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Abstract

:

After years of using geosynthetics in civil engineering and infrastructure construction, it has recently become necessary to consider the possibility of recycling and reusing these materials. This paper presents the results of laboratory tests of the effect of recycled geogrid on the bearing capacity of soils using a CBR test. A polyester geosynthetic was selected for testing due to its high resistance to biodegradation and wide application. In a series of laboratory tests, two types of road and railway subgrade were used, mixed with geosynthetic cuttings in two different weight concentrations. The aim of the research was to demonstrate whether old demolition geosynthetics could be used to strengthen road and rail subgrade as recycled material. The influence of the geosynthetic cutting shape was also considered. The obtained results confirm the possibility of using recycled geogrid to improve the bearing capacity of the pavement subgrade, at least under these laboratory conditions. In the case of sand, the use of 2.0% additive causes that the poorly compacted soil obtains sufficient bearing capacity for the layer of road improved subgrade. As expected, the level of this improvement depends on the type of soil and the shape of geogrid cuttings.
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1. Introduction


The intensive development of plastics and their utility in everyday life has led to their widespread use around the world. Geosynthetics also belong to the group of materials made of plastics. Currently, they are widely and successfully used in many areas of civil engineering and infrastructure construction [1,2,3,4,5,6,7,8,9,10]. However, after years of using geosynthetics in road and railway applications, it has recently become necessary to consider the possibility of replacing and reusing these materials.



The negative impact of plastics on the environment, due to their resistance to degradation, has already been reported [11]. There are three main methods of handling plastic waste: burying in landfill, incineration and recycling [12,13,14]. Material recycling is currently an important direction for the development of new technologies aimed at protecting the environment and natural resources. Two approaches to polyester recycling are considered profitable: chemical and mechanical processing [15]. It is worth noting that mechanical recycling allows the reutilization of fibers that have already been produced.



According to Monaldo et al. [16], fiber reinforcement is an important process from a structural point of view when developing modern composite materials. In addition, different types of fiber can be used in various civil-engineering applications [16,17,18,19,20,21,22].



During road construction, when dealing with soils with insufficient bearing capacity, it is necessary to prepare a layer of improved subgrade. Such a layer can be prepared by the introduction of a hydraulic binder or by the implementation of a soil/mineral aggregate that is not susceptible to frost heaves [23,24]. The California Bearing Ratio (CBR) of such an unbound soil/aggregate mixture should be at least 20%.



For railway tracks, despite the development of modern technologies, the construction of conventional ballast tracks is still a frequently adopted solution [25]. The use of effective solutions is crucial, considering the increasing rate of climate change. Special attention must be paid to the ballast, track bed and drainage systems in regions where sudden and intense rainfall may occur. Weak soils in the upper part of the track bed demand implementation of a protective layer [26].



According to Gradkowski [17], geofibers obtained from recycled, biologically non-degradable plastics could be considered as good materials for reinforcing the soil layers. Therefore, the use of recycled geofibers in road construction can be treated as one of the pro-ecological technologies aimed at sustainable development. Moreover, soil reinforcement with geofibers can be a cost-effective alternative to soil improvement by hydraulic binder.



Examples of locations of the geofiber reinforced soil (GFRS) layer under the road pavement and railway track are shown in Figure 1.



Liu et al. [27] demonstrated the positive impact of fibers on static liquefaction behavior of saturated fiber-reinforced sand in undrained ring-shear tests. Test results indicate that the presence of fibers significantly affects the undrained behavior of medium-dense and dense samples. The results show a continued decrease in soil sample shear resistance after failure, while those treated with fiber show fluctuations even after shear failure. This behavior becomes more evident with increasing fiber content. All the medium-dense and dense reinforced samples maintained structural stability after shearing, while the unreinforced medium-dense sample partly collapsed.



Test results for clay soil presented by Ziegler et al. [28] and Mirzababaei et al. [29] show that fiber inclusion leads to a significant reduction in the number of cracks. Apriyono et al. [30] reported that the application of woven tire waste as soft-clay subgrade reinforcement can significantly improve soil bearing capacity. Similarly, Subash et al. [31] proved that within the scope of their study, the bearing capacity of reinforced ash increases with the increase in geofiber content.



