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1. Introduction 
Precast Concrete Sandwich Panels (PCSP) are sustainable and efficient building systems composed 

of two concrete layers separated by an insulating material, offering several advantages such as design 
flexibility, ease of installation, costeffectiveness, and energy efficiency owing to the integrated insulation 
layer [1]–[4]. These panels serve as both load bearing and thermally resistant systems, making them 
highly suitable for sustainable construction [5]. In this study, the flexural strength of PCSPs was 
examined to further enhance their sustainability and performance. 

Basalt fiber-reinforced polymer (BFRP) connectors were selected for this research because of their 
lower thermal conductivity compared to traditional steel connectors, which reduces thermal bridging 
and enhances energy efficiency while also offering high tensile strength at a relatively low cost [6], [7]. 
To ensure a uniform stress distribution along the interface and minimize premature failure, continuous 
shear plates were chosen over discrete plates [4]. Expanded Polystyrene (EPS) has been used as an 
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 This study aims to enhance the sustainability of precast concrete sandwich 
wall panels by replacing 100% of natural aggregates with stone waste and 
30% of cement with supplementary cementitious materials. The panels, 
consisting of two 60 mm thick concrete wythes reinforced with 1% steel 
fibers, were connected using basalt fiber-reinforced polymer (BFRP) 
connectors and separated by high-density expanded polystyrene (EPS) 
insulation (30 kg/m³). Full-scale panels were tested for flexural strength, 
showing that the inclusion of sustainable materials increased the failure 
load by 96% compared to conventional panels, with steel fiber-reinforced 
panels achieving a failure load of 110.5 kN. Panels incorporating stone 
waste aggregates demonstrated a 71% increase in strength compared to 
control samples. These results highlight that using stone waste and 
supplementary materials not only improves environmental sustainability 
but also enhances structural performance, making these panels a viable 
option for eco-friendly construction.  
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insulation material because it provides improved ductility and deformability compared with alternatives 
such as Extruded Polystyrene (XPS) [8]–[11]. 

Previous studies have primarily focused on the structural and thermal performance of PCSPs, with  
limited exploration of the integration of sustainable materials, such as stone waste aggregates and 
supplementary cementitious materials, to improve both structural and environmental outcomes. The 
sustainability of the panels is further enhanced by replacing 100% of the natural aggregates with stone 
waste and substituting 30% of the cement with supplementary cementitious materials.  This material 
substitution, combined with the use of steel fibers and BFRP connectors, is intended to improve the 
structural performance, particularly in terms of flexural strength and failure load, compared with 
conventional panels [12]–[14]. By using waste materials, such as marble stone waste, this study 
emphasizes the potential of creating eco-friendly and high-performance concrete products for modern 
construction. 

2. Method 

2.1. Ordinary Portland Cement 
Ordinary Portland cement (OPC)-43 grade, per IS: 8112 [15], was obtained from M/s JK Cement 

Ltd., India, and was used as the main binder for the concrete mix. The chemical composition of the 
cement was examined using IS 4032, as listed in Table 1, which confirms IS:8112-1989 [16]. The results 
in Table 1 show that calcium oxide (CaO) was the major oxide present in the OPC binder. The average 
compressive strength of the JK cement after 28 d was approximately 45 MPa. 

Table 1.  Chemical composition of JK Cement 

Chemical 
composition 

CaO SiO2 Al2O3 MgO Fe2O3 K2O Na2O LOI SO3 

Percentage 
(%) 

60.59 21.32 5.72 2.27 3.60 0.90 0.45 3.5 2.64 

 

2.2. Stone Waste 
Marble waste refers to leftover pieces, dust, and slurry generated as byproducts during the 

manufacturing, processing, and installation of marble products [17]. Marble waste is increasingly utilized 
in various construction applications to enhance sustainability and reduce environmental impacts [18], 
[19]. In this work, marble stone waste sourced from Udaipur, Rajasthan, was utilized. Various tests were 
conducted on marble aggregate under the specifications outlined in the Indian Standard code IS 2386 
[20], as shown in Table 2. 

