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ABSTRACT: Fiberglass Lightweight Concrete (FLC) combines the advantages of fiber 

usage in a lightweight concrete matrix. In the present study, 8% of the cement weight was 

replaced by silica fume. Six specimens containing 2% glass fiber and 75% coarse 

aggregate replaced with lightweight expanded clay were subjected to a 4-point bending 

test. The study examined how four shear-span depth ratios (1.5, 3.0, 3.57, and 4.5) and 

three reinforcement ratios (low, medium, and high) affected collapse performance. 

Among all low-reinforced samples, the 1.5 shear-span depth exhibited the greatest 

improvements in resistance, mid-span deflection, stiffness, energy absorption, fracture 

energy, and toughness, showcasing flexural compression collapse. In contrast, the 3.57 

shear-span depth low-reinforced specimen achieved the highest ductility ratio. Compared 

with all other 3.57 ratio samples, the low-reinforcement sample exhibited mixed flexural-

shear crack patterns and the highest ductility ratio, fracture energy, and capacity of energy 

absorption. However, the highly reinforced sample displayed an oblique shear collapse 

mode and the highest stiffness enhancement. Finally, the proposed model predicting the 

shear strength was conducted. So, engineers can adapt the structural role of the fiberglass 

lightweight concrete beams to meet specific project requirements. 
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1. Introduction 

 

Fiberglass Lightweight Concrete (FLC) has 

attracted significant attention in the 

construction industry over the past decade 

because of its low density, long durability, 

and excellent thermal and acoustic 

insulation properties. Owing to its low 

weight, recent studies have shown that 

lightweight concrete is one of the best 

alternatives to traditional concrete in high-
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rise buildings and long-span construction. 

Lightweight concrete reduces member 

size, dead loads on construction, and total 

cost (Deifalla et al., 2020). Lightweight 

concrete is made by replacing or mixing 

normal aggregate with a lighter one derived 

from two main sources: i) natural, such as 

scoria and pumice. ii) artificial, such as 

Lightweight Expanded Clay Aggregate 

(LECA) and expanded shales (Kumar and 

Srivastava, 2023). To highlight its 
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suitability as a sustainable structural 

alternative to conventional concrete for 

construction practices, lightweight concrete 

must achieve safety and serviceability by 

providing sufficient strength and 

controlling deformation under different 

loads. Reinforcing elements with 

longitudinal bars and fibers manages crack 

characteristics, ensuring the necessary 

ductility (Vakili et al., 2019). Glass fibers 

provide exceptional stiffness, strength, and 

chemical resistance (Sathishkumar et al., 

2014) and are also effective in controlling 

shrinkage cracking (Mirza and Soroushian, 

2002). Fiberglass lightweight concrete 

offers numerous benefits in terms of 

sustainability and environmental impacts. 

The use of glass fibers in composites 

contributes to the reduction of waste 

generated by the glass industry 

(Karuppannan Gopalraj and Kärki, 2020). 
In addition, the inclusion of LECA lowers 

the consumption of natural resources, such 

as sand and gravel (Bozorgmehr Nia and 

Nemati Chari, 2023). 

Aboul-Nour et al. (2023) investigated 

how different LECA ratios and glass fiber 

contents affect the density, workability, 

compression, and split tensile strengths of 

lightweight concrete. They found that a mix 

of 2% glass fiber and 75% replaced LECA 

exhibited the highest compression strength, 

while a mix of 1% glass fiber showed the 

greatest tensile strength (Aboul-Nour et al., 

2023). Prestressed glass fiber lightweight 

concrete girders demonstrated a 20% 

weight reduction and effectively prevented 

bond-slip damage due to a ridged interface 

(Li et al., 2024).  
Several studies have examined the 

capacity of steel fiber lightweight concrete 

girders (Li et al., 2019, 2021). Increasing 

the content of steel fibers shifts collapse 

modes from shear collapse to ductile 

flexural shear collapse, while shear 

resistance decreases as the shear-span depth 

ratio increases (Jiao et al., 2017). However, 

there is a gap in the experimental studies on 

the performance of longitudinally 

reinforced fiberglass lightweight concrete 

specimens.  

This study enhances the understanding 

of designing and optimizing FLC beams. 

For structural engineers, a comprehensive 

grasp of shear-span and reinforcement 

ratios is essential for accurate analysis and 

design. In the current study, the results of 

testing six large-scale reinforced concrete 

specimens with constant fiber volume 

fraction and LECA content are presented to 

explore the significance and implications of 

the shear-span and reinforcement ratios. 
The specimens undergo 4-point loading 

tests controlled by displacement. The 

cracking patterns and performance 

parameters, including the stiffness, 

ductility, capacity of energy absorption, 

toughness, and fracture energy of the FLC 

beam, are discussed. To ensure a reliable 

design, the results are compared with those 

obtained from the mathematical model. The 

finest model for predicting FLC beam shear 

strength is identified from the proposed 

model, six code-of-practice provisions, and 

seven equations from the literature. 

