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Abstract: This paper investigates the effects of nanoparticles and fibers on 

the durability and microstructural properties of mortar and concrete, aiming to 

create a high-performance railway sleeper product as an alternative 

sustainable material in the market. In the Phase 1, the main objective is to 

evaluate the effectiveness of nanoparticles, such as nano alumina (NA) and 

nano silica (NS), at 1%, 3%, and 5% additions, along with rice husk ash (RHA) 

and ground granulated blast furnace slag (GGBFS) in terms of strength and 

durability performance. To further enhance structural integrity, the study 

incorporates fibers such as polypropylene fiber (PPF) and polyvinyl alcohol 

fiber (PVA) at a constant volume fraction of 0.5%. The hybridization of NA 

and NS with PPF and PVA fibers was developed and analyzed through 

scanning electron microscopy (SEM) and energy dispersion X-ray (EDX) 

analysis. The mechanical property tests revealed that hybrid nanoparticles 

enhanced compressive strength by 15% compared to control and mono 

nanoparticle composites. Durability tests, including water absorption, rapid 

chloride penetration, and water penetration, showed that adding 5% hybrid 

nanoparticles and 0.5% fibers resulted in high strength (17.81%) and 

significant pre refinement. In Phase 2, a proof-of-concept green railway 

sleeper was developed using 100% recycled aggregate concrete (RAC), 

reinforced with glass fiber-reinforced polymer (GFRP) and the hybrid fibers 

from Phase 1, demonstrating enhanced mechanical properties and durability. 

Additionally, finite element crack analysis using Abaqus® software provided 

an in-depth understanding of sleeper performance, revealing improved crack 

resistance under operational fatigue loading and reduced maintenance costs. 

This innovative approach showcases a sustainable product with superior 

performance, addressing both environmental and structural challenges in 

railway infrastructure. 

Keywords: Recycled aggregate concrete, railway sleeper, nanoparticle, 

polypropylene, polyvinyl alcohol, fiber-reinforced polymer, hybrid fibers, 

green materials, fiber reinforced concrete 

1 Introduction  

Concrete is a fundamental material in construction, renowned for its advantageous properties that 

make it indispensable in civil engineering. Its durability and moldability are well-known, but concrete 
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also boast fire resistance, excellent thermal mass, and the capacity to be manufactured using industrial 

by-products, enhancing its sustainability [1]. Compared to materials like steel, concrete requires less 

energy to produce, is cost-effective, and exhibits significant strength. Despite the trend towards 

lightweight structures, concrete remains the material of choice for constructing large-scale structures, 

whether using traditional or modern methods. Recent innovations have significantly reduced the energy 

required for concrete production and its release of CO2 upon the lifespan of a structure due to the 

environment constraints [2]. This progress is largely attributed to advancements in the characterization 

of concrete's chemical behaviour across different scales, from micro to macro. These developments 

highlight the real-time behaviour at the sub-micrometer level of cementitious materials, enhancing both 

their micro and macro properties [3].  

The use of nanoparticles in concrete has garnered considerable scientific interest. By incorporating 

nanoparticles as a substitute for cement, the microstructural properties and the structural integrity of 

concrete can be significantly improved, demonstrating the potential of nanotechnology in advancing 

construction materials [4]. The integration of nanoparticles into concrete modifies its properties in two 

significant ways: physically and through changes in its chemical and phase compositions. Commonly 

used nanoparticles in cementitious applications include Nano titanium, nano clay, nano CaCO3, nano 

zinc, nano silica, nano alumina and so on [5-8]. Additionally, mineral admixtures such as rice husk ash, 

fly ash, metakaolin, silica fume, slag are frequently utilized. Amongst nanoparticles and mineral 

admixtures in concrete, nanotechnology offers both economic and environmental benefits, notably by 

refining the porosity of the concrete matrix, thereby enhancing the performance [9, 10].  

The inclusion of mineral admixtures improves the flowability of concrete and aids in absorbing 

water present in free spaces around particle surfaces [11-14]. This process, along with the incorporation 

of nanoparticles, reduces the water-to-binder (w/b) ratio within the matrix, leading to an increased 

strength criterion. Previous studies have shown that nano silica exhibited greater pozzolanic activity 

compared to silica fume which significantly enhances the resistance against weathering condition. Key 

mechanical properties, like compressive strength, were improved with the incorporation of nano silica 

[15]. However, excessive amounts of nano alumina could negatively affect strength properties, although 

durability performance remains unaffected [16]. This negative impact is likely due to the excessive 

nanoparticles limiting the growth of calcium hydroxide crystals [17]. The inclusion of supplementary 

cementitious materials in nanoparticle mortar promotes the pozzolanic reactions which further improves 

the workability of the matrix [18].  

Generally, adding nanoparticles to concrete can reduce its flexural properties, leading to crack 

formation under load [19]. This issue can be mitigated by incorporating fibers with low or high modulus 

of elasticity. Research has demonstrated that combining TiO2 nanoparticles with waste plastic fibres 

enhances the crack-resistance behaviour of concrete materials, effectively reducing crack propagation 

[20-22]. Additionally, the use of glass and polypropylene fibers has been shown to improve 

microstructural and strength characteristics of matrix, enhancing its crack resistance at jet impact loads. 

These results demonstrate the potential advantages of improving concrete performance with low 

modulus of elasticity fibers [23-25]. When the nanoparticles coupled with additional cementitious 

ingredients, it will have a substantial impact on the mechanical, microstructural, and fresh 

characteristics of concrete thereby ettringite crystals formation can develop within porous areas of 

concrete and interlace to form a complicated network as they grow in hardened concrete [26]. By doing 

this, the strength and durability properties of concrete are improved while the pore size is decreased. 

Ternary composites are used to enhance the strength parameters of concrete. Typically, they are made 

of fly ash, silica fume or slag, and cement for instance. Correlating the microstructure with the 

mechanical properties of the concrete is made easier by microstructure analysis, which is frequently 

carried out using scanning electron microscopy (SEM) and X-ray diffraction analysis (XRD) [27]. 

Agglomeration can compensate for the necessity to sonicate certain nanoparticles prior to mixing to 

achieve optimal dispersion, even if this is necessary for the cement hydration stage. SEM was used to 

analyze the microstructures of the cement paste in the interfacial transition zone (ITZ) to determine the 

weak points in the concrete. The ITZ shows porous paste structures in ordinary Portland cement (OPC) 

concrete, allowing for the identification of crystalline calcium hydroxide (CH), needle-shaped ettringite, 

and amorphous calcium-silicate-hydrate (C-S-H) [28-30]. The particle shape, size, and dispersion 

method also influence these structures. Due to its extremely small size, a higher amount of nano silica 
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reduces the workability of the mixture. On the other hand, because nano silica particles have a larger 

specific surface area than nano titanium, the latter reduces workability less than the former [31, 32]. 

