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A B S T R A C T   

The use of plastic waste as a partial or complete replacement for coarse aggregate in concrete 
mixtures has been studied in recent years. However, the quality and quantity of coarse plastic 
waste particles have been a challenge. This study aims to investigate the mechanical performance 
of concrete with Bakelite plastic waste as a partial replacement for coarse aggregate. Six different 
concrete mixtures with various Bakelite dosages, ranging from 0 % to 10 %, were tested. The 
results indicate that the addition of Bakelite plastic alters the behaviour of the concrete and re-
duces compressive and flexural strengths at lower dosages. The inclusion of Bakelite waste in 
concrete mixtures generally leads to a decrease in compressive and split tensile strength, with the 
exception of the mixture containing 6 % Bakelite, which showed increased strength. Although 
there is a slight reduction in flexural strength, Bakelite waste prevents sudden specimen breakage 
and maintains specimen integrity. The ultimate load capacity of reinforced concrete beams with 
Bakelite waste is generally lower compared to the control beam, except for the 8 % waste Bakelite 
beam which demonstrated a similar ultimate load capacity of 60 kN. Although managing Bakelite 
waste can be difficult because it can lead to the creation of microplastics in landfills over time, 
utilizing Bakelite waste in concrete can be a sustainable method of waste management. The 
innovative use of Bakelite waste as a partial replacement for coarse aggregate in concrete offers a 
sustainable solution to the problem of waste management and addresses the environmental 
concerns related to the disposal of non-biodegradable plastics. This research provides a practical 
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solution for developing eco-friendly and cost-effective construction materials while promoting 
sustainable waste management practices.   

1. Introduction 

Ensuring that every nation’s citizen lives in a sustainable and clean environment is one of the most critical challenges facing 
governments today [1]. The rise in construction activity has exponentially increased the demand for river sand, depleting and 
exploiting natural sand resources and having negative environmental repercussions like river edges slipping and a falling water table 
[2,3]. So, finding a different binding substance that may be used in place of river sand while making concrete is crucial. Moreover, the 
most significant component of concrete by volume is composed of coarse and fine aggregates, which give the material its stiffness and 
dimensional stability [4,5]. However, one tone’s coarse and fine aggregate requires roughly 0.081 GJ/t and 0.083 GJ/t of energy, 
respectively [6]. Thus, alternatives to fine and coarse aggregates are crucial in the current situation. 

Due to rising industrialization and urbanization, dumping and landfilling recycled products pose a serious risk to human health and 
the environment. The first synthetic plastic, Bakelite, was made through a polycondensation reaction of formaldehyde, and phenol is 
one form of a hazardous industrial product. [7,8]. Bakelite is a thermoplastic, sometimes known as a thermosetting polymer or a 
polymer-based substance [8,9]. Due to its thermal resistance and electrical nonconductivity, Bakelite plastic was used to create the 
E-elements [10,11]. As a result, many heavy metals, electronic components, glassware, ferrous, polymers and nonferrous metals, 
hazardous chemicals, cell phone casings, housewares, plastic containers, pipe stems, and other plastic materials are made of synthetic 
Bakelite plastic [12]. 