 

2. Materials and Methods 

 

2.1. Test Program 

Concrete mixes included cement, sand 

as a fine aggregate, coarse normal and 

lightweight aggregates, tap water, Silica 

Fume (SF), superplasticizer, and glass 

fiber. The quantities used in the mixes are 

summarized in Table 1.  

 
Table 1. Concrete mixtures for the research 

samples (kg/m3) 
Materials Quantity 

Cement 500 

Water 195 

Sand 574.4 

Dolomite 248.9 

LECA 484.5 

Silica fume 40 

High-range water reducer 11 

Glass fiber (% of volume) 2% 

 

The natural siliceous sand of a 1738 

kg/m3 bulk density used in our experiments 

had a fineness modulus of 2.72. The 

crushed dolomite aggregate had a 14 mm 
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maximum size, 1570 kg/m3 bulk density, 

2.62 specific gravity, and a 2.35% water 

absorption ratio. Alex Hydroponics 

Company locally produces LECA brown 

pellets, which is a coarse lightweight 

aggregate fired in a rotary kiln at 

temperatures ranging from 950 to 1100 °C. 

The maximum nominal size of the 

LECA was 20 mm, its specific gravity was 

1.6, its bulk density was 1000 kg/m3, and 

its water absorption ratio was 16.69. The 

chemical components of LECA were SiO2 

(61.12%), Al2O3 (18.77%), Fe2O3 

(14.21%), CaO (1.78%), MgO (2.37%), and 

Loss (0.4%). Table 2 presents a sieve 

analysis of the aggregates used in our study. 

 
Table 2. Sieve analysis of study aggregate types 

Particle 

size (mm) 

% Passing 

Fine 

aggregate 

coarse 

aggregate 
LECA 

20 - - 95.9 

14 - 99.2 19.7 

10 - 77.6 - 

5 99.4 12.5 - 

2.36 95 - - 

1.18 87.4 - - 

0.6 44.4 - - 

0.3 8.6 - - 

0.15 2 - - 

 

In the current study, the ratio of water to 

cementitious materials (w/b) is set at 0.36. 

The study used Type I Portland cement 

(CEMI 42.5N) to comply with ES 4756-2 

(2020) and ASTM C150/C150M-22 (2022). 

Cementitious materials and water-reduction 

admixtures were used to enhance the 

concrete's fresh and hardened 

characteristics. The study employed sika 

fume of a 0.65 ± 0.1 kg/L density at 8% of 

the cement weight manufactured by Sika 

Egypt and master rheobuild1100 super-

plasticizer at a rate of 2.2 lit/100 kg of 

cement. At 25 °C, the dark brown liquid 

master rheobuild1100 had a specific gravity 

from 1.19 to 1.26 and a pH from 6 to 11. 

The research used Type E glass fiber, 12 

mm long, 13 µm wide, and tensile strength 

from 500 to 600 N/mm2 from the Egyptian 

European Steel Fiber Company. The LECA 

was immersed for 24 hours in water to 

ensure saturation of the internal voids. The 

LECA was then removed from the water an 

hour before its use. All dry components, 

including sand, dolomite, LECA, cement, 

and SF, were distributed uniformly in the 

mixer for two minutes. Half of the mixing 

water was added to the water reducer, and 

the other half was added directly to the 

mix. After two minutes of mixing all these 

components, the mix was sprinkled with 

fibers. Finally, hand mixing is performed to 

ensure the homogeneity of concrete. 

Experimental surveys assessed the 

LECA's effectiveness as a partial 

replacement for coarse aggregate in 

concrete. The influence of LECA on the 

fresh and hardened properties of samples 

containing 2% glass fiber was also 

examined. The samples' density, 

workability, compression, and split tensile 

strengths were measured according to 

ASTM C143/C143M-20 (2020), ASTM 

C642-21 (2021), BS EN 12390-3 (2019), 

and ASTM C496/C496M-17 (2017), 

respectively. The changes in physical and 

mechanical properties compared with a 

control mix without LECA (Table 3). Using 

LECA to replace 75% of the coarse 

aggregate resulted in the smallest weight 

reduction of 16.14% compared with normal 

concrete.

 
Table 3. Physical and mechanical properties of concrete mixes 

LECA 

content 

Density Slump Compression strength 

Strength/weight 

 ratio (MPa/kg) 

Split tensile strength 

Mean 

(kg/m3) 
SD 

Change 

(%) 
(mm) 

Change 

(%) 

Mean 

(kg/m3) 
SD 

Change 

(%) 

Mean 

(kg/m3) 
SD 

Change 

(%) 

0% 2419 17 - 60 - 48.41 1.26 - 5.05 3.40 0.28 - 

75% 2028 28 -16 80 +33 31.13 0.31 -35 3.46 1.58 0.18 -53 

85% 1986 130 -17 93 +55 28.21 1.67 -41 2.85 1.82 0.15 -46 

95% 1930 81 -20 105 +75 25.68 3.43 -46 2.71 2.03 0.08 -40 



354   Ghoniem et al 

 

