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Abstract

:

Low-income regions do not have the economic strength to use conventional isolators; therefore, low-cost alternatives are needed. The recent series of earthquakes in Turkey has once again demonstrated the destructive power of this natural disaster and highlighted the need for high-quality earthquake-resistant structures. In this context, a comprehensive experimental parametric study on the use of natural stone pebbles (ASL-1) and stone pebbles in combination with a geogrid layer (ASL-2) as suitable materials for a GSI system is conducted and the main results are presented. The seismic behavior of five different models was tested using four different acceleration diagrams with different peak ground accelerations (PGAs). Characteristic displacements, accelerations, and strains were measured. The results and conclusions presented are based on the integration and synthesis of several previously conducted studies.
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1. Introduction


The recent series of earthquakes in Turkey has once again demonstrated the destructive power of this natural disaster and highlighted the need for high-quality earthquake-resistant structures. There were 12 base-isolated hospitals within 200 km of the epicenter of the magnitude 7.8 earthquake, as reported by [1], all of which were operational again after the series of earthquakes, providing further confirmation that the concept of seismic base isolation is the right way to ensure the safety of important facilities.



The main limitations of conventional seismic isolation are the high initial investment, the high level of expertise required for design and construction, and the maintenance requirements throughout the life of the building.



Low-income regions do not have the economic strength to use conventional isolators; thus, low-cost alternatives are needed. Geotechnical seismic isolation (GSI) is a cost-effective seismic isolation technique that has received a lot of attention from researchers in recent decades. The main difference from conventional seismic isolation is that the isolation layer is located below the foundation level, as originally proposed by Tsang [2]. The purpose of such seismic isolation would be served, although it would provide a lower level of seismic force reduction compared to more complex and expensive devices [3,4,5,6,7,8,9,10,11,12,13,14]. It is desirable to use materials that are readily found in nature and have large reserves. Several types of materials have been tested and researched for GSI applications, including sand and gravel [15,16,17,18,19,20,21,22], sand–bitumen mixtures [23], EPS beads–sand mixtures [24], rubber–soil mixtures (RSMs) gravel–soil mixtures (GRMs) [25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44], geosynthetics [45,46,47,48], and geofoam [49,50,51,52,53,54,55,56,57].



The topic of this research is to investigate the possibility of using stone pebbles (ASL-1) and pebbles with geosynthetics to enhance the sliding performance (ASL-2) as suitable materials for the GSI system [58,59,60,61,62,63,64,65]. The price of such seismic isolation is low, and construction is quick and easy. It is expected that they will be widely used in practice, especially for lower rigid buildings and smaller bridges. Pebbles are an interesting material for this application for several reasons: they have a high bearing capacity for gravity loads, and they allow the dissipation of energy by sliding the foundation on the layer, as well as by sliding within the sublayers. It should be highlighted that this isolation system is intended for practical application on low-rise buildings and small bridges (T < 0.4 s) founded on solid ground.



The individual research objectives are the following:




	
Determination of the influence of numerous parameters on the effectiveness of the aseismic layer ASL-1: the pebbles fraction, the compaction of the layer, the layer thickness, the moisture content of the layer, the vertical contact stress below the foundation, and the effect of repeated excitations on the effectiveness of the layer.



	
Determination of the optimal ASL-1 aseismic layer.



	
Determination of the effect of structural stiffness on the effectiveness of the ASL-1 layer.



	
Determination of the effect of foundation size on the effectiveness of the ASL-1 layer.



	
Determination of the effect of numerous parameters on ASL-2 aseismic layer efficiency: combination of stone pebbles and geosynthetics.



	
Determination of the influence of structural stiffness on the efficiency of the ASL-2 layer.








All investigations were carried out as parametric analyses. The value of the analyzed parameter is varied, while all others are kept constant.



