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Abstract

This study provides a comprehensive overview of the material and mechanical properties of lightweight fiber-rein-
forced cementitious composites (L-FRCCs), focusing on their classification as ultra-high-strength lightweight fiber-
reinforced cementitious composites (UL-FRCCs). The L-FRCCs exhibit a density of 1440-2150 kg/m3, thermal coef-
ficient of 0.22-0.33 W/mK, compressive strength of 45-145 MPa, and flexural strength of 4.3-37.5 MPa. The strength
of the L-FRCCs increases linearly with matrix strength. Specifically, L-FRCCs with compressive strength > 100 MPa,
flexural strength < 15 MPa, density < 1950 kg/m?, and thermal conductivity < 0.5 W/mK can be classified as UL-FRCCs.
Pearson correlation analysis reveals that the structural efficiency (SE) of L-FRCCs increases with increasing matrix
strength, fiber volume content, and reinforcing index; however, it decreases with an increase in the lightweight aggre-
gate (LWA) ratio. For UL-FRCCs to achieve optimal SE, the LWAs should possess a crushing strength >70 MPa and spe-
cific gravity < 0.5. Additionally, incorporating straight steel fibers at volumes < 2.5% is recommended to achieve
strengths > 100 MPa. Compared to nonmetallic fibers such as polymeric fibers, steel fibers offer superior SE for flexural
strength, despite their tendency to reduce workability owing to their high stiffness.

Keywords Lightweight fiber-reinforced cementitious composites, Ultra-high-strength lightweight fiber-reinforced
cementitious composites, Structural efficiency, Fiber, Lightweight aggregate

1 Introduction

Conventional concrete prepared with normal-weight
aggregates is a widely used primary material in the field of
civil engineering; however, it has some significant draw-
backs, such as high density and relatively high thermal
conductivity. To improve the overall performance of con-
crete structures, advanced materials such as lightweight
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concrete (LWC), high-strength concrete, ultra-high-
strength concrete, and ultra-high-performance con-
crete (UHPC) have been developed. BS EN 1992-1-1
(Design of Concrete Structures) defines LWC as con-
crete with an oven-dry density of less than 2200 kg/m3
(EN, 2004), and ASTM (1856 specifies that UHPC must
achieve a minimum compressive strength of 120 MPa
(ASTMC, 2017). The type and proportion of lightweight
aggregates (LWAs) used in LWC strongly influence its
mechanical properties. Therefore, the performance of
LWC is commonly evaluated based on both compres-
sive strength and density. This has led to the development
of lightweight fiber-reinforced cementitious compos-
ites (L-FRCCs), which exhibit reduced self-weight, high
strength, improved thermal insulation, and lower con-
struction costs. Compared to LWC, normal concrete,
and fiber-reinforced cementitious composites, L-FRCCs
typically exhibit lower thermal conductivity, increased
ion penetration, higher fire resistance, and higher sound
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absorption capabilities (Abid et al., 2024; Alanazi et al,,
2022; Balendran et al., 2002; Dawood & Hamad, 2013;
Guo et al,, 2023; Jiang et al., 2024; Li et al., 2016, 2025;
Lu et al.,, 2022a; Meng et al., 2023; Shen et al., 2020a; Shi
et al., 2024; Wang & Wang, 2013; Wu et al., 2021; Xie
etal., 2022; Yu et al., 2021; Zhang et al., 2024, 2025; Zheng
et al., 2025). With recent developments in reactive pow-
der concrete (RPC) and UHPC, the load-bearing capac-
ity and durability have significantly improved. Moreover,
the use of hollow glass microspheres (HGMs)—a novel
LWA—has notably reduced the density of L-FRCCs with
minimal loss of strength (Dahal et al., 2022; Dawood &
Hamad, 2013; Guo et al,, 2023; Lu et al., 2021a, 2022b;
Zhang et al., 2025).

L-FRCCs can provide structural engineers and building
designers the flexibility to design and construct various
structures (Balendran et al., 2002). In particular, ultra-
high-strength lightweight fiber-reinforced cementitious
composites (UL-FRCCs) incorporating a high volume of
HGMs (replacement amount: 25% for cement and 50%
for sand by volume) in UHPC have successfully demon-
strated very low chloride ion penetration owing to fac-
tors such as the densified matrix structure of UHPC, high
strength of over 140 MPa, and low density (1862 kg/m?)
(Dahal et al., 2022).

Structural efficiency (SE), defined as the ratio between
material strength and density, is a key parameter in
developing lightweight and high-performance cemen-
titious composites. The high SE and densified matrix
structure of UL-FRCC:s is expected to facilitate the devel-
opment of new types of concrete structures (Balendran
et al,, 2002; Dawood & Hamad, 2013; Jiang et al., 2024;
Liao et al,, 2025; Lu et al., 2022b; Mohamed et al., 2023;
Wang & Wang, 2013). There have been several efforts
toward increasing the SE of L-FRCCs by exploring differ-
ent binders and LWAs. A higher SE indicates that a mate-
rial can meet equivalent structural requirements with
less weight, which is essential for the practical application
of L-FRCCs in the construction industry (Lu, 2023). Sev-
eral methods have been proposed to develop L-FRCCs
with high SE. Combining high-strength cement matrix
and LWAs during the production of lightweight cemen-
titious composites can help improve mechanical proper-
ties (Li et al., 2016; Liao et al., 2025; Poongodi & Murthi,
2020; Tang, 2020; Xie et al,, 2022; Yu et al.,, 2021). The
addition of fibers plays a crucial role in preventing matrix
cracking, minimizing the crack opening of the matrix,
and enhancing the fracture toughness, tensile strength,
and energy absorption capacity (Jiang et al., 2024; Li
et al., 2016; Liao et al.,, 2025; Tang, 2020; Yew et al., 2015;
Zhang et al., 2024, 2025). Lu et al. (Lu et al., 2021b) high-
lighted three essential strategies for fabricating high-
performance and high-strength lightweight cementitious
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composites: (1) utilizing high-quality binder matrices,
(2) selecting appropriate LWAs, and (3) employing fiber
reinforcement.

Table 1 lists various L-FRCCs with compressive
strengths ranging from 45-160 MPa. The table further
summarizes the material properties of the L-FRCCs
corresponding to different types of LWAs and fib-
ers. According to ACI 213R (2014) (Liu et al, 2021),
LWC with a compressive strength>40 MPa is classi-
fied as high-strength structural lightweight concrete.
Moreover, ACI 363R defines high-strength concrete as
concrete with a compressive strength>55 MPa (ACI
Committee, 2010). In this study, L-FRCCs with a com-
pressive strength >45 MPa were investigated to propose
a suitable strategy for enhancing both SE and mechani-
cal properties of L-FRCCs, and developing UL-FRCCs.
Several studies have been conducted on L-FRCCs, as
listed in Table 1. Since the late 2010s, many researchers
in the USA, Korea, and China have incorporated HGMs
and cenospheres in UHPCs to develop UL-FRCCs with
densities less than 1950 kg/m® and strengths exceed-
ing 100 MPa (Alanazi et al,, 2022; Dahal et al., 2022;
Guo et al,, 2023; Li et al., 2022; Lu et al., 2021a, 2021b,
2022a, 2022b; Meng et al., 2023; Shen et al., 2020a, 2021;
Wu et al., 2021; Xie et al., 2022). Numerous LWAs, fib-
ers, and matrices have also been utilized (Table 1). The
most widely used LWAs include expanded clay, expanded
shale, sintered fly ash, cenospheres, and HGMs. Further-
more, some widely adopted fibers include steel, carbon,
glass, polymers, and natural fibers, as summarized in
Table 1.

Many studies have applied various types and con-
tents of fibers and LWAs, aiming to increase the SE of
L-FRCCs (Abid et al., 2024; ACI Committee, 2010; Altal-
abani et al,, 2020; Arel & Shaikh, 2018; Balendran et al,,
2002; Gondokusumo et al., 2021; Giineyisi et al., 2013;
Guo et al,, 2023; Igbal et al,, 2015; Kayali et al., 2003; Li
et al,, 2021a, 2022, 2025; Liao et al.,, 2025; Mailyan et al.,
2021; Mo et al., 2014; Trabelsi & Kammoun, 2020; Wang
et al, 2013; Wei et al, 2020; Yahaghi et al., 2016; Yap
et al., 2016; Ye et al., 2020; Yew et al., 2015; Zhang et al,,
2025; Zhao et al,, 2016). The use of lightweight materi-
als significantly decreases the density (Gencel et al., 2022;
Lu et al,, 2021a, 2022b), as it increases the porosity of
the matrix, and consequently decreases the mechanical
resistance (Guo et al., 2023; Jiang et al., 2024; Lu et al,,
2021a; Shi et al., 2024; Xie et al., 2022; Yu et al,, 2021;
Zheng et al., 2025). Incorporating short fibers in a sin-
gle or hybrid form to lightweight cementitious compos-
ites leads to a significant increase in flexural and tensile
strengths compared to normal LWC owing to the fiber
bridging effect (Abid et al., 2024; Chen & Liu, 2005; Jiang
et al., 2024; Liao et al,, 2025; Zhang et al., 2024). Although
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Table 1 Summary of previous studies on lightweight fiber-reinforced cementitious composites (L-FRCCs)

Year  Country Matrix  Fiber LWA y? fu® fuor¢ fi¢ ke Ref

1997 China Lccf Steel ECLA 1960 854 11.8 8.8 - Gao et al. (1997)
2002 China LCC Steel SFLA 2030 91.0 113 6.2 - Balendran et al. (2002)
2003 Australia LCC Steel SFLA 2030 910 11.3 6.2 - Kayali et al. (2003)
2010 USA LCC PVA°© Poly vinyl butyral 1548 - 76 - Xuetal. (2010)

2013 China LCC Steel ESLAK - 748 - 77 - Wang et al. (2013)
2013 Singapore LCC Steel+PE FCLA 1468 68.0 6.8 - - Wang et al. (2013)
2013 Turkey LCC Steel SFLA - 46.8 - 4.2 - Guneyisi et al. (2013)
2014 Malysia LCC Steel+PP Oops™ 1870 494 - - - Mo et al. (2014)
2014 South Korea LCC Vinylon ESLA 1640  46.1 6.0 41 - Choietal. (2014)
2015 Germany LCC Steel ECLA 1695 640 44 4.8 - Igbal et al. (2015)
2016 China LCC PPP SFLA - - - - - Lietal (2016)