Table 2.  Different test values of marble aggregate 

Parameters Marble Agg. 
Aggregate Impact Value (IS: 2386(IV)-93) 23 

Aggregate Abrasion Value (IS: 2386(IV)-63) 11.54 
Aggregate Crushing Value (IS: 2386(IV)-63) 31.35 

Water Absorption (%) 0.85  
Bulk Specific Gravity (SSD) 2.70 

Bulk Density (kg/m3) 1,740 
 



104 Applied Engineering and Technology ISSN 2829-4998 
 Vol. 3, No. 2, August 2024, pp. 102-114 

 
 

 Kumar et al. (Improving sustainability of precast concrete sandwich…) 

2.3. Fine Aggregate 
The fine aggregate used in this investigation was very fine grade local river sand collected from a 

nearby location in the Solani River, Roorkee. The river sand specifications conform to Indian Standard 
BIS383 [21]. The fineness modulus of sand was 1.13, indicating a very fine gradation. 

2.4. Steel Fiber 
Strength of brittle material according to Griffith’s theory : 

𝛔 = √
2𝚬𝛄

𝛑c 
   () 

And σ ↑= c ↓ 

Where  
c= crack width 

𝜎 = tensile strength 

 According to Equation 1, when the crack width decreases, the tensile strength increases. Introducing 
steel fibers to reduce the crack width can enhance the tensile strength of brittle materials. Hooked-end 
steel was used in the self-compacting concrete. The hooked-end geometry shown in Fig. 1 provided 
better fiber-matrix interfacial bonding and bridging compared to the deformed crimped shape, leading 
to greater improvements in strength and impact resistance [22].  

 
Fig. 1. Hooked-end steel fiber 

The specifications of the discrete hooked-end steel fibers for concrete reinforcement are listed in Table 
3. 

Table 3.  Different parameters for steel fiber selection [23]–[25] 

Parameters Recommendation Adopted 
Shape Straight, End hooked, Crimped Hooked end 

Length 20 to 60mm 40mm 
Diameter  0.2 – 1.0mm 1.0mm 

Aspect ratio (L/D) 30-100 40 

Steel fiber content 0.5% - 2.0% 1.0% 
Orientation Continuous, Discrete Discrete 
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2.5. Superplasticizer 
Poly(carboxylate ether)-based superplasticizers were a type of admixture used in concrete at dose of 

0.8% of binder to improve its workability and rheological properties. 

2.6. Fly Ash 
The fly ash employed in this experiment conformed to the Indian Standard IS 3812: Part 1 [26], 

[27]. The fly ash applied was Class F (siliceous sort) and heavy in alumina. It was supplied by the Dadri 
Power Plant of NTPC, Gautam Buddh Nagar, in Uttar Pradesh. A detailed characteristic of the fly ash 
size distribution was obtained using a Horiba Laser particle size analyzer. The results obtained using this 
technique are presented in Table 4. 

Table 4.  Chemical composition of fly ash 

Chemical composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 Loss on ignition Free CaO 
Percentage (%) 63.21 27.65 5.24 1.46 0.83 0.40 0.60 - 

2.7. Expanded Polystyrene (EPS) 
The EPS sheet purchased from the market underwent mechanical tests in the CSIR-CBRI laboratory 

following IS 4671:1984 [28]. The results of these tests are presented in Table 5. 

Table 5.  Mechanical property of EPS sheet 

Characteristics  Results Criteria Test method 
Bulk density (kg/m3) 30 ≥15 IS 5688: 1984 

Compressive strength @ 10%strain (MPa) 0.41 ≥0.14 IS 4671: 1984 

 

2.8. Basalt Fiber Connector 
BFRP connectors are less stiff than steel connectors, but can offer comparable tensile capacities for 

moderate diameters of approximately 6 mm, as indicated by [7]. Additionally, basalt fibers were chosen 
for BFRP connectors because of their good mechanical properties, which are comparable to those of 
other FRP materials such as glass or carbon fibers, but at a relatively lower cost [6]. This increases the 
impact resistance and improves the post-cracking energy-absorption capacity [21]. A basalt fiber mesh 
placed 110 mm from the EPS sides was used, as shown in Fig. 2. 

 
Fig. 2. Basalt fiber mesh 
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2.9. Mix Proportion 
The mix proportions for the concrete included OPC-43 grade, fly ash, sand, stone slurry, stone 

aggregate, coarse aggregate, water, and superplasticizer in varying proportions. Multiple mix proportions 
were tested during the trial mixes and optimized before selecting the final mix, as detailed in Table 6. 

