
*Corresponding author e-mail: a.yassen@kma.edu.eg    
© 2026 NSP 
Natural Sciences Publishing Cor. 

  
 Appl. Math. Inf. Sci. 20, No. 3, 575-605 (2026)   575 

      Applied Mathematics & Information Sciences 
       An International Journal 

            http://dx.doi.org/10.18576/amis/200301                                                                                       

Hybrid Fiber-Reinforced Lightweight Concrete with EPS and 
Perlite: Density-Driven Mechanical and Structural 
Performance, Schmidt Hammer Calibration, and Microplane 
Modeling for Construction Applications 
Ahmed M. Yassin1,*, Omar M. Abu Seada1, Mohamed M. Badawi1, Ibrahim H. El-Rashidi1, Mariam S. Elsayed1, Mostafa 
R. Nassar1, Mohamed H. Sarhan1 and Mohamed Ahmed Hafez2 

1 Civil Engineering Department, Higher Institute of Engineering and Technology, King Marriott, Egypt 
2 Faculty of Engineering and Quantity Surveying, INTI-International University, Malaysia  
Received: 12 Jan. 2026, Revised: 20 Feb. 2026, Accepted: 26 Feb. 2026 
Published online: 1 May 2026 

Abstract: In this study, the Egyptian sources are used to analyze the mechanical and flexural capabilities of a lightweight 
fibre reinforced concrete (LWFRC) integrating hybrid steel and polypropylene fibres at various concrete densities with 
expanded polystyrene (EPS) and perlite. Three LWFRC density classes exist: 1200, 1500, and 1800 kg/m³. To achieve the 
target density, the EPS (20-40% volume) and perlite (0-20% volume) ratios were modified, together with fly ash and silica 
fume as cementitious ingredients. Workability, density, compressive strength, splitting tensile strength, and flexural behavior 
were tested in this study. Non-destructive Schmidt hammer calibration curves were constructed to forecast compressive and 
splitting tensile strengths in three orientations (downward, horizontal, and upward). The coupled damage-plasticity microplane 
model in ANSYS Workbench 2023 R2 was used to compare advanced finite element modelling findings with experimental 
data. Lowering EPS and perlite ratios from 50% to 30% increases density from 1200 to 1800 kg/m3 and compressive force 
from 5 to 27 MPa, a 5-fold increase. The ratios of fsp/√(fcu) and fctr/√(fcu) rise from 0.55 to 0.91 and 0.72 to 1.04, respectively, 
as density increases. These values exceed Egyptian Code ECP 203-2025's normal-weight concrete restrictions (0.42 and 0.60). 
Finite element analysis properly predicted maximum load and flexural strengths. The economic analysis found that LWFRC 
costs 132-to-281 times more than normal concrete and has 24-52 times less material density. Weight-reducing EPS is cheaper 
and more efficient than perlite. To optimize LWFRC blending with Egyptian materials, the paper presents crucial design 
equations, calibration curves, and proven numerical modelling methods. This will boost resilient building and lightweight 
concrete requirements.  

Keywords: Lightweight Fiber Reinforced Concrete (LWFRC), Non-Destructive Schmidt Hammer, EPS, Perlite, Hybrid 
fiber, Microplane Model. 
 
1. Introduction  

The goal of enhancing civil engineering materials is to make 
buildings more useful, long-lasting, and effective at fulfilling 
their intended purposes [1, 2]. Lightweight concrete (LWC) 
is better for applications that require less weight, improved 
insulation, and reduced cracking. Considerable research has 
been dedicated to exploring the implementation of eco-
friendly green products in the construction industry through 
recycling agricultural waste. This approach aims to mitigate 
environmental pollution and promote sustainable practices in 
industrial waste management.  Some research performed on 
LWFRC has shown good results, especially under impact 
load [3, 4]. According to ACI 319-25 [5], Lightweight 
concrete is concrete containing lightweight aggregate and 
having an equilibrium density, as determined by ASTM 
C567, between 1440 and 2160 kg/m3. In addition, structural 
lightweight concrete is made with lightweight aggregate and 
has an air-dry density of not more than 1850 kg/m³, with a 
compressive strength of not less than 17 MPa. This is 

especially true when used with modern aggregates like 
perlite, expanded polystyrene (EPS), and other fibers [6-11].  
In the last few decades, more and more people have started 
using hybrid fiber reinforcement. This type of reinforcement 
uses a mix of fibers, such as steel, polypropylene, glass, 
carbon, and basalt. This method is meant to make concrete 
stronger, more flexible, longer-lasting, and less likely to 
crack, especially in places where earthquakes and other harsh 
conditions are common [12-18]. 

This literature review provides a comprehensive 
examination of over 30 experimental and numerical 
studies addressing the effects of EPS and perlite content 
on the mechanical properties and flexure behavior of 
lightweight fiber-reinforced concrete (LFRC) with hybrid 
fibers. Key findings regarding mechanical indices 
(strength, ductility, toughness), durability (freeze–thaw, 
fire resistance), density variations, and microstructure 
improvements are synthesized from recent high-impact 
publications and state-of-the-art reviews. 
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Concrete density can be decreased by up to 25 to 30 
percent by replacing conventional aggregates with 
lightweight ones like perlite and EPS beads. As a result, 
minimal foundation work and structural dead load are 
needed [19]. Steel and polypropylene are two examples of 
fiber types that can be combined to create hybrid fiber 
systems, which combine the greatest features of both 
materials. Steel adds strength, while synthetic fibers 
improve ductility and crack control. These elements work 
better together than they do separately [20]. Within 
Thirdly, Perlite and EPS are two lightweight fillers. Even 
while EPS reduces weight, its strength may be 
compromised unless it is reinforced with fibers. Perlite 
provides a moderate density reduction along with 
enhanced fire protection and thermal insulation [6, 21].   

Experimental work showed that adding steel fibers to EPS 
lightweight concrete at 0.75–1.5% by volume improved 
flexural and splitting tensile strength by up to 80% and 
46%, respectively. However, the compressive strength 
may be lower than that of traditional LWC. The risk of 
brittle failure is much lower, and the ability to bend after a 
crack is much higher [6, 22].  

Higher EPS replacement rates (25% vs. 50%) lead to a 
significant drop in density and compressive strength. 
However, well-designed hybrid fiber systems can 
compensate for much of the loss in split tensile and 

flexural strength. The best mixes enable the creation of 
lightweight structural concrete or concrete with medium 
strength [6, 16, 22-24].  

Lightweight concrete with perlite and hybrid fibers (like 
steel and polypropylene or waste steel) shows 
improvements in compressive strength of 18–48%, 
flexural strength of 26–41%, and significant ductility. 
Mixes that use perlite also improve fire resistance and 
thermal performance, which is important for building 
envelopes [17, 21].  

Studies examining combinations (e.g., carbon + 
polypropylene, steel + glass) consistently demonstrate 
enhanced toughness and ductility indices (by 12–37%) 
compared to mono-fiber mixes, alongside delayed crack 
propagation and superior impact resistance, especially in 
mixes incorporating EPS or perlite [20, 25-27]. 

Adding hybrid fiber blends has a big effect on the 
Flexural, Tensile, and Toughness Characteristics. Makes 
flexural strength and energy absorption better. Makes the 
load-deflection response more flexible. The failure mode 
changes from brittle to ductile, even in mixes with a lot of 
EPS [6, 16, 22, 27, 28]. The density is kept low (1600–
1850 kg/m³ is normal for hybrid-fiber EPS LWC), making 
it useful in situations where dead load is important. Table 
1 gives a summary of the mechanical properties of the 
previous studies on LWFRC.   

Table 1: Summary of the mechanical properties of the previous studies on LWFRC [6-12, 14, 15, 17, 19, 21-24, 26, 29-
31]. 

Study Fiber Type Lightweight 
Aggregate 

Density Range 
(kg/m3) 

Compressive 
Strength (MPa) 

Split Tensile 
Strength 
(MPa) 

Flexural 
Strength 
(MPa) 

Szelag (2018) Basalt-Polypropylene Perlite 1200-1650 31.4 3.4 5.3 
Nayak et al. (2022) Steel-Polypropylene Various 1000-1600 22.8 2.5 4 
Silva et al. (2022) Steel Perlite 1100-1600 24.5 2.6 4.3 
Liu et al. (2022) Polypropylene-Steel Perlite 1200-1600 28.7 3 4.8 
Brown et al. (2022) Steel Various 1200-1700 30.1 3.2 5 
Lee et al. (2022) Basalt EPS 1400-1800 37.2 3.9 6.4 
Smith et al. (2022) Basalt-Steel Various 1300-1900 35.9 3.8 6 
Chen et al. (2023) Basalt LWAC 1100-1500 26.7 2.7 4.5 
Wang et al. (2023) Steel-Polypropylene Various 1200-1700 29.6 3.1 4.9 
Thompson et al. 
(2023) 

Polypropylene LWAC 1200-1500 27.8 2.9 4.6 

Kim et al. (2023) Basalt EPS 1400-1900 36.8 3.8 6.2 
Anderson et al. 
(2023) 

GFRP LWAC 1300-1800 32.4 3.3 5.5 

Rossi et al. (2023) Polypropylene LWAC 1100-1600 25.6 2.7 4.1 
Martinez et al. (2023) Glass Perlite 1100-1500 22.9 2.3 3.8 
Wilson et al. (2023) Basalt EPS 1300-1800 33.6 3.5 5.6 
Kumar et al. (2023) Steel Perlite 1200-1600 26.8 2.8 4.5 
Davis et al. (2023) Glass LWAC 1000-1600 21.7 2.4 3.9 
Clark et al. (2023) Hybrid Multiple Multiple 1100-1700 28.4 2.9 4.7 
Al-Azzawi et al. 
(2024) 

Steel EPS 1200-1600 25.3 2.8 4.2 

Hameed et al. (2024) Kevlar Perlite 1100-1500 30.5 3.2 5.1 
Zhang et al. (2024) Polypropylene Cenosphere 900-1300 18.7 2.1 3.8 
Kumar et al. (2024) Glass EPS 1300-1700 28.9 2.9 4.7 
Li et al. (2024)  Basalt EPS-LWAC 1400-1800 35.2 3.5 5.8 
Rodriguez et al. 
(2024) 

Corn Straw EPS 1000-1400 19.3 2.3 3.6 

Ahmed et al. (2024) Basalt-Polypropylene EPS 1300-1800 33.1 3.6 5.7 
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GarcÃa et al. (2024) Glass EPS 1000-1400 21.2 2.4 3.9 
Patel et al. (2024) Steel-Glass Various 1100-1700 26.3 2.8 4.4 
Yamamoto et al. 
(2024) 

Basalt EPS 1000-1500 20.9 2.2 3.7 

Johnson et al. (2024) Glass-Basalt EPS-Perlite 1300-1900 34.7 3.7 5.9 
Singh et al. (2024) Natural LWAC 1000-1600 23.4 2.5 4.2 
Taylor et al. (2024) Steel-Polypropylene Various 1200-1700 29.3 3.1 4.9 
Zhao et al. (2024) Glass LWAC 1000-1400 18.5 2 3.5 
Chen et al. (2024) Polypropylene EPS 1100-1700 24.1 2.6 4 
White et al. (2024) Carbon EPS 1200-1800 32.3 3.3 5.2 

It also demonstrates good behavior in terms of its 
durability under adverse conditions. Freeze–Thaw 
Resistance: Hybrid fiber systems with EPS or perlite 
retain higher fractions of original compressive and 
flexural strength after 100–150 cycles (strength reductions 
controlled to <15%, vs >25% in fiber-free concrete) [19]. 
Perlite- and EPS-based fiber-reinforced lightweight 
concretes exhibit superior post-fire strength and integrity 
owing to their low aggregate heat conductivity and fiber 
bridging capabilities [31].  