Landfilling is still a typical technique for Bakelite plastic waste, although when biodegradation does not continue, landfills do not 
offer an environmentally favourable alternative [13]. To mitigate Bakelite plastic waste dangers, it is crucial to employ Bakelite plastic 
waste components and to minimize, reuse, and recycle waste [14]. According to statistics, India manufactured 318 million tonnes of 
plastic in 2020 and generated 80,000 tonnes of Bakelite waste, with an estimated rise to 70,00,000 tonnes by 2050 [15]. Several of 
these were burned in kilns and disposed of in landfills, potentially causing environmental deterioration and posing a health risk to the 
workers handling them. The most often utilized materials are plastic and rubber [16,17]. By 2030, it is hoped that Bakelite scrap from 
commercial items would be recycled and collected in 60 % of all instances. [18], despite controlled procedures in industrialized 
countries. The plastic and rubber subsectors comprise 8.33 % of the total zone, and they represent almost 15 % of all recyclable 
materials [19]. Plastic garbage can be produced in the electrical, home, and professional sectors. This source accounts for 20–30 % of 
the resource recovery facility’s supply [20]. Concrete is utilised more than any other material in the construction industry. [21,22]. 
Concrete is accessible and useful for many different uses. The demand for building project aggregates is anticipated to grow 2.4 % 
annually to 46.3 billion metric tonnes in 2023 due to a continuous rise in global building activity, making India one of the top 
aggregate consumers worldwide [23,24]. In addition, cement sales have increased worldwide in all non-building sectors where ag-
gregates are required for continuing infrastructure projects [25,26]. Therefore, it is crucial to develop alternative materials due to the 
future demand for construction and the diminishing supply of natural building materials. The enormous demand for naturally 
occurring aggregate raises serious questions about the availability in long-term development for natural aggregate for [27–29]. By 
substituting wasted Bakelite material for natural aggregate when making concrete, the environment is therefore protected, and 
concrete is now a durable and advantageous building material for the environment [30,31]. Stresses on concrete, such as extreme heat 
and cold, can cause it to crack and deteriorate [30,32,33]. Plastics have recently raised concerns due to their breakdown and influence 
on the environment. It is utilized to decrease the effects of these problems because it degrades and is widely accessible. For the past few 
years, various applications have extensively used plastic materials as a concrete matrix and reinforcing [34–36]. Synthetic polymers 
are one of the extensively used plastics because of their low density, low cost, ease of production, and better mechanical properties 
than ceramics and metals [37,38]. E-waste management poses substantial issues in terms of recycling and disposal [39]. Even though 
recycling e-waste helps reduce the amount of waste dumped in landfills, improper recycling can pose serious risks to nearby com-
munities and workers. These hazards include being exposed to dangerous materials like heavy metals during recycling. Additionally, 
improper e-waste disposal in landfills or incinerators can cause dangerous substances, like heavy metals, to leak into the environment. 
Innovative waste management techniques, such the use of reused plastic in the construction sector, have been created to address the 
problem of e-waste [40–43]. Recycling plastic waste while producing valuable resources for the construction sector is a sustainable 
method of handling plastic waste [41–43]. 

There is an enormous amount of literature on the use of recycled plastic waste in concrete. Waste plastic products cannot always be 
cementitious binders or aggregates [30]. The repeated drop weight test, described in the ACI 544–2R, is the first method of deter-
mining concrete’s impact resistance. Investigational tests can be carried out to ascertain the number of strikes necessary to damage 
testing samples to a specific level. Each impact is recorded to produce a quantitative estimate of the energy absorbed by the specimen at 
the specified level of discomfort. So, by performing impact tests under ACI 544 [44] criteria, it is possible to compare the impact 
resistance of different materials. Concrete’s workability is impacted by the size and shape of recyclable plastic particles, according to 
Siddique et al. [45]. More studies evaluate the impact of aggregates and cement replacement by plastic waste and fibers in concrete. 
For example, the use of wet-grinding plastic waste (WGPW) as additive in Portland cement was investigated by He et al. [46]. The 
authors showed that WPWC additive enhanced the early strength of mortar and improved the hydration of cement, while reducing the 
permeability and the electric flux of cement mortar. Another attempt made by Zeyad et al. [47] to study the effect of coarse aggregate 
replacement on the mechanical properties and resistance to radiation of ultra-high performance concrete. The authors found that 
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Ilmenite aggregate and steel fibre enhanced considerably the compressive strength of concrete. The use of dry crushed pomegranate 
peel waste (PW) as a thermal insulator to produce lightweight clay bricks was studied by Maafa et al. [48]. The results showed that the 
use of PW increased thermal conductivity, water absorption, density, and shrinkage, while decreasing the compressive strength of clay 
bricks. In another study done by Al-Tayeb et al. [49], the replacement of coarse aggregate with plastic waste improved the impact 
resistance and energy absorption of concrete beams. 

