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� Fresh properties of self-compacting lightweight concrete (SCLC) is investigated.
� Lightweight aggregates (LWAs) made from 90% fly ash and 10% cement by pelletizing.
� Treated LWA and nano-silica (nS) contributed to a higher blocking ratio.
� Higher viscosity was accompanied the higher amount of nS addition.
� Treated LWAs improved SCLC workability and 28 days compressive strength.
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This paper presents the fresh properties of self-compacting lightweight aggregate concrete (SCLC) made
with cold bonded fly ash (FA) lightweight aggregate (LWA) at a wide range of water-to-binder (w/b)
ratios. For this, three concrete series including eighteen SCLCs were designed with w/b ratios of 0.25,
0.37 and 0.50, respectively. Each series have 6 different mixes in which two type of coarse LWAs (surface
treated or not) and three nano silica (nS) replacement levels (0, 2.5% and 5.0%) are considered. The prop-
erties of SCLCs were observed in terms of slump flow diameter, T500 slump flow time, V-funnel flow time,
and L-box height ratio. The compressive strength test was also conducted to obtain the strength level at
28 days. It is found that the fresh SCLCs have good fluidity, passing ability, uniform aggregate distribution
and resistance to segregation. Incorporating treated coarse LWAs increased the workability characteris-
tics of SCLCs. However, appreciable improvement in the consistency of SCLCs by nS addition was
observed. The SCLCs made with treated LWAs and 5% nS were found to be the harder samples in this
research.

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

Considering the environmental pollution, the control and man-
agement of solid waste materials is one of the worldwide challeng-
ing matters. Large amount of fly ash (FA) generated by Thermal
Coal-fired Power Plants has been remained unutilized in landfills
and storage ponds. With the proper awareness and technology
development, the utilization of industrial by-products and wastes
powder materials such as FA in production of artificial lightweight
aggregate (LWA) has attracted the attentions of investigators and
practitioners in the recent years as an effective way for renewable
resources [1–3]. Pelletization or cold bonding method is an
alternative way to produce LWA from waste materials like FA.
Moreover, it can be considered environment friendly and economic
due to the minimum energy consumption. In cold bonding method,
the reaction between FA and cementitious material during the
production of LWA leads to form bonds in the spherical pellets
produced by agglomeration of the moisturized fines with water
acting as a coagulant in a rotating disc. The agglomerated particles
left to cure for several days at ambient temperature to improve the
LWAs strength [2]. The production of LWAs from FA is an impor-
tant issue since the application of recycling waste is considered
alternative sources to provide artificial LWAs and reducing the
dependence of the concrete industry on natural aggregates.

Self-compacting lightweight aggregate concrete (SCLC) is a kind
of high performance concrete developed by combining the favor-
able properties of self-compacting concrete (SCC) and lightweight
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Table 1
Chemical composition and physical properties cementitious materials used.

Item Portland
cement

Fly ash Nano silica

CaO (%) 62.12 2.24 –
SiO2 (%) 19.69 57.2 99.8
Al2O3 (%) 5.16 24.4 –
Fe2O3 (%) 2.88 7.1 –
MgO (%) 1.17 2.4 –
SO3 (%) 2.63 0.29 –
K2O (%) 0.88 3.37 –
Na2O (%) 0.17 0.38 –
Loss of ignition (%) 2.99 1.52 61.0
Specific gravity 3.15 2.04 2.2
Blaine fineness (m2/kg) 394 379 –
Surface-volume ratio (m2/g) – – 150 ± 15
Average primary particle size (nm) – – 14
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concrete. Therefore, SCLC is a type of high performance concrete
characterized by its ability to penetrate through congested rein-
forcement, fills complicated shapes without segregation and bleed-
ing as well as places and compacts under self-light weight [4–6].
The reduction in self-weight of SCLCs can result in smaller areas
of sectional members and easier for handling and transporting.
Additionally, by skipping vibration process the segregation of
LWAs in place of SCLCs can be prevented [7–9]. Due to the huge
compensation of aggregates, the workability characteristics of
SCLCs are very allergic to the aggregate shape, texture and size.
The diversity of LWAs properties result in distinctive behavior
among the SCLCs. Therefore, the characteristics of SCLCs should
be examined independently for each type of LWAs. Choi et al.
[10] showed that less than 50% coarse LWAs and fine 75% LWAs
satisfied the fresh requirements of SCLCs. A comparison study
demonstrated that less superplasticizer and viscosity modifying
agent needed to obtain same workability of SCLCs to that of normal
weight self-compacting concretes with a fresh density of 1640–
2200 kg/m3 respectively [11]. Lachemi et al. [12] noted that SCLCs
mixes made with lightweight furnace slag sand exhibited lower
flowability, passing ability and resistance to segregation with
higher viscosity than mixes prepared with normal weight sand.
Gamal [13] discussed the effects of water to cement ratio on fresh
properties of SCLCs produced from locally expanded clay as coarse
lightweight aggregates. Topçu and Uygunoğlu [14] founded that
the lighter aggregates increased the slump flow diameters of self-
consolidating concretes. However, Hwang et al. [15] indicated that
the slump flow diameter of fresh SCLCs mixes ranged with
470 mm, 530 mm and 710 mm at water-to-binder (w/b) ratio of
0.24, 0.32 and 0.4, respectively. Gesoğlu et al. [16] demonstrated
that SCLCs including 100% of LWAs was of nearly 25% less unit
weight than control mix with 100% normal weight aggregates
and also concluded that increased the replacement ratio of LWAs
improved the flowability of fresh concrete and reduced the com-
pressive strength of SCLCs. In the design of concrete, spherical
shaped aggregates with smooth surface are preferred because they
more readily flow past each other as well as the reduction in speci-
fic surface area requires less cement and water [10,16–19]. Fur-
thermore, recent study stated that the incorporation of treated
aggregates enhances the workability performance of SCCs [6].