Section 2 presents the application of pebbles as a GSI layer. The methodology for selecting the optimal ASL-1 layer is discussed (Section 2.1). Subsequently, the behavior of deformable models on the optimal ASL-1 layer is presented in Section 2.2 (effect of model foundation size and model stiffness on ASL-1 efficiency).



The optimal pebble layer, ASL-1, from Section 2.1 is combined with different geosynthetics to obtain an even more efficient layer: ASL-2 (Section 3). The same methodology as for layer ASL-1 was used to select the optimal layer. Following the methodology used for the ASL-1 isolation, the behavior of the deformable models was tested on the optimal layer: ASL-2. The main research results and discussions are presented in Section 4 separately for the rigid model M0 (Section 4.1) and the deformable models (Section 4.2). At the end of the paper, conclusions are drawn in Section 5.




2. Application of Stone Pebbles as a GSI Layer


2.1. Optimal Aseismic Layer ASL-1


The first task was to determine the optimal layer of pebbles. The following parameters varied (Figure 1a): pebble fraction (4–8 mm, 8–16 mm, 16–32 mm), layer moisture content (10% and 60%), layer compaction (10 MPa, 30 MPa and 60 MPa), layer thickness (30 cm and 60 cm), vertical contact stress below the foundation (40 kPa, 100 kPa, and 200 kPa), and the effects of multiple excitations on the aseismic effectiveness of the layer [59]. The tests were performed as parametric analyses in which the observed parameter was varied while all other parameters remained unchanged. The rigid building model M0 was used for these tests (Figure 2a). Four acceleration diagrams (Figure 3) were applied with three levels of peak ground acceleration (PGA): 0.2 g, 0.4 g, and 0.6 g.



All tests were carried out on the uniaxial shaking table at the University of Split, Croatia. A load capacity of 20 t, a peak displacement of 0.15 m, a frequency of 0–30 Hz, and a maximum acceleration of up to 5 g are the basic technical characteristics of the shaking table used. The shaking table is controlled via acceleration, whereby the acceleration function is freely selectable. The weight of the test specimens, the displacement of the shaking table (acceleration), and the vibration frequency are interdependent. The data from all sensors were recorded and processed using the Quantum-X high-speed data acquisition system (Hottinger Baldwin Messtech-HBM) (sampling rate 200 Hz). Steel strain was monitored with 6/120 LY11 strain gauges (HBM), while displacements were measured with an analogue PB-25-S10-N0S-10C sensor (Uni Measure). Accelerations were measured with a 4610 accelerometer (Measurement Specialties) and all tests were recorded with a video camera.



Three records of real earthquakes (Ston earthquake (AS), Banja Luka earthquake (ABL), and Petrovac earthquake (AP)) and an artificial accelerogram (AA) were used. The artificial accelerogram (AA) is compatible with the elastic spectrum, type 1, from Eurocode 8 [66] and soil type A. It was generated with the SIMQKE software [67] as a superposition of sine functions.



The M0 model is a concrete block consisting of several parts connected with screws, dimensions 100 cm × 200 cm × 40 cm, with weight 2000 kg. Since one of the parameters investigated was the contact stress under the model (40 kPa, 100 kPa, and 200 kPa), the M0 had three different contact areas. The tests were carried out for two types of support: on a rigid base (RB) and on a layer of pebbles in a rigid, immovable frame (dimensions 250 cm × 250 cm). The characteristic displacements and accelerations of the model were measured (Figure 4).



The tests carried out led to the conclusion that the type of acceleration program used and the height of the PGA have a major influence on the aseismic efficiency of the layer.



Furthermore, variations in parameter values had no significant effect on the efficiency of the aseismic layer. Considering the simplicity and speed of construction as well as the rationality of the layer, the following parameters for the pebble layer were optimal: fraction Φb = 16–32 mm, layer compaction 30 MPa, and layer moisture 10%. Therefore, we consider these layer properties to be optimal for a general layer that can be produced from any type of pebbles. Further research was carried out on this optimal layer.




