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Abstract

:

Featured Application


The results of this research proved the adequate performance of the sand-tire shred mixtures in reducing peak blast pressure, which is the leading cause of damage to underground structures under surface explosion.




Abstract


Blasting is an unavoidable activity in geotechnical engineering, road and tunnel construction, and mining and quarrying. However, this activity can expose the environment to various hazards that are challenging to control and, at the same time, critical for the safety of site workers, equipment, and surrounding structures. This research aims to evaluate the ability of sand–tire shred mixtures to reduce peak blast pressure, which is the leading cause of damage to underground structures under surface explosion. ABAQUS software is used to model the material behavior under explosion and is validated using the results of previous studies and an empirical equation. Different scenarios are created by using mixture layers with different thicknesses (2, 4, and 6 m) and tire shred contents (10%, 20%, and 30%) that are subjected to various surface explosion charges (100, 500, 1000, and 5000 kg). The thickness of the mixture layer is found to be directly related to the dissipation of explosion energy. However, the percentage of the rubber content in the mixture is only significant in reducing peak blast pressure when a thick enough mixture layer is used. The results confirm the adequate performance of the correctly chosen sand–tire shred mixtures in reducing peak blast pressure and protecting the underground structure from surface explosion hazards.







Keywords:


explosion hazards; sand–tire shred mixtures; waste tire; surface explosion; peak blast pressure; geotechnical hazards; energy dissipation; reusing waste tires












1. Introduction


A surface explosion can cause damage to underground structures; therefore, soil behavior must be evaluated under explosion hazards so that we may be able to create a blast-resistant design for these structures [1,2,3]. Blast-induced vibration parameters have received attention from many researchers [4,5,6]; amongst the findings is that peak blast pressure is the most critical parameter for underground structures [7,8,9]. This parameter is directly related to peak particle velocity, with different empirical equations defining them [10,11,12]. Several studies have explicitly focused on peak blast pressure in sand. Peak pressure and particle velocity in sand decrease with their increasing distance from the center of the explosion, whereas these parameters increase with an increase in explosion charge weight [6,13,14]. The soil type also significantly affects peak pressure; the denser the soil, the higher the peak pressure [15]. Although many studies have been conducted to evaluate the behavior of different soils under explosion conditions, the performance of sand–tire shred mixture has not been studied to see whether it has any effects on surface explosion energy dissipation.



Millions of scrap tires are stored in the ecosystem annually, causing environmental issues [16]. Some countries have recently invested in recycling and reusing waste tires, but still, in other countries, it is only a small percentage of waste tires that are recycled or reused, and the rest are destined for landfills, stockpiles, or illegal disposals [17,18,19,20]. With an increasing volume of waste produced each year, this low level of recycling will not be enough to eliminate the environmental issues associated with the waste tires. On the positive side, the recycling rate of waste tires has increased in the last decades, and a significant number of researchers have paid attention to recycling and reusing waste tires in different industries [21,22]. Due to their low density, high drainage, and high energy dissipation capacity [23,24], waste tires can be used in various engineering applications to improve or alter the mechanical properties of soils [25,26]. A typical application is to combine the tire shreds with sandy soils. This mixture has been used in different projects such as backfilling, embankment constructions, soil reinforcement, road construction, liquefaction mitigation, and seismic base isolation [16,27,28,29,30,31,32,33,34,35].



The ability of sand–tire shred mixtures to dissipate vibration energy has been demonstrated in seismic base isolators. Pamukcu and Akbulut [36] reported an increase in the damping ratio of sand due to the addition of tire shreds. Wang et al. [37] showed that the damping ratio of sand–tire shred mixtures significantly increases with increasing the rubber content. Senetakis et al. [38] reported that the maximum damping ratio of pure sand is less than 10%, whereas the corresponding value is up to 15% for sand–tire shred mixtures. Because of its high energy dissipation capacity, this mixture has been used in other engineering applications such as railway sub-ballast layers [39,40] and geotechnical seismic isolation [41,42,43]. Xiong and Li [44] showed that geotechnical seismic isolation could effectively mitigate seismic hazards. Dhanya et al. [45] showed that a 50% reduction in the seismic shear force of low-rise buildings could be achieved using geotechnical seismic isolation. Due to the superior performance of this mixture in dissipating vibration energy, it is worthy of investigation for controlling surface explosion hazards.



