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A high-quality railway track resting on an excellent foundation is required to support high-speed railway transportation. The foundations of high-speed railway tracks are generally constructed on the lifted embankment with the improved ground using different reinforcement agents like geosynthetics and rigid lateral support. The present study performed dynamic finite element simulations on a ballasted rail track laid over a geosynthetically reinforced embankment with and without facing wall support. Three foundation geometries were analyzed to examine the effect of facing wall support and geosynthetics on the lateral resistance of the foundation. An area loaded with a constant pressure was moved at a constant speed, causing the load motion at different speeds in the 90–360 km/h range. Different parameters were calculated at node paths to help understand the lateral effect of moving load. The results showed that the lateral resistance based on nodal acceleration and velocity increased with facing wall support in the range of 40%–57%. Any increment over the minimum facing wall thickness of 300 mm does not significantly increase lateral resistance. Geosynthetics provided a vital function in the foundations with a less bulk volume of soil and increased the lateral resistance by 10%.
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1 INTRODUCTION
Careful construction of the foundation is the basis for high-speed rail corridors. The natural ground (subgrade) requires improvement if its strength is below the standards. Soil reinforcement using geosynthetics is one of the universal and popular methods for such improvement, which is used for elevated embankments for the high-speed railway in Japan (Tatsuoka et al., 2014). Recently, the Indian government planned a high-speed railway corridor between the cities of Mumbai and Ahmedabad (Japan International Cooperation Agency JICA, 2015). This railway line will offer travel speed in the range of 200–300 km/h, and based on its implementation, other railway track corridors will be built in the country.
The design of the Mumbai-Ahmedabad high-speed rail (HSR) corridor was adopted from Japan’s Shinkansen HSR tracks (Tatsuoka et al., 2014), which uses geosynthetically reinforced earth (GRE) foundations. The design of GRE structures in Japan was inspired by the Terre Armee method developed by Vidal (1969) in France. The method requires reinforcement layers to be placed in an alternate arrangement with the soil layers to strengthen the whole structure. The GRE structures are generally supported by a facing wall, which can either be constructed as a rigid cantilever wall or as smaller interconnected panels. The material strength of geosynthetics, vertical spacing, and length of reinforcement elements can be controlled to change the capacity of GRE structures (Berg et al., 2009; Koerner, 2012).
The finite element model for reinforcement using geosynthetics from the experimental outputs were validated by Jiroušek et al. (2010). There have been analytical models for the same in the literature (Rajesh et al., 2015). Then, there are purely laboratory-based studies in literature (Horníček et al., 2010; Chawla and Shahu, 2016a) as well, which used cyclic loading of geosynthetically reinforced ballast and subballast to analyze the effect of the reinforcements. Some researchers have validated the laboratory cyclic loading results of geosynthetically reinforced railway tracks using finite element procedures (Chawla and Shahu, 2016b; Hussaini and Sweta, 2021).
The effect of rigid continuous facing (Yang et al., 2009; Tatsuoka et al., 2014) and discrete facing for the wall support (Riccio et al., 2014) on GRE structures has also been analyzed using laboratory testing in the literature. Field monitoring takes a long time (more than a year) due to the overall planning and construction process; thus, its topical literature is scarce (Ung Jin and Dae Sang, 2020). There has been research done on the effect of geosynthetics on railway tracks (Jiang and Nimbalkar, 2019; El-kady et al., 2023). The literature study on the geosynthetic reinforcement of railway tracks outlines several research gaps.
1) The numerical analysis of GRE foundations under moving load is almost non-existent in the literature.
2) Most numerical simulations attempted for geosynthetic reinforced railway tracks concentrate on ballast and subballast reinforcement.
3) Almost all the researchers simulate the moving load problem using cyclic loading in the laboratory and simulations.
This study analyzes an overall or macroscopic response of railway tracks with different GRE foundations under moving load. Thus, meticulous interaction between geosynthetics and the subgrade was replaced with a simpler subgrade-geosynthetic embedded condition. The discrete element method is also the best-known simulation procedure for granular material like ballast and subballast (Chen and McDowell, 2016). However, the present study does not target the particle separation and subgrade-geosynthetic interaction at a microscopic level; thus, finite element simulation will be appropriate. Further, a detailed wheel-rail interaction was replaced by a simplified subroutine for moving load, assuming a smooth rail without corrugations.