However, higher LECA content 

diminished compression strength. The 75% 

LECA mix, identified as optimal, achieved 

the highest strength-to-weight ratio of 3.46 

MPa/kg, with a density of 2028 kg/m³, 

categorizing it as lightweight according to 

ACI definitions, which classify normal-

weight concrete as having a density of 2240 

to 2420 kg/m³. Additionally, the 

compression strength of the LECA concrete 

met the required standards, as structural 

lightweight concrete should exceed 15 MPa 

at 28-days per ASTM C330-23 (2023) and 

ACI 213R (1987) guidelines. The 75% 

LECA concrete revealed an experimental 

split tensile strength of 1.6 MPa. Wang and 

Wang (2013), Sajedi and Shafigh (2012), 

and ACI 318 (2019) take into account the 

influence of glass fiber on strength as (fst = 

3.898 + 2.08 Vf), (fst = 0.5245 + 0.0761 fcu), 

and (fst = 0.23 fc
0.7) that equals 3.9 MPa, 

3.35 MPa, and 2.5 MPa for the current study 

mix, respectively. The experimental split 

tensile strengths were approximately 59%, 

52%, and 36% lower than the theoretical 

values for normal aggregate concrete 

calculated by Wang and Wang (2013), 

Sajedi and Shafigh (2012), and ACI 318 

(2019), respectively.  

 

2.2. Test Specimens 

The experimental study examined the 

structural attitude of LECA concrete 

specimens by testing girders at various 

shear-span depth ratios (a/d). The program 

involved the fabrication and testing of six 

reinforced concrete specimens, detailed in 

Table 4, with rectangular cross-sections 

having 10 cm width, 15 cm depth, 160 cm 

total length, and 150 cm supported length. 

Each specimen comprised 75% LECA 

as a replacement for normal-weight coarse 

aggregates and 2% glass fiber. Specimens 

were labeled "L" followed by numbers 

indicating the shear-span depth ratio and the 

reinforcement bar diameter.  

 
Table 4. Details of test beam samples 

Beam 

determination 

Shear-span depth ratio, 

a/d 

Beam size 

b × d 

(mm) 

Tension reinforcement 

Number and 

size 

As 

(mm2) 

ρ = As / bd  

(%) 

L3.57-R10 

(control) 
3.57 

100×150 

2Φ10 157 

 

1.04 

 

L1.5-R10 1.5 

L3-R10 3 

L4.5-R10 4.5 

L3.57-R12 3.57 2Φ12 204 1.36 

L3.57-R16 3.57 2Φ16 226 1.5 

 

 
(a) 

   
(b) (c) (d) 

Fig. 1. Dimensions and reinforcement information of FLC beams (units: mm): a) Half elevation of the test beam; 

b) Cross-section of low-reinforcement-ratio beams; c) Cross-section of medium-reinforcement-ratio beams; and 

d) Cross-section of high reinforcement ratio beams 
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Four specimens featured 10 mm bottom 

tensile reinforcement bars (low 

reinforcement ratio), including one control 

specimen with a shear-span depth ratio of 

3.57, and three others at ratios of 1.5, 3.0, 

and 4.5. The remaining two specimens, 

under a ratio of 3.57, had 12 mm and 16 mm 

bottom tensile bars, representing medium 

and high reinforcement ratios. Figure 1 

illustrates the reinforcement specifics. A 

Linear Variable Displacement Transformer 

(LVDT) and a load cell measured the mid-

span displacement and total applied load, 

respectively. The tensile longitudinal 

reinforcements (10 mm, 12 mm, and 16 

mm) had a fy / fult ratio of 40/60. Upper 

longitudinal reinforcement and stirrups 

were made of ordinary mild steel with an 8 

mm diameter and a strength of fy / fult = 24 / 

35. 

 

3. Results and Discussion 
 

3.1. Load-Deflection Relationship 
Figure 2a depicts the relationship 

between applied load and deflection for 

various samples with differing shear-span 

depth ratios. Generally, loading increased 

until collapse, exhibiting a linear nature 

before cracking. The curve's slope changed 

after cracking, indicating decreased 

stiffness until the tensile steel yielded. 

