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Abstract: Recent industrial developments have focused more and more on the applications of
lightweight foamed concrete (LFC) in the construction industry, having advantages over normal-
strength concrete. LFC, however, has several drawbacks including brittleness, high porosity, ex-
cessive drying shrinkage, rapid cracking, and low deformation resistance. Practical engineering
typically chooses steel fiber or polymer fiber to increase the tensile and fracture resistance of LFC.
The polypropylene twisted bundle fiber (PTBF) was added to the LFC with varying weight fractions
of 0.0%, 0.5%, 1.0%, 1.5%, 2.0% and 2.5%. Three low densities of LFC were prepared, specifically
500 kg/m3, 700 kg/m3 and 900 kg/m3. The mechanical and durability properties of PTBF-reinforced
LFC were determined through compression, flexural, splitting tensile, flow table, porosity, and water
absorption tests. The results show that the addition of PTBF in LFC significantly improves the
strength properties (compressive, flexural, and splitting tensile strengths) and reduces the water
absorption capacity and porosity. The optimal weight fraction of PTBF was between 1.5 and 2.0% for
mechanical properties enhancement. The inclusion of PTBF increased the ductility of LFC, and the
specimens remain intact from loading to failure. The PTBF reduces the original cracks of the LFC and
inhibits the development of further cracks in the LFC.

Keywords: durability; strength; porosity; foamed concrete; polypropylene twisted fibers;
water absorption

1. Introduction

Vulnerability and eco-friendly building materials are currently prominent topics in
the construction industry. The amount of carbon dioxide in the air has increased by almost
45% since the turn of the century [1]. In the setting of the worldwide climate shift, the
construction industry is considering an option for normal-strength concrete to alleviate
its extreme self-weight and substantial carbon discharge linked with the fabrication of
cement [2]. Thus, the application of green energy-saving building materials to reinstate
conventional building materials has turned out to be the standard practice [3]. Because
of this, the construction industry must deal with an additional challenge: the creation of
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concrete-based materials that are both durable and environmentally friendly [4]. It is crucial
to prevent corrosion and sulfate attacks on the steel bars used in reinforced concrete [5].
Because of this, water and ions can easily pass through the material’s pores. Concrete cracks
can be attributed to several factors, but one of the most well-known is drying shrinkage [6].

Lightweight foamed concrete (LFC) is considered a green building material, porous in
nature, which gives it several benefits such as being light in self-weight, having excellent
thermal insulation properties, environmental safeguards, good fire resistance performance,
and a low cost [7–10]. LFC has a greater strength-to-weight ratio with bulk density ranging
from 550 to 1950 kg/m3 than normal-strength concrete [11]. This distinction leads to a
decrease in the total dead load of the structural components as well as the manufacturing
and labor costs during transportation and construction [12]. LFC is extensively employed
as filling material, non-loadbearing panels, and insulation material for exterior walls [13,14].
In turn, to fabricate this highly porous cellular structure of LFC, small air bubbles of varying
sizes are created into the freshly blended materials, most often by the chemical or mechani-
cal foaming method [15]. Essentially, the material ingredient to produce LFC is the same as
normal strength concrete that used Portland cement, aggregate, and water [16]. Though
only fine sand (aggregate) is utilized in the fabrication of LFC. Moreover, lightweight filler
or reinforcement such as rice husk ash or polypropylene fiber can be combined with LFC
base mix to expand its characteristics [17].

The ability of a long-lasting structure to withstand weathering, chemical attack, abra-
sion, and other degrading processes while requiring minimal maintenance is as significant
as the structure’s ability to withstand loads applied to it [18]. Although LFC has several
advantages in terms of thermal performance, acoustic properties, and economic aspects of
construction, the material’s brittle behavior remains a significant disadvantage for seismic
and other applications where flexibility is necessary due to its high porosity and the connec-
tivity of the voids that can permit the access of adverse matters into the LFC medium [19].
Additionally, LFC poses some drawbacks such as low strength, a large amount of entrained
air, poor toughness, and brittle material which has restricted its usage in engineering and
building construction. Accordingly, LFC is deemed inappropriate for major load-bearing
structural components. However, the recent invention of polypropylene fiber as an additive
in concrete has offered a scientific framework for addressing these shortcomings [20]. Due
to its enhanced mechanical properties, low permeability, and increased resistance to chemi-
cal and mechanical attacks, concrete offers several advantages in its application. Although
concrete’s behavior is largely determined by its compressive strength, its tensile strength is
essential for its beauty and longevity [21]. Comparatively, the tensile strength of concrete is
considerably lower. Therefore, fibers are typically added to the basic matrix to improve its
flexural tensile strength, crack-arresting mechanism, and post-cracking ductility [22].

