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ARTICLE INFO ABSTRACT

Keywords: The utilisation of lightweight materials to reduce building weight results in cost savings,
Lytag enhanced efficiency, and energy conservation. It also mitigates damage from natural hazards such
Leca

as earthquakes and reduces problems associated with structural overload. This research aims to
develop sustainable lightweight aggregate concrete (LWAC) incorporating hybrid fibres and two
Hybrid fibre reinforcement lightweight aggregates (Lytag and Leca). Two fibres type were used: basalt fibres (BF) with
Mechanical properties lengths of 48 mm and two types of polypropylene fibres with lengths of 20 mm (PPX fibre) and
Fracture toughness 40 mm (PPD fibre). The performance of LWAC was experimentally evaluated in terms of modulus
of elasticity, compressive strength, splitting tensile strength, flexural strength, fracture toughness,
and microstructural characteristics. Ten distinct mixtures were designed, and 150 LWAC samples
(cubes, cylinders, and prisms) were tested. The results showed that all oven-dried densities are
below 1930 kg/m®, meeting the definition of LWAC as outlined by the BS EN 206. Specimens
made with Lytag aggregate significantly outperformed those with Leca aggregate, exhibiting
enhancements in modulus of elasticity, compressive strength, splitting tensile strength, and
flexural strength of 31.1%, 61%, 47.2%, and 23.6%, respectively. Fibres inclusion had little effect
on compressive strength, but significantly enhanced splitting tensile strength (up to 37.9%),
flexural strength (up to 34.3%), and energy absorption capacity (up to 71.8%). Mixtures con-
taining 0.5% BF + 1.0% PPD (regardless of the aggregate type) demonstrated the best perfor-
mance among the fibre-reinforced LWAC specimens.

Lightweight aggregate
Lightweight aggregate concrete

1. Introduction

The growing demand for housing and infrastructure, coupled with the need for modern systems that accelerate building processes,
improve efficiency, and strengthen reinforced concrete (RC) structures against earthquakes, has become a critical concern. Under-
standing the impact of lightweight materials on RC structures has become an important focus within the construction sector and civil
projects, drawing considerable attention from both researchers and engineers incorporating lightweight materials reduces the overall
weight of buildings, which in turn lowers the construction costs, enhance time and energy efficiency, and improve structural per-
formance. In addition, it helps mitigate earthquake induced damage and minimize problems related to structural overloading.
Lightweight aggregates concrete (LWAC) is increasingly used in both non-structural and structural members such as columns and
beams, leading to reduction in the overall weight and dimensions of RC structures [1-4]. LWAC can be produced using lightweight
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aggregates (LWA) and supplementary cementitious materials [3,5]. The predominant approach involves the utilisation of LWA, which
can be either natural or artificial [4,6]. Considerable research has been investigated natural aggregates such as diatomite, scoria, and
pumice, as well as artificial aggregates including slag, shale, perlite, and expanded clay, for use in the concrete production [7-10].

The incorporation of LWA creates a porous framework in the LWAC, lowering density but also reducing compressive strength, while
the reduction in density enables the construction of taller structures [11], it is essential to maintain a balance between the density
reduction and the strength. Enhancing strength while reducing density remains a key research challenge. Fibre serves as a widely
utilised strengthening approach in composites, effectively addressing the reduction in strength. In addition, concrete exhibits sig-
nificant weaknesses, particularly characterised by its low tensile strength, limited strain capacity, and brittleness when subjected to
compressive or flexural loads. These properties can lead to abrupt failures in RC structures during seismic events [12-15]. A viable
approach to address this issue involves the utilisation of RC structures combined with various types of fibres [16,17]. The utilisation of
fibre has gained significant traction in industrialised nations since the early 1960s, with advancements in the type, shape, and
fabrication methods of these fibres evolving over the decades [18,19]. Basalt fibre (BF), produced by melting basalt rocks, has emerged
as a sustainable alternative with minimal industrial and environmental impact. The higher silica content in the basalt components
indicates that fibres derived from it are suitable options and exhibit compatibility with the cementitious matrix [20,21]. Polypropylene
fibre (PPF) is a synthetic fibre characterised by excellent ductility and deformation capabilities. It can increase the concrete's ductility
and durability while lowering plastic shrinkage. In comparison to steel fibres, it possesses a low cost and superior corrosion resistance
[22,23]. Upon the addition of fibres into the concrete matrix, two distinct types of cracking may manifest: one occurring perpendicular
and parallel to the fibres. Consequently, when the fibres intersect the crack edges perpendicularly, their bridging capability preserves
the fracture's integrity, enabling significant deformations and consequently enhancing the flexural strength of the concrete due to the
fibres' bridging characteristic [21,24]. The incorporation of fibres in a concrete matrix markedly enhances its resistance to cracking
under various environmental circumstances [25,26]. For example, in hot and dry climates, the fibres control the main or secondary age
cracks resulting from shrinking. The incorporation of a specific type of fibre improves the mechanical characteristics of concrete, albeit
within a constrained spectrum. In contrast, adding hybrid fibres with multiple types exhibits the synergistic interactions of each fibre
type, resulting in superior characteristic. The incorporation of hybrid fibres with varying lengths and dimensions presents a viable
strategy to mitigate the issue of cracking that can arise at multiple sizes and loading stages in concrete [27-29].

Madandoust et al. [30] studied the influence of various curing circumstances on the mechanical characteristics of LWAC that
incorporates expanded clay aggregate and fibres (PPF and steel (SF)). The findings indicated that the LWAC achieved optimal me-
chanical strength when subjected to vapor treatment at 90°C. Furthermore, the ideal proportions of SF for achieving maximum
compressive and tensile strength in LWAC were determined to be 1% and 3%, respectively. Furthermore, Li et al. [31] investigated the
fracture behaviour of LWAC that incorporates PPFs when subjected to high temperatures. The findings revealed that the inclusion of
PPF in the LWAC at elevated temperatures resulted in a reduction of the compressive strength. Furthermore, the LWAC with PPF at
ambient temperature resulted in an enhancement of the fracture energy. Conversely, a rise in fracture energy at elevated temperatures
has been noticed for non-reinforced concrete incorporating PPF. Badogiannis et al. [32] study the mechanical strength of LWAC that
incorporates pumice, reinforced with SF and PPF fibres. The findings indicated that the compressive strength improved by 16-76% and
47-110% for the compressive strength and flexural strength of the fibre-reinforced LWAC, respectively. They also noted that the
addition of fibres had an insignificant impact on the modulus of elasticity and Poisson’s ratio. A further investigation by Libre et al.
[33] examined the mechanical characteristics of LWAC with natural pumice and hybrid fibre (SF and PPF). The study demonstrated
that the inclusion of fibres decreased the likelihood of segregation among the aggregates in the LWAC mixture. Additionally, the
inclusion of less than 0.2% PPFs did not influence the mechanical characteristics; however, an increase to 0.5% resulted in enhanced
flexural strength and toughness. Xu et al. [11] reported that BF reinforcement enhanced the compressive strength of LWAC by 62.43%
compared with LWAC without fibre (control sample). In addition, the compressive strength of LWAC with BF was found to be 16.71%
greater than that of the LWAC with the same length and content of PPF. BF demonstrates a greater efficacy in enhancing the me-
chanical characteristics of LWAC.