2.2. Behavior of the Deformable Building Models M1–M4 on the Optimal Aseismic Layer ASL-1


The efficiency of the optimal pebble layer, selected as part of the previous research presented in Section 2.1 [59], was tested experimentally on the deformable building models (M1–M4) shown in Figure 2b. As in the previous studies, the pebble layer was made in a rigid, immovable frame (dimensions 250 cm × 250 cm). Two stone layer thicknesses were tested: hp = 30 cm and hp = 60 cm. Four models with different stiffness were tested, which simulate buildings with a wide range of stiffness [50]. Model M1 represents a very stiff structure (T = 0.05 s), M2 a stiff structure (T = 0.3 s), M3 a moderately stiff structure (T = 0.6 s), and M4 a flexible structure (T = 1.4 s), where T is the fundamental period of vibration (Figure 5). The vibration periods T were determined numerically and confirmed by dynamic testing on a shaking table for the rigid base case [64]. A concrete block (m = 1000 kg) rigidly connected to the column top was used for all tested specimens.



The column is made of quality steel S355, and the cross-section is a hollow, hot-rolled square tube with different dimensions. The cross-sectional properties were chosen to give the models the specified target periods T. The column was rigidly connected to a concrete foundation (70 cm × 50 cm × 30 cm), which was the same size for all models tested. The same models were then tested with much larger foundation dimensions (120 cm × 70 cm × 30 cm) to gain insight into the efficiency of seismic base isolation with little effect of foundation uplift (rocking) [61]. All samples were first tested for the case of classical support on a rigid base without seismic isolation. It was assumed that RB foundations prevent horizontal movement and allow the foundation to rotate and lift. Then, the specimens were tested on the considered aseismic layers. All models were subjected to four accelerograms (Figure 3). The maximum accelerations of the accelerograms were set at lower values to keep the stress in the models in the linear range (for M1 and M2 the PGA was 0.3 g, while for M3 and M4 it was 0.2 g). In this way, the efficiency of seismic isolation is clearly demonstrated without the influence of the nonlinearity of the model material. Part of the tests was performed by gradually increasing the PGA for the most unfavorable accelerogram (AA) until the structure collapsed. The objective of these tests was to determine the difference in the bearing capacity of the structural model with and without seismic isolation. Characteristic accelerations, displacements, and strains of the model were measured (Figure 4b).



To evaluate the efficiency of seismic isolation, the measured accelerations, displacements, and strains were compared on the tested seismic-isolation-based structural model and on the corresponding rigid-based model. Thus, in addition to each model with a seismic isolation layer, the same rigid base model (without a seismic isolation layer) was also tested. The ratio of the measured peak horizontal acceleration at the center of mass at the top of the column for the two cases mentioned was used as an indicator (coefficient) of the effectiveness of seismic isolation. In addition to acceleration, the most important indicator of isolation effectiveness was the strain/stress reduction in the isolated structural model.



The following conclusions were drawn from the investigations carried out [60,61]:




	
The highest seismic isolation efficiency was obtained for M1, followed by M2, M3, and M4. Moreover, the isolation efficiency was greater as the stiffness of the structure increased.



	
Regardless of the model tested, the seismic isolation efficiency was strongly dependent on the type of acceleration program applied.



	
For the case of a single base acceleration of the adopted excitation with elastic strain/stress in the model column, models with larger foundations were found to result in higher accelerations, larger column strains, significantly smaller foundation and column top displacements, and significantly smaller vertical foundation displacements. Therefore, only the model with a larger foundation, which has a higher conservative isolation efficiency, was tested further.



	
The highest efficiency of this seismic isolation was obtained for the M1 and M2 structural models (T < 0.3 s). For the M3 and M4 models (T > 0.6 s), the effectiveness of ASL-1 is low or even detrimental.