Steel fiber-strengthened concrete is extensively employed in numerous civil engi-
neering works owing to ease in production, high performance, and cost-effectiveness.
Nevertheless, some findings testified that irregular inclusion of steel fiber in the concrete
led to adverse impacts on the workability of fresh mix leading to the weak adhesion of steel
fibers with cementitious matrix causing in porous concrete and a reduction in the strength’s
parameter [23]. Alternatively, the concrete properties can be enhanced with the inclusion of
fibrous materials. In recent years, polymeric fiber has been used to modify concrete with the
intention to improve its durability, thermal and mechanical performances [24]. In general,
the reinforcement of brittle building materials using fibers has been recognized since ancient
times. In addition to natural fibers such as jute, bamboo, kenaf, oil palm, coir, rice husk and
sugarcane bagasse, synthetic fibers such as polypropylene, and polyethylene have also been
utilized to strengthen concrete [25]. Similarly to all synthetic fibers, polypropylene fiber is
inexpensive, abundantly accessible, and of uniform quality [26]. It should be pointed out
that the addition of synthetic fibers to concrete improves the toughness, flexural strength,
tensile strength, and impact strength as well as the mode of failure of concrete, which
has resulted in a dramatic increase in their use in the construction of structures. When a
crack appears in concrete, it causes a disruption in the material’s spatial continuity and
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causes steel to corrode via a process known as the micro-cell mechanism [27]. Microcracks
form quickly from the exterior to the interior, increasing the permeability of the concrete.
In addition to lowering the quality of the concrete and making it unsightly, microcracks
render construction unfeasible [28]. Cracks with a width of less than 0.3 mm are generally
considered acceptable and do not adversely damage the structure. However, they have the
potential to develop into structural cracks as time passes. A crack width that is bigger than
0.3 mm might be problematic and will affect its durability performance. Therefore, it is
crucial to lessen the crack’s diameter, which might be performed by mixing polypropylene
fibers into the concrete.

A substantial amount of study has been conducted to investigate the effect of polypropy-
lene fiber addition on the fresh, mechanical, and durability qualities of concrete. Kamal
et al. [29] investigated the mechanical properties of self-compacted fiber-reinforced concrete.
They attempted to find the optimal proportion of steel and polypropylene fibers to achieve
greater mechanical strength. Polypropylene fiber’s compressive strength increased by
13%, whereas steel fibers increased by 37%. The impact resistance of polypropylene fibers
increased by 22%, while steel fibers improved by 67%. Rai and Singh [30] explored the
consistency and variability in steel-polypropylene hybrid fiber-reinforced concrete’s impact
strength. They noticed that the hybrid fiber-reinforced concrete surpassed its mono-fiber
equivalent in terms of performance.

Moreover, Toutanji et al. [31] scrutinized the permeability of chloride ions in concrete
as well as their resistance to the impact of polypropylene fiber-reinforced silica fume
concrete. Their research used polypropylene fibers with lengths of 12 and 19 mm and
volume percentages of 0%, 0.1%, 0.3%, and 0.5%. A portion of the cement was substituted
with silica fume at 5% and 10% concentrations. According to the findings of the study, the
inclusion of polypropylene fiber and silica fume improved the impact resistance of concrete.
Next, the impact resistance of high-strength FRC containing steel, polypropylene, and
polyethylene fibers was studied by Zhang et al. [32]. When compared to concrete, which had
polyethylene and polypropylene fibers, both utilized at 1%, their investigation indicated
that steel fibers with 1% of volume and fiber combinations of steel and polypropylene fiber
for 0.75% and 0.25%, respectively, could resist the projectile impact well.

Moreover, Kiran and Zai [33] examined how fiber-reinforced concrete slabs responded
to impact loads. In high-performance concrete, they used polypropylene and carbon fibers,
and they discovered that the mechanical properties were improved by combining the two
fibers. The study employed polypropylene fibers with a density of 900 g/m3 and carbon
fibers with 0.5% content. Amancio et al. [34] explored the functionality of polypropylene
fiber-reinforced concrete at high temperatures. They performed the trial on M30 concrete for
30 min while adding three distinct fiber variations and four different temperatures. When
concrete is exposed to high temperatures, they discovered that the use of polypropylene
fibers in the concrete can reduce and prevent spalling.

As far as LFC is concerned, not much research has been conducted to investigate the
potential utilization of polypropylene fiber in LFC for durability and mechanical properties
improvement. However, there were few investigations executed to observe the use of
polypropylene fiber in LFC. Hazlin et al. [35] reported that the addition of 0.05% by volume
of polypropylene fiber in LFC increased its tensile strength by 35% and 40% for densities
of 1600 kg/m3 and 1800 kg/m3 correspondingly. According to Ngo and Huynh [36], 1%
polypropylene fiber in LFC is the ideal weight fraction to attain good mechanical properties.
They found that with 1% addition of polypropylene fiber increased the compressive and
flexural strength. The flexural strength enhancement was more significant in comparison to
compressive strength. Though Bing et al. [37] found that adding PP fiber to LFC improved
its compressive strength, Falliano et al. [38] found that the percentage of PP in LFC had no
discernible effect on its strength. So, further research is needed to shed light on this debate.

