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The current work examines the flexural behavioral analysis of structural lightweight concrete (SLWC) beams made of
expanded clay aggregate (ECA) and its conclusions. Polypropylene (PP) fiber is used in these beams. The investigation took
into account a total of six beams, of which one specimen was constructed using regular-weight concrete and the other using
SLWC with 20% ECA in place of coarse aggregate. The remaining four beams were constructed using SLWC material with
an ECA base that included polypropylene fiber in volume fractions of 0.1%, 0.2%, 0.3%, and 0.4%. Each beam underwent
testing in a loading frame up to 4-point bending.
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Introduction

There are many benefits to using structural lightweight
concrete (SLWC) beams, including their high energy
capacity, good durability, efficient thermal insulation,
high specific strength, low density, ductility, and heavy
strength. Buildings, bridges, floors, and walls frequently
use SLWC. The density of concrete is still a vital factor
in determining how much a structural component
weighs on its own. The self-weight of the structural
components is decreased while using SLWC material.
The performance of structural lightweight concrete is
enhanced overall by the addition of micro-reinforcement.

Longitudinal tensile reinforcement ratio exerts a
heavy influence on the flexural ductility of SLWC
beams, according to Jingjun Li et al. (2001). According
to Nahhab and Ketab (2020), when natural river sand is
replaced with 50% expanded glass, it significantly
enhanced the ductility of SLWC beams. Bernardo et al.
(2016) found that the addition of polypropylene fibers
in SLWC beams enhances the ductility and toughness
capacity. In their study, the authors found that 30 kg/m3

of polypropylene fibers is the optimal and cost-
effective dosage for lightweight concrete beams. In the
literature Sohaib et al. (2016), there was an increase
observed in terms of ultimate strength up to 32.1%
whereas a decline of up to 46.7% was recorded for
deflection in lightweight concrete beams made with
crushed bricks. In the study conducted by Kamran et
al. (2014), the authors found that both cracking and

ultimate strength levels were satisfactory for lightweight
concrete beams made using ACI 318 and ACI 313. The
shear capacity of RC beams in which normal weight
was replaced with lava lightweight aggregate, showed
no significant difference, as per HS Lim et al. (2006).

In the current study, the researchers took efforts to
investigate the flexural behavior of ECA-based SLWC
beams with the inclusion of polypropylene fibers of
varying volume fractions [1-20]. 

Experimental Program

Materials 
The authors used IS 12269:2013 specifications while

building ECA-based SLWC beams using regular Portland
cement (Grade 53). Granite was further crushed to a
maximum particle size of 20 mm in accordance with IS
383:2016 and utilised as coarse aggregate. 20% of the
coarse material was replaced with expanded clay
aggregate. Both natural river sand and M-sand were
blended and used to create fine aggregate. In this study,
commercially available Recron 3s fibres that met
ASTM C1116 specifications were employed. Additionally,
the researchers used the heavy-range water-reducing
additive Conplast SP 430 in accordance with ASTM
C494 requirements. Fe 500D ribbed reinforcement bars
with high yield strength were employed as the primary
reinforcement [21-25].

Concrete Mix Design 
In line with IS 10262:2019 standards that deal with

the preparation of control and beam specimens, a
mixed design were utilized to prepare M25-grade
concrete. In this mix, the water-cement ratio was fixed
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at 0.5. The slump achieved was about 50 mm-70 mm.

Control Specimens
To have control specimens, prism specimens (100 ×

100 × 500 mm), cylinder specimens (150 × 300 mm),
and cube specimens (150 × 150 × 150 mm) were cast
and validated for modulus of rupture, modulus of
elasticity, and compressive strength. Table 1 tabulates
the nomenclature of the control as well as beam
specimens used for the study. Table 2 shows the test
results attained by the control specimens. 

Details of Beam Specimen 
Six full-scale beams sized 150 mm × 250 mm ×

3000 mm were constructed and validated in the current
study. One beam was made with normal-weight concrete
whereas another beam was made as SLWC with 20%

coarse aggregate replaced by ECA. The rest of the
beams were made with ECA-based SLWC with varying
volume fractions of polypropylene fibers such as 0.1%,
0.2%, 0.3%, and 0.4%. In main reinforcement, two 12
mm diameter HYSD bars were used whereas in shear
reinforcement, 2-legged shear stirrups were used with
each having an 8 mm diameter at 125 mm spacing. Fig.
1 shows the reinforcement details used for the current
study [26]. 