Specimens with shear-span depth ratios of 

4.5, 3.57, and 3.0 displayed similar load-

deformation responses before and after 

cracking, differing only in the initial curve 

segment. Sample L3.57-R10 reached the 

curve's inflection point earlier than the 

others, followed by the sample with a 4.5 

ratio, then the sample with a 3.0 ratio.  
Consequently, L3.57-R10 had the 

lowest stiffness compared with L4.5-R10 

and L3-R10. After recording the ultimate 

load, sample L1.5-R10 showed several 

changes in inclination as strength increased 

and then declined, retaining the highest 

stiffness among all samples. The findings 

indicate that reducing the shear-span depth 

ratio significantly enhanced the flexural 

stiffness of FLC beams. Figure 2b 

illustrates load vs. mid-span deflection for 

specimens with varying reinforcement 

ratios. Loading increased for all girders, 

resulting in a linear pre-cracking curve. The 

slope decreased after cracking, indicating 

reduced stiffness until the tensile steel 

failed. The low-reinforcement ratio sample, 

L3.57-R10, reached the curve's inflection 

point before the other samples. It exhibited 

a minor strength increase after yielding, 

followed by a nearly flat plateau and a slight 

strength decrease. The load-deflection 

curve for the medium reinforcement ratio 

sample, L3.57-R12, consisted of two 

segments connected at the maximum load 

point, showing a sharp drop in slope post-

inflection, and indicating stiffness 

reduction. The high-reinforcement ratio 

sample (L3.57-R16) also experienced a 

sudden strength drop after reaching 

maximum load. These findings suggest that 

rising the steel reinforcement ratio 

improved the total stiffness of the 

specimens, aligning with previous research 

on LECA concrete containing varying 

amounts of steel and polypropylene fibers 

(Al-Khafaji and Harba, 2023).  

 

  
(a) (b) 

Fig. 2. Load-displacement curves for: a) Same reinforcement and various shear-span depth ratio samples; and b) 

Same shear-span depth ratio and different bottom tensile reinforcement samples 
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3.2. Crack Pattern and Collapse Mode 

1) Influence of the shear-span depth 

ratio: Figure 3 shows the specimens' crack 

patterns and collapse modes with varying 

shear-span depth ratios: L1.5-R10, L3-R10, 

L3.57-R10, and L4.5-R10. In the control 

sample L3.57-R10, an initial flexural crack 

arose on the tension side in the mid-span 

zone. As loading enlarged, an extra flexural 

crack developed between the initial crack 

and extended vertically, while an additional 

crack formed in the outer shear-span on the 

tension side, eventually reaching the load 

points. This sample exhibited a flexural-

compression collapse mode, culminating in 

concrete crushing at the top compression 

side between the 2-points of the applied 

load. During the initial loading level, the 

specimen with the lowest shear-span depth 

ratio, L1.5-R10, showed a mid-zone mild 

flexural crack. A diagonal crack emerged at 

a load of 59 kN, with more oblique and 

flexural crack appearing as the load 

enlarged. At 76 kN, a shear crack formed in 

the support region, leading to collapse 

through a diagonal shear crack at 

approximately 45° from the support. 

Previous studies on lightweight 

concrete girders with steel fibers support 

that shear-compression collapse occurs in 

specimens with shear-span depth ratios of 

1.5 to 2.5, involving concrete crushing in 

the shear compression region and a 

subsequent larger shear crack in the tension 

region (Li et al., 2019). Sample L3-R10 

exhibited a crack pattern and collapse mode 

similar to L3.57-R10, although L3.57-R10 

developed more extensive flexural and 

oblique crack. 
Sample L4.5-R10 failed likewise, 

showing only a flexural crack in the mid-

span zone, resulting in an exclusively 

flexural collapse followed by concrete 

crushing between the two loading points. 
While specimens with shear-span depth 

ratios of 3.0, 3.57, and 4.5 demonstrated 

similar flexural-compression collapse 

modes, those with ratios of 3.0 and 3.57 

were in a transitional phase from shear 

collapse to pure flexural collapse, leading to 

a gradual disappearance of shear crack in 

favor of additional flexural crack. As the 

shear-span depth ratio increased, the main 

crack shifted from the outer shear spans to 

the middle flexural bending region.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. Crack patterns for beams with various shear-span to depth ratios: a) L1.5-R10; b) L3-R10; c) L3.57-R10; 

and d) L4.5-R10 
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Table 5 quantitatively compares the 

cracking and peak loads, as well as moment 

resistance, for specimens with different 

shear-span depth ratios. The control sample 

(of shear-span depth ratio 3.75, L3.57-R10) 

exhibited its first crack at 13 kN. In contrast, 

the specimen with the smallest shear-span 

depth ratio (1.5) demonstrated superior 

crack resistance. At loads of 32 kN and 20 

kN, L1.5-R10 and L3-R10 showed 

approximately 146% and 54% more 

resistance to the initial crack, respectively.  

 
Table 5. Load, moment resistance capacity, displacement, and collapse modes of samples with different shear-

span depth ratios and reinforcement ratios at the cracking and peak stages 

Sample 

ID 

Cracking stage Peak stage 

Cracking 

load (kN) 

Cracking 

moment 

resistance 

(kN.m) 

Displacement 

at cracking 

load, Δcr (mm) 

Maximum 

load (kN) 

Maximum 

moment 

resistance 

(kN.m) 

Displacement 

at maximum 

load, Δmax 

(mm) 

Collapse 

mode 

L3.57-

R10 
13.00 3.25 2.818 33.35 8.34 10.34 

Flexural-

compression 

L1.5-

R10 
32.00 8.00 3.272 80.59 20.15 16.11 

Shear-

compression 

L3-R10 20.05 5.02 2.953 44.51 11.13 12.28 
Flexural-

compression 

L4.5-

R10 
16.20 4.05 3.028 32.36 8.09 10.76 

Flexural-

compression 

L3.57-

R16 
30.10 7.53 3.552 65.27 16.31 10.02 

Shear-

compression 

L3.57-

R12 
21.30 5.33 3.390 43.56 10.89 9.65 

Shear-

compression 

 

 
 

(a) (b) 

  
(c) (d) 

Fig. 4. Enhancement percentage of various shear-span depth ratio samples in: a) Cracking resistance; b) 

Maximum resistance; c) Cracking deflection; and d) Maximum deflection 
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At peak load, the control sample 

reached an ultimate load and resistance of 

33.35 kN and 8.33 kN·m, respectively. 