It should be pointed out that the addition of polypropylene fiber to LFC bridges the
cracks and prevents further expansion. More forces and energy are needed to tear out or
shatter the fibers to cause the beam to deflect more. In addition to maintaining the structural
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integrity of the concrete, this technique increases the structural member’s ability to take
more weight without cracking. The load-deflection curve now has a lengthy post-peak
lowering component. Steel reinforcement bars in concrete have a similar advantageous
effect since they function as continuous, lengthy fibers. However, the advantage of short
discontinuous polypropylene fibers is that they are evenly mixed and spread throughout
the concrete [39]. Moreover, concrete can generate a three-dimensional random distribution
network structure when polypropylene fiber is added, which effectively prevents the
formation and progression of microcracks. The longevity of concrete can be increased by
adding polypropylene fiber since it can stop water and other damaging ions from entering
it. Furthermore, due to fewer through cracks in the concrete, the resist-permeability of the
concrete can be increased by adding polypropylene fiber.

From the above review, there is a huge potential to utilize polypropylene fiber in
cement-based material for properties modification and enhancement. Additionally, the
research on the durability and mechanical properties of polypropylene fiber-reinforced
concrete mainly focused on the normal strength concrete. The effect of polypropylene fiber
inclusion in LFC for engineering properties enhancement has not been very well explored.
Thus, this research concentrates on establishing the mechanical and durability properties
of low densities of LFC reinforced with PTBF. LFC densities of 500, 700, and 900 kg/m3

were produced with varying weight fractions of PTBF and the composites’ properties were
investigated.

2. Materials and Methods

This section explains the constituent materials to produce LFC, mix proportions and
laboratory test procedures. First, the preparation of materials is discussed thoroughly.
After that, the mix proportions, mixing methods, and experimental approaches for the LFC
samples reinforced with polypropylene twisted bundle fiber (PTBF). This research was
designed to explore the effect of PTBF at six different weight fractions (0.0%, 0.5%, 1.0%,
1.5%, 2.0%, and 2.5%) on LFC properties. Three low densities of LFC were prepared specifi-
cally 500 kg/m3, 700 kg/m3 and 900 kg/m3. The low densities of LFC were considered in
this research because it has extremely low durability and mechanical properties and it can
benefit from the reinforcement with PTBF. Three main properties have been investigated
which were durability and mechanical properties. For durability properties, four main
parameters were investigated such as workability, density, water absorption capacity and
porosity. In terms of mechanical properties, three main aspects have been scrutinized such
as axial compressive strength, splitting tensile strength, and flexural strength. Next, the
correlation between durability and mechanical properties was determined to quantify the
degree to which the two parameters are related.

2.1. Materials

The basic materials used in this study were Portland cement conforming to British
Standard BS12 [40] and fine river sand was sieved passing through 600 microns sieve
with a specific weight of 2.59 g/cm3 and particle sizes of 0.15–2.36 mm adhered to British
Standard BS882 [41]. Stable foam with a density of 70 kg/m3 was created using a protein-
based surfactant which was attenuated with a ratio of 1:34. The surfactant was produced
and supplied by DRN Technologies Sdn Bhd. Protein foams are agents that are mostly
formed from hydrolyzed proteins that exist naturally in the environment. In order to make
the foam concentration, they are mixed together with foam stabilizers, which are often
metal salts; bactericides; corrosion inhibitors; freeze protection additives; and solvents.
Protein foam agents result in a stable foam that has a strong resilience to heat and excellent
resistance to burn-back. Fluorochemicals added to fluoro-protein foams improve their
effectiveness by increasing the spreading velocity of the foams and, as a result, the pace
at which flames are extinguished. Because of this, increased fuel tolerance also implies
higher foam stability and increased productivity. The protein-based surfactant was then
aerated using a Portafoam TM-1 foam generator system to produce stable foam. This
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system runs from an air compressor and consists of a main generating unit, a foaming unit,
and a lancing unit.

In this study, polypropylene twisted bundle fiber (PTBF) was selected to be employed
in LFC. The PTBF was produced and supplied by Weifang Ectachem Co. Ltd., China. It
should be pointed out that PTBF was opted for due to being reasonably priced, inert in
high pH cementitious setting, and easy to disperse. The PTBF has an equivalent diameter
of 0.25 mm, 37 mm in length, and a density of 0.975 g/cm3 as shown in Figure 1. The PTBF
was added to the LFC with varying weight fractions of 0.0%, 0.5%, 1.0%, 1.5%, 2.0%, and
2.5%. The physical and mechanical attributes of the PTBF are shown in Table 1.
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Table 1. Physical and mechanical attributes of polypropylene twisted bundle fiber (PTBF).

