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Abstract

:

Lightweight fill can be advantageous in embankment construction for the purposes of reducing the (i) bearing pressures on the underlying soil foundation, (ii) destabilizing moments for constructed earthen slopes, and (iii) earth pressures acting behind retaining walls. This paper investigates the merits/limitations of particulate expanded polystyrene (EPS) beads mixed with clayey sand (CS) soil as lightweight fill, considering both geotechnical and environmental perspectives. The bench-scale geotechnical testing programme included standard Proctor (SP) compaction, California bearing ratio (CBR), direct shear (sheardox), oedometer and permeability testing performed on two different gradation CS soils amended with 0.5, 1.5 and 3.0 wt.% EPS, investigating two nominal bead sizes equivalent to poorly-graded medium and coarse sands. Compared to the unamended soils, the compacted dry density substantially decreased with increasing EPS beads content, from 2.09 t/m3 (0 wt.% EPS) to as low as 0.33 t/m3 for 3 wt.% (73 v.%) of larger-sized EPS beads. However, from analyses of the test results for the investigated 50 to 400 kPa applied stress range, even 0.5 wt.% (21 v.%) EPS beads caused a substantial mechanical failure, with a drastic decay of the CBR and compressibility parameters for the studied CS soils. Given the more detrimental environmental cost of leaving myriads of separate EPS beads mixed forever among the soil, it is concluded that the approach of adding particulate EPS beads to soils for producing uncemented lightened fill should not be employed in geotechnical engineering practice.
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1. Introduction


A considerable share of the costs of building and infrastructure constructions depends on the geomechanical properties of the underlying soil deposits and the required foundation types. Major problems, including inadequate bearing capacity, excessive subsidence or earth pressures next to structures, liquefaction potential and slope instability issues, adversely impact on financial costs, construction completion time and hazard risks in projects; as an example, a new highway flyover requiring approach embankments bearing on weak soil deposits, as well as face slopes and/or earth-retaining wall constructions. In this regard, utilizing lightened fill solutions reduces (i) bearing pressures acting on the embankment foundation, (ii) destabilizing moments for constructed earthen slopes that could otherwise have potential slope instability issues, and (iii) earth pressures acting behind retaining walls. Accordingly, construction costs can be reduced, project performance enhanced, as well as achieving environmental benefit effects [1,2,3,4].



Lightweight construction/fill materials include expanded polystyrene (EPS) block geofoam [5,6], and soil blends incorporating various lightweight additives (e.g., tire-derived aggregate [7,8,9,10], wood chips, and mineral pumice). Applications for the former in transportation infrastructure include, for instance, bridge foundations supported by EPS-block geofoam embankments founded on soft soil [11], protecting buried pipelines and culverts [12] and reducing seismic excitations to soil–steel bridges [13]. For the latter (soil blends incorporating lightweight additives), it is known that the type, aspect ratio and content of these additives have important roles in the mechanical properties of the mixtures. For given compaction moisture content and compactive effort, the density of the lightened fill can be effectively controlled by the amount of lightweight additive used in making the fill. As a construction material, the unique feature that distinguishes EPS from conventional geomaterials is its very low bulk unit weight. Note that utilizing lightweight fill of unit weight less than that of water at locations below the groundwater table level creates a buoyancy effect, which, depending on the circumstances and the applied load magnitude, may impair or enhance geotechnical performance; e.g., for low applied/self-weight loading scenarios, generated buoyancy by a significant volume of submerged EPS-block geofoam may lead to flotation (failure). Conversely, prototype EPS-block footings [14] and bamboo-frame structures incorporating recycled plastic block inclusions [15] have been advocated as foundation systems for lightweight structures bearing on waterlogged peat deposits—these being designed as floating foundations using the weight compensation technique [15].



Compared to EPS-block geofoam, Deng and Xiao [16] and Edinçliler and Özer [17] investigated the geomechanical behaviour/properties of EPS beads–sand mixtures (termed EPS-sand). For instance, Deng and Xiao [16] investigated in proportions 0.5, 1.5 and 2.5 wt.%, with optimum EPS beads content (i.e., the one reasonably balancing the unit weight, strength, and deformation properties) reported in the order of 0.5 wt.%. Liu et al. [18] investigated EPS beads–soil–cement mixtures, with shear strength and stiffness controlled by adjusting the amount of cement used (these increased considerably for cement to soil ratio of 10 to 15 wt.%). Satoh et al. [19], Tsuchida et al. [20], and Yoonz et al. [21] investigated EPS beads–dredged soil/clay–cement mixtures for coastal construction projects. Rocco [22] studied clay mixed with up to 1.5 wt.% EPS beads, including investigation of the low-strain dynamic properties (shear modulus and damping), with shear stiffness decreasing with increasing EPS content, but material damping being relatively unaffected by EPS content. With limits on EPS content, these studies indicate that for quick operations and applications not demanding high shear strength, the soil–EPS beads mixtures with/without a binder material may be suitable as lightweight fill.