Enhanced strength characteristics, better durability properties, and a decreased environmental effect are 

just a few advantages that come with using nanoparticles in concrete over a conventional concrete [33ï

35]. For example, nano silica enhances workability with a lower water-to-cement ratio, whereas nano 

alumina increases the compressive strength and fracture toughness of concrete [36]. The construction 

sector could undergo a transformation if concrete with nanoparticle integration is used to create more 

durable, resilient, and sustainable structures [37].  

The current research focuses on studying the strength, durability and microstructural properties of 

mortar using mono nanoparticles along with the incorporation of supplementary cementitious materials. 

Further this research investigates the strength and microstructural properties of fiber reinforced 

nanoparticles mortar composites with the addition of polypropylene fiber (PPF) and polyvinyl alcoholic 

fiber (PVA). The application of fibers and the inclusion of hybrid nanoparticles are not well understood 

in the construction sector. As a result, by improving mixtures through mechanical property testing, this 

research also assesses the effects of integrating two nanoparticles: nano silica (NS) and nano alumina 

(NA). For optimal nanoparticles (NP) mortar specimens, the microstructural characteristics were 

investigated to evaluate strength parameters according to their phase of chemical composition and the 

quantity of NPs addition. Additionally, the durability properties were studied through water absorption, 

rapid chloride penetration and water penetration tests to evaluate the performance and influence of 

hybrid NPs and fibers. This research combines the utilization of PPF and PVA fibers with hybrid 

nanoparticles, including NS and NA, to improve the mechanical, microstructural, and durability 

characteristics of mortar as well as concrete composites. Eventually, eco-friendly recycled aggregate 

concrete (RAC) using hybrid nanoparticles and fibers has been developed and experimentally, 

analytically and numerically investigated in this research work.  

2 Experimental programme and methodology 

An experimental programme has been developed to study the performance of nanoparticle (NP) 

mortar and concrete composites with the incorporation of mineral admixtures and fibers. The 

effectiveness of mono NPs like nano alumina (NA) and nano silica (NS) with the incorporation of 

ground granulated blast furnace slag (GGBFS) and rice husk ash (RHA) has been evaluated with the 

different percentage variations through compressive strength to determine the optimized content of NPs 

in mortar composites. From the optimized dosage of NS and NA composites, hybridization has been 

developed with the inclusion of fibers and further the microstructural and durability properties have 

been assessed.  

Table 1. Physical properties and chemical compositions of cement, mineral admixtures and nanoparticles 

Properties Cement RHA GGBFS NS NA 

Specific surface area (m2/kg) 221 55000 490 280000 365000 

Specific gravity 3.11 2.08 2.79 2.32 2.27 

Color  Grey White White White White 

Size of a particle 10-15 (µm) 0.5-3.0 (µm) 1.5-5 (µm) 80 (nm) 25 (nm) 

Calcium oxide (CaO) (%) 63.4 0.96 36.5 0.06 0.01 

Silicon dioxide (SiO2) (%) 30.5 95.6 33.4 99.9 0.02 

Aluminum oxide (Al2O3) (%) 5.81 0.63 17.8 0.01 99.9 

Ferric oxide (Fe2O3) (%) 1.45 0.44 0.46 0.04 0.04 

Magnesium oxide (MgO) (%) 1.93 0.54 5.49 0.08 0.01 

Potassium oxide (K2O) (%) 0.59 1.77 1.63 0.01 - 

Sodium oxide (Na2O) (%) 1.08 0.11 0.86 - 0.02 

Sulphur trioxide (SO3) (%) 3.26 0.08 1.67 - - 

Loss on ignition (LOI) (%) 2.49 7.16 1.95 0.82 0.93 

2.1 Materials 

2.1.1 Nano materials 
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Two types of nanoparticles like NS and NA have been used to investigate the performance of NP 

mortar and concrete composites in this experimental study. It is critical for effective nano modification 

that nanoparticles interact with cement products, which were produced using micro-based silica referred 

as nano silica. Crystallinity and cross-linking are two key structural properties that can influence NS 

reactivity in composites. The potential lattice of the matrix allows new energy to be given to the 

pozzolanic reaction, which is greater when the atoms are at the minimum energy.  

Nano alumina is a direct formation from an aluminum compound which speeds up the setting time 

in hydration process thus resulting in reduced flocculation and segregation. Conversely, its van der 

Waals force and electronic action can reduce concrete fluidity which in turn induces calcium-

aluminosilicate gel formation. Table 1 illustrates the physical properties and chemical compositions of 

NS and NA.  

2.1.2 Fibers 

Low modulus of elasticity of fibers such as PPF and PVA were used to produce mortar composite 

mixtures. The distributed monofilament fibers throughout the matrix consist of a versatile fiber network 

that is resistant to thermal expansion and contraction as well as shrinkage and abrasion. These fibers 

are added in the composite matrix to enhance the tensile strength properties by arresting the initiation 

of the first crack. Table 2 shows the mechanical and physical properties of PPF and PVA fibers. Fig. 1 

shows a typical view of PPF and PVA fibers.  

 
          Fig. 1.  Typical view of fibers: (a) PP fiber (b) PVA fiber.      

Table 2. Physical and mechanical properties of PPF and PVA fibers used in the optimization mix design 

Type of 

Fibers 

Length 

(mm) 

Diameter 

(mm) 

Aspect 

ratio 

Specific 

gravity 

Elastic 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Density 

(kg/m3) 

Elongation 

(%) 

PPF 10 0.035 285.7 0.99 65 440 995 7 

PVA 12 0.038 315.7 1.31 210 1580 1310 13 

 

2.2 Concrete mixtures 

Ordinary Portland cement (OPC) with the specific gravity and cement compressive strength of 

3.11 and 53 MPa has been used to produce NP mortar composites [38]. Mineral admixtures such as 

RHA and GGBFS were used in mortar composites to prevent segregation and flocculation of the matrix 

when the NPs were added. RHA is a carbon-neutral green product that is obtained by burning raw rice 

husk which has high silica content whereas GGBS is a by-product of iron making that is formed when 

molten iron slag is cooled by water or steam. Physical properties of RHA and GGBFS were carried out 

to evaluate the setting time and consistency. The physical and chemical properties of RHA and GGBFS 

are illustrated in Table 3.  
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Table 3. Mix proportions of mono NS and NA mortar composites 

Mix ID  
Cement 

(kg/m3) 

RHA  

(kg/m3) 

GGBFS  

(kg/m3) 

NS 

(kg/m3) 

NA  

(kg/m3) 