Properties Value

Length 37 mm
Equivalent diameter 0.25 mm
Aspect ratio (L/D) 148
Density (g/cm3) 0.975
Young’s modulus 5.25 GPa
Tensile strength 575 MPa
Elongation at break 3.18%
Thermal conductivity 0.28 W/mK
Specific heat capacity 1287 J/kgK
Melting temperature 175 ◦C

2.2. LFC Mix Design

In this research, three different low densities LFC of 500, 700, and 900 kg/m3 were
prepared. The cement-to-filler (sand) ratio employed was fixed at 1:1.5 and constant water
to the cement of 0.45 was employed for all mixes. A total of 18 mixes were made. The
LFC samples were cured by moisture curing and exposed for 7, 28, and 56 days. Table 2
shows the LFC mixture proportions made. Each batch of LFC with different densities
was created using an LN-100 mixer. Prior to adding water and PTBF, the cement and
fine aggregate (sand) were first thoroughly dry-mixed until they were homogeneous. The
foaming agent was then produced using the foaming generator (Portafoam TM-1), which
turned the protein into foam. The foam was then put into the mixer and blended for no
longer than 10 min to ensure that it had not broken down and turned to water.
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Table 2. Mixture proportions of LFC.

Density
(kg/m3)

PTBF
(%)

Cement
(kg/m3)

Sand
(kg/m3)

Water
(kg/m3)

Foam
(kg/m3)

PTBF
(kg/m3)

500 0.0 194.1 291.2 87.4 46.3 0.0
500 0.5 194.1 291.2 87.4 46.3 3.1
500 1.0 194.1 291.2 87.4 46.3 6.2
500 1.5 194.1 291.2 87.4 46.3 9.3
500 2.0 194.1 291.2 87.4 46.3 12.4
500 2.5 194.1 291.2 87.4 46.3 15.5
700 0.0 266.3 399.5 119.9 40.0 0.0
700 0.5 266.3 399.5 119.9 40.0 4.1
700 1.0 266.3 399.5 119.9 40.0 8.3
700 1.5 266.3 399.5 119.9 40.0 12.4
700 2.0 266.3 399.5 119.9 40.0 16.5
700 2.5 266.3 399.5 119.9 40.0 20.6
900 0.0 338.6 507.9 152.4 33.8 0.0
900 0.5 338.6 507.9 152.4 33.8 5.2
900 1.0 338.6 507.9 152.4 33.8 10.3
900 1.5 338.6 507.9 152.4 33.8 15.5
900 2.0 338.6 507.9 152.4 33.8 20.7
900 2.5 338.6 507.9 152.4 33.8 25.8

After the mixing was complete, a slump test was conducted. This was carried out
in accordance with the guidelines outlined in British Standard BS 1881-102 [42]. The
wet density was then measured to confirm that the estimated wet density was accurate.
This was performed to guarantee that the mixture will reach the proper density. After
completion, the freshly cast LFC was placed in the mold and left there for 24 h at room
temperature. The LFC samples were demolded and moisture-cured in plastic containers
with water after one day. The LFC substrates were removed from the plastic containers at
ages 7, 28, and 56 days and placed in an oven for oven drying at 105 ± 2 ◦C for 24 h before
testing. Prior to the test, the samples were given an average 2 h cooling period. The samples
are cooled to determine their dried density. The development of concrete’s strength and
durability depends significantly on curing. Following the placement and completion of
the LFC samples, curing occurs. It also entails maintaining the desired temperature and
moisture levels for protracted periods of time. All the specimens in this study experienced
constant moisture curing.

2.3. LFC Preparation

All LFC specimens were prepared in the laboratory by using a 20 dm3 horizontal type
mixer at 25 ◦C and under the mixing speed of 40 r/min as shown in Figure 2. The process
is detailed as follows:

(1) The foaming agent composed of protein was diluted with water at a ratio of 1:34.
Using a high-pressure pump, the dilution was introduced into the foamer’s bucket.
The dilution was put in the foaming apparatus and exposed to high-pressure air
generated by an air compressor in order to create homogenous fine bubbles.

(2) Cement, fine sand, PTBF, and water were placed into the concrete mixer and mixed
for approximately 3 min. The relative viscosity of each fresh LFC was measured im-
mediately after mixing. An appropriate amount of foam (Figure 2a) was subsequently
introduced into the mortar slurry and mixed for another 3 min until a well-blended
slurry and homogenous mix was produced (Figure 2b).

(3) The LFC slurry was then poured into molds (cube, prism, and cylinder), leveled with
a steel ruler, and then placed in a room at 20 ± 5 ◦C with relative humidity (RH) of
60% as shown in Figure 3. The specimens were removed from the molds after 24 h
and stored in a fog room (20 ± 2 ◦C; RH > 95%) for curing purposes.
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2.4. Details of Experimental Tests

To establish the mechanical and durability properties of LFC reinforced with varying
weight fractions of PTBF, several tests were executed such as compression test, flexural test,
splitting tensile test, flow table test, porosity test, and water absorption test. This section
will explain in detail about these experimental tests.