Ghanim et al. [50] investigated the use of rubberized concrete with hybrid polypropylene and steel fibers. They found that the 
addition of crumb rubber improves fracture characteristics but decreases compressive and tensile strengths. 

The use of Bakelite plastic waste as a partial replacement for coarse aggregate in concrete is a novel approach to managing plastic 
waste and creating sustainable construction materials. This method not only provides an effective solution to plastic waste disposal but 
also reduces the demand for natural coarse aggregates, which are finite resources. Additionally, the study’s findings indicate that 
concrete containing Bakelite waste can achieve desirable compressive and flexural strengths at a specific dosage, making it a viable 
alternative to traditional concrete. 

1.1. Research significance 

Previous attempts to recycle various materials for use in concrete are mentioned, including plastic waste, which was claimed to 
improve the strength of polymer concrete [30,51–53]. Recycled Bakelite was also studied as a potential coarse aggregate, but further 
research is needed to establish its applicability and recycling potential. This study aims to recycle Bakelite waste as a partial 
replacement for coarse aggregate in concrete and contribute to conservation efforts while reducing energy consumption and envi-
ronmental pollution. The findings are expected to assist the building sector and inspire further research on the use of Bakelite in 
concrete. 

2. Materials 

In this study, ordinary Portland cement (IS 53-grade) was used as a cementitious material meeting the standard specifications of IS 
12269 [54]. River sand and crushed granite coarse aggregates were used as the filler materials. Moreover, plastic waste Bakelite was 
used as a partial replacement of the coarse aggregate in the percentages of 2, 4, 6, 8, 10 by dry weight of the granite aggregate. The 
grain size distribution of the aggregate and Bakelite was shown in the Fig. 1. The waste Bakelite can be properly identified and used as 
building materials. Plastic waste is one of the biggest environmental recycling products. Most plastic garbage is gathered from 
workplaces, retail locations, educational facilities, and other industries. The requirement for a solution can be determined by looking at 
the present trend of reusable materials. Depending on the desired particle size, the waste from the manufacture of Bakelite is gathered, 
crushed, and ground. Fig. 2 shows the granite aggregates and Bakelite aggregates. The Bakelite aggregate concrete exhibits 
compressive and tensile strength of 37 MPa and 2.5 MPa, respectively in this study. Specific gravity of the sand, granite aggregate, 
Bakelite aggregate are 2.63, 2.68, and 1.42, respectively. For 1 m3 concrete, the proportion of the cement, fine aggregate, and coarse 
aggregate are 380 kg, 665 kg, and 1110 kg, respectively as presented in Table 1. In the concrete mix, water-cement ratio of the blends 
was maintained as 0.5. 

3. Test setup and instrumentation 

After procuring the raw materials, the specimens were prepared and tested. The mechanical properties include the compressive 
strength of cubes and cylinders, the cylinders’ split tensile strength, and the beams’ flexural strength were evaluated. In addition, a 
physical observation was made to assess the crack pattern of the beams. 

Fig. 1. Particle size distribution of aggregates.  
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3.1. Compressive strength test 

Concrete cubes have undergone compression testing under IS 516-1999 [55]. A compression testing equipment with a 2000 kN 
capability was used to test each concrete cube specimen. Applying compressive load at 140 kN/min or 140 kgf/cm2/min until the 
specimen fails makes it feasible to determine the crushing strength of concrete cubes. The cubes were evaluated at 7 and 28 days of 
curing. Similarly, on days 7 and 28, cylinders were tested. The specimen’s plane surfaces were compressed while sandwiched between 
two plates of the compression testing apparatus. For each specimen, three cubes are tested, and the average values are chosen. A 
compression testing equipment with a 2000 kN capacity was used to perform compressive strength tests on concrete cylinders with a 
150 mm diameter and 300 mm length (see Fig. 3). 