Noticeable obstacles relevant with LWA application in concrete
was reduction of compressive strength and phenomena of aggre-
gates flooding. A number of studies have been reported in the lit-
erature concerning the use of mineral admixtures to overcome
such obstacles and improve the self-compacting compatibility
characteristics of the concretes [20–22]. Nano-Silica (nS) was quite
efficient in enhancing strength, durability and microstructural
behavior cement paste compared to the traditional pozzalanic
materials [23]. It was reported that the FA has low initial activity,
but the pozzolanic activity notably improved after using a little nS
[24]. Yu et al. [25] observed that the retardation of cement hydra-
tion reaction resulted from the high amount of superplasticizer uti-
lized to produce ultra-high performance concrete can be
significantly compensate by incorporating nS. Incorporation of nS
in ultra-high performance concrete significantly improves the
resistance to aggressive environments as the value of capillary
pores decreases [26]. Madani et al. [27] concluded that the larger
particle size nanosilicas had better performance in improving later
age microstructure of concretes compared to the finer particle size.
Ghafari et al. [28] performed a review on ultra-high performance
concrete enhanced with nano-materials. The authors concluded
that the effect of nS on the workability properties and thixotropic
behavior has not been well addressed. The experimental results of
Jo et al. [29] showed that the compressive strength of mortars with
nS particles were all higher than those of mortars with silica fume.
On the other side, SCC incorporating nS enhances concrete quality,
keeping into account the challenges for the side effects on the fresh
properties as the water demand increases [30,31]. At the same line,
there are several investigations on incorporation of nS in concrete
proportioning but most of them have supposed high water to bin-
der ratios (w/b), which cannot exactly exhibit the efficiency of
them with low w/b ratios [32–35]. Moreover, in spite of various
types of conventional pozzolanic materials are successfully applied
to produce SCLC [36–38]; the use of nano technology in concrete
production, so far, was restricted with production of conventional
concrete [31,39–42]. In the present study, the incorporation of nS
aims to lessen the adverse effects of artificial cold bonded LWA
on concrete properties, reduce hazardous wastes effect, and access
better performance of construction industries in civil engineering.

However different aspects of SCCs and SCLCs containing artifi-
cial cold bonded aggregates reported in recent literature. In the
current literature, to the best of the authors’ knowledge, there is
no experimental work investigated fresh properties of SCLC incor-
porating treated fly ash cold bonded LWAs and nS. So this paper
presents the hitherto unavailable results to fresh properties of
the SCLCs produced over a wide range of w/b ratios with cold
bonded LWA and three different replacement ratios of nS. More-
over, Low, moderate and high w/b ratios were selected to design
eighteen SCLC mixtures as there is an expectation of change in
the workability properties of SCLC by varying w/b ratio with the
presence of nS and two types of LWAs (untreated and treated).
To attain the purpose of our study, powder mixture of 90% FA
and 10% Portland cement was used through the cold bonding pro-
cess to produce artificial LWAs. Following the LWA production,
aggregate were screened to have fractions between 2.0–4.0 mm
and 4.0–16 mm. A potential treatment on a half of coarse LWA vol-
ume was implemented by using soluble solution of sodium sili-
cates (water glass) in order to enhance the impermeability and
strength of cold bonded aggregates. To attain the purposes of this
study, a comparison between eighteen mixes was presented herein
based on the results of slump flow, V-funnel, L-box height ratio and
28 days compressive strengths.

 

2. Experimental program

2.1. Cement, fly ash, nano silica and superplasticizer

In this study, a CEM I 42.5 R Portland cement was used for preparing the light-
weight aggregates and the eighteen SCLCs mixes. Class F of FA confirming to the
requirements specified in ASTM C 618 [43] was utilized as a mineral admixture
in SCLC mixes at 25% replacement level by weight of cement and also for making
LWAs. Additionally, the hydrophilic fumed silica with a specific surface area of
150 m2/g was used. Table 1 shows the physical and chemical properties of cement,
FA and nano silica (nS). High range water reducing admixture (HRWRA), based on
polycarboxylic ether formulation with a specific gravity of 1.07 was utilized in all
mixes to give the desired flowability.
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2.2. Lightweight fly ash aggregates

The major procedure of LWAs preparation comprises of mixing, pelletizing and
curing. The process starts by adding 90% FA and 10% cement as a dry powder, the
total feeding weight must not exceed 10–13 kg as the pan volume equal to 0.176
m3, thereafter to ensure the homogeneity the disk was revolved at a constant speed
and then water nozzles was operated to spray a water quantity at 18–20% by
weight of powder materials. It has been observed the formation of pellets occurred
after 10 min as soon as water spraying finish, notwithstanding of this the total per-
iod for cold bonded technique close to 20 min, the further time is necessary to earn
pellets a sufficient stiffening. The stage of curing for cold bonded aggregates must
be start immediately at the end of pellets creation by saving the fresh pellets in
sealed bags for 28 days at temperature and relative humidity of 20 �C and 70%
respectively. At the end of curing period, the hardened lightweight aggregates were
sieved into fractions of 4–16 mm as lightweight coarse aggregates and 2–4 mm as
lightweight fine aggregates to be used in concrete production.