PPF  

(%) 

PVA  

(%) 

SP  

(kg/m3) 

MC 540 -  - - - - - 0.9 

MR1 513 27 - - - - - 1.2 

MR2 486 54 - - - - - 1.3 

MR3 459 81 - - - - - 1.4 

MG1 486 - 54 - - - - 1.0 

MG2 459 - 81 - - - - 1.1 

MG3 432 - 108 - - - - 1.2 

NSMR1 507 27 - 5.40 - - - 1.3 

NSMR2 469 54 - 16.2 - - - 1.5 

NSMR3 432 81 - 27.0 - - - 1.6 

NAMG1 480 - 54 - 5.40 - - 1.4 

NAMG2 442 - 81 - 16.2 - - 1.6 

NAMG3 405 - 108 - 27.0 - - 1.7 

F1NSMR1 507 27 - 5.40 - 0.5 - 1.6 

F1NSMR2 469 54 - 16.2 - 0.5 - 1.8 

F1NSMR3 432 81 - 27.0 - 0.5 - 1.9 

F2NAMG1 480 - 54 - 5.40 - 0.5 1.7 

F2NAMG2 442 - 81 - 16.2 - 0.5 1.9 

F2NAMG3 405 - 108 - 27.0 - 0.5 2.0 

Note: MC represents control mortar, MR1 represents mortar with 5% RHA followed by 10% and 15%, MG1 represents mortar 

with 10% GGBFS followed by 15% and 20%, NSMR1 and NAMG1 represent mortar with 1% NS and NA followed by 3% 

and 5%, F1NSMR1 and F2NAMG1 represent mortar with 0.5% PPF and PVA followed by NS and NA with RHA and GGBFS. 

2.2.1 Mixing and casting of mortar and concrete with nanoparticles 

Various mortar mixtures were prepared with the addition of mono NS and NA as 1%, 3% and 5% 

weight of cement along with different percentage of RHA (5%, 10% and 15%) and GGBFS (10%, 15% 

and 20%) combinations to determine the optimized content of NPs. NPs mortar composites were further 

cast with PPF and PVA fibers with the constant fiber volume fraction of 0.5% to evaluate the 

performance of fiber reinforced nanoparticle mortar specimens as well as to determine the optimized 

dosages of NPs with fibers. All mixtures have been cast with the constant water-cement ratio of 0.44. 

Poly-carboxylic ether-based superplasticizers (SP) were used to produce NPs mortar specimens to get 

a workable mixture. The dosage of SP with percentage weight of cement was varying with the addition 

of NS and NA to produce a workable mortar composite.  

Table 4. Mix proportions of hybrid NS and NA mortar composites 

Mix ID  
Cement 

(kg/m3) 

RHA  

(kg/m3) 

GGBFS  

(kg/m3) 

NS 

(kg/m3) 

NA  

(kg/m3) 

PPF  

(%) 

PVA  

(%) 

SP  

(kg/m3) 

MC 540 -  - - - - - 0.9 

HM1 378 54 81 10.8 16.2 - - 1.6 

HM2 378 54 81 16.2 10.8 - - 1.6 

HM3 378 54 81 13.5 13.5 - - 1.6 

HM4 378 54 81 8.10 18.9 - - 1.6 

HM5 378 54 81 18.9 13.5 - - 1.6 

HFHM1 378 54 81 10.8 16.2 0.5 0.5 1.8 

HFHM2 378 54 81 16.2 10.8 0.5 0.5 1.8 

HFHM3 378 54 81 13.5 13.5 0.5 0.5 1.8 

HFHM4 378 54 81 8.10 18.9 0.5 0.5 1.8 

HFHM5 378 54 81 18.9 13.5 0.5 0.5 1.8 

Note: MC represents control mortar, HM1 represents mortar with 10% RHA, 15% GGBFS with 2% NS and 3% NA followed 

by 3% NA and 2% NS, 2.5% NA and 2.5% NS, 1.5% NA and 3.5% NS, 3.5% NA and 1.5% NS, HFHM1 represents the same 

combinations with PPF and PVA of 0.5%. 

The hybridization of two NPs (NS and NA) with different combinations of 5% in total weight of 

cement has been cast to evaluate the effectiveness of hybrid NPs in mortar. Furthermore, M45 grade 



Sridhar et al., SUST, 2025, 5(1): 000066 

000066-6 

 

concrete has been designed for producing NPs concrete specimens from the optimized dosage of mono 

NS and NA as well as hybrid NPs mortar specimens. Tables 3 and 4 illustrate the mix proportions of 

mono and hybrid mixtures of NS and NA mortar specimens. All the mortar mixtures were prepared 

with the constant fine aggregate and water content of 1215 kg/m3 and 237.6 kg/m3, respectively. Mix 

proportions of M45 grade concrete for the optimized dosage of mono NPs and hybrid NPs mortars is 

shown in Table 5. All the concrete mixtures were prepared with the constant fine and coarse aggregates 

and water content of 477.4 kg/m3, 768.2 kg/m3 and 164.9 kg/m3, respectively. 

Initially, dry mix was prepared with cement and mineral admixtures (RHA and GGBFS) and later 

one-third water mixed SP was added into the dry mix to ensure the proper mixing and finally the rest 

two-third water was added to the mix in case of mortar mixtures only with mineral admixtures. Whereas 

NPs mortar mixes were manufactured as follows i) dry mix with mineral admixtures were prepared ii) 

NS or NA was sonicated and mixed with water iii) low modulus of elasticity fibers (PPF or PVA) were 

added in wet mix in case fiber reinforced NP mortar specimens. Similar procedure has been followed 

for FRC with the incorporation of NPs, mineral admixtures and fibers with additional fine and coarse 

aggregates.  

Table 5. Concrete mix proportions for optimized mono and hybrid NPs 

Mix ID  
Cement 

(kg/m3) 

RHA  

(kg/m3) 

GGBFS  

(kg/m3) 

NS 

(kg/m3) 

NA  

(kg/m3) 

PPF  

(%) 

PVA  

(%) 

SP  

(kg/m3) 

CC 434 - - - - - - 1.0 

CMR2 390.6 43.4 - - - - - 1.1 

CMG2 368.9 - 65.1 - - - - 1.1 

CNSMR2 377.5 43.4 - 13.02 - - - 1.2 

CNAMG2 355.8 - 65.1 - 13.2 - - 1.2 

CF1NSMR2 377.5 43.4 - 13.02 - 0.5 - 1.3 

CF2NAMG2 355.8 - 65.1 - 13.2 - 0.5 1.3 

CHM2 303.8 43.4 65.1 13.02 8.68 - - 1.3 

CHFHM2 303.8 43.4 65.1 13.02 8.68 0.5 0.5 1.3 

Note: CC represents control concrete, CMR2 represents concrete with RHA followed by GGBFS, NS and NA, CF1NSMR2 

represents concrete with hybrid NP, CHM2 represents concrete with hybrid NPs followed by PPF and PVA. 