Several researchers have paid attention to determining the engineering properties of sand–tire shred mixtures. Foose et al. [46] performed a series of direct shear tests on this mixture and showed that the most critical factors affecting shear strength were the rubber content and the mixture density. Anbazhagan et al. [47] showed that the size of granulated rubber significantly affects the mixtures’ properties. Mohamad et al. [48] concluded that the shear strength of the sand–tire shred mixture increases with increasing rubber content up to 10%. Some studies, however, reported a reduction of shear strength with an increase in rubber content [49,50]. The effect of rubber content on the friction angle has also been investigated. Livingston and Ravichandran [51] reported that the friction angle of the mixture increases with an increase in rubber content. In contrast, Lee et al. [46] found that the friction angle of the mixture decreases with an increase in rubber content. Therefore, it is difficult to come to a conclusion about the effect of tire shred on soil properties without proper analysis.



Taking into consideration the need to recycle and reuse waste tires and prompted by research on the proven effectiveness of sand–tire shred mixtures in dissipating vibration energy, this research investigates further the effect of these mixtures to control surface explosion hazards affecting underground structures.




2. Materials and Methods


2.1. Blast Loading


The blast wave is propagated through the explosion source due to a sudden release of energy during a short time. This wave applies an incident pressure on each of the surfaces surrounding the explosion [52,53,54]. A typical incident pressure–time history is divided into positive and negative phases as described in Bulson’s illustration of time history of incident pressure and expressed using Equation (1) [54].


  P  ( t )  = +  P  s o    (  1 −  t   t d     )   e  − b t /  t d     



(1)




where P(t) is the incident pressure; P0 is the ambient air pressure; Pso is the peak incident pressure; td is the positive phase duration; and the coefficient b represents the extension of the negative phase. Various empirical equations have been proposed for peak incident pressure [55,56,57]. These empirical equations predict peak incident pressure as a function of a scaled distance parameter. This scaled distance is defined by Equation (2) [54].


  Z =  R   W  1 / 3      



(2)




where R is the standoff distance from the explosion source in m, and W is the equivalent charge of TNT in kg. Naumyenko and Petrovsky [58] proposed Equations (3) and (4) as the earliest empirical equations for peak incident pressure [58].


    P  s o   =   6.7    Z 3    + 1     ( bar )                 f o r    P  s o   ≥ 10    (  bar  )    



(3)






    P  s o   =   0.975  Z  +   1.455    Z 2    +   6.7    Z 3    − 0.019     ( bar )                 f o r   0.1   bar ≤  P  s o   ≤ 10   bar   



(4)







The pressure induced by blast wave propagation in a soil medium is different from the incident pressure. Many studies have investigated the blast-induced vibration parameters for a soil medium [4,5,6]. The peak pressure in different soil types can be obtained by Equations (5) and (6) [15].


   p o  = ρ . C . u  



(5)






  u = 48.8  f c    (   2.52 R    W  1 / 3     )   − n    



(6)




where po is the peak pressure in N/m2; ρ is the density of soil in kg/m3; u is the peak particle velocity in m/s; fc is a dimensionless coupling factor that depends on the scaled depth of explosion; R is the distance of the measuring point from the center of charge in m; n is a dimensionless attenuation coefficient; and C is the loading wave velocity in m/s, which is determined by Equation (7) [13].


  C =  {     c     for   fully   saturated   clays        0.6 c +  (    n + 1   n − 2    )  u      for   saturated   clays        c +  (    n + 1   n − 2    )  u      for   sand         



(7)




where c is the seismic velocity in m/s. The coupling factor is determined as 0.4 for surface explosions and increases with the depth of the explosion according to the scaled depth of the explosion, based on TM 5-855-1 [15]. The attenuation coefficient depends on the soil type, as presented in Table 1.



