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 Structural lightweight aggregate concrete (SLWAC) offers reduced self-weight and 

adequate load-bearing capacity, making it attractive for sustainable structural 

applications. However, its structural use is constrained by the porous, comparatively 

weak nature of lightweight aggregates, which reduces stiffness and tensile capacity and 

promotes brittle failure through the aggregate. Steel-fibre reinforcement mitigates these 

limitations by bridging cracks, redistributing tensile stresses and delaying failure. This 

paper reviews over 100 studies (2010-2026) on the mechanical performance and crack 

behaviour of steel-fibre-reinforced SLWAC, covering conventional and green/recycled 

aggregates. Particular attention is given to crack-bridging mechanisms, fibre-matrix 

bonding, and the influence of fibre geometry and dosage on strength, modulus and 

toughness. Steel fibres provide their greatest benefits for tensile-governed properties and 

post-cracking behaviour, promoting a more ductile, energy-absorbing response without 

necessarily changing the overall failure mode, whereas their effect on elastic modulus 

remains limited. Reported gains are typically 10-21% in compressive strength, 68-104% 

in splitting tensile strength and 17-31% in flexural strength at fibre volume fractions up 

to 0.75%, with hooked-end fibres generally outperforming straight fibres. Green 

aggregates such as LiGrA may support sustainability, but their fibre-reinforced behaviour 

remains insufficiently characterised, and standardised crack-bridging models linking 

fibre-matrix bonding with aggregate pore structure are lacking. 
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1. INTRODUCTION 
 

Structural lightweight aggregate concrete (SLWAC) is a 

specialised class of concrete developed to reduce its unit 

weight while retaining adequate load-bearing capacity for 

structural applications. According to the American Concrete 

Institute (ACI) 213R-14 [1], concrete is classified as structural 

lightweight when its oven-dry density lies between 1120 and 

1920 kg/m³ and its 28-day compressive strength is not less 

than 17 MPa. These limits should be viewed as engineering 

criteria rather than absolute physical boundaries. However, the 

classification provides a practical basis for distinguishing 

SLWAC from other lightweight concrete systems in terms of 

density and strength. 

The reduced density of SLWAC is achieved primarily by 

replacing normal-weight coarse aggregate, wholly or partly, 

with lightweight aggregate (LWA), whose highly porous 

internal structure lowers concrete density while still providing 

sufficient strength for structural applications. This porous 

structure is fundamental to the behaviour of SLWAC, as it 

enables substantial weight reduction while simultaneously 

influencing its mechanical and durability performance. The 

application of SLWAC dates back more than a century, 

emerging in shipbuilding during the First World War before 

spreading to high-rise construction in the United States and 

Europe [2]. Today, it is used in long-span bridges, offshore 

structures, precast elements and tall buildings, where reduced 

self-weight can provide structural and economic advantages 

[3]. Its long history indicates that SLWAC has established 

applications in structural construction, while current research 

continues to focus on improving its performance and 

sustainability. 

Interest in SLWAC has been renewed by the growing 

demand for sustainable construction. Concrete is the second 

most consumed material after water, and its production 

accounts for roughly 8-9% of global anthropogenic 

greenhouse-gas emissions, mainly through cement 

manufacture [4]. By reducing structural dead load, SLWAC 
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can enable smaller foundations, slimmer columns and lighter 

beams, potentially reducing the consumption of concrete and 

reinforcing steel and their associated embodied energy and 

carbon. Its lower mass can also reduce earthquake-induced 

inertial forces and decrease the demand on lateral-load-

resisting systems [5]. These environmental benefits may be 

further enhanced when LWAs are produced from recycled or 

industrial waste, as this can reduce the consumption of virgin 

resources and divert waste from landfill [6]. 

Despite these advantages, the porous nature of LWAs 

remains a major challenge for the wider application of 

SLWAC. It can reduce stiffness and tensile performance, 

resulting in a lower modulus of elasticity, higher water 

absorption and a more brittle failure mode than normal-weight 

concrete [7, 8]. Since these limitations are closely associated 

with the characteristics of the aggregate phase, improving 

SLWAC performance requires approaches that enhance stress 

transfer and control crack propagation. Among the available 

approaches, steel fibre reinforcement has been widely 

investigated as an effective method for mitigating the brittle 

behaviour of SLWAC. Steel fibres bridge developing cracks, 

transfer tensile stresses across cracked sections, and can 

improve toughness, post-cracking capacity and energy 

absorption [9]. 

Accordingly, this review focuses on steel-fibre-reinforced 

SLWAC, with particular emphasis on green and recycled 

lightweight aggregates, including engineered plastic-glass 

aggregates. Although steel fibres and lightweight aggregates 

have each been extensively investigated, studies examining 

their combined behaviour remain comparatively limited, 

particularly for engineered recycled plastic-glass aggregates. 

This review therefore critically evaluates the current literature 

on lightweight aggregates, fibre-matrix interaction, the 

influence of steel fibres on the mechanical performance of 

SLWAC, and the resulting crack behaviour and failure 

mechanisms, while identifying key research gaps that require 

further investigation. 

The scope of this review is limited to steel-fibre 

reinforcement because steel fibres have been among the most 

extensively investigated fibre types for SLWAC. Although 

other fibre types, including polypropylene, basalt, glass and 

carbon fibres, have also been investigated, they are beyond the 

scope of the present review. 

 

 

2. STRUCTURAL LIGHTWEIGHT AGGREGATE 

CONCRETE  
 

2.1 Definition and classification 

 

SLWAC is generally defined as concrete in which normal-

weight coarse aggregate is replaced, fully or partly, by 

aggregates of lower particle density while retaining the 

mechanical capacity needed for load-bearing service. ACI 

213R-14 [1] defines SLWAC as having an oven-dry density of 

1120-1920 kg/m³ together with a minimum 28-day 

compressive strength of 17 MPa. European Standard (EN) 206 

[10] adopts a broader framework, classifying lightweight 

concrete into six density classes (D1.0-D2.0) with 

corresponding strength grades ranging from LC8/9 to 

LC80/88. Unlike ACI, which establishes a general threshold 

for SLWAC, EN 206 explicitly relates density classes to 

strength grades, recognising a wider range of structural 

applications. This indicates that SLWAC is defined by the 

combined achievement of reduced density and adequate 

mechanical performance rather than by density alone [11] 

(Table 1). 

Classification is also closely related to the type of LWA 

used. Lightweight aggregates are generally divided into three 

categories: natural aggregates of volcanic origin (pumice, 

scoria and volcanic tuff), manufactured aggregates produced 

by thermal expansion of clay, shale or slate, and aggregates 

derived from industrial by-products or recycled waste, 

including sintered fly ash, expanded slag, recycled plastic and 

recycled glass [12-14]. Although this classification is based on 

aggregate origin, the engineering performance of SLWAC is 

governed primarily by the internal structure of the aggregate 

rather than its source. Consequently, selecting an appropriate 

LWA is a key aspect of SLWAC mix design because it largely 

determines the balance between reduced density and structural 

performance. 

 

Table 1. Classification criteria for structural lightweight aggregate concrete (SLWAC) [1, 10] 
 

Category Criterion / Density Class 

Density 

Range 

(kg/m³) 

Value / Nominal Design 

Density-Plain Concrete 

(kg/m³) 

Nominal Design Density-

Reinforced Concrete (kg/m³) 

General criteria 

(ACI 213R-14) [1] 

Oven-dry density — 1120-1920 

Minimum 28-day 

compressive strength 
— 17 MPa 

Classification system — Single general threshold (no density sub-classes) 

EN 206:2013 

density classes [10] 

D1.0 801-1000 1050 1150 

D1.2 1001-1200 1250 1350 

D1.4 1201-1400 1450 1550 

D1.6 1401-1600 1650 1750 

D1.8 1601-1800 1850 1950 

D2.0 1801-2000 2050 2150 

EN 206:2013 

strength grades [10] 

Strength grade range — LC8/9 to LC80/88 MPa 

Minimum grade permitted by 

material standard 
— LC8/9 [10] 

Minimum grade required by 

structural design code 
— LC12/13 (EN 1992-1-1) 

Note: American Concrete Institute (ACI). 

