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This paper presents a two dimensional finite element (FE) approach to investigating beneficial aspects of geogrids in the railway track. The influences of different factors including the subgrade strength, the geogrid stiffness, the placement depth of geogrid, the effective width of geogrid, the strength of ballast-geogrid interface and the combination of double geogrid layers were investigated under the monotonic loading. The results indicated the role of geogrid reinforcement is more pronounced over the weak compressible subgrade. A stiffer geogrid reduces ballast settlement and produces a more uniform stress distribution along a track. The placement location of a geogrid is suggested at the ballast-sub-ballast interface to achieve better reinforcement results. Although the width of a geogrid layer should be sufficient to cover an entire loaded area, excessive width does not guarantee additional benefits. Higher interface strength between a ballast and a geogrid is beneficial for effective reinforcement. Increasing the number of geogrid layers is an effective way to reinforce the ballast over weak subgrades. The results of the limited cyclic FE simulations revealed the consistency of the reinforcement effect of the geogrids under monotonic and cyclic loads.
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INTRODUCTION

Ballasted rail tracks progressively deform in vertical and lateral directions, which cause deviations from the desired geometry under repeated traffic loading (Selig and Waters, 1994). A ballast can deteriorate due to the breakage of angular sharp corners under cyclic loading, which accelerates the settlement of a track (Indraratna et al., 2005). The differential settlement of a track reduces the level of safety of the track and causes significant risk to trains. Therefore, track maintenance, including tamping and replacement of ballasts, is periodically conducted to correct geometry faults (Esveld, 2001).

The ballast layer is often contaminated by fouling agents such as downward coal spillage from moving wagons, upward clay migration and internal particle breakage (Nimbalkar et al., 2012; TolouKian et al., 2018). This leads to rapid deterioration along with settlements often combined by the lateral spread owing to less lateral restraints (Nimbalkar and Indraratna, 2016; Sun et al., 2017). The regular track maintenance operations are needed which attracts huge funds to maintain track in operations (Sadeghi et al., 2018, 2019). In recent years, studies have focused on the improving confining pressure on a ballast to reduce the settlement of railway tracks during operation (Indraratna et al., 2005, 2013; Lackenby et al., 2007).

Various types of geosynthetics have been extensively employed in practice to improve or modify the behaviors of soil, aggregate and other construction materials in geotechnical engineering (Ghosh and Madhav, 1994; Moghaddas-Nejad and Small, 1996; Haeri et al., 2000; Raymond and Ismail, 2003; Palmeira, 2009; Indraratna et al., 2015). In current practical applications, the insertion of a geosynthetics layer in track substructures is an effective and economic method for increasing the confining pressures on a ballast and conducting the renewal of a track (Amsler, 1986; Raymond, 1999; Lieberenz and Weisemann, 2002; Indraratna and Salim, 2003; Fernandes et al., 2008; Indraratna et al., 2010, 2014a).

Geogrids have been utilized to reinforce railway track substructures since 1980s (Coleman, 1990). Previous laboratory studies (Bathurst and Raymond, 1987; Gobel and Weisemann, 1994; Raymond, 2002; Shin et al., 2002; Brown et al., 2007; Indraratna et al., 2011a) and field studies (Indraratna et al., 2010, 2014a,b) have demonstrated the successful application of geogrids in track reinforcement. Limited numerical simulations have been conducted to analyze the reinforcement mechanism of geogrids in railway tracks (Indraratna et al., 2007; Jirousek et al., 2010; Chen et al., 2012; Indraratna and Nimbalkar, 2013). The discrete element models are usually applied to capture the particle-scale mechanism and interface behavior using geosynthetics (Han et al., 2011; Tutumluer et al., 2012; Ngo et al., 2017; Gao and Meguid, 2018). However, these models are not able to capture the overall track response (Li et al., 2018). A generally accepted method or standard for the design or renewal of railway tracks with geogrids is lacking.

In contrast to laboratory and field investigations, the numerical method is a convenient and economical method for investigating the mechanical behaviors of geogrids and the surrounding components of track substructures. Thus, the main objective of this study was to employ a finite element (FE) model to improve the comprehensive understanding of the geogrid reinforcement mechanisms of railway ballasts. Influencing factors such as the subgrade strength, the geogrid stiffness, the placement depth of a geogrid layer inside a ballast, the effective width of a geogrid layer, the strength reduction factor of the geogrid/ballast interface and the effect of double geogrid layers were considered. Subsequently, the reinforcement performance of a geogrid and the influences of these factors were illustrated based on the simulation results. The simulation results of cyclic loading was compared with field data to explore ballast behavior under repeated train loads.