2 DESCRIPTION OF THE SIMULATION MODEL
The upper structure of the railway track, which consists of rails, sleepers, ballast and subballast, was adopted from the typical Indian broad gauge double-line ballasted railway track based on Chawla and Shahu (Chawla and Shahu, 2016a) and Mandhaniya et al. (Mandhaniya et al., 2022a). The cross-sections of the upper structure are shown in Figure 1A. The arrangement of sleepers and the simplified cross-section of the 60E1 rail were shown in Figures 1B, C, respectively.
[image: Figure 1]FIGURE 1 | Cross-sections of (all dimensions are in meters) (A) upper structure (B) sleeper arrangement (C) rail.
Positively using the symmetry, only half of the cross-section was modeled to decrease computational resources. In this order, an equivalent rail section was modeled, with the same second moment of the area as the E60 rail section. Meanwhile, three GRE foundation configurations, as shown in Figure 2, were adopted to represent the effect of facing walls and geosynthetics.
1) Foundation-1 (Figure 2A) was adopted from the Mumbai-Ahmedabad high-speed rail (HSR) corridor (Japan International Cooperation Agency JICA, 2015). Mumbai-Ahmedabad HSR is a 505 km long corridor, a major section (313 km) of which will be built over an elevated embankment without any lateral support, like a vertical facing wall. Foundation-1 geometry is similar to the 313 km long stretch of the Mumbai-Ahmedabad HSR corridor.
2) Foundation-2 (Figure 2B) was adopted from the Osong railway test line, which was monitored by Kim and Kim (Ung Jin and Dae Sang, 2020). This section consists of a combination of the embankment and facing wall. Thus, lateral support was present for the foundation’s half-height (3 m).
3) Foundation-3 (Figure 2C) was adopted from Japanese HSR, which is also used in Shinkansen Tatsuoka et al. (2014). This geometry consists of a vertical GRE foundation with a full-height facing wall, i.e., lateral support was present for full-height (6 m) of the foundation.
[image: Figure 2]FIGURE 2 | Cross-sections of (all dimensions are in meter) (A) foundation-1 (B) foundation-2 (C) foundation-3.
The length of the geosynthetic reinforcement and their vertical spacing were adopted from Japan International Cooperation Agency Japan International Cooperation Agency JICA (2015) and Tatsuoka et al. (2014). Two types of geosynthetic reinforcement layers were present in the foundations.
1) Long geosynthetics were applied at every 1.5-m vertical spacing. These geosynthetics will cover the whole cross-section length based on their depth.
2) Short geosynthetics were applied at every 0.3-m vertical spacing except where long geosynthetics will occur. The length of these reinforcements was 2 m.
2.1 Material properties of the model
The material properties of the railway track layers were adapted from Mandhaniya et al. (2022b) and (Chawla and Shahu, 2016a). The density (ρ), Young’s modulus (E), Poisson’s ratio (ν) and angle of internal friction (ϕ) of all layers were mentioned in Table 1. Cast iron rails, concrete sleepers, concrete wall and geosynthetics were modeled as elastic, while ballast, subballast, and subgrade were modeled as elastoplastic with Mohr-Coulomb plasticity. However, a cohesion of 0.1 kPa was used for initial convergence. The tension cutoff was calculated as c. cot(ϕ), and the dilation angle was taken as ϕ - 30. The properties of geosynthetics were acquired from Abu-Farsakh et al. (Abu-Farsakh et al., 2014); their thickness was taken as 3 mm.
TABLE 1 | Mesh and material properties of track components.
[image: Table 1]2.2 Material damping and infinite boundaries
Material damping parameters are required to simulate its behavior more practically. Thus, mass (α) and stiffness (β) proportional damping coefficients were adopted in a finite element analysis. The values of α and β were calculated from Eq. 1.
[image: image]
The damping constant of the material, first resonant frequency, and the applied highest load frequency were depicted as ξ, ω1 and ω2. ω1 was computed from the modal analysis of the structure (Nsabimana and Young-hoon, 2015). In contrast, ω2 is the highest loading velocity and is calculated as per Eq. 2 based on the moving speed (V) and the diameter (D) of the wheel.