Zhao et al. [34] investigated the performance of lightweight ultra-high-performance concrete containing waste glass powder. They
reported that the inclusion of 1.5 vol% steel fibres significantly improved mechanical performance, resulting in a 185% enhancement
in compressive toughness and a remarkable 789% increase in peak strain, demonstrating pseudo-strain hardening behaviour in axial
tension. In addition, while polypropylene fibres lost all mechanical qualities because of interfacial flaws, polyethylene fibres increased
flexural strength by 136% through nanoscale crack bridging. Zhang et al. [35] studied the mechanical properties of lightweight cement
concrete. The findings demonstrated that adding fibres successfully decreased LCC's brittleness without changing its composition.
End-hooked steel fibre showed superior improvements in the mechanical properties of lightweight cement concretes compared to
smooth steel and polypropylene fibres. Chen et al. [36] conducted an experimental test on the durability of ultra-high-strength
lightweight geopolymeric composites. The results show that the compressive strength increased while the durability of the mix-
tures decreased with the addition of polypropylene and polyethylene fibres, accompanied by increased porosity. In addition, another
study by Chen et al. [37] reported that under tensile or flexural loading, ultra-high-strength lightweight geopolymeric composites
exhibited pseudo-strain hardening due to the presence of polyethylene fibres. Zhang et al. [38] investigated the dynamic behaviour of
ultra-lightweight high-strength concrete. The findings demonstrated that ultra-lightweight high-strength concrete's compressive
characteristics showed substantial strain-rate dependency and that the inclusion of fibres made the mixture more strain-rate sensitive,
particularly at high strain rates. Moreover, increasing the fibre content consistently enhanced both the dynamic compressive strength
and the dynamic increase factor. Nonetheless, there exists a lack of studies focusing on LWAC with hybrid fibres, particularly BF and
PPF. The selected fibre length was based on preliminary trial mixes, which confirmed that this length provided adequate dispersion
and an initial improvement in mechanical response, in line with the manufacturer's recommendations.



S. Alnasser et al. Case Studies in Construction Materials 24 (2026) e06166

Table 1
Chemical composition of cementitious materials used in this study.
Material SiO, Al,O3 CaO Fe,03 MgO K>O NaO MnO SO3 P05 TiOy LOI
CEM I 31.52 13.33 38.81 1.05 7.23 0.61 0.29 0.29 1.90 0.01 0.63 4.18
GGBS 18.90 4.92 65.49 2.79 1.15 0.59 0.28 0.07 3.29 0.08 0.35 1.55
50%CEM I + 50% GGBS 25.40 9.20 52.02 1.98 4.11 0.59 0.23 0.18 2.54 0.05 0.58 2.97
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Fig. 1. The grading curves for fine and coarse aggregates used in this study.

Table 2
Physical characteristic of coarse aggregate.
Property Aggregate size Specific Gravity Absorption Unit Weight Crushing resistance Voids ratio
(%) (Kg/m®) (N/mm?) (%)
SGop SGssp SGapp Loose Dense
Lytag 5/14 1.37 1.61 1.80 17.5% 892 960 11 47
Leca 5/14 1.0 117 1.21 19.5% 589 623 5 45

This study aims to develop LWAC using two types of LWA (Lytag and Leca) and hybrid fibres (BF, PPD and PPX). The performance
of LWAC was experimentally investigated in terms of modulus of elasticity, compressive strength, splitting tensile strength, flexural
strength, fracture toughness, and microstructure analysis. A total of ten mixtures and 150 samples (cubes, cylinders, and prisms) were
tested to provide a comprehensive evaluation of LWAC with hybrid fibre reinforcement.

2. Materials and methods
2.1. Raw materials

2.1.1. Cementitious materials

The cement mix was consisted of 50% Ordinary Portland Cement (OPC)-CEM I (High Strength Cement 52.5 N), which is suitable for
different concrete projects and complies with BS EN 197-1 standards [39]. Ground granulated blast furnace slag (GGBS) was added at a
rate of 50%. The setting time test was conducted following BS EN 196-3 [40]. The initial setting time was 2 h and 28 min (148 min),
while the final sitting time was 4 h and 9 min (249 min); these values meet the standards. XRF spectroscopy was used to determine the
chemical composition of the cementitious materials. Table 1 provides the chemical composition of the CEM I, GGBS, and 50%CEM I
+ 50%GGBS.

2.1.2. Fine aggregate
The research used natural river sand as fine aggregate. Fig. 1 illustrates the grading curve for natural sand, which meets the
standard limit requirements as per BS 882 (1992) [41].
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Fig. 2. Lightweight aggregate used in this study: (a) Lytag; (b) Leca.
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Fig. 3. Fibres used in this study: (a) BF; (b) PPD; (c) PPX.

2.1.3. Coarse aggregate

This study utilised two primary types of lightweight aggregate Lytag and Leca sourced from UK suppliers. Leca, an aggregate
produced from expanded clay, and Lytag, manufactured from sintered fly ash, both contain silica (SiO2), alumina (Al20s), and iron
oxide (Fe20s) as their major oxides, as reported in [42]. Both aggregates contain interconnected voids that reduce density and make
them suitable for lightweight concrete. Table 2 illustrates the physical characteristic of LWA. Figs. 2(a) and 2(b) show the Lytag and
Leca aggregates respectively. The gradation curves for both types of aggregate are illustrated in Fig. 1; the maximum size was 14 mm
for both Lytag and Leca, in accordance with BS EN 13055-1 standard [43].