3. Stone Pebble Layer with Sliding Geogrid and Geomembrane Layers as GSI Layer—ASL-2


3.1. Optimal Aseismic Layer ASL-2


The optimal pebble layer, ASL-1, from Section 2.1 is improved with various geosynthetics to obtain an even more efficient layer: ASL-2 [63]. The thicknesses of the pebble layer and the locations and tensile strength of the geosynthetics within the pebble layer were varied. Eleven different seismic isolation layers were created and tested (Figure 6a). The purpose of combining geosynthetics with a layer of pebbles is to provide additional energy dissipation through sliding. The M0 model from [59] was used (Figure 2a), as well as the assumed base accelerations from Figure 3 (PGA = 0.2 g, 0.4 g, and 0.6 g, respectively).



The results of the experiment showed that the average ASL-2 had a higher efficiency than the ASL-1 isolation. However, some ASL-2 isolations were less effective than ASL-1. The most efficient ASL-2 isolations were those with a geogrid on the top of the pebble layer (B2 and B10 shown on Figure 6a). The B2 isolation was selected as the simplest and most practical application. The peak acceleration of the M0 based on the B2 and B10 isolations was, on average, 16% lower for all excitations (regardless of the PGA level) than that based only on the ASL-1 isolation of pebbles (labelled as layer B1 in Figure 6a).




3.2. Behavior of the Deformable Building Models M1–M4 on the Optimal Aseismic Layer ASL-2


The efficiency of the optimal aseismic layer, ASL-2, determined in the research presented in Section 3.1 [63], was experimentally tested on models M1–M4 with a larger foundation (Figure 2b). Four different foundation variants were investigated (rigid base—RB; 30 cm high layer of pebbles—BI1; 30 cm high layer of pebbles with geogrid on the top—BI2; and 60 cm high layer of pebbles with geogrid on the top—BI3) [64]. The same method was used as in the study of the ASL-1 isolation layer presented in Section 2.2. Equal excitations (Figure 3) were also assumed. The effectiveness of the seismic isolations for the AA excitation to collapse the model was also investigated.



The test results have shown that the highest efficiency of this seismic Isolation applies to structural models M1 and M2 (T < 0.3 s). For models M3 and M4, the effectiveness of this isolation is low or even detrimental. This is a well-known fact that was confirmed by experimental testing: it makes no sense to apply seismic isolation in a structure with a high period (approx. T > 0.6 s). The average efficiency coefficients of seismic isolation for the M1 and M2 models were as follows: BI2 vs. RB = 0.75; BI2 vs. BI1 = 0.90; and BI2 vs. BI3 = 0.92. The composite seismic isolation BI2 proved to be the most efficient, with the largest reduction in earthquake force and strain/stress in the model. For four different earthquake accelerograms, this reduction was 25%, which is considered very encouraging for possible practical application.





4. Most Important Research Results and Discussion


In order to highlight the main research results that are crucial for assessing the effectiveness of the considered seismic isolations and the possibility of their application in practice, they are presented only for the substrates shown in Figure 7, while the appearance of model M1 on the shake table before the test is shown in Figure 8.



The results are presented for all applied excitations (AA, AP, AS, and ABL) in order to determine the models’ behavior under various earthquakes. The test results are presented separately for the rigid model M0 and for the deformable models M1 and M2.



4.1. Results for the Rigid Structural Model—M0


The peak acceleration am of the M0 model for all excitations applied depending on the substrate type (RB, BI1, and BI2) and PGA level is presented in Figure 9. The mean value of the results and the result envelope were also drawn for each substrate. It is noticeable that the peak am values significantly depend on the type of applied excitation (AA, AP, AS, and ABL) and the substrate type (RB, BI1, and BI2).



For all substrate types, the ABL excitation was the most favorable, and, on average, AA was the least favorable, followed by AP and AS. It is interesting to note that acceleration am increases disproportionately with increasing PGA level. It is also noted that the am is higher on the RB than on the BI1 isolation and especially higher than on the BI2 isolation.