 

2.2 Density and mechanical characteristics 
 

The fresh density of SLWAC typically ranges from 1400 to 

2000 kg/m³ depending on the type, volume and moisture 

condition of the LWA [15-17], compared with approximately 
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2400 kg/m³ for conventional concrete. This variability means 

that reported density values should always be interpreted 

alongside the specific aggregate and mix design used. Since 

lightweight aggregates occupy approximately 35-45% of the 

concrete volume, their particle density has the greatest 

influence on the final concrete density. Aggregates with 

particle densities between 1.0 and 1.8 g/cm³ generally provide 

an effective balance between reduced self-weight and 

adequate structural capacity [18-20]. This density range 

therefore serves as a practical reference point for mix design 

decisions. 

Mechanically, SLWAC differs from normal-weight 

concrete in three principal aspects. First, its compressive 

strength is often governed by the intrinsic strength of the 

lightweight aggregate, making the aggregate itself the 

preferred fracture path during failure rather than the 

surrounding cement matrix [21]. Second, the elastic modulus 

is typically lower, ranging from about 10-25 GPa compared 

with 25-35 GPa for normal-weight concrete of similar 

compressive strength, owing to the lower stiffness of 

lightweight aggregates. This has important implications for 

structural deflection and serviceability [18, 22]. Third, the 

tensile strength is generally 10-30% lower, and the post-

cracking response is considerably more brittle than that of 

conventional concrete [23]. These characteristics explain why 

improving the tensile behaviour and crack resistance of 

SLWAC has become a major research priority. Addressing 

these three aspects together is therefore essential for the 

reliable structural application of SLWAC. 

 

2.3 Advantages and limitations 

 

The primary advantage of SLWAC is its reduced dead load. 

Concrete with a density of approximately 1800 kg/m³ is 

around 25% lighter than conventional concrete of comparable 

strength, allowing smaller structural members and foundations 

while reducing the quantities of concrete and reinforcing steel 

required [24]. The porous structure of lightweight aggregates 

also lowers thermal conductivity to approximately 0.5-1.2 

W/m·K compared with 1.6-2.2 W/m·K for conventional 

concrete, making SLWAC particularly attractive in regions 

with hot climates [5, 25-27]. These benefits have contributed 

to the increasing use of SLWAC in structural engineering. 

However, the same porous aggregate structure also 

introduces several important limitations. Lightweight 

aggregates may absorb between 5% and 25% of their own 

mass in water, making control of the effective water-to-binder 

ratio more difficult and increasing the risk of fluid ingress 

unless a dense cementitious matrix is achieved [28-30]. 

Another important aspect is the interfacial transition zone 

(ITZ). Although the rough and absorptive surface of many 

lightweight aggregates can produce a denser and better 

interlocked interface than that found in normal-weight 

concrete [31, 32], the ITZ generally remains the preferred 

location for crack initiation under tensile and shear loading. 

These limitations have encouraged extensive research into 

steel fibre reinforcement, which has proven effective in 

improving crack resistance, tensile performance and the post-

cracking behaviour of SLWAC. The mechanisms by which 

steel fibres enhance these properties are discussed in the 

following sections. 

 

 

3. LIGHTWEIGHT AGGREGATES 
 

Lightweight aggregates are the primary constituent 

responsible for reducing concrete density while maintaining 

acceptable structural performance. Their porous internal 

structure lowers unit weight and thermal conductivity but also 

influences mechanical properties, water absorption, 

permeability, durability, and the quality of the ITZ. 

Lightweight aggregate should therefore not be treated as one 

variable among several in SLWAC mix design, because many 

of the benefits and limitations of the concrete originate directly 

from its pore structure and physical characteristics [33]. 

 

Table 2. Comparison of common conventional and green lightweight aggregates used in structural lightweight aggregate concrete 

(SLWAC) 
 

Agg 
Density 

(kg/m³) 

Water 

Absorption 

Mechanical 

Performance 
Key Characteristics Potential Application 

Expanded clay 

800-

1,300 

[27] 

Relatively high 

[27] 

Can exceed 30 

MPa [34] 

✓ Mature, well-established LWA; 

good interlock/ITZ. X High 

absorption → lower E, more 

shrinkage [27] 

Structural/precast 

elements [3, 5] 

Pumice 

1,200-

1,450 

[35] 

High, 

interconnected 

[36] 

Lower crushing 

strength [36] 

✓ Very low density, good insulation; 

aids internal curing X Weakest 

conventional LWA; needs moisture 

control [37] 

Non-structural / 

insulation uses 

Expanded shale 

1,700-

1,900 

[38] 

Lower than 

pumice/clay 

Higher strength, 

lower permeability 

[31] 

✓ Best strength-durability-density 

balance [22] X Cross-study 

comparisons not always identical 

Precast beams, bridge 

elements 

Green/recycled 

(e.g. LiGrA) 

1,900-

1,995 

[39] 

Low, ≈1.2-1.6% 

[39] 

Bound by 

aggregate ceiling 

[39] 

✓ Diverts waste; low absorption; 

supports sustainability [13] X 

Hydrophobic → weaker ITZ; fibre 

behaviour [40] 

Emerging 

sustainable/insulation 

uses 

Note: Lightweight aggregate (LWA), interfacial transition zone (ITZ). 

 

Lightweight aggregates are commonly classified as natural 

or artificial. Natural LWAs are formed through geological 

processes, whereas artificial LWAs are produced through 

thermal expansion or industrial processing. Although this 

classification is convenient, aggregate origin alone is not a 

reliable predictor of concrete performance. Aggregates from 

the same general category may differ considerably in pore 

connectivity, particle strength, surface texture, absorption, and 

outer-shell structure. These characteristics are more directly 

related to SLWAC behaviour than the source of the aggregate 
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itself (Table 2). 

A recent development within the artificial LWA category is 

the emergence of waste-derived green aggregates. LiGrA® is 

a manufactured lightweight green aggregate produced by 

Gramoler Pte Ltd (Singapore) through the valorisation of 

waste materials, including recycled glass, recycled plastics, fly 

ash, and other industrial by-products, into a stable and safe 

aggregate form suitable for structural and non-structural 

applications. This zero-waste manufacturing approach aims to 

reduce material costs, improve thermal insulation 

performance, and support sustainable construction practices 

by diverting waste from landfill. 

The porous structure of LWA provides reduced dead load, 

improved thermal insulation, and enhanced fire resistance 

[41]. However, the same structure may cause high water 

absorption, low stiffness, reduced workability, and poor crack 

resistance when the mixture is not properly optimised [41, 42]. 

This dual effect is central to understanding lightweight 

aggregates: every reduction in density may be accompanied by 

a mechanical or durability penalty. Consequently, reported 

benefits should not be evaluated separately from the 

limitations associated with achieving them. 

Table 2 summarises the origin, density, water absorption, 

mechanical performance, advantages, limitations, and 

potential applications of the four aggregate types discussed in 

this section, providing a basis for the comparative discussion 

that follows. 

 

3.1 Conventional lightweight aggregates 

 

3.1.1 Expanded clay 

Expanded clay is one of the most widely used artificial 

LWAs. It is manufactured by heating selected clays in rotary 

kilns above approximately 1100 ℃, causing gas expansion 

and producing a cellular internal structure, typically consisting 

of a hard outer shell surrounding a porous core [43, 44]. 

