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Abstract


Population expansion and the development of technology have led to an increase in construction activities. In many cases, foundation grounds do not have a high enough bearing capacity and are not capable of ensuring the safe exploitation of the construction. A soil with poor mechanical characteristics must be improved using various methods, such as adding hydraulic binders (lime and cement), natural fibres, or more recently, plastic waste materials. This work aims to study the behaviour of plastic waste materials made from polyethylene terephthalate (PET) in soil improvement. Thus, the mechanical characteristics of a clay improved with shredded PET were studied. PET was added in relation to the dry mass of the clay, in percentages of 2%, 4% and 6%. The studied clay was collected from a construction site around Cluj-Napoca, Romania, from a depth of 1 ÷ 10 m. PET was provided by a local plastic waste repository. It comes from recycled water, beer and soda bottles and was cleaned using specific methods for cleaning and recycling plastic waste. PET was shredded into irregular shapes with sizes ranging from 3 mm to 12 mm and was randomly distributed in the test specimens. Compression and direct shear tests were carried out to study the compressibility and shear parameters of the improved soil (internal friction angle and cohesion). The experimental results showed an improvement in the mechanical characteristics of the clay even at a low PET addition of 2% and 4%. This method can contribute to solving two current problems of the modern world: reducing pollution by recycling plastic waste materials and using them to improve the mechanical characteristics of soil.
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1. Introduction


Over 300 million tons of plastic waste materials are generated annually, with a significant amount ending up in the environment, where they persist for decades [1]. Each year, at least 8 tons of plastic waste materials make their way into the ocean, which is equivalent to a garbage truck dumped into the ocean every minute. If no measures are taken, it is estimated that by the year 2030, the quantity will increase to two trucks per minute, and by 2050, it will reach four trucks per minute [2,3]. Finding solutions for the elimination or environmentally friendly reuse of these waste materials is necessary [4].



Recent studies have shown a new approach to reuse plastic waste materials in geotechnical engineering in soil improvement and stabilization [5,6,7,8,9,10]. Soil improvement and soil stabilization are terms used to describe any technique, be it physical, chemical, biological, or a combination of these, that alters the properties of natural soil to meet specific requirements for geotechnical engineering.



If the available soil is inadequate to support the loads of engineering structures, traditional methods of improvement and stabilization of soil using hydraulic binders are already known [11,12]. However, this method often proves to be costly due to the high price of additives.



The concept of soil reinforcement with fibres was introduced by Vidal in 1969, who observed an increase in the shear parameters of reinforced samples [13]. Since then, research into improving soils with fibres has advanced, and nowadays both natural and waste fibres are used in the process. Research has been performed on improving soils with fibres from bamboo [14,15], jute [16,17], coir [18,19], palm [20,21], sugar cane [22], waste rubber [23,24], and waste plastics [25,26,27]. In most cases, the results showed an increase in the geotechnical parameters considered in the studies such as an increase in the internal friction angle and cohesion, an increase in the shear strength of the soil, improved compressibility, and improved behaviour of the studied soil to moisture variations.



The use of plastic waste materials in soil improvement can serve as a means of recycling and reusing these waste materials, providing an efficient soil improvement method at reduced costs. By collaborating with local plastic waste repositories, it is possible to acquire the raw material for improving and stabilizing soils. Soil improvement with plastic waste materials might raise ecological discussion, but further research must be conducted to determine the viability of this solution.



The civil engineering field includes various applications of plastic waste materials, such as using them for soil stabilization in base and subbase layers of pavements, reinforcing earthen embankments, and mitigating soil settlement in foundations. Waste plastic materials can also serve as a cost-effective substitute for other expensive admixtures like cement and lime in soil improvement processes.



The purpose of this paper is to study the geotechnical parameters of a clayey soil improved with shredded polyethylene terephthalate (PET) waste. This paper will highlight the beneficial effect of PET waste on clayey soil by analysing the variation in the internal friction angle, cohesion, shear strength, and compressibility, as the percentage of added PET in the test samples increases. The use of PET waste from water, soft drinks and beer bottles in soil improvement offers a solution to two major current problems: reducing pollution through recycling and reusing plastic waste materials (PET), and improving the mechanical properties of soils for adequate load-bearing capacity during engineering constructions.



Polyethylene terephthalate (C10H8O4)n, commonly referred to as PET, is a polymer synthesized from petroleum hydrocarbons by combining ethylene glycol and terephthalate acid. With its notable characteristics of exceptional wear resistance, a low friction coefficient, and a high flexural modulus, PET is recognized as a beneficial additive for soil stabilization, improving the geotechnical properties of the soil [28].