The study involved evaluating the water glass treatment usefulness on the
physical properties of coarse cold bonded LWA as well as the feasibility of using
the treated aggregates in SCLCs. For this objective, solutions of soluble silicates
namely water glass being used for treating the coarse aggregate. The physical and
chemical properties of water glass are tabulated in Table 2. The treatment stages
were started with soaking aggregates in solution for 1 h, during this step the aggre-
gates were mixed every 10 min to enhance surfaces covering ability, thence the
aggregates were collected by 4 mm sieve and waited 5–10 min to loss the excess
solution. Eventually, drying stage was followed to gain water glass shells strength
and to prevent sticking of aggregate particles. For this, the aggregates were dried
firstly by hot air for 15 min and then they were loaded to ventilated oven. It was
reported that there was a risk of cracking in pellets during heating process, as
reported by Koçkal and Özturan [18]. For this, the temperature of drying was
increased gradually up to 110 �C, and then remaining until the variance in mass
during 24 h is smaller than 0.1% and then cooling aggregates to room temperature.

Physical properties of untreated and treated surface LWAs were carried out
according to ASTM C127 [44]. The specific gravity of fine lightweight aggregates
was 1.74 at saturated surface dry condition (SSD). On the other hand, the specific
gravity values of ordinary surface lightweight coarse aggregates and treated surface
lightweight coarse aggregates were 1.75 and 1.76, respectively. It can be stated that
there is a very slight increase in specific gravity related to glass shells created after
treatment process on the surface of aggregate particles. The physical properties of
LWAs also included water absorption after 24 h submerging in water; it was
observed that there is a remarkable reduction in water absorption owing to treat-
ment technique. This situation can be attributed to the surface of aggregate particle
was penetrated with water glass owing to treatment technique [45]; thereby the
most of surface pores were blocked. The water absorption for ordinary surface light-
weight coarse aggregates was 21.6% whilst it was about 4.2% for treated. Further-
more the treatment process changed the surface appearance as it can be seen
from Fig. 1 the glassy layer for the treated aggregates with comparison to untreated
aggregates.

2.3. Normal weight aggregates

In this research, crushed sand was used as a normal weight aggregate. The
aggregates were sieved into size fractions of 0.25–2 mm. The specific gravity was
2.4.

2.4. Mixture proportions details

In order to investigate the effectiveness of w/b ratio, aggregates surface treat-
ment and incorporating of nS on consolidating characteristics of SCLCs, three
different SCLC groups were developed depending on the total binder contents of
600 kg/m3, 550 kg/m3 and 450 kg/m3 for 0.25, 0.37 and 0.50 w/b ratio, respectively.
Each group consist of 6 mixes, so that one reference mix at each group was made
with untreated surface lightweight coarse aggregates and incorporated binary
blends of 25% FA and 75% cement by weight of total binder contents. Moreover,
the binary blends of FA and cement were also used when untreated aggregates
had been replaced with treated aggregates at the same concrete group. The other
mixtures of untreated and treated aggregates were employed by joining nS at
two different replacement levels of 2.5% and 5.0% by weight of cement to the blends
Table 2
Physical and chemical properties of water glass utilized in surface treatment.

Property or item Portland cement

Appearance Clear liquid
Weight ratio 3.1
Be0 (20�) 400

SiO2 (%) 27
Na2O (%) 8.7
Viscosity (20�) 150
of FA and cement. Thus, totally eighteen SCLCs mixtures were produced in the
current investigation. On the other side, all concretes were made with light weight
coarse and fine aggregates, covering the 50% and 25% of the total aggregates volume
fractions, respectively. The last 25% of the total aggregates volume fractions was
occupied by the natural crushed sand fine aggregates. As seen Fig. 2, the aggregates
fractions of 0.25–2.0 mm, 2.0–4.0 mm and 4.0–16 mm were mixed to obtain the
gradation curve provided compatibility with TS 802 [46]. In the present work, all
of the concrete mixtures were designed to give a slump flow diameter of
700 ± 50 mm so as to satisfy EFNARC (European Federation for Specialist
Construction Chemicals and Concrete Systems) limitation [47]. To achieve this
target workability, trial batches were prepared for each mixture by using HRWRA
at varying amounts till the desired slump flow diameter has been obtained. The
actual mix proportions for 1 m3 concrete are given in Table 3, in which the
concretes were designated in terms of the type of lightweight coarse aggregate
surface used in the concrete production followed by the percent of nS incorporated
in binder. Therefore, for a given w/b the mix ‘LWA-nS2.5’ indicates the concrete
made with ordinary surface lightweight coarse aggregates, whilst ‘LWA-WG- S2.5’
denoted the concretes created with treated surface lightweight coarse aggregates.