Expanded-clay concretes can achieve compressive strengths 

above 30 MPa at densities considerably below those of 

normal-weight concrete [34, 45]. Its rough surface can also 

improve mechanical interlock and the aggregate-paste 

interface. 

Nevertheless, compressive-strength values reported for 

expanded-clay concrete should be interpreted cautiously 

because they depend not only on the aggregate but also on the 

mixture proportions and matrix characteristics adopted in each 

investigation. Therefore, reporting structural strength without 

considering the conditions under which it was achieved limits 

meaningful comparison between studies. Expanded clay also 

exhibits relatively high water absorption and lower stiffness, 

which can reduce elastic modulus and increase drying 

shrinkage [27]. It should thus be regarded as a well-established 

LWA rather than a material free from the typical limitations of 

lightweight aggregates. 

 

3.1.2 Pumice 

Pumice is a natural volcanic aggregate characterised by a 

highly vesicular structure that provides very low density and 

good thermal insulation [36]. Compared with expanded clay 

and shale, pumice generally has lower crushing strength and 

higher absorption because of its interconnected pores. These 

characteristics can increase permeability and weaken the 

aggregate-paste interface unless the mixture and aggregate 

moisture condition are carefully controlled [37]. 

Water stored within pumice pores can contribute to internal 

curing [46], but this benefit should not be treated as automatic. 

It depends on the capacity of the aggregate to absorb and later 

release water, as well as on appropriate pre-soaking. Without 

moisture control, pumice may instead absorb mixing water and 

disturb the intended mixture proportions. Its low baseline 

strength should also be considered when evaluating reported 

percentage improvements, because a large relative increase 

does not necessarily indicate superior absolute performance. 

 

3.1.3 Expanded shale   

Expanded shale is produced by thermally expanding shale 

rock to form a porous but mechanically stable aggregate [13]. 

Compared with pumice, it generally provides higher 

compressive strength and lower permeability because of its 

denser outer shell and finer pore distribution. Its angular 

morphology may further improve aggregate-paste bonding 

and stress transfer [31]. 

Shale-based lightweight concretes commonly exhibit 

densities of approximately 1700-1900 kg/m³, making 

expanded shale suitable where a balance between strength, 

durability, and density is required [22]. However, comparisons 

suggesting that shale performs better than clay or pumice 

should be treated as indicative rather than conclusive. Such 

conclusions are often drawn from separate studies that used 

different concrete matrices, curing conditions, and testing 

procedures rather than from direct comparisons under identical 

conditions. 

Figure 1 compares the reported bulk density and water 

absorption of the principal lightweight aggregate types. Two 

observations are relevant here. First, absorption does not 

decrease systematically with increasing bulk density; 

aggregates of comparable density differ by more than an order 

of magnitude in water uptake, indicating that pore connectivity 

and outer-shell continuity govern absorption more strongly 

than total porosity alone. Second, the scatter within a single 

aggregate type is comparable to, or larger than, the scatter 

between types: reported absorption for pumice alone spans 

approximately 3-20%. This supports the position adopted in 

this review that aggregate origin is a weak predictor of 

engineering behaviour. The comparison should nonetheless be 

interpreted cautiously, because absorption is strongly 

dependent on the immersion period adopted and the source 

studies do not follow a common test duration (see Table 3 for 

the individual data sources). 

 

 
 

Figure 1. Bulk density and water absorption of representative 

lightweight aggregates 
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Table 3. Sources for the lightweight aggregate density and 

water absorption data shown in Figure 1 
 

# LWA Type Reference 

1 Expanded clay [47] 

2 Expanded clay [48] 

3 Expanded clay [49] 

4 Expanded clay [50] 

5 Expanded clay [51] 

6 Pumice [52] 

7 Pumice [53] 

8 Pumice [54] 

9 Pumice [55] 

10 Pumice [56] 

11 Scoria [51] 

12 Expanded shale [57] 

13 Expanded shale [58] 

14 Expanded shale [30] 

15 Expanded shale [38] 

16 Coconut shell [59] 

17 Expanded glass [60] 

18 Keramsite [61] 

19 Palm oil clinker [62] 
Note: Lightweight aggregate (LWA). 

 

Overall, conventional lightweight aggregates have a 

relatively mature and predictable evidence base. However, 

their performance remains governed by the same fundamental 

trade-off: increased porosity reduces density but may 

compromise stiffness, absorption resistance, and crack 

behaviour. This limitation has encouraged the development of 

engineered aggregates produced from recycled and waste-

derived materials. 

 

3.2 Green and recycled lightweight aggregates 

 

Environmental concerns and carbon-reduction targets have 

increased interest in engineered green lightweight aggregates 

produced from recycled and waste-derived materials. These 

aggregates aim to reduce the consumption of virgin resources 

and divert waste from landfill while retaining acceptable 

structural and durability performance [13, 63]. Recycled glass 

and post-consumer plastics are among the most frequently 

investigated feedstocks. Glass-based aggregates are attractive 

because of their low density and silica-rich composition, 

which may assist particle packing and matrix densification 

[64], whereas plastic-based aggregates can reduce concrete 

density while providing a route for plastic-waste utilisation 

[40]. 

Plastic-based aggregates have been reported to reduce unit 

weight by approximately 21-29% compared with conventional 

coarse aggregates while maintaining acceptable structural 

performance in the reported studies. Their hydrophobic 

surfaces may also result in relatively low water absorption 

values of approximately 1.2-1.6% [39]. However, although the 

environmental rationale for these aggregates is well 

established, the engineering evidence supporting their long-

term structural application remains comparatively limited. 

Available studies are fewer and less consistent than those 

concerning conventional LWAs, particularly with respect to 

durability, interfacial behaviour, and performance under 

prolonged loading or environmental exposure. 

The main engineering challenge is the variability of 

recycled feedstocks. Differences in their physical and 

chemical characteristics can affect particle stability, 

absorption, interfacial bonding, and long-term behaviour. In 

particular, the hydrophobic and relatively low-energy surfaces 

of waste plastics can reduce adhesion to cement paste and 

weaken the ITZ [40, 65, 66]. Hydrophobicity therefore 

presents a potential trade-off: it may reduce water absorption 

and alter moisture transport, but it may also reduce the 

aggregate–paste bond responsible for stress transfer and 

influence crack initiation. 

This behaviour distinguishes plastic-based aggregates from 

conventional porous LWAs. Conclusions developed from 

rough and absorptive ceramic aggregates cannot necessarily be 

transferred directly to hydrophobic recycled aggregates 

because the governing interfacial and moisture-related 

mechanisms differ. In particular, the internal-curing and 

moisture-exchange effects associated with conventional 

porous aggregates may be less pronounced when the recycled 

aggregate exhibits low water absorption. 

Pelletisation, surface treatment, and thermal treatment have 

been investigated to improve particle stability, bonding, and 

pore characteristics [67]. However, these approaches are 

mainly supported by individual experimental investigations 

rather than widely established design procedures. Their 

effectiveness may also depend strongly on the characteristics 

of the original waste material and the processing conditions, 

making direct comparison between different engineered 

aggregates difficult. 

Among engineered green LWAs, aggregates combining 

recycled plastic and recycled glass, such as LiGrA, have been 

investigated at high replacement levels, of the order of 80%, 

with substantial density reduction reported in the 

corresponding studies. Their low absorption may address one 

of the principal limitations of conventional porous aggregates; 

however, the hydrophobic plastic component may also... 

contribute to weaker interfacial bonding and influence crack 

initiation at the aggregate -paste boundary. These competing 

characteristics make crack control and stress transfer 

particularly relevant when assessing concrete containing such 

aggregates. 