2. Literature Review


In the literature, different types of soils improved with different waste plastic materials, in the form of fibres, granules, strips, have been studied. The main objective of these studies was to improve the geotechnical parameters of the soils.



Poweth et al. [29] studied the behaviour of a clay of intermediate compressibility from Kerala district, India, improved with different percentages of plastic granules. The plastic granules were added in a proportion of 0.25%, 0.5% and 0.75% by the weight of dry clay. The investigation determined that the improvement method proved to be a proficient technique for improving the geotechnical characteristics of the clay. An improvement in the compressibility of the clay was found, as well as an increase in the shear strength. Optimum results were obtained for 0.25% plastic granule addition by the weight of dry clay.



A study conducted by Singh and Sonthwal [30] showed the effect that PET waste in the form of strips has had in reinforcing a clay of low compressibility used in the subgrade of a pavement. After a series of California bearing ratio (CBR) and Proctor compaction tests an improvement in the dry density and CBR values of the reinforced samples was found. Optimum results were found for the samples formed from clay and 6% PET strips (25 mm × 5 mm) added by the dry weight of the soil. It was noted that the optimum percentage of PET waste used for clay reinforcement caused a reduction in the thickness of pavement, which led to a reduction in the cost of the project.



Peddaiah et al. [31] conducted a standard Proctor test, Direct Shear Test and CBR tests on samples made from a silty sand reinforced with PET wastes strips. Tests results indicated a substantial increase in the maximum dry unit weight, shear strength parameters, and CBR value when PET waste reinforcement is added to the silty sand. The level of improvement in silty sand’s geotechnical proprieties varies depending on factors such as the soil type, plastic material content, and strip size. For these tests, the optimum results were obtained when using a PET waste content of 0.4% along with a strip size of (15 mm × 15 mm).



Using polyethylene plastic waste bags in soil improvement and stabilization has been investigated in various geotechnical infrastructure applications, such as slope stabilization, embankments, and road bases. Tests have demonstrated that the incorporation of plastic waste materials into soil improves the bearing capacity and shear strength of weak soils, diminishes soil settlement and increases resistance against liquefaction while improving durability [32,33,34,35].



Zukri et al. [36] studied the proprieties of a soft clay from Pahang, Malaysia, improved with different percentages (0%, 5%, 10% and 20%) of polyethylene terephthalate and polypropylene (PP) in random distributions. A total of 22 samples were prepared and subjected to unconfined compression tests (UCT). Test results showed that the unconfined compressive strength (UCS) increased progressively as the percentage of PET fibre reinforcement in the soil increased, until it reached its peak at an optimal content of 10% fibre reinforcement. In the case of polypropylene fibres, the soil reached its maximum strength when it contained a 20% fibre content.



The encouraging results found in the literature illustrate that the addition of plastic waste materials in soil improvement has a beneficial effect on the geotechnical characteristics of soils. The research carried out on this topic shows that the field studied is of great interest all over the world. This field offers solutions to two current problems: reducing plastic pollution by reusing materials considered to be waste and increasing the mechanical properties of soils with poor characteristics to support the loads from engineering structures.




3. Materials and Methods


The flow chart of the procedure followed to obtain the samples for tests can be analysed in Figure 1.



The soil used in this study is a silty clay with medium swelling and shrinkage activity (classification according to the Romanian Norm NP 126/2010 [37]) (Figure 2a). It was collected from a site in the Cluj-Napoca area, Romania, from a depth of 1–10 m. The physical proprieties and granulometric composition of this clay are shown in Table 1 and Table 2.



The polyethylene terephthalate used in the clay–PET admixtures was provided by a local plastic waste recycling repository. PET came from recycled water, beer and soda bottles and was cleaned using specific methods for cleaning and recycling plastic waste materials: it was washed and the impurities were removed, it was shredded, and it was washed again and dried. The PET used in this study had irregular shapes, with sizes ranging from 3 mm to 12 mm (Figure 2b). The test samples were created in the laboratory by manually mixing clay with different percentages of PET (2%, 4%, 6%), randomly distributed.



The amount of PET added was related to the dry mass of the clay. For each test, 4 types of samples were produced (0%, 2%, 4%, 6%), each type containing 3 samples. To produce 3 samples of one type, 2000 gr. of clay sieved through a 2 mm sieve was manually mixed with one percent of PET (i.e., for a percentage of 6% PET, a quantity of 120 gr. of shredded PET was added to the 2000 gr. of clay) (Figure 2c). The admixture was then mixed with the optimum water content (OWC) of 18% (Figure 2d). The optimum water content is the water content at which, because of compaction in the Proctor apparatus, a maximum measurable density is obtained. After compaction in the Proctor apparatus (Fröwag, model 2151), the three samples were collected.



