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Abstract

:

In the case of earthquake and rockfall disasters, it is proposed to replace part of sand with geofoam material to form sand–EPS and sand–EPE composite cushions to improve the ability of structures to resist disasters. The shear performance of the sand–EPS beads mixture material with different moisture contents, the impact resistance of sand–EPS beads and sand–flocculent-EPE layered composite materials with different cushion thicknesses and different mass ratios were studied by direct shear tests and multi-impact tests. The results showed that with the increase in the moisture content, the shear strength of the sand–EPS beads decreased, the internal friction angle of sand–EPS decreased first and then increased, and the cohesion of sand–EPS increased first and then decreased. The sand–geofoam layered cushion had better buffering performance. Sand–EPE has better durability than Sand–EPS.
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1. Introduction


In recent years, frequent disasters have brought vast losses of life and property, such as earthquakes, floods, landslides, and rockfalls. Currently, rock-shed structures are used to prevent the impact damage caused by rockfalls and landslides in China. Rock-shed structures are frame structures with slabs and cushion materials on the top [1,2,3], as shown in Figure 1. The research showed that the damage of the rock-shed structures was mainly caused by earthquake and rainstorms after the Wenchuan earthquake. In both disasters, 80 percent of the damage was caused by rockfalls [4]. The cushion has a significant influence on the impact resistance of rock-shed structures [5,6], so it is necessary to study the impact resistance of cushion material. Sand–expanded-polystyrene (EPS) blocks and Sand–expandable-polyethylene (EPE) blocks have been used as cushion materials [2,3,4,7,8]. In addition, earthquakes have caused damage to houses, dams, slopes, bridges, and other engineering structures. Many improvement methods have been proposed to reduce earthquake damage and protect structures from ground vibration, among which seismic isolation and absorption is one of the methods to improve the seismic performance of foundations. However, its application has been limited because of the high cost and the requirements of many experiments and field experience [9]. An alternative approach is to use lightweight and compressible materials between the foundation and the structure [10,11,12], such as tyre aggregate, wood chips, and EPS geofoam as isolation materials [9,13,14,15,16], as shown in Figure 2. These materials not only reduce the cost and improve corresponding performance, but also protect the environment and provide environmental benefits by recycling these materials instead of storing them. EPS and EPE are used to prevent the impact of rockfalls to the rock shed and reduce seismic damage to structures, and it is necessary to study the basic mechanical properties and impact resistance of materials.



In the geotechnical application, EPS can generally be used in two different forms, that is, EPS beads mixed with soil and EPS blocks directly contacted with parent materials. Extensive studies have been conducted on the use of EPS blocks and sand. Bartlett et al. [17] conducted laboratory, full-scale tests and numerical modeling to study the performance of the EPS block on protecting buried pipelines and culverts; the results showed that it can be used as a lightweight slot-trench cover system in urban roadways to protect buried high-strength steel pipelines. Direct shear tests were used to study the interface strength parameters of the EPS geofoam block interacting with sand [18,19,20,21,22,23]. The results showed that the interface friction coefficient of the EPS-block–sand interface ranged from 0.55 to 0.7, depending on the thickness of the sand below the EPS geofoam [18]. The friction coefficient of the EPS–sand interface was similar to that of the sand material [19]. The EPS–sand interaction mechanism could be expressed in three stages: pure friction, friction adhesion, and pure adhesion, depending on the applied normal stress [20]. No significant change occurred in the interface friction coefficient under dry and wet conditions [21]. The measured interface strength of the EPS–sand material increased with the increase in the density of the EPS–sand material, and the interface friction angle increased uniformly [22]. In the study of Basti et al. [23], a large direct shear test was used to study the influence of variables such as relative sand density, EPS density, applied normal stress, half amplitude of cyclic shear strain, and cycle number on the interface response of sand–EPS geofoam. The results showed that the dynamic shear stress generally increased with the increase in the EPS density and the normal stress. In addition to the direct shear test, large field and indoor small impact tests were also used to study the impact resistance of sand–EPS blocks against the rockfall impact on rock shed [3,4]. Through the analysis and comparison of the test results, it was concluded that the impact resistance of the sand–EPS block was better than that of the sand [3]. The sand–EPE block was the best cushion to resist the rockfall impact and protect the rock-shed structure. The buffering performance of the sand–EPE block composite cushion was good under multi-impact tests in the laboratory [4]. However, the buffering performance of the sand–EPS block composite material deteriorated with the increase in the impact time. For the thicker geofoams, the buffering performance of the composites did not change much from the second impact to the fifth impact, especially for sand–EPE geofoam. Bhatti [8] studied the effect of the density and thickness on the energy dissipation of the cushion with EPS. The results showed that the addition of the EPS cushion significantly improved the energy dissipation capacity of the concrete structure. Ouyang et al. [7] used numerical methods to study the influence of EPS height on the impact force and deflection of the shed. A cushion consisting of geogrid reinforced soil and EPS effectively absorbed the energy generated by the rockfall. The number and strength of geogrids and the height of the EPS thickness had a significant effect on the reduction of the impact force and deflection.