Correia et al. [32] presented slightly different results from the tests of polypropylene fiber effect on the compressive and tensile strength of a soft soil, artificially stabilized with binders. It was stated that a higher quantity of binder improves the mechanical properties of the soil. However, the presence of fibers may reduce this beneficial effect. Moreover, it can be noted that the improvement of the stiffness, compressive and tensile strength is not proportional to the fiber content, but such dependency is non-linear. Nevertheless, Consoli et al. [33] showed that the introduction of fibers increases unconfined compression strength in the cemented soil.



This paper presents the influence of recycled polyester geogrid cuttings on the bearing capacity of soil with the help of the CBR test. Polyester geosynthetic was chosen due to its high resistance to biodegradation and its widespread use. More than 50% of synthetic fibers produced around the world consist of PET. Global consumption of this material has exceeded $ 17 billion per year [11]. Polyester is also used in the production of geosynthetics in road pavements and railway tracks. The geosynthetic market has enormous potential. For example, about 750 km2 of geononwovens are produced in the world each year, 60% of which are used in road construction [34]. Thus, the question of geosynthetic recycling is relevant. The aim of the study is to show whether old geosynthetics from demolition can be used to strengthen road and railway subgrade as recycled material.




2. Materials and Methods


Laboratory tests were carried out on two types of soils and three fixed levels of soil moisture content. The middle level of moisture content for each soil sample corresponded approximately to the optimum moisture content and the maximum dry density of tested soils. Due to the possibility of a difference between the optimum moisture content of the tested soils and the optimum moisture content of the GFRS, the moisture content of the other samples was deviated by 1.5% above and below this value. Each soil sample was mixed with aged geogrid cuttings to reach 1.0% and 2.0% concentration by weight, resulting in total of 84 samples including the unreinforced ones. The concentration of cuttings was established on the basis of a literature review and the authors’ previous experiences [17,35,36,37]. At such concentrations, an increase in the bearing capacity of the tested soils was observed. GFRS bearing capacity tests were performed on each sample to obtain the CBR.



Specifically, two types of natural, non-cohesive soils (sand and sand–gravel mixture) were selected for the laboratory tests. The sand–gravel mixture was made by mixing sand, fine aggregate and gravel to meet the requirements for well-graded material for the road pavement improved subgrade in accordance with Polish guidelines [38]. Soil parameters regarding the grain size were determined using the sieve method according to PN-EN 933-1 [39]. The sand, the sand and gravel used for the mixture and the set of test sieves for the gradation curve determination are shown in Figure 2.



The gradation curves of the tested sand and sand–gravel, as well as the boundary curves for well-graded material for road pavement-improved subgrade layer according to the Polish guidelines [38], are shown in Figure 3.



Based on these results, the uniformity coefficient Cu and the coefficient of curvature Cc were determined according to Equations (1) and (2) [40]:


  C u =    D  60      D  10      



(1)






  C c =      (   D  30    )   2     D  10   ·  D  60      



(2)




where D60 is the grain diameter (mm) corresponding to 60% passing by weight, D30 to 30% passing and D10 to 10% passing.



The following values were obtained: Cu = 2.1 and Cc = 0.8 for the sand, and Cu = 16.3 and Cc = 1.1 for the sand–gravel mixture. The results obtained indicate that the sand used is uniformly graded and poorly compacted. On the other hand, the results of the sand–gravel indicate well-graded and well-compacted material [40,41,42].



Then, the Proctor method according to PN-EN 13286-2 [43] was used to determine the soil maximum dry density and optimum moisture content. The Proctor compaction test performed on the sand sample showed that the maximum dry density of 1.86 g/cm3 was obtained for an optimum moisture content equal to 11.2%. For the sand–gravel, the maximum dry density value of 2.25 g/cm3 was obtained for an optimum moisture content equal to 10.0%. The Proctor compaction curves are presented in Figure 4. The selected properties of the tested soils are summarized in Table 1.



According to these results, it was decided to consider for further tests soil moisture of 9.5%, 11.0% and 12.5% for the sand and 8.5%, 10.0% and 11.5% for the sand–gravel. The variants of the tested samples are presented in Table 2 and Table 3.