 

2.5. Concrete casting

To provide the same homogeneity and uniformity, the same procedure for
batching and mixing was adopted in the production of SCLCs. Considering modify-
ing SCLCs mixture proportions, a qualitative assessment of the mixture is often as
significant as any test measurement occupied. Pan type mixer has been used in
mixing the quantities of SCLCs in the laboratory. The mixing pan is removable for
easy access to mix and tilts for self-ability emptying on completion of the mixing
operation. The moisture condition of aggregates has an influence on the slump loss
because of the water absorption by LWAs. Therefore, in order to eliminate the early
slump loss of LWA, the artificial aggregates were steeped in water up to saturation
and then dripping the excessive water on the surfaces of aggregates [3,18]. The
steps of concrete mixing process began with aggregates mixing for 1 min and it
was followed by incorporating binder in mixer to mix them again for 1 min in order
to homogenize the mixture. HRWRA was dispensed into the concrete together with
the mixing water and the concrete was mixed for 3 min and then left for 2 min rest.
It was observed from trial mixes that plasticizing effect were higher if the HRWRA is
added to the damp SCLCs after 50–70% of the mixing water has been added. On the
other hand, the mixing water containing HRWRA was added in two parts to avoid
segregation. Finally, the concrete was mixed for additional 2 min to complete
mixing sequence.
2.6. Test procedure

Fresh densities of SCLC mixes were measured instantly after casting in accor-
dance to ASTM C138 [48]. Slump flow, V-funnel, and L-box height ratio tests were
used to test the fresh properties of SCLC in accordance to EFNARC [47]. For tradi-
tional vibrated concrete the slump test are used to measure the vertical settlement
of concrete t, while for SCCs the slump test allows a sample of fresh concrete to flow
out in all directions. Thereby, the test measures an unconfined horizontal spread of
the sample which can be considered as a primary check to the specification in terms
of flow. Furthermore, visual observations during the test can give important infor-
mation on the segregation resistance and uniformity of each mixture. However, the
visual stability index observation was carried out in this study to detect the SCLC
stability. In this index, the concrete classified into four groups according to their
stability (high, slight, moderate and weak). The visual observation start after
removing slump cone and the segregation resistance of fresh concrete can be esti-
mated visually by measuring a coarse aggregate lump or the thickness of cement
paste spread away from the coarse aggregate [49]. It was reported in EFNARC
[47], SCCs classified into three classes with respect to slump flow diameter. The lim-
its of these three classes are given in Table 4. The fresh concrete speed had been of
interest from the very first tries to evaluate slump-flow. The time taken from the
moment the slump cone is being removal to circle of 500 mm in diameter is a
flow-rate namely as T500 mm slump flow time.

The V-funnel flow time test value describes the filling ability (fluidity) as well as
flow-rate of fresh concrete. The V-shaped funnel used in this research had a volume
of approximately 10.5 L, the time recorded by a stopwatch between the moments of
opening the gate and when it is possible to see vertically through the funnel into the
container below for the first time is the V-funnel flow time. Regarding the relation-
ship between the flow rate measuring by V-funnel flow time and slump test, it can
be describes viscosity of fresh SCCs as classified in EFNARC [47], on the other hand it
can be seen from Table 4 there are two classes of fresh SCCs viscosity and its clearly
shown that the flow rate values do not measure the viscosity directly.

The primary application of L-box test is to measure the passing ability of fresh
concretes. The set of vertical reinforcing bars fixing in the horizontal tank directly
behind the separating gate making the test simulates the fresh concrete passing
through restricted and narrow opening as these two parameters may be cause a
blocking or segregation during the flow which is generated by the static weight
of the fresh concrete in the vertical column at the beginning of the test. The
L-box used in this work has a vertical column with a capacity of 12 L.

 



Fig. 1. Left treated lightweight coarse aggregates, right natural surface lightweight coarse aggregates.
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Fig. 2. Gradation curve of the mixture for SCLCs.
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The compressive strength measurements were conducted on three
150 � 150 � 150 mm cubes at 28 days of age. Three cubes for each mix were tested
by means of a 3000 kN capacity testing machine. The mean value of three test spec-
imens was calculated for the SCLCs casted in this investigation.
Table 3
Details of mix proportions in kg/m3.

Mix type Code w/b Cement Fly ash Nano silica Water LW

Mix 0.25 LWA-nS0 0.25 450 150 0 150 551
LWA-nS2.5 0.25 438 150 12 150 550
LWA-nS5.0 0.25 420 150 30 150 548
LWA-WG-nS0 0.25 450 150 0 150 554
LWA-WG-nS2.5 0.25 438 150 12 150 553
LWA-WG-nS5.0 0.25 420 150 30 150 551

Mix 0.37 LWA-nS0 0.37 412.5 137.5 0 203.5 520
LWA-nS2.5 0.37 401.5 137.5 11 203.5 518
LWA-nS5.0 0.37 385 137.5 27.5 203.5 516
LWA-WG-nS0 0.37 412.5 137.5 0 203.5 523
LWA-WG-nS2.5 0.37 401.5 137.5 11 203.5 521
LWA-WG-nS5.0 0.37 385 137.5 27.5 203.5 519