The peak displacement um of model M0 for all applied excitations as a function of substrate type (RB, BI1, and BI2) and PGA level is shown in Figure 10. The mean of the results and the result envelope were also plotted for each substrate. The previously mentioned conclusions about acceleration also apply to the displacements. The peak values of um depend significantly on the excitation type, PGA, and the substrate type. The impact-type earthquakes AS and ABL resulted in large displacements, especially at high PGA levels, i.e., they were the most unfavorable. The unfavorable effect of impact-type earthquakes on the rigid model is explained by the dominant influence of shear force relative to bending.



The envelope of the peak acceleration am of all excitations acting on M0 on substrates RB, BI1, and BI2 is shown in Figure 11. For PGA = 0.6 g, the am ratio is RB:BI1:BI2 = 1:1.19:1.36, and for PGA = 0.2 g, this ratio is RB:BI1:BI2 = 1:1.14:1.48. In terms of am, BI1 isolation is about 19% and BI2 isolation is about 36% more favorable than conventional RB.



The envelope of the peak displacement um of all excitations acting on M0 based on RB, BI1, and BI2 substrates is shown in Figure 12. For PGA = 0.6 g, the um ratio is RB:BI1:BI2 = 1:1.14:2.80, so the isolation of BI1 results in an approximately 14% larger um and the isolation of BI2 results in an approximately 280% larger um than for RB. It is obvious and was expected that a soft substrate (especially BI2 with a sliding layer on top) leads to a larger model displacement than a rigid substrate. For PGA ≤ 0.4 g (lower values of earthquake acceleration), the displacements for BI1 and BI2 are only slightly larger than for RB.




4.2. Research Results for the Structural Models M1 and M2


Due to the large scale of experimental testing, models M1 and M2 were tested for a single base excitation with PGA = 0.3 g for AA, AP, AS, and ABL, while model testing with successive increase in PGA until collapse of the structure was performed only for excitation AA (successive increase in PGA by 0.05 g). Structure collapse was defined as failure of the steel column or when the model lost stability. It should be emphasized here that the displacement and strain state of the model for a single excitation with PGA = 0.3 g is more favorable than the displacement and strain state for the same excitation and PGA when the model is previously subjected to a series of excitations with lower PGA = n × 0.05 g (n = 1 to 5). For the above reason, these two states are different.



The peak acceleration am of M1 based on RB, BI1, and BI2 is shown in Figure 13. It is interesting to note that acceleration am increases disproportionately with increasing PGA level. It is also noted that the am for the same structural model is higher on the RB than on the BI1 and especially on the BI2.



The am of the M2 based on RB, BI1, and BI2 is shown in Figure 14, and analogous statements apply for the M1 model shown in Figure 13.



The peak acceleration am of all excitations applied to M1 and M2 based on RB, BI1, and BI2 is shown in Figure 15. M1 (Figure 15a) based on RB collapsed at PGA = 0.4 g, based on BI1 isolation collapsed at PGA = 0.55 g, and based on BI2 collapsed at PGA = 0.6 g. At the above PGAs, am was 15.44 ms−2 for RB, 12.63 ms−2 for BI1, and 12.59 ms−2 for BI2, respectively. It is obvious that the seismic isolation of BI1 and especially BI2 is more favorable than the classical foundation on a rigid base. The above conclusions are also valid for M2 (Figure 15b). M2 (Figure 15b) based on the RB collapsed at PGA = 0.35 g, based on BI1 isolation collapsed at PGA = 0.45 g, and based on BI2 collapsed at PGA = 0.50 g. At the above PGAs, am was 18.46 ms−2 for RB, 14.43 ms−2 for BI1, and 14.52 ms−2 for BI2, respectively. Thus, it can be concluded that BI1 and especially BI2 are more favorable than the classical foundation on an RB.



The peak displacement um of M1 is shown in Figure 16. For PGA ≤ 0.4 g, when M1 collapsed on the RB, the seismic-isolation-based models had slightly smaller displacements than the corresponding model on the RB, which is favorable. The smaller displacements of M1 and M2 based on seismic isolation compared to the displacement of M0 on the same substrate are explained by the smaller influence of shear force (sliding of the foundation on the layer’s top) on M1 and M2 compared to M0.