Specimens with shear-span depth ratios of 

1.5 and 3.0 (L1.5-R10 and L3-R10) 

surpassed the control sample's ultimate load 

and resistance by approximately 141% and 

33.4%, peaking at 80.5 kN, 20.14 kN·m, 

and 44.51 kN, 11.12 kN·m. Additionally, 

the sample with a lower shear-span depth 

ratio (1.5) exhibited the greatest deflection 

at 16.11 mm, while deflection decreased to 

12.28 mm and 10.34 mm for specimens 

with ratios of 3.0 and 3.57, respectively. 

The deflection of the 4.5 shear-span 

depth ratio specimen slightly increased to 

10.76 mm. Consequently, specimens with 

lower shear-span depth ratios displayed 

superior anti-cracking performance, 

indicated by increased cracking deflection 

and load, as shown in Figures 4a and 4c. 

Hence, reducing the shear-span depth ratio 

enhanced ultimate resistance and deflection 

(Figures 4b and 4d). This finding aligns 

with Sathiyamoorthy's assertion that 

lightweight girder shear resistance 

increases as the shear-span depth ratio 

decreases (Sathiyamoorthy, 2021). As this 

ratio reduces, compression struts can 

effectively transfer internal forces directly 

to supports through arch action. The 

specimen with the highest shear-span depth 

ratio (L4.5-R10) experienced a delay of 

approximately 24.5% in its first cracking 

load compared with the control sample. 

Despite a higher shear-span depth ratio, 

L4.5-R10 had a lower ultimate load and 

resistance of about 2.9%. Yin and Hu 

(2021) noted that the increase in cracking 

load is attributed to the load transfer 

mechanism.  

2) Influence of the tensile steel: Figure 

5 illustrates crack patterns and collapse 

modes of established specimens with a 

constant shear-span depth ratio and varying 

reinforcement ratios L3.57-R10, L3.57-

R12, and L3.57-R16. For L3.57-R12, a 

minor flexural crack arose at a 26 kN 

loading. At 29 kN, an oblique crack formed 

near the 2-points of loading, leading to 

diagonal shear-compression collapse 

characterized by a substantial crack under 

the loading point and compression concrete 

crushing. Specimen L3.57-R16 exhibited 

similar diagonal shear-compression 

collapse but with more cracks before the 

collapse, particularly in the mid-span zone. 

As the load increased, an oblique crack 

propagated on the tensile side, with a minor 

shear crack appearing near the supports at 

53 kN. Both L3.57-R12 and L3.57-R16 

experienced local failures due to stress 

concentrations at the supports. This crack 

pattern was linked to the formation of 

fractures and the nonlinear nature of 

concrete materials. The tensile 

reinforcement diameters for 12 mm and 16 

mm exceeded the maximum tensile 

reinforcement ratio (ρmax), while the 10 mm 

diameter was below it. 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. Crack pattern of beams: a) L3.57-R10; b) L3.57-R12; and c) L3.57-R16 
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According to ACI 318 (2019), 

reinforcement ratios were as follows: 

minimum (ρmin) 0.3, maximum (ρmax) 1.33, 

and balanced (ρb) 1.77, indicating that to 

ensure ductile collapse, specimens should 

be under-reinforced (ρb < ρ < ρmin) (ACI 

318, 2019). 

Enlarging the steel reinforcement ratio 

beyond ρmax shifted the collapse mode to 

undesirable shear-compression collapse, 

consistent with findings by Alhassan et al. 

(2017). Specimens with medium and high 

reinforcement ratios showed deflections of 

6.6% and 3% less at maximum load than 

those with low steel reinforcement ratios, 

aligning with Shafigh et al. (2011), which 

highlighted that lighter concrete girders 

with lower reinforcement deflected more. 

Thus, higher reinforcement ratios enhance 

cracking resistance and deflection, delaying 

crack appearance (Figures 6a and 6b). 

Figures 6c and 6d demonstrate that a higher 

reinforcement ratio increases ultimate 

moment capacity without affecting 

maximum deflection, supporting similar 

results from Zhu et al. (2018) and Wang et 

al. (2022). The high tensile reinforcement 

ratio specimen L3.57-R16 exhibited a 

131% increase in cracking load (30.1 kN) 

and moment (7.52 kN.m) compared with 

the low reinforcement control sample. The 

medium reinforcement ratio L3.57-R12 

showed a 63.8% increase in cracking load 

(21.3 kN) and moment (5.3 kN.m). The 

peak load and resistance also increased 

similarly for both medium and high 

reinforcement ratios, with L3.57-R12 (43.5 

kN, 10.89 kN.m) and L3.57-R16 (65.2 kN, 

16.3 kN.m) showing increases of 30.6% and 

95.7% compared with the control sample. 