2.3 Test methods 

In this research work, mono and hybrid NP mortar and concrete composites along with the 

incorporation of mineral admixtures and fibers were developed to evaluate the performance under 

microstructural and durability properties. The details of microstructural property (SEM and EDX) and 

durability properties (water absorption, RCPT and water penetration) test procedures are discussed in 

the section. 

2.3.1 Compressive strength 

For all the mortar mixtures with different percentage variations of mono and hybrid NPs, 70 mm 

cubes were cast and tested at 28 days after casting. For each mixture, six cubes have been cast to 

evaluate the strength performance of fiber reinforced NPs mortar specimens with an average test result. 

All the specimens were cured in water with the temperature of 27 degrees Celsius and relative humidity. 

From the mortar strength performance, optimized dosage of mono and hybrid NP mortar specimens 

have been obtained to determine the concrete strength characteristics. 150 mm cubes were used to cast 

NPs and fiber reinforced NP concrete specimens to study the strength behavior of the composites. The 

strength of concrete specimens was taken from the average of three specimens. All the specimens have 

been tested under a compression strength testing machine of 20T capacity with 0.5 kN/min rate of 

loading until it reached the ultimate load per unit area of resistance.   

2.3.2 Durability property tests 

Durability tests such as water absorption, RCPT and water penetration have been carried out for 

the optimized mixtures of mono NS with and without PPF and PVA fibers, followed by mono NA and 

hybrid NP concrete specimens. Water absorption test has been performed to determine the susceptibility 

of an unsaturated concrete to the penetration of water by measuring the rate of absorption of water 
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through capillary suction. The specimens were prepared as per the standard ASTM C1585 [39] code to 

determine the water sorptivity of NPs concrete. Initially, 200 mm height and 100 mm diameter 

cylindrical specimens were made and placed in oven for 30 minutes after 28 days of casting period and 

then the specimens were cut into 4 slices of 50 mm thickness. Then the circumference of the disks was 

coated with epoxy to prevent the transport mechanism from the atmosphere through the sides. The half 

disks were exposed to water and the rate of absorption was measured through the evaporation of water 

through the other end. Eventually, the rate of absorption was measured by initial and secondary 

absorption values resulting from absorption of water under the conditioned environment and standard 

relative humidity.  

As per the ASTM 1202C [40], RCPT test was carried out to determine the chloride ions penetration 

resistance. 50 mm thick and 100 mm diameter disks were sliced from the cylinders. The disks were 

immersed in a sodium chloride solution in one end and sodium hydroxide solution in the other end. The 

amount of electrical current passed through the disks was measured through a potential difference of 60 

V dc sustained across the ends of the disks. Finally, the qualitative indications of the penetrability of 

chloride ion related on the measured values from the test in terms of Coulombs were assessed by the 

exposure conditions.  

Water penetration test was conducted as per BS EN 12390-8 [41] using a 150 mm cubes. The cubes 

were kept inside the closed chamber after 28 days of curing period to measure the resistance of concrete 

against the penetration of water by exerting pressure of 0.5 MPa maintained for 72 hours. After 72 hours, 

the pressure was released, and the cubes were split into two by the application of split tensile load and 

the depth of water penetration was measured.  

2.3.3 Microstructural property tests 

Energy dispersive X-ray (EDX) and scanning electron microscope (SEM) analysis have been 

performed to evaluate the microscopical behaviour of optimized mono NS, mono NA and hybrid (NS 

and NA) mortar specimens. SEM and EDX analyses were performed as per ASTM C1723-16 [42] 

standards which measures a distance on the photomicrograph between two adjacent separate edges. 

They produced detailed magnified images of an object by scanning its surface to create a high-resolution 

image through which the hydration products can be apparently seen. SEM combined with EDX tool 

was utilized to evaluate the microstructural analysis of mortar and concrete composites with its 

elemental components.   

3 Results and discussions 

An experimental investigation of fiber reinforced nanoparticles mortar and concrete (FRNPM & 

FRNPC) composites have been carried out to evaluate their strength, durability and microstructural 

characteristics.   

3.1 Performance of strength characteristics 

Compression strength test results of mono NPs (NS & NA) mortar composites with PPF and PVA 

fibers are tabulated in Table 6. The compression strength results emphasize that the 10% addition of 

high silica content RHA enhanced the strength properties of the composites than that of 15% GGBFS 

addition. This may be attributed due to the reactivity of latent hydraulic slag is lower than the pozzolanic 

reaction with lime in the presence of water. The percentage of strength was increased by about 6.5% 

and 6.14% for 10% and 15% addition of RHA and GGBFS. Nano silica mortar composites with the 

incorporation of RHA mineral admixtures acquired higher compressive strength compared to that of 

the NA with GGBFS. The mixture NSMR2 with the addition of 3% NS and 10% RHA attained a higher 

compressive strength as 42.16 MPa compared to the NAMG2 mixture with 3% and 15% addition of NA 

and GGBFS, respectively. This emphasizes the addition of silica compounds RHA in NS mortar 

composites develops high early strength which has led by the pozzolanic reaction from the hydration of 

cement with an additional calcium silicate hydrate (CSH) gel and calcium hydroxide (CH) [43, 44]. 

Furthermore, the addition of PVA and PPF fibers in mono NPs composites attained higher compressive 

strength than that of the composites without fibers. The inclusion of fibers restrained the micro cracks 

initiation and propagation at the lower stress levels, thereby the debonding of fibers in matrix rather 
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than pulling out gradually with the application of load which resulting in higher compressive strength. 

The strength effectiveness of NS and NP in mortar composites is shown in Fig. 2. In Fig. 2, (fc/fc,n) is 

the percentage increase of compressive strength of all mixtures with the comparison of control mortar 

composites. 