A total of 12 square samples (6 cm × 6 cm × 2 cm) were collected from the Proctor apparatus for direct shear tests and 12 round samples (6 cm × 2 cm) from oedometric compression tests (Figure 3a–c). The composition of each type of samples, their coding and form is given in Table 3.



All tests were performed according to Romanian standards, valid at the beginning of the experimental programme. The optimum water content was determined as per standard STAS 1913/13-83 [38]. Direct shear tests were performed according to STAS 8942/2-82 [39] and compression tests were performed according to STAS 8942/1-89 [40]. The equivalent of these standards can be found in SR EN ISO 17892—Geotechnical investigation and testing [41].



Direct shear tests were performed on samples immersed in water under consolidated–drained conditions (CD). The consolidated–drained shear test is performed when the soil is loaded at a slow rate and there are natural conditions for water drainage from the soil pores. The shear velocity used was 0.02 mm/min.



The parameters obtained from the direct shear test under CD conditions are the effective maximum shear strength parameters of the soil (angle of internal friction—Φ′; cohesion—c′). The direct shear test requires a minimum of three samples of same type to be sheared in an imposed plane, each sample subjected to a different vertical load (σ). In this study, the vertical stress (σ) values were 100 kPa, 200 kPa, and 300 kPa. By processing the results within a coordinate system, three points will be identified, which are used to draw the soil characteristic line. For the studied clay, the equation describing the soil characteristic line is    τ f  = σ · tg ϕ ′ + c ′  .



The execution of the direct shear test consists of applying vertical stress, flooding the sample, consolidating the sample and shearing the sample. The sample is sheared after the consolidation is completed, under the applied vertical stress, by starting the shearing device.



Compressibility is the property of soils to deform under external compressive stresses. Determining the compressibility of soils in the laboratory consists of monitoring the vertical deformation (ε) of soil samples under vertical loads (σ), which are applied in stages.



The compressibility of samples was determined in the laboratory with Wykeham Farrance equipment, model 26-WF0312. Deformation measurements under constant loads were carried out on cylindrical specimens with no lateral deformation and with drainage on the lower and upper faces.



In the oedometric compression test, the sample is placed in the apparatus and the first stage of vertical axial stress (σ) is applied. The sample deformation is recorded at certain time intervals. After the deformation is stabilized under the respective stress stage, the next stage of axial stress is then applied. The sample deformation is recorded at the same time intervals. After application of the last vertical axial-stress stage and stabilization of the deformation, the sample is unloaded to the initial stage, which is maintained until stabilization, and the final deformation is recorded.



Oedometric Compression tests were carried out on saturated and immersed samples, and the vertical axial stresses applied were from 20 kPa to 1000 kPa. The results are presented in the next chapter for the four types of admixtures: Cl, Cl2PET, Cl4PET and Cl6PET.




4. Results


4.1. Direct Shearing Tests


The shear strength has two characteristic values: peak and residual. Corresponding to these parameters, there will be two distinct soil-characteristic lines, with which the shear parameters ϕ′ and c′ as the peak values and ϕres and cres as the residual values can be determined.



Analysing the direct shear tests results (Table 4, Figure 4 and Figure 5) realized with Wykeham Farrance equipment, model 27-WF0215/B, it can be observed that the shear strength increased at an addition of 2% and 4% PET, both for the peak and residual values.



In the case of peak parameters, for a vertical stress of 100 kPa, the shear strength increased progressively from an initial value of 44.47 kPa for Cl to 58.03 kPa for Cl2PET, then to 66.76 for Cl4PET, decreasing to a value of 63.89 kPa for the Cl6PET admixture. The same increasing upward trend can be observed for vertical stresses of 200 kPa and 300 kPa.



An improvement in the clay shear strength was observed by adding a small percentage of PET. In the case of the Cl2PET admixture, the shear strength increased with 13.57 kPa for σ = 100 kPa, 17.71 kPa for σ = 200 kPa and 21.86 kPa for σ = 300 kPa, compared to the shear strength of the unimproved clay (Cl). For the Cl4PET admixture, the shear strength increased more, with a value of 8.73 kPa for σ = 100 kPa, 7.29 kPa for σ = 200 kPa, and 5.84 kPa for σ = 300 kPa, compared to the shear strength of the Cl2PET admixture. For the Cl6PET admixture, the shear strength slightly decreased, compared to the shear strength of the Cl4PET admixture, with a value of 2.87 kPa for σ = 100 kPa. But for σ = 200 kPa, the shear strength increased, with a value of 5.69 kPa, and for σ = 300 kPa the shear strength increased again, with a value of 14.25 kPa, compared to the shear strength of the Cl4PET admixture.