Mix 0.50 LWA-nS0 0.50 337.5 112.5 0 225 531
LWA-nS2.5 0.50 328.5 112.5 9 225 530
LWA-nS5.0 0.50 315 112.5 22.5 225 529
LWA-WG-nS0 0.50 337.5 112.5 0 225 534
LWA-WG-nS2.5 0.50 328.5 112.5 9 225 533
LWA-WG-nS5.0 0.50 315 112.5 22.5 225 532

LWA: Lightweight aggregates.
3. Results and discussion

3.1. Fresh density

The fresh density of different concrete groups is tabulated in
Table 3. It can be seen the fresh density of concretes varies from
1959 to 1963 kg/m3, 1889–1892 kg/m3 and 1834–1838 kg/m3 for
0.25, 0.37 and 0.5 w/b ratios, respectively. According to results all
concrete mixes for second and third group can be considered as a
lightweight concrete, whilst the recorded results of the first group
with 0.25 w/b ratio slightly increased and may be classified as a
semi-lightweight concretes. This might be attributed to three rea-
sons. First, the use of lower w/b ratio in this group reduced poros-
ity; consequently, increased density. Second, the binder content
was the higher in comparison with other groups. Finally, the com-
bined use of crushed sand and lightweight fine aggregates which
caused the fresh density of concretes to excel the ACI limitation
[50]. It was observed that there are a very slight increment in fresh
density due to the replacement of untreated with treated coarse
aggregates and this is related to specific gravity of treated aggre-
gate relatively higher than untreated aggregates. Another indica-
tion must be mentioned that the replacement of cement by nS
decreases slightly the fresh density state of concrete. This behavior
A (4–16) mm LWA (2–4) mm Natural aggregate (0–2) mm Fresh density

.7 273.9 375.9 1959.4
273.1 374.8 1959.2

.1 272.2 373.5 1963.1

.8 273.9 375.9 1962.5

.1 273.1 374.8 1961.6

.2 272.2 373.5 1961.7

.1 258.3 354.4 1889.7

.6 257.5 353.4 1889.2

.8 256.6 352.2 1892.0

.1 258.3 354.4 1892.7

.6 257.5 353.4 1892.2

.8 256.6 352.2 1892.1

.9 264.1 362.4 1835.4

.6 263.5 361.6 1834.7

.2 262.8 360.6 1836.4

.9 264.1 362.4 1838.4

.7 263.5 361.6 1837.7

.2 262.8 360.6 1838.4 



Table 4
EFNARC recommendation for slump flow, viscosity, and passing ability classes [50].

Class Slump flow diameter (mm)

Slump flow classes
SF1 550–650
SF2 660–750
SF3 760–850

Class T 50 (s) V-funnel time (s)

Viscosity classes
VS1/VF1 62 68
VS2/VF2 >2 9–25
Passing ability classes
PA1 P0.8 with two rebar
PA2 P0.8 with three rebar
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is due to the replacement of denser particles (cement) by lighter
particles (nS) [30].
3.2. Slump flow test

As refereed earlier, the concretes were designed to give a slump
flow diameters of 700 ± 50 mm which were achieved by adjusting
the amount of HRWRA used. The visual stability index observation
indicated that there is homogeneity in fresh concrete for all mixes
and there is no bleeding or segregation even for high w/b ratio
mixes. The slump flow diameters of SCLCs were determined in
the range of 680–738 mm. According to the results, the highest
diameter was achieved for LWA-WG-nS0 at 0.25 w/b ratio, whilst
the lowest was obtained for LWA-nS5.0 at 0.25 and 0.50 w/b ratios.
As represented in Fig. 3, it can be seen that the lowest slump diam-
eters were always recorded to SCLCs employed with untreated
aggregates. For instance, 700, 710 and 702 mm were listed for
LWA-nS0 mixtures at 0.25, 0.37 and 0.50 w/b ratio, respectively,
whilst in the mixtures produced with surface treated aggregates
the values became 738, 735 and 730 mm. This role is attributed
to the weaker cohesion between the cement mortar and water
glass treated aggregates due to the smooth and comparably imper-
meable surface of treated aggregates [51]. It can be indicated from
Fig. 3, slump flow diameter influenced by incorporating of nS into
the binary blended SCLCs mixtures. The slump flow diameter
decreases with increasing nS concentration at the same w/b ratio,
i.e at 0.50 w/b ratio the diameter was 702.5 mm for the reference
mixture, whereas LWA-nS2.5 and LWA-nS5.0 mix gave a slump
flow diameter of 695 and 680 mm. Senff et al. [30] reported that
the addition of nS to the mixture decreases the spread on flow
table, due to the increase of cohesion in the mortar. Additionally
Fig. 3 shows, all SCLCs mixtures can be diagnosed as slump flow
SF2 (class 2) with respect to EFNARC [47] limitations. Thus the con-
crete produced in present study can be used in most of the struc-
tural members.