2.4.1. Compression Test

The axial compression test was carried out to establish the potential strength of the
LFC mixes from which it is sampled. It tests the capacity of the LFC specimen to endure a
load before undergoing failure. It facilitates verifying whether correct mix proportions of
diverse LFC mix proportions of different materials were employed to attain the required
strength. In this study, the axial compression test was accomplished in compliance with
the British Standards BS 12390-3 [43] with a continual rate of 0.03 mm/s. Cubic samples of
100 × 100 × 100 mm in size were prepared. The compression test was executed on days
7, 28 and 56. The result was taken from the average of three LFC samplings. Figure 4
visualizes the compression test setup.
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2.4.2. Flexural Test

The flexural test was performed to establish the strength needed to bend a prism
and verifies the stiffness of LFC. In other words, it is the utmost stress just before it yields
in a flexural test. To determine the influence of PTBF on the flexural strength of LFC, a
three-point flexural test was conducted conforming to British Standards 12390-5 [44] as
shown in Figure 5. The LFC specimens were fabricated into 100 × 100 × 500 mm and each
flexural strength test is carried out with 3 prisms. The flexural tests were performed after
standard curing of 7, 28 and 56 days.
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2.4.3. Splitting Tensile Test

The splitting tensile strength of LFC is one of the fundamental and crucial properties
which significantly influence the size and magnitude of cracking in concrete. The LFC
specimen is not commonly expected to withstand direct tension owing to its brittle nature
as well as low tensile strength. In this research, the splitting tensile strength test was
achieved in line with the British Standards 12390-6 [45]. A cylinder LFC specimen with a
diameter of 100 mm and height of 200 mm was utilized and the test was performed on
days 7, 28 and 56. Figure 6 shows the apparatus for the splitting tensile strength test.
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2.4.4. Flow Table Test

This test was executed to ascertain the influence of PTBF addition on the workability of
LFC. The workability was determined by the spreadability using a long cylinder (diameter
of 76.2 mm × height of 152.4 mm) as shown in Figure 7a [46]. The average spread diameter
of the LFC mixes was determined once the LFC stopped flowing. Figure 7b displays the
measurement of the spreadability of LFC.
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2.4.5. Porosity Test

Porosity is the number of pores in LFC and typically expelled in volume percent. The
porosity of LFC has an influence on the durability, mechanical and thermal properties in
many aspects. It also permits various harmful elements into the LFC. In reinforced LFC,
the salt will destroy the reinforcing bar and rust growing and splitting the LFC. Therefore,
it is crucial to determine the porosity of LFC with the inclusion of PTBF. The porosity test
was performed via the vacuum-saturated method. The cylinder specimens were cast with
a size of 45 mm in diameter and 50 mm in height. This test was executed on day 28 by
submerging the LFC specimens into a vacuum desiccator.

2.4.6. Water Absorption Test

The water absorption capability of LFC is directly related to its resistance to water
penetration, which plays a crucial role in numerous weakening mechanisms and keeps
many detrimental causes from the environment. The water absorption of LFC enables the

Load 
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transport of oxygen, chloride and carbon dioxide, which triggers the corrosion of reinforcing
steel in LFC. In this study, the water absorption test was performed in accordance with
the British Standards BS 1881-122 [47]. Cylinder LFC specimens of 75 mm in diameter and
100 mm in height were prepared.

3. Results
3.1. Slump Flow

The slump flow results for the three densities considered in this research are shown
in Figure 8. As can be noticed from Figure 8, all LFC mixes had slump flow larger than
185 mm which signifies a good self-flowing ability. The control specimens had the highest
slump flow of 258 mm, 250 mm and 240 mm for 500, 700 and 900 kg/m3 densities in that
order. With the insertion of PTBF in LFC, the slump flow was decreased with the increase
in weight fractions of PTBF. Comparing the slump flow values of the different LFC mixes,
when 2.5% of PTBF was added to the mix, it led to the lowest slump flow. The recorded
slump diameters were 200 mm, 190 mm and 185 mm for 500, 700 and 900 kg/m3 densities
correspondingly. The decline in the slump flow of LFC with the addition of PTBF was
possibly prompted by the weakening of resistance between the structures of the mix and
contraction of the free water amount as PTBF tend to absorb water, which elucidates the
decrease of slump diameter consistently to the presence of PTBF, as their external segment
present significant porosity which benefits the bond to the matrices. Moreover, the PTBF’s
high specific surface area accumulates the cementitious matrices in the area of the PTBF and,
accordingly, enhances the LFC viscosity, which triggers a decrease in the slump flow with
higher weight fractions of PTBF. This will bridge a downturn in the LFC slump diameter
due to the free flow of the intermittent stage over the capacity of the stable spreading
form, eliminating the air bubbles in the cementitious matrix. Along with fine filler (sand),
the mortar also needs to cover the plane PTBF membrane. This indicates supplementary
filling mortar is needed to cover the additional zone of PTBF, consequently, further cement
slurry is necessary for greasing which causes the slump flow of LFC to be decreased as the
weight fraction of PTBF was raised from 0.5% to 2.5%. In addition, PTBF augments the
interior abrasion between LFC components causing more cement matrix to lessen the inner
resistance, leading to a decrease in LFC workability [48]. A comparable discovery had been
described that the workability of concrete diminished as the fiber’s weight fraction was
boosted [49].
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3.2. Density

