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Abstract

The flexural properties of reinforced concrete beams containing
expanded glass as a partial fine aggregate (sand) replacement
are investigated. Four concrete mixes were employed to conduct
this study. The fine aggregate was replaced with 0%, 25%, 50%
and 100% (by volume) expanded glass. The results suggest that
the incorporation of 50% expanded glass increased the work-
ability of the concrete. The compressive strength was decreas-
ing linearly with the increasing amount of expanded glass. The
ductility of the concrete beam significantly improved with the
incorporation of the expanded glass. However, the load-carry-
ing capacity of the beam and load at which the first crack occurs
was reduced. It was concluded that the inclusion of expanded
glass in structural concrete applications is feasible.

1 INTRODUCTION

Recent research has shown that the replacement of sand with
lightweight aggregates shows a marginal difference in the 28 days
compressive strength, depending upon the amount of the replace-
ment used. The replacement of recycled fine aggregate up to 20% or
recycled coarse aggregate up to 30% produced an acceptable concrete
(Khatib, 2005; Debieb and Kenai, 2008). The reduction of natural sand
and replacing it with a lightweight material reduces the self-weight
of the structure, thus reducing the size of the structural elements or
allowing higher buildings to be constructed (Kralj, 2009; Khatib et al.,
2012). This in turn will provide a commercial benefit, as lower quan-
tity of materials will lower the cost of the building. The use of waste
materials in construction applications is advantageous in that they
can produce a material (e.g., concrete) of adequate performance as
well as offer economic and environmental benefits (Khatib & Mangat,
2002; Khatib and Mangat, 2003; Mangat et al., 2006; Hadjsadok et al.,
2012; Kenai et al.,, 2013; Khatib et al., 2013; Khatib 2014, Khatib et al.,
2014). For example, replacing fine or coarse recycled aggregates could
lead to a decrease in the amount of waste material sent to landfills
and also reduce the amount of natural materials which are common-
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ly used in concrete (Maier and Durham, 2012; Menadi et al., 2013).
There are added cost savings, in that the UK landfill tax continues to
increase, reaching £80 per tonne in 2014 compared with £72 in 2013
(Letsrecycle, 2012).

Lightweight concrete containing recycled expanded glass as an ag-
gregate can be used on its own in construction, but not as a load-bear-
ing structure. It was found that concrete made with expanded glass
had very good thermal conductivity; hence, it can be recommended
as a coating material during construction (Poraver, 2012).

Expanded glass is obtained by crushing the glass into a powder
and mixing it with water and expanding agents and placing it in a fur-
nace at 900° C. Through this process expanded glass is produced (Po-
raver, 2012). Expanded glass with different sizes can be produced. For
the purpose of this research, sizes between 1-2mm and 0.5-0.25 mm
were used, which were considered to be suitable to replace the sand.

This paper investigates the performance of expanded glass in re-
inforced concrete applications. It reports the results of an experimen-
tal investigation on the flexural behavior as well as the compressive
strength of reinforced concrete containing a full or partial replace-
ment of fine aggregate with expanded glass.
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Tab. 1 Details of the concrete mixes.

Quantity (kg/m?)
Test/Mix No. Type Cement Water FA CA FEG w/C
1 FEGO (Control) 375 188 646 1199 0 0.50
2 FEG25 375 188 485 1199 31 0.50
3 FEGS50 375 188 323 1199 61 0.50
4 FEG100 375 188 0 1199 122 0.50
2 EXPERIMENT 2.3 Testing

2.2 Materials and mixes

The materials used in this work were; cement, coarse aggregate
of a 20 mm nominal size, fine aggregate (sand) of a 5mm maximum
size, foamed expanded glass of 0.2-1 mm size and water. Four con-
crete mixes were used in this study. The control (FEGO) has a pro-
portion of 1 (cement): 1.7 (fine aggregate): 3.2 (coarse aggregate) by
weight. In the mixes FEG25, FEG50 and FEG100, the fine aggre-
gate was replaced with 25%, 50% and 100% foamed expanded glass
(FEG) respectively (by volume). The free water to cement (W/C)
ratio was maintained constant at 0.5 for all mixes. Due to the fact
that expanded glass is a porous material it absorbs more water than
natural sand; therefore more water was added to compensate for
the absorption of the aggregate. Further details about the mixes are
given in Table 1.