3.2. Split tensile strength and modulus of rupture tests 

Concrete cylinders’ split tensile strength is tested by applying a compressive force at 140 kgf/cm2/min or 140 kN/min until the 
specimen fails. The cylinders underwent testing after 28 days of curing and a brief drying period. On the 28th day, cylinders were 
tested. The specimen’s lateral sides were compressed while sandwiched between plates of the compression testing apparatus. The 
cylindrical specimens with a 150 mm diameter and 300 mm length were used for the splitting tensile strength. A 

Fig. 2. Aggregates (a) granite (b) Bakelite.  

Table 1 
Mix proportion for concrete mix.  

Specimens Bakelite (%) Cement (kg/m3) Fine Aggregate (kg/m3) Bakelite (kg/m3) Coarse Aggregate (kg/m3) Water (kg/m3) 

C  0  380  665  0  1110  190 
Sp1  2  380  665  22.2  1087  190 
Sp2  4  380  665  44.4  1065  190 
Sp3  6  380  665  66.6  1043  190 
Sp4  8  380  665  88.8  1021  190 
Sp5  10  380  665  111.0  999  190  

Fig. 3. View of specimens testing (a) compression on cube, (b) compression on cylinder, and (c) split tensile on cylinder.  
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500 mm × 100 mm × 100 mm prism was used to measure the rupture modulus. 

3.3. Durability test 

150 × 150 × 150 mm concrete cubes that have been cast and are curing in water for 28 days. According to ASTM [C1898–20] 
standards, the cured specimens underwent chemical resistance testing. The test solutions were of 5 % hydrochloric acid (HCl). Ac-
cording to ASTM guidelines, distilled water was also employed as a control solution. Once the specimens had been steeped in the 
solution for 7 and 14 days, their weight was recorded. Each immersion period ended with visually inspecting the test specimen’s 
appearance, cleaning under running water, hasty drying with a paper towel, and weight measurement. 

3.4. Shear behaviour 

Beams measuring 100 mm × 150 mm × 1700 mm are used as test specimens; they are supported by four high-yielding strength 
distorted (HYSD) bars, two of which are under tension and two in compression. Additionally, HYSD bar stirrups measuring 90 mm in 
length and 6 mm in diameter were added to strengthen it against shear forces. Fig. 4 displays the details of the reinforcement. In an 
open curing tank with ambient lighting, all the specimens underwent a 28-day curing process. Fig. 5 depicts the schematic view of the 
reinforcement setup. All beams underwent reaction loading frame testing. The beams’ spans were maintained at 2000 mm with 
supported ends, and they were tested with loading at two-point applied at one-third of the spans on a beam. As illustrated in Fig. 4d, 
three linear variable differential transformers (LVDTs) were mounted at the midspan, third span, and fourth span to measure the 
deflections of the beam. 

Four strain gauge buttons were attached to the specimens, and maximal compressive and tensile strains were calculated using a 
mechanical strain gauge. Deflection, strain, and crack were recorded for each 2 kN load increment, with data logged using proSoft 
software. 

All beams were tested in a 500 kN loading frame with a constant 1500 mm span and two-point loads applied at one-third intervals 
through a stiff beam. Three LVDTs were used to measure deflections at the centre, 1/3rd, and 1/4th of the span. 

The beam was placed perpendicular to the applied stress without eccentricity for a flexural test on a 1000 kN universal testing 
machine. The specimens were loaded at a constant rate until failure, with the crack initiation and location recorded to determine the 
modulus of rupture. 

Fig. 4. Preparation and testing of the concrete beam: (a) steel reinforcement detail, (b) Formwork and reinforcement placement, (c) casted beam, 
and (d) testing of beam. 
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4. Results and discussion 