Test Set-Up

In this work, the compressive strength of various
specimens, including ECA-based SLWC, PP fibre-
reinforced SLWC, and normal-weight concrete, was
measured using a compression testing machine with a
2000 kN capacity. The cube and cylinder specimens,
for which the requirements had previously been

Table 1. Nomenclature of control and beam specimens.

Control Specimens Beam Specimens Description

CC CBS Normal Weight Concrete

EC0 ECS0 SLWC-20% Expanded clay aggregate +0%PPF

EC1 ECS1 SLWC-20% Expanded clay aggregate +0.1%PPF

EC2 ECS2 SLWC-20% Expanded clay aggregate +0.2%PPF

EC3 ECS3 SLWC-20% Expanded clay aggregate +0.3%PPF

EC4 ECS4 SLWC-20% Expanded clay aggregate +0.4%PPF

Table 2. Test results of control specimens.

S. No
Beam 

Specimen

Expanded Clay 
Aggregate 

Content (%)

Polypropylene Fibre 
Volume Fraction 

(%)

Compressive Strength 
(MPa)

Modulus of 
Elasticity

(GPa)

Modulus of 
Rupture
(MPa)Cube Cylinder

1 CC 0 0 33.33 26.71 28.21 6.5

2 EC0 20 0 23.55 18.84 24.39 4.7

3 EC1 20 0.1 24.44 19.58 24.60 5.2

4 EC2 20 0.2 26.00 20.94 25.50 5.8

5 EC3 20 0.3 28.22 22.64 26.87 6.5

6 EC4 20 0.4 25.42 20.37 27.26 7.4

Fig. 1. Reinforcement details of beam specimens.
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provided, were validated by the researchers. To
estimate the modulus of elasticity for each of the three
specimens, cylinder specimens measuring 150 × 300
mm were validated in the compression testing machine
during the experiment. These cylinder specimens had a
longitudinal compress meter connected to them. A
typical loading frame with a 50 kN capacity was used
to analyze prism specimens that were 100 × 100 × 500
mm in size. Calculating the modulus of rupture for the
previously described specimens is done. 

With the help of a 500 kN capacity standard loading
frame, all full-scale beams were validated. The beams
were given support using a hinge on one end and a
roller on another end. The test span of the beam was
2.8 m. A spreader beam was used to facilitate the
application of two-point loading. The researchers used
0.01 mm precision dial gauges to determine the
deflection at both mid-span and below the loading
points. To determine the crack width across the loading
stages, a crack detection microscope was used with
0.02 mm accuracy. 

Results and Discussions

Effect of PP Fibres on Strength
The first crack loads were examined through visual

observation alone. Beams such as ECS1, ECS2, ECS3,
and ECS4 exhibited an increase in first crack load up
to 9.26%, 22.22%, 38.89%, and 50% respectively,
when compared against the reference beam, ECS0.
Beam ECS4 showed an increase in first crack load up
to 37.29%, 22.73%, and 8% compared to other beams
such as ECS1, ECS2, and ECS3. Beam ECS3 attained
an increase in first crack load up to 27.12% and
13.64% when compared with the beams such as ECS1
and ECS2 respectively. Beam ECS2 showed an
increase of up to 11.86% in the first crack load over
beam ECS1. Table 3 shows the test results accomplished
by the beam specimens. 

The researchers plotted the yield loads against the
loading stage beyond which the 'load-deflection' plot
departed from linearity. Beams such as ECS1, ECS2,
ECS3, and ECS4 exhibited an increase up to 5.39%,

Table 3. Test Results of Beam Specimens.