Another parameter that has received attention by many researchers in the last decades is the blast-induced crater [14,59,60]. The effect of sand–tire shred mixtures on the blast-induced crater is also evaluated in this research. The analysis of the explosion scenarios has been performed based on the coupled Eulerian–Lagrangian analysis where the Jones-Wilkins-Lee (JWL) equation of state [61] is used to simulate the explosion materials as shown in Equation (8).


   p b  =  C 1   (  1 −  ω   r 1  υ    )   e  −  r 1  υ   +  C 2   (  1 −  ω   r 2  υ    )   e  −  r 2  υ   +   ω e  υ   



(8)




where pb is the blast pressure; υ = 1/ρb is the specific volume; e is the specific internal energy; C1, r1, C2, r2, and ω are the experimentally determined constants determined by different researchers [62,63,64].




2.2. Sand–Tire Shred Mixture


An approach to reduce the environmental effects of waste tires is to recycle and reuse them in different industries. Shred tires are typically used in geotechnical and civil engineering in combination with different soil types to alter their engineering properties. This research evaluates the behavior of a sand-tire shred mixture against surface explosion hazards. The engineering properties of the soil and mixture used in this research are based on the results of the studies conducted by Anvari et al. [65] and Ambrosini and Luccioni [66] on sand and various shred tire (rubber) contents (0%, 5%, 10%, 20%, and 30%), as shown in Table 2, where ρ is the soil density; G is the shear modulus; μ is the Poisson ratio; φ is the internal friction angle; Cs is the soil cohesion; and α and β are Rayleigh damping coefficients related to the mass and stiffness matrices, respectively. The Rayleigh damping coefficients used in this research are based on Dhanya et al. [67].




2.3. Numerical Analysis


A numerical analysis is used in this research to evaluate the behavior of sand–tire shred mixtures under surface explosion hazards and investigate whether this mixture can be introduced as an effective method to protect underground structures from peak blast pressure. Figure 1 shows the explosion scenarios investigated in this research. A sand layer is initially subjected to four surface explosions with 100, 500, 1000, and 5000 kg charges. The sand–tire shred mixture is then introduced to the model with 2, 4, and 6 m thicknesses and subjected to the same surface explosions.



The air is modeled using the ideal gas equation of state, where the internal energy depends on the temperature. The ideal gas equation is shown in Equations (9) and (10) [59].


   p a  =  (  γ − 1  )   ρ a  e  



(9)






  γ = 1 +    R a     c v     



(10)




where pa is the hydrostatic pressure of the air; γ is the adiabatic exponent; ρa is the air density; e is the specific internal energy depending on temperature T0; Ra is the universal gas constant divided by the effective molecular weight of the gas; and cv is the specific heat at constant volume. Table 3 presents the material properties for the air [59].



The JWL equation of state [61] is used to model the explosion with the parameters stated in Table 4 [59]. The stress–strain response of sand–tire shred mixtures is simulated using the Mohr-Coulomb constitutive model.



The numerical analysis consists of several steps, including validation of the numerical simulation, studying the behavior of the sand–tire shred mixture under different explosion scenarios, investigating the effect of the thickness of the sand–tire shred mixture on peak blast pressure, and evaluating the impact of the rubber content on peak blast pressure, as discussed in the following sections.



The ABAQUS software is used for the finite element simulation in this research, and the initial results are validated against the results reported by Ambrosini and Luccioni [66] and the equation of peak blast pressure [15]. The finite element model is developed and analyzed using the ABAQUS Explicit module. This module is suitable for dynamic events such as explosions and efficiently solves highly nonlinear problems involving changing contact conditions. The coupled Eulerian–Lagrangian method is used to model the explosion, air, and sand–tire shred mixture as an Eulerian element. This method is suitable for analyzing problems with large deformations. As described in previous sections, the explosion material is simulated using the JWL equation of state.