Compared to uncemented EPS sand [16,17] or clay mixtures [22], the present laboratory study investigates utilizing 0.5 to 1.5 wt.% particulate EPS beads as partial replacement for clayey sand and their effects on the resulting geomechanical and hydraulic behaviour/properties. As described in this paper, a comprehensive testing programme was undertaken, including standard Proctor (SP) compaction, direct shear (shearbox), California bearing ratio (CBR), oedometer and falling-head permeability tests, investigating two particulate EPS materials with different nominal bead sizes. Although some of these tests are well-known for their limitations, they nevertheless provide indications of relative changes in the performance arising from the EPS beads addition. The experimental results are assessed and discussed from a geotechnical viewpoint to establish whether the approach of blending significant volumes of EPS beads with clayey-sand soil for producing uncemented lightened fill merits further research attention. Note that EPS-block geofoam material was not investigated in this study. A discussion then follows concerning the heavy environmental cost of this solution—that is, whereas EPS-block geofoam is alienable from the soil and hence recyclable, pressed separate EPS beads remain forever among the soil matrix for the EPS-sand/clay lightweight fill solution, while EPS beads can also be swept away during on-site mixing and construction processes [19]. As described later in the paper, this has far-reaching environmental consequences that have not been considered adequately in previous geotechnical investigations of EPS-sand/clay mixtures.




2. Experimental Testing Programme


2.1. Materials


Two sand–clay mixtures (soils 1 and 2) were investigated, with their grading curves presented in Figure 1 and some of their physical properties reported in Table 1. Soils 1 and 2 were comprised of 16% and 31% fines fractions (<0.075-mm sized), respectively, with a liquid limit of 32%, plastic limit of 19%, giving a plasticity index of 13%, and plotting above the A-Line on the Casagrande plasticity chart. The coefficients of uniformity (CU = D60/D10) and curvature (CZ =    D  30     2   /D60 × D10) values are reported in Table 1. Both materials are classified as clayey sand (SC) according to the Unified Soil Classification System.



Two particulate EPS materials (EPS-1 and EPS-2) obtained from Faraz-Foam factory (Shahriar Road, Tehran province, Iran) were investigated; these were distinguished from each other by their different nominal bead sizes (see Figure 2 and Figure 3); that is, EPS-1 and EPS-2 are equivalent to poorly-graded medium and coarse sands, respectively. Some physical properties of these EPS materials are reported in Table 2. As previously adopted by Deng and Xiao [16], the ASTM C128 standard [23] was employed to determine the grain size and dry special unit weights (γdmin and γdmax) of these EPS materials.




2.2. Soil–EPS Beads Mixing Ratio and Test-Specimen Preparation


Dry soil–EPS mixtures were prepared using 0.5, 1.5 and 3.0 wt.% EPS for the two EPS bead nominal sizes, i.e., similar to the 0.5 to 2.5 wt.% EPS range investigated by Deng and Xiao (2010) for sand–EPS beads mixtures. In other words, the testing programme for the present investigation considered 12 soil–EPS beads mixtures and the two controls (soils 1 and 2). In preparing each mixture, the required proportion of EPS beads was added and thoroughly mixed with the disaggregated air-dried soil (w/w) using a mechanical mixer, after which the required compaction water content for specimen preparation was added while continuing the mixing process. The EPS beads volumes (χ, in v.%) reported for the different mixtures in Table 3 were computed using the following equation [16]:


  χ =    η   G s      (  EPS  )         1   G s    +  η  100    G s      (  EPS  )         



(1)




where  η  = wt.% EPS in –soil–EPS beads mixture;    G s    and    G s      (  EPS  )      = specific gravity of soil solids and EPS beads, respectively.



As evident from Table 3, the volume percentage of EPS beads in the various mixtures was substantial, at between 21 and 73 v.%, and depended on EPS bead size, with greater volume proportions for larger-sized EPS beads (i.e., EPS-2) on account of their lower    G s      (  EPS  )      value of 0.03.