Table 6. Compressive strength of mono NS and NA mortar composites with and without fibers 

Mix ID  
Mortar compressive strength, fc (MPa) 

7 days 28 days 

MC 28.84  38.46 

MR1 30.05 (+4.20%) 40.12 (+4.32%) 

MR2 30.85 (+6.97%) 40.96 (+6.50%) 

MR3 30.62 (+6.17%) 40.52 (+5.36%) 

MG1 30.24 (+4.85%) 40.03 (+4.08%) 

MG2 30.78 (+6.73%) 40.82 (+6.14%) 

MG3 30.26 (+4.92%) 40.09 (+4.24%) 

NSMR1 31.07 (+7.73%) 41.36 (+7.54%) 

NSMR2 31.49 (+9.19%) 42.16 (+9.62%) 

NSMR3 31.64 (+9.71%) 41.59 (+8.14%) 

NAMG1 31.16 (+8.04%) 41.38 (+7.59%) 

NAMG2 31.53 (+9.33%) 41.93 (+9.02%) 

NAMG3 31.27 (+8.43%) 41.29 (+7.36%) 

F1NSMR1 31.28 (+8.46%) 41.63 (+8.24%) 

F1NSMR2 32.05 (+11.13%) 42.46 (+10.4%) 

F1NSMR3 31.49 (+9.19%) 41.94 (+9.05%) 

F2NAMG1 31.33 (+8.63%) 42.08 (+9.41%) 

F2NAMG2 31.94 (+10.75%) 42.82 (+11.34%) 

F2NAMG3 31.48 (+9.15%) 42.43 (+10.32%) 

Note: (+4.20% represents the percentage increase of mortar compressive strength of MR1 with control mortar). 

  

Fig. 2.  Strength effectiveness of mortar composites: (a) Mortar specimens without fibers (b) Mortar specimens with fibers. 

Table 7 shows the strength characteristics of hybrid NPs (NS & NA) with and without PPF and 

PVA fibers. The test results show that the compressive strength of the hybrid NPs matrix is significantly 

higher by 4% than the optimized mono NS composite mixtures. Amongst different percentage 

combinations of NPs in 5% total weight of cement, the maximum compressive strength obtained for 

the addition of 3% NS and 2% NA along with 0.5% of PPF and 0.5% PVA fibers incorporation. The 

higher strength attainment is due to the filling effect of nanoparticles in the pores which refine the 

structure of the pore size resulting in denser composite matrix. The strength effectiveness of hybrid NPs 

mortar specimens with and without fibers is shown in Fig. 3a.  

From the strength characteristics test results, the optimized content of mineral admixtures such as 

RHA and GGBFS, nanoparticles like NS and NA and hybrid NPs were attained for further evaluation 

of M45 grade concrete strength behavior. The compressive strength results for the optimized content of 

NPs concrete with PVA and PPF are shown in Table 8.  
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Table 7. Compressive strength of hybrid NS and NA mortar composites 

Mix ID  
Mortar compressive strength, fc (MPa) 

7 days 28 days 

MC 28.84 38.46 

HM1 32.74 (+13.52%) 43.94 (+12.79%) 

HM2 33.15 (+14.94%) 43.85 (+14.25%) 

HM3 33.01 (+14.46%) 43.48 (+14.01%) 

HM4 32.86 (+13.94%) 43.59 (+13.05%) 

HM5 32.83 (+13.83%) 43.52 (+13.34%) 

HFHM1 32.68 (+13.31%) 44.15 (+13.16%) 

HFHM2 33.17 (+15.01%) 43.93 (+14.79%) 

HFHM3 32.93 (+14.18%) 43.69 (+14.22%) 

HFHM4 32.73 (+13.49%) 43.57 (+13.6%) 

HFHM5 32.61 (+13.07%) 43.94 (+13.29%) 

Note: (+13.5% represents the percentage increase of mortar compressive strength of HM1 with control mortar). 

Table 8. Concrete compressive strength for optimized mono and hybrid NPs with and without fibers 

Mix ID  
Concrete compressive strength, fc (MPa) 

7 days 28 days 

CC 37.51 53.57 

CMR2 41.23 (+9.92%) 58.46 (+9.13%) 

CMG2 40.83 (+8.85%)  58.21 (+8.66%) 

CNSMR2 41.76 (+11.33%) 60.48 (+12.9%) 

CNAMG2 42.59 (+13.54%) 60.08 (+12.15%) 

CF1NSMR2 43.58 (+16.18%) 62.13 (+15.98%) 

CF2NAMG2 43.17 (+15.09%) 61.84(+15.44%) 

CHM2 43.82 (+16.82%) 62.25 (+16.2%) 

CHFHM2 44.19 (+17.81%) 63.47 (+18.48%) 

Note: (+9.13% represents the percentage increase of concrete compressive strength of CMR1 with control concrete). 

  

Fig. 3.  Strength effectiveness: (a) Hybrid NP composites with and without fibers (b) Concrete composites with 
NPs and fibers. 

The concrete compressive test results emphasize that the higher strength attained for the 

combination of hybrid NPs along with the addition of 0.5% of each fiber. The percentage strength 

increase was about 16.2 % for the mixture with the combination of 2% and 3% addition of NA and NS, 

respectively along with 0.5% incorporation of PPF and PVA fiber each compared to that of the concrete 

mixtures. The higher compressive strength is known to be due to the addition of NPs and fibers in the 

mixture which leads to formation of more CSH and CH hydration products along with the crack 

resistance phase with the increase in load application. Fig. 3b shows the strength effectiveness of the 

NP and fiber concrete composites. In Fig. 3, (fc/fc,n) is the percentage increase of compressive strength 

of all mortar as well as concrete mixtures with the comparison of control mortar and concrete 

HM1
HM2

HM3
HM4

HM5

HFHM1

HFHM2

HFHM3

HFHM4

HFHM5

f c
/f

c
,n
 (

%
)

0

2

4

6

8

10

12

14

16

7
 d

a
y
s

2
8

 d
a

y
s

(a)

CMR2
CMG2

CNSMR2

CNAMG2

CF1NSMR2

CF2NAMG2
CHM2

CHFHM2

f c
/f

c
,n
 (

%
)

0

5

10

15

20

7
 d

a
y
s

2
8
 d

a
y
s

(b)



Sridhar et al., SUST, 2025, 5(1): 000066 

000066-10 

 

composites. 

3.2 Durability performance of fiber reinforced NP concrete  

 Durability performance was studied for the optimized mixtures of NPs concrete as shown in Table 

5. Durability properties such as water absorption, RCPT and water penetration tests have been carried 

out for the concrete mixtures as discussed in Section 2.3.2. 

3.2.1 Water absorption  

 The water absorption test was performed as per the procedure in ASTM C1585 [39] standard for 

the concrete mixtures with the incorporation of NPs and fibers. The initial mass of the sealed disk was 

measured before testing, then the time device has been used to maintain the measurements for every 60 

s, 5 min, 10 min, 20 min, 30 min, 60 min, every one hour till 6 hours, every 3 days and or any day 

between 4 and 7 and day 7 to 9 with the tolerance time in seconds. The absorption (I) can be calculated 

from Eq. (1) 

I = mt /a*d   (1) 

    where, I = absorption, mt = the change in specimen mass in grams, a = exposed area of the specimen, 

d = the density of the water in g/mm3. 

