into the LWA is even more efficient during the vacuum-
saturation process, however there is also a risk that the applied

low pressure could damage the outer shells of the aggregates,
exposing the closed pores and increasing the real permeable
porosity.

3.1.3. Discussion

The measured water-permeable porosities are similar for the
two self-compacting composites, 34.31% and 34.97% in average
for SCLC1 and SCLC2 respectively; while for the VCLC it is slightly
lower, 30.65% in average, as shown in Table 6. Nevertheless, all the
measured values of the permeable porosities are smaller than the
calculated corresponding values, as listed in Table 5. This indicates
that some of the pores in the used LWA are closed and not acces-
sible to water transport.

The calculated total porosity of SCLC1 is larger than SCLC2 but
their measured water-permeable porosities are similar. It is shown
in Table 5 that both SCLC1 and SCLC2 have very similar porosities
contributed by the paste due to the similar water/cement ratios
used in these two mixes. However, as can be seen in Table 6, the
internal pores of the LWA in SCLC2 are much more interconnected.
The possible reason is attributed to the larger amount of the LWA
0.1–0.3 used in mix SCLC2. Apparently, the finest LWA fractions
can be permeated by water easier than the coarser fractions, prob-
ably because the distance that water has to travel with the LWA is
shorter. This size effect means that the probability of reaching a
dead-end pore that hinders any further transport of water is lower
in smaller particles.

The measured water-permeable porosity of VCLC is the smallest
for all the three mixes, which can also be explained by the mix de-
sign. As shown in Table 3, only fractions of LWA with the large size
of 1–2 mm and 2–4 mm are used in the VCLC. Therefore the inter-
connection possibilities between particles are reduced to some ex-
tent, and besides the water transport route is reduced also due to
the small capillary porosity of the paste (low water/cement ratio,
see Table 5). A more detailed analysis with regard to the under-
standing of the problems associated with the permeability of the
composite is further presented in the Part 2 of this study [18].

3.2. Mechanical properties

Fig. 8 shows the compressive and flexural strength develop-
ment of the lightweight aggregates composites as a function of
the curing time. All these three mixes have a similar feature of a
quite fast early stage strength development. The compressive
strength of the mixes SCLC1 and SCLC2 after 24 h curing reaches
58.8% and 57.1% of their compressive strength at 28 days, respec-
tively, while the compressive strength of VCLC reaches even
74.5% of its value at 28 days after 24 h curing.

This probably can be explained by the used lightweight aggre-
gates. The relatively high strength at 1-day compared to its 28-
day compressive strength probably does not mean the fast strength
development, as the final strength in fact is not very high. It may
only indicate that the final strength is significantly affected by

Table 5

Theoretical porosity of the designed lightweight composites.

Mix uv,paste (%) upaste (dm
3/m3) uv,LWA (%) uLWA (dm

3/m3) uv (%)

SCLC1 39.71 384.6 79.73 404.2 47.50
SCLC2 36.18 363.5 79.25 318.7 38.40
VCLC 21.47 291.4 86.67 412.6 42.01

Table 6

Water permeable porosity measured using vacuum-saturation method.

Mix Sample number ms (g) mw (g) md (g) Water-permeable porosity uv,p (%) Average uv,p (st. dev.) (%)

SCLC1 1 140.78 56.74 111.42 34.94 34.31 (1.62)
2 140.90 53.45 109.84 35.52
3 137.00 49.97 108.74 32.47

SCLC2 1 180.28 81.72 145.37 35.42 34.97 (2.05)
2 199.51 101.32 167.38 32.72
3 187.37 88.77 151.13 36.75

VCLC 1 168.29 71.87 138.95 30.43 30.65 (0.26)
2 168.61 72.72 138.94 30.94
3 172.67 74.86 142.75 30.59
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the applied LWA, as will be discussed. Although, the porous struc-
ture of the used LWA allows absorption of water into their pores,
so then the absorbed water can be used later on for ‘‘internal cur-
ing’’ during the hardening process [1].