These trends resonate with findings by Al-

Khafaji and Harba (2023), who noted the 

flexural capacity decrease of lightweight 

concrete girders as tension reinforcement 

diminished. 

 

3.3. Performance Parameters 
The lightweight nature of FLC makes it 

particularly suitable for buildings in 

earthquake-prone areas, reducing seismic 

strain while maintaining strength. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 6. Enhancement percentage of various bottom tensile reinforcement ratio samples in: a) Cracking resistance; 

b) Maximum resistance; c) Cracking deflection; and d) Maximum deflection 
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Therefore, it is essential to calculate the 

stiffness, ductility, energy absorption 

capacity, toughness, and fracture energy of 

FLC beams. According to ACI 318 (2019), 

the secant method is used to determine 

stiffness. As shown in Figure 7a, a lower 

shear-span depth ratio significantly reduces 

stiffness; it decreased by about 77.9% as the 

ratio increased from 1.5 to 4.5. Conversely, 

rising the diameter of the reinforcement 

steel from 10 to 12 and 16 mm improved 

stiffness by approximately 34.7% and 

80.8%, respectively (Figure 7b). 

Ductility and energy absorption reflect 

the conversion of mechanical applied 

energy into internal potential energy within 

reinforced concrete elements, serving as 

structural safety indices (Hanoon et al., 

2017). Accurate prediction of ductility is 

crucial for assessing a structure's ability to 

withstand inelastic deformations without 

losing its load-carrying capacity. The 

displacement ductility ratio, μ, was 

calculated using ASTM E2126-11 (2011) 

equation. Among various shear-span depth 

ratios, the shear-collapse mode negatively 

affected the ductility ratio of the L1.5-R10 

sample (Figure 7c).

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 7. Enhancement percentage: a) Stiffness of various shear-span depth ratio samples; b) Stiffness of the 

samples with various reinforcement ratios; c) Ductility of samples with various shear-span depth ratios; d) 

Ductility of various reinforcement ratio samples; e) Capacity of energy absorption for samples with various 

shear-span depth ratios; and f) Energy absorption capacities of the samples with various reinforcement ratios 
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Comparatively, samples L3.57-R16 and 

L3.57-R12 exhibited lower ductility ratios 

due to shear collapses versus the flexural 

collapse mode of sample L3.57-R10, with 

reductions of 61.2% and 59.6%, 

respectively (Figure 7d). 

Energy absorption, determined as the 

area below the load-deflection trajectory, 

remains vital for maintaining structural 

integrity under unusual loads. Results 

indicated an inverse relationship between 

shear-span depth ratio and capacity of 

energy absorption, which decreased by 

approximately 108.9% when increasing the 

ratio (1.5 to 4.5) (Figure 7e). Conversely, 

changing the reinforcement steel diameter 

from 12 mm to 16 mm resulted in 

reductions of 52.9% and 27% in energy 

capacity, respectively. Additionally, 

increasing the bottom tensile reinforcement 

diminished energy absorption capacity 

(Figure 7f). Fracture energy is crucial for 

understanding concrete behavior in large 

structures and shear tests. Using the 

equation outlined by Gyawali (2023), the 

fracture energies were assessed for 

comparison. Sample L1.5-R10 recorded the 

highest fracture energy, while sample L3-

R10 was 78.2% lower. Figure 8a 

demonstrates that increasing the shear-span 

depth ratio to 3.57 and 4.5 reduced fracture 

energy by 105.6% and 108%, respectively, 

indicating its direct impact on energy 

absorption during fracture.  
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(e) (f) 

Fig. 8. Enhancement percentage of: a) Fracture energy at various shear-span depth ratios; b) Fracture energies at 

various reinforcement ratios; c) Yield toughness at various shear-span depth ratios; d) Yield toughness at various 

reinforcement ratios; e) Ultimate toughness at various shear-span depth ratios; and f) Ultimate toughness at 

various reinforcement ratios 
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Although no clear relationship exists 

between reinforcement ratio and fracture 

energy, samples with lower ratios showed a 

more significant effect on fracture energy. 

For samples L3.57-R16 and L3.57-R12, 

increasing the reinforcement ratio led to 

reductions in energy of approximately 

26.84% and 52.62%, respectively (Figure 

8b). Yield and ultimate toughness values 

were derived from ASTM C1018-97 (1997) 

equation. Figures 8c and 8e illustrate that 

these values decreased by 151.91% and 

3.62%, respectively, as the shear-span 

depth ratio increased from 1.5 to 4.5. A 

lower shear-span depth ratio positively 

influences yield and ultimate toughness, 

with higher yield toughness generally 

associated with increased initial crack loads 

(Safiuddin et al., 2022). The high ultimate 

toughness values suggest that the LECA 

aggregate and glass fiber mixture enhances 

the FLC girders' resistance to tensile 

stresses. A high reinforcement ratio 

significantly affects yield toughness 

positively but detracts from ultimate 

toughness, as shown in Figures 8d and 8f. 