4.1. Compressive strength of cubes and cylinders 

As anticipated, all concrete combinations’ compressive strengths rose between 7 and 28 days of curing period. According to all the 
concrete’s compressive strength results, the concrete made with Bakelite waste aggregate as a partial replacement for the natural 
aggregate had the most significant reduction in compressive strength because, in comparison to the natural aggregates, the aggregate 
waste particles from Bakelite have a poor angular shape and a smooth surface texture. As a result, this combination of Bakelite 
aggregate and the cement matrix is expected to interlock poorly. Also, due to the hydrophobic properties of Bakelite and the cement 
mortar, sand, and recycled Bakelite waste aggregate particles, the fall in compressive strength for Bakelite concrete was typically 
caused by a weak bond. Also, in the case of the Sp4 mix, the efficient distribution of Bakelite’s fine and coarse particles results in 
greater strength. As seen in Figs. 6–7, the formation of voids upon adding Bakelite waste in lower and higher contents may cause a 
decrease in strength. The visual examination of broken specimens revealed that the failure planes could not be identified along the 
Bakelite interfaces, which suggests that the cement mortar and Bakelite aggregates will be well-bonded. Additionally, the Bakelite 
particles were evenly dispersed throughout the specimens, indicating acceptable homogeneity and the absence of any particles that 
appeared to be floating on the specimens’ top surfaces. Bakelite is harder and denser than plastics like polyethylene, polypropylene, 
and polystyrene [56,57]. Researchers in the past that utilized waste Bakelite aggregate in concrete reported a substantial loss in 
strength compared to natural aggregates [30,51]. Waste Bakelite found in concrete was the subject of research. Although there has 
been an increase in Bakelite plastic, there has been a noticeable drop in compressive strength. However, there are three advantages to 
partially replacing granite aggregate: mechanical performance, chemical resistance, and low cost. Bakelite concrete can therefore be 
utilized to create low-weight concrete constructions [51]. 

Furthermore, the 28 days compressive strength results obtained for the cubes specimens were compared with that of cylindrical 
specimens and according to previous literatures the ratio between the strength test of cubes and cylinder is approximately 1.25. Details 
of this comparison is presented in Fig. 8. The coefficient of determination obtained were above 0.9 which indicates a close relationship 
between the predicted and the experimental results. 

Fig. 5. Schematic view of the reinforcement setup.  

Fig. 6. Compressive strength of Bakelite concrete cube specimens.  
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4.2. Split tensile strength 

Fig. 9 shows the results of the split tensile strength testing for the Sp1, Sp2, Sp3, Sp4, and Sp5 Bakelite plastic concrete mixtures. 
These findings indicate that the amount of Bakelite waste plastic in concrete mixtures at 28 days of curing age decreases the split tensile 
strength. This phenomenon can be related to the weakening of the bond between the cement paste’s surface and waste plastic frag-
ments and to the hydrophobic properties of plastics, which may prevent cement from fully hydrating. As a result, the hydration 
gradually increased. Moreover, the split tensile strengths of the concrete composites made from waste plastic were similar to those of 
earlier research works [30,51]. A relationship between the split tensile strength and compressive strength in comparison with the split 

Fig. 7. Compressive strength of Bakelite concrete cylindrical specimens.  

Fig. 8. Comparison between compressive strength of cylinder and cube specimen.  

Fig. 9. Split tensile strength of Bakelite concrete cylindrical specimens.  
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tensile strength obtained using ACI 318–99 equation is presented in Fig. 10. The results of the coefficient of determination indicates a 
weak relationship between split tensile strength, compressive strength and ACI 318–99 equation. 

4.3. Modulus of rupture 

The results show that the flexural strength of cylinders containing waste plastic, such as Sp1, Sp2, Sp3, and Sp5, is lower than that of 
the control specimen, as seen in Fig. 11. This is because the bond between the waste plastic and concrete components for flexure is 
inadequate. In contrast, the Sp4 specimen’s strength is slightly lower than that of the control concrete. This is because the high 
compressive strength in the compression zone prevents the beam from cracking. 

A relationship between the modulus of rupture and compressive strength in comparison with the modulus of rupture obtained using 
ACI 318–99 equation is presented in Fig. 12. The results of the coefficient of determination indicates a close relationship between 
modulus of rupture, compressive strength and ACI 318–99 equation. 