ESTABLISHMENT OF FE MODEL

The FE method has been proven to be a useful and effective method for analyzing the behaviors of track structures (Selig and Waters, 1994; Esveld, 2001). The authors have performed a series of fundamental numerical simulations, which focused on the behaviors of ballasts with and without geosynthetics, using plane-strain track models (Indraratna et al., 2007; Indraratna and Nimbalkar, 2013). Thus, this study can be considered as an extension of the authors' previous studies.

Modeling

PLAXIS has demonstrated its success in the limit analysis of geotechnical problems (PLAXIS, 2007). In this study, a two-dimensional plane-strain finite element model of a composite multi-layer track system, including the rail, sleeper, ballast, sub-ballast and subgrade (as shown in Figure 1), was numerically simulated using PLAXIS2D.
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FIGURE 1. Finite element mesh discretization of a rail track substructure.



Only half of the rail track was simulated in the model due to the symmetry of the track. The width and height of the subgrade is 6 and 3 m, respectively. The heights of the sub-ballast, ballast and sleeper are 150, 300, and 200 mm, respectively. The gauge length of the track is 1.68 m, the length of the half sleeper is 1.25 m, and the side slope of the rail track embankment is 1:2. The rail is simplified as a rectangle with a width of 160 mm and a height of 50 mm to ensure that the total area is equivalent to the Australian 60 kg/m rail (Doyle, 1980).

The nodes along the bottom boundary of the section were considered to be standard and fixed. The left and right boundaries were restrained in horizontal directions to represent smooth contact in the vertical direction. The rail was restrained in the horizontal direction to simulate the connection between the sleeper and the rail.

The geogrid in the model was created with the Geogrid Element provided by PLAXIS2D, and the interface elements along each side of the geogrid were created to simulate the interaction relationship between ballast and geogrid (PLAXIS, 2007).

The geogrid was initially placed at the ballast/sub-ballast interface in the model; however, different placement locations were also considered at different phases during the simulations.

Parameters
 Material Parameters of Main Components

The material parameters and constitutive models that were employed for the main components of the model are listed in Table 1, and the ballast was simulated using a hardening soil model, which is suitable to describe the behavior of a ballast under wheel loading (Indraratna et al., 2012; Indraratna and Nimbalkar, 2013). The parameters are chosen based on the actual measurement data of ballast behavior as observed in the laboratory tests (Indraratna and Nimbalkar, 2013) and field trials (Nimbalkar and Indraratna, 2016). The numerical model is an extension of previous works (Indraratna and Nimbalkar, 2011; Nimbalkar and Indraratna, 2014) and results are in agreement with these numerical studies. The accuracy and reliability of the model is thus demonstrated.


Table 1. Material parameters and constitutive models in the finite element analysis (Indraratna et al., 2012).
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Subgrade Strength

The strength parameters of different typical subgrades, including poor, fair, good and rocky subgrades, are listed in Table 2; they were considered in the simulations to explore the influence of subgrade strength.


Table 2. Material parameters and constitutive models for subgrades (adapted from Khordehbinan, 2009).
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Axial Geogrid Stiffness

The axial geogrid stiffness always differs by the factors of the aperture dimensions, the tensile strength of the manufacture material and the rib thickness. Thus, the EA values of the geogrids in the simulations were varied for comparison purposes (i.e., EA = 275, 525, 775, 1,025, and 1,275 kN/m).

Placement Depth of Geogrid Layer

The placement depth of the geogrid layer inside the ballast was initially set at the ballast/sub-ballast interface in the model, i.e., 300 mm below the sleeper. Other placement depths inside the ballast were also considered in the simulations (i.e., 50, 100, 150, 200, and 250 mm below the sleeper).

Effective Width of Geogrid Layer

The effective width of the geogrid layer was initially set to 2.2 m when the geogrid layer was placed at the ballast/sub-ballast interface in the model. To investigate the influence of width, effective widths of the geogrid layer of 0.4, 0.8, 1.2, 1.6, and 2.0 m were also considered.