Despite the EPS block having certain advantages [24], it has the disadvantages of the need of transporting to the site from the production site, inadaptation to the irregular volume because of the regular shape, and being unalterable to satisfy the requirement of the field soil due to the constant value of the characteristics of the EPS block [25]. To overcome the above disadvantages of EPS blocks, it is suggested to mix EPS beads and sand to make a light filling material [26,27,28,29]. A large number of static and dynamic studies were carried out on the use of EPS beads mixed with sand by an unconfined compression test [30,31], direct shear test [20,31,32], large cycle direct shear test [33,34], resonance column test [35,36], and triaxial compression test [27,36,37,38,39,40]. The results of unconfined compression tests showed that the unconfined compressive strength decreased with the increase in the EPS content [31]. The direct shear test results in the study of Ibrahim et al. [32] showed that the shear strength of the EPS-beads–sand mixture was superior to that of the comparison sand. Compared with other mixture materials, the EPS-beads–sand mixture with 40% EPS content had the best shear strength. Alaie and Chenari [33] and Chenari et al. [34] studied the monotonic, cyclic, and post-cyclic characteristics of the interface between the EPS–sand mixture and geogrid by using the large cycle direct shear test. The experimental results showed that the interface shear stiffness between the geogrid and EPS–sand mixture decreased with the increase in the EPS content, and the damping ratio increased significantly [33]. At the same EPS content, the interface damping increased by about two times regardless of the shear displacement amplitude. Under different normal stress levels, the hardening coefficient increased with the increase in the cycle number [34]. According to the resonance column test, under different confining pressures, Gmax decreased as the content of EPS beads in the EPS–sand mixture increased, which was mainly related to the low stiffness of the added EPS beads. The small strain shear modulus increased with the increase in effective confining pressure [36]. With the increase in the EPS content, the shear strength decreased, and the volumetric strain increased. The increase in the confining pressure enhanced the strength of the mixture. The optimal EPS content for a reasonable balance of unit weight, strength, and deformation was 0.5% by weight [27]. The initial elastic modulus decreased linearly with the increase in the EPS bead content. The results showed that the EPS bead inclusion did not increase the maximum deviational stress compared with the sand sample [30]. The elastic and viscous properties of SEM were similar to those of sand, and the peak friction angle and the residual friction angle were both smaller than those of the sand [38]. The damping and shear modulus of the sand–EPS mixture samples had a significant relationship with the mass percentage of EPS. When the confining pressure remained unchanged, the increase in EPS content led to the increase in the damping ratio to 100% or more. In contrast, for all confining pressure values, the shear modulus of the mixture decreased significantly with the increase in EPS content [39]. The specific weight, the shear strength, the internal friction angle, and the initial elastic modulus of the sand–EPS mixture were reduced when the EPS bead content increased, and the cohesion of the sample increased [40].



Based on the above literature analysis, scholars have studied the static and dynamic characteristics of the sand–EPS mixture in many research studies. However, no one has studied the impact resistance of the sand–EPS-beads cushion, and few authors have studied the effect of the moisture content on shear strength by the direct shear test. Therefore, more tests are required to study the effect of the moisture content on the shear strength of the sand–EPS-beads mixture. Only Zhao et al. [2,3,4] studied the impact resistance of the sand and EPE block cushion, but no one has studied the impact resistance of the sand–EPS beads and sand–flocculent-EPE layered composite materials.