4.4. Influence of hydrochloric acid on Bakelite blended concrete weight loss 

Standard-size cubes were left to cure in acid solutions for 7 and 28 days, respectively, to measure the weight loss in hardened 
concrete. The reduction of the hardened mass, as seen in Fig. 13, was considered when determining the concrete’s ability to withstand 
acid attacks. Concrete contains a higher amount of Bakelite, which prevents acids from penetrating. Therefore, the bonding and pore 
structure are weakened by the decreased percentage of Bakelite (Sp1 and Sp2 mixes) latex. 

4.5. Load-deflection behaviour of Bakelite concrete beams 

Table 2 shows that two specimens among the beams have the maximum load-carrying capacity, which is the control specimen and 
Sp4. The Sp1 and Sp5 beam specimens exhibited a less load-carrying capacity and poor performance, while the remaining beams had 
similar load-carrying capacities and can be grouped into the same category. 

Bakelite concrete graphs and regular concrete graphs differ significantly from each other from the load-deflection curves of con-
crete beams shown in Figs. 14–16. Compared to Bakelite concrete graphs, regular concrete graphs have a substantially higher initial 
rigidity. This is another representation of Bakelite concrete’s lower modulus of rupture, which was already covered in the rupture 
section. Because the stiffness of the specimens rises with the addition of waste plastic, their mid span (L/2), one-third span (L/3), and 
quarter span (L/4) deflections are fewer than those of the control specimen. Although there is less deflection, Sp3 and Sp4 specimens 
carry the same load as the control specimen. A lesser ductile phenomenon is shown in the graphs with Bakelite content. Once 
approaching the breaking threshold, the concrete control graphs perform substantially better than Bakelite concrete in giving ample 
forewarning. Contrarily, Bakelite-containing concretes fail suddenly without taking on any additional weight after reaching their 
ultimate point. 

4.6. Stress-strain behaviour of Bakelite concrete beams 

Fig. 17 displays the stress-strain curves for various concrete compositions. Fig. 17 shows that the specimen concrete’s strain rate in 
the compression zone is approximately identical to that of the control specimen and lower. This might be caused by discarded plastic, 
which makes specimens more rigid. Due to the reinforcement, the tensile strain displayed by the Bakelite specimens behaves linearly 
up until severe fracture. The graphs’ initial stiffness is nearly the same, but the final point differs depending on the amount of Bakelite 
present when the flexural strength change occurs. In general, specimen beams are under less strain than the control beam. Fig. 18 
shows that the Sp4 specimen initially has more strain than the control specimen. The reduction in strain rate during the final stage may 
be caused by the higher compressive strength of the concrete in the compression zone, which prevents the beam from straining. In 

Fig. 10. Relationship between split tensile strength and compressive strength.  
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Fig. 11. Modulus of rupture of Bakelite concrete specimens.  

Fig. 12. Relationship between modulus of rupture and compressive strength.  

Fig. 13. Percentage mass loss of Bakelite concrete specimens exposed to HCl.  

Table 2 
Ultimate load and deflection of beams.  

Specimen Ultimate failure load, Pu (kN) Ultimate failure moment (kN-m) Ultimate Deflection (mm) First cracking load (kN) 

L/2 L/3 L/4 

C  60.78  15.19  23.77  20.62  17.79  10 
SP1  41.39  10.34  24.27  19.18  16.92  8 
SP2  52.79  13.19  21.71  17.26  15.84  16 
SP3  57.24  14.31  20.59  16.48  15.55  14 
SP4  60.39  15.09  18.56  14.17  14.94  14 
SP5  44.27  11.06  18.30  16.03  13.24  10  

M. R et al.                                                                                                                                                                                                               



Case Studies in Construction Materials 18 (2023) e02200

10

contrast to the other plastic waste concrete studied by Prasittisopin et al. [58] for expanded polystyrene (EPS) concrete, Choi et al. [59] 
for polyethylene terephthalate (PET) concrete, and Dulsang et al. [60] for ethylene vinyl acetate (EVA) concrete, Bakelite plastic 
concrete exhibits a different behavior. This is due to the Bakelite plastic being more rigid. 