2016 China LCC Steel ESLA 1843 64.8 - - - Zhao et al. (2016)
2016 Malysia LCC Steel OPS 2002 473 8.2 - - Yap et al. (2016)
2016 Malysia LCC PP OPS 1996 46.3 50 39 - Yahaghi et al. (2016)
2018 Turkey LCC Steel OPS 1725 590 - - - Arel et al. (2018)
2018 Oman LCC PVA FCLA+ECLA 1440 62.0 64 - - Sohel et al. (2018)
2018 Portugal LCC PP ECLA 1900  45.1 8.6 - - Frazao et al. (2018)
2019  China LCC Carbon ESLA 1845  86.1 59 10.0 - Liuetal. (2019a)
2019 China LCC Steel ESLA 1897 86.1 59 10.1 - Wu et al. (2019)
2019  China LCC Steel ESLA - 450 - 33 - Zheng et al. (2019)
2019 China U-Lcce Steel FCLAM 2045 105.2 14.8 - - Wu et al. (2021)
2020  China LCC Basalt SFLA - 64.0 53 50 - Zeng et al. (2020)
2020 China LCC Carbon ESLA 1844 67.1 64 3.7 - Wei et al. (2020)
2020 China LCC Steel ESLA 1997 813 85 8.7 - Ye et al. (2020)

2020  China ULCC Steel ESLA - - - - - Shen et al. (2020a)
2020 Germany LCC PP ECLA 1737 61.3 7.5 45 - Altalabani et al. (2020)
2020  Iraq LCC Steel+PP Bentonite clay 1835 485 - - - Hussein et al. (2020)
2020  Taiwan LCC PP Reservoir sludge 2045 520 50 - - Tang et al. (2020)
2020  Tunisia LCC Prickly pear Dune sand 1970 58.2 14.0 - 120  Trabelsi et al. (2020)
2021 China uLcc Steel ESLA 2150 850 - - 065 Luetal (2021b)
2021 China LCC Steel ESLA 1894 63.5 11.5 45 - Lietal. (2021a)

2021 China ULCC Steel Ceramsite sand 2005 1180 175 - - Xie etal. (2022)

2021 China ULCC Steel HGM! 1825 125.0 20.0 - - Luetal (2021a)
2021 USA LCC PE" Rubber+FCLA 1790 620 - 113 - Yu et al. (2021)

2021 Russia LCC Basalt Pumice 1888 66.6 79 46 - Mailyan et al. (2021)
2021 Russia LCC Glass Pumice 2095 589 16.9 6.2 - Shcherban et al. (2021)
2021 Singapore LCC Steel ESLA 1919 620 10.0 - - Gondokusumo et al. (2021)
2021 Australia LCC Polyolefin Stalite 1867 90.2 43 56 - Liu et al. (2021)

2022 China LCC Steel SFLA 1907 749 - - - Xiang et al. (2022)
2022 China ULCC Steel HGM 1880 115.0 37.5 - 1.2 Lu et al. (2022b)
2022 China ULCC Steel ESLA 1870 126.7 20.1 - - Lietal. (2022)

2022 Malysia LCC Steel ECLA 1934 541 - - 122 Shafighetal. (2022)
2022 South Korea ULCC Steel HGM 1862 145.0 - - - Dahal et al. (2022)
2022 Oman LCC Steel OPS - 613 152 - - Hosen et al. (2022)
2022 I[ran LCC Steel ECLA - 50.2 136 46 - Esmaeili et al. (2023)
2022 Saudi Arabia ULCC Steel - - 113.0 250 - - Alanazi et al. (2022)
2023 China uLcc Steel SFLA 1994 837 17.5 - - Meng et al. (2023)
2023 USA ULCC PE HGM +expanded glass 2006 127.0 213 - 0.65 Guo et al. (2023)

2024 China LCC Steel SFLA - 54 - - - Jiang et al. (2024)
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Table 1 (continued)

Year  Country Matrix  Fiber LWA y? fek fuor® F¢ K€ Ref

2024 China ULCC Steel ECLA 2100 132.7 - - - Zhang et al. (2024)

2024 China ULCC Basalt ESLA 1950 85 - - - Shi et al. (2024)

2024 Pakistan LCC Basalt ESLA 1777 51.65 9.39 4.26 - Abid et al. (2024)

2025  China LCC PVA Ccse - 71.87 - - - Zheng et al. (2025)

2025 Hong Kong uLcc Steel CSLA 1907 81.03 - 6.68 - Liao et al. (2025)

2 Density (y) [kg/m3]

b Compressive strength (f,) [MPa]

¢ Flexural strength at modulus of rupture (fyor) [MPa]
dTensile strength (f;) [MPa]

¢ Thermal conductivity (k) [W/mK]

fLightweight cementitious composite

9 Ultra-high-performance lightweight cementitious composite
P Fly ash cenosphere lightweight aggregate
"Expanded clay lightweight aggregate

J Expanded shale lightweight aggregate

K Sintered fly ash lightweight aggregate

"Hollow glass microsphere

™ Oil palm shell

" Polyethylene (PE)

° Polyvinyl Alcohol (PVA)

P Polypropylene (PP)

9 Cloud concrete stone

their addition does not produce sufficient enhancement
in the compressive (8%) strength of L-FRCCs, it signifi-
cantly enhances both the flexural (29%) and tensile (38%)
strengths of L-FRCCs. Among the various fibers, the
addition of steel fibers generally enhances the mechani-
cal properties of L-FRCCs significantly but decreases the
workability by approximately 22% (Li et al., 2021a; Mo
et al., 2014; Shafigh et al., 2022; Tang, 2020). Balendran
et al. (Balendran et al., 2002) also reported that L-FRCCs
can exhibit greater energy absorption capacity and
impact strength compared to normal LWC, and utilizing
a high volume of steel fiber can significantly improve the
strength and ductility of LWC.

This review paper explores strategies for achieving
high SE and superior material and mechanical perfor-
mance of L-FRCCs by analyzing previous experimental
results on L-FRCCs. This review distinguishes itself from
earlier papers that summarized the overall test results
of L-FRCCs by providing a detailed method for produc-
ing UL-FRCCs with superior performance. It system-
atically organizes and analyzes previous experimental
results that meet a specified strength threshold. The spe-
cific objectives are (1) to analyze the effects of different
LWAs, fibers, and matrices on the material and mechani-
cal properties of L-FRCCs, and (2) to propose a suitable
strategy for enhancing both the structural efficiency and

mechanical properties of L-FRCCs, thereby facilitating
the development of novel UL-FRCCs.

2 Materials

The mechanical performance of L-FRCCs is significantly
influenced by the types of lightweight materials and
fibers it comprises. Therefore, this section provides a
detailed review on the various lightweight materials and
fiber types.

2.1 Lightweight materials

The manufacturing principle of L-FRCCs involves the
incorporation of air into cementitious composites. Based
on the air incorporation method, lightweight materials
may be categorized into LWAs and foaming agents (Abid
et al,, 2024; Liao et al., 2025). LWAs consist of solid raw
materials with inherent voids within them, which enable
air to be incorporated into the matrix. Foaming agents
enable the direct incorporation of air or gas bubbles into
the interior of cement composite materials (Abid et al.,
2024; Chiadighikaobi, 2019; Dawood & Hamad, 2013;
Gencel et al,, 2022; R. SWAMY,, et al., 1982; Rico et al.,,
2017; Xiang et al., 2022; Zhao et al., 2019).

Figure 1 illustrates various lightweight materials,
including LWAs and foaming agents, and Table 1 lists
the main parameters of lightweight materials used in
L-FRCCs. Notably, LWAs are typically classified into
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a) Oil palm shell (Yew et al., 2015)

b) Pumice (Mailyan et al., 2021)

¢) Scoria (Alanazi et al., 2022)

d) Expanded clay (Chiadighikaobi, 2019)

e) Expanded shale (Zhao et al., 2019)
Fig. 1 Lightweight aggregates and foam agents

natural and artificial LWAs based on the type of raw
materials used and production methods. Natural aggre-
gates include pumice (Mailyan et al., 2021; Shcherban’
et al,, 2021), oil palm shell (Arel & Shaikh, 2018; Hosen
et al., 2022; Mo et al., 2014; Shafigh et al.,, 2011; Yahaghi
et al., 2016; Yap et al., 2016; Yew et al., 2015), and sco-
ria (Alanazi et al., 2022; Hossain, 2004; Yu et al., 2021),
whereas artificial LWAs include expanded clay (Altala-
bani et al., 2020; Caratelli et al., 2016; Chiadighikaobi,
2019; Esmaeili et al.,, 2023; Frazao et al,, 2018; Gao et al.,
1997; Igbal et al, 2015; Lu et al., 2021b; Shafigh et al,
2022; Zhang et al.,, 2024), expanded shale (Alanazi et al.,
2022; Caratelli et al., 2016; Chen & Liu, 2005; Choi et al.,
2014; Frazéo et al., 2018; Gilineyisi et al., 2013; Liu et al.,
2019a; Lu et al., 2021a; Mailyan et al., 2021; Meng et al.,
2023; Poongodi & Murthi, 2020; Xie et al., 2022; Zeng
et al., 2020; Zheng et al., 2019, 2025; Shen et al.2020b).),
sintered fly ash (Balendran et al., 2002; Jiang et al., 2024;
Kayali et al., 2003; Li et al., 2016; Xiang et al., 2022; Zeng
et al., 2020), cenosphere (Gondokusumo et al., 2021; Lu

f) Sintered fly ash (Xiang et al., 2022)
g) Cenosphere (Yu et al., 2021)

h) HGM (Guo et al., 2023)

1) Physical foam agent (Swamy, 1982)

j) Chemical foam agent (Raj et al., 2019)

et al,, 2022b; Sohel et al., 2018; Wang et al., 2013; Yu et al,,
2021), and HGM (Dahal et al., 2022; Guo et al., 2023;
Lu et al.,, 2021a, 2022a, 2022b). Usually, foaming agents
are classified into chemical and physical agents based
on their processing methods (Ramamurthy et al., 2009;
Swamy et al., 1982).

Natural LWAs are derived from natural sources; for
example, scoria (Aslani et al., 2019; Alanazi et al., 2022;
Hossain, 2004; Yu et al., 2021) and pumice (Mailyan
et al,, 2021; Shcherban’ et al., 2021) are formed by the
rapid cooling of lava during volcanic eruptions, and oil
palm shells (OPS) (Arel & Shaikh, 2018; Hosen et al.,
2022; Mo et al.,, 2014; Shafigh et al., 2011; Yahaghi et al,,
2016; Yap et al., 2016; Yew et al., 2015) are typically agri-
cultural by-products. Artificial LWAs, wherein voids
are intentionally generated through heating and cooling
processes, include expanded shale (Alanazi et al., 2022;
Caratelli et al., 2016; Chen & Liu, 2005; Choi et al., 2014;
Frazdo et al.,, 2018; Giineyisi et al., 2013; Liu et al., 2019a;
Lu et al., 2021a; Mailyan et al., 2021; Meng et al., 2023;
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Poongodi & Murthi, 2020; Xie et al., 2022; Zeng et al.,
2020; Zheng et al., 2019, 2025), expanded clay (Altalabani
et al.,, 2020; Caratelli et al.,, 2016; Chiadighikaobi, 2019;
Esmaeili et al,, 2023; Frazao et al.,, 2018; Gao et al., 1997;
Igbal et al., 2015; Lu et al., 2021b; Shafigh et al., 2022;
Zhang et al,, 2024), sintered fly ash (Balendran et al.,
2002; Jiang et al., 2024; Kayali et al., 2003; Li et al., 2016;
Xiang et al.,, 2022; Zeng et al., 2020), cenospheres (Gon-
dokusumo et al., 2021; Lu et al., 2022b; Sohel et al., 2018;
Wang et al.,, 2013; Yu et al., 2021), and HGM (Dahal et al,,
2022; Guo et al,, 2023; Lu et al., 2021a, 2022a, 2022b). In
particular, HGMs and high-strength LWAs have been
recently developed and utilized as lightweight materials
for producing UL-FRCCs (Dahal et al., 2022; Guo et al,,
2023; Lu et al., 2021a, 20224, 2022b).