2.3. Experimental Methods


The experimental testing programme investigating the effects of soil gradation, EPS content and nominal bead size for the various soil–EPS mixtures using standard laboratory tests, including SP compaction [24], CBR [25], direct shear [26] and oedometer [27] testing methods.



The direct shear tests, performed on water inundated 100 × 100-mm cross-section and initially 30-mm high specimens, involved a consolidation stage, investigating applied normal stresses of σv = 50, 100 and 150 kPa. At the end of the consolidation stage, the inundated specimens were assumed to be fully saturated. Following the ASTM D3080 [26] recommendation that a shearbox horizontal displacement equivalent to 10% of the test-specimen size should take 60 min, a displacement rate for the shearing stage of 0.217 mm/min was adopted, deemed as sufficiently slow to achieve the drained shearing condition.



The oedometer tests, performed on water-inundated 50-mm-diameter and initially 20-mm-high specimens, involved four maintained-load stages at σv = 50, 100, 200 and 400 kPa, each of 24-h duration. The permeability characteristics of the various saturated mixtures were determined using the falling-head method, testing 100-mm-diameter × 110-mm long SP-compacted specimens. The falling-head approach was deemed better suited than the constant-head approach given the very low permeability coefficient (order of 10−7 m/s) on account of the soils’ high fines content. Figure 4 and Figure 5 show images of the soil–EPS beads mixtures and the prepared test specimens.





3. Experimental Results and Analysis


3.1. SP Compaction


Figure 6 presents the dry density (ρd) against moisture content (w) curves obtained from SP compaction testing of the two controls (soils 1 and 2) and various clayey sand–EPS beads mixtures. The controls had similar experimental ρd–w curves, with SP-compacted maximum dry density of ρdmax = 2.09 t/m3 obtained at 10% moisture content. As depicted in this figure, for increasing EPS content, the compaction curves shift downwards, the translation being more pronounced for larger-sized EPS beads mixed with finer gradation soil (i.e., soil 2–EPS-2 combination (Figure 6b), such that the ρd–w curves become progressively flatter and clear peaks are not as evident for these mixtures. For instance, SP compaction of the mixture comprising soil 2 with 3 wt.% of larger-sized EPS beads produced ρd ≈ 0.33 t/m3.




3.2. CBR Results


Figure 7 plots CBR against EPS beads content for the SP-compacted specimens. As expected, because of its coarser gradation, soil 1, and hence, the soil 1–EPS-1 mixtures mobilized significantly greater CBR resistance compared to soil 2 and the soil 2–EPS-2 mixtures, respectively. Compared to the controls, substantial decreases in CBR magnitude occurred for 0.5 wt.% EPS, with further CBR reductions occurring for the higher EPS contents. For instance, compared to the control (CBR = 27.5), of the mixtures investigated, the best performing in terms of greatest mobilized CBR was the soil 1–0.5 wt.% EPS-1 mixture (3.7), whereas the soil 2–0.5 wt.% EPS-2 mixture mobilized a CBR value of only 1.0.




3.3. Direct Shear Results


Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12 present the direct-shear test results. Figure 8 shows the equilibrium axial specimen compression achieved for normal stresses of σv = 50, 100 and 150 kPa applied during the specimen consolidation stage. As evident from this figure, due to the highly compressible/deformable nature of the EPS beads, the equilibrium axial compression increases for greater EPS content and for higher applied stress, with significantly greater compression occurring for those mixtures containing larger-sized EPS beads (EPS-2). In other words, compared to EPS-1, the embedded larger-sized EPS-2 beads are drastically compressed and also the soil particles penetrate into them under the high applied stress. For instance, considering the applied stress of σv = 150 kPa, compared to the SP-compacted soils 1 and 2 mixed with 1.5 and 3.0 wt.% EPS-1 (axial strain of ~ 10.7%), these soils mixed with the same wt.% of EPS-2 beads experienced axial strains of up to 40%.



Figure 9, Figure 10, Figure 11 and Figure 12 show the shear resistance against horizontal displacement traces obtained for the various clayey sand–EPS beads mixtures. As evident from these figures, for a given normal stress magnitude, 0.5 to 3.0 wt.% EPS content generally causes a marginal overall reduction in initial specimen stiffness, a substantial reduction in secant stiffness, and a more modest decrease in the peak shear resistance.