 

 
Fig. 4.  Linear regression analysis of NPs concrete composites: (a) NP without fibers (b) NP with fibers.  

The slope of the line that is the best fit to I plotted against the square root of time (s1/2) between 1 

min to 6 h defines the initial water absorption. The secondary rate of water absorption (mm/s1/2) is 

defined as the slope of the line that is the best fit to, I plotted against the square root of time (s1/2) 

between 1 d to 6 d. Table 9 illustrates the initial and secondary absorption of NPs concrete. Fig. 4 

shows the least square linear regression for NPs concrete with PPF and PVA fibers. From the water 

absorption test results, it is concluded that the addition of NS and NA in concrete reduces the pore size 

and makes the denser concrete which leads to less permeation of water. From the results of regression 

analysis, it has been observed that the addition of NPs in concrete reduces the rate of absorption 

compared to that of the control concrete. Further, the addition of hybridized NS and NA in concrete 

barely shows the difference in rate of absorption than that of the mono NS and NA concrete composites.  

3.2.2 Rapid chloride penetration test 

RCPT was performed for the optimized mixtures of NPs concrete as described in Section 2.3.2. 

The test was conducted as per the ASTM 1202C [40] standards to evaluate the durability performance 

of NS and NA concrete. Table 9 illustrates the RCPT test results for NPs for the optimized concrete 

composites. The higher the amount of charge in the concrete is the higher the porosity, number of voids 

and cracks in the system. Due to the presence of voids and pores, the RCPT value of control concrete 

is 2631 coulombs which increased the chloride threshold. The concrete mixtures with the addition of 

3% NS and 2% NA acquired 1459 coulombs which shows that the pore refinement was denser with the 

absence of cracks. As a result of the addition of hybrid NPs and fibers, the RCPT values demonstrated 

a greater resistance to chloride penetration (42%), while exhibiting less porosity and high strength. 
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Table 9. RCPT values for optimized mono and hybrid NPs with and without fibers 

Mix ID  
RCPT values (Coulombs) 

7 days 28 days 

CC 2743 2631 

CMR2 1946 1853 

CMG2 1986 1869 

CNSMR2 1843 1743 

CNAMG2 1819 1676 

CF1NSMR2 1746 1638 

CF2NAMG2 1708 1672 

CHM2 1653 1459 

CHFHM2 1708 1536 

3.2.3 Water penetration depth 

Water penetration test was performed for the optimized mixtures of NPs concrete as per BS EN 

12390-8 [41] standards to evaluate the transport mechanisms. The cubes were placed and water pressure 

of 0.5 MPa was applied for 3 days to prevent moisture and air from the atmosphere. The specimens 

have been split by the application of split tensile load test after 3 days. After 3 days, the cubes were 

split by the application of split tensile load. The maximum depth of penetration under the test area was 

recorded to the nearest edge. In comparison with the control samples, the penetration depth was lower 

by 17% for the concrete specimens with the incorporation of NPs as shown in Table 10. The penetration 

front was lower for NP concrete from the test results, which resists the ingress of aggressive solutions 

into the structure.   

Table 10. Linear regression slope for NPs concrete 

Mix ID  
Rate of absorption (× 10-4 mm/s1/2) Dw  

(mm) I0 Is 

CC 3.41 1.06 38.1 

CMR2 3.34 0.98 32.3 

CMG2 3.38 0.94 32.5 

CNSMR2 3.13 0.85 30.4 

CNAMG2 3.17 0.83 31.2 

CF1NSMR2 3.21 0.79 32.4 

CF2NAMG2 3.19 0.81 32.3 

CHM2 3.08 0.74 30.6 

CHFHM2 3.12 0.79 31.7 

Note: I0 represents the initial rate of absorption, Is represents secondary rate of absorption and Dw is depth of water. 

3.3 Microstructural performance of NPs mortar and concrete  

  

(a) (b) 
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(c) (d) 

 
 

(e) (f) 

Fig. 5.  SEM analysis of NPs composites: (a) NSMR2, (b) F2NAMG2, (c) F1NSMR2, (d) CF1NSMG2, (e) 
HFHM2, (f) CNSMR2. 

The microstructural properties were investigated through SEM images for specific specimens that 

had good strength characteristics. Fig. 5 shows the SEM images of mineral admixtures and NP 

composites with fibers. The incorporation of 10% RHA in mortar composites which is rich in silica 

content leads to the formation of early calcium silicate hydrate (CSH) gel and calcium hydroxide (CH) 

from the initial dissolution period of hydration process which helps reduce the fine pores of the structure 

(Fig. 5a). The formation of CSH and CH further enhances the strength and durability of the material 

which provides additional environmental benefits and contributes to the circular economy. Fig. 5b 

shows the microscopical image of mortar specimen with 15% addition of GGBFS has led to the 

formation of micro voids and pores, remnants of unhydrated cement particles along with interfacial 

transition zone (ITZ) the weakest zone of the structure. GGBFS is a latent hydraulic cement which 

reacts by its own when the slag gets activated, whereas RHA is a pozzolana which reacts with the 

hydration products of cement to form additional hydration products like CSH and CH [45, 46].  

The addition of 3% nano silica enhances the process of hydration which leads to the formation of 

denser inner CSH layer along with ettringite compound phase which further reduces the pore size and 

voids in the matrix (Fig. 5c). The refinement is related to the activity of pozzolanic reaction and the 

capacity of NPs to fill pores, which influence the rate of cement hydration. As the hydration of cement 

progressed through the expedition and declination periods, the addition of NS accelerates it, as a result, 

they further increase the hydration process by consuming CH, a compound that acts as a nucleation site. 

Mortar matrix which the incorporation of 3% NA along with 15% GGBFS enhances the rate of 

hydration which leads to the formation of CSH gel along with the presence of voids (Fig. 5d). 
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Additionally, the presence of NA increases homogeneity with the presence of fewer micropores that 

may result from improper dispersion or agglomeration of particles and indicates premature ettringite 

formation, which increases the strength through the formation of NASH gel from the design of hybrid 

composites.  

 

Fig. 6.  EDX analysis of NP composites: (a) Mono NS matrix (b) Hybrid NS and NA composite (c) Hybrid 
NPs with fibers.   
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The mortar matrix with the addition of 3% NS and 10% RHA along with 0.5% PP fiber shows 

similar hydration products as such NS addition in composites (Fig. 5e). The microscopic image analysis 

shows that the fibers were embedded with the NPs with the hydration products (CH). The addition of 

fibers entangled in the system contributes to the strength properties by restraining the micro cracks as 

well as macro cracks by the application of load. However, the hydration products from the SEM analysis 

were completely dependent on the addition of mineral admixtures and NPs in the matrix. Most 

importantly, the microstructural properties of hybrid NS and NA mortar composites were evaluated to 

study the behavior of NPs composites (Fig. 5f). From the figure, it can be observed that the formation 

of ettringite and sulpho-aluminate phases with the lesser pores. SEM analysis shows a substantial effect 

on the percentage of both NS and NA, both of which have different functions and chemical 

compositions, but when the various percentages were combined, the durability and microstructural 

properties were improved. With the formation of hydrated gel and ettringite formation in SEM images, 

it was revealed that the kinetics of hydration followed the same pattern as the rheology results.  