Another remarkable finding is that the compressive strength of
all the three mixes already reaches the maximum value at the age
of only 7 days, as can be seen in Fig. 8a. This is confirmed by [17],
who observed very similar phenomena using the same type of ex-
panded glass as aggregates. A statistic comparison of the strength
development of the lightweight concrete containing different types
of LWA is presented here, and the results are shown in Fig. 9. It is
clearly seen that the lightweight concrete, although produced from
different types of LWA, has the similarity of fast strength develop-
ment at early age. This feature becomes more significant especially
in the case of the lightweight concrete with the 28-day compres-
sive strength lower than 30 N/mm2. This probably can be attrib-
uted to the effect of the lightweight aggregates, i.e. the
compressive strength of the lightweight composites from one point
is dominated by the strength of the used LWA and not by the
strength of the cement matrix. This is also confirmed by the flex-
ural strength results, as shown in Fig. 8b. It clearly shows that
the flexural strength of the three mixes is continuously increasing
until the age of 28 days, which indicates that the hydration process
is still going on although the compressive strength does not in-
crease anymore.

As discussed in the previous section, for lightweight concrete or
mortars, the compressive strength is strongly linked with their
density, i.e. the compressive strength decreases with the decrease
of the density. Especially when applied in long-span or high-rise
buildings, the density and strength of the lightweight concrete is
crucial, i.e. to reach a high strength while retaining low density.
This relation is usually investigated using the so called structural
efficiency, which is calculated from the ratio of the compressive
strength at 28 days to the density, as

ste ¼
rc

q
ð7Þ

where ste is the structural efficiency (N m/kg), rc is the compressive
strength at 28 days (N/mm2) and q is the apparent density of the
sample (kg/m3), respectively.

The structural efficiencies, as well as the densities of these three
mixes and their relevant compressive strengths at 28 days are
listed in Table 7. It can be clearly seen that, although the compres-
sive strength and densities of the three mixes are different from
each other, the calculated structural efficiencies are very similar.

This may be explained by the used cement content in the light-
weight composites. As presented in Table 3, the cement content
in the present study is kept at the same low level, around
420 kg/m3, for all the three mixes.

Further analysis of the structural efficiency is carried out using
the lightweight aggregates concrete/mortar produced with differ-
ent types of LWA, such as expanded clay, pumice, tuff, diatomite
and recycled bricks [1,9,44,45], and the results are shown in
Fig. 10. Surprisingly, it can be seen in Fig. 10a that the structural
efficiency has a rather good linear relation with the compressive
strength of the lightweight concrete, although produced from dif-
ferent types of LWA. However, the structural efficiency of the light-
weight aggregates concrete does not have any clear relation with
their density, as can be seen from Fig. 10b. This demonstrates that
the compressive strength of lightweight concrete is not necessarily
linked with its density, but more with the type of lightweight
aggregates used. It also indicates that the structural efficiency is
more dominated by the compressive strength than the density of
the lightweight concrete/mortar. One can also conclude that the

Fig. 8. Strength of the three lightweight aggregates composites ((a) compressive strength; (b) flexural strength).

Fig. 9. Compressive strength comparison between the age of 7 days and 28 days of
lightweight concrete/mortar using different types of LWA, note: 1: expanded clay
[1]; 2: expanded clay [13]; 3: expanded clay [22]; 4.1: recycled stone [31]; 4.2:
pumice [31]; 4.3: tuff [31]; 4.4: diatomite [31]; 5: expanded polystyrene [44].
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structural efficiency is not suitable to be used to compare the per-
formance of the lightweight aggregates concrete produced with
different types of LWA. Further investigation is still needed here.
Nevertheless, the obtained structural efficiencies of the current
lightweight composites are compared with the lightweight con-
crete [46,47] produced also from the same type of LWA used in
the present study. In [46], five different types of lightweight con-
cretes were developed and the structural efficiencies range from
13,333 to 16,000 N m/kg; while in [47] also five different concretes
were designed and the structural efficiencies range from 13,605 to
16,667 N m/kg. It can be clearly seen from Table 7 that the three
lightweight composites developed here have higher structural effi-
ciency, which could be possibly explained by the applied mix de-
sign methodology.