[image: image]
The infinite boundaries (Lysmer and Kuhlemeyer, 1969; Zienkiewicz et al., 1983) were used at the boundaries of the geometry. The infinite mesh elements absorb the normal (σ) and shear (τ) stress at the boundary based on Eqs 3, 4.
[image: image]
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Vp and Vs represent P-wave and S-wave velocity. While w and u represent normal and shear velocities in the material. The normal (σ) and shear (τ) stress in the material will be zero if constants a and b equal 1, thus imitating the infinite nature of the boundaries.
2.3 Meshing details and interface conditions
A mesh convergence study is required to compute a mesh size with minimal computation time without compromising accuracy. The mesh of different components was changed from finer to coarser. Finally, the optimum mesh size for rail was computed as 100 mm. The mesh size of sleepers, ballast, subballast and subgrade (natural ground) was kept the same and equal to 500 mm, while the geosynthetics mesh size was 1,000 mm. Three-dimensional solid eight-node elements (C3D8R) were used for all solid layers, and planer shell (S4R) mesh elements were used for geosynthetics. No displacements and rotations were allowed at the bottom boundary; only vertical settlements were allowed in all vertical boundaries. This is also shown in Figure 2 in the form of roller boundary and fixed boundary at peripheries of the geometries.
Tie constraints (no slip allowed; surfaces glued together) were used for rail-sleepers, sleepers-ballast, ballast-subballast, subballast-subgrade, and wall-subgrade interfaces. A 0.5-m thick infinite mesh element (Three-dimensional solid eight-node infinite elements; CIN3D8) layer was added to the boundaries.
2.4 Motion of loaded area
The contact area of the wheel and rail can be correlated to the wheel load and diameter. A higher wheel load will cause the wheel to attain more surface contact with the rail, while a larger wheel diameter can increase this contact area. For a wheel load of 162.5 kN and a wheel diameter of 1 m, the value of the loading area was calculated from Andrews (Andrews, 1959). An area of 225 mm2 on the top of the rail surface was loaded with pressure equal to 722 MPa (162.5 kN divided by 225 mm2) and then moved at a constant speed. The speed of motion was controlled by controlling the ratio of applied displacement and step time. The displacement covered by the moving load was fixed, while the time to cover was changed to perform load motion at different speeds. This procedure was performed by applying a Fortran subroutine VDLOAD (Simulia, 2009). The simulations were performed at 90, 108, 162, 180, 216, 270, 324 and 360 km/h. This subroutine calculates the position of the load with increasing time and applies the pressure on the loaded area. As the time increases, the loaded area moves forward, thus creating a moving load simulation.
2.5 Simulation procedure and damping coefficients
An explicit analysis was used for simulating the moving load problem, suitable for frictional materials. It is inherently stable as the time increments are calculated such that wave propagation remains uninterrupted through the smallest of the mesh elements. The damping ratio (ξ) for cohesionless soils at strain rates greater than 0.1% can be adopted as 0.05 (Delfosse-Ribay et al., 2004). The first resonant frequency (ω1) from modal analysis of foundation-1 geometry was 15.1 rad/s (2.4 Hz). The highest loading frequency (ω2) equal to 200 rad/s (31.83 Hz), corresponding to the speed of 360 km/h (100 m/s), was obtained from Eq 2. The standard wheel diameter for the Indian railways is approximately 1 m (Andrews, 1959). Based on these parameters, the values of α and β were calculated as 1.4 s−1 and 0.0004 s.
3 VALIDATION OF MOVING LOAD SIMULATION
The validation for the dynamic loading procedure was performed by comparing the results of simulation from the field measurements given in Bowness et al. (2007) and Quinn et al. (2010), also adopted in a study by Mandhaniya et al. (2022a). A similar material model-based geometry was prepared to replicate the sources, and the results are shown in Figure 3. Bowness et al. (2007) measured ground velocity under the subballast layer at train speeds of about 100 km/h under a 17.6-ton axle load. The peak vertical velocity encountered in the simulation was 5.12 mm/s, which almost matches the results of Bowness et al. (2007).
[image: Figure 3]FIGURE 3 | Validation from the Bowness et al. (2007) and Quinn et al. (2010).
On the other hand, Quinn et al. (2010) recorded sleeper vibrations under a 15-ton axle load moving at around 300 km/h. The peak vertical acceleration encountered in the simulation was 8.4 mm/s2, which matches the results of Quinn et al. (2010). Thus, the adopted simulation procedure is suitable for conducting moving load analysis.