3.3.1 Energy dispersion X-ray (EDX) analysis 

Fig. 6 shows the EDX images of mono and hybrid NP mortar composites. EDX is an analytical 

technique which is utilized to analysis the elemental composition as well as the characterization of 

chemicals in samples. It relies on an interaction of some source of X-ray excitation and a sample. The 

characterization capabilities are due in large part to the fundamental principle that each element has a 

unique atomic structure which allows a unique set of peaks on its position. Silica content occurs more 

than calcium content because when the electron beam strikes a lower shell of atom, it disarticulates and 

attracts another electron from outer shell to fill the vacancy. As this electron moves from a higher energy 

shell to a lower energy shell, its relocation entails x-rays from the elements. It varies with each element 

and transformation. From Fig. 6a, it can be observed that the addition of 10% RHA and 3% of NS leads 

to high formation of silica and calcium content from the elemental composition of energy dispersion 

analysis. The addition of 0.5% of PP fiber in the combination of RHA and NS restrained the micro 

cracks in the initial loading period and the low modulus of elasticity fibers pulled out gradually rather 

than debonding with the further increase in load (Fig. 6b). The hybridization of NS and NA with the 

incorporation of RHA leads to the development of very high silica content comparatively from the other 

combinations of NPs. From the compositional analysis, the high reactivity of silica with the atomic 

mass and weight of 33.71% and 27.77%, respectively, resulting in the formation of CSH from the 

pozzolanic reactivity (Fig. 6c).  

The inclusion of 3% NS, 2% NA and 15% GGBFS leads to the high evolution of alumina content 

compared to silica compounds which cause quick reaction and increased strength. This study confirms 

that the cost-effectiveness of using nanomaterials to improve mechanical properties, durability, and 

microstructural improvements were achieved by adding NS and NA to prove their applications. The 

advantages of nanoparticles and fibers include increased compressive strength, improved workability, 

reduced porosity and better quality, thus increasing the strength and stability of concrete. These benefits 

can offset the initial cost of nanomaterials by reducing maintenance costs and extending the service life 

of concrete structures. Additionally, this research provides insight into optimizing the use of 

nanomaterials to increase their efficiency and reduce costs. 

4 Eco-friendly recycled concrete rail sleepers with fibers and nanoparticles 

The integration of nanoparticles and synthetic fibers into concrete offers significant advancements 

for the construction industry, focusing on sustainability and enhanced performance. Nanoparticles like 

nano silica and nano alumina improve the microstructure of concrete, leading to higher compressive 

strength and durability. These enhancements reduce the need for frequent repairs and maintenance, thus 

lowering the lifecycle cost of concrete structures. The use of recycled aggregates and supplementary 

cementitious materials (SCMs) aligns with environmental sustainability goals by reducing waste and 

the carbon footprint of construction activities [19, 20]. The development of an eco-friendly recycled 

concrete rail sleeper at Walailak University in Thailand involved a comprehensive approach to 

incorporate high-performance materials like polyvinyl alcohol (PVA) fibers and polypropylene fiber 

(PPF) along with NA and NS. The concept was driven by the need to enhance the mechanical properties 

and durability of concrete while promoting sustainability.  
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A prototype rail sleeper was developed using a design mix that included 3% NS and 2% NA by 

weight of cement and 0.5% PVA and PPF fibers each. SCMs such as 10% rice husk ash (RHA) and 15% 

ground granulated blast furnace slag (GGBFS) were incorporated to improve sustainability and reduce 

the environmental impact of the concrete production process [23]. The use of recycled aggregate 

concrete (RAC) was another critical aspect of the project, aimed at conserving natural resources and 

promoting green construction materials [24]. RAC not only reduces the need for virgin aggregates but 

also helps in managing construction and demolition waste effectively [25]. 

 

 

 
(a) (b) 

Fig. 7.  Recycled aggregates (a) Recycled coarse and fine aggregates (b) Size distribution of recycled 

aggregates. 

4.1 Design of eco-friendly railway sleepers 

 

Fig. 8.  Geometry and reinforcement detailing of eco-friendly rail sleeper made of recycled aggregate concrete, 
nanoparticles and synthetic fibers (unit in mm); (a) longitudinal view (b) cross-sectional view of RCA sleeper 

(c) cross-sectional view of PC sleeper 

Railway sleeper specimens were designed as per the AREMA (American railway engineering and 

maintenance of way association) [47] standard procedure which is the one of the most recommended 

methods followed by the Thailand railway sleeper manufacturing department. In this experimental work, 

four sleeper specimens were manufactured using recycled aggregates, nanoparticles and fibers to 

enhance the sustainable environment. Initially, concrete was made with cement, recycled coarse and 

fine aggregates along with the addition of NS, NA, GGBFS, RHA, PPF and PVA (optimized content - 

CHFHM2) to attain a compressive strength of 40 MPa concrete. The recycled coarse and fine aggregates 
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were extracted from the existing cylindrical and beam specimens which have been used for the past 

research study. Fig. 7 shows the recycled coarse and fine aggregate used for manufacturing railway 

sleeper specimens. The innovatively made sleepers were compared with the conventional prestressed 

concrete sleeper in terms of mechanical and durability properties. The standard rail specimen of 

effective length 2 m with the trapezoidal cross-section of 200 mm top width and 250 mm bottom width 

and a height of 230 mm was cast and tested. The recycled aggregate concrete rail sleeper specimen was 

reinforced with glass fiber reinforced polymer (GFRP) bars, whereas the conventional prestressed 

concrete (PC) sleepers were made up of 5 mm diameter steel wires and 6 mm stirrups with the centre 

to centre spacing of 100 mm. The diameter of the GFRP bars used in the main reinforced and stirrups 

at a centre to centre spacing of 50 mm and 100 mm as 16 mm and 6 mm, respectively. Fig. 8 shows the 

geometry and reinforcement detailing of eco-friendly rail sleeper made of recycled aggregate concrete, 

nanoparticles and synthetic fibers. 