For the lack of research on the effect of the moisture content on the shear strength of sand–EPS beads and the impact performance of sand–flocculent-EPE material, the direct shear tests and multi-impact tests were carried out. In this paper, the direct shear tests of the sand and sand–EPS mixture material were carried out to study effects of the moisture content on shear stress–shear displacement curve, shear strength, internal friction angle, and cohesion. The effect of the normal stress on shear strength was also investigated. Because the shear box in the direct shear test is small, it is difficult to mix sand and flocculent EPE for the direct shear test, so the direct shear test was only carried out the sand–EPS mixture material. The multi-impact tests of the sand, sand–EPS beads, and sand–flocculent EPE mixture materials were then conducted to investigate the effects of the impact height, the geofoam quantity, the geofoam placement height, and the geofoam type on the multi-impact resistance of the sand–geofoam composite material. When sand is mixed with EPS beads and flocculent EPE for the impact test, most EPS and EPE are extruded after one impact, so the effect of the mixed material cannot be achieved. Therefore, in the impact test, the mixing of sand with EPS and EPE was carried out in layered placement.




2. Experimental Program


2.1. Direct Shear Tests


A series of direct shear tests were conducted to study the shear performance of the sand and EPS beads mixture material. The properties of the materials and the test procedure are briefly described below.



2.1.1. Material Properties


The materials were river sand and EPS beads for construction, as shown in Figure 3. The maximum and minimum values of the dry unit weight were 16.26 kN/m3 and 14.21 kN/m3, respectively. The specific gravity of the sand was 2.63. The particle size distribution curve of the sand is as shown in Figure 4. EPS was a spherical bead geofoam with a particle size of 3–5 mm, as shown in Figure 3b. The materials included pure sand and the sand–EPS-beads mixture.




2.1.2. Direct Shear Test Method


The strain-controlled direct shear apparatus was used to determine the shear strength of pure sand and sand–EPS mixture samples. According to the consolidated drainage (CD) triaxial test results, Deng and Xiao [27] recommended that a good combination of added EPS beads weight and shear strength of sand–EPS beads was achieved when the optimal dosage of EPS beads was 0.5%. Therefore, in this paper, the mass percentage of added EPS beads was 5%. A total of 36 tests were conducted based on GB/T 50123-2019 [41]. The shear box was a cylinder with a diameter of 60 mm and a height of 30 mm. Each sample was carried out with four different normal stresses of 100 kPa, 200 kPa, 300 kPa, and 400 kPa. The 0%, 5%, and 10% moisture contents were used as experimental variables. The effects of the moisture content and the normal stress on the shear properties of pure sand and the sand–EPS mixture were investigated. The materials were dried before being put into the shear box. The weight of the materials was measured. The mixed materials were then configured according to the weight ratio and the moisture content calculated in advance. Finally, they were evenly stirred and put into the shear box. The loading rate of the horizontal displacement was the recommended shearing rate of 0.9 mm/min. When the shear stress reached stability or had significant regression, it indicated that the sample had shear damage, and the test was terminated. The values of the dynamometer and the shear displacement were recorded simultaneously with each turn of the handwheel. All the tests were conducted with four samples.





2.2. Laboratory Multi-Impact Tests


Laboratory tests for layered sand–geofoam composite cushions under multi-impact loading were performed to study and compare the impact resistance of sand–EPS and sand–EPE cushions. The EPE material was flocculent, shown in Figure 3c. The detailed conditions, procedures, and instruments are described as follows.



2.2.1. Test Instruments


A test device designed by authors was used to perform the impact testing, as shown in Figure 5a. The impact test device consists of a fixed metal frame, a sucker electromagnet, a data acquisition instrument, a falling hammer, and an acceleration sensor. The maximum falling height of the falling hammer is 2 m. The falling hammer with a mass of 1.041 kg is steel with a radius of the front hemisphere of 32.3 mm, as shown in Figure 5b. The sand–geofoam composite materials were placed in a box with a dimension of 300 mm × 300 mm × 300 mm made of acrylic, as shown in Figure 5c. The box was inhibited in the lateral direction. The acceleration sensor was placed on the impact surface to measure the impact force of the falling hammer.