The blast scenario is a surface explosion with a charge of 500 kg. Figure 2 shows the results of numerical model simulation in ABAQUS software. The surface explosion produced a crater with a diameter of 4.24 m (Figure 2b) compared with a crater diameter of 4.22 m reported by Ambrosini and Luccioni [66], which indicated an insignificant difference of 0.5%. Figure 2c shows the time history of blast pressure at a depth of 10 m obtained by this research, which offers a peak blast pressure of 0.4 MPa, with a slight difference of 4.7% compared with the corresponding value obtained from Equation (5), equal to 0.42 MPa. These results indicate that the developed numerical model in this research can accurately simulate soil behavior under surface explosion.





3. Results and Discussions


3.1. Effect of Sand–Tire Shred Mixture on Peak Blast Pressure


A 6-m-thick layer of the mixture of 30% shred tire (rubber) and 70% sand is modeled and investigated to determine the effect of the mixture layer on the blast-induced vibration parameters compared with the response of pure sand. Table 5 includes the dimensions of the blast-induced crater under different explosion charge weights. The sand–tire shred mixtures effectively reduce the diameter of the blast-induced crater in all scenarios. The crater’s depth is also decreased by the presence of the mixture layer, except under the 5000 kg explosion charge. The reduced weight of the mixture compared with the sand is believed to be the leading cause of this anomaly. The high-energy explosion, in direct contact with the lightweight mixture layer, forms a deep crater before this layer can dissipate the blast energy.



Figure 3 presents the simulation results in terms of peak blast pressure at different depths under charge weight explosion scenarios. The results indicate that the sand–tire shred mixture contributes to a significant reduction of peak blast pressure. It is worth noting that peak blast pressure data are only available at depths below the base of the craters (see Table 5). The most significant reduction is 90%, which was achieved at a depth of 2 m under a 100 kg charge, followed by an 84% reduction at a depth of 3 m under a 1000 kg charge, an 83% reduction at a depth of 3 m under a 500 kg charge, and a reduction of 23.6% at a depth of 11 m under a 5000 kg charge. The peak blast pressure reduction at the base of the mixture layers—6 m below the surface—under the surface explosion charges of 100, 500, and 1000 kg was 63%, 63%, and 61%, respectively. Due to the extension of the crater to a depth of 7.8 m below a 5000 kg charge, the first peak blast pressure data for this mixture layer were available at a depth of 8 m below the surface, showing a reduction of 23% compared with pure sand.



These results indicate that peak blast pressure decreased with depth for pure sand and the mixture layer. Although the effect of the mixture layer in reducing the peak blast pressure lessens by depth, it is still notably more significant than pure sand at the maximum depth of analysis (12 m under the surface). The peak blast pressure reductions recorded at this depth for the mixture layer compared with pure sand were 58%, 58%, 54%, and 24% under surface charges of 100, 500, 1000, and 5000 kg, respectively. A noteworthy point in the results is a sudden increase in peak blast pressure at the base of the mixture layers, as shown in Figure 3a–c. Equation (5) states that soil density directly impacts the peak pressure; therefore, this increase at the interface of two layers is due to the higher density of sand in the mixture layer.




3.2. Effect of Thickness of Sand–Tire Shred Mixture on Peak Blast Pressure


Two additional sand–tire shred mixture layers with thicknesses of 2 and 4 m and the same mixture of 30% shred tire (rubber) and 70% sand are added to the investigation to evaluate the effect of layer thickness on peak blast pressure under different explosion scenarios. Figure 4 shows the results of the simulations for the three mixture layers with varying thicknesses under four surface explosion charges. The results show that the thickness of the sand–tire shred mixture has a significant effect on its behavior under an explosion hazard, especially at lower depths. The overall behavior of the mixture layers indicates the positive impact of thicker layers in reducing peak pressure. This impact is more noticeable up to the interface of the mixture layers with sand. An increase in the value of peak blast pressure is seen at the interface of the layers, followed by a gradual decrease at a greater depth.



