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Summary: The paper addresses changes in mechanical properties of composite materials made from waste polypropylene and waste glass, without going into detail regarding chemical reactions and physical characteristics of the materials combined. The main goal of the research conducted was to demonstrate that polymer waste materials might be used as raw or usable materials obtained through municipal waste management. Repeated use of polypropylene, achieved by material recycling and addition of glass additive, was examined with respect to the reduction in tensile strength of the material analysed. Research investigation was conducted using the standard test specimens made from the base material (polypropylene) with 0%, 5%, 10%, 15%, 20%, 25% or 30% by weight of glass powder additive, with glass particle size of less than 0.5 mm. Test specimens were examined after each of the six repeated recycling processes. Research investigation included measurement of all compaction test parameters of the materials examined. Measured data enabled a voltage compaction change pattern to be determined for polypropylene-based composite containing different amount of glass additive, analysed after each of the six repeated recycling processes. Results obtained are deemed to be useful in pointing out future research directions.
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INTRODUCTION
Growing concerns about environmental degradation, primarily caused by rapid depletion of natural resources as well as accumulation of waste, have initiated many actions oriented towards the use of environmentally friendly materials and their recycling at the end of the products' useful life. In general, waste polymers represent significant portion of the overall quantity of municipal waste [6]. Due to their favourable recycling properties, thermoplastic polymers are the most commonly used polymers, while duroplast is used less often [4]. Polyethylene (PE) and polypropylene (PP) represent 60-70% of total waste polymers, while polystyrene (PS) contributes with 10-15%, polyvinylchloride (PVC) with 15% and polyethylene terephthalate (PET) with 5% to total polymer waste [2].
In recent years, increased use of composite materials i.e. materials representing a combination of two or more materials differing in form and composition, combined in order to achieve desired properties of the newly formed material, has been recorded. The most commonly used are fibrous composites which contain a fibrous phase that enhances mechanical properties of the composite formed. Besides artificial fibres, natural fibres such are hemp, jute and flax fibres, as well as poultry feather, waste paper, cardboard, textile and other similar fibers are more frequently used nowadays [3], [5]. However, the use of two different materials for the formation of composite material inevitably increases the complexity of composite recycling, since all constituent materials i.e. fibres and matrices need to be separated before the recycling is performed [1]. The said difficulty may be overcome through the use of particulate (granular) composites which may be reused in their integral form. The paper presents a change in the voltage compaction of one such composite occurring after multiple composite recycling (hereinafter processing cycles), as well as the effects of different content of particulate additive on the voltage compaction variation of the particulate composite analysed.
In addition, rather then considering possible utilization of the material in question, numerous research investigations have mainly considered ways to increase tensile strength of polypropylene. This was mainly achieved through copolymerization i.e. addition of additives or modifying agents or the formation of fibrous or laminar composites.
TEST SAMPLES
Experimental investigation was conducted to examine a change in the voltage compaction of the glass reinforced waste polypropylene occurring after multiple repeated processing cycles of the polypropylene-based composite containing different content of glass additive. Glass powder additive used in the experiments conducted was obtained by waste glass grinding.
Mechanical and other impurities in the waste polypropylene and waste glass were removed by washing and drying, in that manner enabling the materials to be properly prepared for recycling. Waste polypropylene and waste glass used in the experiments conducted were obtained by waste sampling at Banja Luka municipal solid waste landfill. Waste sampling was carried out at several locations at the municipal landfill, in that manner enabling the collected waste polypropylene and glass to be of diverse age and quality.
Experimental investigation was focused on examining changes in mechanical properties of the composite materials generated from waste polypropylene and waste glass, without going into detail regarding chemical reactions and physical characteristics of the materials combined.
The main objective of the research performed was to reach conclusions on the possibility, quality and reliability of repeated composite use, achieved through partial component separation and repeated use of the components obtained. In this manner, a change in mechanical properties (voltage compaction) of the composite, occurring as a result of multiple composite processing cycles, was estimated.
Experiments were performed with polypropylene powder in order to achieve homogeneous mixing with glass powder during composite formation. Glass powder used in the experiments was characterized by particle size of less than 0.5 mm. Polypropylene powder (matrix phase) and glass powder (dispersed phase) mixing was performed mechanically. Prior to further use, polypropylene and glass powders were dried out in order to remove the excess moisture.
Test specimens were made from the base material and various fractions of glass powder additive (5%, 10%, 15%, 20%, 25% and 30% by weight). A certain number of composite specimens containing 10%, 20% or 30% by weight of glass additive was not recycled after the initial set of experiments had been performed, while the rest was grinded and prepared for repeated casting and testing. In such manner, specimens made of base material as well as those made from the composites containing different amount of glass additive were re-manufactured after each of the six material processing cycles. In addition, different colour additives were added to the specimens with different content of glass additive in order to make them more distinguishable. 
COMPACTION TEST RESULTS
In general, comapaction testing is conducted by subjecting a standard dimension test specimen to a gradually increasing tensile load until reaching a breakpoint (fracture). During the compaction testing, all changes occurring in the specimen are recorded and used to determine mechanical properties of the material examined. Compaction  testing was performed by applying a gradually increasing compaction load, as specified in the standard for determination of compaction properties of plastic materials.
Dimensions of the compaction specimen used in the experiments were the following: Length of the specimen l = 22 mm; Height of the specimen h = 20 mm; Initial gauge thickness s = 4 mm.
Experiments were performed in such manner as to enable compaction properties of the specimens made from the base material, as well as those made from the composite material produced after each material processing cycle, to be determined. Material obtained after each processing cycle was used to manufacture three composite specimens which were then subjected to compaction testing. Similarly, three specimens were made from the base material and used in the experiments mentioned.