Utilizing 75% expanded clay particles 

reduces concrete density to 2028.6 kg/m³, 

thereby decreasing the dead load on 

structures. Furthermore, the 75% LECA 

concrete demonstrated acceptable 

compression strength (31 MPa) and split 

tensile strength (1.6 MPa). These combined 

properties make FLC ideal for applications 

where strength and weight are critical, such 

as in high-rise construction. Despite a low 

reinforcement ratio, incorporating glass 

fibers into the concrete matrix enhanced 

tension capacity and improved resistance to 

cracking and shrinkage. 

 

3.4. Experimental Result vs. Theoretical 

Estimation 
The assumptions of the proposed 

doubly reinforced prediction model for the 

fibrous concrete beams shear strength 

include contributions from the nominal 

shear strength of concrete, longitudinal 

reinforcement, stirrups, and fibers, as 

defined in Eq. (1).  

 

; ; ; fc u fc sf fc stv v v  (1) 

  s

;

c
'

2 2 2 2
f

yt

c sfv
f Ah e h e x x

d
ad abd

     
       

  




 
(2) 

0.00772
f f

t be

f

V l
F

d
 

 
(3) 

 
'

sc

0.85 yc
s

t t

ff x
e h A A

b 
   

 
(4) 

c

y

c

s

d
c

f

E









 

(5) 

 

where, vfc;u: represents the longitudinally 

steel reinforced fibrous girders ultimate 

shear strength, vfc;st: indicates the stirrups 

shear strength, and vfc;sf: accounts for the 

shear strength from the fibrous matrix, 

compression steel, and longitudinal bottom 

steel (ACI 544.4R, 1988).  

Figure 9 illustrates the nominal moment 

calculated using the proposed model, based 

on the stress and strain distributions in the 

fibrous concrete sample. 

 
 

 
Fig. 9. Design assumptions for reinforced fibrous concrete beams 



Civil Engineering Infrastructures Journal, 2025, 58(2): 351-367                                                         363  

 

The shear strength contribution of fibers 

and reinforcement steel for a doubly 

reinforced fibrous concrete sample, vfc;sf, is 

determined as shown in Eq. (2). In the 

equations, σt: denotes the tension stress in 

fibrous concrete (Eq. (3)), Vf: is the fiber 

content, and lf / df: represents the fiber 

aspect ratio. Fbe, the fiber bond 

effectiveness, varies from 1.0 to 1.2 based 

on the fiber features (set to 1.0 in this 

study). Parameters such as the girder total 

depth (h), shear span (a), girder width (b), 

distance from the supreme compression 

fiber to the center of the tension steel bars 

(d), depth of the rectangular stress block (x), 

and internal tension and compression forces 

(e) are distincted in Eqs. (4) and (5). The 

yielding strength of the bars (fy), the area of 

tension steel (As), the compression steel 

area (Asc), the distance from the supreme 

compression fiber to the center of 

compression steel (d'), and the compression 

strength of plain concrete (fc') are also 

specified. The supreme compression fiber 

to the neutral axis distance (c) is based on 

the strain distribution and the concrete 

compression strain (εc), which is 0.0035 for 

1.0% fiber content and 0.004 for 1-3% fiber 

content, with the steel elasticity modulus 

(Es) equal to 200 GPa. Theoretical models 

are usually considered for integration into 

design codes due to their simplicity and 

satisfactory test results for fibrous 

specimens.  

Figure 10 compares the test shear 

strength values of fibrous concrete girders 

with those predicted by the proposed model 

and thirteen existing models. The models 

AS 3600 (2018), ACI 544.4R (2018), 

Ashour et al. (1992), ACI 318 (2019), 

Eurocode 2 (2004), CECS 38 (2004), Kwak 

et al. (2002), Narayanan and Darwish 

(1987), Shin et al. (1994), Imam et al. 

(1995), Li et al. (2019), JGJ12 (2006), Yi et 

al. (2017), and the current proposed model 

exhibited similar trends across samples and 

reasonably predicted experimental shear 

strength values, except for the 1.5 shear-

span depth ratio sample evaluated by 

Eurocode 2 (2004). The theoretical shear 

strength of each FLC girder that failed in 

shear was compared with the actual 

measured strengths. 

Table 6 presents the mean of the vfc; THEO 

/ vfc; EXP ratios for each model. The proposed 

model, AS 3600 (2018), Ashour et al. 

(1992), ACI 318 (2019), ACI 544.4R 

(2018), JGJ12 (2006), and Yi et al. (2017) 

exhibited mean values close to 1.0 with a 

total standard deviation of less than 0.5. 

They demonstrated conservative 

estimation, with deviations of 7.19%, 

7.89%, 23.44%, -35.96%, 45.60%, 52.37%, 

and 58.41% from experimental results. The 

previous seven models overestimated shear 

strength capacity, except ACI 544.4R 

(2018), which underestimated it.  