The required dose of HRWRA to obtain the aimed slump flow at
different w/b ratios are presented in Fig. 4. First of all, as could be
expected the variation in w/b ratios causes a remarkable dissimi-
larity in the HRWRA content. For example, the optimum dosage
of HRWRA was dropped dramatically from 7.9, 3.4 and 2.04 kg/m3

for the reference mixtures namely LWA-nS0 at 0.25, 0.37 and
0.50 w/b ratio, respectively. This is attributed to the fact, an
increases in w/b ratio increases the available free water which
causes in reducing HRWRA dosage to obtain the required deforma-
bility. The same behavior was reported by previous studies related
to SCC [52,53]. Also the results indicates when the w/b ratio was
kept constant in mixtures, the addition of nS in SCLC mixtures
had a significant effect to increase amount required of HRWRA
and this increase depend on the replacement level of nS. In the case
of control mixture (LWA-nS0) at 0.37 w/b ratio, only 3.4 kg/m3 of
HRWRA was used while LWA-nS2.5 and LWA-nS5.0 required 6.2
and 12.8 kg/m3, respectively, to achieve the desired slump flow
diameter. The nS incorporation in matrix needs higher amount of
HRWRA to attain workability reduction. This phenomenon is
attributed to the absorption ability of nano-particles to the mixing
water [54]. The high surface area of nS and the availability of
unsaturated bonds, making them reactive and attraction of water
molecules with surface these particles caused to create a chemical
bond between water and these particles. Therefore, the fluidity of
concrete is affected as the free water available will be decreased,
and resulting in viscosity increments of the mix [30]. Regarding
the effect of water glass treatment, it can be seen the dosage of
HRWRA for SCLCs implemented with treated coarse aggregate
was similar to those implemented by untreated surface coarse
aggregate except for mixtures incorporated 5.0% nS. From the
results, (LWA-WG-nS5.0) mix had the higher reduction in HRWRA
content about 22% to get a slump flow diameter of 705 mm at
0.25 w/b ratio. The same attitude with a previous study had shown
that the surface improvement of recycle aggregate contributes to
the HRWRA reduction of SCCs mixture at 0.38 w/b ratio [51].

The time required to reach 500 mm slump-flow was demon-
strated in Fig. 5. It was observed that T500 mm slump flow time of
reference mixtures LWA-nS0 were 3.66, 1.16 and 0.28 s, respec-
tively, depending on the w/b ratio increment. These results gave
indication about the relation between free water increasing and
flow resistance decreasing. The ball bearing effect produced by
the spherical particles of conventional mineral admixtures has
resulted in reducing slump flow time. This was approved in previ-
ous investigations which stated a clear trend of lowering of the
slump flow time when the mineral admixtures was used up to cer-
tain dose [21,55]. However, as presented in Fig. 5, it can be indi-
cated that the slump flow time of SCLC increased slightly with
the replacement level of Portland cement by nS in the mix. For
example, mixture made with ordinary surface aggregate at
0.25 w/b ratio (LWA-nS0) recorded 3.66 s increased to 4.68 and
4.98 s for LWA-nS2.5 and LWA-nS5.0 mixture, respectively. The
spherical shape of nS particles can reduce internal frictional forces
due to ball bearing effect [56]. However, the addition of nS can
improve the packing particles, causing to reduce the volume
between them and lessening the free water. Therefore, the internal
friction between solid particles contributes to create flow resis-
tance higher than ball bearing effect [30]. The range of T500
between 2 and 5 s maybe preferred because the viscosity is enough
to prevent segregation as reported by Barfield et al. [57], so,
according to the test results of T500 related with nS incorporation,
it may be concluded that nS has positive effect as it lead to increase
the slump flow time with this range.

Fig. 5 also shows that T500 slump flow time value for all pro-
duced SCLCs mixtures made with treated aggregate are lower than
mixtures produced with untreated aggregate. For example, the
time needed to reach 500 mm equal to 1.31 s for LWA-nS2.5 mix
at 0.37 w/b ratio, whilst LWA-WG-nS2.5 recorded 1.2 s. This is
because the water absorption capacity is reduced for treated
LWA, more free water become present between the aggregate par-
ticles in SCLCs mixes resulted a reduction in the slump flow time.
Nevertheless in the current investigation there is no segregation
even with T500 lower than 2 s.

3.3. V-funnel filing ability

The V-funnel test measures the filling ability of a mixture. It is
known that the V-funnel flow time is related to the cohesiveness
and viscosity of the mixtures. As clearly seen in Table 4 there are
two viscosity classes expressed by V-funnel time (VF), VF1 less or
equal to 8 s while VF2 limits should be between 9 and 25 s [47].
The determined V-funnel flow time of eighteen SCLC mixtures at

 

 



Fig. 3. Variation of slump flow diameter and slump classes at different w/b ratio.
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different w/b ratio are presented in Fig. 6. Almost results of all
concrete met the requirements specified in EFNARC [47] except
LWA-nS2.5 and LWA-nS5.0 at w/b 0.25 recorded about 26 s. In
general, the effect of w/b on V-funnel flow times seems to be more
dominant than the effect of nS and treated LWA incorporation. For
reference mixture LWA-nS0 had V-funnel flow time 24.5, 7.84 and
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Fig. 5. Variation of T500 slump flow
3.36 s at 0.25, 0.37 and 0.50 w/b ratio, respectively. Moreover, the
results presented in Fig. 6 show that the SCLC mixtures made by
600 kg/m3 binder content at 0.25 w/b ratio resulted the higher
V-funnel time, whilst the lower values were observed in mixtures
produced by 450 kg/m3 binder contents at 0.5 w/b ratio. On the
other side, incorporated extreme dosage of HRWRA in LWA-nS2.5
and LWA-nS5.0 at 0.25 w/b ratio obtained desired slump flow
diameter as discussed earlier, but it is not sufficient to modify
V-funnel flow time in the range of permissible values. This in
agreement with Utsi et al. [58] reported that the slump flow below
650 mm some relation can be occurred with rheology parameters
but for more flowable mixes, slump flow diameter over 650 mm,
the correlation may be not exists at all.