Comprehensive evidence on the combined behaviour of 

recycled plastic-glass lightweight aggregates and steel fibres 

remains limited. Existing studies often examine density 

reduction, mechanical performance, or durability separately, 

while fewer studies evaluate how fibre reinforcement interacts 

with the distinctive interfacial characteristics of hydrophobic 

recycled aggregates. The research gap is therefore not simply 

the limited use of recycled LWAs, but the insufficient 

understanding of how steel fibres interact with, and potentially 

mitigate the consequences of, their weaker aggregate-paste 

bond and associated crack development. 

Figure 2 compares the typical density ranges reported for 

structural lightweight concrete produced with expanded clay, 

pumice, expanded shale, and recycled plastic-based green 

lightweight aggregates. The ranges were compiled from 

representative experimental studies reported by Chung et al., 

Ahmad et al., Zhao et al. and Alqahtani [7, 27, 38, 39]. Rather 

than establishing a fixed ranking between aggregate types, the 

figure illustrates the variation in reported concrete density and 

the broader range associated with engineered recycled 

aggregates. The density values are presented in kg/m³ for 

consistency; no unit conversions were required, as all four 

cited sources report density directly in kg/m³. Such 

comparisons should be interpreted cautiously because the 

reported densities were obtained using different mixture 

proportions, replacement levels, and moisture conditions. The 

figure should therefore be regarded as a literature-based 
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contextual comparison rather than a direct experimental 

comparison between aggregate types. Table 4 summarises the 

origin, density, strength, and key characteristics of the four 

aggregate types discussed in this section, to support direct 

comparison alongside the density data presented in Figure 2. 

 

 
 

Figure 2. Typical density ranges of structural lightweight concrete produced with expanded clay, pumice, expanded shale, and 

green recycled lightweight aggregates 

 

Table 4. Comparison of common conventional and green lightweight aggregates used in structural lightweight aggregate concrete 

(SLWAC) 

 

Aggregate Origin / Production 
Density 

(kg/m³) 
Strength 

Expanded clay 
Artificial; clay expanded in a rotary kiln 

above ~1100 °C 
800-1,300 [27] Concrete can exceed 30 MPa 

Pumice Natural; volcanic vesicular rock 
1,200-1,450 

[35] 

Lower crushing strength than 

clay/shale 

Expanded shale Artificial; thermal expansion of shale 
1,700-1,900 

[38] 

Higher strength, lower 

permeability 

Green / recycled (plastic-glass, e.g. 

LiGrA) 

Engineered from recycled/waste plastic and 

glass 

1,900-1,995 

[39] 

Strength governed by aggregate 

ceiling 

 

 

4. STEEL-FIBRE REINFORCEMENT IN 

LIGHTWEIGHT CONCRETE  

 

Steel-fibre-reinforced SLWAC combines the reduced 

density of structural lightweight concrete with the improved 

crack control and post-cracking behaviour provided by steel 

fibres. Although SLWAC offers lower dead load, improved 

thermal insulation, and reduced seismic forces, its structural 

performance can be constrained by brittleness, low tensile 

strength, and limited crack resistance associated with porous 

lightweight aggregates and interfacial weaknesses [22, 33, 68]. 

Steel fibres are therefore commonly incorporated to improve 

crack resistance, ductility, toughness, residual load capacity, 

and energy absorption under static and dynamic loading [69-

71]. 

The importance of fibres in lightweight concrete should not, 

however, be interpreted as evidence that they improve all 

properties equally. Their principal contribution becomes more 

evident after cracking, when they provide an alternative 

mechanism for stress transfer across cracked sections. Their 

effects are therefore generally more pronounced for tensile, 

flexural, and post-cracking behaviour than for properties 

governed primarily by aggregate stiffness or crushing strength. 

This distinction is important because some studies report the 

benefits of fibre reinforcement in general terms without clearly 

differentiating between pre-cracking properties and post-

cracking performance. 

Fibre effectiveness depends on geometry, aspect ratio, 

dosage, distribution, and fibre–matrix bond. Hooked-end steel 

fibres generally provide better performance than straight fibres 

because their mechanical anchorage can increase pull-out 

resistance and help maintain stress transfer during crack 

opening [72, 73]. Nevertheless, fibre geometry cannot be 

evaluated independently of bond quality. A mechanically 

anchored fibre may not provide its full reinforcing benefit 

when the surrounding matrix is weak, highly porous, or poorly 

bonded. 

Volume fractions in the range of approximately 0.5-0.75% 

have been reported in several studies to provide a practical 

balance between mechanical improvement and workability. 

Higher dosages may increase the number of fibres crossing a 

crack, but they can also cause fibre balling, poor dispersion, 

reduced workability, and increased superplasticiser demand 

[69, 74, 75]. The frequently reported range should therefore 

not be regarded as universally optimal. Rather, it represents a 

practical compromise that depends on fibre geometry, 

aggregate characteristics, mixture proportions, and mixing 

procedures. 

 

4.1 Crack-bridging mechanism 

 

The primary strengthening mechanism of steel fibres is 

crack bridging. When microcracks initiate in the matrix, fibres 

intersecting the crack plane transfer tensile stress between the 

two crack surfaces and resist further opening. This action 

delays crack propagation, limits crack width, and preserves the 
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integrity of the composite after the cementitious matrix has 

begun to crack [34]. 

This mechanism is particularly important in lightweight 

concrete because fracture may pass through the porous and 

relatively weak aggregate rather than being redirected around 

it. Plain SLWAC may therefore lose load-carrying capacity 

rapidly after the first major crack forms. Steel fibres provide 

an additional load-transfer path, restrain lateral deformation 

under compression, delay crack localisation, and sustain 

capacity beyond the first-crack load [5, 76]. 

However, fibre bridging does not prevent crack initiation. 

Rather, it modifies the development of cracks after they form. 

The improvement should therefore be understood as a change 

from rapid localised cracking towards more controlled and 

distributed cracking, rather than as the complete elimination of 

fracture. This distinction is sometimes obscured when 

increases in strength are reported without corresponding 

observations of crack width, crack distribution, or residual 

capacity. 

 

 
 

Figure 3. (a) Experimental observation from the authors’ 

laboratory testing, (b) schematic illustration prepared by the 

authors 

 

The effectiveness of crack bridging is governed strongly by 

fibre geometry and interfacial bond. Hooked-end fibres 

maintain stress transfer more effectively than straight or 

crimped fibres because mechanical anchorage increases 

resistance to pull-out [73, 77]. Their advantage may become 

more pronounced when bond conditions deteriorate, as the 

fibres continue to provide mechanical resistance even after 

part of the adhesive bond has been lost. 

The role of fibres may become more important when 

hydrophobic recycled lightweight aggregates are used at high 

replacement levels. Altered aggregate-paste bonding can 

increase the likelihood of localised crack initiation near the 

aggregate boundary, thereby increasing the demand on fibres 

to redistribute stress and control crack growth [32]. At the 

same time, weak interfacial conditions may also reduce fibre 

effectiveness. Fibres in such systems may therefore be more 

necessary while operating under less favourable bond 

conditions, an interaction that remains insufficiently 

understood. 

Figure 3 illustrates the crack-bridging mechanism using 

experimental evidence and a schematic representation. The 

figure should be interpreted as showing the post-cracking role 

of fibres in transferring stress and controlling crack opening, 

rather than suggesting that fibres eliminate the formation of 

cracks. 

 

4.2 Fibre-matrix bond and interfacial transition zone 

 

The fibre-matrix bond controls stress transfer, pull-out 

resistance, crack bridging, and residual capacity, and therefore 

determines whether the expected benefits of steel fibres are 

fully realised [78]. Fibre performance cannot be assessed from 

fibre content or geometry alone because the same fibre may 

behave differently in matrices with different pore structures 

and interfacial qualities. 