The peak displacement um of M2 is shown in Figure 17. It is noted that until the collapse of the model on the RB, the displacements of M2 on BI1 and BI2 were also slightly lower than on the RB, which is also favorable.



The peak displacements um for the M1 and M2 models based on RB, BI1, and BI2 are shown in Figure 18. In this figure, it can be seen more clearly what is shown in Figure 16 and Figure 17. Thus, it can be seen that the displacements (and not only the accelerations) of M1 and M2 on BI1 and BI2 are also more favorable than in the case of RB.



The strain ratio of the structure with isolation compared to the structure without seismic isolation is a suitable indicator of the isolation efficiency. The peak strain εm at the bottom of column M1 is shown in Figure 19, and that of column M2 is shown in Figure 20. It is noted that the shape of these plots is similar to that of the plots for am shown in Figure 13 and Figure 14. That is, the seismic isolation effect with respect to RB is equally expressed by εm and am values.



The ε1 values of M1 and M2 based on RB, BI1, and BI2 are shown in Figure 21. It can be observed that the effectiveness of seismic isolation when reducing strains in M1 and M2 is analogous to the effectiveness when reducing accelerations (Figure 15).



Based on extensive experimental studies of the behavior of structural models of different stiffness with seismic isolation, ASL-1 and ASL-2, compared to a rigid base without seismic isolation, it can be concluded that they significantly reduce seismic forces and strains in very stiff M1 and stiff M2 structural models. In addition, ASL-2 is significantly more efficient than ASL-1, but also slightly more expensive. Compared to RB without seismic isolation, the average efficiency of ASL-1 due to the reduction in acceleration and strain in the tested models is 13% and the average efficiency of ASL-2 is 25%. The average efficiency for M1 and M2 at an “average” excitation is given. Here, the isolation efficiency for the M1 model is higher than for the M2 model. The seismic isolation efficiency depends strongly on the type of excitation. The efficiency is lowest for impact-type earthquakes AS and ABL, which do not shake the structure more strongly, and which introduce little energy into the structure. Fortunately, however, such earthquakes cause much lower inertial forces and strains in the structure than earthquakes of longer durations and predominant periods.





5. Conclusions


Relatively extensive research has confirmed that the use of these seismic isolation layers, compared to RB without seismic isolation, reduces inertial/earthquake forces in the structural models considered, both for lower PGA values and in the case of tests to collapse the models. It was found that these seismic isolations are sufficiently effective for models M1 and M2 (T < 0.3 s), while they are not efficient or are even harmful in flexible models (T > 0.6 s). It was also found that the effectiveness of these seismic isolations is lower for structural models with larger foundation ground plan dimensions. Therefore, conservative values of seismic force reduction and strain reduction were considered in evaluating the effectiveness of these seismic isolations (structural models with larger footings), and the rocking effect was low.



The ASL-1 isolation layer was selected as optimal with the following characteristics: Φb = 16–32 mm, layer compaction 30 MPa, and moisture content 10%.



The optimal composite seismic isolation ASL-2 consists of an optimal pebble layer ASL-1 and a geogrid with higher tensile strength at the top of the layer. The ASL-2 layer is slightly more expensive than the ASL-1 layer, equally simple and quick to construct, but much more efficient in reducing seismic forces and strain in the structural models.



Compared to the case without seismic isolation, RB, the models M1 and M2 resting on the aseismic layer ASL-1 showed an average reduction in seismic forces and strains/stresses of about 13% at lower PGA values and about 25% at failure.



The M1 and M2 models based on the ASL-2 aseismic layer showed a 10% reduction in seismic forces and strains at lower PGA values and about 25% at failure compared to the ASL-1 layer.



Compared to the M1 and M2 models resting on the foundation without seismic isolation, RB, the same models resting on the aseismic layer ASL-2 had a 25% reduction in seismic forces and strains at lower PGA values and about 34% at failure.