It was evident from Fig. 6 that, the V-funnel time showed a ten-
dency to increase with increasing nS content. For example, at w/b
ratio 0.5 the LWA-nS0 mixture had a V-funnel flow time of 3.36 s
which increased to 4 and 6.36 s as nS introduced to 2.5% and
5.0% by weight of cement. This supports that nS addition made
the concretes more viscous which is in agreement with those
incorporated mineral admixtures have a high specific surface in
cement mortar or SCC [5,49]. Fig. 6 also shows SCLC containing
water glass treated LWA is the shortest compared to other mixes.
With the replacement untreated by treated aggregates the
viscosity classes of the LWA-nS2.5 and LWA-nS5.0 produced at
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0.25 w/b ratio turn into the VF2. This indicates that the viscosity is
reduced for treated LWAs due to the lower cohesion forces
generating from lower water absorption capacity generally cause
lower flow viscosity [51].

Fig. 7 gives the variation of viscosity classes with T500 slump
flow and V-funnel flow times. Out of eighteen SCLCs, twelve mix-
tures produced with 0.37 and 0.50 w/b ratio were classified as
VS1/VF1 except two mixes (0.37 w/b) namely LWA-nS2.5 and
LWA-nS5.0, while most the six mixtures (0.25 w/b) were in the cat-
egory of VS2/VF2. As clearly seen, at 0.25 w/b ratio the incorpora-
tion of nS in SCLC mixtures made with untreated LWAs slightly
exceeded the upper limit of VS2/VF2 class. On the other hand,
the results of all SCLC with nS clearly reveal the slight increase of
viscosity by increasing the nS percentage from 0 to 5.0%. This con-
clusion agrees with research stating that incorporating nanoparti-
cles generally made the concretes a little more viscous [30,54]. The
properties of the cement paste of SCLCs were found to be very
important to prevent segregation. If the mortar viscosity is high
enough, the coarse aggregates will be supported by the mortar,
thus avoiding segregation. Often, viscosity modifying agents or
mineral admixtures are utilized to increase the viscosity, without
significantly increasing the yield stress [59]. It can be concluded
from the results, the consistency of SCLC mixtures at 0.37 and
0.50 w/b ratio improved as the addition of nS increased, so it
may be considered, it is not necessary to use viscosity modifying
agent in the nS concretes. Furthermore, as seen from Fig. 7, good
correlation coefficient was observed for T500 flow time and V-
funnel flow time (R2 = 0.979). Considering viscosity class of VS1/
VF1, these concretes are appropriate for the slabs and floors and
VS2/VF2 feasible for ramps and walls, columns with respect to
EFNARC recommendations [47].
3.4. L-box height ratio

To identify the passing ability of the produced SCLC, L-box test
was used. The three bars test was adopted in this study instead of
two bars test as it is simulate more congested reinforcements. The
test provided H2/H1 ratio as a measure of the flowability among
reinforcing bars. The variation in the three bar L-box height ratio
is demonstrated in Fig. 8. To affirm that a self-compacting concrete
has no blocking risk, height ratio must be equal to or greater 0.8 as
per by EFNARC [47]. According to the test results, all SCLC mixtures
were met the expectations of EFNARC. As clearly seen from Fig. 8,
increased the w/b ratio caused to increase in H2/H1 ratio slightly.
For instance, at the 0.50 w/b ratio the H2/H1 ratio of LWA-nS0
was 0.91 slightly higher than that of the same mixture at 0.37 w/b
ratio in which the H2/H1 ratio decreased to 0.86. Felekoğlu et al.
[53] reported that the risk of blocking of SCC decreases as w/b ratio
increases. Fig. 8 indicated that when considering the fixed w/b
ratio, changing type of coarse aggregate affected the passing ability
behavior of concrete. The highest values of blocking ratio always
have been recorded for the mixtures made with treated LWA. For
example, at 0.37 w/b ratio the H2/H1 ratio varied from 0.86 to
0.93 for LWA-nS0 and LWA-WG-nS0, respectively. Findings of this
test emphasized that utilization of treated LWA provided a
systematic increase in the L-box height ratio. As evident from
Fig. 8, the concretes with ternary systems (FA+nS) provided slightly
better performance in terms of L-box. Especially, a perfect fluid
behavior was observed in LWA-WG-nS5.0 at 0.50 w/b ratio due
to having H2/H1 ratio being 1.0. This may be related to the
combined effects of high w/b ratio, high quality of treated LWA
and nS. Regarding nS effects on L-box test, a similar conclusion
was also observed by Jalal et al. [60] reported that the addition
of micro and nano-silica materials improved the passing ability
of the high performance self-compacting concrete and reduced
the probability of bleeding and segregation.
3.5. Compressive strength

The variation in the compressive strength of mixtures at
28 days is shown in Fig. 9 with respect to w/b ratio, type of aggre-
gate and the percentage use of nS. The overall compressive
strength ranged from 55.0–77.5 MPa, 44.0–65.0 MPa and 30.5–
49.0 MPa for low, moderate and high w/b ratio, respectively.
Fig. 9 indicates that replacing the ordinary surface coarse aggregate
with treated coarse aggregate resulted in an increase in compres-
sive strength. The increase in the aggregate crushing strength pro-
vided by water glass surface treatment significantly reduced the
adverse effect of untreated LWAs in compressive strength [45].