For the residual parameters, the shear strength followed the same trend as for the peak parameters. It increased as the percentage of PET added to the admixture increased, up to an addition of 6% PET, where the shear strength started to decrease. In the case of Cl2PET admixture, the shear strength increased with a value of 8.91 kPa for σ = 100 kPa, 8.63 kPa for σ = 200 kPa and 8.35 kPa for σ = 300 kPa, compared to the shear strength of the unimproved clay (Cl). For the Cl4PET admixture, the shear strength increased more, with a value of 4.19 kPa for σ = 100 kPa, 2.59 kPa for σ = 200 kPa, and 0.99 kPa for σ = 300 kPa, compared to the shear strength of the Cl2PET admixture. For the Cl6PET admixture, the shear strength started to decrease, with a value of 1.28 kPa for σ = 100 kPa and with a value of 0.22 kPa for σ = 200 kPa, compared to the shear strength of the Cl4PET admixture. For σ = 300 kPa, the shear strength increased with a value of 0.84 kPa, compared to the shear strength of the Cl4PET admixture.



Analysing the variation in the clay shear strength, in relation to the percentage of PET added, it can be stated that a small addition of PET waste for improving a clay has a beneficial effect on the shear strength of the studied soil.



Although clay shear strength increased with each percentage of PET added, the most significant variation was at an addition of 2% PET. For the Cl2PET admixture, the shear strength showed an increase of 30.51% for σ = 100 kPa, 22.54% for σ = 200 kPa and 19.40% for σ = 300 kPa, compared to the shear strength of the unimproved clay (Cl). When the amount of PET in the sample was doubled (Cl4PET), the shear strength increased compared to the Cl2PET admixture, but the increase was not as significant as in the Cl2PET admixture. For the Cl4PET admixture, the shear strength showed an increase of 15.05% for σ = 100 kPa, 7.57% for σ = 200 kPa and 4.34% for σ = 300 kPa, compared to the shear strength of the Cl2PET mixture. For the Cl6PET mixture, the shear strength showed a slight decrease of 4.30% for σ = 100 kPa and an increase of 5.49% for σ = 200 kPa and 10.15% for σ = 300 kPa, compared to the shear strength of the Cl4PET admixture.



The values of internal friction angle and cohesion increased with the addition of PET to the studied samples. Analysing the results in Table 5 and the graphs in Figure 6 and Figure 7, it can be observed that the peak shearing parameters of the clay increased as shredded PET waste was added. From an initial value of the internal friction angle of 18.83° for unimproved clay, it reached a value of 20.93° for Cl2PET, 20.20° for Cl4PET and 24.40° for Cl6PET (Table 5). The best value of the internal friction angle was for the Cl6PET admixture, an increase of 5.57° compared to the value of the unimproved clay (Figure 6). In the case of cohesion, the value increased for all Cl + PET admixtures. The highest result was recorded for the Cl4PET admixture, with a cohesion value of 29.96 kPa, an increase of 19.59 kPa compared to the value of unimproved clay (Table 5). For the Cl2PET admixture, the cohesion value was 19.79 kPa and for Cl6PET it was 18.53 kPa, both values being higher than the value of the simple, unimproved clay (Figure 7).



When it comes to Cl6PET, the cohesion value decreased from a value of 29.96 kPa for Cl4PET to a value of 18.53 kPa (Table 5). This decrease may be caused by the high percentage of PET present in the sample, which could have caused a possible sliding of clay particles on the shredded PET. This issue can be investigated in further research through a microscopic analysis of the contacts between clay particles and PET.



Analysing the residual shear parameters, the best result was registered for the cohesion value of the Cl4PET admixture, which was 15.49 kPa. The cohesion value also increased for the Cl2PET and Cl6PET admixtures, but it was lower than the value for the Cl4PET admixture. For the internal friction angle, the values for the three Cl + PET admixtures were slightly lower than the value for the unimproved clay.



The shear strength parameters ϕ and c should not be considered individually but in conjunction with each other, as they together describe the shear strength of the soil. For example, in the case of the Cl6PET admixture, even if the cohesion value decreased compared to Cl4PET admixture, the shear strength increased for the range of vertical stresses applied (σ = 100–200 kPa).