2.1.4. Fibres
Two types of fibres were used in this study: basalt fibres (BF) with lengths of 48 mm and two types of polypropylene fibres with
lengths of 20 mm (PPX fibre) and 40 mm (PPD fibre). The visual depiction of these fibres is illustrated in Fig. 3. The characteristics of

Table 3
Physical characteristic of fibres.
Fibre type Shape Length (mm) Diameter (um) Elastic modulus E (GPa) Specific gravity (kg/m?) Tensile strength (MPa)
BF Round 48 13+1 90-100 1900 2670
PPX Round 20 22 >3 905 380
PPD Rectangular 40 1 x 0.5 mm (flat) 6 920 470
Table 4
Test matrix and mix proportions for LWAC mixtures kg/ms.
Specimen ID OPC GGBS Water Sand Coarse Aggregate Fibres
L/m%)
Lytag Leca BF PPD PPX
Group 1 LY-CO 245 245 220 620 450 - - - -
LY-B0.5D1.0 245 245 220 620 450 - 0.5% 1.0% -
LY-B1.0D0.5 245 245 220 620 450 - 1.0% 0.5% -
LY-B0.5D0.5 245 245 220 620 450 - 0.5% 0.5% -
LY-B1.0 x 0.5 245 245 220 620 450 - 1.0% - 0.5%
Group 2 LE-CO 245 245 220 620 - 450 - - -
LE-B0.5D1.0 245 245 220 620 - 450 0.5% 1.0% -
LE-B1.0D0.5 245 245 220 620 - 450 1.0% 0.5% -
LE-B0.5D0.5 245 245 220 620 - 450 0.5% 0.5% -
LE-B1.0 x 0.5 245 245 220 620 - 450 1.0% - 0.5%

Superplasticiser: The amount ranges from 0.1% to 0.3% of the weight of OPC, depending on the mixture requirements.
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Fig. 4. The specimens after casting.
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Fig. 5. Tests setup: (a) Compression Test; (b) Splitting tensile test; (c) Modulus of elasticity test; (d) Flexural strength test; (e) Strain gauge position.

basalt and polypropylene fibres, obtained from manufacturer reports, are provided in detail in Table 3. According to the manufac-
turers’ Environmental Product Declarations (EPDs), the PP fibres used in this study have an embodied carbon of 1.95 kg COz-eq/kg,
while the basalt fibres have an embodied carbon of 1.74 kg COz-eq/kg, supporting their use as relatively low-impact materials.

2.1.5. Admixture
The study used a superplasticiser known as Sika Visco Crete 25 MP, classified as a high-range water-reducing admixture that
meeting the standards set by BS EN 934-2 (2009) to facilitate workability of the concrete [44].

2.2. Mix proportioning

The concrete mixtures were designed according to ACI 211.2-98 (2004) [45] and tested to find the desired workability while also
meeting the specified compressive strength requirements, aiming for a target compressive strength of about 35 MPa at 28 days. The
slump tests for each concrete mix were conducting in according to BS EN 12350-2 (2009) [46]. The slump of the mix was maintained
within 100 mm =+ 25 mm. According to BS EN 206 [47] the slump of LWAC classifies as S3. The water-to-cement ratio was 0.45 for all
mixtures. The fibres were added at a volume fraction of 1.0-1.5%, which was distributed between the various fibre types. Table 4
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Fig. 6. Compressive strength values: (a) At 7 days; (b) At 28 days.

illustrates the components and proportions of all mixtures. In addition, the test matrix of this study is shown in Table 4. This study
investigated ten concrete mixtures divided into two groups. The first five mixtures (Group 1) were prepared using Lytag aggregate, and
the other five mixtures (Group 2) were prepared using Leca aggregate. The specimen ID consists of letters and numbers. The first part
represents the type of lightweight aggregate, where "LY" refers to specimens with Lytag aggregate and "LE" refers to specimens with
Leca aggregate. The second part represents the fibre types and their volume fraction, where "B" refers to BF, "D" refers to PPD, and "X"
refers to PPX fibres. For example, LY-CO and LE-CO refer to control specimens in Group 1 and Group 2, respectively, LY-B1.0DO0.5 refers
to the specimen with a Lytag aggregate and 1.0% BF and 0.5% of PPD fibres.

2.3. Specimen preparation

All materials were carefully prepared and measured, with an extra 10-15% included to account for possible losses. A drum mixer
was used to prepare the concrete samples under laboratory conditions of 20 + 5°C and a relative humidity of at least 50%, as specified
by BS 1881-125 (2013) [48]. The mixer was used to combine all dry elements, excluding cement, which was then added and mixed to
ensure a homogeneous batch. The superplasticiser was dissolved in the water and gradually added to the mixture while the mixer
operates. Finally, the fibres were added while mixing continued. The components were fully blended for a duration of 8-10 min before
placing the concrete into the moulds. Fig. 4 shows the specimens after casting. Each specimen was stored at 20 + 2°C and demoulded
after 24 h, then placed under a relative humidity of no less than 95% for a curing period of 28 days, in accordance with BS EN12390-2
(2009) [49].

2.4. Testing method

Fig. 5 shows the test setup used in this study. The compressive strength test was conducted on cube specimens (100 x 100 x
100 mm) after 7 days and 28 days, in accordance with BS EN 12390-3 (2009) [50]. The loading rate was 0.6 + 0.2 MPa/s. The
splitting tensile test was conducted on cylinder specimens (150 x 300 mm) in accordance to BS EN 12390-6 (2009) [51]. Three
cylinders per mixture were tested at 28 days. Initially, the specimen was placed in a rig designed to position it accurately at the center
of the machine, and the specimen was then placed in the testing machine, as shown in Fig. 5(b). The load was applied statically at a rate
of 0.06 + 0.04 MPa/s. Concrete cylinder specimens (150 x 300 mm) were used to measure the modulus of elasticity after 28 days
following BS EN 12390-13 (2009) [52]. A compression testing machine applied the load while measuring deformation, as shown in
Fig. 5(c). The loading rate increased at a constant rate of (0.6 + 0.2 MPa/s). Flexural strength was tested using prismatic beams (100 x
100 x 500 mm) under four-point load bending, in accordance with BS EN 12390-5 outlined (2009) [53]. Three prisms per mixture
were tested at 28 days. The load was applied using a hydraulic jack at two points, ensuring the inner span equal to one third of the total
span, as shown in Fig. 5(d). The stress rate was maintained at 0.06 + 0.04 MPa/s. Two LVDTs were used, one to measure the vertical
displacement and another to measure crack opening displacement, as shown in Fig. 5(d). A strain gauge was attached to the center of
the concrete surface to record the tensile strain, as shown in Fig. 5(e). Scanning electron microscopy (SEM) and energy-dispersive X-ray
analysis (EDAX) spectrum analysis were carried out to examine the chemical composition of BF and PPD fibres of polished samples. In
addition, the image analysis using Fiji software was conducted to assess the area fractions of aggregates, matrix, fibres, and voids of the
LWAC samples. The analysed region was taken from the mid-depth of the specimen, as shown in Section 4.3.