In lightweight concrete, the fibre-matrix interaction differs 

from that in normal-weight concrete because porous and low-

stiffness aggregates introduce greater microstructural 

heterogeneity. Voids and weak regions may form around both 

the lightweight aggregate and the embedded fibres, reduce the 

efficiency of stress transfer and increase the likelihood of 

premature interfacial debonding [5]. Conversely, water stored 

in absorptive lightweight aggregates may support internal 

curing, reduce autogenous shrinkage and microcracking, and 

contribute to more stable interfacial behaviour [79]. 

These two effects should not be treated as universally 

applicable to all lightweight aggregates. Their relative 

importance depends on aggregate absorption, pore 

connectivity, surface texture, and moisture condition. 

Conventional porous aggregates may provide internal-curing 

benefits, whereas hydrophobic recycled aggregates may 

absorb and release much less water. Conclusions obtained 

from absorptive ceramic aggregates therefore cannot 

automatically be transferred to recycled plastic-based or 

plastic-glass aggregates. 

Fibre geometry remains an important part of the bond 

mechanism. Hooked-end fibres provide greater anchorage and 

pull-out resistance than straight fibres, resulting in more 

effective crack bridging and higher residual strength [72, 73]. 

However, improved anchorage does not remove the need for a 

sound surrounding interface. Excessive interfacial porosity or 

local weakness may still cause debonding, matrix splitting, or 

premature pull-out before the full tensile capacity of the fibre 

is mobilised. 

Microstructural observations indicate that a denser and less 

defective interface improves stress transfer between fibre and 

matrix and supports better tensile, flexural, and toughness 

performance [32]. Nevertheless, much of the available 

evidence is based on conventional lightweight aggregates. The 

fibre-matrix interaction in concrete containing hydrophobic 

recycled lightweight aggregates remains less established, 

particularly because low water absorption may be beneficial 

for moisture transport while simultaneously weakening 

chemical and mechanical interaction with the paste. 

The key research gap is therefore not simply whether steel 

fibres improve lightweight concrete. Their general crack-

bridging benefit is already well established. The more relevant 

uncertainty is whether fibres can provide the same level of 

crack control and post-cracking capacity when used with 

recycled lightweight aggregates that possess different surface 

and bonding characteristics from conventional LWAs. 

The mechanisms discussed in this section explain why steel 

fibres mainly influence tensile behaviour, flexural response, 

toughness, and residual capacity. The following section 
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examines how these mechanisms are reflected in the principal 

mechanical properties of steel-fibre-reinforced SLWAC. 

 

4.3 Segregation resistance 

 

Low-density lightweight aggregates may migrate upward in 

the fresh mixture because their density is lower than that of the 

surrounding paste. This tendency becomes more pronounced 

in highly flowable mixtures and can produce a non-uniform 

aggregate distribution. Hydrophobic recycled aggregates may 

be particularly susceptible to this behaviour because their low 

surface energy can reduce adhesion to the surrounding paste 

[66, 80, 81]. 

Steel fibres can partly counteract this problem by forming a 

three-dimensional network that restricts aggregate movement 

and improves particle stability [82]. This represents an 

important but less frequently emphasised fresh-state benefit of 

fibre reinforcement. Although fibres reduce slump, they may 

simultaneously reduce segregation and upward aggregate 

migration. 

The influence of fibres on fresh behaviour is therefore 

double-edged. Insufficient fibre content may provide limited 

control of aggregate movement, whereas excessive fibre 

content may reduce flow and hinder compaction. In mixtures 

containing buoyant recycled aggregates, the optimum fibre 

content should not be defined only by maximum strength, but 

by the balance between flowability, dispersion, compaction, 

and segregation resistance. 

 

4.4 Fresh density 

 

Fresh density is governed primarily by aggregate particle 

density, aggregate volume fraction, and moisture condition 

[1], as noted earlier for SLWAC generally. Recycled plastic-

based lightweight aggregates can further reduce unit weight by 

approximately 21-29% relative to conventional coarse 

aggregates [39]. 

Steel fibres may slightly increase fresh density because of 

their high specific gravity [34], partially offsetting the 

reduction achieved by lightweight aggregates. However, this 

increase is generally secondary to the effect of aggregate 

density and replacement level. Fresh density should therefore 

be interpreted as the net result of two opposing influences: the 

lightweight aggregate lowers unit weight, whereas steel fibres 

add a small amount of high-density material. 

The available literature commonly reports slump and 

density as separate outcomes, but their interaction is 

important. A mixture may satisfy the required density range 

while still exhibiting poor workability, fibre clustering, or 

aggregate segregation. Fresh-state suitability should therefore 

be assessed through a combination of density, slump, visual 

stability, and fibre dispersion rather than through a single 

parameter. 

Overall, the fresh performance of steel-fibre-reinforced 

lightweight concrete is controlled by competing mechanisms. 

Porous aggregates may reduce workability through water 

absorption, hydrophobic aggregates may reduce absorption 

but increase segregation risk, and fibres may restrict flow 

while improving mixture stability. These effects demonstrate 

that fresh behaviour cannot be generalised across all 

lightweight aggregates. In particular, conclusions derived 

from conventional absorptive LWAs should not be transferred 

directly to hydrophobic recycled aggregates without 

experimental verification. 

 

 

5. MECHANICAL PERFORMANCE 

 

The mechanical performance of SLWAC includes 

compressive strength, splitting tensile strength, flexural 

strength, modulus of elasticity, toughness, and post-cracking 

behaviour. These properties are governed by the combined 

effects of aggregate strength and stiffness, matrix quality, ITZ 

characteristics, and fibre reinforcement [5, 83]. However, 

these factors do not contribute equally to every property. The 

lightweight aggregate largely controls compressive strength 

and stiffness, whereas steel fibres are most effective in 

properties governed by cracking and post-cracking stress 

transfer. This distinction is essential because reporting all 

mechanical improvements together can overstate the overall 

influence of fibres. The principal quantitative trends are 

consolidated in Figure 4. 

 

 
 

(a) Steel-fibre effect on mechanical properties (Vf ≤ 0.75%) (b) Failure mode: Brittle → ductile 

 

Figure 4. Effect of steel fibres on structural lightweight aggregate concrete (SLWAC) 

 

5.1 Compressive strength 

 

Compressive strength is the main property used in structural 

design. In SLWAC, it is strongly influenced by the lightweight 

aggregate, which is generally weaker and more porous than 

normal-weight aggregate. Whereas failure in normal-weight 
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concrete often develops around the aggregate-paste interface, 

fracture in SLWAC frequently passes through the lightweight 

aggregate because of its lower crushing strength [22, 34]. 

This behaviour creates a strength ceiling. Once the matrix 

becomes stronger than the lightweight aggregate, further 

improvement in matrix quality does not produce a proportional 

increase in concrete strength because the aggregate becomes 

the controlling phase [84-86]. This concept is important when 

interpreting high-strength claims in lightweight concrete. A 

stronger matrix cannot increase compressive strength 

indefinitely, and the achievable performance remains bounded 

by the strength of the aggregate. 

The strength-ceiling effect becomes particularly relevant 

when recycled green aggregates such as LiGrA are used at 

high replacement levels. Under these conditions, the properties 

of the recycled aggregate increasingly govern the failure mode 

and final load capacity [39]. Accordingly, compressive 

strength should not be interpreted only as a reflection of matrix 

quality, especially in mixtures containing large volumes of 

low-density aggregate. 

Lower density does not correspond to a fixed loss in 

strength. Concrete mixtures of similar density may achieve 

different strengths because aggregate crushing resistance, pore 

structure, bonding, and matrix characteristics also influence 

performance. The density-strength relationship should 

therefore be regarded as a general trade-off rather than a fixed 

or universal correlation between the two properties. 