3.3. Thermal properties

Thermal behavior is a key factor in the development and appli-
cation of lightweight concrete. Thermal behavior of lightweight
aggregates concrete is related to its thermal conductivity and its
density, which in turn is influenced by its pore structure, i.e. the
air-void system, aggregates and the matrix [1]. Therefore the ther-
mal conductivity is addressed in the present study as well.

The thermal conductivities of the three developed mixes are
measured using a heat transfer analyzer (ISOMET Model 2104). A
detailed description of the measurement methodology is presented
in [48]. Here the samples are first dried in a ventilated oven at
105 �C until the mass becomes constant following the standard
EN 12390-7:2009 [49], and then cooled down to room temperature
for executing the thermal conductivity measurement. The average
results are listed in Table 8.

Table 7

Compressive strength, density and calculated structural efficiency of the lightweight aggregates composites.

Mix Compressive strength (N/mm2) Density (kg/m3) Structural efficiency (N m/kg)

SCLC1 23.3 1280 18,200
SCLC2 30.2 1490 20,260
VCLC 27.5 1460 18,456

Fig. 10. Structural efficiency of lightweight concrete/mortar using different types of LWA ((a) versus compressive strength at 28 days; (b) versus density), note: 1: expanded
clay [1]; 2: pumice [45]; 3: tuff [45]; 4: diatomite [45]; 5: expanded clay [9]; 6: recycled bricks [9]; 7: no fines [9]; 8: expanded polystyrene [44]; 9: present experimental
results.

Table 8

Thermal physical properties of the lightweight aggregates composites.

Mix Density (kg/m3) Thermal conductivity (W/(m K))

SCLC1 1280 0.485
SCLC2 1490 0.738
VCLC 1460 0.847
Referencea 2300 1.700

a Reference self-compacting concrete prepared with normal weight aggregates.

Fig. 11. The thermal conductivity versus density of the two SCLC (a0 = 0.11 and
b0 = 0.0012).
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It can be seen that, with the increase of the density, the thermal
conductivity of the two SCLC increases. ACI committee 213R-03 [3]
and Topcu and Uygunoglu [45] reported that the relation between
the thermal conductivity and density follows an exponential rela-
tionship, which reads as:

k ¼ a0 � eb0�q ð8Þ

where k is the thermal conductivity (W/(m K)), q is the density (kg/
m3), and a0 and b0 are parameters. ACI committee 213R-03 [3] pro-
posed the values of 0.072 and 0.00125 for a0 and b0 respectively.

Using the experimental values from Table 8 for SCLC1, SCLC2
and reference self-compacting concrete, the values of a0 and b0
can be obtained employing the Solver function from Microsoft Ex-
cel@, yielding a0 and b0 of 0.11 and 0.0012 respectively, with the
coefficient of determination (R2) of 0.99. The results are shown in
Fig. 11. It can be seen that the value of a0 is larger than the recom-
mended value from [3], but it is in line with the value reported by
[45], who derived a0 (0.1242) and b0 (0.0011) also based on self-
compacting lightweight concrete.

However, as already presented in [48], the thermal conductivity
of a material is related not only to the porosity or density of the
matrix, but also to the thermal conductivity and particle shape of
all the materials in the matrix. Therefore, the proposed expression
(Eq. (8)) can only be used to estimate the relation between the den-
sity and thermal conductivity, which is also in line with [1,4] who
reported a significant influence of the LWA type on the thermal
conductivity.

This is also confirmed by the thermal conductivity value of the
VCLC, as listed in Table 8. With a density similar to SCLC2, the ther-
mal conductivity of VCLC is 14.8% larger than that of SCLC2. This
indicates that the Eq. (8) is not suitable to compare concretes/mor-
tars of different types. The larger thermal conductivity of the VCLC
can be explained by the used mix design. Although the total poros-

ities of SCLC2 and VCLC are comparable (See Table 5), it is obvious
that the paste porosity of VCLC is much smaller, due to the low
water/cement ratio used in the mix of VCLC (see Table 3). This re-
sults in a much faster transport route for heat. Despite the fact that
the internal porosity of LWA in VCLC is larger than that of SCLC2,
the LWA in SCLC2 are better distributed because they are smaller,
which contributes finally to the lower heat transfer rate. This is
confirmed by the pictures of cut surfaces of the three composites
shown in Fig. 12, where it can be seen that the LWA are more den-
sely distributed in the case of SCLC1.