S. Alnasser et al. Case Studies in Construction Materials 24 (2026) e06166

1400
— leca —— Lytag

Quartz

4000

3500 1200

3000
1000

a.u.)

5 2500 4

Potassium Aluminum Slicate

800

Calcium Aluminum Slicate

2000

Intensity (.
Intensity (a.u.)

otassium Aluminum Slicate

Quartz

1500 4 600

Calcium Aluminum Slicate
Calcium Aluminum Slicate
Potassium Aluminum Slicate

Magnesium Iron Slicate
Magnesium Iron Slicate

Magnesium Iron Slicate

1000 4
400

Hercynite
Quartz

Quartz

Quartz

L Hercynite
Hercynite

500

4 F Quartz

200

T T T T T
10 20 30 40 50 60 70 80 90

10 20

w
S
'S
S
wu
S
@
S
~
=)
%
S
@0
S

20 (degrees) 20 (degrees)

Fig. 7. XRD patterns of Leca and Lytag aggregates.

3. Results and discussion
3.1. Compressive strength

Fig. 6 illustrates the compressive strength of LWAC mixtures as ascertained from cube samples after 7 and 28 days. The compressive
strengths of LY-CO and LE-CO specimens without fibres were 34.1 MPa and 28.3 MPa, respectively. The results showed a clear su-
periority of the LWAC specimens with Lytag aggregate compared to Leca aggregate, with an increase of 20.5%, as shown in Fig. 6(a).
Generally, the presence of fibres has a slight effect on compressive strength. For the 7 days curing period, the Group 1 specimens (with
Lytag) showed a reduction of 0.5%, 0.7%, 2.8%, and 11.2% for LY-B0.5D1.0, LY-B1.0D0.5, LY-B0.5D0.5, and LY-B1.0X0.5, respec-
tively, compared to LY-CO specimens. Group 2 specimens (with Leca) showed reductions of 3.5%, 8.2%, 10.5%, and 29.3% for LE-
B0.5D1.0, LE-B1.0DO0.5, LE-B0.5D0.5, and LE-B1.0 X 0.5, respectively, compared to LE-CO specimens. For the 28 days curing
period, the compressive strengths of LY-CO and LE-CO specimens without fibres were 49.2 MPa and 37.5 MPa, respectively. The results
showed a clear superiority of the LWAC specimens with Lytag aggregate over Leca, with an increase of 31.1%, as shown in Fig. 6(b).
Group 1 specimens (with Lytag) showed a slight change, LY-B0.5D1.0 and LY-B0.5D0.5 compressive strength increased by 3% and
1.5%, respectively, while the LY-B1.0D0.5 and LY-B1.0 X 0.5 exhibited a reduction of 1.6% and 7%, respectively, compared with the
LY-CO specimens. Group 2 specimens (with Leca), showed similar trends, LE-B0.5D1.0 and LE-B0.5D0.5 showed an increased in
compressive strength of 5.5% and 0.8%, respectively, while the LE-B1.0D0.5 and LE-B1.0 X 0.5 specimens exhibited a reduction of
5.7% and 30%, respectively, compared with the LE-CO specimens. As reported in previous studies, basalt and polypropylene fibres
reduce the compressive strength of lightweight concrete when used individually [54,55]. Therefore, the slight increase observed in the
hybrid mix can also be explained by complementary interactions between the two fibre types.

The compressive strength of Groups 1 and 2 specimens demonstrates that the Lytag aggregate is more suitable for LWAC mixtures
than the Leca aggregate (Fig. 6). The XRD patterns of the two lightweight aggregates (Fig. 7) show apparent mineralogical differences.
Lytag exhibits more pronounced aluminosilicate-related peaks, indicating a denser, more sintered structure than Leca. This aligns with
the higher compressive strength observed in Lytag mixes. The reduction in the compressive strength of groups 2 specimens can be
attributed to the properties of Leca aggregate, which is formed from expanded clay, whereas Lytag aggregateis derived from fly ash,
which contributes to enhanced compressive strength. Lytag’s higher density and particle crushing resistance 11 N/mm? compared
with 5 N/mm? for Leca as demonstrated in Table 2. Often provides advantage in attaining superior compressive strengths when
contrasted with Leca in LWAC mixture applications. These findings align with those reported in previous investigations [56,57].

The maximum compressive strength was observed in samples containing (B0.5 +D1.0), regardless of aggregate type, which can be
attributed to the improved fibre dispersion and uniform distribution of fibre within the matrix. Nonetheless, samples containing the
same type (B1.0 + D0.5) and (B0.5 + D0.5) did not show a substantial increase, as illustrated in Fig. 6. However, the incorporation of
BF with PPX fibres (B1.0 + X0.5) exhibited the lowest compressive strength, likely due to the poor dispersion of PPX fibres, which led
to fibre agglomeration and weak interfacial bonding with the cementitious matrix [58,59]. Increasing total fibre content from 1% fibre
(B0.5 + DO0.5) to 1.5% fibre (B1.0 + DO0.5), did not lead to substantial improvements (Fig. 6), as higher fibre content may cause poor
fibre distribution, more internal defects, higher voids content and reduced overall strength [60]. Nevertheless, the inclusion of fibres
improved the damage pattern of LWAC samples, allowing them to retain integrity under load rather than crumbling or falling, as
shown in Fig. 8. These findings are consistent with previous studies [61,62].