Foam concrete is a cement mortar wherein air bub-
bles are introduced using suitable foaming agents (Raj
et al, 2019). Foaming agents are classified into physi-
cal and chemical agents based on their mixing method,
such as the addition of pregenerated bubbles during mix-
ing. Chemical agents generate bubbles through chemical
reactions during cement hydration by releasing reactive
solid particles or gases (Raj et al., 2019; Rashad, 2018).
Typically, lightweight foam cementitious composites
utilizing foaming agents contain more voids than LWA
cementitious composites, resulting in a lower density
(Rashad, 2018). Consequently, lightweight foam cementi-
tious composites may exhibit superior insulation and fire
resistance compared to LWA cementitious composites
(Dawood & Hamad, 2013; Gencel et al., 2022). However,
the mechanical resistance of lightweight foam cemen-
titious composites is lower than that of LWA cementi-
tious composites (Dawood & Hamad, 2013; Gencel et al.,
2022). (Table 2)

2.2 Fiber type

Figure 2 illustrates various fibers (Choi et al., 2014; Poon-
godi & Murthi, 2020; Wei et al., 2020; Ye et al., 2020; Zeng
et al., 2020), which are categorized as either artificial or
natural fibers, and Table 3 specifies the properties of fib-
ers used in L-FRCCs. Artificial fibers include steel (Abid
et al.,, 2024; ACI Committee, 2010, 2014; Balendran et al.,
2002; Caratelli et al., 2016; Choi et al., 2014; Dawood &
Hamad, 2013; Esmaeili et al.,, 2023; Frazao et al., 2018;
Gondokusumo et al., 2021; Giineyisi et al., 2013; Hos-
sain, 2004; Hussein et al., 2020; Igbal et al., 2015; Kayali
et al., 2003; Li et al,, 2022, 2025; Liao et al., 2025; Liu
et al., 2019a; Lu et al,, 2021a, 2022b; Mailyan et al., 2021;
Mo et al., 2014; Poongodi & Murthi, 2020; Rashad, 2018;
Rico et al., 2017; Sahmaran et al., 2009; Shafigh et al.,
2022; Shcherban’ et al., 2021; Shen et al., 2020a, 2021;
Shi et al., 2024; Sohel et al., 2018; Wang & Wang, 2013;
Wang et al., 2013; Xiang et al., 2022; Xu et al., 2010; Yap
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et al., 2016; Ye et al., 2020; Zeng et al., 2020; Zhang et al.,
2024, 2025; Zheng et al., 2025), glass (Dawood & Hamad,
2013; Shcherban’ et al., 2021), carbon (Liu et al., 2019a,
2019b; Wei et al., 2020; Wu et al., 2019), and polymeric
(Arel & Shaikh, 2018; Balendran et al., 2002; Gao et al.,
1997; Gondokusumo et al., 2021; Gineyisi et al., 2013;
Guo et al,, 2023; Kayali et al.,, 2003; Li et al., 2016, 2022;
Liao et al, 2025; Liu et al., 2019b; Meng et al., 2023;
Rashad, 2018; Shen et al., 2020a; Wang et al., 2013; Wei
et al,, 2020; Wu et al.,, 2021; Xu et al., 2010; Yahaghi et al.,
2016; Yew et al.,, 2015; Zheng et al., 2019) fibers, whereas
natural fibers include basalt (Abid et al., 2024; Chiadighi-
kaobi, 2019; Gencel et al., 2022; Mailyan et al., 2021; Zeng
et al,, 2020) and banana (Poongodi & Murthi, 2020) fib-
ers. Fiber reinforcement generally leads to a bridging
effect within the matrix, which reduces the crack width
and increases the energy-absorption capacity of cement
composites when subjected to loads. The addition of
short fibers significantly increases the impact, flexural,
and tensile strengths of lightweight cementitious com-
posites (Jiang et al., 2024; Li et al., 2016; Liao et al., 2025;
Tang, 2020; Yew et al., 2015; Zhang et al., 2025; Zheng
et al., 2025). In addition, numerous studies have analyzed
the effects of fiber shape, fiber length, and fiber diameter
(Fig. 2 and Table 3) on the material and mechanical prop-
erties of L-FRCCs (Altalabani et al., 2020; Caratelli et al.,
2016; Li et al., 2021a; Ye et al., 2020; Yew et al., 2015).

The enhancement of the mechanical resistance of
cementitious composites induced by the bridging effect
of these fibers becomes more pronounced in lightweight
cementitious composites because lightweight cemen-
titious composites typically exhibit lower mechanical
resistance than conventional cementitious composites
(Balendran et al., 2002). The addition of 1.2 vol.% steel
fibers to conventional cementitious composites results
in an increase in the flexural strength by 69%, tensile
strength by 56%, and shear strength by 65%, whereas the
addition of 1.2 vol.% steel fibers to lightweight cementi-
tious composites increases the flexural strength by 107%,
tensile strength by 98%, and shear strength by 43% (Choi
et al,, 2014). Furthermore, the addition of 1.5 vol.% viny-
lon fibers to conventional cementitious composites
results in an increase in the flexural strength by 72%, ten-
sile strength by 53%, and shear strength by 39%, whereas
the addition of 1.5 vol.% vinylon fibers to lightweight
cementitious composites increases the flexural strength
by 250%, tensile strength by 104%, and shear strength by
46% (Choi et al., 2014).

Steel fibers are the most used reinforcement in
L-FRCCs and utilized in various shapes, such as hooked,
smooth, and twisted shapes. Owing to their inherently
high strength compared to other fibers, they are exten-
sively utilized in L-FRCCs. Due to the high density of
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Types of Shape Bulk density  Cylinder Crushing Particle size ~ Water- Porosity (%) Ref
lightweight (kg/m?3) compressive  strength (mm) absorption
materials strength (MPa) capacity in
(MPa) 1h (%)
ECLA! Round 810 - - <15 10 - Gao et al. (1997)
but irregular
ECLA Round 810 - - 4-8 8.2 - Igbal et al. (2015)
but irregular
ECLA Round 650 - 8.0 2-10 15 - Altalabani et al.
but irregular (2020)
ECLA Round 713 - - 12.5 14.95 72.6 Esmaeili et al.
butirregular (2023)
ECLA Round 780 - - 12.5 17.68 - Shafigh et al.
butirregular (2022)
ECLA Round - - - 1-3 - - Zhang et al.
(2024)
SFLAK Spherical 725 6.6 - 5-20 58 - Lietal (2016)
SFLA Spherical 877 12.1 - 5-10 8.1 - Zeng et al. (2020)
SFLA Spherical 1020, 1055 196,275 - 6-10,11-15 144,158 - Xiang et al.
(2022)
SFLA Spherical 1850 15 - 236-4.75 - - Meng et al.
(2023)
SFLA Spherical 970 - - 5-20 12.25 - Jiang et al. (2024)
ESLA Round 770 - 6.6 - - 43 Wang and Wang
(2013)
ESLA - 888,816 83,73 - 20 7.65,85 - Zhao et al. (2016)
ESLA - - - - 0.6-1.25 - 516 Liu et al. (2019a)
ESLA Quasi-spheri- 1019, 869, 755, 13.2,104,59, - 5-16 9.1,75101, - Wu et al. (2019)
cal, irregular 856, 860 6.2,69 26
ESLA Spherical 845 6.1 - 236-16 2.0 421 Zheng et al.
(2019)
ESLA Angular 869 - 6.9 - 22 43.12 Wei et al. (2020)
ESLA - 750 6.2 - 5-16 32 - Ye et al. (2020)
ESLA - - - - 0.15-1.18 - - Shen et al.
(2020a)
ESLA Shell 525,539 - 0.76,4.58 - 134,142 63.9,68 Lu et al. (2021b)
ESLA Spherical 994 11.8 - 5-16 38 - Lietal (2021a)
ESLA Angular - - - 0.00-4.75 15.8 - Gondokusumo
and etal. (2021)
irregular
ESLA - 1270 - - 15 10.3 - Choi et al. (2014)
ESLA Spherical 1400 6.4 - - 10 - Abid et al. (2024)
ESLA Spherical 1366 - 8.66 5-10 7.50 - Liao et al. (2025)
ESLA Spherical 653 5.6 - 5-20 3 - Li et al. (2025)
FCLAM Cenospheres 870 - - 0.01-03 - - Wang et al.
(2013)
FCLA Cenospheres 900 - - 011 - - Yu et al. (2021)
FCLA Cenosphere 418 - - 0.05-0.1 - - Zhang et al.
(2025)
Ceramsite sand  Spherical 1580 - - 236-5 - - Xie et al. (2022)
HGM!' Spherical 420 - - 0.01-0.1 - - Luetal (2021a)
HGM Spherical balls 420, 710, 750 - - 0.031, 0.035, - - Lu etal. (2022b)
0.21
HGM Spherical - - - 0.017 - - Dahal et al.
(2022)
HGM Spherical 460 - - 0.02 - - Guo et al. (2023)
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Table 2 (continued)
Types of Shape Bulk density  Cylinder Crushing Particle size ~ Water- Porosity (%) Ref
lightweight (kg/m3) compressive  strength (mm) absorption
materials strength (MPa) capacity in
(MPa) 1h (%)
HGM Spherical 750 - - 0.2-04 - - Zhang et al.
(2025)
Oops™ Concave 635 - - 14 243 - Mo et al. (2014)
and convex
OPS Concave 635 - - 15 243 - Yap et al, 2016)
and convex
OPS - 673 - - 10 21 - Yahaghi et al.
(2016)
OPS - 607 - - 125 23.16 - Arel and Shaikh
(2018)
OPS - - - - 5-125 - - Hosen et al.
(2022)
Pumice Round 1400 - - 5-10 - - Mailyan et al.
butirregular (2021)
Pumice Round 612 - 0.8 5-20 - 53 Shcherban'et al.
but irregular (2021)
Stalite Angular 849 - 5.26 13 6.03 - Liu etal. (2021)
Bentonite clay - 543 - - 10 129 - Hussein et al.
(2020)
Reservoir - 707.5 - 36 - 49 - Tang (2020)
sludge
Scoria - 1150 - - 2-64 35.60 - Hossain (2004)
Cloud concrete - 1638 - - 5-16 - - Zheng et al.
stone (2025)
High strength  Spherical 870 - 10.87 5-10 15.58 - Liao et al. (2025)

core shell

P Fly ash cenosphere lightweight aggregate
I Expanded clay lightweight aggregate

J Expanded shale lightweight aggregate

K Sintered fly ash lightweight aggregate
"Hollow glass microsphere

™ QOil palm shell

steel, when the amount of steel fibers is increased, the
density of L-FRCCs containing steel fibers increases sig-
nificantly but the workability decreases (Mo et al., 2014).