2.2.2. Test Method


EPS is a type of particle, and the composite cushion was placed by the ratio of the thicknesses of EPS and sand. To compare the resistance property of geofoam, a conventional sand cushion testing was also designed. The sand–EPS composite cushion testing consisted of two schemes: (1) The cushion material was pure sand, and the cushion thicknesses were 100 mm, 150 mm, and 200 mm, respectively. The impact height was 1 m. (2) The ratio of the EPS content was changed by controlling the thickness of EPS added into the composite cushion. Firstly, the 30 mm, 60 mm, and 90 mm sands were placed at the bottom of the acrylic box, respectively, and the EPS of 90 mm, 60 mm, 30 mm were then placed on the top of the sand. Finally, the sand with 30 mm was placed on the top of the EPS. (3) The total thickness of the composite cushion was 150 mm, and the thickness of the geofoam was 30 mm. The placement height of the EPS was varied. As the same with (2), there were three layers. In the first group, the bottom layer was the 90 mm sand, the middle layer was the 30 mm EPS, and the top layer was the 30 mm sand, which is the condition number 10 shown in Table 1. The thicknesses of the three layers in the second and third groups were 60 mm, 30 mm, 60 mm, and 30 mm, 30 mm, 90 mm, respectively, which are the condition numbers 14 and 13, respectively, as shown in Table 1. The impact test of the sand–EPE composite cushion still considered the previous three schemes. The difference is as follows. Because EPE is a flocculent pearl cotton, it is not easy to control the proportion through the thickness, so the quality was used to control the proportion of the material. The corresponding weights of 30 mm, 60 mm, and 90 mm EPS were 68 g, 136 g, and 204 g, respectively. For the same scheme, the mass of EPE added was the same as that of the corresponding EPS. Therefore, in the impact test of the sand–EPE composite cushion, the corresponding added masses were 68 g, 136 g, and 204 g, respectively. The impact number in each testing was five. The multi-impact test conditions are shown in Table 1 and Table 2. In Table 1, ‘Sand: geofoam: sand’ represents the thicknesses of sand, geofoam and sand from the bottom to the top.






3. Results and Discussion


3.1. Results in Direct Shear Tests


3.1.1. Effect of the Moisture Content on Shear-Stress–Shear Displacement Curve


Shear-stress–shear displacement curves for sand and sand–EPS mixture materials with different moisture contents are shown in Figure 6. In general, the shear stress of the sand decreased with the increase in the moisture content. When the moisture content was 5%, the shear stresses reached stable values at the shear displacements of 6.10 cm, 5.42 cm, 7.32 cm, and 2.58 cm under the normal stresses of 100 kPa, 200 kPa, 300 kPa, and 400 kPa, respectively. For the moisture content of 10%, the corresponding shear displacements were 2.90 cm, 8.58 cm, 7.82 cm, and 6.01 cm, respectively, when the shear stresses reached stable values. For the sand–EPS mixture material, the shear stress of sand–EPS with 5% moisture content was larger than that of sand–EPS with 10% moisture content under the small normal stresses of 100 kPa and 200 kPa, while the opposite law was observed at large normal stresses of 300 kPa and 400 kPa. When the moisture content was 5%, the shear stresses reached stable values at the shear displacements of 2.98 cm, 3.35 cm, 7.78 cm, and 2.69 cm under the normal stress of 100 kPa, 200 kPa, 300 kPa, and 400 kPa, respectively, and 3.77 cm, 4.73 cm, 5.03 cm and 2.36 cm for the moisture content of 10%, respectively, when the shear stresses reached stable values. For sand–EPS, with the increase in the moisture content, when the shear stress reached a stable value, the corresponding shear displacement was larger under the small normal stress, but it was the opposite under the large normal stress. For the sand, it had the opposite law with sand–EPS. The reason may be that EPS has small water absorption. Under the small normal stress, the increased water was mainly in the sand, which reduced the friction between sand and EPS. Therefore, with the increase in the moisture content, the shear displacement increased when the shear stress reached a stable value. However, under the high normal stress, the high stress increased the contact between sand and EPS, and the influence of the moisture content on the friction between sand and EPS did not play such a significant role. When the shear stress reached the stable value, the shear displacement of sand–EPS with 5% moisture content was smaller than that of the sand with the same moisture content at the small normal stress, and it was the opposite at the large normal stress. However, when the moisture content was 10%, it had the opposite law.



For the same moisture content, the slopes of the shear stress and shear displacement curves of sand–EPS beads were smaller than those of the sand, indicating that the shear stiffness of the sand–EPS beads was smaller than that of the sand. With the increase in the moisture content, the shear stiffness of the sand–EPS beads decreased in the small shear displacement, while the shear stiffness of sand–EPS beads increased in the large shear displacement. The shear stiffness of sand was the opposite.