The stress-strain curves of cylinder specimens at 28 days of curing are shown in Fig. 9. At the initial loading stage, the curves
exhibited a uniform linear behaviour before attaining the peak compressive strength. The strains observed were quite limited during
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Fig. 8. Specimens after compressive strength test.

the elastic stage, as demonstrated in Fig. 9. Generally, specimens without fibre tend to fail rapidly, whereas those with fibre
demonstrated greater resilience in sustaining stresses. As the load increased, the stress gradually approached its maximum values. The
strains at peak stress for Lytag specimens were 0.0022, 0.0024, 0.0025, 0.0024, and 0.0025 for LY-CO, LY-B0.5D1.0, LY-B1.0DO0.5, LY-
B0.5D0.5, and LY-B1.0 X 0.5, respectively, as demonstrated in Fig. 9(a). For Leca specimens, the strains at peak stress were 0.0019,
0.0025, 0.0021, 0.0024, and 0.0022 for LE-CO, LE-B0.5D1.0, LE-B1.0D0.5, LE-B0.5D0.5, and LE-B1.0 X 0.5, respectively, as demon-
strated in Fig. 9(b). As the stress reached its maximum, the curves started to show nonlinear behaviour, followed by gradual decline in
the stress—strain curve. The capacity of the fibres to bridge cracks led to improved ductility upon attaining the peak stress, as illustrated
in Fig. 9. The stress-strain curves for LWAC specimens containing fibres exhibited a more gradual decline in their stress-strain curves.
Unlike the control specimens, the fibre reinforced mixture did not show a sudden drop in strength, instead they demonstrated
enhanced ductility and toughness. The rise in stiffness also reflected the trend observed in compressive strength results. The LY-
B0.5D1.0 and LE-B0.5D1.0 specimens exhibited the best overall performance compared with all specimens.

3.2. Bulk density

The oven-dried densities LY-CO and LE-CO were 1929.2 and 1754.7 kg/m®, respectively, these values are comparable to the
findings published in [63]. According to BS EN 206 [47], LY-CO and LE-CO are classified as LWAC types D1.8 and D2.0, respectively.
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Table 5
Bulk density of LWCA specimens.
Specimen ID Aggregate Type SSD Density (kg/m?) Oven Dry Density (kg/m?)
LY-CO Lytag 1969.8 1929.2
LY-B0.5D1.0 Lytag 1931.2 1890.6
LE-CO Leca 1849.1 1754.7
LE-B0.5D1.0 Leca 1807.5 1701.9
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Fig. 10. Modulus of elasticity values.

This classification is based on oven-dry density, whereas both SSD and oven-dry values are reported in Table 5 for completeness. These
values are also consistent with the Chinese specification [64], which sets the maximum density of LWAC at 1950 kg/m®. The
LY-B0.5D1.0 and LE-B0.5D1.0 mixtures exhibited slightly lower densities, 1890.6 and 1701.9 kg/m?, respectively, as shown in
Table 5, showing that fibre addition slightly reduces oven-dried density. This suggests that fibres contribute more to crack resistance
than to the filling effects within the matrix.

3.3. Modulus of elasticity

Fig. 10 illustrates the modulus of elasticity of LWAC mixtures as ascertained from cylinder specimens at 28 days. The modulus of
elasticity of LY-CO and LE-CO specimens was 19.49 MPa and 12.1 MPa, respectively. The results showed a clear superiority of the
LWAC specimens with Lytag aggregate compared to Leca aggregate, with an increase of 61%. Generally, fibres slightly influenced the
modulus of elasticity. In Group 1 (with Lytag) LY-B0.5D1.0 modulus of elasticity increased slightly by 1.1%, while LY-B1.0D0.5, LY-
B0.5D0.5, and LY-B1.0 X 0.5 decreased by 1.0%, 4.1%, and 15.6%, respectively, compared with the plain specimens. In Group 2
(including Leca), LE-B0.5D1.0, LE-B1.0D0.5, and LE-B1.0 X 0.5 specimens demonstrated increases in the modulus of elasticity by
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Fig. 12. Flexural strength values.

11.9%, 11.2%, and 16.1%, respectively, while LE-B0.5D0.5 specimens displayed a slight decrease of 2.7% compared to the LE-CO.

3.4. Splitting tensile strength

Fig. 11 illustrates splitting tensile strength of LWAC mixtures at 28 days. LY-CO and LE-CO specimens had strength of 3.35 MPa and
2.27 MPa, respectively. The results showed a clear superiority of the LWAC specimens with Lytag aggregate compared to Leca
aggregate, with an increase of 47.2%. Fibres significantly improved splitting tensile strength. In Group 1 specimens (with Lytag)
exhibited a significant increase in splitting tensile strength. LY-B0.5D1.0, LY-B1.0D0.5, LY-B0.5D0.5, and LY-B1.0 X 0.5 specimens
showed an increased ratio of 21.6%, 14.2%, 1.7%, and 14.9%, respectively, compared with the LY-CO specimens. For Group 2
(including Leca), LE-B0.5D1.0, LE-B1.0DO0.5, LE-B0.5D0.5, and LE-B1.0 X 0.5 specimens demonstrated increases in the splitting tensile
strength by 37.9%, 14.4%, 14.0%, and 19.6%, respectively, compared to the LE-CO specimens. The highest splitting tensile strength
was observed in LY-B0.5D1.0 and LE-B0.5D1.0 mixtures with 0.5% BF and 1.0% of PPD fibres.

This improvement can be attributed to the characteristics of PPD fibres', including their cross-sectional properties, elastic modulus,
and tensile strength, which are superior compared to those of PPX fibres, as shown in Table 3. Therefore, combining PPD fibre with BF
fibre results in a synergistic effect. The two fibres types may together influence the elastic modulus. The relatively low elastic modulus
of PPD fibres helps inhibit the formation and propagation of microcracks during the early hardening phase, thereby reducing the
potential crack sources. In contrast, BF fibres possess a much higher elastic modules, and their influence on crack propagation during
the hardening is more pronounced. Consequently, the two fibres types can contribute at different levels to enhance the overall strength
of LWAC mixtures [62,65-67]. However, the positive impact of hybrid fibre diminished as the proportion of PPD fibre decreased (from
1.0% to 0.5%). The splitting tensile strength of LWAC mixtures also declined as the proportion of BF fibre increased (from 0.5% to
1.0%). A high BF fibre content, when combined with PPD fibres, negatively impacts fibre dispersion and increased the tendency for
agglomeration. This produces weak interfaces in the LWAC matrix reducing overall strength. Furthermore, the splitting tensile
strength decreased when the total fibre volume dropped from 1.5% to 1.0%. The lowest splitting tensile strengths were observed in
LY-B0.5D0.5 and LE-B0.5D0.5 mixtures, which contains 0.5% BF and 0.5% of PPD fibres. In addition, fibre arrangement and alignment
play a critical role in determining the tensile strength of LWAC [68]. Thus, the distributions and volume fractions of fibres are crucial in
achieving optimal enhancements in mechanical characteristics [63]. Evidence of a strong bond between both types of LWA and the
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Fig. 14. Strain gauge readings of the bottom concrete surface of the LWAC prism: (a) Lytag samples; (b) Leca samples.

cement matrix was confirmed by the fracture behaviour of the composite under load. Upon failure, the cracking manifested through
the aggregate grains rather than at the interface between the cement matrix and the aggregate.