 
 

 
Fig. 10. Shear strength results and values predicted using theoretical and experimental models 
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The equations of the AS 3600 (2018) 

and Ashour et al. (2009) models are 

fundamentally similar, utilizing parameters 

such as fc’, As, fy, b, and shear-span depth 

ratio, with the main distinction being 

Ashour et al. (2009) including fiber pullout 

resistance vb as a shear strength 

contribution, while ACI 544.4R (2018) 

does not consider longitudinal 

reinforcements. 

According to Lim et al. (2006), the 

American code effectively forecasts the 

ultimate strength of lightweight concrete 

girders. The remaining seven models, 

including Euro code 2 (2004), Kwak et al. 

(2002), Shin et al. (1994), CECS 38 (2004), 

Narayanan and Darwish (1987), Li et al. 

(2019), and Imam et al. (1995), consistently 

underestimated shear strength, with average 

vfc; THEO / vfc; EXP values below 5.55 and 

standard deviations under 2, showing 

deviations exceeding 60% from 

experimental results.  

 

4. Conclusions 
 

This research investigates the impact of the 

steel reinforcement ratio and shear-span 

depth ratio on the FLC beams' behavior. 

The experimental program provides 

valuable insights into load capacity, 

deflection behavior, and fracture 

propagation. The important conclusions are 

as follows:  

1) The shear-span significantly affects 

the shear and load capacities of FLC 

girders. Increasing the shear-span depth 

ratio from 1.5 to 4.5 reduced shear fracture 

propagation while increasing flexural crack 

propagation until a pure flexural crack 

developed in a low-reinforced sample at a 

4.5 shear-span depth ratio. The R10 bars 

beam with the smallest shear-span depth 

ratio of 1.5 showed enhanced cracking 

resistance, cracking deflection, peak 

resistance, peak deflection, stiffness, 

ductility ratio, capacity of energy 

absorption, fracture energy, yield, and 

ultimate toughness by 146%, 16%, 141%, 

55.8%, 91.5%, -43.8%, 106%, 105.6%, 

185.81%, and 38.57%, respectively, 

compared to the R10 bars beam with a 3.57 

shear-span depth ratio. Lowering the shear-

span depth ratio positively impacted all 

performance measures except for the 

ductility ratio. A greater shear span can lead 

to excessive deflections and increased 

ductility, with the main crack shifting from 

the exterior shear spans to the interior 

flexural bending region, where the girder 

becomes more flexible.  

2) The reinforcement ratio is vital for 

the load capacity and crack resistance of 

FLC girders. High-reinforced and medium-

reinforced specimens exhibited shear-

compression collapse, while the low-

reinforced sample showed flexural-

compression collapse.       
 

Table 6. Mean, standard deviation, and coefficient of variation of the ratios of the theoretical values of shear 

strength of FLC beams calculated by each model vfc;THEO to their experimental values vfc;EXP 

Model 
Mean value of 

vfc;THEO/vfc;EXP 

Standard deviation SD of 

vfc;THEO/vfc;EXP 

Coefficient of 

Variation CV (%) 

Proposed model 0.93 0.37 39.64 

ACI 318 (2019) 1.36 0.38 27.94 

AS 3600 (2018) 0.92 0.42 45.57 

Eurocode 2 (2004) 1.76 1.22 69.21 

CECS 38 (2004) 3.04 1.33 43.74 

JGJ12 (2006) 0.48 0.25 53.03 

ACI 544.4R (2018) 0.54 0.33 60.46 

Kwak et al. (2002) 2.23 1.25 56.38 

Narayanan and Darwish (1987) 3.12 1.70 54.47 

Ashour et al. (1992) 0.77 0.34 44.98 

Shin et al. (1994) 2.26 1.25 55.23 

Imam et al. (1995) 5.54 1.09 19.66 

Yi et al. (2017) 0.42 0.20 47.35 

Li et al. (2019) 4.87 1.95 40.06 
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The R16 bars high-reinforced specimen 

at a 3.57 shear-span depth ratio 

demonstrated the greatest improvements in 

cracking resistance, cracking deflection, 

peak resistance, stiffness, and yield 

toughness by 131%, 26%, 95.7%, 80.8%, 

and 191.85%, respectively, compared with 

the low-reinforced R10 bars specimen. 

However, peak deflection, ductility ratio, 

capacity of energy absorption, fracture 

energy, and ultimate toughness decreased 

by -3%, -61.2%, -27%, -26.84%, and -

33.13%, respectively. Higher reinforcement 

ratios enhance tensile strength and crack 

resistance, but excessive reinforcement can 

negatively affect the collapse mode, 

shifting from diagonal tension to shear-

compression collapse. High reinforcement 

ratios may lead to insufficient crack 

warnings, raising significant safety 

concerns.  

3) Designing FLC beams with varying 

shear spans and reinforcement ratios 

necessitates careful attention to relevant 

design codes and standards. The results of 

the theoretical to experimental shear 

strength ratio validate the effectiveness of 

the current study’s model and the AS 3600 

(2018) model in accurately predicting the 

shear strength of fiberglass lightweight 

concrete girders. 
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