Experimental results obtained may be summarized as follows: maximum compaction load F[N], – as indicated by a measuring device . Compaction voltage p [N/mm2], calculated from the expression: , where: – initial cross sectional area in the gauge section.
Mean compaction voltage values are obtained as arithmetic means of the compaction voltage values determined for each of the three test specimens manufactured after each processing cycle of the material containing specific content of the glass powder. Mean compaction voltage values are indicated in Table 1.
Table 1 Mean values of compaction voltage obtained by calculation
	[bookmark: OLE_LINK1]Glass powder content
(% by weight)
	Mean compaction voltage P [N/mm2]

	
	Base mat.
	1st proc. cyc.
	2nd proc. cyc.
	3rd proc.
cyc.
	4th proc. cyc.
	5th proc. cyc.
	6th proc. cyc.

	0%
	54.92
	55.87
	57.95
	57.95
	57.95
	56.82
	56.82

	5%
	52.65
	

	10%
	51.52
	55.49
	57.58
	57.95
	57.58
	58.33
	57.58

	15%
	53.41
	

	20%
	55.30
	56.44
	58.33
	57.95
	58.71
	59.85
	59.85

	25%
	59.85
	

	30%
	60.98
	60.98
	62.12
	62.12
	63.26
	62.5
	62.88


COMPACTION VOLTAGE DATA PROCESSING
Based on the experimental results presented, functional dependence of compaction voltage on the glass powder content and number of repeated material processing cycles was analysed. Analysis was performed using the least-squares method and was carried out in two stages. The first stage of the analysis performed was focused on determining a functional dependence which would most accurately describe a correlation between the compaction voltage and the glass powder content of the composite analysed. The correlation was to be determined for each processing cycle examined. The following dependence between the parameters specified was obtained:
			(1)		
where: y(s,x) – compaction voltage; x – glass powder content, by weight; a, b, c – coefficients describing the variable (x); s – number of repeated material processing cycles. As indicated in Table 3, coefficients a, b and c describing the variable (x) have specific values for each processing cycle analyzed. The functional dependency obtained (1) showed good agreement with mean values of compaction voltage, as confirmed by standard deviation (σ2) and coefficient of determination (R2) shown in Table 2.
Table 2 Tensile strength change model and related coefficients
	Processing cycle
	