3.5. Flexural strength characterization

3.5.1. Flexural strength

Fig. 12 illustrates the flexural strength of LWAC mixtures obtained from prism specimens at 28 days. The flexural strengths of LY-CO
and LE-CO specimens without fibres were 3.84 MPa and 3.10 MPa, respectively. The results demonstrated a distinct advantage of Lytag
aggregate over Leca, with an enhancement of 23.6%. As shown in Fig. 12 the addition of various fibre types results in varying levels of
enhancement in flexural strength. Group 1 specimens (including Lytag) exhibited significant increases in flexural strength. LY-
B0.5D1.0, LY-B1.0D0.5, LY-B0.5D0.5, and LY-B1.0 X 0.5 improved by 34.2%, 29.6%, 10.9%, and 19.8%, respectively, compared
with LY-CO specimens. Group 2 specimens (including Leca) also improved, LE-B0.5D1.0, LE-B1.0D0.5, LE-B0.5D0.5, and LE-B1.0 X 0.5
specimens demonstrated increases of 34.3%, 16.4%, 1.4%, and 15.9%, respectively, compared with LE-CO. The maximum flexural
strength was observed in LY-B0.5D1.0 and LE-B0.5D1.0 mixtures reinforced with 0.5% BF and 1.0% of PPD fibres. This combination
promoted uniform fibre distribution within the LWAC Matrix. Similar to the tensile strength, the improvement in flexural strength can
be attributed to the superior characteristics of the PPD fibres, in comparison to PPX fibres, as demonstrated in Table 3. Consequently,
combining PPD fibre and BF fibre produce a synergistic effect. The positive influence of hybrid fibres diminished as the PPD fibre
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Fig. 15. Failure modes: (a) Lytag samples; (b) Leca samples.

proportion decreased (from 1.0% to 0.5%). Likewise, flexural strength generally declined when the BF content increased (from 0.5% to
1.0%), indicating that the contribution of PPD fibre to flexural strength is greater than that of the BF or PPX fibres. A higher proportion
of BF when combined with PPD fibre, led to poor dispersion, fibre agglomeration and weak interfaces in the LWAC mixture, thereby
reducing strength. In contrast, increasing the overall fibre volume fraction (from 1.0 to 1.5%) resulted in further gains in flexural
strength.

3.5.2. Load-deflection behaviour

Fig. 13 illustrates the load-deflection behaviour of LWAC prisms. All mixture began with a linear elastic phase, which steeply
linearised up to their peak load, after which the slope decreased due to concrete cracking, leading to a nonlinear response. A clear
distinction emerged after a small deflection. Control specimens without fibres (LY-CO and LE-CO) exhibited a sudden drop in load after
reaching their peak values, (13.27 kN for LY-CO at 0.189 mm and 10.56 kN LE-CO at 0.366 mm), followed by brittle failure as shown in
Fig. 13. In contrast, fibre reinforced specimens display improved flexural strength and deformation capacity, with noticeable
deflection-hardening behaviour. Increase the fibre volume fraction enhanced load-carrying capacity, as fibres restricted crack growth
and delayed failure. However, once the applied stress exceeded the fibre -matrix bond strength, fibres were pulled out, reducing
reinforcement efficiency. For Group 1, the first peak loads of 14.73 kN, 16.73 kN, 14.84 kN, and 13.55 kN for LY-B0.5D1.0, LY-
B1.0DO0.5, LY-B0.5D0.5, and LY-B1.0 X 0.5 at deflections of 0.216 mm, 0.388 mm, 0.275 mm, and 0.253 mm, respectively. For Group
2 the corresponding values were 12.71 kN, 11.88 kN, 10.52 kN, and 12.39 kN for LE-B0.5D1.0, LE-B1.0D0.5, LE-B0.5D0.5, and LE-
B1.0 X 0.5 at deflections of 0.176 mm, 0.107 mm, 0.069 mm, and 0.367 mm, respectively. Overall, Lytag mixture outperformed Leca
mixtures, as illustrated in Fig. 13. The best performance was observed in LY-B0.5D1.0 and LE-B0.5D1.0, which failed at much larger
deflection of 3.548 mm and 2.375 mm, respectively. Regardless of aggregate type mixture with B1.0 4+ D0.5, B0.5 + DO0.5, and
B1.0 + XO0.5 fibres showed deflection-hardening characteristics after initial cracking, but lost load capacity rapidly at small deflections
(less than 1 mm). By contrast, mixture with 0.5% of BF + 1.0% of PPD sustained deflection-hardening behaviour well beyond peak
load, demonstrating superior ductility compared with other hybrid fibre combinations.
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Fig. 16. Crack width of the LWAC prism: (a) Lytag samples; (b) Leca samples.

Fig. 14 presents the tensile strain at the bottom surface of the prisms, highlighting the maximum readings recorded prior to the
fracture of the gauges. The tensile strain patterns were symmetrical in early loading stages with high stress accompanied by low tensile
strain. Cracking near the midspan region, where strain gauges were positioned, caused some local variations. Fibre -reinforced
specimens showed higher tensile strains than the controls (LY-CO and LE-CO), confirming that fibre inclusion increased deformation
capacity. The load-deformation curves support this finding, demonstrating that the fibre-reinforced LWAC specimens sustained
significantly larger deformations prior to failure.

3.5.3. Failure modes of LWAC prism

Fig. 15 illustrates the failure modes of all the LWAC prisms. The LY-CO and LE-CO specimens exhibited brittle failure, characterized
by a single crack in the pure bending region, which caused the specimens to fracture into two distinct blocks, as shown in Fig. 15. The
other LWAC prisms experienced ductile failure, distinguished by thinner crack propagation, attributed to the bridging effect of the
fibres. Regardless of the LWA and fibre types, a single crack was noticed in the prism's midspan. Once cracking initiated in the LWAC
matrix, the tensile force resisted by the fibres was progressively transferred to the surrounding matrix on either side of the crack
through interface bonding [69].