Figure 9 demonstrates the influence of varying weight fractions of PTBF on the dry
density of LFC. The results revealed that the dry density of LFC diminishes as the weight
fractions of PTBF increase from 0.5% to 2.5% for all three densities as compared to the control
LFC. The greatest dry density of LFC was acquired at 0.0% inclusion of PTBF (control speci-
men) while the least density was achieved at 2.5% inclusion of PTBF in LFC. The decrease
in dry density of LFC mixed with higher weight fractions of PTBF was due to difficulty in
the compaction process which causes absorbent LFC, leading to a reduced dry density of
LFC as associated with the control specimen. For the entire LFC mixes with the addition of
varying weight fractions of PTBF, the final dry densities were within the appropriate accep-
tance of ±50 kg/m3. For example, the differences between final dry densities and targeted
dry densities of 500 kg/m3 density were ±2 kg/m3, ±6 kg/m3, ±11 kg/m3, ±20 kg/m3,
±26 kg/m3 and ±33 kg/m3 for mixes Control, PTBF0.5%, PTBF1.0%, PTBF1.5%, PTBF2.0%
and PTBF2.5%, respectively. The final dry density of LFC will completely impact the
durability and mechanical properties.
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3.3. Porosity

Figure 10 visualizes the porosity of LFC with varying PTBF weight fractions. Generally,
the LFC porosity improves steadily with the presence of PTBF up to 2.5% weight fraction.
LFC mix with 2.5% PTBF attained the optimal values of porosity with approximately a 12%
decrease in comparison with the control LFC sample for all three densities considered in
this research. This is possibly due to the great packing capacity of PTBF in the cementitious
matrix of LFC. The 500 kg/m3 density LFC mix with 2.5% of PTBF recorded a porosity
of 65.5% while the control sample achieved a porosity value of 74.5%. Within the LFC
fresh state condition, its surface moisture was quickly vaporizing with substantial dry
shrinkage, and microcracks were certainly formed on the surface [50]. When PTBF was
included in LFC mixes, the segregation can be diminished as well as decreasing the water
evaporation [51]. Furthermore, PTBF can efficiently inhibit the propagation of cracks
emerging from the outside to the inside of LF.
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3.4. Water Absorption

Figure 11 establishes the LFC water absorption results with different weight fractions
of PTBF. It was apparent that the water absorption capacity of LFC intensified with the boost
of the weight fractions of PTBF from 0.5% to 2.5%. Optimal water absorption was attained
with the inclusion of 2.5% of PTBF for all three densities assessed in this study. It should be
pointed out that the LFC with the presence of PTBF in the mix has fewer cracks formation,
and the cracks in LFC were less significant and finer than the LFC without the addition of
PTBF. This implies that the presence of PTBF can play an important role to lessen the risk
of microcrack merging in LFC and considerably enhance the water absorption capacity of
LFC. The concrete water penetration depth declined with the inclusion of polypropylene
fiber [52]. Additionally, fine fibers have noticeable inhibition of micropores in concrete,
while coarse fibers have more noticeable macropores inhibition in concrete [53]. Moreover,
the LFC mixed with fine and coarse polypropylene fiber has greater impenetrability than
the LFC with single-diameter polypropylene fiber. There was a reduction in the water
absorption capacity by up to 45% with the presence of polypropylene fiber, implying that
the impermeability of concrete was considerably improved [54].
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3.5. Compressive Strength

Figures 12–14 reveal the compressive strength results of 500, 700 and 900 kg/m3

densities correspondingly with the insertion of various weight fractions of PTBF. In general,
the inclusion of PTBF into LFC enhanced compressive strength. For 500 and 700 kg/m3

densities, the ideal weight fraction of PTBF was 1.5%, while for the 900 kg/m3 density,
the optimal weight fraction was 2.0%. With the inclusion of PTBF in LFC, there was
a reduction in the entrapped air void, capillary pores, and entrained air voids, which
amplify the LFC’s compressive strength. The LFC compressive strengths with the inclusion
of PTBF on day 7, 28 and 56 surpassed the control specimen strength, regardless of its
density. The optimal compressive strengths accomplished at day 56 were 1.74, 3.93 and
6.02 N/mm2, with the inclusion of a 1.5% and 2.0% weight fractions of PTBF for the
500, 700 and 900 kg/m3 densities, respectively, in comparison to the control specimen,
which only achieved compressive strengths of 1.05 N/mm2 (500 kg/m3), 2.31 N/mm2