In 2017 Ilieș et al. [9] conducted a comparison between the improvement in a clay, similar with the one used in this study, from a site near Cluj-Napoca, with plastic waste materials and that with cement. Both materials were added in different samples in percentages of 2%, 4%, 6%, and 8%. Direct shear tests were performed on the samples made. In the case of plastic waste materials, the best results were noticed at an addition of 4%. Comparing the results on samples with 4% added cement and those on samples with 4% added plastic waste materials, it can be easily seen that the results in the case of cohesion were 52% lower for plastic waste materials than for cement, similarly for the internal friction angle (a decrease of 63%).



In Table 6, the results of Ilies et al. [9] were compared with the results of this study, in order to analyse all the results and the influence that the addition of PET and cement has on clays from the Cluj-Napoca area. The paper of Ilies et al. [9] was published in the year 2017; therefore, the clay, clay + PET and clay + cement samples were named as follows: unimproved clay—Cl17; clay + 2%, 4%, and 6% PET—Cl2PET17, Cl4PET17, and Cl6PET17; and clay + 2%, 4%, and 6% cement—Cl2CEM17, Cl4CEM17, and Cl6CEM17. In turn, the clay and clay + PET samples obtained in year 2023 in the presented study were named as follows: unimproved clay–Cl23, clay + 2%, 4%, and 6% PET—Cl2PET23, Cl4PET23, and Cl6PET23.



Comparing the results in Table 6, it can easily be seen that the geotechnical results of clay improved with different percentages of cement are superior to those of clay improved with PET waste. However, it cannot be ignored that even a small addition of PET (2% and 4%) can considerably improve the mechanical characteristics of a clay. The fact that a small addition of plastic waste materials improved the shear parameters of a clay is a good result, especially considering the extremely low costs of obtaining plastic waste materials compared to those of obtaining the additive from cement.



For a slight improvement in the geotechnical characteristics of a clay, the addition of PET waste can be used. This improved soil can be used for constructions with lower loads, for embankment stabilisation or for the base and subbase layer of pavements and road structures. For a greater level of improvement in the geotechnical parameters of a clay, one can switch from adding waste plastic materials to adding hydraulic binders such as cement or lime.




4.2. Oedometric Compression Tests


The variation in specific deformations (ε) for every vertical stress applied (σ′) is shown in Table 7. Analysing the results in Table 7 and the compression–deformation curve (Figure 8), it can be concluded that the most efficient admixture is Cl2PET. The lowest specific deformation was obtained in the case of the clay + 2% PET admixture, with values ranging from 1.040% for a vertical stress of 20 kPa to 13.580% for a vertical stress of 1000 kPa. Throughout the range of applied vertical loads (20–1000 kPa), the specific deformations have a lower value in the case of the Cl2PET mixture than in the case of clay unimproved with waste plastic materials (Cl). As the percentage of PET added to the clay increased to 4% and 6%, the specific deformations also increased compared to the Cl2PET admixture and to the clay in its natural state.



From the conducted tests, it can be concluded that a small percentage of 2% PET added to a clay can improve its compressibility characteristics by decreasing specific deformations.



The variation in the voids ratio (e) for every applied vertical stress (σ′) is shown in Table 8. Analysing the results in Table 8 and the compression–porosity curve (Figure 9), it can be observed that the admixtures with 2% and 4% PET are the most efficient.



The lowest void ratio values were obtained in the case of the clay + 2% PET admixture, with values between 0.539 for a vertical stress of 20 kPa and 0.330 for a vertical stress of 1000 kPa. The lowest voids ratio values throughout the range of applied vertical loads (20–1000 kPa) were recorded for the Cl2PET admixture. Also, for the Cl4PET admixture, the voids ratio values were lower than in the case of natural clay, but higher than in the case of the Cl2PET admixture.



The variation in the oedometer deformation modulus (Eoed) in relation to the effective stress (σ′) is shown in Table 9 and Figure 10. It can be observed that for an addition of 2% PET, the oedometer deformation modulus (Eoed) decreases slightly for the vertical stress range 20–50 kPa. For the rest of the applied vertical loads, the values of the oedometer deformation modulus were higher for the Cl2PET admixture than for the unimproved clay. The best results were obtained for the Cl2PET admixture; for the other two types of admixtures (Cl4PET and Cl6PET), the values of the oedometer deformation modulus were generally lower than those of the initial unimproved clay. Thus, the results indicate an important improvement in the soil stiffness, obtained by a small addition of shredded PET (2%).



Correlating all the results obtained using the oedometer tests, it can be stated that a small percentage of addition of shredded PET can improve the mechanical characteristics of a clay by decreasing specific deformations and the void ratio variation and increasing the oedometer deformation modulus. In terms of compressibility, the best results were obtained in the case of clay improved with 2% PET waste. For this admixture, the specific deformations and voids ratio variations had the lowest values, and the oedometer deformation modulus values had the highest increase.