Polymeric fibers, which possess a lower density than
steel fibers, have also been widely used. Representative
polymeric fibers include polypropylene (PP), polyethyl-
ene (PE), and polyvinyl alcohol (PVA) fibers. In contrast
to steel fibers, polymeric fibers possess relatively lower
elastic moduli and densities but exhibit notable charac-
teristics such as superior resistance to acids/alkalis (Yew
etal, 2015).

Natural fibers such as basalt and banana fibers are
obtained from natural sources and processed for rein-
forcement in L-FRCCs. These fibers exhibit relatively
lower reinforcing effects and mechanical properties than
other fibers. However, they offer advantages such as cost-
effectiveness and ease of application (Chiadighikaobi,

2019; Li et al., 2025; Mailyan et al., 2021; Shi et al., 2024;
Trabelsi & Kammoun, 2020).

3 Fresh and hardened properties of L-FRCCs

3.1 Workability

The workability of L-FRCCs varies significantly depend-
ing on the type and proportion of LWAs used. Reported
slump values of L-FRCCs range from as low as 5 mm
to as high as 255 mm, whereas slump flow values span
from 80-790 mm, reflecting the broad impact of mixture
composition on fresh-state behavior (Alanazi et al., 2022;
Meng et al., 2023). Incorporating LWAs often improves
workability compared to composites without them, pri-
marily because of the reduced packing density and differ-
ent surface characteristics of LWAs (Alanazi et al., 2022).
For instance, utilizing scoria as a fine LWA increases the
slump flow from 184.3 mm to 210.3 mm. The replace-
ment ratio of fine aggregate with scoria rose from 0
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¢) PE fiber (Choi et al., 2014)

d) PP fiber (Wei et al., 2020)

Fig. 2 Various types of fiber

to 15% by weight (Alanazi et al., 2022). Conversely, the
use of fly ash ceramic aggregates led to a reduction in
slump flow from 260 to 80 mm as the replacement level
increased from 25 to 75% in the volume of fine aggre-
gates (Meng et al.,, 2023). Meng et al. (Meng et al., 2023)
highlighted that the workability of lightweight concrete is
more strongly influenced by the aggregate’s type, shape,
and water absorption properties than by its dosage. For
example, small quasi-spherical LWAs with low water-
absorption characteristics may positively affect the work-
ability of L-FRCCs.

Generally, the workability of L-FRCCs is lower than
that of a normal LWC. Figure 3 shows the slump of
L-FRCCs according to the volume content of the fibers

f) Carbon fiber (Wei et al., 2020)

g) Glass fiber (Dawood and Hamad, 2013)
h) Basalt fiber (Zeng et al., 2020)

i) Banana fiber (Poongodi and Murthi, 2020)

(Mo et al.,, 2014; Shafigh et al,, 2011, 2022; Wei et al.,
2020; Yahaghi et al., 2016; Yap et al., 2016; Yew et al,,
2015; Zhao et al., 2016). The results for carbon, PP, mill-
ing steel, and hooked-end steel fibers are also demon-
strated. As illustrated in the figure, the slump generally
decreased as the volume content of the fibers increased;
this can be attributed to the fibers holding more cement
paste around their surface owing to the large surface
area, resulting in an increase in the viscosity of the
cement paste and consequently reducing the workabil-
ity of L-FRCCs (Alanazi et al., 2022; Chen & Liu, 2005;
Li et al, 2021a). Moreover, the grid spacing between
the materials in the matrix increases with the fiber con-
tent, resulting in decreased fluidity of the cementitious
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Fiber Fiber shape Length  Diameter Fiber volume  Tensile Elastic Density Ref
type (mm) (mm) content (vol.%) strength modulus (kg/m?)
(MPa) (GPa)
Steel Rectangular 20,25,30 0.435,0431, 0,06,10,1520 - - - Gao et al. (1997)
0439
Steel Straight 15 0.25 5-20 - - - Balendran et al.
(2002)
Steel Enlarged ends 32 0.64 0,0.5,1.0,15,20 600 - - Wang & Wang
(2013)
Steel Milling 36 135 04,08,12,16, - - - Zhao et al. (2016)
20
Steel Smooth 13 0.2 0.3,06,09 2500-3000 200 7800 Wu et al. 2019)
Steel Wavy 30 0.75 0,05,1.0,20 >600 - - Zheng et al.
(2019)
Steel Smooth, 13,25,30 0.2,05,08 05,10,1520 - - - Ye et al. (2020)
hooked,
and corrugated
Steel Straight 13 0.22 20 - - - Shen etal.
(2020a)
Steel Straight 13 0.22 1.5 - - - Luetal. (2021b)
Steel Hooked 13,35 0.2,05 0,0.25,05,0.75 >1100 - 7850 Lietal (2021a)
and smooth
Steel Smooth 13 0.2 15,25 - - 7800 Xie et al. (2022)
Steel Straight 13 0.22 15 - - 7800 Luetal. (2021a)
Steel Straight 13 022 2.0 - - - Lu et al. (2022b)
Steel Smooth 13 022 - > 2850 - - Lietal (2022)
Steel Straight 13 022 0.5-2.5 - - - Meng et al. (2023)
Steel Hooked 35 0.538 0.25-1.0 1100 205 - Yap et al. (2016)
Steel Hooked 35 0.54 0.25-15 1200 210 7840 Shafigh et al.
(2022)
Steel Hooked 35,50 0.55,0.75 0.75-1.25 1200 - 7850 Gondokusumo
etal. (2021)
Steel Straight 19.5 0.2 - > 2450 - 7850 Dahal et al. (2022)
Steel Hooked 60, 30 0.55,0.75,0.92 0.35,0.7,1.0,1.5 1050, 1160, - 7850 Guneyisi et al.
1345 (2013)
Steel - 8,16 0.2 15 2200 - 7850 Arel & Shaikh
(2018)
Steel Straight 13 0.2 0-1.25 2500 - - Igbal et al. (2015)
Steel Enlarged ends 18 048 0.56,1.13,1.7 - - - Kayali et al. (2003)
Steel Hooked 35 0.54 0-15 1130 200 7840 Hosen et al.
(2022)
Steel Hooked 30 038 0-1.15 >990 200 - Esmaeili et al.
(2023)
Steel Hooked 19.5 0.2 1.0 2500 200 7800 Alanazi et al.
(2022)
Steel Hooked 30 0.62 04,08,1.2 1000 200 7850 Choietal. (2014)
Steel - 13 0.22 30 2850 - - Zhang et al.
(2024)
Steel Smooth 13 0.12 20 2900 116 970 Zhang et al.
(2025)
Steel Smooth 13.2 0.21 0.5-1.5 3296 7800 Liao et al. (2025)
Carbon Straight round 8-10 0.007 02,04 > 4000 240 1800 Wei et al. (2020)
bundled fila-
ment
Carbon Straightround 6 0.007 0.3,06,09 4000- 4500 240 1760 Wu et al. 2019)
bundled fila-

ment
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Table 3 (continued)
Fiber Fiber shape Length  Diameter Fiber volume  Tensile Elastic Density Ref
type (mm) (mm) content (vol.%) strength modulus (kg/m3)
(MPa) (GPa)
Carbon - 1 0.0073 04 4650 230 1820 Zhang et al.
(2025)
ppP Corrugated 30 091 0,053,0.74, 543 9.88 950 Lietal. (2016)
surface 0.95,1.16,1.37
PP - 12 - 0,0.1,02,03 400 - 900 Yahaghi et al.
(2016)
PP Straight 12,39 0.032,0.78 0,0.22,0.33, 272,470 35,36 910 Altalabani et al.
0.44,0.66 (2020)
PP Straight 12 0.05 0.1 300 - 900 Tang (2020)
PP Fibrillated 19 0.016 0.1-0.3 400 39 900 Shafigh et al.
(2022)
PP Fibrillated 19 0.125 0.28,0.56,1.0 - - - Kayali et al. (2003)
PP Straight round 15-22 0.08 02,04 >400 42 910 Wei et al. (2020)
bundled fila-
ments
Basalt - 6 0.0174 0-1.5 2000 85 - Zeng et al. (2020)
Basalt - 12 0016 1.5,20,25 3200 120 2600 Mailyan et al.
(2021)
Basalt Twisted - - 0.1,03,05 1311 45 1780 Shi et al. (2024)
Basalt Shortcut 12 00174 - 2180 87.2 2699 Abid et al. (2024)
Bamboo Straight 10-40 - 0.25,0.5,0.75 - - - Lietal. (2025)
PVA® Straight 8 0.04 0,0.3,06,09,1.2 1600 40 1300 Xu et al. (2010)
PVA - 6 0.027 0.9 1600 39 1300 Sohel et al. (2018)
PE" - 18 0.024 2 2400 - 970 Yuetal. (2021)
PE - 6 0.018 - 3400 151 970 Guo et al. (2023)
PE Yarned 30 0.68 05,10,15 1870 43 970 Choi et al. (2014)
PE - 13 0.12 1.0 2850 210 108.3 Zhang et al.
(2025)
Vinylon Straight 30 0.66 05,1015 900 23 1300 Choietal. (2014)
Polyolefin Straight 30 - 0.5,10,15,20 550 - 920 Liu etal. (2021)
polymer and embossed
Glass - 12 0.013 3.0wt% 3100 72 2600 Shcherban’et al.
by cement (2021)

" Polyethylene (PE)
° Polyvinyl Alcohol (PVA)
P Polypropylene (PP)

composites (Meng et al., 2023). With 1.5 vol.% of hooked-
end steel fiber (aspect ratio=65), the slump reduction
was the highest (from 70 to 5 mm) (Shafigh et al., 2022)
owing to the larger surface area compared to other fibers.
However, 0.1 vol.% of PP fiber didn’t produce any reduc-
tion (Shafigh et al., 2022).

Figure 4 depicts the slump and slump flow of the
L-FRCCs according to the different fiber types with the
same volume content (1 vol.%) (Chen & Liu, 2005). The
steel fibers result in a significant decrease in the slump
and slump flow from 240 to 80 mm and 540 to 220 mm,
respectively, whereas the PP fibers produce the lowest
reduction in both the slump and slump flow from 240

to 190 mm and 540 to 480 mm, respectively; this may be
primarily attributed to the relatively higher stiffness and
density of steel fibers than others (Chen & Liu, 2005).
Li et al. (2021a) reported that steel fibers with a higher
stiffness compared to other fibers resulted in a higher
resistance between the aggregates and fibers, a primary
factor contributing to the high slump reduction. Con-
versely, Swamy et al. (1982) reported that a smaller aspect
ratio of the fibers significantly improved the workability
of L-FRCCs. They demonstrated that straight steel fib-
ers with a smaller aspect ratio of 50 produced the high-
est slump (85 mm) owing to the smaller surface area and
superior compatibility, whereas hooked-end steel fibers
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with a higher aspect ratio of 100 produced the lowest
slump (8 mm) owing to the large surface area.