Designation

First Crack Stage Yield Stage Ultimate Stage

Load
(kN)

Deflection
(mm)

Load
(kN)

Deflection
(mm)

Load
(kN)

Deflection
(mm)

CBS 15.00 1.52 31.45 3.98 55.00 11.77

ECS0 13.5 1.85 29.32 4.52 50.25 14.47

ECS1 14.75 2.42 30.90 4.87 52.50 16.32

ECS2 16.50 2.65 34.75 4.93 55.75 17.80

ECS3 18.75 3.11 35.60 5.02 60.00 18.87

ECS4 20.25 3.77 38.60 5.13 65.25 19.95

Fig. 2. Impact of Polypropylene Fibres upon load and Deflection
at First Crack, Yield, and Ultimate load Stages, and Cracking
history.
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18.52% and 21.42%, 31.65% in yield load than the
reference beam, CS0. Beam ECS4 showed an increase
of up to 24.92%, 11.08%, and 8.43% in yield load than
the beams such as ECS1, ECS2, and ECS3. Beam ECS
3 showed an increase of up to 15.21% and 2.45% in
yield load when compared with the beams such as
ECS1 and ECS2. Beam ECS2 showed an increase of
up to 12.46% in yield load over beam ECS1. The
optimum loads were attained in line with the loading
stage beyond which the beams cannot withstand any
form of deformation, given the same load intensity is
provided. Beams such as ECS1, ECS2, ECS3, and
ECS4 exhibited an increase up to 4.48%, 10.98%,
19.40%, and 29.85% respectively, at optimum load
conditions than the reference beam, CS0. Beam ECS4
showed an increase of up to 24.29%, 17.04%, and
8.75% in ultimate load than the beams such as ECS1,
ECS2, and ECS3 respectively. Beam ECS3 showed an
increase of up to 14.29% and 7.62% in ultimate load
than the beams such as ECS1 and ECS2 respectively.
Beam ECS2 showed an increase of up to 6.19% in
ultimate load over beam ECS1. The increase in load
capacity discussed above would be a result of heavy
tensile strength from PP fibers and enhanced bonds
between the matrix and the fibers. The percentage
increase for all the load stages is shown in Fig. 2(a).

Effect of PP Fibres on Deformation
Beams such as ECS1, ECS2, ECS3, and ECS4

exhibited a decline up to 20.81%, 25.32%, 32.61%, and
35.82% respectively in deflection at first crack load
than the reference beam, ECS0. Beam ECS4 exhibited
a decline up to 55.79%, 42.26%, and 21.22% in
deflection at first crack load than other beams such as
ECS1, ECS2, and ECS3. Beam ECS3 showed a
decrease up to 28.51% and 17.36% respectively, in
deflection at first crack load than other beams such as
ECS1 and ECS2. Beam ECS2 showed a decline of up
to 9.50% in deflection at the first crack load over beam

ECS1. Beams such as ECS1, ECS2, ECS3, and ECS4
exhibited a decline of up to 7.78%, 9.09%, 11.03%,
and 13.46% in deflection at yield load than the
reference beam ECS0. Beam ECS4 showed a reduction
of up to 5.27%, 4.01%, and 2.19% in deflection at
yield load than other beams such as ECS1, ECS2, and
ECS3. Beam ECS3 showed a decline of up to 3.02%
and 1.78% in deflection at yield load than other beams
such as ECS1 and ECS2. Beam ECS2 showed a
decline of up to Y10% in deflection at yield load
compared to beam ECS1. Beams such as ECS1, ECS2,
ECS3, and ECS4 exhibited a decline up to 12.79%,
23.01%, 30.41%, and 37.87% respectively, in deflection
at ultimate load than the reference beam ECS0. Beam
ECS4 showed a reduction of up to 22.24%, 12.08%,
and 5.72% in deflection at ultimate load than other
beams such as ECS1, ECS2, and ECS3 respectively.
Beam ECS3 showed a decline of up to 15.63% and
6.01% in deflection at ultimate load than other beams
such as ECS1 and ECS2 respectively. Beam ECS2
showed a decline of up to 9.07% in deflection at
ultimate load compared to beam ECS1. The percentage
decrease in deflection, at all the loads, is presented in
Fig. 2(b).

Load-deflection Relationship 
Figure 3(a) shows the load-deflection responses

achieved by the beams considered in this study. The
figure portrays that load-deflection curves are linear
with heavy stiffness up to the first crack load. However,
after this loading limit, there is a deviation observed in
the curves from linearity while the slopes decreased
gradually. The reduction in the number of slopes
denotes the degradation of stiffness as a result of the
increasing number of cracks formed over the loaded
span. The tension reinforcement started yielding on the
application of additional loading. However, there was a
significant decline observed in the slope of the curves
beyond the yield stage. The beams exhibited huge

Fig. 3. (a) Load - deflection Relationship, (b) Moment Vs Curvature Relationship.
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deformations even in case of minimal increment in the
applied load. This trend continued till the ultimate
stage. When the applied load was further increased, the
concrete collapsed into the compression zone, failing
beams. Afterward, the load applied started decreasing
gradually. Figure 3 shows the ductile mode of failure
through load-deflection plots. It is evident from Fig. 3
that the flexural stiffness of the tested beams got
enhanced when the volume fraction of PP fibers was
increased. This increase in flexural stiffness might be
due to the bridging action of the fibers. This action
arrested the cracks from further widening. On the other
hand, a high volume fraction of the fiber enabled the
beams to undergo large deflections at the ultimate
stage.