Ilies et al. [42] carried out a series of oedometer tests in 2016 on a clay like the one used in this study, improved with different percentages of polyethylene (2%, 4%, 6%, and 8%). It was found that the most suitable percentage of PET for improving the compression parameters of the clay was 4%. The results from that study cannot be compared with those in this paper, because the oedometer tests were different. Vertical axial stresses applied for the tests in 2016 were from 50 kPa to 300 kPa, while in this study the vertical stresses applied were from 20 kPa to 1000 kPa. However, it can be stated that clays from the Cluj-Napoca area can be improved with different percentages of PET, their geotechnical parameters being positively affected by the addition of plastic waste materials.



In another study, this clay improved with 2%, 4% and 6% PET was tested in a climatic cabinet. To simulate the in situ behaviour of the PET-improved clay, four cylindrical samples (Cl, Cl2PET, Cl4PET, Cl6PET), with a diameter and height of 10 cm, were subjected to fifteen freeze–thaw cycles. The temperature varied in the climate cabinet from −10 °C to +40 °C, and the humidity increased up to 90%. It was found that the clay–PET admixtures behaved well in terms of shrinkage cracking. As the percentage of PET in the samples increased, shrinkage cracks decreased. The best results were obtained with a percentage of 6% added PET, the shrinkage cracks being almost inexistent [10].



Analysing the results of the tests carried out on clays from the Cluj-Napoca area, it can be noted that a small percentage of addition of plastic waste materials has positive effects on the mechanical characteristics of a clay. Increases in internal friction angle, cohesion, shear strength, and stiffness and decreases in the deformation and void ratio were observed, for a small addition of polyethylene terephthalate (2% and 4%). This study, corelated with the literature research, has shown that these results are influenced by the amount of PET added to the soil, its shape and its distribution in the studied samples. PET also had a beneficial effect on clay-shrinkage cracks, reducing their number and thickness. These results are encouraging, even if the level of improvement is not as significant as using hydraulic binders. It should be kept in mind that the costs of hydraulic binders are much higher compared to the extremely low costs of plastic waste materials. In addition to the low-cost aspect, it should be considered that recycling and reusing plastic waste materials has a favourable effect on the environment, by reducing pollution and automatically reducing the risks it causes.





5. Conclusions


In this study, the variations in the shear and compression parameters of a clay improved with different percentages of PET were analysed. Based on the experimental results, the conclusions of this study are presented below.



A small addition of PET had a beneficial effect for the shearing characteristics of the soil. The peak shear strength increased with the percentage of PET added to the samples, the most significant variation being registered for an addition of 2% PET. For the Cl2PET admixture, the shear strength showed an increase of 30.51% for σ = 100 kPa, 22.54% for σ = 200 kPa and 19.40% for σ = 300 kPa compared to the shear strength of the unimproved clay (Cl). The highest increase in the internal friction angle was recorded for the Cl6PET admixture, the value increasing from 18.83° for Cl to 24.40° for Cl6PET (an increase of 29.58%). For cohesion, the best result was recorded for the Cl4PET admixture, with a value of 29.96 kPa, an increase of 19.59 kPa compared to the value of Cl (10.37 kPa).



For the residual shear parameters, the best result was registered for the cohesion value of the Cl4PET admixture. The cohesion increased from a value of 0.50 kPa for Cl to a value of 15.49 kPa for Cl4PET. For the internal friction angle, the values for the three clay + PET admixtures were slightly lower than the value for unimproved clay.



A small percentage of 2% PET added to the clay improved its compressibility parameters by decreasing specific deformations. Throughout the entire range of vertical stresses applied (σ′ = 20–1000 kPa), the specific deformations decreased for the Cl2PET admixture, with an average percentage of 4.53%, compared to the deformations for the unimproved clay. For an addition of 2% PET, the void ratio value decreased by an average percentage of 10.25% throughout the entire range of vertical stresses applied (σ′ = 20–1000 kPa), compared with the values of unimproved clay. The clay stiffness was improved for the vertical stresses applied, σ′ = 50–1000 kPa, with an average percentage of 7.39%, at an addition of 2% PET.



The following areas can be explored in future research to complete the study’s results: a microscopic analysis of the contacts between clay particles and PET in the studied samples, as well as an analysis of how PET size and its distribution in the samples affects the clay’s mechanical parameters.



The research in this paper demonstrates that for a slight and moderate increase in the geotechnical parameters of a clay, it can be improved by adding a small percentage of plastic waste materials (2% or 4%). The use of plastic waste materials in soil improvement has a great advantage over the use of hydraulic binders: a very low cost for the procurement of the material with which the improvement can be made.