2.2 Preparation of the specimens and Curing

The reinforcement that was used in this project is 6mm diame-
ter mild steel. The reinforcement was kept constant for all the beams
to investigate the effect of the expanded glass on the flexural behav-
iour of the reinforced concrete beam. For this experiment a plywood
mould with dimensions of 700 mm x 150 mm x 100 mm beams and
steel cubes with the dimensions of 100 mm x 100 mm x 100 mm con-
forming to BS EN 12390-2 were used. The dimensions and the ar-
rangement of the reinforcement of all the beams can be seen in Fig. 1.

For achieving good compaction and reducing air voids, the con-
crete was poured in stages, and a concrete vibrator was used. Once the
beams and cubes were cast, they were left for one day in the moulds
and covered to reduce any dissipation of the water. After 24 hours, the
beam and cubes were de-moulded and kept at a room temperature of
20+2°C for a period of 27 days (i.e., a total curing period of 28 days).
In order to prevent moisture losses, the concrete beams and cubes
were covered with plastic sheeting.

The compressive strength testing of the concrete cubes was com-
menced in accordance with BS EN 12390-3:2009, Part 3: Compressive
strength of test specimens (BS EN 12390-3, 2009). The testing ma-
chine used conformed to BS EN 12390-4, and the loading increment
was in a range of 0.6 + 0.2 MPa/s. The load was applied steadily until
the failure of the concrete cube. The maximum load and strength were
recorded in kN and MPa respectively.

The beams were tested under four point loads, i.e., two loads acting
on the beam at the top and two reactions on both sides. The test was
done in accordance with BS EN 12390-5:2009, Part 5: Testing hardened
concrete (BS EN 12390-5, 2009). Fig. 1 shows the loading arrangement.
Four demec points were attached to the front side of the beam to meas-
ure the strain under the increasing load. A total of four positions was
used as shown in Fig. 2. Two pairs of demec points were located in the
upper half of the beam and two in the lower half to give a good indica-
tion of the flexural behaviour of the reinforced concrete beam.

The testing machine that was used in this investigation conformed
to EN 12390-4 standards. The loading was applied in increments of
2 kN until the failure of the beam allowing taking deflection and
strain readings for all concrete mixes.

3 RESULTS AND DISCUSSION

Fig. 3 shows the slump results for the concrete containing varying
amounts of FEG. It can be observed that there was an increase in the
slump as the amount of FEG increased up to a 50% sand replacement.
However, there seemed to be a sudden drop in the slump to zero at
100% replacement. The improvement in the workability may be due
to the spherical shape of the expanded glass. It is not too clear why the
slump dropped at the 100% sand replacement. However, the slump of
all the concretes was below 60 mm.

Fig. 4 plots the density of the concrete mixes incorporating differ-
ent contents of FEG as a replacement for fine aggregate at 28 days of
curing. The density of the concrete decreases as the greater volume
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Fig. 2 Loading pattern and locations of strain gauges.
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Fig. 3 Slumps for the concrete containing varying amounts of FEG.

of fine aggregates is replaced with the expanded glass. The density of
the mix containing 50% of the expanded glass was 2167 kg/m’ com-
pared with 2313 kg/m® for the control. This is approximately a drop
of 7% in the self-weight of the beam. The full replacement of the fine
aggregates with the expanded glass resulted in a self-weight reduction
of 13%. The fact that the self-weight of the beam was not influenced
dramatically is primarily governed by the smaller proportion of the
fine aggregates compared to the coarse aggregates.

The compressive strength at 28 days of curing for the concrete
containing varying amounts of FEG as a replacement for the fine ag-
gregate is shown in Fig. 5. It can be observed that there is a constant
decrease in the compressive strength as a greater percentage of the ex-
panded glass is incorporated. By replacing 100% of the fine aggregates
with the expanded glass it was still possible to achieve a compressive
strength of more than 32 N/mm? (the minimum strength for struc-
tural concrete is 18N/mm?) and reduce the self-weight of the concrete
by 13%. The replacement of 25% of the fine aggregates with the ex-
panded glass resulted only in a marginal reduction of the compressive
strength of 7%. This finding is also in agreement with results obtained
elsewhere (Khatib 2005). It is worth highlighting the fact that the
density has a direct relationship on the compressive strength of the
concrete; i.e., a decrease in the compressive strength is associated with
a decrease in the density (Meddah 2010).
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Fig. 4 Density of concrete at 28 days for concretes containing
varying amounts of FEG.
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Fig. 5 Compressive strength at 28 days for concretes containing
varying amounts of FEG.
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Fig. 6 Load versus central deflection for beams containing varying
amounts of FEG.