4.2 Structural testing programme  

 

Fig. 9.  Rail sleeper reinforcement detail and testing configurations: (a) positive bending load, (b) negative 
bending load (c), positive shear load and (d) negative shear load (unit in mm). 
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The experimental test was performed as per the AREMA [47] to evaluate the positive and negative 

bending moments as well as positive and negative shear forces of the rail sleeper specimen. The test 

setup of eco-friendly rail sleeper made with recycled aggregate concrete, nanoparticles and fibers is 

shown in Fig. 9. The cyclic load was applied at a rate of 20 kN/min until the specimen produced a 

positive bending moment (Fig. 9a). The specimen has been placed on the rubber plate support with the 

end-to-end support of 1440 mm length and four-point bending cyclic load has been applied at the mid-

point at the specified loading rate to evaluate the load versus deflection behavior through the LVDT 

(linearly variable displacement transducers) placed at the underneath of the center span of the specimen 

as shown in Fig. 9a. Similarly, a negative bending moment was attained by placing a specimen in 

upside-down position and the cyclic load has been applied at a rate of 20 kN/min (Fig. 9b). The vertical 

load test for positive and negative shear load on rail sleeper specimen was also carried out by the 

application of load at a rate of 18 kN/min until the specimen cracks from its bottom surface up to level 

of the lower layer of reinforcement. The specimen was placed on the rubber plate support at 500 mm 

support length and the cyclic load was applied through the hydraulic jack to produce maximum shear 

load (Fig. 9c). The displacement was measured through the LVDT which was placed at the bottom of 

the specimen. To evaluate a negative shear force, the specimen has been placed in the upside-down 

position and the load was applied at a specified rate to perform the load displacement behavior (Fig. 

9d). The cyclic load was applied through loading, unloading and reloading protocols. Initially, the 

specimen was loaded till the occurrence of the first crack with the subsequent measurement of deflection 

through the LVDTs, then the load was removed, and the specimen was reloaded again. The loading and 

unloading cycles were repeated four times at each loading grade until the specimen failed. 

4.3 Test results and discussions 

The performance study of the eco-friendly recycled concrete rail sleeper involved a series of 

mechanical and durability tests to evaluate its suitability for real-world applications. The mechanical 

properties, including compressive strength, tensile strength, and fatigue life, were assessed to ensure 

the sleeper could withstand the dynamic loads imposed by passing trains. The inclusion of hybrid 

nanoparticles (NS and NA) and hybrid fibers (PPF and PVA) was found to significantly reduce 

shrinkage cracks and enhance the fatigue life of the sleeper by providing additional reinforcement that 

bridges micro-cracks and prevents their propagation [24]. This improvement in fatigue life is crucial 

for rail sleepers, which are subjected to repetitive loading cycles that can lead to premature failure if 

not adequately reinforced [21]. 

Nanoparticles contributed to the overall strength and durability of the concrete by improving the 

hydration process and filling micro-pores, resulting in a denser and more impermeable concrete matrix. 

The durability tests, including water absorption, rapid chloride penetration, and water penetration tests, 

revealed that the hybrid nanoparticles enhanced concrete exhibited lower permeability and higher 

resistance to chloride ion penetration, which is essential for infrastructure exposed to aggressive 

environments [27]. The use of RHA and GGBFS further contributed to the durability of the concrete 

by promoting the formation of additional calcium silicate hydrate (C-S-H) gel, which enhances the 

strength and reduces the porosity of the concrete [18]. 

The design and experimental setup of rail sleeper specimens were performed and carried out as 

discussed in Sections 4.2 and 4.3. The experimental results regarding load-deflection response, cracking 

load, ultimate load, ultimate moment capacity, yield load, energy absorption and effective stiffness at 

pre-yield stage. The cracking load (Pcr) of a rail sleeper specimen was defined as the load when the 

stress of the specimen increased suddenly or the occurrence of initial cracking due to the application of 

cyclic load. The ultimate load (Pu) indicated to the load when the specimen reached the maximum load 

with the occurrence of no new cracks beyond that point. Table 11 illustrates the summary of 

experimental test data and performance indices of conventional prestressed concrete (PC) and recycled 

aggregate concrete with hybrid nanoparticles and fibers sleepers. The calculation of strength 

performance indices is shown in Appendix A. The maximum positive bending moment of the RAC 

sleeper was reduced by 28% compared to conventional PC sleeper specimen immediately after cracking 

and the deflection drastically increased for the beams that failed due to the rupture. The bearing capacity 

then abruptly decreased prior to the final failure. Also, the maximum crack width under positive 
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direction loading of the RAC sleeper under first cracking load was significantly reduced by 14% than 

that of the PC sleeper. The utilization of GFRP bars in RAC sleeper increases the service life along with 

the anticorrosion resistance property. The ultimate load and yield load of the PC sleeper were higher 

than the RAC sleeper by 14% and 38% which is beneficial for improving the serviceability life, ultimate 

compressive strain, tensile strength and bond strength, whereas RAC sleeper with the addition of GFRP 

bars, 3% NS, 2% NA and 0.5% of PPF and PVA fibers each increased the service life along with the 

durability properties. This additional service life increases the sustainable environment by recycling the 

sleepers, reusing the materials and byproducts from the industry which reduces the demand for virgin 

resources.       

Table 11. Summary of the test results and performance indices of prestressed and FRP RAC sleepers 

Sleeper 

section 

Mmax 

(kN.m) 

Vmax 

(kN) 

Pcr 

(kN) 

Dcr 

(mm) 

Py 

(kN) 

Pu 

(kN) 

Dmax 

(mm) 

Dy 

(mm) 

µu 

 
3 

(kN/mm) 

z 
(kN.mm) 

Prestre

ssed 

(+) 180.5 550 260 10 500 560 43 35 1.23 26.0 537 

(-) 176.4 500 220 8 490 520 35 38 0.92 27.5 467 

FRP 

RCA  

(+) 129.6 485 160 6 360 490 27 28 0.96 26.7 223 

(-) 126.2 450 180 5 350 480 21 14.5 1.45 36.0 178 

Note: Mmax is the maximum bending moment, Vmax is the maximum shear force, Pcr represents the cracking load, Dcr is the 

deflection at cracking load, Py is the yield load, Pu is the ultimate load, Dmax is the maximum deflection, Dy is the deflection at 

yield load, Df is failure deflection, z is the energy absorption, µu is the ductility at ultimate load, Se is the effective pre-yield 

stiffness. 

 

Fig. 10.  Load deflection curves response of PC and Eco-friendly RAC sleepers: (a) positive and negative 
bending loads of PC rail sleepers; (b) positive and negative shear load for PC rail sleepers, (c) positive and 

negative bending loads of RAC sleepers; (d) positive and negative shear load of RAC sleepers. 

The load-deflection response of the PC sleepers and sleepers with recycled aggregate concrete with 