A similar trend is observed for the simulations under 100, 500, and 1000 kg charges in terms of peak pressure reduction. The most significant peak pressure decrease under a 100 kg charge (Figure 4a) is 81%, which occurs at 2 m depth by increasing the thickness of the sand–shred tire layer from 2 m to either 4 or 6 m. The most significant reduction in peak blast pressure (between 79% to 81%) under 500 kg (Figure 4b) and 1000 kg (Figure 4c) charges occur at a depth of 3 m by increasing the thickness of the mixture layer from 2 m to either 4 or 6 m. The explosion of a 5000 kg charge (Figure 4d) extended the crater to a depth of 8 m, where the thickness of the mixture layer played a less significant role in reducing peak blast pressure. The results show that the mixture layer’s thickness is a critical parameter in reducing the peak pressure under all explosion scenarios. The thicker the mixture layer, the more significantly it reduces peak blast pressure. This is more evident near the surface and less prominent in the depths below the interfaces of the mixture layer and sand.




3.3. Effect of Rubber Content on Peak Blast Pressure


The effect of different rubber contents on the peak blast pressure is evaluated in this section, following the mixture patterns stated in Table 2 [65]. Two new mixture layers, formed by 10% and 20% rubber contents added to 90% and 80% sand, respectively, are included in the analysis. Based on similar behavioral trends found in previous sections, the effect of rubber content is investigated only for the mixture layers with 2 and 6 m thicknesses under 500, 1000, and 5000 kg charges. Figure 5a,c,e shows that the rubber content does not significantly affect the peak blast pressure for the 2-m-thick mixture layer. However, it has a more evident impact on the 6-m-thick mixture layer, especially at lower depths, as seen in Figure 5b,d,f. For a 6-m-thick mixture layer subjected to a 500 kg charge (Figure 5b), the peak blast pressure decreases by 42% and 59% by increasing the rubber content from 10% to 20% and 30%, respectively. In a similar trend, the peak pressure for the same mixture layer under a 1000 kg charge (Figure 5d) shows a reduction of 41% and 58% by increasing the rubber content from 10% to 20% and 30%, respectively. The formation of a deep crater under a 5000 kg charge (Figure 5f) resulted in the least noticeable effect on peak pressure by increasing the rubber content. From the comparison between all the scenarios, it can be concluded that increasing the rubber content has a more significant effect on peak pressure reduction in lower depths and under lower power explosions.





4. Conclusions


This research investigates the behavior of sand–tire shred mixtures under various surface explosion hazards and scenarios, which is a unique application. The aim was to evaluate the ability of this mixture to dissipate the energy of surface explosions and reduce peak blast pressure as the leading destructive impact energy for underground services and structures. To this end, mixtures of fine-grained sand and shred tire were subjected to surface explosions with varying charges. Sand–tire shred mixture layers with thicknesses of 2, 4, and 6 m and rubber contents of 10%, 20%, and 30% were investigated under 100, 500, 1000, and 5000 kg surface explosion scenarios. The results proved the success of a 6-m-thick sand–tire shred mixture in reducing peak blast pressure in all simulations when compared with pure sand. The most significant reduction was 90%, which was achieved at a depth of 2 m under a 100 kg charge, followed by an 84% reduction at a depth of 3 m under a 1000 kg charge, an 83% reduction at a depth of 3 m under a 500 kg charge, and an average reduction of above 20% at depths between 8 to 12 m under a 5000 kg charge.



Further investigation showed that the thickness of the mixtures layers has a significant effect on their behavior under explosion hazards, especially at lower depths. The peak blast pressure under a 100 kg charge was reduced by up to 81% when the thickness of the mixture layer increased from 2 m to either 4 or 6 m. This reduction was between 79% to 81% under 500 and 1000 kg charges at a depth of 3 m. However, the thickness of the mixture layers had a less significant impact on reducing peak pressure at greater depth than the mixture and sand layer interface. This finding would suggest that the optimum thickness of the mixture layer should be determined by considering the distance of the underground structure from the surface explosion charge and calculating the required amount of energy dissipation to avoid explosion hazards.



An investigation on the mixture layer’s tire shred (rubber) content indicated that it does not significantly affect peak blast pressure for any explosion scenarios with the 2-m-thick mixture layer. However, increasing the rubber content from 10% to 20% and 30% for the 6-m-thick mixture layer resulted in a more significant reduction in peak blast pressure under 200 and 1000 kg charges. The formation of a deep crater under a 5000 kg charge resulted in the least noticeable effect on peak pressure by increasing the rubber content. Overall results indicated that increasing the rubber content significantly affects peak pressure reduction in lower depths and under lower power explosions.