This method offers solutions to two current global problems: improving soils with weak geotechnical properties and recycling and reusing plastic waste materials in an innovative way, thus contributing to reducing pollution. Although this method of improving soils with plastic waste materials has begun to be increasingly studied by researchers, showing encouraging results, there are few studies that have analysed the behaviour of plastic materials in the subterranean ecosystem. Under varying temperature and humidity conditions, or under the effect of UV radiation, plastic materials can emit certain chemical compounds into the soil. These chemical compounds need to be analysed to find out if they are harmful or not to the ecosystem.



Urian et al. [43] conducted an analysis of the chemical compounds that PET from the clay–PET admixtures releases into the soil, after the application of rapid ageing cycles. It was found that the percentage of PET has an extremely small or no influence on the chemical composition of the clay. Various chemical compounds were identified in clay–PET mixtures, such as lubricants, and aromatic carboxylic acids. These were identified in all samples analysed, indicating their worldwide use. Carboxylic acids have been declared as safe compounds and EU regulations have agreed to their use as additives in polymer production. This study indicates that PET can be used in soil improvement, from a chemical point of view, as it does not represent a threat to the ecosystem.



This paper concludes that the use of PET waste in soil improvement has a beneficial effect on soil strength and compressibility parameters. Special attention is needed to the types of plastic materials used in the improvement process, as they can emit toxic compounds into the subterranean ecosystem. It has been indicated that a chemical analysis of both soil and plastic materials used must be carried out before starting the soil improvement process. Depending on the chemical analysis results, it can be decided whether the improvement solution is environmentally friendly and can be used.
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Figure 1. Flow chart of the procedure followed to obtain the samples. 
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Figure 2. Used materials: (a) clay; (b) shredded PET; (c) clay + 6% PET; and (d) clay + OWC + 6% PET. 
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Figure 3. Samples: (a) extraction of clay–PET samples from Proctor Apparatus; (b) square clay–PET sample; and (c) round clay–PET sample. 






Figure 3. Samples: (a) extraction of clay–PET samples from Proctor Apparatus; (b) square clay–PET sample; and (c) round clay–PET sample.



[image: Applsci 13 12081 g003]







[image: Applsci 13 12081 g004] 





Figure 4. Soil characteristic lines for the four types of admixtures—peak parameters. 
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Figure 5. Soil characteristic lines for the four types of admixtures—residual parameters. 
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Figure 6. The variation in internal friction angle for the four admixtures. 
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Figure 7. The variation in cohesion for the four admixtures. 
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Figure 8. Compression–deformation curves for the four admixtures. 
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Figure 9. Compression–void ratio curves for the four admixtures. 
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Figure 10. Variation in the oedometer deformation modulus for the four types of admixtures. 
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Table 1. Physical properties of used clay.






Table 1. Physical properties of used clay.





	
Properties

	
Parameter

	
Value






	
Physical properties

	
Specific weight γs (kN/m3)

	
26.70




	
Dry unit weight γd (kN/m3)

	
14.54




	
Natural unit weight γ (kN/m3)

	
18.11




	
Natural water content w (%)

	
21.05




	
Plastic limit, wP (%)

	
15.95




	
Liquid limit, wL (%)

	
47.65




	
Plasticity index, IP (%)

	
31.70




	
Consistency index IC [-]

	
0.83











 





Table 2. Granulometric composition of used clay.






Table 2. Granulometric composition of used clay.





	Soil Type
	Grain Size d (mm)
	Percentage (%)





	Clay
	d < 0.002
	47.61



	Silt
	0.002 < d < 0.063
	40.20



	Sand
	0.063 < d < 0.2
	11.26



	Gravel
	0.2 < d < 6.3
	0.93










 





Table 3. Samples codes and composition.






Table 3. Samples codes and composition.





	Samples Code
	Composition
	Nr. of Square Samples
	Nr. of Round Samples





	Cl
	Clay + OWC
	3
	3



	Cl2PET
	Clay + OWC + 2% PET
	3
	3



	Cl4PET
	Clay + OWC + 4% PET
	3
	3



	Cl6PET
	Clay + OWC + 6% PET
	3
	3










 





Table 4. The shear strength (τf) for the four types of admixtures.






Table 4. The shear strength (τf) for the four types of admixtures.