Based on the above, ASL-2 is considered to be more optimal than ASL-1. The test results have shown that the ASL-1 and ASL-2 isolations are sufficiently efficient and that their application in real buildings with low heights is possible (T < 0.3 s). It is important to point out that these isolations are effective if the underlying soil is sufficiently rigid [54].



Seismic isolation efficiency depended significantly on the type of acceleration signal applied. The seismic isolation efficiency was higher for the AA and AP excitations than for AS and ABL. AA and AP are long-duration earthquakes that introduce high energy into the system and cause the model to sway more. In fact, the reduction in seismic forces in this isolation concept is achieved by a reduced rocking stiffness in addition to the sliding mechanism, which utilizes the concept of rocking isolation [30,58,59]. The low efficiency of seismic isolation for the acceleration signals AS and ABL should be seen in the context that they cause low stresses in the tested models, which mitigates the fact that there is less efficient seismic isolation for such excitations.



Due to the limitations of the research conducted (four simple building models and only four uniaxial base excitations), the conclusions obtained should be strengthened by further research. Based on the above statement, further experimental research on this topic is required (preferably on real structures or models with realistic material and slightly reduced geometry).
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Figure 1. Stone pebble isolation layer ASL-1: (a) varied parameters; (b) photo of ϕb = 16–32 mm stone pebbles. 
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Figure 2. Tested models on the ASL-1 and ASL-2 aseismic layers: (a) rigid model M0; (b) models M1–M4. 
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Figure 3. Base excitations: (a) horizontal accelerogram; (b) elastic response spectra [64,65]. 
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Figure 4. Measured quantities: (a) model M0 [50]; (b) models M1–M4 [61]. 
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Figure 5. Elastic response spectrum according to Eurocode 8 with the periods shown for the models investigated [64]. 
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Figure 6. ASL-2 aseismic layers: (a) eleven ASL-2 isolations considered in this study; (b) geosynthetics and sand used for the additional layer [63]. 
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Figure 7. Substrates tested for which the main results are shown: (a) rigid substrate RB; (b) isolation layer of pebbles BI1; (c) isolation layer of pebbles and geogrids BI2. 
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Figure 8. Model M1 ready for shake-table testing: (a) M1 on RB; (b) M1 on BI1; (c) M1 on BI2. 
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Figure 9. The peak acceleration am: (a) M0 on RB; (b) M0 on BI1; (c) M0 on BI2. 
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Figure 10. The peak displacement um: (a) M0 on RB; (b) M0 on BI1; (c) M0 on BI2. 
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Figure 11. The envelope of the peak acceleration am of all excitations acting on the M0 based on RB, BI1, and BI2. 
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Figure 12. The envelope of the peak displacement um of all excitations acting on the M0 based on RB, BI1, and BI2. 
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Figure 13. The peak acceleration am: (a) M1 on RB; (b) M1 on BI1; (c) M1 on BI2. 
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Figure 14. The peak acceleration am: (a) M2 on RB; (b) M2 on BI1; (c) M2 on BI2. 
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Figure 15. The peak acceleration am of the model based on RB, BI1, and BI2: (a) M1; (b) M2. 
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Figure 16. The peak displacement um: (a) M1 on RB; (b) M1 on BI1; (c) M1 on BI2. 
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Figure 17. The peak displacement um: (a) M2 on RB; (b) M2 on BI1; (c) M2 on BI2. 
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Figure 18. The peak displacement um of models based on RB, BI1, and BI2: (a) M1; (b) M2. 
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Figure 19. The peak strain εm: (a) M1 on RB; (b) M1 on BI1; (c) M1 on BI2. 
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Figure 20. The peak strain εm: (a) M2 on RB; (b) M2 on BI1; (c) M2 on BI2. 
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Figure 21. The peak strain εm of models based on RB, BI1, and BI2: (a) M1; (b) M2. 
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