Moment-Curvature Relationship
Figure 3(b) shows the moment-curvature plots for all

the beams considered for the current study. It can be
observed that up to the first crack stage, M - Phi curves
were linear with higher slopes. With the additional
moment, the slope of the curves started decreasing
gradually and continued till the yield stage. This decline,
in the slope of the curves, was noticeable beyond the
yield stage too. The beams exhibited huge curvatures
even in the case of micro-level increments at the
moment, up to the ultimate stage. When the moment
was further increased, it made the concrete collapse
into compression zone failing beams. 

Effect of PP Fibres on Cracking History
Figure 2(c) shows the crack pattern obtained in the

case of all the beams considered for the current study
during failure. Fine vertical cracks were found at the
moment zone in the initial loading stages. When
additional loading was applied, the existing vertical
cracks propagated toward the compression zone
resulting in the emergence of new fine vertical cracks
along the loaded span. The number of cracks and the
width of cracks increased when applied loading was
increased up to the ultimate stage. It can be concluded
that the inclusion of PP fibers resulted in more cracks
near the failure.

Beams such as ECS1, ECS2, ECS3, and ECS4
exhibited a decline of up to 12%, 16%, 24%, and 32%
respectively in crack width than the reference beam
ECS0. Beam ECS4 showed a decline of up to 22.73%,
19.05%, and 10.53% in crack width than the beams
such as ECS1, ECS2, and ECS3 respectively. Beam
ECS3 showed a decline of up to 13.64% and 9.52% in
crack width than the beams such as ECS1 and ECS2
correspondingly. Beam ECS2 showed a reduction of up
to 4.55% in crack width over beam ECS1. Beams such
as ECS1, ECS2, ECS3, and ECS4 exhibited reductions
up to 6.25%, 12.5%, 31.25%, and 50% respectively in
terms of the number of cracks than the reference beam,
ECS0. Beam ECS4 showed an increase of up to

41.18%, 33.33%, and 14.29% in the number of cracks
compared to beams such as ECS1, ECS2, and ECS3
correspondingly. Beam ECS3 showed an increase of up
to 23.53% and 16.67% in terms of the number of
cracks than the beams such as ECS1 and ECS2
respectively. Beam ECS2 showed an increase of up to
5.88% in the number of cracks over beam ECS1.
Beams such as ECS1, ECS2, ECS3, and ECS4 exhibited
reductions up to 13.28%, 23.44%, 35.94%, and 45.31%
respectively in terms of spacing of cracks than the
reference beam ECS0. Beam ECS4 showed a decline
up to 36.94%, 28.57%, and 14.63% in terms of spacing
of cracks than the beams such as ECS1, ECS2, and
ECS3 respectively. Beam ECS3 showed a decline of up
to 26.13% and 16.33% in terms of spacing of cracks
than the beams such as ECS1 and ECS2 respectively.
Beam ECS2 showed a decline of up to 11.71% in the
spacing of cracks over beam ECS1. Fig. 6 shows the
percentage of effectiveness in crack width, number, and
spacing of cracks. 