Figure 13, Figure 14, Figure 15 and Figure 16 show the vertical displacement against horizontal displacement traces for the various clayey sand–EPS beads mixtures. As plotted, negative vertical displacement readings indicate specimen compression. As evident from these figures, the specimen shearing response is significantly affected by EPS content. Compared to the dilative response of the controls (soils 1 and 2), the soil–EPS beads mixtures generally experienced contraction during shearing, and, predictably, greater contraction levels occurred for higher EPS content and for larger applied normal stress. Similar to the consolidation stage behaviour, compared to EPS-1, the specimen compression occurring during shearing for a given soil type and applied normal stress was generally substantially greater for those mixtures containing larger-sized EPS beads (i.e., EPS-2).



Regarding the strength envelopes, these are very likely curved for the studied soil–EPS beads mixtures. For the investigated normal stress range of σv = 50–150 kPa, Figure 17 presents the pairings of cohesion intercept (c) and angle of shearing resistance (φ) magnitudes deduced from best-fit lines to the three mobilized peak shear resistance (τf) results plotted against applied normal stress (σv) for each soil–EPS beads mixture. The presented c–φ values are simply fitting parameters deduced for the τf–σv failure line segment over the investigated normal stress range for each soil–EPS beads mixture, so the cohesion intercept magnitude simply derives from the adjustment of a straight line. Apparent reductions in φ (and progressive increases in c) magnitude occur for increasing EPS content, with larger-sized EPS bead (EPS-2) inclusions appearing to produce marginally greater values of c and φ for a given soil type and EPS content.




3.4. Oedometer Results


Figure 18 presents the variation of the compression index (Cc) with EPS beads content for SP-compacted specimens over the investigated stress range of σv = 50–400 kPa applied in the oedometer tests. Figure 19 and Figure 20 present the coefficient of consolidation (cv) and secondary compression index (Cα), deduced from curve-fitting analyses of the recorded specimen strain against elapsed time responses for each maintained load stage.



Expectedly, with increasing EPS content and especially for larger-sized EPS beads (EPS-2), the magnitude of Cc substantially increases, due to the much greater compressibility of the EPS beads compared to the soil matrix, whereas apparently the computed magnitude of cv substantially decreases. The latter occurred because, although the time period t50 (corresponding to 50% primary consolidation, as deduced from curve-fitting analysis of the specimen compression against logarithm of elapsed time traces) increased for greater EPS content, significant reductions in the specimen effective drainage length occurred in unison, the net result of which caused substantial reductions in calculated cv values with increasing EPS content and for greater applied stress levels. Referring to Figure 20, for a given soil, the Cα magnitude significantly increases overall with increasing EPS content, especially for larger-sized EPS beads (i.e., EPS-2), which, again, is related to the much greater creep compression of the included EPS beads.




3.5. Permeability Results


Figure 21 presents the variation of the laboratory-measured permeability coefficient (k) with EPS content for the SP-compacted soil–EPS beads specimens. Overall, compared to the controls (order of 10−7 m/s), the k magnitude reduced for 0.5 wt.% EPS, thereafter increasing in value for 1.5 and 3.0 wt.% EPS; the latter producing an approximately one order of magnitude increase in the k values relative to the controls (0 wt.% EPS). Expectedly, compared to the finer gradation soil (soil 2–EPS beads mixtures), the soil 1–EPS beads mixtures had substantially greater k values, especially for larger-sized EPS beads (EPS-2).





4. Environmental Concerns


Polystyrene (PS) is recyclable if it is composed in block geofoam and, in this form, it is alienable from the soil for geotechnical engineering applications. An obvious question arises, then, as to what is the ecological price of the EPS-sand/clay lightweight fill solution, particularly for uncemented mixtures, where pressed separate EPS beads remain forever among the soil matrix. A part of the total volume of mixed EPS beads can also be swept away during the on-site mixing and construction processes [19]. Below, the environmental aspect, which is far-reaching and has not been addressed in previous investigations of EPS-sand/clay mixtures, is elaborated.



From an environmental perspective, plastics, specifically microplastics (MPs), which are generally defined as plastic debris with particle sizes ranging from 0.1 μm to 5 mm [28,29], have emerged as one of the top environmental issues due to their prevalence in, and impacts on, aquatic and terrestrial ecosystems, with evidence for their significant effects on soil biological and ecosystem functions (see review paper by O’Kelly et al. [30]). To compound the issue, MPs act as a transport vector in soil and groundwater for other potential pollutants, including human pathogens, heavy metals and organic contaminants [31], and they can alter the behaviour of these contaminants, potentially including priority pollutants such as plasticizers and flame retardants that enter in the manufacturing of plastics to enhance their engineering properties [32]. Hence, MPs can become an important conduit for the migration of these contaminants in the subsurface, including potentially significant implications for groundwater quality [30].