3.2 Density

The density of L-FRCCs ranges from 1440 to 2150 kg/m?,
as demonstrated in Table 1. As LWAs are the most exten-
sively used material for reducing the density of L-FRCCs,
the void ratio and specific gravity of LWAs significantly
impact the density of L-FRCCs. In addition to artificial
LWAs, such as expanded clay (specific gravity 0.96—2.63)
and expanded shale (specific gravity 1.07-2.52), which
are mainly used to replace coarse or fine aggregates (Guo
et al, 2023; Liao et al,, 2025; Lu et al,, 2021b; Rashad,
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2018; Shi et al., 2024), lighter L-FRCCs have been pro-
duced by substituting cement and binders with ceno-
spheres (specific gravity 0.75) or HGM (specific gravity
0.42-0.46) (Dahal et al., 2022; Gondokusumo et al., 2021;
Guo et al, 2023; Lu et al, 2021a, 2022a, 2022b; Wang
et al,, 2013; Yu et al,, 2021; Zhang et al., 2025). In par-
ticular, HGM (with an average particle size of 35-36 pm,
crushing strength greater than 80 MPa, and specific grav-
ity of 0.42—-0.46) is primarily utilized to substitute 10-50
vol.% of cement and binders based on its high pozzolanic
reactivity (Dahal et al., 2022; Guo et al.,, 2023; Lu et al,,
2021a, 2022a; Zhang et al., 2025). This material ena-
bles the production of UL-FRCCs with very low density
(1825-2120 kg/m?®) and high strength (100-170 MPa).

Figure 5 illustrates the effect of various types of LWA
on the density of L-FRCCs (Guo et al, 2023; Lu et al,
2021a, 2021b). Replacing with 50% LWA content led to
a lower density (1825-2249 kg/m?) compared to that of
normal cementitious composites (2300-2500 kg/m?). In
particular, using HGM with a specific gravity of 0.42 pro-
duced the lowest density of 1825 kg/m?® owing to its ultra-
lightweight characteristics and hollow internal structure.
However, utilizing expanded clay with a specific gravity of
2.63 produced the highest density of 2249 kg/m?. Lu et al.
(2021a) reported that HGM could replace binder mate-
rials owing to the high pozzolanic reactivity and similar
composition to binders, which may further decrease the
density of L-FRCC:s.

Figure 6 illustrates the density of L-FRCCs with
expanded clay and expanded shale according to differ-
ent fine aggregate replacement percentages between 50
and 200% (Lu et al., 2021b). Both expanded clay and shale
noticeably decreased the density by up to 9.3-34.3%, as
illustrated in Fig. 6. The similar specific gravities of the
two LWAs generated similar densities of L-FRCCs. In
particular, the replacement of all fine aggregates (replace-
ment percentage of 100%) with expanded clay and shale
resulted in a notable decrease in the density by 26.2% and
24.6%, respectively, because the density of conventional
fine aggregates (2530 kg/m?®) was considerably greater
than that of others. However, after all the fine aggregates
were replaced (replacement percentage of 150% and
200%), the reductions in density were not remarkable. A
similar tendency was observed in several studies (Guo
et al,, 2023; Lu et al,, 2021a; Sahmaran et al., 2009; Xie
etal.,, 2022; Yu et al., 2021).

The use of steel fibers in L-FRCCs produced a higher
density of L-FRCCs than other carbon and/or polymeric
fiber reinforced L-FRCCs (Choi et al., 2014; Guo et al.,
2023; Kayali et al., 2003; Liao et al., 2025; Liu et al., 2019a,
2019b; Tang, 2020; Wang et al., 2013). Mo et al. (2014)
compared the densities of L-FRCCs reinforced with steel
and polymeric fibers. They revealed that when the same
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amount of oil palm shell LWA was used in L-FRCCs, the
steel fibers resulted in L-FRCCs with considerably higher
density (1940 kg/m?) than those reinforced with PP fibers
(1700 kg/m?). A similar tendency was observed in several
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studies (Guo et al., 2023; Kayali et al., 2003). Conversely,
when the same amounts (0.2-0.4 vol.%) of PP and carbon
fibers were used, the L-FRCCs reinforced with PP fiber
exhibited lower density (1728-1730 kg/m®) than those
reinforced with carbon fiber (1825-1844 kg/m?) (Wei
et al., 2020). Wei et al. (2020) reported that the specific
gravity (density) of short-length micro polymeric fibers
may be lower than that of cement paste. Several stud-
ies have shown that PP fiber reinforcement results in
L-FRCCs with an even lower density than those without
fibers (Shafigh et al., 2022; Wei et al., 2020; Yahaghi et al.,
2016; Yew et al., 2015). Furthermore, Hassanpour et al.
(Hassanpour et al., 2012) reported that blending low vol-
umes of steel and non-metallic fibers, rather than using
a high volume of steel fibers alone, is more eftective for
producing higher SE of L-FRCCs.

Figure 7 shows the density of L-FRCCs according to
different volume content of the fibers, including PP,
enlarged-end steel, hooked-end steel, and straight steel
fibers (Kayali et al., 2003; Liu et al., 2019b; Shafigh et al.,
2022; Wei et al., 2020; Yahaghi et al., 2016; Yap et al,,
2016; Yew et al,, 2015). When the volume content of PP
and steel fibers increased, the density of L-FRCCs with
steel fibers increased, whereas that with PP fibers was not
affected or even decreased.
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3.3 Thermal conductivity

As presented in Table 1, the thermal conductivity of
L-FRCCs ranges from 0.33 to 1.22 W/mK and is gener-
ally lower than that of normal concrete (1.6—3.2 W/mK)
(Rezaei et al,, 2020; Yun et al,, 2014). The lower thermal
conductivity of L-FRCCs compared to that of normal
cementitious composites originates from the specific
pore systems of LWAs. For instance, an expanded clay
LWA contains air-filled voids with sizes ranging from 5
to 300 um, forming cavities. These numerous small cavi-
ties filled with air impede heat transfer within the matrix,
thereby slowing the internal heat transfer (Lu et al,
2021b).

Figure 8 illustrates the thermal conductivity of
L-FRCCs with different LWAs, namely expanded shale,
expanded clay, expanded glass, and combined sintered fly
ash and palm oil-fueled ash, as the fine aggregate replace-
ment ratio increases (Guo et al., 2023; Lu et al., 2021b).
The LWAs significantly decreased the thermal conduc-
tivity of L-FRCCs as their content increased. With the
same replacement ratio, the expanded glass produced
the lowest thermal conductivity (0.65 W/mK) compared
to those produced by expanded clay and expanded shale
(0.85 and 0.95 W/mK, respectively). Furthermore, the
use of different types of lightweight material, namely
palm oil-fueled ash, resulted in a further decrease in the
thermal conductivity of L-FRCCs (up to 0.40 W/mK) due
to the synergetic effect (Johnson Alengaram et al., 2013).
The pozzolanic reactivity of palm oil-fueled ash pro-
duced additional cementitious compounds such as cal-
cium silicate hydrate and calcium hydrate during cement
hydration, which reduced the heat transfer (Johnson
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Alengaram et al., 2013; Nazari & Riahi, 2011). Concur-
rently, the porous structure of sintered fly ash introduced
a high volume of entrapped air and further disrupted
the pore network, thus increasing the tortuosity of heat
transfer pathways (Zhang et al., 2020).

Figure 9 shows the thermal conductivity of L-FRCCs
according to the volume content of PP and steel fib-
ers (Shafigh et al., 2022). As the volume content of steel
fibers increased from 0.25% to 1.5%, the thermal con-
ductivity increased from 1.22 to 1.41 W/mK. However,
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in the case of PP fibers, an increase in the volume con-
tent from 0.1% to 0.3% decreased the thermal conduc-
tivity from 1.12 to 1.0 W/mK. When using the same
amounts of lightweight materials, steel fiber-reinforced
L-FRCCs exhibited an average thermal conductivity that
was greater than that of PP fiber-reinforced L-FRCCs by
a factor of 1.3 (Shafigh et al.,, 2022). This variation may
be attributed to the inherent thermal conductivity of the
fibers (Gencel et al., 2022; Guo et al., 2023; Shafigh et al,,
2022; Trabelsi & Kammoun, 2020). For instance, steel fib-
ers generally have a higher thermal conductivity of 45 W/
mK than that of PP fiber (0.26 W/mK).

3.4 Sound absorption capacity

To determine the performance of an acoustic mate-
rial, the sound absorption coefficient () is measured.
The values of « range from 0 to 1 depending on the fre-
quency. When the material entirely reflects the incident
sound energy,« is 0. Conversely, when the material com-
pletely absorbs the sound energy, « is 1. In this section,
the sound absorption capacity of the LWC was reviewed
based on the literature (Arenas et al., 2013; Carbajo et al.,
2015a, 2015b; Hong et al., 2025; Kim & Lee, 2010; Ling
et al., 2010; Mohammed et al., 2012; Neithalath et al.,
2006; Sukontasukkul, 2009; Tajra et al., 2019; Tiwari
et al, 2004). The LWC ultilizing crumb rubber as the
aggregate exhibited potential improvement in the acous-
tic properties of the concrete (Ling et al., 2010; Moham-
med et al.,, 2012; Sukontasukkul, 2009). For example, Ling
et al. (Ling et al., 2010) reported that the highest sound
absorption coefficient (¢ = 0.11) was obtained at a fre-
quency of 1000 Hz when 30% crumb rubber content was
added. This was because the large amount of crumb rub-
ber in the concrete increased its porosity, thereby reduc-
ing frictional losses within the pore structure. Thus,
higher crumb rubber content in concrete improves the
sound absorption ability. Arenas et al. (2013) found that
incorporating 80% bottom ash aggregate in the LWC

Table 4 Sound absortion capacity of different type of concretes
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improved the acoustic absorption coefficient (peak value
of @ = 0.92 at frequency 4000 Hz), which is attributed to
the porous character of the bottom ash aggregate. Tiwari
et al. (2004) reported that incorporating up to 40% light-
weight cenospheres (with particle sizes between 10 and
300 pum) into asphalt concrete significantly enhanced
its acoustic performance. The modified mix achieved a
higher sound absorption coefficient (¢ = 0.3 at frequen-
cies between 1000 and 1600 Hz) compared to the con-
trol sample without cenospheres (a«=0.1). Carbajo et al.
(2015b) found that pervious concrete incorporating
vermiculite LWAs with particle size smaller than 1 mm
achieved an optimal sound absorption coefficient of
a = 0.92 at 1200 Hz. In contrast, when using vermiculite
aggregates with particle size larger than 1 mm, the peak
absorption decreased to approximately o = 0.8 at the
same frequency. Neithalath et al. (2006) observed a maxi-
mum sound absorption coefficient of & = 0.78 in pervi-
ous concrete made with conventional coarse aggregates.
In comparison, Kim et al. (2010) reported an even higher
a value of 0.96 when expanded shale was used as the
coarse aggregate in pervious concrete. The o value was
evaluated within the frequency range of 250-1250 Hz,
which falls within the standard range used for traffic
noise assessment (Kim & Lee, 2010). Lu et al. (2021a)
reported that the UHP-FRCCs containing HGMs demon-
strated sound absorption capability (o« = 0.18), especially
within the frequency range of 500—800 Hz. This behav-
ior can be explained by the formation of small acoustic
cavities on the truncated surface of the UHP-FRCCs due
to HGMs incorporated into the mixture. Recently, Hong
et al. (2025) investigated the sound insulation of ultra-
high-strength lightweight concrete (UHSLC) containing
carbon nanotube (CNT) and various fiber types. They
concluded that the UHSLC containing PE fiber improved
the sound absortion capacity by 73% («¢ = 0.47) com-
pared with the control sample without fiber in the fre-
quency range of 200—2500 Hz. Table 4 summarizes the