3.4. Discussion

In the above sections, three mixes are developed and investi-
gated. In order to study the effect of the density on strength and
thermal conductivity, two self-compacting mixes (SCLC1 and
SCLC2) and one vibrated mix (VCLC) are designed. Two mixes with
self-compacting properties are designed applying different distri-
bution moduli in order to study their influences.

The smaller distribution modulus applied in the design of mix
SCLC2 compared to that in SCLC1 results in a smaller porosity
(see Table 5) due to the larger amount of inert fines used in that
mix (see Table 3). This smaller porosity should theoretically lead
to a higher strength, which is confirmed by the experimental re-
sults, as shown in Fig. 7, and to a larger thermal conductivity which
is also confirmed by the values listed in Table 7. Therefore, the
selection of a suitable distribution modulus should be taken into
consideration in order to obtain an optimal balance between the
strength and thermal conductivity.

SCLC2 and VCLC, designed following different distribution mod-
uli and using different materials, have comparable densities.
Surprisingly, these two composites have quite different thermal
conductivities, which is in conflict with the well accepted opinion,

Fig. 12. Pictures of the cut surface of the three composites: (a) SCLC1; (b) SCLC2; (c) VCLC.
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i.e. the direct relation between the thermal conductivity and den-
sity (see Eq. (8)). However, this finding confirms the analysis pre-
sented in [48]. The difference in the measured thermal
conductivity between these two mixes can actually be explained
by the water-permeable porosity (see Table 6), i.e. the small per-
meable porosity of VCLC leads to a larger thermal conductivity,
and also by the distribution of the lightweight aggregate particles
in the matrix.

The LWA used is produced from the recycled glass. Therefore,
the possibility of alkali–silica reactivity is taken into consideration
because of the high content of amorphous SiO2 in LWA (about 70%
by mass). Ducman et al. [50] reported that although the expanded
glass aggregates are reactive, they do not cause either expansion or
crack in concrete. This is attributed to the very porous structure of
the aggregates, which provides sufficient space for ASR products,
which is also confirmed by [1]. Zhang and Gjorv [51] also reported
that, although there is a certain degree of pozzolanic reaction be-
tween the cement paste and the LWA, which contain SiO2, Al2O3,
and Fe2O3 up to 85% in total, the effect is very small and can be ne-
glected. However, the SEM experiments performed here (monitor-
ing time up to 20 months after samples cast) indicate that there is
no observed chemical reaction between the LWA and cement ma-
trix. A more detailed analysis is presented in Part 2 of this study.

4. Conclusions

This article addresses the development of cement-based light-
weight aggregates composites aiming at a good balance between
a low thermal conductivity and good mechanical properties. The
designed lightweight composites can be applied monolithically
as concrete structure, as both structural load-bearing elements
and thermal insulator. Based on the investigation presented above,
the following conclusions are drawn:

� Applying the described design methodology, three lightweight
aggregates composites are developed, with a good balance
between the thermal properties and mechanical properties,
can be used as both structural element and thermal insulation
materials.

� The difference between the calculated total porosity and the
measured water-permeable porosity indicate that the used
LWA have a certain amount of closed internal pores, which con-
tribute to a better thermal insulation of the developed
composite.

� The final compressive strength of developed composites is
strongly limited by the applied LWA. Although there is still
hydration ongoing after 7 days, the compressive strength
remains unchanged due to the weakness of the used LWA.

� The developed lightweight composites have similar structural
efficiencies; and the analysis indicates that the structural effi-
ciency is not suitable to be used to compare lightweight con-
crete produced with different types of lightweight aggregates.

� In the case of using the same type of LWA, the thermal conduc-
tivity of cement-based lightweight composite is linked directly
with its density.

� The selection of finer LWA, which can be more homogeneously
distributed in the matrix, leads to a lower thermal conductivity
than selection of coarser LWA which are distributed more spar-
sely in the matrix.
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