Fig. 6 shows the load versus the central deflection for the con-
cretes containing 0, 25, 50 and 100% FEG as a sand replacement re-
spectively at 28 days of curing. It can be observed that the ductility of
the beam increases and reaches its maximum value of deflection of
about 17 mm when 100% of the fine aggregates is replaced compared
with a deflection of less than 5mm for the control (i.e., 0% FEG). This
indicates that the maximum deflection at 100% FEG is more than 3
times that of the control. For all of the mixes, the relationship be-
tween the load and central deflection was linear until the first crack.
It continued to be linear with a different slope until the yielding of
the steel. Once the yielding point was reached, the incorporation of
the expanded glass influenced the maximum central deflection of the
beam.

The load at which the first crack appeared for all the concrete mix-
es is shown in Fig. 7. As can be expected, the cracks were developing
in the tensile zone and spreading to the top of the beam. The cracks
were mostly in the middle part of the beam when the load was be-
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Fig. 7 Load at the first crack for beams containing varying amounts
of FEG.
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Fig. 9 Strain vs. Load for a beam with a 0% FEG replacement.
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Fig. 11 Strain vs. Load for a beam with a 50% FEG replacement.

tween 20 and 30 kN, depending upon the concrete’s strength. As the
percentage of expanded glass increases, there is a decrease of the load
at which the first crack occurs. The same behaviour has been noticed
elsewhere (Khatib et al, 2012).

Fig. 8 plots the load at failure for concretes beams with different
amounts of FEG. As the amount of the fine aggregate replacement
with FEG is increased the ultimate load decreases systematically.
There is a sudden drop in the ultimate load-carrying capacity at the

Load (kN)

w w w b b b
H OO 0 O N b

-l

T T 1

0% 25% 50% 75% 100%

Amount of Replacement

Fig. 8 Ultimate load for beams containing varying amounts of FEG.
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Fig. 10 Strain vs. Load for a beam with a 25% FEG replacement.
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Fig. 12 Strain vs. Load for a beam with a 100% FEG replacement.

25% FEG replacement. However, the drop is a smaller drop beyond
that level of replacement. Similar behaviour has been reported else-
where (Khatib et al. 2012). It is worth noticing that the compressive
strength of the concrete has a direct relationship with the carrying
capacity of the beam in that a decrease in the compressive strength
results in a decrease in the ultimate load.

Figs. 9 to 12 plot the strain at different locations along the depth
of the beam for concrete containing 0%, 25%, 50% and 100% FEG
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respectively. Initially and at lower loads, the strain at the top position
of the demec points experience compression, while and the rest is in
tension. As the load increases, the tensile zone increases, and most of
the locations show tensile stresses developing. This causes the neutral
axis to move upwards with the increase in load. As the percentage
replacement of the fine aggregate with FEG increases, the maximum
strain increases, indicating an enhanced ductility.

The replacement of the fine aggregates resulted in a similar failure
mode as for the control beam. Cracks were developing in the mid-

Fig. 14 Failure of the beam containing 25% FEG.

dle part of the beam just outside the position of the point loads. As
the load was increasing, the bending moment was increasing. This
caused cracks to propagate towards the top of the beam, eventual-
ly, they caused the failure of the beam as can be seen in Figs. 13-16,
where a visual observation was made on the failure pattern for the
concretes containing varying amounts of FEG. Also, shearing cracks
were occurring in beams containing 50% and 100% replacements of
the fine aggregate. Crack propagation was slow until the yielding of
the steel, where a gradual increase in the crack size occurred, followed
by a complete failure.
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CONCLUSIONS

The replacement of fine aggregates with 50% of the expanded
glass increased the workability of concrete. Beyond 50%, the slump is
drastically reduced. The compressive strength gradually reduces as the
percentage of expanded glass incorporated within the mix increases.
However at a 100% replacement of the fine aggregates, the compressive
strength met the minimum requirements of 17MPa for structural con-
crete applications. The expanded glass improved the ductility of the
reinforced concrete beam as a greater central deflection was achieved
when FEG was present. The presence of FEG slightly decreased the
load at which the first crack occurred and the load-carrying capacity
of the beam.
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