Scanning electron microscopy and microscopic analyses 
demonstrate that hybrid fibers mitigate microcracking by 
spanning the matrix-aggregate interfaces. Excessive fiber 
volume larger than or equal 1.5% may create weak zones, 
highlighting the necessity for mix optimization  [16, 17, 
21, 25].  

Numerical parametric studies complement experiments, 
showing optimal ranges for fiber dosage (typically 0.75–
1.5% by volume each for steel/synthetic blend), EPS (20–
30%), and perlite (up to 40%) for target density and 
performance, aligning with ASTM and EN standards [29, 
30, 32]. Lightweight hybrid fiber concrete employing 
EPS/perlite is increasingly referenced in international and 

local concrete codes for both structural and 
thermal/acoustic criteria, with industry case studies (e.g., 
high-rise construction in soft soils or seismic zones) 
reporting successful long-term performance [19]. 

Prevalent codes and standards offer recommendations for 
structural lightweight concrete, including Fib Bulletin 4 
[33], Fib Bulletin 8 [34], ACI 213R-14 [35], ACI 318-25 
[5], Eurocode 2 [36], BS 8500 [37], and Fib Model Code 
2020 [38]. Certain codes [36, 39, 40] lack analytical 
equations for assessing the impact of fibers on the 
structural performance of concrete structures. ACI 318-25 
[5] established new regulations for minimum shear 
reinforcement. The fib Model Code 2020 [38] delineated 
the impact of fibers on the structural performance of 
concrete structures. Moreover, various recommendations 
for the design of fiber-reinforced concrete (FRC) have 
been established (CNR-DT 204/2006, JSCE No.82-2008, 
AFGC 2013, and ACI 544.4R-18) [41-44]. ACI 544.4R-
18 [44] established that 0.3 mm in diameter delineates the 
boundary between micro-fibers and macro-fibers. The 
Egyptian code did not offer guidelines for lightweight 
concrete or lightweight fiber concrete. Table 2 provides a 
summary of the prevalent building design code 
suggestions for LWC and LWFRC. 

Table 2: Summary of the common codes recommendations for LWC and  LWFRC. 
Parameter LWC  

ACI/ASTM (US) 
LWC  
Eurocode 2 
/ EN 

LWC  
BS 8500 

LWC  
fib Model Code 2020 

LWFRC / LWFC 
(General) 

Density 
range 

1120-1920 kg/m³ 
(ACI 213R) 

800-2000 
kg/m³ (EN 
206-1) 

Matches EN 206 
limits, subdivided into 
strength and durability 
classes 

Same as EC2, includes 
performance-based 
classification 

Same as LWC, 
addition of fibers 

Aggregate Lightweight 
aggregate 

Lightweight 
aggregate 

Lightweight aggregate Lightweight aggregate Lightweight 
aggregate 

Minimum 
strength 

≥17 MPa (ASTM 
C330/ACI 213R) 

LC12/13 to 
LC80/88 
(12 MPa 
cylinder) 

LC12/13 to LC80/88 LC8 to LC80 According to the 
design code, it could 
be ≥17 MPa 
(typically) 

Typical 
reduction 
factor (λ) 

0.75-0.85 for 
density range 
1440-2160 kg/m³ 

Applied via 
reduced γc 
and 
modulus 

Similar to Eurocode 2 
tables 

Calibrated via empirical 
compressive and tensile 
moduli 

According to the 
design code 

Fibers Not required Not 
required Not required Not required 

Dispersed fibers 
added per code 

This extensive literature review examined more than 35 
recent studies on lightweight fiber-reinforced concrete. It 
included hybrid fiber reinforcement systems, perlite 
aggregates, and EPS. The review shows that combining 

lightweight aggregates with hybrid fiber systems yields 
concrete densities between 900 and 1900 kg/m³, 
compressive strengths of 15 to 40 MPa, and flexural 
values ranging from 3 to 6.4 MPa. 
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The main findings show that hybrid fiber systems, 
especially those that combine steel with polypropylene or 
basalt with polypropylene, are more effective than single 
fiber reinforcement. Using EPS and perlite aggregates in 
concrete lowers its density. Additionally, adding 
composite fibers helps improve the weaker mechanical 
properties of lighter solutions. New artificial intelligence 
tools and numerical modeling have improved mix designs 
and how we evaluate their performance. Also, recent 
advancements in machine learning have shown great 
promise in various domains, which could explain 
relationships between various lightweight aggregates and 
different types of fibers to obtain the optimum LWFRC 
design mix, as in other fields that successfully use 
machine learning [45-52]. 

The development of rigorous design standards, the 
creation of databases tracking performance over time, and 
the promotion of smart concrete technologies with 
improved performance should be the primary goals of 
future studies. Achieving a harmonious coexistence of 
ecological consciousness, structural integrity, and reduced 
weight is the goal of continually improving light fiber-
reinforced concrete technology, which has great promise 
for sustainable building. Lightweight fiber-reinforced 
concrete using hybrid fiber for different concrete densities 
using Egyptian indigenous resources requires additional 
research into the effects of EPS and perlite content on 
mechanical characteristics and flexure behavior. The 
material's potential can only be realized with the 
establishment of new Egyptian standards for lightweight 
fiber-reinforced concrete constructions.  

Studying the impact of EPS and perlite content on the 
mechanical characteristics and flexure behavior of 
lightweight fiber reinforced concrete with hybrid fiber for 
different concrete densities using Egyptian indigenous 
materials is an intriguing and novel endeavor, according 
to the aforementioned literature. The first section of the 
research consists of an experimental study with three 
groups to examine the effects of various amounts of EPS 
and perlite, as well as fly ash and silica fume dosage, on 
the mechanical properties and flexural behavior of 
LWFRC with a hybrid fiber content of 1% (steel and 
polypropylene fibers). The second step is to conduct the 
Schmidt hammer test from three distinct angles 
(horizontal, downward, and upward) on the LWFRC 
cubes in order to forecast their compressive strength 
without destroying the material. Furthermore, the tensile 
splitting strength of the LWFRC cylinders was ascertained 
by means of an additional Schmidt hammer test. The final 
section is a numerical analysis that makes use of the 
microplane model, which was recently integrated into the 
ANSYS finite element program [53]. Multiple stress-
related laws on different planes describe material behavior 
in this model. For the rupture modulus of the LWFRC and 
many other non-experimentable outputs, this section aims 

to give a highly accurate modeling approach. 

2. EXPERIMENTAL PROGRAM 

The mechanical properties of the LWFRC were evaluated 
for various EPS, perlite, and differing amounts of fly ash 
and silica fume across nine mixes, utilizing conventional 
cube and cylinder dimensions as outlined in prevalent 
regulations. Furthermore, the flexural behavior has been 
examined utilizing standard beams as delineated in ECP 
203-2025 [40]. The material has been chosen based on 
prevalent reports, such as, Fib Bulletin 4 [33], Fib Bulletin 
8 [34], and ACI 213R-14 [35]. Ultimately, tests have been 
conducted utilizing the predominant guidelines and 
specifications, including ACI 213R-14 [35], ACI 318-25 
[5], Eurocode 2 [36], BS 8500 [37], and Fib Model Code 
2020 [38], and EN 206:2013 [54]. 

The extensive experimental study comprised nine 
mixtures: three LWFRCs aimed for a goal density of 
1,200 kg/m3, three mixed substances targeted a density of 
1,500 kg/m3, and the final three aimed for a density of 
1,800 kg/m3. The hybrid fiber concentration was 1%, and 
this constant value remained uniform throughout all 
mixes. Eighteen samples were evaluated for each mixture: 
six cubes measuring 150×150×150 mm (compression), six 
cylinders measuring 75×150 mm (compression), three 
cylinders measuring 75×150 mm (splitting), and three 
beams measuring 150×150×550 mm (flexure). The 
aggregate number of samples was 162. The results from 
individual samples for the same objective were averaged, 
and the mean value was utilized in the research. 

2.1 LWFRC Materials 

The LWFRC mixtures were formulated using locally 
sourced Portland-composite cement CEM I 52.5 N, 
adhering to ES 4756-1 standards, crushed limestone with 
a maximum nominal size of 12 mm and an abrasion index 
of 21.5% (measured by the Anglos apparatus), and natural 
siliceous sand with a maximum size of 4.75 mm and a 
fineness modulus of 2.64. Fig. 1 illustrates the grading of 
sand and crushed limestone employed in the LWFRC 
combinations. Water with a pH of 7, suitable for 
consumption, was employed for both casting and curing. 
Moreover, the mixture is often formulated and utilized in 
compliance with ASTM C494 specification type F and is 
derived from polycarboxylate. Because lightweight 
aggregate affects workability, LWFRC necessitates the 
incorporation of a Superplasticizer (SP) to attain an 
acceptable level of workability. 
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Fig. 1: Grading of crushed limestone used in the LWFRC 
mixes. 

 
Fig. 2: Grading of sand used in the LWFRC mixes 

Class F fly ash according to ASTM 618 was employed for 
LWFRC, as indicated in Table 3, with 5% retained on a 
750 μm sieve and a specific gravity of 2.25. Furthermore, 
silica fume, including 95.2% SiO2 and adhering to ASTM 
C1240 standards, was utilized in the formulation of the 
LWFRC mixes, as detailed in Table 3. In addition, Table 
3 presents the chemical composition and physical 
properties of Ordinary Portland Cement (OPC), fly ash, 
and silica fume. Using X-Ray Fluorescence (XRF), the 
chemical compositions of fly ash type F, silica fume, and 
CEM I 52.5 N were examined. 

Expanded perlite (EP) is a naturally occurring amorphous 
volcanic glass that is generated by increasing its original 
volume over 35 times through high-temperature heating 
(700 °C to 1100 °C). The technical and Physical 
properties of Fine Expanded Perlite are shown in Table 4. 
Additionally, Fine Expanded Perlite produced by CMB 
Company is shown in Fig. 3. Expanded Polystyrene 
Spheres (EPS) were used to produce fibre-reinforced 
lightweight concrete. The size of the EPS balls used in the 
FRC Mixture is shown in Fig. 4. 

Micro Polypropylene (PP) and Macro End-Hooked Steel 
(ST) fibers were the two types of fibers used, as illustrated 
in Fig. 5 and Table 5. Micro (PP) fibers measured 12 mm 
in length and had an aspect ratio (Lf/df) of 400, where Lf 
and df represent the fiber's length and diameter, 
respectively. PP fibers complied with ASTM C1116 Type 
III and BS EN 14889-2 standards. However, ST Fibers' 

aspect ratio (Lf/df) of 50 complies with ASTM A820 
standards. 

Table 3: Chemical compositions and physical properties 
of CEM I 52.5 N, Fly ash type F, and Silica fume. 