(700 kg/m3), and 3.35 N/mm2 (900 kg/m3). When an optimal weight fraction of PTBF is
uniformly dispersed in LFC cement paste, the hydrated products of cement amass around
the PTBF due to their superior surface energy which acts as nucleation spots [55]. The PTBF
grasps tensile energy as the LFC shrinks, through the boundary between the PTBF and
LFC cementitious matrix and disperses this energy to the neighboring matrix to reduce
concentrated tensile stress which leads to an intensification of the resistance to crack. After
reaching their compressive peak strength, PTBF-reinforced LFC specimens were able to
sustain loads at progressively higher strains. This was explained by the fact that the PTBF
reinforcement stopped cracks from expanding by constructing connecting bridges on the
concrete, resulting in more structurally sound specimens. When the weight fraction of
PTBF in the LFC cementitious matrix surpassed 2.0%, poor PTBF dispersal in the LFC
matrix leads to a balling effect which causes a degraded impact of scattering the tensile
stress from the LFC vicinity to another area PTBF surface [56]. This explanation supports
the reason why there was a decline in compressive strength when the weight fractions of
PTBF exceeded 2.0%.
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3.6. Flexural Strength

Figures 15–17 establish the flexural strength results of 500, 700, and 900 kg/m3 densi-
ties correspondingly with the varying weight fractions of PTBF. As can be noticed from
Figures 16–18, the presence of PTBF in LFC improved flexural strength. For the 500 and
700 kg/m3 densities, the best weight fraction of PTBF was 1.5%, while for the 900 kg/m3

density, the ideal weight fraction was 2.0%. The LFC flexural strengths with the presence of
PTBF on day 7, 28 and 56 surpassed the control specimen flexural strength, regardless of its
density. The ideal flexural strengths attained at day 56 were 0.49, 0.89, and 1.44 N/mm2,
with the addition of 1.5% and 2.0% weight fractions of PTBF for the 500 kg/m3, 700 kg/m3,
and 900 kg/m3 densities, respectively, in comparison to the control specimen, which only
attained flexural strengths of 0.29 N/mm2 (500 kg/m3), 0.53 N/mm2 (700 kg/m3), and
0.80 N/mm2 (900 kg/m3). PTBF is a hydrophilic material; hence it has excellent adhesion
with the cement paste. Beyond the 2.0% weight fraction of PTBF, the flexural strength of
LFC decreased dramatically for all three densities considered in this study. If the volume
fractions of PTBF were too high, the flexural strength will be reduced, which is because
the PTBF is difficult to scatter evenly and trigger agglomeration. In the process of crack
spread out, the PTBF will gradually remove the matrix until the bond strength is entirely
outstripped.
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3.7. Splitting Tensile Strength

The influence of varying weight fractions of PTBF on splitting tensile strength of
500, 700 and 900 kg/m3 densities are shown in Figures 18–20. It is noticeable from the
whole trend that with the rise of PTBF weight fractions, the splitting tensile strength of
entire LFC densities at different ages all display an upward trend. Generally, the splitting
tensile strength increases steadily with the rise in the weight fractions of PTBF up to
1.5% (for densities of 500 kg/m3, 700 kg/m3) and 2.0% (for 900 kg/m3 density). The
optimal splitting tensile strengths accomplished at day 56 were 0.30, 0.55, and 0.78 N/mm2,
with the inclusion of a 1.5% and 2.0% weight fractions of PTBF for the 500, 700, and
900 kg/m3 densities, respectively, in comparison to the control specimen, which only
achieved compressive strengths of 0.18 N/mm2 (500 kg/m3), 0.34 N/mm2 (700 kg/m3),
and 0.49 N/mm2 (900 kg/m3). The enhancement of splitting tensile strengths was achieved
for the three densities considered in this research because of the greater LFC robustness
assisted by the existence of PTBF.
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4. Discussion
4.1. Correlation between Water Absorption and Porosity

Figure 21 reveals the connection between the LFC water absorption capacity and its
porosity. A straight relationship transpires between the LFC water absorption and porosity
with varying weight fractions of PTBF which specifies that as the LFC water absorption
expands, the porosity expands as well. Dispersal of free water in the LFC develops at the
outward section and emerges into the LFC matrix’s deepest segment. Additionally, internal
water absorption may have a minor impact on the porosity of FC. The R-squared value of
0.8711 indicates that there is a clear linear association between the LFC water absorption
capacity and its porosity.