Several studies have shown that the migration of MPs through the food chain significantly changes the biological community and, with the decreasing particle size of MPs mainly arising from biodegradation process, leads to the accumulation and transmission of MPs in food chains, reaching humans [33,34,35,36,37]. For instance, investigations by Gaylor et al. [38] and Hodson et al. [39] on the toxicological impact of MPs’ ingestion on Eisenia fetida and Lumbricus terrestris earthworm species found that exposure of E. Fetida to higher concentrations of PS MPs (58 μm) in soils led to stunted growth and higher mortality rates [40]. Significant changes were observed in plant biomass, elemental tissue composition, root traits, leaf traits and soil microbial activities for Alium fistulosum grown in the presence of various MPs, including PS MPs [41]. The study conducted by Li et al. [42], using fluorescent markers of PS, established the uptake, distribution, transportation and accumulation of 0.2 μm sized PS microbeads in an edible plant species (Lactuca sativa). Furthermore, microscopic examination of the shoots’ system also revealed the movement of PS microbeads via intercellular spaces of the vascular system, driven along the transpiration stream. Similarly, the roots of V. faba exposed to fluorescent MPs of various sizes have shown that the accumulation of these polymers in their roots resulted in reduced growth [43]. These studies have opened a new horizon in the interaction of MPs with plants from the perspective of their fate and transmission in the food chain [30]. It is also patently clear from the above that the ecological price of utilizing EPS-sand/clay mixtures as lightened fill material, leaving myriads of separate EPS beads mixed forever among the soil, is completely unacceptable.




5. Summary and Conclusions


The premise of this study was to investigate the merits/limitations, firstly from a geomechanical perspective, of incorporating significant volumes of particulate EPS beads in clayey sand (CS) soil for producing lightened fill material suitable for various engineering applications, investigating the applied stress range of 50 to 400 kPa. Based on the presented experimental results for two SP-compacted CS soils admixed with between 0.5 and 3.0 wt.% (21–73 v.%) EPS beads, and contrasting with the CS soils themselves, as controls, the following conclusions are drawn:



(a) In terms of dry density, expectedly, the compacted dry density value substantially decreased with increasing EPS beads content, reducing from 2.09 t/m3 for the controls (0 wt.% EPS) to as low as 0.33 t/m3 for the finer gradation soil with 3 wt.% (73 v.%) of larger-sized EPS beads. As such, compared to conventional geomaterials, clayey sand–EPS beads mixtures seemingly qualify as lightweight fill material.



(b) However, following analyses of the presented CBR, direct shear and oedometer test results, the overall outcome is a substantial mechanical failure in terms of severe immediate, ‘consolidation’ and creep settlements, particularly for larger sized EPS beads additive, with a drastic decay of the CBR and short- and long-term compressibility parameters, such that even for 0.5 wt.% (21 v.%) EPS beads, the clayey sand–EPS beads mixtures are deemed unsuitable as load-bearing fill material for the investigated stress range. This would fit with general expectations of using particulate highly compressible material (i.e., EPS beads) having poor geotechnical values as a partial replacement for soil.



For smaller-sized EPS beads at contents < 0.5 wt.%, the uncemented clayey sand–EPS beads mixtures may fulfil certain lightened fill requirements for some low applied stress applications (<50 kPa). However, given the demonstrated drastic decay of the most significant geomechanical parameters and the more damming detrimental environmental cost of leaving myriads of separate EPS beads mixed forever among the soil, it is concluded that the approach of adding particulate EPS beads to soil for producing uncemented lightened fill should not be employed in geotechnical engineering practice, such that it does not warrant further attention or investigation from the geotechnical research community.
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Nomenclature




	c
	cohesion intercept



	Cc
	compression index



	CU
	uniformity coefficient



	cv
	coefficient of consolidation



	CZ
	curvature coefficient



	Cα
	secondary compression index



	D10
	10% of soil particles finer than this size



	D30
	30% of soil particles finer than this size



	D50
	mean particle size



	D60
	60% of soil particles finer than this size



	Gs(EPS)
	specific gravity of EPS beads



	Gs
	specific gravity of soil solids



	k
	permeability coefficient



	w
	water content



	ρd
	dry density



	ρdmax
	maximum compacted dry density



	γdmax
	maximum dry unit weight



	γdmin
	minimum dry unit weight



	η
	weight percentage of EPS in dry soil–EPS beads mixture



	φ
	angle of shearing resistance



	σv
	applied normal stress



	τ
	shear resistance



	τf
	peak shear resistance



	χ
	volume percentage of EPS in dry soil–EPS beads mixture
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Figure 1. Grading curves for investigated clayey-sand soils. 
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Figure 2. Spherical EPS beads investigated. 