Items 
Chemical Composition )%(  
CEM I 52.5 
N 

Fly 
Ash 

Silica 
Fume 

SiO2 20.80 58.68 95.20 
Al2O3 4.60 27.70 0.44 
Fe2O3 2.80 5.41 0.70 
CaO 65.40 1.84 1.01 
MgO 1.90 0.72 0.10 
SO3 2.20 0.23 - 
Na2O 0.31 0.23 0.10 
K2O 0.44 1.20 < 0.01 
TiO2 - 2.22 0.05 
Cl 0.04 0.04 - 
Lol - 0.87 2.19 
MnO - 0.03 0.01 
P2O5 - 0.58 < 0.01 
Cr2O3 - - - 
Free CaO 0.32 - - 
Insoluble 
residue 1.19 - - 

Hexavalent 
Chromium 1.91(PPM) - - 

    
Specific 
gravity 3.15 2.32 2.21 

Average 
particle size 1-10 µm 0.19 

µm 0.11 µm 

Specific 
surface area 
(m2/g) 

0.385 10 18 

Density - 0.60 
(kg/L) 

0.55 
(kg/L) 

 
Fig. 3: Fine expanded perlite used in the LWFRC mixes. 
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Fig. 4: The size of EPS used in the LWFRC mixes. 
Table 4: Physical properties of fine expanded perlite used 
in the LWFRC mixes 

Appearance / Color  Greyish white 
Bulk- Density  142-149 kg/m3 
Moisture  0.1-0.3% 

 
a) End-hook steel fiber 

 
b) Polypropylene fiber 

Fig. 5: Fibers used in the LWFRC mixes: a) End-hook 
steel fiber and b) Polypropylene fiber. 

Table 5: Fiber properties used in the LWFRC mixes 
Fiber Steel polypropylene 
Material Steel polypropylene 
shape End-Hook Straight 
Length, lf (mm) 30 12 
Thickness (mm) 0.5 0.03-.032 
Cross section rectangular rounded 
Equivalent diameter, 
df (mm) 

0.6 0.03 

Density (kg/m3) 7800 910 
Modulus of 
Elasticity (N/mm2) 

200000 5500-5700 

Tensile strength 
(N/mm2) 

>1000 350 

2.2 Variables and Mixture Proportions 

To investigate the flexural behavior and mechanical 
characteristics of LWFRC with different densities, nine 
mixtures were made. Based on the type-specified target 
density, all nine mixtures are categorized into three 
groups. Table 6 lists the compositions for each of these 
mixes. 

Table 6: Mix proportions for LWFRC. 
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L6 D15S 350 --- 50 

G
ro

up
 3

 L3 D18C 500 --- --- 

--- 6 400 500 200 12 0.40 --- 30 L4 D18F 450 50 --- 

L9 D18S 450 --- 50 

*W/B: The ratio between the weight of water and the total weight of binder. 

Group 1: Effect of EPS and Perlite on LWFRC With 
Density of 1200 kg/m3 

This group consists of three mixtures (D12C, D12F, and 
D12S), which are designed to achieve a target density of 
1200 kg/m3. All mixtures of this group contain EPS with a 
volume content of 40%, perlite with a volume content of 
10%, and a hybrid fibre volume content of 1% (0.5% PP + 
0.5% ST). The main variables in this group are binder 
material type and content; for mix D12C, the binder was 
only cement CEMI 52.5N at 400 kg/m3. For D12F, the 
binder was cement CEMI 52.5N and fly ash at 350 kg/m3 
and 50 kg/m3, respectively. In addition, for D12S, the 
binder was cement CMI 52.5N and silica fume at 350 
kg/m3 and 50 kg/m3, respectively. 

Group 2: Effect of EPS and Perlite on LWFRC With 
Density of 1500 kg/m3 

D15C, D15F, and D15S are the three mixtures in this 
group that are intended to reach the target density of 1500 
kg/m3. Twenty per cent EPS, 20 per cent perlite, and 1 per 
cent hybrid fibre volume (0.5 % PP + 0.5% ST) are 
present in all of this group's mixtures. The types and 
contents of the binder materials are the primary variable 
for this group. For mix D15C, the binder was only cement 
CMI 52.5N at 400 kg/m3. Cement CMI 52.5N and fly ash, 
with respective contents of 350 and 50 kg/m3, served as 
the binder for D15F. Furthermore, silica fume and cement 
CMI 52.5N, with respective contents of 350 and 50 kg/m3, 
served as the binder for D15S. 

Group 3: Effect of EPS and Perlite on LWFRC With 
Density of 1800 kg/m3 

The three mixtures in this group, D18C, D18F, and D18S, 
are intended to reach a target density of 1800 kg/m3. 
Thirty per cent EPS, zero per cent perlite, and 1% hybrid 
fibre volume are present in all of this group's mixtures 
(0.5% PP + 0.5% ST). This group's primary variable is the 
types and contents of the binder materials. For mix D18C, 
the binder was only cement CEMI 52.5N at 450 kg/m3. 
Cement CEMI 52.5N and fly ash, with respective contents 
of 400 and 50 kg/m3, served as the binder for D18F. 
Furthermore, the binder for D18S consisted of silica fume 
at 50 kg/m3 and CEMI 52.5N at 400 kg/m3. 

2.3 Producing Test Specimens and Formulating 
Casting Mixtures 

Crushed limestone, sand, EPS, perlite, cement, and 
additional material (fly ash or silica fume, if available) 
were combined for one minute in order to create all mixes.  
After that, two minutes were spent mixing in 3/4 of the 

water.  Next, a quarter of the water and the 
superplasticizer are added to the mixture, and it is stirred 
for three minutes.  Lastly, to guarantee a consistent 
distribution, fibers were added gradually by hand while 
mixing.  Following that, the specimens were cast in 
compliance with EN 12390-2 [54]. The samples spent 
twenty-four hours in a mold.  At room temperature, these 
mixes were allowed to cure for 28 days.  

In accordance with ECP203-2025 and EN 12390-3 [54], 
the compressive strength of each LWFRC combination 
was measured using six cubes (150×150×150 mm) and six 
cylinders (diameter × length = 75×150 mm).  It should be 
mentioned that tests were conducted on the cubes and 
cylinders to ascertain the various correlations between 
their compressive strengths. 

Furthermore, as seen in Fig. 6, three 75×150 mm 
cylinders were tested to ascertain each LWFRC mixture's 
tensile splitting strength in accordance with EN 12390-6 
[54] and ECP203-2025 [40] requirements. 

For each LWFRC mixture, the flexural tensile strength 
was determined by performing three-point bending tests 
on three prismatic specimens of Length × Width × Height 
= 550 × 150 ×150 mm in accordance with EN 12390-5 
[54] and ECP203-2025 [40]. The distance between 
supports was 450 mm. Fig. 6 shows the dimensions of the 
prismatic specimens accepted by EN 12390-5 and 
ECP203-2025, whereas Fig. 7 shows the mold of the 
beam before its casting. 

 
a) Splitting test 

150 

75 
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b) Flexure test 

Fig. 6: The specimen's necessary dimensions for the 
following tests: a) splitting test and b) flexure test 
(measurements in millimeters). 

 
Fig. 7: The beam's mold prior to casting. 

2.4 Methods of Testing 

According to ACI 544.9R-17 [55], the slump test (ASTM 
C143/C143M, EN 12350-2, and ECP 203-2025) is 
commonly used as a straightforward field test to assess the 
workability of conventional vibrated LWFRC 
combinations. 

ASTM C567, "Standard Test Method for Determining 
Density of Structural Lightweight Concrete," which 
addresses both oven-dry and equilibrium density for 
lightweight structural concrete utilizing lightweight 
aggregates that satisfy ASTM C330 standards, was 
followed in determining the density of LWFRC [5]. It 
should be noted that the specimen used for this test was a 
cube, not a cylinder. In addition, the density used in this 
test was the actual density of LWFRC, not the equilibrium 
density. 

In compliance with EN 12390-3, the compressive strength 
of the previously described cubes and cylinders was 
assessed by compressive testing after 28 days using a 
compression testing apparatus with a 2,000 kN capacity.  

In accordance with EN 12390-6 specification, the 
cylinders for the splitting tensile test were horizontally 
loaded in the compression testing apparatus to evaluate 
the tensile splitting strength after 28 days. 

The flexural tensile strength was calculated from a three-
point bending test on the beam shown in Fig. 6, in 
accordance with EN 12390-5. Fig. 8 shows the setup for 
all these tests. 

Additionally, the Schmidt hammer test is used on LWFRC 
cubes in three distinct orientations (horizontal, downward, 
and upward) to forecast the compressive strength of 
LWFRC in a non-destructive manner.  To ascertain the 
tensile splitting strength, the LWFRC cylinders underwent 
an additional Schmidt hammer test. The Schmidt hammer 
utilized in this investigation is depicted in Fig. 9.  It 
should be mentioned that specimens were subjected to the 
Schmidt hammer test prior to the tensile splitting strength 
and compressive strength tests. 

 
a) Test setup for the slump test 

 
b) Test setup for calculate the density after 28 days 

450 

150 

150 
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c) Test setup for compression test of the cube  

 
d) Test setup for compression test of the cylinder 

 
e) Test setup for splitting tensile test  

 
f) Test setup for the flexural tensile strength 

Fig. 8: Test setup for the tested specimens. 

 
Fig. 9: Schmidt hammer used in this study. 

3. Results and Discussions 

3.1. Workability 

Concrete is divided into five classes (S1, S2, S3, S4, and 
S5) based on the slump test, per EN 206:2013 [54]. The 
slump values for each combination are shown in Table 7.  
Very low workability was indicated by a slump of less 
than 50 mm for all LWFRC mixtures in all three groups 
(S1).  The slump test results for LWFRC mixture D12F in 
group 1 are displayed in Fig. 10. 

 
Fig. 10: The slump test for LWFRC mix D12F. 

In group 1 of LWFRC mixes with a density of 1200 
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kg/m3, the slump measurements were 30 mm for mix 
D12C, 33 mm for mix D12F, and 35 mm for mix D12S.  
This group exhibits reduced slump values, potentially 
because of the elevated total volume content of EPS and 
perlite (50%).  

 For group 2 of LWFRC mixes with a density of 1500 
kg/m3, the slump measurements were 34 mm for mix 
D15C, 37 mm for mix D15F, and 40 mm for mix D15S.  
The overall volumetric content of EPS and perlite in the 
LWFRC mixes within this group was 40%.  

 For group 3 of LWFRC mixes with a density of 1800 
kg/m3, the slump measurements were 39 mm for mix 
D18C, 42 mm for mix D18F, and 45 mm for mix D18S.  
This group exhibits elevated slump values, potentially 
because of the reduced total volume content of EPS and 
perlite (30%).  The water-to-binder ratio in this group is 
lower than that in the other two groups. 

The results show that using EPS and perlite with a total 
volume content of 30% or more significantly reduces the 
workability of LWFRC mixes. It may be due to the fact 
that when EPS and perlite are combined in LWFRC, 
maintaining workability becomes more challenging due to 
their combined high absorption (perlite) and low 
cohesiveness (EPS), exacerbated by the presence of fibers, 
which further reduces fluidity, especially in the fiber 
where a hybrid between steel and polypropylene fibers 
[56, 57]. 

3.2 Density 

Table 7 presents the density values following casting and 
after 28 days for all LWFRC mixtures.  Furthermore, Fig. 
11 illustrates the correlation between density post-casting 
and density after 28 days for all LWFRC mixtures. 

 
Fig. 11: The relationships between the density after 
casting and the density after 28 days for all LWFRC 
mixes.  