4 RESULTS OF NUMERICAL ANALYSIS
The present study was concerned with the improvements caused in the lateral direction under moving load. Thus, the track response parameters were calculated at four node paths, as shown in Figure 4. The first node path was situated at a distance of 0.5 m from the vertical interface of infinite and finite subgrade layers. The other three node paths then move inwards toward the toe of the foundation with a spacing of 0.5 m. The node paths shown in Figure 4 were for foundation-1 geometry. However, the relative position of these node paths will be the same for foundation-2 and foundation-3 geometry. The distance between the last node path and the toe of foundations will increase from foundation-1 to foundation-3, as the overall width of the model was 19.6 m (Figure 2).
[image: Figure 4]FIGURE 4 | Location of node paths in foundation-1 geometry.
Figure 4 also shows the longitudinal extents, i.e., 51 m of the foundation geometries shown previously in Figure 2. The load motion was performed for the 45 m, starting at the 3-m mark from the origin and finishing at the 48-m mark from the origin. These extents were substantial to analyze the macroscopic effect of moving load and the lateral improvement in different cases (Bashir et al., 2023).
The magnitudes of four parameters, i.e., displacement, stress, acceleration, and velocity, were calculated at node paths. Once the loaded area had covered the 45-m mark, the node-path output was computed. The absolute area under the curve (AUC), which portrays the macroscopic effect of moving load, was evaluated as per Figure 5 from the node-path output curves. The dimension of the AUC of a given parameter will be equal to that parameter multiplied by the dimension of length (m). For example, the dimension of stress AUC will be Pascal × meter. Other parameters were calculated in the present study from node-path output curves, but they did not represent the macroscopic behaviors the same as AUC.
[image: Figure 5]FIGURE 5 | Calculation of absolute area (AUC) under the node-path output curve.
4.1 Dynamic structural response of GRE foundations
The GRE foundations were analyzed based on two specifications to check the suitability of a parameter. The suitable parameters were later used to evaluate the load response of the three foundations.
1) The parameter must increase with the motion speed or must not react to load retention effect as seen in literature (Mandhaniya et al., 2022c; Mandhaniya et al., 2023). A moving load retains at a location before going forward. Faster moving loads retain for a shorter time, and thus, simulation cannot catch their effect. This means that slow-moving loads will cause higher deformations in simulation.
2) The magnitude of the parameter should decrease as the simulation goes from foundation-1 to foundation-3 geometry. The basis of this specification lies in the increasing lateral support from the inclusion of a facing wall. The increasing distance of node paths from the toe of the foundations will also cause the parameter to decrease from foundation-1 to foundation-3.
The parameter AUC values calculated at the four node paths were first averaged. The averaged values were then plotted against the speed of motion for the four parameters and three foundation geometries. These plots are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Different parameters at the three foundations plotted against speed (A) acceleration AUC (B) velocity AUC (C) displacement AUC (D) stress AUC.
The acceleration AUC (Figure 6A) curves of foundation-1 and foundation-2 showed a strong following of the two specifications, while the foundation-3 curve shows a relatively weaker trend. The foundation-3 acceleration AUC curve almost remains constant with increasing speed. The velocity AUC (Figure 6B) curves for all the foundations adhered to the two specifications.
The displacement AUC (Figure 6C) showed a decreasing trend with speed, while stress AUC (Figure 6D) does not follow the increasing trend with speed. Thus, displacement AUC trends were ignored for further analysis.
Further examination of the parameter trends was performed by visualizing the boxplots as shown in Figure 7. Figure 7 compares the parameter AUC values of the three foundation geometries for all speeds plotted as a box and whisker plot (boxplot). The box in the boxplots implies the 50 percentile values, while the whisker arms show the extreme values. The line in the box indicates the median of the dataset. Thus, a boxplot will be most suitable for comparing the overall response parameters of the three foundations. In addition to the boxplots, a line connecting the average values of the parameter datasets was also drawn to show the overall pattern.
[image: Figure 7]FIGURE 7 | The parameter boxplots for the three foundations (A) acceleration AUC (B) velocity AUC (C) displacement AUC (D) stress AUC.