When the untreated aggregate had been replaced with treated
aggregates for concretes without nS at 0.25, 0.37 and 0.50 w/b
ratio, the strength values increased from 55.0 to 73.0 MPa, 44.0
to 55.0 MPa and 30.5 to 36.0 MPa, respectively. The same trend
was also detected in the case of concretes incorporating nS. The
reason behind this behavior is the denser and harder outer shell
of the treated aggregates. Moreover, less absorbent water glass
treated aggregates utilized in saturated surface dry condition
would not occasion an increase in the unit water cement ratio of
the concrete [61]. Fig. 9 clearly represents the large variation of
w/b ratio across mixtures caused to a dramatic divergence in the

 



Fig. 7. Variation of viscosity classes with T500 slump flow and V-funnel flow times.
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28-days compressive strength values. For instance, reducing the w/
b ratios from 0.50 to 0.37 and 0.37 to 0.25 triggered a significant
enhancement in compressive strength of about 44% and 26% for
mixtures type LWA-nS0, respectively.

As Fig. 9 shows, it can be pointed that the compressive strength
is improved in concretes containing nS particles in every case
higher than that of concretes without nano particles. This fact con-
firms the results of pervious investigations [23,29]. The highest
percentage strength improvement due to the nS incorporation
was recorded in LWA-WG-nS2.5 and LWA-WG-nS5.0 at 0.50 w/b
ratio of about 20% and 36%, respectively. The efficiency of nS to
improve concrete strength can be account to the formation of C-
S-H gel (pozzolanic reaction) and the filling property of nS particles
which can be filled the micro voids in C-S-H gel and produces den-
ser adhesive structure [62].

4. Conclusions

Based on the findings of the study, the following conclusions
were drawn:

1. When applying water glass treatment, the water absorption of
treated aggregates remarkably reduced. However, it should be
noted that treatment of LWAs by using water glass resulted in
a trivial increment in the specific gravity of treated aggregates.

2. All of the concrete mixtures had fresh density in the range of
1961.7–1836.4 kg/m3. The replacement of cement with nS
decreased the fresh density of SCLCs. All of the mixtures pro-
duced in this study were considered as lightweight or semi-
lightweight self-compacted concretes.

3. The SCLC mixes were designed to give a slump flow diameter of
700 ± 50 mm, which was achieved by adjusting the dosage of
HRWRA used for the trial batches. In order to satisfy the desired
slump flow diameter, the amount of HRWRA was increased
with the increase in nS replacement level whereas the use of
treated aggregates decreased the dosage of HRWRA. All of the
mixtures manufactured in this study can be classified as SF2.
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4. The time required to reach 500 mm (T500 mm) increased with
the use of nS in the slump flow test. On the contrary, the glassy
layer created from water glass treatment caused to increase the
value of T500 mm when treated LWAs used instead of untreated
LWAs. A similar trend was also observed in the V-funnel flow
times of the SCLCs. Depending on w/b ratio, the SCLCs can be
classified as VF2 or VF1. However, incorporating nS and
untreated aggregates in SCLCs at w/b ratio of 0.25 exceeded
slightly the upper limit of VF2 class.

5. With increasing w/b ratio, the influences of nS and treated
aggregates on flowability times of T500 and V-funnel tests are
reduced. The addition of nS material enhanced the consistency
of the SCLCs.

6. All the mixes had blocking ratio between 0.8 and 1.0 therefore
they were classified as PA2 in terms of passing ability class. The
variation in H2/H1 ratio had been lessened and approached to
ideal ratio (1.0) as the nS and treated aggregates used.

7. The utilization of different types of aggregate without incorpo-
ration of nS significantly affected the compressive strength.
Using treated aggregates increased compressive strength irre-
spective of the nS incorporation and w/b ratio. For all replace-
ment levels, the nS modified SCLC exhibited higher 28-days
compressive strength, irrespective of w/b ratio. The combined
use of nS and treated aggregate provided the compressive
strength values of 78.5 MPa, 65.0 MPa and 49.0 MPa for w/b
ratios of 0.25, 0.37 and 0.50, respectively.

5. Recommendations for future work

This work has been focused on the role of enhancing artificial
cold bonded fly ash lightweight aggregates and nano-silica on
the workability properties of self-compacting concrete. However,
it should be mentioned that further research should be carried
out to investigate the microstructures of treated aggregate (Pow-
der X-ray diffraction (XRD), electron microprobe analysis, mercury
intrusion porosimetry (MIP), quantitative image analysis of
backscattered electron (BSE)) and produced SCLC to better under-
stand the efficiency of water glass treatment and nS.
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