3.1.2. Effect of the Moisture Content and Normal Stress on Shear Strength


Shear-strength–moisture content curves under different normal stresses are shown in Figure 7. On the whole, the shear strength of the sand was greater than that of sand–EPS mixture material. Under the small normal stress, the shear strength of the sand–EPS mixture material decreased with the increase in the moisture content. Under the normal stresses of 100 kPa and 200 kPa, the shear strength decreased by 29.2% and 16.1%, respectively, when the moisture content was 10%. The shear strength tended to a constant value when the moisture content was 10%. Under the large normal stress, the shear strength first decreased, and then increased with the increase in the moisture content, but it generally decreased. Under the normal stresses of 300 kPa and 400 kPa, the shear strength decreased by 31.3% and 34.7%, respectively, when the moisture content was 10%. With the increase in the moisture content, the shear strength of the sand increased under the small normal stress. Under the normal stresses of 100 kPa and 200 kPa, the increase percentages were 10% and 6.7%, respectively. The shear strength of the sand first increased, and then decreased under the normal stresses of 300 kPa and 400 kPa. The decreased percentages were 10.9% and 10.5%, respectively. At 5% moisture content, the shear strength increased by 10% and 6.7% under the normal stresses of 100 kPa and 200 kPa, respectively. The shear strength of the sand with 5% moisture content decreased by 10.9% and 16.8% under the normal stresses of 300 kPa and 400 kPa, respectively, compared with the sand with 10% moisture content.



Shear-strength–normal stress for different moisture content is shown in Figure 8. With the increase of the normal stress, the shear strength of sand–EPS increased gradually. When the normal stresses were less than 300 kPa, the slopes of the curves increased with the increase in the normal stress, indicating that the shear strength increased. However, at the normal stress of 400 kPa, the slopes decreased dramatically. The reason may be that with the increase in the normal stress, the contact area between sand and EPS was enlarged, and the increase in friction increased the shear strength. However, when the normal stress was relatively large, because the stiffness of sand is much larger than that of EPS, sand was partially or wholly embedded in the geofoam, and the increase in the shear strength decreased. Sand with the water contents of 5% and 10% increased in the normal stress below 300 kPa with basically the same amplitude. When the normal stress was less than 300 kPa, the increase ranges of the shear strength of Sand-EPS with the moisture contents of 5% and 10% were basically similar. When the moisture content of the sand was less than 5%, the increase range of the shear strength increased gradually, while when the moisture content was 10%, the increase range was linear.




3.1.3. Effect of the Moisture Content on Internal Friction Angle and Cohesion


The internal-friction-angle–moisture cohesion–moisture curves are listed in Figure 9 and Figure 10. After adding EPS into sand, the internal friction angle of sand–EPS was smaller than that of the sand. The reason may be that the angular sand particles were replaced by spherical smooth EPS beads, and the internal friction angle decreased. With the increase in the moisture content, the internal friction angle of sand–EPS decreased first and then increased, and the percentages of the decrease and increase were 39.7% and 9.5%, respectively. With the increase in the moisture content, the variation law of the internal friction angle of the sand was just the opposite, and the percentages of the increase and decrease were 6.5% and 20.4%, respectively. When the moisture contents were 0% and 5%, the cohesion of sand–EPS was smaller than that of sand, decreasing by 78.9% and 32.0%, respectively. However, when the moisture content was 10%, the cohesion of sand–EPS was greater than that of the sand. The reason may be as follows. Affected by the moisture content, the cohesion was generally reduced. The study of Deng and Xiao [28] pointed out that the stiffness of sand grains is much higher than EPS beads. Sand particles will be partially or wholly embedded into EPS beads after compression, which forms a bond effect. The greater the embedment, the stronger the bond effect, which will increase the cohesion of sand–EPS. Therefore, when the moisture content is high, the sand will be mostly or wholly embedded into EPS beads after the sand is pressed. Therefore, when the moisture content was 10%, the cohesion of sand–EPS was larger than that of the sand, with an increase of 27.7%. With the increase in the moisture content, the cohesion of sand–EPS and the sand first increased and then decreased. The increase and decrease percentages of sand–EPS were 466.2% and 32.5%, respectively, and the corresponding increase and decrease percentages of the sand were 75.8% and 64.0%, respectively. By comparing the shear strengths of the same material with 0% and 10% moisture content, the shear strength of sand–EPS increased by 282.2%, while the shear strength of the sand decreased by 36.8%.