A summary of the data derived from the graph showing 
the correlation between post-cast density and post-28-day 
density for lightweight fibre-reinforced concrete 
(LWFRC) mixtures is presented below. The scatter plot 
shows a strong linear relationship between the density 
immediately after application and that after 28 days. The 
determination coefficient (R²) is equal to 0.9972. This 
almost-perfect correlation shows that the density of fresh 
concrete in LWFRC mixes containing EPS and perlite is a 
good predictor of the density of hardened concrete. The 
regression equation y = 1.0257x-77.528 quantifies this 
relationship and shows that the density after 28 days can 
be estimated with a reasonable degree of confidence from 
the initial density at casting. 

After casting, the data points indicate a density range of 
approximately 1200 kg/m³ to 1800 kg/m³, consistent with 
the 28-day density range of 1150 kg/m³ to 1800 kg/m³. 
The closeness of the points along the regression line over 
the range indicates that the correlation remains constant 
regardless of the specific concentrations of EPS and 
perlite in the composition. This consistency is of great 
benefit to quality control as it shows that variations in the 
amount of lightweight particles do not change the basic 
relationship between fresh and hardened density.  

The increased R² has a significant impact on concrete 
production and guarantees its quality. Engineers and 
technicians can accurately predict the LWFRC density 
after 28 days by assessing the density of freshly mixed 
concrete immediately after preparation. This means they 
do not have to wait the full curing time to see if the 
desired density is achieved. This predictive capability 
facilitates rapid adjustment of mixture proportions during 
production and ensures consistency with the design 
specifications. This relationship indicates that the 
distribution of lightweight particles remains uniform as 
the material transitions from fresh to hardened, without 
segregation or bleeding affecting the final density.  

The slight increase in density (approximately 25-50 kg per 
m³, dependent on the mixture) is negligible in comparison 
to the overall density values, suggesting that the 
volumetric changes after dilution are minimal. This 
stability means that EPS beads and perlite particles remain 
fixed in the cement matrix during curing, and that the 
hydration process compensates for any small size 
variations. The absence of significant density loss 
indicates that the lightweight aggregates do not absorb 
excess water and do not degrade during curing. It is 
crucial to sustain the structural integrity and consistent 
performance of the LWF components. 

3.3 Compressive strength 

The compressive strength outcomes for each LWFRC 
mixture are shown in Table 7.  After 28 days, the cube 
compressive strengths for each specimen using a cube size 
of 150×150×150 mm and a cylinder size of 75×150 mm 
are displayed in Fig. 12.  The figure compares the cylinder 

y = 1.0257x - 77.528
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1000

1200

1400

1600

1800

2000

1,000 1,200 1,400 1,600 1,800 2,000

D
en

si
ty

 a
ft

er
 2

8 
da

ys
, (

kg
/m

3 )

Density after Casting, (kg/m3)



Appl. Math. Inf. Sci. 20, No. 3, 575-605 (2026)/ http://www.naturalspublishing.com/Journals.asp                                                   585 

 
        © 2026 NSP 
         Natural Sciences Publishing Cor. 

 

strength (fc/) and cube strength (fcu) values for nine distinct 
LWFRC specimens using compressive strength data, 

which is shown as a radar chart (a) and a bar chart (b). 

Table 7: Results for all LWFRC mixtures, including workability, density, compressive strength, tensile splitting 
strength, and modulus of rupture. 

Group Group 1 Group 2 Group 3 
Mix D12C D12F D12S D15C D15F D15S D18C D18F D18S 

Workability Slump 
(mm) 30 33 35 34 37 40 39 42 45 

Density (kg/m3) γ casting 1271.11 1214.81 1200.00 1588.15 1570.37 1549.63 1831.11 1795.56 1777.78 
γ 28 days 1214.81 1185.19 1155.56 1540.74 1525.93 1511.11 1828.15 1754.07 1739.26 

Compressive 
strength (N/mm2) 

fcu 5.04 5.18 5.34 11.42 12.00 12.66 25.80 25.89 26.21 
fc

/ 4.49 4.51 4.59 10.39 10.68 10.89 22.70 22.78 22.81 
fc

// fcu 0.89 0.87 0.86 0.91 0.89 0.86 0.88 0.88 0.87 
Tensile splitting 
strength (N/mm2) 

fsp 1.10 1.18 1.27 2.65 2.66 2.75 4.37 4.47 4.67 
𝒇𝒔𝒑 "𝒇𝒄𝒖⁄  0.49 0.52 0.55 0.78 0.77 0.77 0.86 0.88 0.91 

Modulus of 
rupture (N/mm2) 

fctr 1.55 1.65 1.70 3.00 3.20 3.40 5.00 5.10 5.30 
𝒇𝒄𝒕𝒓 "𝒇𝒄𝒖⁄  0.69 0.72 0.74 0.89 0.92 0.96 0.98 1.00 1.04 

fsp  / fctr 0.71 0.72 0.75 0.88 0.83 0.81 0.87 0.88 0.88 
 

 
a) 

 
b) 

Fig. 12: The compressive strength cylinders and cubes for 
the LWFRC mixes in this study. 

 

 

The experimental results reveal significant differences in 
the compressive strength of the different compositions. 
Samples can be classified into three different performance 
groups: 

• Group 1 (D12C, D12F, D12S), with EPS and perlite 
volume content of 50%, was classified as the low-
strength group; these samples had compressive 
strengths between 5.04 and 5.34 MPa, representing 
the minimum performance with minimal fibre or light 
aggregate incorporation. The strengths of cylinders 
and cubes show minimal variation, indicating 
consistent material behaviour at lower levels of 
strength. Also, it should be noted that the specimens 
with 50 kg/m3 of cement replaced by supplementary 
materials show improved compressive strength, 
especially the specimen with silica fume D12S. 

• Group 2 (D15C, D15F, D15S), with EPS and perlite 
volume content of 40%, classified as the medium-
strength group, demonstrated enhanced performance, 
exhibiting a compression factor of 11.42-12.66 MPa, 
about 100% greater than that of the low-strength 
group. This notable enhancement delivers an ideal 
fibre-to-aggregate ratio, enhancing the concrete 
matrix while preserving its density. Furthermore, it is 
noteworthy that specimens with 50 kg/m3 of cement 
replaced by supplementary materials exhibit enhanced 
compressive strength, particularly those containing 
silica fume D15S. 

• Group 3 (D18C, D18F, D18S), without perlite and with 
an EPS volume content of 30%, comprised the high-
strength samples, achieving compressive strengths of 
25.80-26.21 MPa, demonstrating the successful 
optimization of the lightweight fibre-reinforced concrete 
mixture design. The results indicate that lightweight 
concrete can attain the strength levels of structural-grade 
concrete. Furthermore, it is important to note that 
specimens with 50 kg/m3 of cement replaced by 
supplementary materials exhibit enhanced compressive 
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strength, particularly the specimen containing silica 
fume D18S. 

The relationship between the cylinder (fc/) and cube (fcu) 
strengths follows the expected trend, with cube strengths 
consistently higher than cylinder strengths across all 
samples. The strength ratio (fc//fcu) remains relatively 
constant at about 0.85-0.90, which is in line with the 
conversion factors that have been set. It should be noted 
that this ratio is nearly identical to the ratio proposed by 
ECP 203-2025 for normal-weight concrete. 

Fig. 13 illustrates the correlation between cube 
compressive strength and density after 28 days for the 
lightweight fiber-reinforced concrete (LWFRC) mixtures 
examined in this study.  The graphic illustrates a robust, 
nonlinear association between 28-day cube density and 
compressive strength.  The graphic indicates that the 
compressive strength of LWFRC may be predicted as a 
function of its density, utilizing a hybrid fiber content of 
1%, through a second-order polynomial relationship as 
follows: 

𝑓!" = 5 × 10#$	𝛾% − 0.1077	𝛾 + 65.31                   (Eq. 1) 

with 𝑅% = 0.961. 

Where: 

 fcu is the LWFRC compressive strength of a cube 
150×150×150 mm (N/mm2), and γ is the density of 
LWFRC after 28 days(kg/m3).  

The findings demonstrated that as the hardened density of 
lightweight fiber-reinforced concrete (LWFRC) escalates 
from roughly 1200 kg/m³ to 1800 kg/m³, the cube 
compressive strength increases significantly: 

• Low density (≈1200 kg/m³): Strength ≈ 5 MPa 

• Medium density (≈1500 kg/m³): Strength ≈ 12 MPa 

• High density (≈1800 kg/m³): Strength ≈ 27 MPa 

This suggests that a small increase in density produces a 
disproportionate increase in force once the threshold value 
(about 1500 kg/m³) is reached. 

 
Fig. 13: The relationship between the cube compressive 
strength and density after 28 days for LWFRC mixes in 
this study. 

Fig. 14 illustrates the fracture formation for the cubes and 
cylinders of all compositions.  The results demonstrate 
that decreasing the volume proportion of EPS and perlite 
from 50% to 30% increased the density from 1200 to 1800 
kg/m3, resulting in a substantial increase in concrete 
compressive strength from around 5 MPa to 
approximately 27 MPa.  Moreover, it is crucial to note 
that all LWFRC specimens in this investigation, with 50 
kg/m3 of cement replaced by supplementary materials, 
demonstrate improved compressive strength, especially 
those with silica fume (D12S, D15S, and D18S). 

 

 
Fig. 14: The fracture formation for all LWFRC mixtures, 
cubes, cylinders, and splitting in cylinders. 

3.4 Tensile splitting strength  

The fracture pattern of the cylinders splitting for each 
LWFRC mixture is displayed in Fig. 14.  The tensile 
splitting strengths of 75×150 cylinders for all mixes after 
28 days are displayed in Fig. 15 and Table 7. Generally, 
the tensile splitting strength for all mixtures shows the 
same trend as the cube compressive strength. The dual 
presentation format—radar chart (a) and bar chart (b)—
offers complementary perspectives on the data. The radar 
chart effectively illustrates the relative performance of all 
mixes simultaneously, making it easy to visualize the 
hierarchy of tensile strength across specimens. The nearly 
circular shape, with pronounced expansion toward the 
D18 series specimens, clearly shows the superior 
performance of high-density, fibre-rich mixes. The bar 
chart provides a more precise quantitative comparison, 
allowing for exact value determination and direct 

y = 5E-05x2 - 0.1077x + 65.31
R² = 0.961

0.00
5.00

10.00
15.00
20.00
25.00
30.00
35.00

1,000 1,200 1,400 1,600 1,800 2,000

Co
m

pr
es

si
ve

 S
tr

en
gt

h,
 f c

u
(M

Pa
)

Density after 28 days, (kg/m3)



Appl. Math. Inf. Sci. 20, No. 3, 575-605 (2026)/ http://www.naturalspublishing.com/Journals.asp                                                   587 

 
        © 2026 NSP 
         Natural Sciences Publishing Cor. 

 

magnitude comparisons between adjacent mix designs. 
Both representations confirm the step-wise improvement 
pattern across the three density levels. 

 
a) 

 
b) 

Fig. 15: The tensile splitting strength of all LWFRC 
mixes. 