In general, it can be seen that all the parameters show an overall decreasing pattern from foundation-1 to foundation-3 based on the average connecting line. Acceleration AUC boxplots (Figure 7A) show a weak pattern with slightly increased values at foundation-2 after foundation-1 but later decreasing at foundation-3. The ranges of boxplots of acceleration AUC for the three foundations were quite overlapping. However, the average acceleration AUC pattern decreased in Figure 7A. The velocity AUC (Figure 7B) shows an almost linear decrease in the average values from foundation-1 to foundation-3. The velocity AUC boxplots showed relatively less overlap between different foundations. The displacement AUC (Figure 7C) and stress AUC (Figure 7D) also shows a decreasing trend, but these parameters were to be ignored based on the non-compliance of the first specification.
The mean acceleration AUC values decrease by 5% in foundation-2 compared to foundation-1. However, the acceleration values decreased by 55% in foundation-3 compared to foundation-2. The overlap of acceleration AUC boxplots of foundation-1 and foundation-2 in Figure 7A would have caused them to show a lower difference. Meanwhile, a slight overlap in foundation-2 and foundation-3 acceleration AUC boxplots makes the sudden increase in lateral resistance of foundation-3 reasonable. The mean velocity AUC decreased by 18% from foundation-1 to foundation-2 and by 28% from foundation-2 to foundation-3. This uniform decrease in parameter value shows how a facing wall can affect the lateral capacity of a GRE foundation.
The next step was to determine the effect of reinforcement agents on the dynamic response of the structure. In other words, the effect of facing wall thickness and the presence of long and short geosynthetics on the dynamic response needed to be analyzed.
It was observed that acceleration and velocity AUC are the most suitable parameters to determine the dynamic response of the foundations. Thus, the results are presented as either acceleration AUC or velocity AUC boxplots based on the suitability of comparison. The parameters were calculated at the node paths as shown in Figure 4, and the average AUC values were calculated to create the final dataset.
4.2 Geosynthetic reinforcement and change in lateral response
Two variations of the simulated models were adopted apart from the reference simulation model, as shown in Figure 2 to pursue the effect of geosynthetics.
1) 2M-GS: In this simulation model, all the long geosynthetics were replaced by short geosynthetics. Thus, the length of all geosynthetic reinforcements was 2 m.
2) NO-GS: All the reinforcements were removed in this simulation model, and plain subgrade foundations were used.
Based on these terminologies, the reference case with long and short geosynthetics was named RF-GS. Figure 8 shows the Acceleration AUC boxplots of the three foundation geometries for the three cases of geosynthetic reinforcements (NO-GS, 2M-GS, and RF-GS).
[image: Figure 8]FIGURE 8 | Acceleration AUC boxplots of three foundation geometries for different geosynthetic reinforcement conditions.
The boxplots show almost complete overlap for NO-GS, 2M-GS, and RF-GS cases for all the foundation geometries. Thus, the improvement in the structure’s lateral response will be determined by comparing the mean values. The red lines in Figure 8 connect the mean values of the datasets represented by the respective boxplots.
In foundation-1 geometry, the mean acceleration AUC decreased by 2.4% in NO-GS compared to 2M-GS, while it decreased by 6.4% in RF-GS compared to 2M-GS in foundation-1 geometry. A 1.3% drop was recorded in the mean acceleration AUC in NO-GS compared to 2M-GS in foundation-2 geometry. The acceleration AUC dropped by 3% in RF-GS compared to 2M-GS for foundation-2. In foundation-3 geometry, the mean acceleration AUC was reduced by 10.5% in NO-GS compared to 2M-GS, and the mean acceleration AUC decreased by 4.4% in RF-GS compared to 2M-GS.
The removal of geosynthetics affected the foundation-3 geometry the most and the foundation-2 geometry the least. It can be inferred that the bulk volume of the subgrade is also effective in preventing the spread of lateral vibrations. The subgrade volume in foundation-3 geometry is the lowest; thus, the geosynthetics affect it the most. This behavior was highlighted in Figure 9, which shows the nodal velocity contours of the foundation-3 subgrade for RF-GS and NO-GS cases. The gray color in the contour implies maximum nodal velocity (mostly under moving load), and the color change to red, green, and blue, implying decreasing magnitude of nodal velocity. The contours show a larger wheel shadow area in the NO-GS case compared to the RF-GS case. Although these contours highlight the subgrade zone immediately under the load, similar behavior will be seen at the node paths in the lateral direction.