This research has proven the adequate performance of the sand–tire shred mixtures in reducing peak blast pressure, which is the leading cause of damage to underground structures under surface explosion. The thickness and rubber content of the mixture layer need to be carefully designed based on each explosion scenario by considering the distance of the explosion charge from the structure, the weight of the explosion charge, and the safe peak blast pressure to protect the structure from surface explosion hazards. It is recommended that further research in this area integrate soil–structure interaction in the analysis based on specific characteristics of different underground structures.
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Figure 1. The schematic model used for developing explosion scenarios. 
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Figure 2. Results of numerical model simulation in ABAQUS software: (a) model before the explosion; and (b) blast-induced crater after the explosion; and (c) time history of blast pressure at a depth of 10 m. 
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Figure 3. Effect of sand–tire shred mixture on peak blast pressure under surface explosion with charge weights of (a) 100 kg; (b) 500 kg; (c) 1000 kg; and (d) 5000 kg. 
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Figure 4. Effect of thickness of sand–tire shred mixture on peak blast pressure under surface explosion with charge weights of (a) 100 kg; (b) 500 kg; (c) 1000 kg; and (d) 5000 kg. 
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Figure 5. Effect of rubber content on peak blast pressure for 2- and 6-m-thick mixture layers under surface explosion with charge weights of 500, 1000, and 5000 kg: (a) 2-m-thick mixture layer and 500 kg charge. (b) 6-m-thick mixture layer and 500 kg charge; (c) 2-m-thick mixture layer and 1000 kg charge; (d) 6-m-thick mixture layer and 1000 kg charge; (e) 2-m-thick mixture layer and 5000 kg charge; (f) 6-m-thick mixture layer and 5000 kg charge. 
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Table 1. Attenuation coefficient for different soil types [13].
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	Soil Type
	Attenuation Coefficient, N





	Very loose sand, dry or wet
	3.25



	Loose sand, dry or wet
	3.0



	Dense sand, dry or wet
	2.75



	Very dense sand, dry or wet
	2.5



	Partially saturated clay and silt
	2.5



	Saturated clay
	1.5
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Table 2. Engineering properties of the soil and mixture [65,66].
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	Material
	ρ (kN/m3)
	G (kPa)
	Μ
	φ
	Cs (kPa)
	α
	β





	Sand
	17.5
	1400
	0.3
	35°
	0
	0.4534
	0.0035



	90% sand + 10% rubber
	15.25
	950
	0.35
	35°
	2
	0.9163
	0.0489



	80% sand + 20% rubber
	14.0
	800
	0.35
	32°
	3
	1.3791
	0.0923



	70% sand + 30% rubber
	13.7
	550
	0.35
	30°
	5
	1.8420
	0.1357
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Table 3. Material properties for the air [59].
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	γ
	ρa (g/cm3)
	T0 (K)
	cv (J/kgK)





	1.4
	1.225 × 10−3
	288.2
	717.3
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Table 4. Material properties for the explosion [59].
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	ρb

(g/cm3)
	C1 (kPa)
	C2 (kPa)
	r1
	r2
	ω
	Chapman-Jouguet Detonation Velocity (m/s)
	Chapman-Jouguet Energy/Unit Volume (KJ/m3)
	Chapman-Jouguet Pressure (kPa)





	1.658
	3.7377 × 108
	3.73471 × 106
	4.15
	0.9
	0.35
	6.93 × 103
	6 × 106
	2.1 × 107
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Table 5. Dimensions of the blast-induced crater.
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Charge Weight (kg)

	
Crater Depth (m)

	
Crater Diameter (m)




	
Sand

	
Sand–Tire Shred Mixture

	
Sand

	
Sand–Tire Shred Mixture






	
100

	
1.1

	
0.6

	
6.1

	
1.8




	
500

	
2.3

	
1.8

	
9.9

	
2.5




	
1000

	
2.9

	
2.4

	
17.75

	
9.9




	
5000

	
6.5

	
7.8

	
33.4

	
24.6
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