Type of concrete Sound absorption Frequency, (Hz) Ref

coefficient
Normal concrete 0.05-0.10 3000-5500 Carbajo et al. (2015a)
LWC ultilizing crumb rubber 0.11 1000 Ling et al. (2010)
LWC containing bottom ash aggregate 0.92 4000 Arenas et al. (2013)
Asphalt concrete containing lightweight cenospheres 0.30 1000-1600 Tiwari et al. (2004)
Pervious concrete containing vermiculite lightweight aggregates 0.92 1200 Carbajo et al. (2015b)
Pervious concrete using expanded shale as coarse aggregate 0.96 250-1250 Kim & Lee (2010)
UHP-FRCCs containing HGMs 0.18 500-800 Luetal. (2021a)
UHSLC containing PE fiber and CNT 047 200-2500 Hong et al. (2025)

CNT Carbon nonotube, UHSLC ultra-high-strength lightweight concrete
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sound absorption capacity of different type of concretes.
As shown, the various types of LWCs exhibited higher
sound absorption capacity than normal concrete.

4 Mechanical properties of L-FRCCs

4.1 Compressive strength

The compressive strength of L-FRCCs ranges from 45 to
145 MPa, as illustrated by the data in Table 1. The com-
pressive strength of L-FRCCs is higher than that of the
normal concrete (15-62 MPa) (Rezaei et al., 2020) and
lower than that of the FRCCs (150-80 MPa) (Nguyen
et al, 2023), indicating that L-FRCCs can achieve
mechanical performance comparable to normal concrete
while offering the added benefits of reduced weight. In
general, L-FRCCs containing lightweight materials with
numerous internal voids typically exhibit lower com-
pressive strengths than conventional cementitious com-
posites (Abid et al, 2024; Balendran et al, 2002; Jiang
et al,, 2024; Liao et al., 2025; Yu et al,, 2021). The lower
compressive strength of L-FRCCs may be directly related
to their density because their compressive strength gen-
erally reduces as they become lighter. Therefore, many
studies have focused on developing lightweighting
cementitious composites while minimizing the strength
reduction.

Figure 10 shows the compressive strengths of L-FRCCs
with different LWA types according to the fine aggregate
or binder material replacement ratios (Lu et al., 2021b,
2022b; Sahmaran et al., 2009; Xie et al., 2022; Yu et al,,
2021). As the replacement percentage increased from 0
to 200%, the compressive strength of L-FRCCs decreased
by 11-68%. The use of HGM as a binder successfully
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minimized the reduction of compressive strength below
12% owing to their smaller size (31.3-34.7 pm) and
higher crushing strength (more than 80 MPa) than gen-
eral LWAs, along with their pozzolanic reactivity (Lu
et al., 2022b). However, utilizing crumb rubber as a
replacement for 50% fine aggregates resulted in a signif-
icant decrease in the compressive strength from 113 to
38 MPa (Yu et al, 2021). Yu et al. (2021) reported that
this may be attributed to the incompatibility between
crumb rubber and the matrix because the low stiffness
and strength of crumb rubber significantly damaged the
interfacial properties. Similarly, as the replacement rate
of ceramsite sand increases, the compressive strength
produces a gradually decreasing tendency. Xie et al.
(2022) concluded that this was due to the ceramsite sand
lacking sufficient strength and having lots of pores.
Figure 11 illustrates the compressive strengths of
L-FRCCs according to different metallic fiber content,
namely corrugated steel fibers, hooked-end steel fibers,
rectangular steel fibers, and straight steel fibers, based
on their volume content (Abid et al., 2024; Alanazi et al.,
2022; ASTMC, 2017; Caratelli et al., 2016; Choi et al.,
2014; Esmaeili et al., 2023; Frazao et al., 2018; Gondoku-
sumo et al., 2021; Hong et al., 2025; Hussein et al., 2020;
Igbal et al., 2015; Kayali et al., 2003; Li et al., 2016; Liao
et al., 2025; Lu et al,, 2022a, 2022b; Meng et al., 2023; Mo
et al,, 2014; Poongodi & Murthi, 2020; Rico et al., 2017;
Sahmaran et al., 2009; Shafigh et al.,, 2022; Shcherban’
et al,, 2021; Shen et al., 2020a; Xie et al., 2022; Xu et al.,,
2010; Yap et al,, 2016; Yu et al.,, 2021; Zeng et al., 2020).
Various steel fibers tended to gradually increase the com-
pressive strength of the L-FRCCs as the volume fraction
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increased (0.13-1.5 vol.%). However, the compressive
strength decreased for values greater than 2.0 vol.% of
steel fibers. Gao et al. (1997) reported that the uniform
dispersion of fibers may be hindered beyond a certain
fiber volume fraction, impeding proper densification of
the cement paste, which may lead to a marginal decrease
in compressive strength. They also proposed a steel fiber
reinforcement ratio of less than 2.5% by volume. In addi-
tion, among the various types of steel fibers, the incor-
poration of straight steel fibers in the L-FRCCs resulted
in a maximum compressive strength of 190 MPa owing
to the large specific area (Fig. 11) compared with that
of other fibers (31-113 MPa) (Lu et al., 2021a). Ye et al.
(2020) reported that straight steel fibers (aspect ratio
of 65) with 2.0 vol.% achieved the highest increment in
compressive strength (47%); however, hooked-end steel
fiber (aspect ratio=50) and corrugated steel fiber (aspect
ratio=38) with the same volume contents resulted in
an increase in the compressive strength by 22 and 12%,
respectively; this trend is due to the easier dispersion of
straight steel fibers within the matrix, enabling a better
bonding performance between them (Ye et al., 2020).
They also reported that the surface of the fibers should
be roughened to maintain a strong bond with the cement
paste, and the inherent strength of the fiber should not be
too low.

Figure 12 shows the compressive strength of L-FRCCs
with different non-metallic fibers, namely carbon, PE,
and PP fibers, according to their volume contents (Arel
& Shaikh, 2018; Frazdo et al., 2018; Giineyisi et al., 2013;
Guo et al,, 2023; Igbal et al., 2015; Sahmaran et al., 2009;
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Tang, 2020; Wang et al., 2013; Wei et al., 2020; Wu et al.,
2021; Yew et al, 2015; Zhao et al, 2016; Zheng et al,,
2019). Non-metallic fibers produced a negligible effect or
even decreased compressive strength (Altalabani et al.,
2020; Choi et al., 2014; Kayali et al., 2003; Li et al., 2016;
Wang et al., 2013) owing to their low stiffness and elas-
tic modulus. PP fibers produced the lowest compressive
strength of 46.78 MPa on average, compared with those
of PE and carbon fibers (66.79 and 75.34 MPa, respec-
tively). Wei et al. (2020) reported that the PP fibers may
have a greater adverse effect on the compressive strength
than other fibers at the same volume fraction because of
the lower elastic modulus and tensile strength of the PP
fiber.

Figure 13 illustrates the compressive strength of
L-FRCCs according to the matrix strength. Matrix
strength is defined as the compressive strength of the
cementitious composites’ matrix without fiber reinforce-
ment. As the matrix strength increased, the compressive
strength of L-FRCCs increased linearly. In particular, the
high-strength matrix (70-100 MPa) of the ULCC resulted
in a higher compressive strength (100-150 MPa). In gen-
eral, the weakest part of L-FRCC is the LWA. Therefore,
a higher matrix strength enables L-FRCCs to withstand
a greater load even when extreme deformation occurs
within the LWAs, resulting in a higher compressive
strength (Shafigh et al., 2022; Wang & Wang, 2013).

4.2 Flexural strength
The flexural strength of L-FRCCs ranges between 4.3 and
37.5 MPa, which is acquired from the data in Table 1.
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The flexural strength of L-FRCCs is higher than that of
normal concrete (about 4.28 MPa) (Sjah et al.,, 2018). In
general, as the lightweight material content increases,
the flexural strength of L-FRCCs decreases owing to the
internal voids of lightweight materials, which is similar
to the compressive strength results. However, the light-
weight material type has no significant influence on the
flexural strength because the flexural behavior of L-FRCC
is primarily determined by the properties of the fibers
(geometry, size, type, and volume content) and the bond-
ing between the fibers and the matrix (Cavdar, 2013; Li
et al., 2025; Simdes et al., 2017; Zhang et al., 2025).
Figures 14a and b show the flexural strengths of
L-FRCCs reinforced with steel and nonmetallic fibers,
respectively (Abid et al., 2024; ASTMC, 2017; Balendran
et al., 2002; Dawood & Hamad, 2013; Frazdo et al., 2018;
Gencel et al., 2022; Giineyisi et al., 2013; Hussein et al.,
2020; Igbal et al., 2015; Jiang et al., 2024; Kayali et al.,
2003; Liao et al., 2025; Lu et al., 2022b; Mailyan et al.,
2021; Mo et al,, 2014; Sahmaran et al., 2009; Wu et al,,
2019; Xiang et al., 2022; Zeng et al., 2020; Zhang et al.,
2024, 2025; Zheng et al.,, 2025). The flexural strength of
the L-FRCCs increased with the volume fraction of steel
fibers (Fig. 14a). Several studies have reported that when
fibers are reinforced, they resist flexural loads according
to the bond between the fibers and the matrix, even after
matrix cracking. This further obstructs the crack propa-
gation until the final cracking of the composites and
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typically results in an overall increase in flexural strength
(Balendran et al., 2002; Meng et al., 2023; Rico et al.,
2017; Shen et al.,, 2020a; Xie et al., 2022; Ye et al., 2020;
Zhang et al., 2025). Among the various types of steel fib-
ers, straight steel fibers afford higher flexural strength
than corrugated and hooked-end steel fibers due to their
superior bonding performance. In general, the rough-
ened surface of the fiber produced better bonding with
the cement paste (Dawood & Hamad, 2013). However,
in the case of high-strength cementitious composites,
such as UHPC with a denser matrix, straight steel fib-
ers were more easily dispersed, resulting in better bond-
ing performance between the fibers and matrix (Ye et al.,
2020). Straight steel, hooked-end steel, and corrugated
steel fibers resulted in average flexural strengths of 14.13,
8.41, and 6.69 MPa, respectively. Ye et al. (2020) reported
that L-FRCCs reinforced with micro straight steel fibers
showed the highest increase in flexural strength (62%)
owing to their superior bonding; hooked-end steel fibers
also resulted in a relatively high increase (56%) based on
the effective anchorage effect of the hooked-end. How-
ever, L-FRCCs reinforced with corrugated steel fibers
exhibited only an 11% increase in flexural strength due
to the insufficient bonding between the fibers and the
matrix.