As the crack width or transmission distance increased beyond critical length, the LWAC matrix developed additional cracking. The
fibres, however, restricted further crack growth, slowed its propagation, delayed specimen failure, and enhanced both tensile strength
and toughness. When the tensile stress exceeded the bond strength between the LWAC matrix and the fibres, fibre pull-out occurred,
leading to loss of reinforcement effectiveness. In this study, the maximum crack width at the midspan of the LWAC prism in the
bending moment region was measured using an LVDT crack opening displacement sensor. Table 6 presents the maximum crack widths
recorded immediately before the LVDT detached from the concrete surface.

Fig. 16 shows the load-crack width plots. For all tested LWAC prisms, once the initial cracking load was reached, vertical cracks
appeared in the pure bending region, and their widths continued to grow as the applied load increased. Due to the sudden brittle failure
of the control specimens, the LVDT could not capture the crack measurements at the point of complete fracture; consequently, the
LVDT detached from the concrete surface at a crack width of 0.02 mm for both LY-CO and LE-CO specimens, as reported in Table 6. For
Group 1 specimens, the maximum crack widths were 1.81 mm, 0.36 mm, 0.05 mm, and 0.39 mm for LY-B0.5D1.0, LY-B1.0DO0.5, LY-
B0.5D0.5, and LY-B1.0 X 0.5, respectively. For Group 2 specimens, the corresponding maximum crack widths obtained were 3.07 mm,
0.38 mm, 0.95 mm, and 0.52 mm for LE-B0.5D1.0, LE-B1.0D0.5, LE-B0.5D0.5, and LE-B1.0 X 0.5, respectively. These results confirms
that the incorporation of fibres effectively mitigated the rapid propagation of cracks.

3.5.4. Fracture toughness

The capacity of material to absorb energy is related to the flexural toughness of the LWAC prism, which is quantified by the area
under the load-deflection curve up to a specified deflection point. The ASTM C1609 [70] method, an advancement of the ASTM C1018
[71] method, was employed in this study to overcome the challenge of identifying the first crack point. This approach yields equivalent
flexural strength (fg 600) and the equivalent flexural toughness ratio (R4, of fibre-reinforced concrete, as expressed in Egs. 1 and 2:

150 12
f?.eoo = Tﬁoo (€Y
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Table 6

Flexural toughness of LWAC mixtures.
Specimen ID Crack width (mm) T2y, (N-mm) 72, (N-mm) f?eoo (MPa) R2.00
LY-CO 0.02 - 1323.10 - -
LY-B0.5D1.0 1.81 7007.23 49854.62 1.05 0.204
LY-B1.0D0.5 0.36 6668.82 11495.66 1.00 0.201
LY-B0.5D0.5 0.05 2439.74 2439.74 0.37 0.086
LY-B1.0 x 0.5 0.39 4195.26 8566.96 0.63 0.137
LE-CO 0.02 - 2383.10 - -
LE-B0.5D1.0 3.07 4926.18 29013.42 0.74 0.177
LE-B1.0D0.5 0.38 3718.69 3718.69 0.56 0.154
LE-B0.5D0.5 0.95 3250.99 7012.05 0.49 0.155
LE-B1.0 x 0.5 0.52 4138.42 6958.13 0.62 0.173

150 To
RYgo0 = —75—22x  100% 2
T,600 fl b dz 00 ( )

, where T2, refers to the area under the load-deflection curve up to a deflection of L,/600 (N.mm), f; refers to first-peak strength (MPa),
b refers to prism width (mm), and d refers to prism height (mm).

Flexural toughness indices were obtained from the load-deflection curves at net deflections of L/150 and L/600 of the span length.
However, for most LWAC prisms tested in this study, the peak deflections did not exceed L/150 = 2mm. In addition, the total area
enclosed (T2, , energy absorbed) under the curves was calculated to further illustrate the contributions of fibres to fracture perfor-
mance of LWAC prisms. The results in Table 6 provide fracture toughness as per ASTM C1609. The findings distinctly demonstrate that

the energy absorption capacity (T2

o) Of the LWAC prism incorporating fibres surpasses that of those without fibres. The maximum
T2 . Were observed in LY-B0.5D1.0 and LE-B0.5D1.0 mixtures, which contained 0.5% BF and 1.0% of PPD fibres. LWAC specimens
made with Lytag aggregate exhibited superior fracture toughness compared to those with Leca aggregate, showing an increase of
71.8%. Furthermore, the T2, diminished when the fibre volume decreased from 1.5% to 1.0%. Similar trend observed in the
equivalent flexural toughness ratio (R? ¢oo). The highest R?.., again recorded in LY-B0.5D1.0 and LE-B0.5D1.0 combinations. The
findings demonstrated a distinct advantage of the LWAC specimens utilising Lytag aggregate over those with Leca aggregate,
exhibiting a 15.2% rise, as illustrated in Table 6. Moreover, RY ¢, decreased as the fibre volume reduced from 1.5% to 1.0%. Although
the inclusion of PPX fibres in LWAC mixtures adversely affected compressive strength, they demonstrated satisfactory performance in
flexural resistance, as illustrated in Fig. 13 and Table 6.

4. Microstructure analysis
4.1. SEM analysis

Fig. 17 illustrates the morphology of the microstructure of LWAC mixtures. The SEM image offers a microstructural view of BF and
PPD fibres embedded in the LWAC matrix. It emphasizes the fibre-matrix interface interaction, the porous character of the concrete,
and the morphology of the fibres. As is typical of lightweight concrete, the surrounding material has an uneven, rough, and porous
texture. Within the cementitious matrix, voids and sharp aggregate particles are visible, as shown in Fig. 17. The BF fibre is visible as a
collection of long, cylindrical structures that run through the concrete matrix, as shown in Fig. 17(a). PPD fibres are recognizable,
elongated features that were seen to run across the surface. In contrast to the rougher concrete matrix, they have a somewhat smooth
and cylindrical appearance, as shown in Fig. 17(b). The measured ITZ was noticeably thinner around basalt fibres (0.5-2 pm) than
around polypropylene fibres (2-4 pm). Similar trends have been reported in the literature, in which basalt fibres form a denser and
stronger ITZ than polypropylene fibres, supporting the stronger bonding trend observed in mixes [72].