Figure 22 reveals the morphology of the control LFC specimen of 900 kg/m3 density. It
was obvious that there were many large and interconnected pores which led to high water
absorption and porosity values. With the inclusion of 2.5% FP, it enhances the compactness
of the LFC and reduces the number of large and interconnected pores. As can be noticed
from Figure 23, the internal structure becomes denser and homogenous microstructure was
attained as the FF were embedded in the cementitious matrix and at the same time reduces
the LFC water absorption capacity and porosity values [57].
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tionship can be distinguished in compressive strength and flexural strength of LFC [58,59].
From Figure 24, it can be seen that an R-squared value of 0.9444 was obtained, which
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that variations in the predictors are interrelated to deviations in the response variable and
that the attained prediction models explain much of the variability of the response. The
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There was evidence of PTBF pull-out from the matrix after the flexural test was
completed, indicating that the extra stress transmitted to the PTBF was exceptionally
strong, culminating in PTBF rupture as shown in Figure 25. Even though the PTBF was
shattered and foamed concrete matrix was broken, it can still hold the basic shape. The
existence of PTBF in LFC plays a vital role in bolstering the LFC cementitious matrix and
altering the material’s physical attributes from a brittle condition to a ductile state [60].
Integrating an appropriate weight fraction of PTBF can efficiently upsurge the flexural
strength of LFC because an appropriate volume of PTBF can bond with the hydration
products and unhydrated constituents in the LFC matrix to build a three-dimensional
network structure, which can create a subsidiary effect and enhance the flexural strength of
LFC [61].
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Figure 26, the dissemination of data corroborates that a good relationship between splitting
tensile and compressive strengths of LFC does exist. The splitting tensile strengths for all
curing periods increased with increasing compressive strength in a similar trend. A great
linear association is apparent with an R-squared of 0.9056. For the entire specimens tested
in this study, the splitting tensile strength of LFC was approximately 14% of its compressive
strength [62,63].
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As shown in Figure 27, the impediment of the propagation of cracks in LFC was
reduced more obviously with the optimal weight fraction of PTBF. It should be pointed out
that at low strains, a linear-elastic behavior was seen, followed by a sudden decrease in
stress corresponding to the first crack (matrix failure) and the onset of the plastic region
under flexural loading. The material can sustain a proportion of its maximal flexural
strength when displacement increases in the plastic zone, which is mostly due to frictional
slip and pullout behavior [64]. Furthermore, the area under the curve for the PP fiber-
reinforced mixes rose as the fiber percentage increased. During the LFC hardening process,
the PTBF will progressively form a fiber grid skeleton inside the LFC, which can enhance
the brittle state of the LFC matrix by governing the growth and propagation of cracks when
it is exposed to external tensile stress so that it does not lead to an explosive failure. When
the PTBF weight fractions were between 1.5% and 2.0%, it is apparent that the fiber can
be uniformly dispersed, thus boosting the bonding strength between the cement matrix
and the PTBF. The dissemination of the PTBF in the LFC matrix is almost homogeneous
without significant accumulation occurrence. The plastic deformation of LFC under tensile
load ensues after the presence of the first crack, and before that, it shows elastic linear
tension [65]. However, when the PTBF was added to LFC, it will play a fastening role when
LFC cracks, so that the matrix elastic modulus will not immediately drop to zero when the
direct boundary strain is achieved. PTBF will carry all the stress when cracks emerge, and
then slowly transmit it to the matrix [66–68].
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5. Conclusions

Based on this experimental investigation, the subsequent conclusions are drawn:

1. Slump flow is reduced when PTBF is added to LFC because the fibers form a spatial
network and the cement paste used to cover them is burned. Nonetheless, all LFC
mixtures had a slump flow bigger than 185 mm, indicating strong self-flowing ability.

2. The LFC dry density reduces as the PTBF weight fractions increase from 0.5% to 2.5%
associated with the control specimen. The highest LFC dry density was obtained for
the control specimen (0.0% PTBF) whereas the lowest density was obtained at 2.5%
PTBF inclusion. The decrease in dry density at higher weight fractions of PTBF was
due to the complexity of the compaction process which results in porous LFC.

3. The LFC porosity progresses progressively with the PTBF addition up to 2.5%. LFC
mixed with 2.5% PTBF accomplished the ideal porosity with approximately a 12% de-
crease in comparison with the control LFC specimen for all three densities considered
in this research. This is probably due to the excellent PTBF packing capability in the
cement matrix of LFC.

4. The water absorption of LFC increased with the rise in weight fractions of PTBF
from 0.5% to 2.5%. The ideal water absorption capacity was accomplished with the
addition of 2.5% of PTBF. LFC with the existence of PTBF in the mix has fewer cracks,
and the cracks were less significant and finer than the LFC without the addition
of PTBF. A linear relationship exists between the LFC water absorption capacity
and its porosity for various PTBF weight fractions, indicating that as the LFC water
absorption increases, the porosity increases as well.

5. The presence of PTBF in LFC augmented the flexural, compressive and splitting
tensile strengths of LFC. For 500 and 700 kg/m3 densities, the optimal weight fraction
of PTBF was 1.5%, while for the 900 kg/m3 density, the optimal weight fraction was
2.0%. With the inclusion of PTBF in LFC, there was a reduction in the entrapped
air void, capillary pores, and entrained air voids, which boost the LFC’s strength
properties. Beyond the 2.0% PTBF weight fraction, the LFC compressive, flexural and
splitting tensile strengths diminished significantly. If the PTBF weight fractions were
too high, the PTBF is difficult to disperse uniformly and causes agglomeration.

microcracks within 
the LFC matrix 

~ 
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6. Compressive strength and flexural strength of LFC can be distinguished by a direct
expanding relationship, which denotes a highly linear relationship between the two
strength parameters. The relationship demonstrates that the flexural strength of LFC
increases with enhancing compressive strength. Additionally, the distribution of
data supports the existence of a strong correlation between the splitting tensile and
compressive strengths of LFC. In a similar pattern, the splitting tensile strengths rose
with increasing compressive strength for all curing durations.
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