Although nonmetallic fibers increased the flexural
strength of L-FRCCs (Fig. 14b), the degree of increase
was considerably smaller than that of metallic fibers.
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Nonmetallic fibers achieved a flexural strength between
3.7 and 9.0 MPa, whereas metallic fibers achieved
between 3.5 and 42.0 MPa. Previous studies on L-FRCCs
incorporating polymeric fibers reported that an increase
in the volume content of fibers may lead to a decrease
in flexural strength or a decrease beyond a certain vol-
ume fraction (Kayali et al., 2003; Li et al., 2016; Wei et al.,
2020; Yahaghi et al.,, 2016). Wei et al. (2020) reported
that the decrease in flexural strength owing to PP fibers
could be attributed to the relatively low elastic moduli. Li
et al. (2021a) reported that although fiber reinforcement
can restrain crack initiation and propagation under flex-
ural loads, this may significantly reduce the compactness
of the cementitious composite matrix. Furthermore, the
flexural strength of L-FRCCs with nonmetallic fibers was
either minimally affected (Yew et al,, 2015) or increased
as the aspect ratio of the fibers increased (Altalabani
et al,, 2020; Li et al., 2021a; Ye et al., 2020). Ye et al. (2020)
reported that the low aspect ratio of fibers not only leads
to insufficient bonding between the matrix and fibers
but also makes it difficult for the fibers to distribute uni-
formly within the matrix. Further, the high effective sur-
face area, owing to the high aspect ratio of the fibers, was
beneficial for enhancing the bond performance between
the fiber and cement paste (Li et al., 2021a).

Figure 15 illustrates the flexural strength of L-FRCCs
according to the matrix strength. The flexural strength
of the L-FRCCs increased significantly as the matrix
strength increased. In particular, a high-strength matrix
(70-100 MPa) of UHPC produced a higher flexural
strength (11-23 MPa) owing to a mechanism similar to
that in the compressive strength results.
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4.3 Relationship between mechanical properties
and density of L-FRCCs

In this section, the relationship between density and the
mechanical properties of L-FRCCs—specifically com-
pressive and flexural strength—is examined based on
data collected from the literature. Figure 16a illustrates
the correlation between compressive strength and den-
sity, while Fig. 16b presents the corresponding rela-
tionship for flexural strength. As shown in Fig. 16, both
compressive and flexural strengths generally increase
with increasing density. This trend is expected, as higher
density typically reflects a more compact matrix with
fewer voids, thereby enhancing mechanical performance.
The linear trend lines fitted with the datasets further sub-
stantiates this relationship. In Fig. 16a, the coefficient of
determination (R?) indicates that 89.3% of the variability
in compressive strength can be attributed to changes in
density. The close clustering of data points around the
trend line suggests a strong correlation. Although the
R? value for flexural strength is slightly lower (74.8%),
the data points still align closely with the corresponding
trend line, demonstrating a robust relationship between
density and the flexural strength of L-FRCCs.

5 Structural efficiency of L-FRCCs

SE (strength/density, MPa/(t/m?)) is a crucial parameter
representing the material efficiency of L-FRCCs. A high
SE value implies that the L-FRCCs are highly efficient
with high strength and low weight (Li et al., 2025; Liao
et al,, 2025; Lu et al., 2021b). An appropriate selection
of lightweight materials and fibers is imperative for pro-
ducing L-FRCCs with high SE. Lu et al. (2021b) reported
three methods to enhance the SE of L-FRCCs: (1) using
LWAs with a dense pore structure; (2) increasing the
number of surfaces opening pores, thereby increasing
the bonding between cement paste and aggregate; and (3)
using the internal curing effect of LWA and high pozzo-
lanic reactivity of LWAs.

Figure 17 illustrates the compressive SE of various
LWAs, including natural/recycled and artificial LWAs.
The compressive SE of L-FRCCs ranges between 17.8
and 66.7 MPa/(t/m?%). Artificial LWAs resulted in a con-
siderably greater SE (within the range 37.6-66.7 MPa/
(t/m®)) than natural or recycled LWAs (17.8-28.1 MPa/
(t/m?) owing to the inherently higher crushing strength
of artificial LWAs than that of natural aggregates. In
particular, HGM (Dahal et al., 2022; Guo et al., 2023;
Lu et al., 2021a, 2022b) with a high crushing strength of
40-180 MPa and a low average density of 460—560 kg/m?
resulted in an L-FRCC with the highest SE of 66.7 MPa/
(t/m3). As mentioned in Sect. 4.1, the weakest compo-
nent in L-FRCCs is the LWA (Shafigh et al., 2022; Wang
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& Wang, 2013). Therefore, due to the high strength of the
LWA, the matrix of L-FRCCs possesses a higher strength.

Table 5 summarizes the available data on the density,
compressive strength, and compressive SE of L-LFRCCs,
high-strength normal-weight concrete, and other light-
weight concretes to better contextualize the material
efficiency. Compared to the other five kinds of concrete
listed in Table 5, the L-FRCCs prepared with HGMs pro-
duced the highest compressive SE, up to 66.7 MPa/(t/
m?), which is 66.7/62.5=1.07 times for UHPLCCs (Lu
et al., 2021a), 66.7/50=1.33 times for UHPC includ-
ing silica sand (Arora et al, 2019; Wang et al., 2019),
66.7/21.4=3.11 times for ultra-lightweight composites
(Adhikary et al., 2020; Yu et al.,, 2015), 66.7/43.5=1.53
times for UHPC including LWAs, and 66.7/25=2.67
times for high-strength normal-weight concrete (Lu,
2023). It is concluded that the structural efficiency of
L-FRCCs prepared with HGMs was better than that of
the other cementitious composites.

Figure 18 shows the effects of matrix strength on the
compressive SE of L-FRCC. The compressive SE of the
L-FRCCs increased with the matrix strength; this trend is
similar to the compressive strength results (Sect. 4.1). In
particular, the matrix strength and compressive SE exhib-
ited a strong linear relationship with a high coefficient of
determination (R?) of 0.867. Furthermore, L-FRCCs with
a high-strength matrix (UHPC) of more than 78 MPa had
the highest compressive SE of 48—63 MPa/(t/m?).
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Table 5 Comparison of material efficiency between UL-FRCCs and other FRCCs

Materials Density Compressive Compressive SE References
(kg/m?) Strength (MPa) (MPa/(t/m3))
UHPLCCs <1920 >120 62.5 Luetal. (2021a)
UHPC including Normally >120 50.0 Arora et al. (2019), Wang et al. (2019)
silica sand >2400
Ultra lightweight composites 500 - 1400 5-30 10.0-214 Adhikary et al. (2020), Yu et al. (2015)
UHPC including lightweight aggregates >2300 >100 435 Meng and Khayat (2017), Liu et al. (2019¢)
Normal weight concrete 2400 60 25 Lu (2023)
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Fig. 18 Effects of matrix strength on compressive structural
efficiency

The flexural SE of L-FRCCs ranges between 2.07 and
10.96 MPa/(t/m?). In general, the flexural SE increases
with the volume content of both the steel and PP fibers.
The steel fibers resulted in L-FRCCs with a higher flex-
ural SE of 4—9 MPa/(t/m?) on average than L-FRCC rein-
forced with PP fibers (3—4.5 MPa/(t/m?)). As mentioned
in Sect. 4.2, steel fibers increased the density of L-FRCCs
by 6.8% on average, whereas PP fibers decreased it by 2%.
Furthermore, owing to the high modulus of elasticity of
steel fibers (Wei et al., 2020), steel fibers increased the
flexural strength of L-FRCCs by 30.91%, whereas PP fib-
ers increased it by only 5.34%; this trend indicates that a
greater increase in flexural strength compared to density
may enhance the flexural SE.

Figure 19 shows the effects of the reinforcing index of
hooked-end and straight steel fibers on the flexural SE
of L-FRCCs. The reinforcing index of fiber (Vfo/df) is
defined as a parameter that considers the simultane-
ous effect of fiber volume content (Vy), length (Ly), and

Reinforcing index (VL¢/dy)

Fig. 19 Effects of reinforcing index of steel fibers on flexural
structural efficiency of L-FRCCs

diameter (dy). The flexural SE of the L-FRCCs increases
linearly with the reinforcing index of the steel fibers.
As mentioned in Sect. 4.2, the flexural strength of the
L-FRCCs decreases with the aspect ratio of the fibers
due to their increased effective surface area (Altalabani
et al,, 2020; Ye et al., 2020). In addition, straight steel fib-
ers exhibited a higher flexural efficiency than hooked-end
steel fibers, as indicated by the flexural strength results.
Therefore, to achieve a higher SE of L-FRCC, it is highly
recommended to use lightweight materials with a high-
strength matrix (>80 MPa). In addition, utilizing two
types of lightweight materials—cement/binder and fine
aggregates—can further increase the SE. Furthermore,
utilizing straight steel fibers<2.5% in volume may help
achieve a higher SE in the flexural behavior of L-FRCCs.
Figure 20 shows the microstructure of the interfacial
transition zone (ITZ) between the mortar and various
LWAs, namely fly ash cenospheres (Lu et al., 2022b),
HGMs (Lu et al., 2022b), and lightweight high-strength
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Fig. 20 SEM analysis of L-FRCCs

core—shell aggregates (Zou et al, 2023), using scan-
ning electron microscope (SEM). As shown in Fig. 20a,
when fly ash cenospheres were added to the matrix-
based UHPC, the HGMs were seen as embedded in the
matrix. Under applied load, the cross-sections of the fly
ash cenospheres were damaged, indicating their brittle
behavior, while the bond between the fly ash cenospheres
and the matrix remained strong. In the case of HGMs,
some HGMs fractured internally, while others failed at
the interface with the paste (Fig. 20b), indicating that a
larger portion of HGMs could withstand the loading
stress compared to fly ash cenospheres. This behavior can
be attributed to the smoother surface of HGMs, which
results in a weaker bond with the surrounding matrix
(Duy et al., 2026).

Several approaches have been proposed in recent years
to achieve the ultra-high strength of ULCCs. One nota-
ble method involves the development of high-strength
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lightweight core—shell aggregates (Tajra et al., 2019; Zou
et al, 2023). In this technique, traditional LWAs (e.g.,
cenospheres) serve as the core material, which is sub-
sequently coated with a hard-shell layer, typically com-
posed of hydrated cement paste (Zou et al., 2023), as
illustrated in Fig. 20c.