	

	

	
τf (kPa) for Peak Shearing Parameters




	

	

	
Cl

	
Cl2PET

	
Cl4PET

	
Cl6PET






	
σ (kPa)

	
100

	
44.47

	
58.03

	
66.76

	
63.89




	
200

	
78.57

	
96.28

	
103.56

	
109.25




	
300

	
112.67

	
134.52

	
140.36

	
154.61




	

	
τf (kPa) for Residual Shearing Parameters




	
100

	
22.43

	
31.34

	
35.54

	
34.26




	
200

	
44.36

	
52.99

	
55.58

	
55.36




	
300

	
66.29

	
74.63

	
75.63

	
76.47











 





Table 5. Shear strength parameters of unimproved and improved clay.
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Shearing Strength Parameters for




	

	

	
Cl

	
Cl2PET

	
Cl4PET

	
Cl6PET






	

	

	
Peak Parameters




	
Φ′

	
(°)

	
18.83

	
20.93

	
20.20

	
24.40




	
c′

	
(kPa)

	
10.37

	
19.79

	
29.96

	
18.53




	

	

	
Residual Parameters




	
Φres

	
(°)

	
12.37

	
12.21

	
11.33

	
11.92




	
cres

	
(kPa)

	
0.50

	
9.70

	
15.49

	
13.15











 





Table 6. Comparison for shearing parameters of unimproved and improved clay with PET and cement [9].
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Shearing Strength Parameters for




	

	

	
Cl

17

	
Cl

23

	
Cl2PET

17

	
Cl2PET

23

	
Cl2CEM

17

	
Cl4PET

17

	
Cl4PET

23

	
Cl4CEM

17

	
Cl6PET

17

	
Cl6PET

23

	
Cl6CEM

17






	

	

	
Peak Parameters




	
Φ′

	
(°)

	
21.49

	
18.83

	
24.47

	
20.93

	
22.29

	
21.53

	
20.20

	
35.01

	
27.79

	
24.40

	
30.66




	
c′

	
(kPa)

	
30.96

	
10.37

	
19.60

	
19.79

	
66.44

	
31.41

	
29.96

	
47.77

	
5.97

	
18.53

	
80.62




	

	

	
Residual Parameters




	
Φres

	
(°)

	
10.61

	
12.37

	
14.19

	
12.21

	
11.83

	
9.62

	
11.33

	
34.14

	
19.94

	
11.92

	
20.48




	
cres

	
(kPa)

	
20.17

	
0.50

	
1.12

	
9.70

	
24.97

	
18.13

	
15.49

	
12.63

	
0.00

	
13.15

	
12.57











 





Table 7. Variation in specific deformations (ε) for every applied vertical stress (σ′).
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ε (%)




	

	

	
Cl

	
Cl2PET

	
Cl4PET

	
Cl6PET






	
σ′ (kPa)

	
0

	
0.000

	
0.000

	
0.000

	
0.000




	
20

	
1.055

	
1.040

	
0.795

	
1.050




	
50

	
1.805

	
1.795

	
2.140

	
2.940




	
100

	
2.935

	
2.710

	
4.005

	
5.380




	
200

	
5.475

	
5.165

	
6.710

	
8.480




	
300

	
7.555

	
7.145

	
8.875

	
10.485




	
500

	
9.760

	
9.265

	
11.650

	
13.275




	
1000

	
14.435

	
13.580

	
15.425

	
17.455











 





Table 8. Variation in voids ratio (e) for every applied vertical stress (σ′).
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e (-)




	

	

	
Cl

	
Cl2PET

	
Cl4PET

	
Cl6PET






	
ln(σ′)

	
0.00

	
0.599

	
0.539

	
0.550

	
0.625




	
3.00

	
0.582

	
0.523

	
0.538

	
0.607




	
3.91

	
0.570

	
0.512

	
0.517

	
0.577




	
4.61

	
0.552

	
0.497

	
0.488

	
0.537




	
5.30

	
0.512

	
0.460

	
0.446

	
0.487




	
5.70

	
0.478

	
0.429

	
0.413

	
0.454




	
6.21

	
0.443

	
0.397

	
0.370

	
0.409




	
6.91

	
0.368

	
0.330

	
0.311

	
0.341











 





Table 9. Variation in the oedometer deformation modulus (Eoed) for every applied vertical stress (σ′).
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Eoed (kPa)




	

	

	
Cl

	
Cl2PET

	
Cl4PET

	
Cl6PET






	
σ′ (kPa)

	
20

	
4000

	
3974

	
2230

	
1587




	
50




	
50

	
4425

	
5464

	
2681

	
2049




	
100




	
100

	
3937

	
4073

	
3697

	
3226




	
200




	
200

	
4808

	
5051

	
4619

	
4988




	
300




	
300

	
9070

	
9434

	
7207

	
7168




	
500




	
500

	
10,695

	
11,587

	
13,245

	
11,962




	
1000
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