Figure 2. Spherical EPS beads investigated.



[image: Geotechnics 01 00003 g002]







[image: Geotechnics 01 00003 g003 550] 





Figure 3. Grading curves for investigated EPS beads materials. 
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Figure 4. EPS-1 (left) and EPS-2 (right) beads mixed with clayey sand. 
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Figure 5. CBR (left), oedometer (centre), and shearbox (right) soil–EPS beads test-specimens. 
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Figure 6. SP-compaction curves for clayey sand–EPS beads mixtures. 






Figure 6. SP-compaction curves for clayey sand–EPS beads mixtures.



[image: Geotechnics 01 00003 g006]







[image: Geotechnics 01 00003 g007 550] 





Figure 7. CBR results for clayey sand–EPS beads mixtures investigated. 






Figure 7. CBR results for clayey sand–EPS beads mixtures investigated.



[image: Geotechnics 01 00003 g007]







[image: Geotechnics 01 00003 g008 550] 





Figure 8. Equilibrium axial compression of shearbox specimens for normal stresses of σv = 50, 100 and 150 kPa applied during consolidation stage. 
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Figure 9. Shear resistance against horizontal displacement for soil 1–EPS-1 beads mixtures from shearbox tests. 
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Figure 10. Shear resistance against horizontal displacement for soil 2–EPS-1 beads mixtures from shearbox tests. 
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Figure 11. Shear resistance against horizontal displacement for soil 1–EPS-2 beads mixtures from shearbox tests. 
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Figure 12. Shear resistance against horizontal displacement for soil 2–EPS-2 beads mixtures from shearbox tests. 
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Figure 13. Vertical against horizontal displacements for soil 1–EPS-1 beads mixtures from shearbox tests. 
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Figure 14. Vertical against horizontal displacements for soil 1–EPS-2 beads mixtures from shearbox tests. 
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Figure 15. Vertical against horizontal displacements for soil 2–EPS-1 beads mixtures from shearbox tests. 
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Figure 16. Vertical against horizontal displacements for soil 2–EPS-2 beads mixtures from shearbox tests. 
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Figure 17. Deduced shear strength parameters for clayey sand–EPS beads mixtures from direct shear testing for σv = 50–150 kPa. 
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Figure 18. Variation in compression index with EPS beads content. 






Figure 18. Variation in compression index with EPS beads content.



[image: Geotechnics 01 00003 g018a][image: Geotechnics 01 00003 g018b]







[image: Geotechnics 01 00003 g019 550] 





Figure 19. Apparent variation in coefficient of consolidation with EPS beads content. 
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Figure 20. Variation in secondary compression index with EPS beads content. 
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Figure 21. Permeability coefficient against EPS content for investigated clayey sand–EPS beads mixtures. 
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Table 1. Some physical properties of the clayey-sand soils.
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	Material
	D10

(mm)
	D30

(mm)
	D50

(mm)
	D60

(mm)
	CU
	CZ
	Gs





	Soil 1
	0.020
	0.31
	0.52
	0.90
	45
	240
	2.66



	Soil 2
	0.005
	0.07
	0.82
	1.20
	5.3
	0.8
	2.66
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Table 2. Some physical properties of investigated EPS beads materials.
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	Material
	D10

(mm)
	D30

(mm)
	D60

(mm)
	CU
	CZ
	Gs(EPS)
	γdmin

(kN/m3)
	γdmax

(kN/m3)





	EPS-1
	1.75
	2.02
	2.17
	1.24
	1.07
	0.05
	0.25
	0.26



	EPS-2
	3.72
	4.18
	4.39
	1.18
	1.04
	0.03
	0.09
	0.10
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Table 3. Volume of EPS beads in various clayey sand–EPS mixtures investigated.
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	Mixture
	EPS (v.%)





	Soils 1 and 2 with 0.5 wt.% EPS-1
	21



	Soils 1 and 2 with 1.5 wt.% EPS-1
	44



	Soils 1 and 2 with 3.0 wt.% EPS-1
	61



	Soils 1 and 2 with 0.5 wt.% EPS-2
	31



	Soils 1 and 2 with 1.5 wt.% EPS-2
	57



	Soils 1 and 2 with 3.0 wt.% EPS-2
	73
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