3.2. Results in Multi-Impact Tests


To study the multi-impact resistance performance of sand-geofoam composite cushion, 21 conditions of multi-impact tests were carried out. Firstly, the influence of the impact height for different sand cushion thicknesses was studied to determine the selection of the impact height in subsequent tests. Secondly, the sand thickness of the top layer and the total thickness of the cushion were invariable. The thickness of EPS and the quality of EPE were changed to study the influence of the geofoam on the impact resistance. The total thickness of the cushion was then invariable, and the geofoam thickness or mass of the middle layer was also invariable. By varying the thickness of the bottom sand and the placement height of the geofoam, the influence of the placement position of the geofoam on the impact resistance of the sand-geofoam cushion was studied. Finally, the impact resistances of sand–EPE and sand–EPS cushions were compared. The impact resistance of the cushion was analyzed by the maximum impact acceleration.



3.2.1. Effect of the Impact Height on the Multi-Impact Resistance for Different Sand Cushion Thickness


The variation curves of the peak acceleration with the impact number under different impact heights for the sand cushion with different thicknesses are shown in Figure 11. In general, the peak acceleration of the first impact was the smallest. For the 100 mm thick sand cushion, the peak accelerations under the first impact were 255.77 m/s2, 267.55 m/s2 and 337.764 m/s2 under the impact heights of 1 m, 1.25 m and 1.5 m, respectively, and for the 150 mm and 200 mm thick sand cushions, the peak accelerations under the first impact were 182.58 m/s2, 233.54 m/s2, 294.33 m/s2 and 135.23 m/s2, 192.07 m/s2, 239.06 m/s2, respectively. The difference percentage of the peak acceleration under each impact relative to that at the previous impact is shown in Table 3. With the increase in the impact number, the peak acceleration increased gradually. The difference percentage between the second impact and the first impact was the largest, with the smallest difference percentage of 83.2% and the largest difference percentage of 203.4%. The maximum difference percentage between the third and second time was only 33.4%. As the impact number increased, the difference percentage became smaller and smaller. When the impact number was 5, the peak acceleration tended to be stable with little variation with the maximum difference percentage of −4.9% and the minimum difference percentage of 0.2%. The main reason is that after the first impact, the compactness of the sand cushion increased because of the impact, the buffering performance decreased, and the peak acceleration increased under the second impact. As the impact number increased, the compactness of the sand cushion became larger and larger. When the impact number reached five times, the compactness of the sand cushion reached the maximum value, so the peak acceleration changed little and gradually tended to a stable value. Under the same impact height, the peak acceleration decreased with the increase in the cushion thickness. When the impact height was 1.5 m, the peak accelerations of the 150 mm thick sand cushion and the 200 mm thick sand cushion were close, as shown in Figure 11d–f. Therefore, in the subsequent impact tests, the cushion thickness was 150 mm, and the impact height was 1.5 m.




3.2.2. Effect of the Geofoam Quantity on the Multi-Impact Resistance of Sand–Geofoam Composite Cushion


The peak acceleration curves for the sand–EPS and sand–EPE composite cushions with different geofoam quantities under the 1.5 m impact height are drawn as shown in Figure 12. The peak accelerations in the sand–EPS and the sand–EPE composite cushions were much smaller than those in the pure sand cushion. The maximum peak accelerations in the sand, the sand–EPS, and the sand–EPE cushions were 762.1 m/s2, 445 m/s2, and 455.4 m/s2, respectively. The composite cushion had much better buffer performance. The maximum percentage reductions of the peak accelerations of the sand–EPS and the sand–EPE composite cushions relative to the pure sand cushion were 302.4% and 125.3%, respectively, as shown in Figure 13. The peak acceleration reduction percentage of the sand–EPS cushion relative to that of the pure sand cushion had a wide variation range from 42.4% to 302.4%. When the thickness of the bottom layer of the sand was 90 mm, the reduction percentage of the peak acceleration was the largest. However, the difference in reduction percentage for the sand–EPE composite cushion was smaller, from −11.2% to 125.3%, and the reason was mainly that the thickness of the bottom layer of the sand in the sand–EPS composite cushion was inconsistent (Figure 12a), and the peak acceleration was related to the position of the geofoam cushion, which is discussed in the following section.



With the increase in the impact number, the peak acceleration was similar to that of the pure sand cushion, as shown in Figure 12 and Figure 14. The peak acceleration gradually increased and tended to a constant value after the impact number reached five times. With the increase in geofoam thickness or weight, the peak acceleration decreased, and the cushion had better buffer performance. However, the percentage increase in the peak acceleration in the sand–geofoam composite cushion was less than that in the pure sand cushion. In general, in a composite cushion, the sand–EPE composite cushion had a smaller increase percentage of the peak acceleration under each impact relative to the previous impact than the sand–EPS composite cushion. The results showed that the sand–geofoam composite cushion had better durability than the pure sand cushion under multiple impact loading, and the sand–EPE had better durability than the sand–EPS.