A biaxial polyester geogrid manufactured from extruded and drawn bars, laid and welded rigidly together [44], was selected as a representative geosynthetic of general use in road and railway engineering. Selected technical data of the geogrid defined in two directions (MD: machine direction, CMD: cross-machine direction) are presented in Table 4 [44].



UV radiation, temperature, chemical and mechanical damage, and treatment are factors significantly affecting the degradation of plastic and geosynthetics [11,45,46,47,48,49,50,51,52,53,54,55,56,57]. At the end of the pavement life, a polyester geosynthetic can be milled using powerful milling machines. During the demolition of old road and railway structures, geosynthetics are mechanically damaged and torn. Solar exposure and cutting were selected to simulate the process of mechanical damage and accelerate aging. The geosynthetic used in laboratory tests was exposed to direct sunlight for a period of 30 days and then subjected to mechanical fragmentation.



The geogrid roll and the GFRS sample preparation are shown in Figure 5.



The geogrid was cut into small pieces. The method of cutting was established so as to obtain straight strips 40 mm long and nodes with orthogonally crossing strips 40 mm long. The length-to-width ratio of the strips was approximately 4. The length of each piece was determined by the aperture size of the geogrid used. Moreover, the length was chosen so that it was the same in the stripes and nodes. Finally, the size of each piece was determined based on the technological ease of mixing the geosynthetic with the soil. The shape of the cut pieces of the geogrid is shown in Figure 6.



At the last stage, bearing capacity tests (CBR) were carried out according to PN-EN 13286-47 [58] immediately after GFRS compaction. The mold with the sample and the laboratory test stand are shown in Figure 7.




3. Results and Discussion


The CBR was determined for the prepared GFRS samples. In the case of sand, higher bearing capacity values were obtained for 2.5 mm piston displacement, while in the case of sand–gravel, for 5.0 mm piston displacement. The final results of the bearing capacity tests are shown in Figure 8 and Figure 9.



The results obtained confirmed the positive effect of additives on soil bearing capacity in laboratory tests. For sand with a node content of 2.0%, an increase in soil bearing capacity of about 40% can be observed. The highest load capacities were obtained for humidity close to the optimum soil moisture content. In the case of sand–gravel, the use of 1.0% fibers resulted in the maximum increase in the bearing capacity. For a moisture content of 10.0%, it is about 30%, while for a humidity of 11.5%, more than a double increase in bearing capacity can be observed. However, the use of 2.0% strips caused a decrease in soil bearing capacity at a level of 10% moisture content.



The influence of the additive shape on the bearing capacity of the GFRS at the optimum moisture content of tested soils was also considered. The results are shown in Figure 10.



The influence of the additive shape on the bearing capacity test results of the sand–gravel with strips was noted. The increase in the additive content from 1.0 to 2.0% resulted in a significant decrease in the bearing capacity at the optimum moisture content. In the case of nodes, this decrease was much smaller. In the sand tests, no significant influence of the additive shape on the bearing capacity test results was observed. This difference may be because the sand used is a uniformly graded material. Thus, such results indicate the need for optimization to select the right type and amount of fibers in GFRS layers and the soil gradation curve. The basic mechanism for changing soil properties through the use of recycled geogrid are the additional frictional forces between the soil grains and the geosynthetic pieces. This phenomenon is also described by Gradkowski in [17]. Further research is needed to enable a comprehensive assessment of the performance of mixtures containing recycled geogrid.




4. Conclusions


The results of the research allowed us to formulate the following conclusions:




	
The use of recycled geosynthetic nodes/strips makes it possible to increase the bearing capacity of soils used in road and railway applications.



	
In the case of sand, the use of 2.0% nodes/strips causes the poorly compacted soil with insufficient bearing capacity (CBR < 20%) to obtain sufficient bearing capacity for the layer of road improved subgrade (CBR > 20%).



	
In the area covered by tests for sand, a higher content of strips or nodes results in higher bearing capacity. The highest bearing capacity for sand–gravel was obtained in the laboratory tests for 1.0% strip content.



	
For the sand–gravel, in the range covered by the study, along with the increase in moisture content, an increase in the bearing capacity of GFRS was observed. The highest bearing capacities were obtained for 11.5% moisture content. This phenomenon was not observed for sand.