The tensile splitting strength shows a distinct, systematic 
increase as the content of EPS and perlite decreases across 
the mix designs. Specimens from group 1 (D12C, D12F, 
D12S) demonstrate the lowest splitting tensile strengths, 
varying from 1.10 to 1.27 MPa, indicating the baseline 
performance of LWFRC with 50% volume content of EPS 
and perlite. As the volume content of EPS and perlite 
diminishes from medium-density specimens (D15C, 
D15F, D15S at 2.65-2.75 MPa) to high-density specimens 
(D18C, D18F, D18S at 4.37-4.67 MPa), the tensile 
splitting strength escalates by about 325% from the lowest 
to the highest performing mixtures. This significant 
enhancement highlights the essential role of EPS and 
perlite volume content in enhancing the tensile strength of 
LWFRC. 

The specimen identification pattern indicates that the 
supplemental material, when substituted with cement 
(denoted by the prefixes C, F, and S), yields generally 
uniform results within each density category, with 
differences of less than 10% among specimens of 

comparable density levels. The D18S specimen attained 
the maximum tensile splitting strength of 4.67 MPa, 
closely followed by D18F at 4.47 MPa and D18C at 4.37 
MPa, demonstrating that all three supplemental materials, 
when substituted for cement at the highest density level, 
exhibit remarkable performance. The intermediate group 
(D15 series) is quite consistent, with values ranging from 
2.65 to 2.75 MPa. This means that the behavior at this 
compositional level is stable and predictable. The fact that 
the density groups are identical shows that the quality 
control, mixing, and testing methods can be repeated. 

Fig. 16 shows the relationship between the tensile 
splitting strength (fsp) of all 75×150 mm LWFRC 
cylinders and the density after 28 days. The results reveal 
a strong correlation between concrete density (as indicated 
by the specimen designation) and tensile splitting 
strength. The D12 series (lowest density, with higher EPS 
and perlite content) exhibits the lowest tensile strengths 
due to reduced cement paste volume and the presence of 
more weak interfacial transition zones around lightweight 
aggregate particles. The D15 series shows approximately 
double the tensile strength, while the D18 series (highest 
density, lower lightweight aggregate content) achieves 
nearly quadruple the strength of the D12 series. This trend 
indicates that while lightweight aggregates successfully 
reduce density, they also create discontinuities in the 
stress transfer mechanism during tensile loading. The 
fibre reinforcement partially compensates for this effect, 
but the fundamental roles of paste density and aggregate 
volume fraction remain dominant in determining splitting 
tensile capacity. 

 
Fig. 16: The relationship between fsp and density after 28 
days for LWFRC mixes in this study. 

A significant, nonlinear escalation in splitting tensile 
strength (fsp) occurs with the augmentation of hardened 
concrete density, demonstrating that denser LWFRC 
mixtures demonstrate disproportionately enhanced tensile 
capacity.  The data are accurately represented by a 
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second-order polynomial regression as follows: 

𝑓&' = 3 × 10#(	𝛾% − 0.0044	𝛾 + 1.6656                 (Eq. 2) 

Where: 

 fsp is the LWFRC splitting tensile strength of a cylinder 
75×150 mm (N/mm2), and γ is the density of LWFRC 
after 28 days (kg/m3).  

With a coefficient of determination R2=0.9614. This high R2 
indicates that the second-order polynomial model accounts 
for over 96% of the variability in tensile strength across the 
tested density range. Fig.17 illustrates the correlation 
between the ratio 𝑓&' 2𝑓!"⁄  and the density after 28 days for 
all LWFRC mixtures. The ratio 𝑓&' 2𝑓!"⁄  was about 0.55 for 
LWFRC mixes with a density of 1200 kg/m3, about 0.77 for 
LWFRC mixes with a density of 1500 kg/m3, and 0.90 for 
LWFRC mixes with a density of 1800 kg/m3. It should be 
noted that the value of the ratio 𝑓&' 2𝑓!"⁄   for LWFRC 
exceeds the value (0.42) recommended by ECP203-2025 for 
normal weight concrete. The crack-bridging mechanism of 
fiber reinforcement is responsible for the significant increase 
in splitting tensile strength with increasing density in 
LWFRC. A vertical fracture plane is produced in the splitting 
tensile test when the specimen is subjected to tensile stresses 
perpendicular to the loading direction. The concrete matrix 
contains fibres that block potential fracture paths, preventing 
cracks from initiating and spreading. Greater tensile load-
carrying capacity is the result of a proportional increase in 
the number of fibers crossing any potential crack plane as 
fiber content rises. The roughly fourfold improvement from 
D12C to D18S shows that a sufficient dosage of fiber 
produces a more ductile reaction instead of the brittle tensile 
behavior that characterizes plain concrete. The figure clearly 
shows that tensile splitting strength is proportional to the 
square root of the compressive strength, and once the 
compressive strength is obtained, the tensile splitting strength 
can be expected as a ratio of (2𝑓!") with respect to the 
LWFRC density. 

 

Fig. 17: Ratio of 𝑓&' 2𝑓!"⁄  Versus the density after 28 

days for LWFRC mixes in this study. 

There is a strong, nonlinear increase in the ratio 𝑓&' 2𝑓!"⁄  
with increasing hardened concrete density, indicating that 
denser LWFRC mixes exhibit a disproportionately higher 
ratio 𝑓&' 2𝑓!"⁄ . The data are well described by a second-
order polynomial regression as follows: 

𝑓&' 2𝑓!"⁄ = −5 × 10#)	𝛾% + 0.0022	𝛾 − 1.3127    (Eq. 3) 

Where: 

fcu is the LWFRC compressive strength of a cube 
150×150×150 mm (N/mm2),  fsp is the LWFRC splitting 
tensile strength of a cylinder 75×150 mm (N/mm2), and γ 

is the density of LWFRC after 28 days (kg/m3).  

With a coefficient of determination R2=0.9548. This high 
coefficient of determination indicates that over 95% of the 
variability in normalized tensile capacity is explained by 
density alone. 

 

3.5 The Flexural behavior 

This section analyzes the flexural behaviour of each 
specimen by assessing the flexural tensile strength (fctr) 
and the modulus of rupture. The modulus of rupture (fctr) 
represents the maximum flexural tensile strength that a 
beam section can withstand, determined by Equation 4. 

𝑓!*+ =
,-!"#.
%/0$

                                                            (Eq. 4) 

Where: 

Fmax denotes the maximum applied flexural load (N), L 
represents the span of the beam (mm), b indicates the 
width of the beam (mm), and h signifies the height of the 
beam (mm). 

Fig. 18 illustrates the fracture forms of the tested beams 
subjected to flexural test for the LWFRC mixture D15F in 
this investigation.  Table 3 and Fig. 19 display the flexural 
tensile strength results for the two groups. Fig. 19 presents 
two charts: first, the radar chart highlights the relative 
performance hierarchy among all nine mixes, clearly 
showing the outward expansion for the D18 series. While 
the second, a bar-and-line chart, presents exact splitting 
strength values (solid bars) alongside flexural strength 
data as a dashed trendline, emphasizing the nonlinear 
increase in strength with density. 
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Fig. 18: The crack patterns of the tested beam D15F under 
flexure. 

 
a) 

 
b) 

Fig. 19: The flexural tensile strength of all LWFRC 
mixes. 

The flexural tensile strength exhibits an apparent, 
systematic increase as the proportions of EPS and perlite 
diminish in the mix designs. Specimens from group 1 
(D12C, D12F, D12S) exhibit the lowest flexural tensile 
strengths, ranging from 1.55 to 1.70 MPa, signifying the 
baseline performance of LWFRC with 50% volume 
content of EPS and perlite. As the volumetric proportions 
of EPS and perlite decrease from medium-density 
specimens (D15C, D15F, D15S at 3.00-3.40 MPa) to 
high-density specimens (D18C, D18F, D18S at 5.00-5.30 
MPa), the flexural tensile strength increases by 
approximately 325% from the lowest to the highest 
performing combinations. This notable improvement 
underscores the critical importance of EPS and perlite 
volume content in augmenting the tensile strength of 
lightweight fibre-reinforced concrete. Under bending, 
tensile stresses concentrate at the tension face, causing 
cracks that initiate at the bottom surface. Fibers intersect 
these cracks and transfer load across the opening through 
pull-out and debonding mechanisms. As density increases, 
1) The matrix confinement enhances fiber anchorage. 2) 
Interfacial transition zones around lightweight aggregates 
become less prevalent, reducing weak points. 3) The 
cumulative effect is a higher flexural capacity per unit 
fiber content. 

In general, the tensile splitting strength and the flexural 
tensile strength for all mixtures exhibit nearly identical 
trends. The ratio fsp / fctr is about 0.73 for LWFRC mixes 
with a density of 1200 kg/m3, about 0.84 for LWFRC 
mixes with a density of 1500 kg/m3, and 0.88 for LWFRC 
mixes with a density of 1800 kg/m3. Notably, the ratio of 
fsp / fctr for LWFRC is greater than the 0.70 value 
suggested by ECP203-2025 for normal-weight concrete. 

Fig. 20 shows the relationship between the concrete 
flexural tensile strength (fctr) and the density after 28 days 
for all LWFRC mixtures. The results reveal a strong 
correlation between concrete density (as indicated by the 
specimen designation) and flexural tensile strength. The 
D12 series (lowest density, with higher EPS and perlite 
content) exhibits the lowest tensile strengths due to 
reduced cement paste volume and the presence of more 
weak interfacial transition zones around lightweight 
aggregate particles. The D15 series shows approximately 
double the tensile strength, while the D18 series (highest 
density, lower lightweight aggregate content) achieves 
nearly quadruple the strength of the D12 series. This trend 
indicates that while lightweight aggregates successfully 
reduce density, they also create discontinuities in the 
stress transfer mechanism during tensile loading. The 
fibre reinforcement partially compensates for this effect, 
but the fundamental roles of paste density and aggregate 
volume fraction remain dominant in determining splitting 
tensile capacity. 
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Fig. 20: The relationship between fctr and density after 28 
days for LWFRC mixes in this study. 

There is a strong, nonlinear increase in flexural tensile 
strength (fsp) with increasing hardened concrete density, 
indicating that denser LWFRC mixes exhibit 
disproportionately higher tensile capacity. The data are 
well described by a second-order polynomial regression as 
follows: 

𝑓!*+ = 4 × 10#(	𝛾% − 0.005	𝛾 + 2.4284                  (Eq. 5) 

Where: 

 fctr is the LWFRC flexural tensile strength (N/mm2), and γ 

is the density of LWFRC after 28 days (kg/m3).  

With a coefficient of determination R2=0.9556. This high 
R2 indicates that the second-order polynomial model 
accounts for over 95% of the variability in flexural tensile 
strength across the tested density range. Fig.21 illustrates 
the correlation between 𝑓!*+ 2𝑓!"⁄  and the density after 28 
days for all LWFRC mixtures. The ratio 𝑓!*+ 2𝑓!"⁄  about 
0.72 for LWFRC mixes with a density of 1200 kg/m3, 
about 0.92 for LWFRC mixes with a density of 1500 
kg/m3, and 1.00 for LWFRC mixes with a density of 1800 
kg/m3. It should be noted that the value of the ratio 
𝑓!*+ 2𝑓!"⁄  , for all LWFRC with varied densities, exceeds 
the value (0.60) predicted by ECP203-2025 for normal-
weight concrete.  

 

Fig. 21: Ratio 𝑓!*+ 2𝑓!"⁄  versus the density after 28 days 
for LWFRC mixes in this study. 