3.2.3. Effect of the Geofoam Placement Height and the Geofoam Type on the Multi-Impact Resistance of Sand–Geofoam Composite Cushion


The geofoam thickness remained unchanged, and the geofoam position was changed by varying the thickness of the bottom sand. The variation curve of the acceleration with the impact number is shown in Figure 15. As the geofoam cushion was closer to the top, the peak acceleration was smaller, and the buffer performance of the cushion was better.



The variation curve of the peak acceleration with the impact number is drawn for EPS and EPE with the same geofoam quality, and the buffer performance of different geofoam types is studied, as shown in Figure 16. Under the same condition, the peak acceleration of the sand–EPE composite cushion was smaller than that of the sand–EPS composite cushion. The maximum difference percentage reached 137.7%. Compared with the peak acceleration under the previous impact, the peak acceleration increase value in the sand–EPE cushion was smaller than that in the sand–EPS cushion, and the curve was relatively flat, indicating that the sand–EPE had better durability under multiple impact loads.






4. Conclusions and Discussions


This paper focused on the shear performance of sand–EPS beads and the buffer performance of sand–EPS beads and sand–EPE layered composite materials to resist impact load. Direct shear tests and multi-impact tests were carried out to study the performance of geofoam used for seismic isolation and impact load resistance. According to the test results, the following conclusions are drawn.



(1) The effect of the moisture content on the shear performance of sand–geofoam has not been studied. In this paper, the shear performance of sand–geofoam with different moisture content was studied. The test results showed that the shear strength of sand–EPS beads had different rules under different normal stresses. In the case of small normal stress, the shear strength of sand–EPS beads decreased with the increase in the moisture content. Under the larger normal stress, the shear strength decreased first and then increased with the increase in the moisture content, but generally showed a decreasing trend. The shear strength and internal friction angle of the sand were greater than those of the sand–EPS mixture. The internal friction angle of sand–EPS decreased first and then increased with the increase in the moisture content. When the moisture contents were 0% and 5%, the cohesion of sand–EPS was less than that of the sand. When the moisture content was 10%, the cohesion of sand–EPS was greater than that of the sand. With the increase in the moisture content, the cohesion of sand–EPS and the sand increased first and then decreased.



(2) Direct shear test results showed that the shear strength and shear stiffness of sand–EPS beads were lower than those of the sand. With the increase in the moisture content, the shear stiffness of sand–EPS beads decreased. However, under small normal stress, the shear strength decreased with the increase in the moisture content, while under large normal stress, the shear strength increased with the increase in the moisture content. When used as base isolation materials, materials with degraded shear stiffness tend to slow down the acceleration transferred to the superstructure [9], so sand–EPS can be used for seismic event isolation. However, as a seismic base isolation material, it is necessary to have enough stiffness and strength to ensure the stability and serviceability of the isolation layer and prevent the damage of the isolation layer. Therefore, the proper normal stress and moisture content are selected by balancing shear strength and stiffness to construct the sand–EPS composite material to achieve the effect of seismic isolation. The results presented in this study are considered limited by material and test conditions. Therefore, changing the moisture content, normal stress testing conditions, EPS particle size, EPS particle density, sand particle size, and sand particle size can affect the mechanical properties of sand–EPS beads. More studies are needed to form sand–EPS beads mixed material for seismic isolation.