Steel fibres improve compressive strength mainly through 

lateral confinement rather than through direct strengthening of 

the matrix. As concrete expands laterally under compression, 

fibres crossing internal cracks restrain deformation, delay 

crack development, and improve stress redistribution. 

Reported gains are commonly around 10-21% at fibre contents 

of 0.5-0.75% by volume, while increases of up to 

approximately 76% have been reported in pumice-based 

systems at higher dosages [5, 34, 87]. 

The wide difference between these reported gains indicates 

that there is no single fibre effect applicable to all lightweight 

concretes. Large percentage increases may partly reflect a 

weak reference mixture rather than an exceptionally strong 

fibre contribution. Therefore, improvements should be 

interpreted together with baseline strength, aggregate type, 

fibre dosage, and absolute strength values. Comparing 

percentage gains alone may give a misleading impression of 

fibre effectiveness. 

Fibres at 0.75% have been reported to increase load capacity 

by approximately 20% and reduce brittle crushing through 

improved internal crack resistance and stress redistribution 

[88, 89]. Nevertheless, the compressive contribution of fibres 

remains limited by aggregate crushing. This explains why 

compressive-strength gains are generally smaller than 

improvements in tensile, flexural, and post-cracking 

properties. 

 

5.2 Splitting tensile strength 

 

Splitting tensile strength is associated with crack initiation, 

shear resistance, and structural integrity under service loading. 

Plain SLWAC generally has lower tensile strength than 

normal-weight concrete of similar compressive strength 

because the porous aggregate has limited tensile capacity. This 

weakness may be more pronounced when hydrophobic 

recycled aggregates are used at high replacement levels, as 

reduced aggregate-paste adhesion can encourage crack 

initiation near the interface [32, 34, 39]. 

Porous conventional lightweight aggregates may partly 

improve the ITZ through the micro-pump effect. During 

mixing, they absorb water from the surrounding paste, locally 

reducing the water-to-binder ratio and contributing to a denser 

interface [22, 32]. However, this mechanism depends on the 

aggregate's ability to absorb water. It should not be assumed 

to occur to the same extent in hydrophobic recycled aggregates 

with low water affinity. 

Steel fibres are especially effective in splitting tension 

because they directly resist the mechanism governing failure. 

Fibres crossing developing cracks transfer tensile stress, delay 

crack coalescence, and reduce the rapid loss of capacity after 

crack initiation [90, 91]. This direct correspondence between 

fibre action and tensile failure explains why improvements in 

splitting tensile strength are commonly greater than those in 

compressive strength. 

A fibre volume fraction of 0.75% has been reported to 

increase splitting tensile strength by approximately 68-104% 

relative to non-fibrous lightweight concrete [92, 93], while 

Mohamed et al.  [34] reported improved tensile resistance and 

reduced brittle behaviour across several fibre dosages. These 

large percentage gains should nonetheless be interpreted 

cautiously because they depend strongly on the initial tensile 

strength of the control mixture. A large relative improvement 

does not necessarily indicate a high absolute tensile capacity. 

The range of 0.25-0.75% therefore provides a practical band 

for evaluating tensile enhancement in lightweight concrete 

containing recycled green aggregates [94]. The value of this 

range lies not in guaranteeing a universal optimum, but in 

allowing the relationship between dosage, crack control, and 

workability to be assessed without automatically assuming 

that the highest fibre content will provide the best overall 

performance. 

 

5.3 Flexural strength 

 

Flexural strength is governed by tensile resistance in the 

tension zone and by the ability of the material to sustain load 

after cracking. Plain SLWAC generally exhibits lower flexural 

strength than normal-weight concrete because of the weaker 

tensile capacity of the lightweight aggregate and its tendency 

to fracture under bending. The response becomes more 

sensitive to aggregate-paste bonding when hydrophobic 

recycled aggregates are used at high replacement levels [34, 

39]. 

Steel fibres improve flexural behaviour by bridging cracks 

in the tension zone and maintaining stress transfer after matrix 

cracking. Fibre-reinforced lightweight beams therefore show 

higher residual flexural strength and a more gradual post-

cracking response than plain beams [95]. Improvements of 

approximately 17-31% have been reported at fibre contents up 

to 0.75%, with larger gains generally associated with increased 

crack-bridging capacity [34, 96]. 

The flexural evidence supports the tensile-strength findings 

because both properties are controlled by crack formation and 

propagation. This agreement provides stronger mechanistic 

support for fibre reinforcement than compressive-strength 

results alone. Nevertheless, peak flexural strength should not 

be used as the only indicator of improvement. Residual 

strength, crack distribution, and the ability to maintain load 

after the first crack are equally important when evaluating 

fibre performance. 

These improvements are particularly relevant for members 
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subjected to repeated loading, vibration, and dynamic actions, 

where the retention of capacity after cracking contributes to 

safety and serviceability [97]. The main benefit of fibres in 

bending is therefore not merely a higher peak strength, but a 

less abrupt transition from uncracked to cracked behaviour. 

 

5.4 Modulus of elasticity 

 

The modulus of elasticity of SLWAC is lower than that of 

normal-weight concrete of comparable strength because 

composite stiffness is strongly governed by the relatively low 

stiffness of the lightweight aggregate. Typical values range 

from approximately 10 to 25 GPa, compared with 25-35 GPa 

for normal-weight concrete [22]. At high replacement levels 

of recycled lightweight aggregate such as LiGrA, particle 

stiffness becomes an increasingly dominant influence on the 

modulus of the composite [39]. 

Steel fibres have only a limited influence on elastic modulus 

because the modulus is measured within the pre-cracking 

linear-elastic range, whereas fibres contribute mainly after 

cracking begins. Reported increases are generally below 10% 

at fibre dosages of 0.25-0.75% [34, 68, 98]. 

This limited effect is analytically important because it 

defines what fibre reinforcement cannot achieve. Fibres may 

improve crack resistance, residual strength, and toughness, but 

they cannot substantially correct the low stiffness caused by 

lightweight aggregates. Consequently, reductions in modulus 

and the resulting serviceability implications should be treated 

as inherent characteristics of high-replacement SLWAC rather 

than as weaknesses that fibre reinforcement can fully remove. 

The comparatively low modulus may increase deformation 

under service loads, although it can also contribute to energy 

dissipation under dynamic and seismic loading [99]. This 

characteristic should therefore be evaluated according to the 

structural application rather than described only as a 

disadvantage. 

 

5.5 Toughness and post-cracking behaviour 

 

Toughness represents the energy absorbed up to and beyond 

the peak load and is the property in which steel fibres most 

clearly transform lightweight concrete behaviour. Plain 

SLWAC typically fails with limited deformation and loses 

load capacity rapidly after cracking because of its low tensile 

resistance and brittle aggregate fracture. Steel fibres maintain 

stress transfer across cracked regions, enlarge the area under 

the load-deformation curve, and produce a more gradual 

failure response [56]. 

The principal contribution of fibres is therefore not simply 

an increase in peak load. Their greater value lies in preserving 

residual capacity after the matrix has cracked. Through crack 

bridging, fibres improve toughness index, residual flexural 

strength, ductility, and energy absorption while maintaining 

structural continuity after first cracking [71, 100, 101]. 

Figure 5 illustrates this distinction. Plain lightweight 

concrete loses capacity abruptly after reaching its peak load, 

whereas fibre-reinforced concrete sustains a longer 

descending branch. The additional area under this branch 

represents the greater energy absorbed during post-cracking 

deformation. The figure should therefore be interpreted as 

demonstrating a change in failure mode rather than only an 

increase in strength. 