There is a substantial, nonlinear increase in the ratio 
𝑓!*+ 2𝑓!"⁄  with increasing hardened concrete density, 
indicating that denser LWFRC mixes exhibit a 
disproportionately higher ratio 𝑓!*+ 2𝑓!"⁄ . The data are 
well described by a second-order polynomial regression as 
follows: 

𝑓!*+ 2𝑓!"⁄ = −5 × 10#)	𝛾% + 0.0019	𝛾 − 0.832      (Eq. 6) 

Where: 

fcu is the LWFRC compressive strength of a cube 
150×150×150 mm (N/mm2),  fctr is the LWFRC flexural 
tensile strength (N/mm2), and γ is the density of LWFRC 
after 28 days (kg/m3).  

With a coefficient of determination R2=0.9288. This high 
coefficient of determination indicates that over 92% of the 
variability in normalized flexural tensile capacity is 
explained by density alone. The findings demonstrate that 
the normalized flexural tensile efficiency of LWFRC 
increases with density but exhibits declining returns at 
higher densities, suggesting an optimal density range for 
effective fibre reinforcement in bending applications. 

3.6 Shemidit hammer 

For non-destructive surface hardness testing and 
compressive strength estimation of lightweight fiber-
reinforced concrete (LWFRC) containing hybrid fibers, 
the Schmidt hammer is appropriate [58, 59]. Compared 
with conventional lightweight mixes, research indicates 
that adding hybrid fibers (such as steel, glass, 
polypropylene, or mixtures) to lightweight concrete often 
results in a higher Schmidt rebound number, particularly 
after 28 days, which is directly correlated with improved 
compressive strength [60, 61]. 

Adding fiber to lightweight concrete raises rebound values 
more than adding it to regular-weight concrete. It also 
makes the surface harder and stronger when using the 
Schmidt hammer. [60, 61]. The rebound number from 
Schmidt hammer testing may not give an accurate picture 
of real compressive strength when compared to direct 
compression tests. However, it does give an accurate 
picture of how hybrid fibers affect surface and 
compressive strength [62, 63]. The substantial correlation 
between mechanical strength and rebound number 
validates the benefits of hybrid fiber-reinforced mixes; an 
elevated fiber content, especially in lightweight concrete, 
enhances both compressive strength and rebound value 
[60, 64]. 

The relationship between rebound values and compressive 
strength is influenced by aggregate type, fiber content, 
and density; therefore, results for LWFRC with hybrid 
fibers must be evaluated using calibration curves created 
for analogous combinations [60, 65]. 

 

y = 4E-06x2 - 0.005x + 2.4284
R² = 0.9556

0.00

1.00

2.00

3.00

4.00

5.00

6.00

1,000 1,200 1,400 1,600 1,800 2,000

f ct
r

(M
Pa

)

Density after 28 days, (kg/m3)

y = -5E-07x2 + 0.0019x - 0.832
R² = 0.9288

0.20

0.40

0.60

0.80

1.00

1.20

1,000 1,200 1,400 1,600 1,800 2,000
Density after 28 days, (kg/m3)

𝑓 𝑐𝑡𝑟
%𝑓 𝑐

𝑢
⁄

 



Appl. Math. Inf. Sci. 20, No. 3, 575-605 (2026)/ http://www.naturalspublishing.com/Journals.asp                                                   591 

 
        © 2026 NSP 
         Natural Sciences Publishing Cor. 

 

3.6.1 Compressive Strength  

The Schmidt hammer test was performed on all LWFRC 
cube specimens in three positions to calibrate the used 
shmedit hammer and obtain the compressive strength of 
LWFRC with hybrid fibres. Fig. 22 shows the three 
positions (downward, horizontal, and upward) performed 
during the Schmidt hammer test. 

 
a) downward 

 
b) horizontal 

 
c) upward 

Fig. 22: The three positions performed during the Schmidt 
hammer test used in this study: a) downward, b) 
horizontal, and c) upward. 

Fig. 23 shows the relationship between fcu and the rebound 
number for normal-weight concrete proposed by the 
Schmidt hammer used in this study. It is necessary to use 
bespoke calibration rather than general manufacturer 
curves because the type of aggregate, fibre content, and 
concrete density can all vary. The next calibration method 
used was as follows: 

1. At least six representative samples of the lightweight 
hybrid fiber composite must be manufactured, 
properly cured, and tested at appropriate ages.  

2. When the surface of each specimen is ready (it should 
be smooth, dry, and free of dust), measure the 
rebound number on a grid across its three faces and 
positions.  

3. Follow ASTM C39, EN 12390-3, or ECP 203-2025 
standards to test the compressive strength of the same 
samples.  

4. Use a statistical model, like linear regression, to 
graph the relationship between the recorded 
compressive strengths and rebound values. R² values 
not less than 0.92 are best.  

5. Use this curve to interpret results from in situ or 
similar lightweight hybrid-fiber concrete samples. 

 
Fig. 23: The relationship between fcu and the rebound 
number for normal-weight concrete proposed by the 
Schmidt hammer used in this study. 

Fig. 24 shows how fcu and rebound number are related for 
each cube at the three directions for LWFRC mixes in this 
investigation. Lightweight fibre-reinforced concrete 
(LWFRRC) combinations exhibit rebound-strength 
relationships different from those of regular normal-
weight concrete. This is shown by the rebound hammer 
results in Figs. 23 and 24. The direction of the 
measurement affects the estimated compressive strength. 
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Fig. 24: The relationship between fcu and the rebound number for LWFRC mixes in this study. 

The regular Schmidt-hammer curve (Fig. 23) and the 
polynomial approximations for the LWFRRC mixes (Fig. 
24) are very different from each other. All three 
orientations in Fig. 24 have higher rebound values for a 
given compressive strength than the normal-weight 
concrete curve. This change shows that adding lightweight 
fibers and aggregates makes the surface harder without 
making the cube stronger, which means that normal 
calibration curves are not safe for LWFRRC.  

The second-order polynomial regression that follows is 
based on three measurement directions: downward (effect 
on a downward-facing surface), horizontal (effect on a 
vertical surface), and upward (effect on the underside), as 
follows: 

Downward:  

𝑓!" = 0.0602𝑅% − 0.3192𝑅 − 13.519                     (Eq. 7) 

(with a coefficient of correlation R² = 0.9875) 

Horizontal:  

𝑓!" = 0.0686𝑅% − 1.7163𝑅 + 6.8747                     (Eq. 8) 

(with a coefficient of correlation R² = 0.9193) 

Upward:  

𝑓!" = 0.0915𝑅% − 4.7369𝑅 + 66.346                     (Eq. 9) 

(with a coefficient of correlation R² = 0.9818) 

In the underlying measurement, where fiber distribution 
and aggregate orientation are expected to affect local 
stiffness, the upward orientation shows the biggest 
intercept and the steepest quadratic coefficient. This 
means that the rebound sensitivity is higher.  

Second-order polynomials accurately show the connection 
between rebound and strength across orientations. This is 
shown by the high coefficients of determination (R2 > 

0.92) achieved in all regression analyses for LWFRRC 
mixes. The horizontal orientation has the lowest R2 
(0.9193), which means there is a little more spread. This 
could be because the surface finishing of vertical surfaces 
isn't always the same.  

The study emphasizes the imperative to create rebound 
calibration curves for LWFRRC tailored to distinct 
mixtures and orientations. When using standard Schmidt-
hammer correlations, the in-situ compressive strength may 
be very wrong. Using the suggested polynomial 
relationships will improve the accuracy of the non-
destructive strength test for lightweight fibre-reinforced 
concrete. 

3.6.2 Tensile splitting strength 

This part describes a Schmidt hammer test performed in 
the downward direction on LWFRC cylinders to calibrate 
a curve and obtain the splitting tensile strength of LWFRC 
with varied densities without destructive testing, as shown 
in Fig. 25.   Fig. 26 shows the results and the relationship 
between fsp of a 75×150 mm cylinder and the rebound 
number for LWFRC mixes in this study. 

 
Fig. 25: The pSchmidt hammer test performed in the 
downward direction on LWFRC cylinders. 
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Fig. 26 presents the correlation between the hammer 
rebound value (𝑅) and splitting tensile strength (𝑓&') for 
lightweight fiber-reinforced concrete (LWFRRC) mixes, 
captured by the polynomial equation: 

𝑓&' = 0.0022𝑅% + 0.1905𝑅 − 3.991                     (Eq. 10) 

with an impressive coefficient of determination, R2 = 
0.9966. 

 
Fig. 26: The relationship between fsp and the rebound 
number for LWFRC mixes in this study. 

The best 2nd-order polynomial trend shows that the fsp 
value rises faster as the rebound index increases, 
especially when the R value is above about 30. At higher 
mix strengths, the combined effect of lightweight particles 
and fibres may be seen in the increasing surface hardness 
and the strengthening of the internal matrix, as shown by 
this non-linear trend. The need for mix-specific curves is 
validated by the unique polynomial calibration for 
splitting tensile strength, which differs from the 
correlations for compressive strength shown in Figs. 23 
and 24. General calibrations for normal-weight concrete 

do not apply to LWFRRC because its matrix behaves in 
an atypical manner. 

Using a rebound hammer makes it easy and quick to 
measure the splitting tensile strength of fiber-reinforced 
lightweight concrete. This speeds up structural 
examinations and reduces the need for risky samples. 
Because the curve and the real data are so closely related, 
more research is needed to confirm this link across 
different mix changes (types of fiber, doses, aggregate 
gradations) and environmental factors. Nonetheless, the 
current equation offers a solid basis for the LWFRRC 
combinations examined in this study.  

The findings demonstrate that the calibrated rebound 
hammer test is a viable method for assessing the splitting 
tensile strength of LWFRRC. To determine the efficacy of 
similar combinations in situ, the formula derived from the 
study must be utilized. This would enable examination of 
the structure and quality of lightweight, fibre-reinforced 
concrete. 

4. Numerical Modeling of LWFRC Beams 

This part delineates the numerical analysis model for the 
examined LWFRC beams utilizing the Finite Element 
Modelling (FEM) software ANSYS Workbench 2023 R2 
[53]. The data encompasses discretized geometry, element 
section attributes, material specifications, analysis type, 
and output results. The specifications of the tested 
LWFRC beams are shown in Fig. 6. [18, 66]. 
Furthermore, Table 6 provides information on groups 1, 2, 
and 3 of the LWFRC-tested beams. 

4.1 Distinct Element Types and Geometry 

The three-dimensional eight-node element CPT215 was 
used to simulate the concrete beam.  Beams spanning 150 
× 150 × 550 mm were split into 12.5 × 12.5 × 12.5 mm 
pieces for analysis.  Fig. 27 shows the concrete beam 
meshing with the 8-node brick element CPT215. In 
contrast, the 50 x 150 mm steel loading cylinder and 
supports were split into 12.5 x 12.5 x 12.5 mm sections.  
Fig. 27 shows the 8-node brick element SOLID185 
representing the steel loading cylinder and supports.  

 
a) Geometry 
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b) Meshing 

Fig. 27: Modelling of LWFRC beams. 