(3) Sand–geofoam layered composite cushion had better buffering performance. Under multi-impact loads, the durability of the sand–geofoam composite cushion was better than that of the sand cushion, and the durability of sand–EPE was better than that of sand–EPS, which is consistent with the results studied by Zhao et al. [4]. The closer the geofoam cushion was to the top, the better the performance of the cushion. As the geofoam layer thickness or weight increased, the cushioning performance was better.
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Figure 1. Rock-shed structure applied in actual engineering. 
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Figure 2. EPS applied in an actual structure. 
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Figure 3. Sand, EPS beads, and flocculent EPE materials. (a) Sand; (b) EPS beads; (c) flocculent EPE. 
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Figure 4. Particle size distribution curve. 
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Figure 5. Test instruments. (a) Impact test device; (b) the falling hammer; (c) the acrylic box. 
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Figure 6. Shear-stress–shear displacement curve for sand and sand–EPS with different moisture contents. (a) Curves under the normal stress of 100 kPa; (b) curves under the normal stress of 200 kPa; (c) curves under the normal stress of 300 kPa; (d) curves under the normal stress of 400 kPa. 
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Figure 7. Shear-strength–moisture content curves under different normal stresses. 
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Figure 8. Shear-strength–normal stress curves for different moisture content. 
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Figure 9. Internal-friction-angle–moisture curve. 
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Figure 10. Cohesion–moisture curve. 
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Figure 11. Relation curve between peak acceleration and impact number of different pure sand cushion. (a) Sand cushion with 100 mm; (b) sand cushion with 150 mm; (c) sand cushion with 200 mm; (d) impact height with 1 m; (e) impact height with 1.25 m; (f) impact height with 1.5 m. 
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Figure 12. Peak acceleration curves of the sand–EPS and sand–EPE composite cushions with different geofoam quantity. (a) Sand–EPS cushion; (b) sand–EPE cushion. 
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Figure 13. Reduction percentage of the peak accelerations of composite cushions relative to the pure sand cushion. 
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Figure 14. Percentage variation in peak acceleration relative to the previous impact. 
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Figure 15. Variation curve of the acceleration with the impact number for different placement height. (a) Sand–EPS with 30 mm EPS; (b) sand–EPS with 60 mm EPS; (c) sand–EPE with 68 g EPE; (d) sand–EPE with 136 g EPE. 
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Figure 16. Variation curves of the acceleration with the impact number for different geofoam types. (a) Sand–geofoam with 90 mm sand, 30 mm EPS, and 68 g EPE; (b) sand–EPS with 60 mm sand, 60 mm EPS, and 136 g EPE; (c) sand–geofoam with 30 mm sand, 30 mm EPS, and 68 g EPE; (d) sand–EPS with 60 mm sand, 30 mm EPS, and 68 g EPE. 
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Table 1. Statistical table of multi-impact test conditions for sand cushion and sand–EPS cushion.
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Condition Number

	
Cushion Layer

	
Sand: Geofoam: Sand

	
Sand Thickness (mm)

	
Geofoam Thickness (mm)

	
Total Thickness (mm)

	
Impact Height (m)






	
1

	
Sand

	
-

	
100

	
0

	
100

	
1




	
2

	
150

	
0

	
150




	
3

	
200

	
0

	
200




	
4

	
100

	
0

	
100

	
1.25




	
5

	
150

	
0

	
150




	
6

	
200

	
0

	
200




	
7

	
100

	
0

	
100

	
1.5




	
8

	
150

	
0

	
150




	
9

	
200

	
0

	
200




	
10

	
Sand + EPS + Sand

	
90:30:30

	
120

	
30

	
150

	
1.5




	
11

	
60:60:30

	
90

	
60




	
12

	
30:90:30

	
60

	
90




	
13

	
30:30:90

	
120

	
30




	
14

	
60:30:60

	
120

	
30




	
15

	
30:60:60

	
90

	
60
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Table 2. Statistical table of multi-impact test conditions for sand–EPE cushion.
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Condition Number

	
Cushion Layer

	
Geofoam: Quantity (g)

	
Sand Thickness of the Bottom Layer (mm)

	
Total Thickness (mm)

	
Impact Height (m)






	
16

	
Sand + EPE + Sand

	
68

	
30

	
150

	
1.5




	
17

	
136

	
30




	
18

	
204

	
30




	
19

	
68

	
60




	
20

	
68

	
90




	
21

	
136

	
60
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Table 3. Difference percentage of the peak acceleration under each impact relative to that of the previous impact.
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Cushion Thickness

(mm)

	
Difference Percentage for the Impact Height 1 m (%)

	
Difference Percentage for the Impact Height 1.25 m (%)

	
Difference Percentage for the Impact Height 1.5 m (%)




	
2

	
3

	
4

	
5

	
2

	
3

	
4

	
5

	
2

	
3

	
4

	
5






	
100

	
84.3

	
23.7

	
4.2

	
3.5

	
127.0

	
7.2

	
8.5

	
−0.3

	
100.5

	
10.7

	
3.9

	
2.1




	
150

	
136.1

	
26.0

	
10.3

	
3.1

	
105.9

	
33.4

	
1.0

	
1.3

	
83.2

	
27.5

	
10.8

	
−4.9




	
200

	
203.4

	
20.2

	
2.9

	
0.2

	
134.8

	
32.4

	
2.3

	
0.2

	
113.7

	
31.3

	
7.3

	
−1.8
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