6 Pearson’s correlation analysis

To assess the statistical relationship between input
parameters (fiber volume content, reinforcing index,
and LWA ratio), the material properties (slump and den-
sity), as well as the mechanical properties (compressive
strength, flexural strength, compressive structural effi-
ciency, and flexural structural efficiency) of L-FRCCs, the
Pearson correlation coefficient was employed (Li et al.,
2021b; Phan et al., 2025). The mathematical function
used to compute Pearson’s correlation coefficient is pro-
vided below:
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> (A4 —A)Y (B - B)
VE (4i—A) % (B:—B)

Here, p represents the Pearson correlation coefficient.
The p value ranges from — 1.0 to+ 1.0, where 0.0 signi-
fies no correlation between the two parameters,+ 1.0
indicates a perfect direct correlation, and — 1.0 denotes
a perfect inverse correlation. A and B are the two param-
eters under investigation, while A and B denote their
respective averaged values.

Among the material property parameters, there is
limited information on thermal conductivity is limited;
therefore, it was difficult to consider this parameter in
the Pearson correlation analysis. Figure 21 illustrates cor-
relation matrices depicting the relationships among the
design parameters influencing material properties, such
as slump and density, and mechanical properties, includ-
ing the compressive strength, flexural strength, compres-
sive SE, and flexural SE of L-FRCCs. According to Fig. 21,
the slump of L-FRCCs exhibited a low inverse correlation
with the reinforcing index and LWA ratio, with Pearson

p(A,B) =

(1)
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correlation coefficients of — 0.028 and — 0.15, respec-
tively; this indicates that the slump decreased as the rein-
forcing index and LWA ratio increased. Conversely, there
was a direct correlation between slump and density, com-
pressive strength, flexural strength, compressive SE, and
flexural SE, with a Pearson correlation coefficient of 0.27,
0.29, 0.22, 0.30, and 0.16, respectively.

The density of L-FRCCs shows a strong negative corre-
lation with the LWA ratio, with Pearson correlation coef-
ficients of — 0.21; this indicates that the density decreases
when the LWA ratio increases. Conversely, the density of
L-FRCCs exhibits a positive correlation with compressive
strength, flexural strength, compressive SE, flexural SE,
matrix strength, and fiber volume content, with Pearson
correlation coefficients of 0.41, 0.38, 0.18, 0.24, 0.19, and
0.19, respectively.

Further, the compressive strength, flexural strength,
compressive SE, flexural SE, and matrix strength of
L-FRCCs demonstrate a significant negative correlation
with the LWA ratio, with Pearson correlation coefficients
of — 0.38, — 0.63, — 0.48, — 0.54, and — 0.29, respec-
tively. These results indicate that lower values of these

1.0
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Fig. 21 Pearson’s correlation coefficients among design parameters related to material and mechanical properties of L-FRCCs
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parameters are associated with an increasing LWA ratio
in L-FRCCs.

Significant positive correlations were found between
compressive strength, flexural strength, flexural SE,
matrix strength, fiber volume content, and compressive
SE, with Pearson correlation coefficients of 0.97, 0.81,
0.83, 0.75, and 0.49, respectively. Similarly, there are
notably high positive correlation between compressive
strength, flexural strength, matrix strength, fiber volume
content, and flexural SE, with Pearson correlation coef-
ficients of 0.83, 0.99, 0.21, and 0.64, respectively. These
findings suggest that the compressive and flexural SE of
L-FRCCs increased with increasing compressive and flex-
ural strengths, matrix strength, and fiber volume content.

7 Application

Lightweight cementitious composites, exhibiting signifi-
cantly lower density than conventional cementitious com-
posites due to a higher proportion of pores, have gained
significant attention for use as an alternative construction
material capable of reducing the structural load and have
been used extensively. Lightweight cementitious com-
posites have been successfully applied in high-rise build-
ings, such as the 180-m towers in Chicago (1947), North
Pier Apartment Tower in Chicago (1990), and the tower
of the Bank of America (1997) The tower of the Bank of
America was built using lightweight cementitious com-
posites with a density lower than 1890 kg/m? and a com-
pressive strength greater than 45 MPa (Abdalla, 2007).
Lightweight cementitious composites have been used in
bridges, such as Kingston Bridge in London (1997) and
Stolma Bridge in Norway (2000), and in large-span public
structures, such as Terminal 3 Concourse in Dubai Inter-
national Airport (2010) (Farrag & Yehia, 2014) and Wel-
lington Westpac Trust Stadium in New Zealand (1999).
Furthermore, the lightweight cementitious composites
have been used for marine structures such as Modular
Hybrid Pier floats for Navy in USA and in the Wreck of
the San Pasqual—a lightweight concrete ship in USA
(1991). Figure 22 presents photograph of these structures
that utilize lightweight cementitious composites, and
Table 6 provides detailed information on the properties
of these structures. The application of lightweight cemen-
titious composites in these structures indicate that, with
the increasing feasibility of constructing large-scale
structures, the weight of concrete has gradually become
as crucial as its strength (Meng et al., 2023).

However, to address various drawbacks such as the low
tensile—compressive strength ratio, low flexural strength,
and high brittleness of lightweight cementitious com-
posites (Wang & Wang, 2013), extensive research has
been conducted to develop high-strength lightweight
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cementitious composites by reinforcing them with fibers.
When reinforced with fibers, both lightweight and con-
ventional cementitious composites exhibit significantly
enhanced energy absorption capacities, leading to higher
flexural and tensile strengths and increased impact resist-
ance. Thus, the structural behavior of L-FRCCs against
seismic forces has improved, rendering them suitable for
use in earthquake-prone regions (Rico et al., 2017). Fur-
thermore, in recent times, LWAs have been incorporated
in UHP-FRCCs owing to their superior strength, ductility,
and durability compared to conventional fiber-reinforced
concrete. These UHP-FRCCs exhibit strain-harden-
ing behavior under tensile loading, exceptional tensile
strength, ductility, high strain capacity, and outstand-
ing energy absorption, providing remarkable resistance
against high impacts. However, despite these advantages,
they possess drawbacks such as relatively high shrinkage
and high density owing to the low water-to-cement ratio
and high packing density (Meng et al., 2023). The internal
curing effect and notable lightweight properties of LWAs
have been recognized to mitigate self-shrinkage (Ahma-
ran et al., 2015; Sahmaran et al., 2009) and thus reduce
the density of UHP-FRCCs. Moreover, some other dis-
advantages of UL-FRCCs include higher material cost
resulting from the use of fine powders, fibers, and chemi-
cal admixtures; complex mixing and procedures, which
can affect their workability and uniform fiber disper-
sion; and potential brittleness under restrained shrink-
age or improper curing conditions, leading to early-age
cracking.

Consequently, incorporating LWAs in UHP-FRCCs
enabled the production of UL-FRCCs with compression
strengths >100 MPa and flexural strengths>15 MPa.
However, the application of UL-FRCCs to real construc-
tion sites has not been reported as most studies have
been limited to analyzing the effects of lightweight mate-
rials on the material properties and static strength of UL-
FRCCs. Therefore, expanding the analysis to encompass
not only static behavior but also dynamic behaviors, such
as impact strength, may enable a wider range of applica-
tions of UL-FRCCs. Moreover, there is a need for detailed
experimental studies focusing on the optimal contents
for lightweight materials and fibers, in addition to the
microstructure and functional properties, such as sound
absorption.

Consequently, UL-FRCCs are anticipated to find appli-
cations not only in large-scale structures, such as long-
span bridges and high-rise buildings, but also in barriers
and protective structures situated in regions prone to
high and repeated impact loads, such as vehicle and ship
collisions, rock falls, missile impacts, explosions, and
earthquakes.



Joetal. Int J Concr Struct Mater (2026) 20:3 Page 25 of 30

a) North Pier Apartment Tower, Chicago

(Figure sourced from https://buildingsdb.com/IL/chicago/north-pier-apartments-building/.)
|

b) Kingston Bridge, England

(Figure sourced from https://commons.wikimedia.org/wiki)

c¢) Dubai International Terminal 3, United Arab Emirates

(Figure sourced from https://www.matteograssi.com/en/projects/dubai-airport)
Fig. 22 Images of real structures constructed using L-FRCCs

8 Summary and conclusions compressive strengths>45 MPa, focusing on further
This study summarizes the material and mechani- enhancing the SE of L-FRCCs. First, the effects of differ-
cal properties of existing high-strength L-FRCCs with  ent fibers, LWAs, and matrix strengths on the material
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d) Wellington Westpac Trust Stadium, New Zealand
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(Figure sourced from https://www.cricwindow.com/icc-worldcup-2015/westpac-match-schedule.html.)

Fig. 22 continued

¢) Modular Hybrid Pier (MHP) floats for Navy, USA

Table 6 Properties of structures using lightweight concrete in practical projects

(Figure sourced from https://www.concretetech.com/concrete-projects/modular-hybrid-pier.)

Application Project Structural component Unit weight  Compressive Lightweight material
(kg/m3) strength at 28 days  used
(MPa)

Buildings North Pier Apartment Floor slabs - 44.0 -

Tower, Chicago

Bank of America, USA Floor slabs 1890 47.0 Expanded shale
Bridges Stolma Bridge, Norway Mid-span cantilevers 1940 704 Expanded clay
Large-span public struc- Dubai International Termi-  Mezzanine levels 1900 50.0 -
tures nal 3, United Arab Emirates

Wellington Westpac Trust  Stadium bowl structure, 1845 44,0 Expanded shale

Stadium, New Zealand Pretensioned bleachers
Marine structures Wreck of the San Pasqual:  Lightweight concrete ship 1760 55.0 Expanded shale

lightweight concrete ship,
USA

and mechanical properties of L-FRCCs were analyzed.
The material properties included workability, density,

and thermal conductivity, whereas the mechanical prop-

erties included compressive strength, flexural strength,
and structural efficiency. Based on the analysis of the

currently available experimental results, the following
conclusions were drawn:

+ L-FRCCs with a compressive strength>100 MPa,
flexural strength > 15 MPa, density <1950 kg/m?, and



Jo et al. Int J Concr Struct Mater (2026) 20:3

thermal conductivity <0.5 W/mK can be classified as
UL-FRCCs.

+ Incorporating HGM into L-FRCCs substantially
enhanced their sound absorption performance,
which is attributed to the formation of numerous
acoustic cavities.

+ Based on the Pearson correlation analysis, the SE
in terms of the strength of L-FRCCs increased with
increasing matrix strength, fiber volume content, and
reinforcing index, while it decreased with a higher
LWA ratio.

+ To produce UL-FRCCs with high SE, the lightweight
materials incorporated in the UL-FRCCs should
have crushing strength>70 MPa but specific grav-
ity <0.5. Utilizing straight steel fibers at<2.5 vol.% in
UL-FRCC:s is highly recommended to achieve a high
strength of more than 100 MPa.

«+ Steel fibers reduced the workability of the L-FRCCs
owing to their inherently high stiffness compared
with other nonmetallic fibers, such as polymeric fib-
ers. However, steel fibers resulted in a higher SE with
flexural strength than polymeric fibers.
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