4.2. EDAX analysis

Fig. 18 illustrates EDAX analysis of BF and PPD fibres. EDAX analysis shows the elemental composition of the examined sample by
means of a spectrum and an elemental composition chart. The height and area of each peak are proportional to the concentration of
that element. EDAX analysis shows the fundamental components of the examined area with BF in lightweight concrete, as shown in
Fig. 18(a). It emphasizes the notable abundance of oxygen, silicon, and aluminum, as well as other elements typical of the BF fibres.
The information reveals the chemical composition of the BF at the microstructural level, therefore supporting its low carbon footprint
and other environmentally beneficial qualities. Fig. 18(b) shows that the most prominent peak in the EDAX analysis of PPD fibres is
clearly labeled Calcium (Ca). The bar chart clearly shows that Ca is the most abundant element by weight. This implies that the PPD is
mostly made up of a calcium-rich compound, with many other elements present in far lower weight proportions. This is very different
from the expected composition of pure polypropylene, therefore supporting its low carbon footprint and other environmentally
beneficial qualities.
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Fig. 17. SEM micrographs: (a) BF; (b) PPD.
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Fig. 18. EDAX analysis: (a) BF; (b) PPD.

4.3. Image analysis using Fiji

Image analysis was conducted using Fiji (Fiji is just ImageJ), version 2.14.0, running on Java 1.8.0_322 (64-bit). Each selected ROI
(90 x 40 mm) for the horizontal section and (90 x 90 mm) for the vertical section was first converted to 8-bit grayscale. Vertical and
horizontal measurement lines were selected at the mid-depth of the specimen. A fixed image resolution (3 pixels = 1 mm) was
maintained across all samples to ensure consistent spatial representation. Segmentation of the concrete phases was performed using
manual thresholding based on grayscale intensity ranges, determined experimentally for each constituent. Each phase was isolated
separately using threshold-based masking. The area fraction (%) of each phase within the ROI was calculated using the Measure
function in Fiji, with the “Limit to Threshold” option enabled and edge regions excluded to reduce measurement artifacts. Fig. 19(a-f)
show an example of image analysis using Fiji for the LE-B0.5D1.0 sample. Table 7 displays the components of the LWAC specimens as
determined by the image analysis results. Image analysis indicates that specimens containing Leca aggregate display a greater surface
aggregate content in the horizontal section compared to those with Lytag aggregate. The LWA content in the LE-CO and LY-CO was
62.22% and 33.09%, respectively, with an increased ratio of 88.0% for LE-CO compared with LY-CO specimens. The same trend was
noticed in the specimens with fibres, where LE-B0.5D1.0 shows an increased ratio of 53.2% of LWA compared with LY-B0.5D1.0
specimens. The lower density of Leca aggregate results in a higher percentage floating on the surface of the samples when
compared to Lytag aggregate. This phenomenon accounts for the reduced compressive strength observed in these samples. The results
demonstrated that the incorporation of fibre in the specimens resulted in greater void volumes in the vertical section compared to the
control specimens. The voids in the vertical section of the LE-B0.5D1.0 and LY-B0.5D1.0 specimens increased by amounts of 10 and 5.5
times, respectively, compared to LE-CO and LY-CO. This phenomenon explains the lack of enhancement in compressive strength due to
the incorporation of fibres into the specimens, as discussed in Section 3.1. For completeness, Fig. 19(g) shows the worst-performing
mix, in which localised PPX fibre agglomeration is clearly visible. This clustering reduced the fibres' effectiveness, contributing to
the observed loss in compressive strength.
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(9)

Fig. 19. An example of image analysis using Fiji for the LE-B0.5D1.0 sample: (a) Original top image; (b) Aggregates; (c) Cement matrix; (d) BF; (e)
PPD; () Voids; (g) PPX.

Table 7
The image analysis results.
Specimen ID Section Aggregates (%) Cement matrix (%) BF (%) PPD (%) Voids (%) Residual (Unaccounted) (%)
LY-CO Horizontal 33.09 65.31 0 0 0.28 1.32
Vertical 34.50 64.71 0 0 0.12 0.67
LY-B0.5D1.0 Horizontal 25.23 59.69 2.34 11.29 0.23 1.22
Vertical 30.08 59.06 1.42 6.81 0.66 1.97
LE-CO Horizontal 62.22 36.98 0 0 0.32 0.48
Vertical 51.55 47.53 0 0 0.06 0.86
LE-B0.5D1.0 Horizontal 48.93 45.08 2.18 2.96 0.84 0.01
Vertical 43.35 50.95 3.22 1.86 0.60 0.02
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5. Conclusion

This research investigated the mechanical properties of lightweight aggregate concrete reinforced with hybrid fibres (poly-
propylene and basalt fibres) and incorporating two lightweight aggregates (Lytag and Leca). The main conclusions drawn are as
follows:

1. Lytag-based LWAC consistently overperformed Leca-based LWAC, exhibiting enhancements in compressive strength, modulus of
elasticity, splitting tensile strength, and flexural strength of 31.1%, 61%, 47.2%, and 23.6%, respectively. This is attributed to the
higher density and crushing resistance of Lytag compared with Leca.

2. Fibres additions had only a minor effect on compressive strength, with slight increases in Lytag mixtures up to 5.5% and reductions
in Leca mixtures of up to 30%. A similar trend was observed for the modulus of elasticity.

3. Splitting tensile and flexural strength were significantly enhanced by fibres, with increases of up to 37.9% and 34.3% for Lytag and
Leca mixtures, respectively. The best performance was achieved with 0.5%BF+ 1.0%PPD, regardless of aggregate type.

4. Mixtures with PPX fibres combined with BF performed the weakest in compressive strength, with a reduction of 30% compared to
the control mixture, although they showed acceptable flexural resistance (with an increase of up to 19.8% compared to the control
mixture).

5. Hybrid fibres improved failure mode, which can ensure that the fibre-reinforced LWAC mixture maintains its integrity under stress
without crumbling or falling, resulting in a favourable damage pattern. Meanwhile, the fracture behaviour of the LWAC specimens
under load indicates a robust adhesion between the LWA and the cement matrix, with breaking predominantly occurring within the
LWA grains rather than at the cement matrix interface.

6. Energy absorption capacity was improved by fibres. The same trend was noticed for the equivalent flexural toughness ratio (R .,).
The highest R? ¢, was recorded in the LY-B0.5D1.0 and LE-B0.5D1.0 combinations.

7. Overall, a recommendation is to use 1.5% volume fractions of both BF (0.5%) and PPD (1.0%) in LWAC to achieve the most
significant enhancement in mechanical properties, providing the best balance of strength, ductility, and fracture resistance.

8. Further comprehensive investigations to explore the rheology and segregation of LWAC mixtures. Additionally, the long-term
strength development, post-cracking behaviour under sustained loads, and residual mechanical properties after high-
temperature exposure should be investigated.
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