Schematic load-deflection response of plain versus steel-

fibre-reinforced SLWAC, prepared by the authors. Plain 

concrete fails abruptly at peak load (brittle), whereas steel 

fibres provide residual post-cracking capacity; the shaded area 

denotes the additional toughness (energy absorption). 

Increasing fibre dosage has been associated with improved 

ductility and delayed brittle failure [9]. Material-scale 

toughness and member-scale ductility should, however, not be 

treated as interchangeable. A larger area under a specimen 

load-deflection curve demonstrates improved material energy 

absorption, whereas a change in beam failure mode depends 

additionally on member geometry, reinforcement 

arrangement, and structural loading. Both forms of evidence 

support fibre use, but they describe different levels of 

performance. 

Overall, the literature shows a consistent division in the role 

of steel fibres. Their influence on compressive strength and 

elastic modulus is comparatively limited because these 

properties remain controlled mainly by aggregate crushing 

strength and stiffness. Their greatest contribution occurs in 

splitting tension, flexure, toughness, and residual behaviour, 

where crack bridging directly changes the failure process. 

Table 5 and Table 6 summarise the reported quantitative and 

qualitative effects of steel fibres across the studies cited in this 

section, grouped by compressive/splitting-tensile strength 

(Table 5) and flexural strength/other performance aspects 

(Table 6). 

 

 
 

Figure 5. Schematic load-deflection response of plain versus steel-fibre-reinforced structural lightweight aggregate concrete 

(SLWAC) 
Note: Plain concrete fails abruptly at peak load (brittle), whereas steel fibres provide residual post-cracking capacity; the shaded area denotes the additional 

toughness (energy absorption). 
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Table 5. Reported effects of steel fibres on the compressive and splitting tensile strength of Structural lightweight aggregate 

concrete (SLWAC) 

 
Reference Vf (%) Δfc Δft 

[34] 0.5–0.75 +10–21% enhanced (qual.) 

[5] higher contents up to +76% — 

[87] 0.5–0.75 / higher +10–21% — 

[88] 0.75 ≈ +20% — 

[89] — improved (qual.) — 

[92] 0.75 — +68–104% 

[93] 0.75 — +68–104% 

[90, 91] increasing Vf — ↑ progressively (qual.) 

[96] ≤ 0.75 — — 

[95] — — — 

[9] 0.5 → 1.0 — — 
Note. Vf = fibre volume fraction; Δfc / Δft = reported change in compressive / splitting tensile strength relative to plain SLWAC. 

 

Table 6. Reported effects of steel fibres on flexural strength and other mechanical performance aspects of structural lightweight 

aggregate concrete (SLWAC) 

 
Reference ΔFlexural Other Reported Effect 

[34] +17–31% reduced brittle failure; E modulus < +10% 

[5] — gain strongly depends on LWA type & matrix 

[87] — lateral confinement of matrix 

[88] — ↑ load capacity; reduced brittle crushing 

[89] — better crack resistance & stress redistribution 

[92] — bridges microcracks; delays coalescence 

[93] — confirms strong tensile contribution 

[90, 91] — improved stress transfer 

[96] +17–31% larger gains at higher Vf 

[95] ↑ residual (qual.) improved post-cracking response 

[9] — ↑ ductility; delayed brittle failure (crack arrest) 

Note. References correspond to those listed in Table 5; ΔFlexural = reported change in flexural strength relative to plain SLWAC. lightweight aggregate (LWA). 

 

The magnitude of these improvements is not governed by 

fibre content alone but results from the combined influence of 

lightweight aggregate characteristics, fibre geometry, fibre 

volume fraction, matrix composition, and the quality of the 

fibre–matrix interface. Consequently, direct comparison of 

reported mechanical improvements across different studies 

should be undertaken with caution, since variations in mixture 

proportions, curing conditions, specimen geometry, and 

testing procedures can significantly influence the measured 

performance. This highlights the importance of interpreting 

published results within their specific experimental context 

rather than relying solely on percentage improvements. Such 

critical interpretation provides a more reliable basis for 

evaluating the effectiveness of steel fibres in SLWAC and for 

identifying realistic directions for future research. 

 

 

6. CRACK BEHAVIOUR AND FAILURE MODE 

 

6.1 Crack control through bridging 

 

The crack behaviour of SLWAC is governed by the 

interaction between the porous lightweight aggregate, the 

aggregate-paste interface, and the steel fibres. In plain 

SLWAC, fracture often propagates through the aggregate 

itself because the particles may be weaker than the 

surrounding matrix. Once cracking begins, the damage can 

therefore localise rapidly into a dominant fracture, leading to 

a sudden and brittle loss of load-carrying capacity. 

Steel fibres modify this process by crossing developing 

cracks and transferring tensile stress between the crack faces. 

This bridging action limits crack opening, delays crack 

propagation, and promotes a larger number of finer cracks 

rather than a single dominant crack [34, 76]. The principal 

benefit is therefore not that fibres prevent cracking, but that 

they control how cracks develop after initiation. 

This distinction is important because crack initiation and 

crack propagation are not governed by exactly the same 

mechanisms. The lightweight aggregate and the ITZ strongly 

influence where cracks begin, whereas fibre geometry, 

distribution, and bond determine whether these cracks remain 

controlled or develop into unstable fractures. A higher peak 

strength alone does not demonstrate effective crack control 

unless it is accompanied by reduced crack localisation, smaller 

crack widths, or improved residual load capacity. 

The effectiveness of crack bridging also depends on the 

position and orientation of fibres relative to the crack plane. 

Fibres that do not intersect the developing crack contribute 

little to stress transfer, while poorly dispersed or clustered 

fibres may leave weak regions unreinforced. Consequently, 

fibre dosage should not be interpreted independently of fibre 

distribution and bond quality. 

For engineered green aggregates used at high replacement 

levels, crack development may be more sensitive to aggregate-

paste bonding. Hydrophobic aggregate surfaces can reduce 

adhesion and encourage crack initiation near the interface. In 

such systems, fibres may be required to carry a greater share 

of post-cracking stress transfer. However, the same weak 

interfacial environment may also reduce the effectiveness of 

fibre anchorage. Fibres may therefore be more necessary in 

hydrophobic recycled-aggregate systems while 

simultaneously operating under less favourable bonding 

conditions. 

 

1071



 

6.2 From brittle to ductile failure 

 

The most important effect of steel-fibre reinforcement is the 

modification of failure mode. Plain lightweight concrete 

commonly exhibits brittle failure with limited deformation and 

little warning. Once a major crack forms, the material rapidly 

loses capacity because the porous aggregate and weak tensile 

resistance provide limited post-cracking stress transfer. 

In fibre-reinforced SLWAC, progressive fibre pull-out and 

crack bridging allow stress to continue transferring after 

matrix cracking. This produces a more gradual, energy-

absorbing response and delays the sudden loss of capacity 

[77]. The material does not become fully ductile in the same 

sense as reinforcing steel, but its failure becomes less abrupt 

and more controlled. 

At the structural-member level, this behaviour may appear 

as a shift from brittle shear failure towards ductile flexural 

failure, accompanied by higher deformation capacity and 

greater warning before collapse. However, material-scale 

toughness and member-scale ductility should not be treated as 

interchangeable. Improved fibre pull-out behaviour in a 

specimen does not automatically guarantee a change in 

structural failure mode, because beam geometry, 

reinforcement, loading conditions, and crack location also 

contribute. 

Hooked-end fibres generally sustain bridging action longer 

than straight fibres because mechanical anchorage improves 

pull-out resistance and allows higher stress transfer during 

crack opening [73, 77]. Nevertheless, their superiority should 

not be considered independent of the surrounding matrix. 

Stronger anchorage may be offset by premature matrix 

splitting or interfacial failure when the concrete around the 

fibre is weak or highly porous. 