Fig. 14. Deflections of specimens at mid span.  

Fig. 15. Deflections of specimens at one-third span.  

Fig. 16. Deflections of specimens at one-fourth span.  
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4.7. Ductility, stiffness, and energy absorption capacity of Bakelite concrete beams 

Concrete beams’ ductility, stiffness, and energy absorption are all significant mechanical characteristics that affect how the beams 
respond to loads. Table 2 presents the results of initial first crack load (Pi), ultimate load (Pu), deflection at first crack (Δx), deflection at 
final crack (Δy), initial stiffness (Si), final stiffness (Sf), ductility index (D.I = Δy/Δx) The ratio of the midspan deflection at the first 
crack load to the ultimate mid-span deflection of control and specimen concrete beams is known as the ductility index. The ductility 
index is crucial in determining a material’s mechanical attributes and whether it is suitable for structural applications. Table 3 
demonstrates that the ductility index of the Bakelite specimen beam is lower than that of the control concrete beam. The amount of 
discarded Bakelite utilized in the combination and the relatively low ductility of Bakelite affect the ductility index of the resulting 
concrete. The observed low tensile strength of the employed Bakelite plastic waste, 50 MPa, may affect the overall ductility of the 
concrete mixture. This is not a significant issue for some applications, such as for some precast concrete elements, where higher 
ductility is not required. 

Fig. 17. Stress-strain behaviour of beams.  

Fig. 18. Stress-strain behaviour of control and Sp4 beam.  

Table 3 
Ductility and stiffness results of Bakelite concrete beams.  

Specimen Pi (kN) Pu (kN) Δx (mm) Δy (mm) D.I Si (kN/mm) Sf (kN/mm) Reduction in stiffness (%) 

Control  10  61  1.34  23.77  17.70  7.44  2.56  65.55 
Sp1  8  41  3.04  24.27  7.98  2.63  1.68  35.80 
Sp2  16  53  2.39  21.71  9.08  6.69  2.44  63.54 
Sp3  12  57  2.95  20.59  6.96  4.05  2.76  31.78 
Sp4  14  60  2.03  18.56  9.13  6.88  3.23  53.07 
Sp5  10  44  4.27  18.30  4.28  2.34  2.40  -2.70  
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The resistance of a material to deformation under load is referred to as stiffness. Stiffness in concrete beams is commonly calculated 
as the load-deflection curve’s slope up to the yield point. Table 3 lists the stiffness values for the control, Sp1, Sp2, Sp3, Sp4, and Sp5 
specimens at ultimate and first crack loads. Table 3 shows that control and Sp4 specimens have similar stiffness values and are stiffer 
than the others up to the first fracture load. This demonstrates how the concrete becomes stiffer when waste plastic is added. A beam 
with high stiffness can hold weights without experiencing excessive deflection (see Fig. 19), which is significant for applications where 
stability and deformation control are essential, like bridges and tall buildings. 

The energy absorption ratio is the energy absorbed at the first crack to the energy absorbed until the ultimate load. Therefore, the 
area under the load-deflection curves up to the ultimate load divided by the area under the load-deflection curve up to the first crack 
load will give an energy absorption value. Figs. 20 and 21 gives data on the energy absorption and energy absorption ratio of both 
control and Bakelite Specimens, respectively. Bakelite beams shows lower energy absorption than the control specimen. This can be 
due to the cracking and fragmentation of the coarse Bakelite waste reduce energy absorption ratio. However, initial energy absorption 
of the Bakelite beams reflects higher values than the control specimen. 

Overall, Bakelite can still be a good alternative for some applications even though it may have a lower energy absorption ratio than 
control concrete. However, to further enhance its performance and longevity, careful consideration of the specific needs and char-
acteristics of the Bakelite content is required. 