	Coefficient of determination
	Standard deviation

	
	a(s)
	b(s)
	c(s)
	R2
	σ2

	Base material
	53.27
	-0.015416488
	0.004586536
	0.86526705
	9.608082

	1st proc. cyc.
	55.88
	-0.017465904
	0.0042231955
	0.99996371
	3.517736

	2nd proc. cyc.
	57.96
	-0.015425126
	0.0036609222
	0.99999813
	2.380759

	3rd proc. cyc.
	58.16
	-0.019295891
	0.0043160625
	0.98332189
	2.257738

	4th proc. cyc.
	57.94
	-0.01599839
	0.0040007363
	0.99993625
	3.754872

	5th proc. cyc.
	57.02
	0.014475026
	-0.0015413783
	0.98808786
	3.626022

	6th proc. cyc.
	56.78
	0.01108406
	-7.8473116·10-4
	0.99967724
	4.51548


The second stage of the analysis performed was focused on determining a functional correlation between the coefficients describing the variable (x) and the number of material processing cycles i.e.   and  Investigation performed indicated the following type of dependence between the parameters mentioned:
 				(2)
where: z(s) – value of the coefficient   or ; A, B, C, D, E and F – values of the coefficients from the equation (2) which depend on the coefficient which is being determined i.e.   or .
Values of A, B, C, D, E and F are shown in Table 3 (r2max= 0.996; σ2max=2.54).
Table 3 Coefficients a(s), b(s) and c(s)
	Coefficients a(s), b(s) and c(s)

	
	A
	B
	C
	D
	E
	F

	a 
	53.256959
	2.5057376
	0.6001802
	-0.5119487
	0.0878057
	-0.0046734

	b
	-0.015339
	-0.0315013
	0.051153
	-0.027792
	0.0059806
	-0.000434

	c
	0.0045689
	0.0048400
	-0.0091865
	0.0051384
	-0.0011124
	0.0000808



Results obtained are presented in Figure 2. The composite materials containing 5%, 15% and 25% by weight of glass powder were only addressed in the numerical analysis conducted and were not the subject of experiments performed.
Maximum error was calculated to be 3.22%, which was considered acceptable.


Fig. 2 A change in the compaction voltage of the composite material after different number of repeated material processing cycles, depending on the glass powder content of the composite
Graphic and table view show that compression increases in first and second recycling (5% per cycle), and afterwards through other cycles of processing it slowly decreases or stagnates in materials with lower share of glass powder, while in materials with more than 15% of glass powder it continuously increases. It can also be noticed that compression is relatively constant up to 10% of glass powder, and it further increases in percentage lower than 3%. Relatively simple mathematical forms describe changes. 
CONCLUSION
Based on the experimental investigation conducted and analyses performed, the following is concluded:
1. Polypropylene-based composite containing up to 30% by weight of glass additive (glass powder – particulate composite) exhibits a stable change in compaction voltage. The said enables relatively simple expressions to be used to calculate compaction voltage of the composites made with different glass powder content.
2. Composite materials analysed in the research investigation performed may be repeatedly processed (recycled) without the component separation. Research results presented in the paper have demonstrated that repeated material recycling (six repeated processing cycles) does not significantly affect compaction voltage of the material examined.
3. Based on the analyses performed, analytical expressions have been derived that enable tensile strength of the composites made with different content of glass additive to be calculated, as well as the compaction voltage of the materials obtained after different number of repeated recycling processes.
4. Analytical expressions derived allow the future users of recycled municipal waste materials (polypropylene and glass) to estimate possible utilization of those materials in the construction industry or their use for other purposes.
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