The transition from brittle to more ductile failure is 

especially important under dynamic and seismic actions, 

where energy absorption and visible deformation before 

failure contribute to structural safety. The critical contribution 

of fibres in such applications is therefore not only an increase 

in load capacity, but the provision of a more stable and 

progressive failure process. 

The three-dimensional fibre network may also improve the 

final hardened uniformity of mixtures containing low-density 

recycled aggregates by limiting upward aggregate migration 

during placement [80-82, 102]. This effect is indirect: fibres 

do not strengthen the aggregate-paste bond itself, but 

improved particle distribution may reduce local weak zones 

that would otherwise promote crack concentration. However, 

excessive fibre contents may reduce compaction and introduce 

new defects, so this stabilising effect should not be assumed to 

increase continuously with dosage. 

Despite substantial progress in steel-fibre-reinforced 

lightweight concrete, the existing evidence remains 

concentrated on conventional lightweight aggregates such as 

expanded clay, shale, pumice, and ceramsite. Green and 

recycled aggregates derived from waste have received 

comparatively less attention, and engineered plastic-glass 

aggregates such as LiGrA remain particularly underexplored 

in structural fibre-reinforced systems [33, 35, 103]. 

The main limitation is not simply the smaller number of 

studies. Conclusions developed from conventional porous and 

absorptive aggregates are frequently transferred to recycled 

hydrophobic aggregates without sufficient verification. This 

transfer is questionable because hydrophobic aggregates differ 

in water absorption, surface energy, aggregate-paste adhesion, 

segregation behaviour, and crack initiation. Mechanisms 

established for conventional LWAs, including improved 

interlocking and internal moisture exchange, may therefore 

operate differently or may be substantially reduced. 

A second gap concerns the way mechanical performance is 

commonly evaluated. Many studies report changes in 

compressive, tensile, or flexural strength without examining 

whether these changes are accompanied by improved crack 

distribution, residual capacity, or failure mode. Strength gains 

alone do not explain how fibres alter structural behaviour. This 

is particularly important because the most valuable 

contribution of fibres lies in post-cracking stress transfer rather 

than in peak strength. 

The available literature also frequently combines material-

scale and structural-scale evidence without clearly 

distinguishing them. Improvements in specimen toughness, 

beam ductility, shear capacity, and failure mode are often 

presented as equivalent indicators, although they represent 

different levels of behaviour. Future investigations should link 

material responses to member responses instead of assuming 

that one necessarily predicts the other. 

A further limitation is the weak integration of mechanical, 

crack, and microstructural analyses. Improvements are often 

reported without directly relating them to fibre distribution, 

pull-out behaviour, aggregate fracture, fibre-matrix bond, or 

ITZ characteristics [32, 104]. As a result, many mechanistic 

explanations remain inferred rather than demonstrated. 

The fibre-matrix interaction is especially underexplored in 

concrete containing recycled lightweight aggregates. 

Hydrophobic surfaces may increase crack initiation near the 

aggregate boundary while weak interfacial conditions may 

reduce fibre anchorage. This creates a critical and unresolved 

interaction: fibres may be more urgently needed in these 

systems, yet their effectiveness may be reduced by the same 

interfacial weakness they are intended to compensate for. 

Future research should therefore examine different fibre 

geometries and practically relevant dosages, particularly 

within the 0.25-0.75% range, in SLWAC containing high 

proportions of green lightweight aggregates. These studies 

should not define optimum fibre content from peak strength 

alone. Workability, fibre dispersion, crack width, crack 

distribution, residual strength, toughness, pull-out behaviour, 

and failure mode should be evaluated together. 

Research should also distinguish between aggregate 

fracture, ITZ cracking, fibre pull-out, fibre rupture, and matrix 

splitting. Without this distinction, it is difficult to determine 

whether performance is limited by the aggregate, the interface, 

or the reinforcement mechanism. Establishing these 

relationships is essential before findings from conventional 

lightweight concrete can be reliably transferred to recycled 

plastic-glass systems. 

 

 

7. CONCLUSIONS 

 

This review critically examined the mechanical 

performance and crack behaviour of SLWAC reinforced with 

steel fibres. The main conclusions are as follows. 

SLWAC reduces self-weight and offers structural and 

environmental advantages, but its porous and relatively low-

stiffness aggregates reduce tensile capacity, elastic modulus, 

and crack resistance while promoting brittle fracture through 

the aggregate. 

Lightweight aggregate selection is the main factor 
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governing performance. Conventional aggregates such as 

expanded clay, pumice, and shale have a comparatively 

mature evidence base, whereas engineered green aggregates, 

including recycled plastic-glass aggregates such as LiGrA, 

remain insufficiently characterised in fibre-reinforced 

structural applications. 

The environmental benefit of recycled lightweight 

aggregates does not guarantee equivalent engineering 

performance. Hydrophobicity may lower absorption but may 

also reduce aggregate-paste adhesion, promote segregation, 

and alter crack initiation. These competing effects must be 

evaluated together rather than individually. 

Steel fibres act primarily through crack bridging and post-

cracking stress transfer. They reduce crack localisation, limit 

crack width, redistribute tensile stresses, and sustain residual 

load after matrix cracking. Their main contribution is therefore 

the modification of crack development and failure mode rather 

than uniform improvement of all mechanical properties. 

Fibre benefits are greatest in tensile-governed properties. 

Reported increases in splitting tensile strength and flexural 

strength are generally larger than those in compressive 

strength because fibres directly bridge tensile cracks, whereas 

compressive strength remains limited by aggregate crushing. 

The effect of fibres on the modulus of elasticity is minor 

because modulus is governed mainly by aggregate stiffness 

and is measured before significant cracking. Steel fibres 

should therefore not be expected to correct the serviceability 

limitations caused by the low stiffness of lightweight 

aggregates. 

Reported percentage gains should be interpreted together 

with the baseline performance of the control mixture. Very 

large increases may reflect a weak reference concrete rather 

than a universally superior fibre response, and percentage 

improvements alone are insufficient for comparing different 

lightweight systems. 

Hooked-end fibres generally provide better pull-out 

resistance and longer-lasting stress transfer than straight 

fibres. However, their effectiveness still depends on matrix 

quality, fibre dispersion, and the condition of the fibre-matrix 

interface. 

Fibre contents around 0.5-0.75% frequently provide a 

practical balance between mechanical improvement and 

workability. This range should not be treated as a universal 

optimum, because the most suitable dosage depends on fibre 

geometry, aggregate characteristics, bond quality, workability, 

and mixing conditions. 

The decisive contribution of steel fibres lies in toughness, 

residual strength, and failure-mode control. Fibres transform 

the response from sudden and localised cracking towards a 

more gradual and energy-absorbing process, although 

material-level toughness should not be assumed to guarantee 

structural-level ductility without member testing. 

Existing literature remains fragmented. Mechanical 

properties, crack patterns, failure modes, and microstructural 

characteristics are commonly examined separately, preventing 

a complete understanding of how fibre reinforcement operates 

in recycled lightweight systems. 

Realising the full potential of steel-fibre-reinforced 

SLWAC requires integrated studies that connect peak strength 

with crack width, crack distribution, residual capacity, fibre 

pull-out, aggregate fracture, ITZ condition, and structural 

failure mode. This need is especially important for 

hydrophobic recycled lightweight aggregates, where 

conventional mechanisms cannot be assumed to remain valid. 

Overall, the available evidence confirms that steel fibres are 

an important enabling component for extending the structural 

application of sustainable lightweight concrete. Their value 

lies not in eliminating the inherent limitations of lightweight 

aggregates, but in controlling the brittle cracking and rapid 

loss of capacity that would otherwise restrict their structural 

use. 
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