[image: Figure 9]FIGURE 9 | Velocity contours of foundation-3 subgrade for (A) complete geosynthetic reinforcement (RF-GS) (B) no geosynthetic reinforcement (NO-GS).
4.3 Effect of facing wall thickness on lateral response
In addition to geosynthetics, the effect of facing wall thickness was also examined in the present study. The facing wall thicknesses adopted for this examination were 450 mm and 600 mm. Figure 10 shows the velocity AUC box plots for the mentioned facing wall thicknesses for foundation-2 and foundation-3 geometries. Foundation-1 geometry does not consist of a facing wall; thus, it was not involved in the comparison.
[image: Figure 10]FIGURE 10 | Velocity AUC boxplots of three foundation geometries for two wall thicknesses.
A 3% drop was recorded in the mean velocity AUC when the facing thickness was increased from 450 to 600 mm in foundation-2 geometry. Meanwhile, with the same thickness change, the mean velocity AUC dropped by 1.8% in foundation-3 geometry. Any surplus to the facing wall thickness does not affect the lateral resistance significantly. However, a wall itself increases the lateral resistance of the overall structure, as seen in the literature (Mandhaniya et al., 2022b).
Figure 11 shows the velocity contours of the foundation-2 subgrade for facing wall thicknesses of 450 and 600 mm. The contour area behind the moving load was slightly larger in the case of 450 mm thick facing wall than 600 mm thick facing wall. However, the wheel shadow for both cases was almost unchanged. This observation bolsters that the improvement is almost negligible as the thickness of the facing wall is increased beyond 300 mm.
[image: Figure 11]FIGURE 11 | Velocity contours of foundation-2 subgrade for (A) 450 mm thick facing wall (B) 600 mm thick facing wall.
4.4 Effect of the height of foundation embankment on lateral response
The total height of all the foundation geometries analyzed in the present study was 6 m. There is a clear indication that the height of the embankment is adopted to acquire the required structural capacity. A higher embankment also hinders any trespassing. However, the dynamic response at smaller embankment heights should also be compared to justify a higher embankment. Thus, foundation-3 geometry was modeled without geosynthetic reinforcements (NO-GS) for three embankment heights. The first was the reference height of 6 m, while the other two were 4.5 and 3 m. The height of the facing wall was also reduced according to the embankment. The extent of the overall model geometry was not changed. Foundation-3 geometry was the most suitable for this analysis as the distance of node paths, and the toe of the foundation will be unchanged.
Figure 12 shows the acceleration and velocity AUC at three embankment heights for foundation-3. The lateral resistance showed a general increase with the embankment height. The mean acceleration and velocity AUC dropped by 6.3% and 6%, respectively, as the embankment height increased from 3 m to 4.5 m. Meanwhile, mean acceleration and velocity AUC showed a reduction of 2% and 19% for embankment height increments from 4.5 to 6 m. The parity of improvement in the two height increments is mostly due to outliers in the datasets. Nonetheless, it was observed that at every 1.5 m height increment (50% increase), the lateral resistance increased by 6%–10%.
[image: Figure 12]FIGURE 12 | Acceleration and velocity AUC boxplots of three embankment heights for foundation-3 geometry.
5 CONCLUSION
A summary of the outcomes of the present study is outlined in the form of the following conclusions.
• The lateral resistance of different foundations can be analyzed with the help of two parameters: ground acceleration and velocity. With increasing speed, the lateral resistance in foundation-3 geometry will be 40%–57% higher than the foundation-1 geometry.
• Foundation-2 and foundation-3 showed a lateral resistance increase in the range of 2%–3% as the thickness of the facing wall doubled. Thus, any increment after 300 mm facing wall thickness does not affect the lateral resistance significantly.
• The bulk volume of subgrade in any foundation geometry is also an important factor for vibration attenuation, as removing geosynthetics affected foundation-3 geometry the most. Removing geosynthetics reduced the lateral resistance by 10% in foundation-3 geometry.
• The foundation-2 geometry showed the most consistent load response with removing geosynthetics and changing wall thickness compared to foundation-1 and foundation-3. Thus, foundation-2 is most suitable for large-scale, reliable construction.
• The height of the embankment of a foundation geometry also affects the lateral resistance. It was recorded that a 50% increase in height will increase the lateral resistance in a range of 6%–10%.
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