Effect of PP Fibres on Ductility
Beams such as ECS1, ECS2, ECS3, and ECS4

exhibited an increase up to 4.69%, 12.81%, 17.50%,
and 21.56% in deflection ductility respectively than the
reference beam, ECS0. Beam ECS4 showed an increase
of up to 16.12%, 7.76%, and 3.46% in deflection
ductility than other beams such as ECS1, ECS2, and
ECS3 respectively. Beam ECS3 showed an increase of

Fig. 4. Crack Patterns of Beams.
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up to 12.24% and 4.16% in deflection ductility than
other beams such as ECS1 and ECS2 correspondingly.
Beam ECS2 showed an increase of up to 7.76% in
deflection ductility over beam ECS1. Beams such as
ECS1, ECS2, ECS3, and ECS4 exhibited increased
energy ductility up to 4.88%, 10.73%, 19.02%, and
29.27% respectively than the reference beam, ECS0.
Beam ECS4 showed increased energy ductility up to
23.26%, 16.74%, and 8.61% than other beams such as
ECS1, ECS2, and ECS3 respectively. Beam ECS3
showed increased energy ductility up to 13.49% and
7.49% than other beams such as ECS1 and ECS2
respectively. Beam ECS2 showed increased energy
ductility up to 5.58% over beam ECS1. 

Effect of PP Fibres on Energy capacity
Beams such as ECS1, ECS2, ECS3, and ECS4

exhibited increased energy capacity up to 7.33%,
69.74%, 91.74%, and 100.31% respectively than the

Table 4. Energy capacity of Tested Beams.

Designation Energy capacity

CBS 430.88

ECS0 391.89

ECS1 420.61

ECS2 665.18

ECS3 750.00

ECS4 785.00

Fig. 5. SEM Image with 100× Magnification and XRD image at 2 Theta.



Performance of expanded clay aggregate based structural light weight concrete beams containing fibre reinforcement 601

reference beam, ECS0. Beam ECS4 showed increased
energy capacity up to 86.63%, 18.01%, and 4.67% than
other beams such as ECS1, ECS2, and ECS3
respectively. Beam ECS3 showed an increase of up to
78.31% and 12.75% in energy capacity than other
beams such as ECS1 and ECS2. Beam ECS2 achieved
an increased energy capacity of up to 58.15% over
beam ECS1. Table 4 presents the energy ductility
values of all the beams considered for the current
study. 

Microstructural Analysis

Figure 5 displays the SEM images of control
concrete, LWC with EC aggregates, and polypropylene
fiber-reinforced EC-based LWC (a-c). To keep track of
the interfacial transition zone's condition, SEM photos
were taken at 100× magnification levels. In order to
create the concrete mixtures, 20% EC aggregates were
used in place of regular aggregates. At a w/c ratio of
0.5, the entire set of concrete mixtures was created.
Concrete mixtures containing polypropylene (PP) fibres
were given the proper amount of high-range water-
reducing additive (SP - Coloplast 430) to increase their
mobility. The SEM picture of a concrete mixture with
regular particles is depicted in Fig. 5(a) (crushed
granite). The micrograph in Fig. 5(a) shows that all of
the concrete mixtures employed for the current study
had excellent interlocking between the matrix and
ECA. Additionally, there is no pore-line breaking visible
between the ECA and the matrix. The production of
hydration products and improved bonding at the
interfacial transition zone is depicted far too clearly in
the magnified photos. The concrete mixture in Fig. 5(b)
contains 0.4% volume fraction of PP fibres and 20%
EC aggregate. It was discovered that the matrix
structure was thick and had few pores. The PP fibres
created a 3D network within the matrix, which stopped
cracks from forming or spreading outward. The
development of tiny bumps on the surface of PP fibres
is depicted in Fig. 5(c). The link between the matrix
and the PP fibres would have likely been strengthened
as a result. It should be emphasised that considerable
energy is needed for the PP fibres to be pulled out and
broken, as well as for the fractures to advance. These
details likely played a role in the PP fiber-reinforced
SLWC with EC aggregates' significantly improved
mechanical and durability qualities. Figure 5 depicts
the elemental makeup of control concrete and SLWC
with microfibers (d, e).

Conclusions

The tensile capability of structural lightweight
concrete beams that included 20% expanded clay
aggregate was improved to 29.85% by the addition of
0.4% volume fraction of polypropylene fibers. The

structural lightweight concrete beams with 20%
expanded clay aggregate had a deflection reduction of
up to 37.87% in the presence of 0.4% volume fractions
of polypropylene fibers. When 0.4% polypropylene
fibers and 20% expanded clay aggregate was used to
make beams, the energy ductility was improved by
29.27% and the deflection ductility by 21.56%. With
32% less crack width and 45.31% less crack spacing in
the beam, the maximum number of cracks, or 50%,
was recorded using a 0.4% volume fraction of
polypropylene fibers and 20% of expanded clay
aggregate.
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