4.8. Crack pattern and failure modes 

Fig. 22 displays the specimens’ crack patterns. Two-point loading tests were performed on every beam. During testing, we took note 
of the load at which the fracture appeared, the place where the crack began, and the maximum load at which the specimen failed. Upon 
flexure failure, all the beams failed. The first crack appeared in the middle of the beam, running from bottom to middle. Major fractures 
have developed in the flexural area and have spread in the direction of the point loads. Also, as shown in Fig. 22, the reinforcement 
effect of the tested beams with Bakelite waste has a considerable impact on the cracking profile at the service and ultimate loading 
phases. The tested beams exhibit the typical pattern of flexural crack propagation. Cracks begin at the tension face’s pure flexure zone 
and move gradually towards the compressive face, where the concrete crushing occurs. According to Fig. 22, the crack spacing is 
related to the amount of Bakelite waste present. In comparison to Bakelite specimens, the control specimen has wider cracks. This may 
be linked to the yielding of the steel bars, which led to an increase in concrete tension and further cracking. It is renowned for having a 
high degree of hardness, strength, and chemical and heat resistance. In addition, Bakelite, with strong cross-linking bonds between the 
polymer chains during a process known as polymerization, forms a stiff and long-lasting substance [56,57]. 

4.9. Benefits of Bakelite waste 

The higher tensile strength of Bakelite waste is the main technical advantage of employing it in concrete composites [30,51]. 
Moreover, the Bakelite waste included in the concrete enhanced the cement composites’ stiffness. The formulation for generating 
Bakelite waste composites is difficult, and the qualities of the composites rely on the manufacturing method and mix composition. Also, 
there is an opportunity to add Bakelite strips as fibres during the mixing stage of concrete. However, additional research is recom-
mended to determine the suitability of Bakelite fibres by conducting relevant lab tests. Waste from the manufacture of Bakelite is a 

Fig. 19. Flexural failure of beams strain measurements.  
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Fig. 20. Initial energy absorption of Bakelite concrete beams.  

Fig. 21. Energy absorption ratio of Bakelite concrete beams.  

Fig. 22. View of crack and failure patterns of the tested concrete specimens.  

M. R et al.                                                                                                                                                                                                               



Case Studies in Construction Materials 18 (2023) e02200

14

harmless material; mixing and producing concrete with it had no unfavourable effects. Waste from Bakelite production is used in 
concrete, reducing waste management, transportation, storage, and landfill tax costs. Concrete can use less river sand, energy-intensive 
granite aggregates, and manufactured sand by substituting Bakelite waste for those materials. As long-term exposure in landfills may 
result in microplastics, treating Bakelite waste is difficult in practically all nations. Recycling Bakelite waste can contribute to more 
sustainable waste management. 

5. Conclusions 

The use of Bakelite waste in concrete presents a viable solution to address the environmental issues associated with its disposal. This 
study revealed that the addition of Bakelite waste to concrete led to a decrease in its compressive and split tensile strength. However, 
adding 6 % Bakelite waste to the concrete mixture resulted in an increase in both compressive and split tensile strength. 

Furthermore, the inclusion of Bakelite waste prevented the specimens from suddenly breaking, thereby ensuring that the two 
halves of the specimen remained joined. Although the ultimate load of all reinforced concrete beams containing Bakelite waste 
decreased, the ultimate load of a concrete beam containing 8 % Bakelite waste was similar to that of the control beam, measuring 
60 kN. 

The ductility index of the resulting concrete was affected by the relatively low ductility of Bakelite. Nonetheless, this may not be a 
significant issue for certain applications, such as precast concrete elements where higher ductility is not necessary. When used in 
structural applications, concrete with an 8 % addition of Bakelite waste displayed similar strength to control concrete beams. Hence, 
Bakelite waste aggregates can be used as a partial replacement for coarse aggregate in concrete mixtures, especially in situations where 
higher ductility is not essential. 

The use of Bakelite waste in concrete provides an innovative and sustainable solution to the scarcity of natural aggregates. Further 
research can be carried out to optimize the proportion of Bakelite waste in concrete and assess its durability in various environmental 
conditions. 
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