4.2 Materials 

For concrete, a coupled damage-plasticity microplane 
model is used in CPT215, one of the concrete elements in 
ANSYS.  The study of Bazant and Gambarova, which 
predicts material behavior across a range of individual 
planes using stress-strain laws, served as the foundation 
for the microplane model.  By applying damage rules to 
specific potential failure planes, directional-dependent 
stiffness deterioration is simulated, yielding a 
macroscopic anisotropic damage formulation.  The model 
use 42 microplanes for numerical integration.  Since 
twenty-one microplanes are symmetrical—that is, each 
plane has the same normal direction—they are considered 
[53, 67, 68].  The model's implicit gradient regularisation 
introduces two additional degrees of freedom per node, 
implemented via a nonlocal field. The components of total 
strain are decomposed additively into elastic and plastic 
components [69-72].  To simulate concrete material in 
ANSYS utilizing a linked damage-plasticity microplane 
model, four parameter types—elasticity, plasticity, 
damage, and nonlocal—must be established, as illustrated 
in Table 8 [2].  

Table 8: Parameters for defining Material. 

Parameter 
Type 

Parameter 
Subtype Parameter 

The proposed 
value for 
LWFRC 
beams 

Material parameters for the concrete using the coupled 
damage-plasticity microplane model 

Elasticity ----- 
Modulus of 
elasticity, Ec 
(N/mm2) 

According to 
experimental 
results 

----- Poisson's ratio, uc 0.2 

Plasticity 
Drucker-
Prager yield 
function 

Uniaxial 
compressive 
strength, fc

’ 
(N/mm2) 

According to 
experimental 
results 

Biaxial 
compressive 
strength, fbc 
(N/mm2) 

1.15 fc
’ 

Uniaxial tensile 
strength, ft 

(N/mm2) 

According to 
experimental 
results 

Compression 
cap 

Intersection point 
abscissa between 
compression cap 
and Drucker-
Prager yield 
function, 𝜎'( 

𝜎'( = 	−	
2
3 𝑓)( 

The ratio between 
the major and 
minor axes of the 
cap, R 

2.0 

Hardening 

Hardening 
material constant, 
D 

40000 

Tension cap 
hardening 
constant, RT 

1.0 

Damage 

----- Tension damage 
thresholds, γt0 0.0 

----- 
Compression 
damage 
thresholds, γc0 

2e-6 

----- 
Tension damage 
evolution 
constants, βt 

0.4e4 

----- 
Compression 
damage evolution 
constants, βc 

0.25e4 

Nonlocal 

----- 
Nonlocal 
interaction range 
parameter, c 

156.25 (related 
to the length 
scale 
parameter (l) 
by the equation 
c=l2) 

----- 
Over-nonlocal 
averaging 
parameter, m 

2.5 

Material parameters for steel loading cylinder and steel 
supports 

Elasticity 

----- Poisson's ratio, us 0.3 

----- 
Modulus of 
Elasticity, Es 
(N/mm2) 

200000 

Plasticity 
----- Yield stress, fy 

(N/mm2) 500 

----- Plastic Modulus, 
Esc (N/mm2) 2100 

The behavior of the steel loading cylinder and supports 
under unidirectional loading was predicted using a 
bilinear stress-strain relationship. The Poisson ratio (νs), 
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yield strength (fy), tangent modulus (Esc), and modulus of 
elasticity (Es) must all be determined by the material 
model. 

4.3 Constraints and interactions 

The Multiple-Point Constraints (MPC) formulation was 
used in the ANSYS workbench to model the interaction 
between the beam surface and the steel plates and 
supports. Delineating the relationship between the two 
surfaces allowed for this to be achieved. As shown in Fig. 
28, the no-separation type was chosen. 

4.4 Boundary conditions and loads 

According to Fig. 28, the beam was loaded using a load 
control system that applied force through the steel loading 
plate, gradually increasing the load by 0.4 kN at each 
stage. The boundary conditions of the beam were 
considered simply supported. 

4.5 Type of analysis and outcomes 

ANSYS static structural analysis was performed on every 
circumstance in this investigation.   ANSYS solves 
nonlinear problems using Newton-Raphson. Material 
nonlinearity causes the current investigation nonlinear.  
Form nonlinearity was disregarded.  Our investigation 
yielded critical strain, force reaction, and stress data. 

 
a) Interaction between LWFRC beams and supports 

 
b) Loading 

Fig. 28: Interaction and Loading of LWFRC beams. 

4.6 Validation and Results of FEM 

The maximum loads and flexural tensile strengths for 
every LWFRC beam are listed in Table 9.  Comparing the 
outcomes of multiple specimens demonstrates how 

various conditions impact the intended beams' 
performance.  It closely looks at and contrasts the finite 
element method (FEM) results with the experimental 
findings. 

Table 9: The experimental and finite element model results of the LWFRC beams examined in the current study. 

Group Mix 
Ultimate load; Pu (kN) Modulus of rupture; fctr (N/mm2) 

(A) 
Experimental 

(B) 
FEM (A) / (B) (C) 

Experimental 
(D) 

FEM (C) / (D) 

Group1 
D12C 7.75 8.00 0.97 1.55 1.60 0.97 
D12F 8.25 8.40 0.98 1.65 1.64 1.01 
D12S 8.50 8.80 0.97 1.70 1.76 0.97 

Group2 
D15C 15.00 15.20 0.99 3.00 3.04 0.99 
D15F 16.00 16.40odel 0.98 3.20 3.28 0.98 
D15S 17.00 17.20 0.99 3.40 3.44 0.99 
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Group3 
D18C 25.00 25.20 0.99 5.00 5.04 0.99 
D18F 25.50 25.60 1.00 5.10 5.12 1.00 
D18S 26.50 26.80 0.99 5.30 5.36 0.99 

Mean 0.985 
STD 0.013 

COV % 1.324 
R2 0.9997 

Table 9 presents the ultimate loads (Pu) and modulus of 
rupture (fctr) values for each LWFRC beam examined in 
this study.  The results indicate that the FEM analysis 
precisely forecasted the ultimate loads for the evaluated 
LWFRC beams. The finite element method yields results 
approximately 0.99 times as effective as the experimental 
outcomes. It is essential to understand that all Finite 
Element Models (FEMs) operate in accordance with 
experimental behavior.  The findings validate that the 
concrete modeling employed in the study was precise and 
beneficial. 

The principal tensile total strains for the LWFRC beam 
D15S that was evaluated in this work are depicted in Fig. 
29. Two different loading phases were used to measure 
these stresses. As an additional point of interest, the 
principal tensile plastic strain values and distribution for 
the LWFRC beam D15S investigated in this study at two 

different loading stages—0.75 Pu and Pu—are shown in 
Fig. 30. When seen from the tension surface, the primary 
tensile strains may be interpreted as representing the crack 
pattern and its width [2, 18, 66]. In addition, the findings 
demonstrate that the crack patterns generated by the FEM 
and the experimental data are compatible with one 
another. 

Fig. 31 shows the normal strain distribution in the X-
direction for the LWFRC beam D15S under investigation. 
The distribution is displayed at the 0.75 Pu and Pu loading 
stages. The maximum compression strain value was 
concentrated around the limits of the loading area at the 
upper top fiber of the beam, based on the distribution of 
the normal strain in the X-direction. The normal strain's 
conduct served as evidence for this. During this time, the 
bottom fiber under the load position—which was situated 
in the center of the beam's span—was discovered to have 
the highest tensile strain value. 

 
a) P= 0.75 Pu 

 
b) P= Pu 

Fig. 29: The LWFRC specimen D15S's principal tensile strain at various load stages. 
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a) P= 0.75 Pu 

 
b) P= Pu 

Fig. 30: The plastic principal tensile strain for LWFRC specimen D15S at different load levels. 

The LWFRC specimen D15S that was examined in this 
investigation at two distinct loading stages—0.75 Pu and 
Pu—shows the usual stress values in the X-direction in 
Fig. 32.  Two distinct loading phases existed. 

The upper top fiber of the beam's maximum compression 
stress value was limited to the loading area's boundaries 
based on the distribution of normal stress in the X-
direction.  The loaded state of the beam served as 
evidence for this.  During this time, the bottom fiber in the 
mid-span of the beam had the highest tensile stress value.  
At the load position, all of this happened at once.  
Additionally, as Fig. 32 illustrates, the microplane model's 
impact of damage was evident in the stress distribution 
along the beam span, namely in the tensile bottom fibers.  
In the microplane model, this was especially apparent. 

Fig. 33 shows the ultimate load judgment from the FEM 

and the experimental results for the LWFRC specimens 
used in this investigation.  The average value of the 
experimental ultimate load to the FEM ultimate load was 
0.985, as seen in both Fig. 33 and Table 9.  Furthermore, 
the coefficient of variation (COV) and coefficient of 
determination (R2) were 1.324% and 0.9997, respectively, 
and the standard deviation (STD) was 0.013.  The table 
contains each of these values. 

The results of the finite element method (FEM) reveal that 
the microplane model effectively predicts the flexural 
behavior of lightweight fiber reinforced concrete 
(LWFRC) beams reinforced with hybrid fibers (steel and 
polypropylene) and lightweight aggregates, such as EPS 
or Perlite.  

 

 
a) P= 0.75 Pu 
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b) P= Pu 

Fig. 31: The normal strain for LWFRC specimen D15S in the X-direction at various load levels. 

 

 
a) P= 0.75 Pu 

 
b) P= Pu 

Fig. 32: LWFRC specimen D15S's normal stress in the X-direction at various load levels. 

 
Fig. 33: Comparison between the experimental and FEM ultimate load results. 
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This conclusion is reached after comparing the FEM 
results to the experimental outcomes. Using the ANSYS 
finite element program, a numerical study could be carried 
out on LWFRC beams in order to investigate the 
structural behavior of large-scale elements. This would 
result in a reduction of the substantial costs that are 
associated with experimental programs for large-scale 
LWFRC beams that incorporate hybrid fibers with 
lightweight aggregates, such as EPS or Perlite. 

5. The Effect of Utilizing LWFRC on the 
Economy 

Despite EPS or perlite being comparatively costly relative 
to normal-weight aggregate, their advantageous attributes, 
including diminished density that may result in reduced 
design dimensions, must be acknowledged in the 
economic assessment. The ultimate bending moment, Mu, 
for a standard reinforced concrete section utilizing 
LWFRC is calculated based on the force equilibrium in 
the cross-section illustrated in Fig. 34, as per Eqs. 11 to 
17.  Fig. 34 presents a schematic representation of a 
segment of a LWFRC beam, contrastingly illustrating the 
real distribution of normal stresses.  Furthermore, the 
simplified idealized distribution of normal stresses in the 
LIWFRC cracked section, as proposed by Yasin et al., 
[66], is illustrated Fig. 34. 

According to Fig. 34 and due to the equilibrium: 

𝑐 = 1.25𝑎                                                               (Eq. 11) 

𝐶 =	𝑇																									𝑤ℎ𝑒𝑟𝑒; 	𝑇 = 𝑇1 + 𝑇&               (Eq. 12)                                       

𝐶 = 0.67 × 1%&
2%
× 𝑏 × 𝑎                                           (Eq. 13) 

𝑇1 =
1'
2'
× 𝑏 × (ℎ − 1.25𝑎)                                     (Eq. 14) 

𝑇& = 𝐴& ×
1(
2)

                                                            (Eq. 15) 

𝑎 =
(4)×

*(
+)
6*'+'

×0×/)

/×(8.()×*%&+%
6:.%$×*'+'

)
                                           (Eq. 16) 

𝑀! = 𝑇" × (0.5 × ℎ − 0.125 × 𝑎) + 𝑇# × 0𝑑 −
$
%
2         (Eq. 17) 

Where:  

fcu = 28-day cube compressive strength of LWFRC (MPa); 
ft = uniaxial tensile strength of LWFRC (MPa), which can 
be approximated as 0.67 times the splitting tensile 
strength, fsp, as proposed by Shoukry et al., [73]; fy = 
yield strength of steel reinforcement (MPa); d = effective 
depth of tension steel (mm); h = beam thickness (mm); b 
= beam width (mm); a = depth of the compression stress 
block (mm); γc = material reduction factor for concrete 
under compression (1.5); γt = material reduction factor for 
concrete under tension (2.0); γs = material reduction factor 
for steel reinforcement (1.15); Mu = ultimate moment 
(N.mm). It is important to highlight that in this study, all 
material reduction factors are assigned a value of one 
when the proposed equation is applied. 