Table 6.  Mix proportion of the panel 

Material Cement Fly ash Sand 
Coarse 

aggregate 
Water/ 
Binder 

Superplasticizer 

Proportions 
(%) 

18.12  7.75 44.73 29.38 0.38 

 

2.10. Casting and Curing 

2.10.1. Self-Compacting Concrete 
A self-compacting concrete (SCC) mix was designed according to IS 10262:2019. The key parameters 

of the SCC mix design included a fine aggregate content of 48-60% by mass of the total aggregate and 
a low water/powder ratio ranging from 0.85 to 1.10 by volume. The purpose of using SCC is to avoid 
the need for vibration, which is particularly crucial in this case because of the incorporation of steel 
fibers. Steel fibers were randomly distributed within the concrete matrix, and if vibrated, they could 
potentially settle down, leading to a non-uniform distribution. By designing a self-compacting concrete 
mix with a specified fine aggregate content and low water/powder ratio, the desired flow and viscosity 
properties were achieved, allowing the concrete to consolidate under its own weight without external 
vibration. 

This approach ensured that the steel fibers remained uniformly distributed throughout the concrete 
matrix. With a measured value of approximately 660 mm in the flowability test, as shown in Fig. 3, the 
concrete mix falls within the typical range of 550-850 mm for slump flow, as specified by the Indian 
Standard for Concrete Mix Proportioning [29], [30]. 

 
Fig. 3. Flowability test on SCC 

2.10.2. Panel Casting and Curing 
The total height and width of wall specimens were set at 750 mm and 500mm, respectively as shown 

in Fig. 4.  
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Fig. 4. Casting of panel 

The thickness of each layer of concrete was 60 mm, and that of the EPS was 70 mm. To avoid 
cracking of the concrete sandwich walls, the thickness of the concrete layer was chosen as 60 mm, with 
a nominal compression strength of 46 MPa. The hooked-end steel fibers were randomly distributed in 
the concrete layer. In addition, basalt fiber with a thickness of 6 mm was used to firmly connect the two 
layers of concrete without passing through the XPS layer. During the construction process, the bottom 
layer of the concrete was poured with the reinforcements embedded in it. Subsequently, the XPS layer 
was placed on top of the bottom layer of the concrete. Finally, the upper layer of the concrete was 
poured. All panels were removed after 24 h from the mold and allowed to cure for 28 days by properly 
covering with damp gunny bags, as shown in Fig. 5. 

 
Fig. 5. Curing of panel 

2.11. Flexural test 
In a flexural test of concrete sandwich panels, the panels were subjected to bending forces to assess 

their structural performance and load-bearing capacity. This test involves incrementally applying a load 
to the center of the panel until failure or a predetermined limit is reached. Throughout the test, 
measurements were taken to evaluate parameters such as the deflection, ultimate load, and stress 
distribution. These results provide crucial insights into the panel strength and stiffness, which are vital 
considerations for determining the suitability of these panels for construction purposes. The free-body 
diagram and setup used for the 4-point bending test are shown in Fig. 6. 
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Fig. 6. Free body diagram and setup used for of 4-point bending test 

3. Results and Discussion 
The main aim of this study was to increase the ductility of concrete sandwich panels. To achieve this, 

certain design changes were introduced, compared to a previous panel work that had a failure load of 
approximately 9kN. The changes included increasing the thickness of the concrete wythes, using self-
compacting concrete, providing grooves in the middle of the EPS sheet, as shown in Fig. 11, and 
introducing 1% steel fibers into the concrete. The use of self-compacting concrete (SCC) improved the 
quality and compaction of the concrete, potentially leading to a higher strength and better bonding 
between the concrete and insulation layers. Steel fibers act as reinforcement, bridging cracks and 
improving the tensile strength, ductility, and toughness of the concrete, as shown in Fig. 12. Stone 
waste inclusion is intended to make the panel environmentally friendly and cost-effective.  

For the control concrete without any additions, the failure load was 51.6 kN. When steel fibers were 
added to the concrete, the failure load significantly increased to 110.5 kN. In the case of concrete with 
steel stone waste, the failure load was 96.3 kN, which was higher than the controlled concrete but lower 
than the concrete with steel fibers as shown in Fig. 8, Fig. 9, Fig. 10. 