	
The effect of additive shape was noted in the test of sand–gravel with strips. Increasing the content of the additive to 2.0% resulted in a significant decrease in the bearing capacity. Such an influence of the additive shape on the bearing capacity in the sand tests was not noticed.



	
Mechanical treatment can be recognized as an effective method of recycling geosynthetics leading to their reuse. However, the obtained results indicate an obligatory need to optimize the GFRS composition. It is also necessary to check the properties of the GFRS under real field conditions.
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Figure 1. Soil layers where geofibers can be introduced: (a) in the layer of improved subgrade under the road pavement structure; (b) in the protective layer of railway track. 
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Figure 2. (a) Sand used in the laboratory tests; (b) gravel and sand used to prepare the sand–gravel mixture; (c) set of sieves used to determine the soil gradation curves. 
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Figure 3. Gradation curve of the tested sand (blue line), gradation curve of the tested sand–gravel mixture (green line), the upper and lower limits for gradation curve of the unbound mineral mixture for the layer of road pavement-improved subgrade (dashed red lines). 
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Figure 4. Proctor compaction curve for each soil. 
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Figure 5. (a) Geogrid used in laboratory tests; (b) GFRS sample preparation. 
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Figure 6. (a) Nodes and straight strips prepared to produce a GFRS; (b) close-up of the nodes and straight strips. 
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Figure 7. (a) Laboratory test stand; (b) mold with the sample prepared for testing. 
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Figure 8. CBR test results for GFRS made of sand. 






Figure 8. CBR test results for GFRS made of sand.



[image: Materials 14 07264 g008]







[image: Materials 14 07264 g009 550] 





Figure 9. CBR test results for GFRS made of sand–gravel. 
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Figure 10. Influence of the additive shape and content on the GFRS bearing capacity at the optimum moisture content of tested soils. 
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Table 1. Selected geotechnical properties of the tested soils.
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	Characteristics
	Standard
	Sand
	Sand–Gravel





	Maximum dry density (g/cm3)
	PN-EN 13286-2
	1.86
	2.25



	Optimum moisture content (%)
	PN-EN 13286-2
	11.2
	10.0



	Uniformity coefficient (-)
	EN ISO 14688-2
	2.1
	16.3



	Coefficient of curvature (-)
	EN ISO 14688-2
	0.8
	1.1



	Sand equivalent (-)
	PN-EN 933-8
	99
	83
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Table 2. The variants of the tested samples for GFRS made of sand.
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	Soil + Additive
	Additive Weight

Concentration (%)
	Moisture

Content (%)
	Number of Samples





	sand
	0.0
	9.5; 11.0; 12.5
	6



	sand + nodes
	1.0
	9.5; 11.0; 12.5
	9



	sand + strips
	1.0
	9.5; 11.0; 12.5
	9



	sand + nodes
	2.0
	9.5; 11.0; 12.5
	9



	sand + strips
	2.0
	9.5; 11.0; 12.5
	9
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Table 3. The variants of the tested samples for GFRS made of sand–gravel.






Table 3. The variants of the tested samples for GFRS made of sand–gravel.





	Soil + Additive
	Additive Weight Concentration (%)
	Moisture Content (%)
	Number of Samples





	sand–gravel
	0.0
	8.5; 10.0; 11.5
	6



	sand–gravel + nodes
	1.0
	8.5; 10.0; 11.5
	9



	sand–gravel + strips
	1.0
	8.5; 10.0; 11.5
	9



	sand–gravel + nodes
	2.0
	8.5; 10.0; 11.5
	9



	sand–gravel + strips
	2.0
	8.5; 10.0; 11.5
	9
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Table 4. Selected properties of the geogrid defined in two directions.
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	Characteristics
	Standard
	MD
	CMD





	Nominal aperture size (mm)
	-
	73
	30



	Nominal tensile strength (kN/m)
	EN ISO 10319
	80
	20



	Tensile strength at 2% elongation (kN/m)
	EN ISO 10319
	28
	-



	Elongation at nominal tensile strength (%)
	EN ISO 10319
	≤7
	≤7



	Construction related strain (%)
	-
	0
	0
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