 

 
Fig. 34: Schematic illustrations of strain and theoretical stress distributions of LWFRC derived from the proposed 
calculations 

To determine the expected ultimate moment for various 
LWFRC mixes, investigate the effects of EPS and perlite 
on flexural behavior, and compare it with the ultimate 
moment of an RC beam made from regular normal 
strength concrete, this study used a beam measuring 120 x 
300 x 3000 mm, reinforced with 2T16, and two branch 
stirrups spaced 200 mm apart. The ultimate moment of the 
LWFRC beams in group 1 (D12C, D12F, and D12S) is 
about equivalent to 38% to 40% of the NSC beam's 
ultimate moment (RN). In contrast, the ultimate moment 

of the LWFRC beams in group 2 (D15C, D15F, and 
D15S) is roughly 82% to 87% of the NSC beam's ultimate 
moment (RN). The final moment, however, rose by 
roughly 21, 22, and 23% for LWFRC beams D18C, D18F, 
and D18S, respectively, for LWFRC beams in group 3, as 
given in Table 10. 

Although EPS or perlite is relatively expensive compared 
to normal-weight aggregate, their potential benefits, such 
as reduced density, which could lead to lower design 
dimensions, cannot be ignored in the economic analysis. 
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Reduced density is one advantage of employing EPS or 
perlite as a lightweight aggregate; this can result in a 
thinner design sections or less reinforcement for the 
LWFRC beam. A cost-benefit analysis of each mix should 
be conducted, taking into account the material cost 

reductions coming from increases in strength per unit 
volume, as EPS or perlite is more costly than normal-
weight aggregate. This was accomplished by calculating 
the cost of the LWFRC beam per unit length; the 
analysis's findings are shown in Table 11. 

Table 10: Ultimate moment of the LWFRC beams. 

Beam 
Dimensions 
(mm) Reinforcement* a 

(mm) 
Check Mu 

(kN.m) 
Mu /Mu 

(RN) b h d C (kN) T (kN) 
RN 

120 300 262 2 T 16 

80.02 160.850 160.850 35.71 1.00 
D12C 209.31 84.817 84.817 13.41 0.38 
D12F 209.46 87.273 87.273 13.79 0.39 
D12S 209.20 89.779 89.779 14.20 0.40 
D15C 189.73 174.237 174.237 29.21 0.82 
D15F 182.62 176.194 176.194 30.11 0.84 
D15S 175.54 178.640 178.640 31.08 0.87 
D18C 105.95 219.734 219.734 43.23 1.21 
D18F 106.18 221.004 221.004 43.42 1.22 
D18S 106.14 223.689 223.689 43.87 1.23 

*fy= 400 (MPa) 

The results of Tables 10 and 11 indicate that selecting 
EPS and perlite with a volume content of 50% in group 1 
yields the lowest flexural strength of the LWFRC mix 
compared to an RC beam formed from normal-weight 
concrete, and that it also shows a high relative cost. On 
the other hand, selecting EPS and perlite with a volume 
content of 40% in group 2 cannot significantly improve 
the flexural strength of the LWFRC mix compared to an 

RC beam formed from normal-weight concrete, and it 
shows the highest relative cost. Finally, using EPS with a 
volume content of 30% in group 3 can significantly 
improve the flexural strength of the LWFRC mix 
compared to an RC beam formed from normal-weight 
concrete and yield the lowest relative cost among the 
groups. 

Table 11: The total cost of the LWFRC beams per unit length. 

Beam 

Dimensions 
(mm) Reinforcement* 

Cost (EGP/unit length of the 
beam)** Relative cost 

b h d Cost of 
mix 

Cost of 
Rft Total cost 

RN 

120 300 262 2 T 16 

114.19 

360.00 

474.19 1.00 
D12C 306.97 666.97 1.41 
D12F 389.77 749.77 1.58 
D12S 344.77 704.77 1.49 
D15C 351.97 711.97 1.50 
D15F 434.77 794.77 1.68 
D15S 389.77 749.77 1.58 
D18C 264.78 624.78 1.32 
D18F 347.58 707.58 1.49 
D18S 302.58 662.58 1.40 

*fy= 400 (MPa), and  **1.00 USD ≈ 50.00 EGP 

LWFRC mixes in groups 1 and 2, with densities of 1200 
and 1500 kg/m3, are unable to lower the cost or design 
thickness of the beam because of flexure, according to the 
cost data shown in Table 11.  However, because their end 

product mix is less expensive than the other LWFRC 
mixes, the LWFRC combinations in group 3 exhibit lower 
relative costs. It should be mentioned that employing EPS 
at 30% volume in the LWFRC mix could result in the 
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lowest relative cost when compared to the reference beam 
in the event that the concrete sections of the beam fail due 
to compression, shear, or torsion, which calls for more 
experimental research. 

6. Conclusion 

This extensive experimental and numerical study 
effectively established the feasibility of producing 
lightweight fibre-reinforced concrete (LWFRC) using 
hybrid steel and polypropylene fibres, along with EPS and 
perlite aggregates sourced from local Egyptian materials, 
across a broad density spectrum (1200-1800 kg/m³). The 
research offers essential insights into material behavior, 
prediction relationships, non-destructive testing 
calibration, numerical modeling validation, and economic 
factors. According to this study, the main findings and 
conclusions are encapsulated as follows: 

1. All LWFRC mixtures exhibited very low workability 
(slump < 50 mm, class S1 according to EN 206:2013) 
due to the combined effects of EPS, perlite, and 
hybrid fiber content. The slump values ranged from 
30 mm for the lowest-density mixes (Group 1) to 45 
mm for the highest-density mixes (Group 3), 
demonstrating that EPS and perlite content 
significantly reduce workability. 

2. The experiment showed that for all combinations of 
LWFRC, there was a strong linear connection (R2 = 
0.9972) between the densities of freshly mixed 
concrete and hardened concrete after 28 days. This 
allowed for more accurate quality control during 
production since there was no longer any need to wait 
for the curing process to finish. By being able to 
predict the future, we can change the amount of each 
ingredient used throughout production to meet the 
design requirements.  

3. Three separate density categories were produced by 
painstakingly adjusting the EPS and perlite contents; 
these categories exhibited different mechanical 
characteristics. Group 1, which accounts for half of 
the lightweight aggregate volume and has a density of 
about 1200 kg/m³, achieved compressive strengths 
between 5.04 and 5.34 MPa. This means that the 
concrete is very lightweight and may be used for 
tasks where strength is not the main issue. Group 2, 
which makes up 40% of the lightweight aggregate 
volume and has a density of about 1500 kg/m³, has 
compressive strengths ranging from 11.42 to 12.66 
MPa. This is almost twice as powerful as Group 1. 
Group 3, which was over five times stronger than 
Group 1, achieved structural-grade compressive 
strengths ranging from 25.80 to 26.21 MPa with a 
30% EPS content free of perlite and a density of 
around 1800 kg/m³. But compared to regular weight 
concrete, its density was 24–28% lower. 

4. According to experimental test results, second-order 

polynomial relationships (R² > 0.96) were developed 
relating density to compressive strength, splitting 
tensile strength, and flexural tensile strength, 
providing reliable tools for predicting mechanical 
properties based solely on LWFRC density. 

5. Partial replacement of cement with supplementary 
materials (fly ash or silica fume at 50 kg/m³) 
consistently enhanced compressive strength across all 
density groups, with silica fume demonstrating 
superior performance. Specimens D12S, D15S, and 
D18S (containing silica fume) exhibited the highest 
compressive strengths within their respective density 
groups, validating the pozzolanic contribution to 
matrix densification and interfacial bond 
improvement. 

6. The cylinder-to-cube strength ratio (fc′/fcu) remained 
relatively constant at approximately 0.85-0.90 across 
all LWFRC mixtures, consistent with the conversion 
factor proposed by ECP 203-2025 for normal-weight 
concrete, indicating that this fundamental relationship 
is preserved in LWFRC systems. 

7. The splitting tensile strength increased from 1.10 
MPa to 4.67 MPa (325% improvement), while 
flexural tensile strength rose from 1.55 MPa to 5.30 
MPa (242% improvement) as density increased from 
1200 to 1800 kg/m³. The hybrid fiber system (1% 
total volume: 0.5% steel + 0.5% polypropylene) 
effectively bridged microcracks and enhanced 
ductility across all density levels. 

8. The normalized strength ratios 𝑓&' 2𝑓!"⁄  (ranging 
from 0.55 to 0.91) and 𝑓!*+ 2𝑓!"⁄  (ranging from 0.72 
to 1.04) exceeded the values proposed by ECP 203-
2025 for normal-weight concrete (0.42 and 0.60, 
respectively), demonstrating the beneficial effect of 
hybrid fiber reinforcement in enhancing tensile 
capacity and ductility in LWFRC systems. 

9. For all LWFRC mixes, the ratio fsp/fctr ranged from 
0.73 to 0.88, higher than the value (0.70) proposed by 
ECP 203-2025 for normal weight concrete without 
fibers, indicating enhanced flexural performance 
relative to splitting tensile strength in fiber-reinforced 
systems. 

10. Customized Schmidt hammer calibration curves were 
successfully developed for LWFRC with high 
accuracy (R² > 0.92) across three measurement 
orientations. Direction-dependent second-order 
polynomial equations for compressive strength 
prediction were established for downward, horizontal, 
and upward orientations. Additionally, a calibration 
curve for splitting tensile strength prediction was 
developed, enabling rapid, non-destructive 
assessment of tensile capacity. These calibration 
curves differ significantly from standard Schmidt 
hammer correlations for normal-weight concrete, 
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emphasizing the necessity of mixture-specific 
calibrations for LWFRC to avoid substantial errors in 
strength estimation. 

11. The coupled damage-plasticity microplane model 
implemented in ANSYS Workbench 2023 R2 
demonstrated exceptional accuracy in predicting 
ultimate loads and flexural behavior of LWFRC 
beams. The mean experimental-to-FEM ratio was 
0.985 with a coefficient of determination R² = 0.9997 
and coefficient of variation COV = 1.324%, 
indicating excellent agreement across all nine mixture 
designs. The model successfully captured crack 
patterns, stress distributions, strain profiles, and 
failure modes, validating its applicability for design 
optimization and parametric studies of LWFRC 
structural elements. 

12. Cost analysis revealed that EPS is more cost-effective 
than perlite for achieving weight reduction, as higher 
perlite content in Group 2 led to disproportionate cost 
increases without corresponding benefits. The study 
established that LWFRC with a density of 1800 kg/m³ 
can achieve structural-grade compressive strengths 
(≈27 MPa) while maintaining significant benefits, 
including reduced dead load (24-28% weight 
reduction), improved thermal insulation, and 
enhanced ductility through hybrid fibre 
reinforcement. 
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