The maximum cracking load occurred at a displacement of 10.2 mm for the stone waste steel fiber 
sandwich panel, corresponding to a force of 96.3 kN. Remarkably, this maximum cracking load for the 
stone waste steel fiber sandwich panel was 85.7 times higher than that of the control concrete (plain 
concrete) sandwich panel and 8.5 times higher than that of the controlled steel fiber concrete sandwich 
panel. The higher cracking load and larger displacement capacity exhibited by the stone waste steel fiber 
sandwich panel indicated improved energy absorption and ductility. These results demonstrate the 
superior flexural strength and cracking resistance of the stone waste steel fiber sandwich panel compared 
to those of both plain concrete and conventional steel fiber-reinforced concrete panels. From a 
displacement of 10.2 mm at the peak load to a displacement of 15 mm when the panel finally failed in 
bending, the panel provided sufficient time, which in real-life situations would provide for taking 
remedial measures for safety. The failure of the panel is illustrated in Fig. 7.  
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Fig. 7. Failure mode (a) Concrete with steel fiber (b) Solid waste with steel fiber 

 

Fig. 8. Controlled concrete vs. concrete controlled with S.F waste S.F 

 

Fig. 9. Controlled concrete vs. solid 
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Fig. 10. Concrete steel fiber vs. solid waste steel fiber 

In a flexural test, the load-displacement curve represents the relationship between the applied load 
and the corresponding displacement of the specimen. The area under this curve represents the energy 
absorbed or dissipated by the specimen during testing. The cumulative energy dissipation refers to the 
total amount of energy dissipated throughout the entire process. 268.04, 754.885, and 643.495 (kN·mm) 
were cumulative energy dissipation values for controlled concrete, controlled with steel fiber, and solid 
waste with steel fiber. A high cumulative energy dissipation value suggests that the material or structure 
is capable of absorbing and dissipating a large amount of energy during deformation. 

The graph is shown in Fig. 13. compares the load-displacement behavior of insulation panels used 
in concrete construction, with one case involving a panel "with groove" that allows concrete to pass 
through the middle, and the other is a solid panel "without groove.” The "with groove" scenario exhibits 
a considerably higher peak load capacity, reaching 51.6 kN at 6 mm displacement, which is nearly double 
the maximum load of approximately 28 kN for the "without groove" case at 6.7 a displacement. The 
solid panel demonstrates a more gradual, monotonic increase in load with increasing displacement, 
whereas incorporating a groove enhances the maximum sustainable load.  

 

Fig. 11. Groove in EPS 
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Fig. 12. Steel fiber holding the upper layer 

 
Fig. 13. Controlled concrete with and without grooves in EPS 

3.1. Implications of Sustainable Precast Concrete Panels 

Table 7.  Summary of Construction Practice and Future Research 

Aspect Implications for Construction Practice Implications for Future Research 
Sustainability Reduces reliance on natural materials and 

lowers carbon emissions. 
Explore other waste materials like slag or 

glass. 
Cost Efficiency Lowers production costs by using waste 

materials. 
Optimize mix design for better 

performance and cost-efficiency. 
Performance Increases strength, durability, and energy 

efficiency with steel fibers and basalt 
connectors. 

Conduct long-term durability studies in 
various climates. 

4. Conclusion 
The present study investigated the potential of utilizing sustainable materials, such as stone waste 

aggregates and supplementary cementitious materials, in the production of precast concrete sandwich 
wall panels. The aim was to enhance the sustainability and environmental friendliness of these panels, 
while maintaining adequate structural performance. Based on the experiments conducted, the following 
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key observations and conclusions can be drawn: 1) The inclusion of steel fibers in concrete resulted in a 
substantial 96% increase in the failure load compared with the control concrete without fibers. This 
demonstrates the effectiveness of steel fibers in enhancing the flexural strength and toughness of concrete 
wythes; 2) Stone waste aggregates can be successfully used as a replacement for natural aggregates in 
concrete mixtures. When combined with steel fibers, the resulting panel exhibited a 71% increase in 
strength compared with that of the control sample without any addition. This finding highlights the 
viability of incorporating waste materials, such as stone waste, into precast concrete sandwich panels. 3) 
The cumulative energy dissipation for steel fiber-reinforced concrete was 754.885 kN·mm, which was 
significantly higher than the 268.04 kN·mm in conventional concrete, indicating better ductility and 
toughness; 4.)Panels with a groove design showed a peak load of 51.6 kN at a displacement of 6 mm, 
nearly doubling the load capacity of the panels without grooves. 5) Integrating stone waste and 
supplementary cementitious materials reduces reliance on natural resources, lowers costs, and enhances 
structural performance, making panels more eco-friendly and viable for sustainable construction. In 
summary, the incorporation of sustainable materials, such as stone waste aggregates and supplementary 
cementitious materials, along with the inclusion of steel fibers and basalt fiber connectors, showed 
promising results for enhancing the sustainability and structural performance of precast concrete 
sandwich wall panels. These findings pave the way for the development of eco-friendly and efficient 
construction systems that can contribute to sustainable building practices. 
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