Strength Reduction Factor of Geogrid Interfaces

The strength reduction factor Rinter defines the behaviors of the interfaces between the geogrid and the adjacent components. This parameter is influenced by the complex interaction relationship between the aperture size of the geogrids, the mean particle size of the soil materials, the physical properties of the geogrids and the mechanical behaviors of the soils (Goodhue et al., 2001; Brown et al., 2007; Indraratna et al., 2012). Therefore, the values of Rinter, including 0.4, 0.6, 0.8, and 1.0 (rigid), were considered to investigate the influence of the interaction between the geogrid and the ballast on the reinforcement effect.

Load Determination

The equivalent dynamic wheel load Pd is empirically expressed as the static wheel load Ps times the dynamic impact factor ø (Jeffs and Tew, 1991; Sun et al., 2015). The American Railroad Engineering Association (AREA) formula was applied in the calculation of the impact factor ø (Jeffs and Tew, 1991)
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where v = vehicle speed (km/h) and D = wheel diameter (mm). A Pd value of 178.71 kN was considered to simulate a train speed of 80 km/h and a wheel diameter of 970 mm.

Calculation Cases

The following factors were investigated in this study: the subgrade strength, the geogrid stiffness (EA), the placement depth of the geogrid layer inside the ballast (D), the effective width of the geogrid layer (B), the strength reduction factor of the geogrid/ballast interfaces (Rinter) and the effect of double geogrid layers. To avoid the complex interaction effects among the factors, the simulation investigation was divided into six calculation cases. Details of the parameter settings of these factors for each case are presented in Table 3.


Table 3. Parameter setting for the monotonic loading cases.
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ANALYSIS AND DISCUSSION OF MONOTONIC LOADING RESULTS

The reinforcement effect of a geogrid can be evaluated by the reinforcement rate R, which was calculated by

[image: image]

where Stu and Str = the settlement on the top of ballast (below the rail) without and with geogrid reinforcement, and ΔSt = the settlement difference on the top of the ballast with the geogrid reinforcement.

Subgrade Strength

The results for Stu, Str, ΔSt, and R of Case 1 are presented in Table 4. Improved geogrid reinforcement performance was observed over the weaker subgrades, which can be explained by the geogrid reinforcement mechanisms. The subgrade settlement determined the deformations of other track components and subsequently mobilized the tensile/interlocking capacity of the geogrid (Kwon and Penman, 2009).


Table 4. Results of Case 1 with respect to the factor of subgrade strength.
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To illustrate the influence of subgrade strength, the vertical deformations of the subgrade surface over the different subgrades in the reinforced models in Case 1 are plotted in Figure 2. The maximum axial forces on the horizontal direction in the geogrids (Fag)max over different subgrades in the reinforced models are plotted in Figure 3. As expected, the larger surface deformation of the subgrade appeared over the weaker subgrade. Consequently, the different axial forces in geogrids were induced by the corresponding subgrade deformations. The different extents of the interlock, confinement and load distribution effects were subsequently observed. Therefore, the subgrade strength is an important factor of geogrid reinforcement performance. Better geogrid reinforcement performance can be expected over the weak subgrades due to the greater compressibility of the weak subgrades.
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FIGURE 2. Vertical deformations of subgrade surfaces over different subgrades in the reinforced models (Case 1).
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FIGURE 3. Maximum axial forces in geogrids over different subgrades in the reinforced models (Case 1).



Geogrid Stiffness

The results for R and (Fag)max of Case 2 are plotted in Figure 4. An approximately linear relationship between R and EA was observed, i.e., increasing the geogrid stiffness increased the enhanced reinforcement rate. (Fag)max almost linearly increased by increasing EA. Subsequently, additional reductions of the deformations and more uniform stress distributions in the surrounding soil layers can be expected with a stiffer geogrid. This may be attributed to the fact that the geogrid with a higher stiffness value produced greater axial force and less tensile deformations under the same vertical load. Consequently, the reinforcement effects were enhanced due to the higher geogrid stiffness. The influence of subgrade strength on the geogrid reinforcement was observed, i.e., better reinforcement effects were achieved over the weaker subgrades. In addition to the geogrid stiffness, the performance of the geogrid reinforcement is also dependent on the subgrade strength.
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FIGURE 4. Reinforcement rate and maximum axial force in geogrids with respect to the factor of geogrid stiffness over different subgrades (Case 2): (A) reinforcement rate; (B) maximum axial geogrid force.



Placement Depth of Geogrid Layer

The results for R and (Fag)max of Case 3 are plotted in Figure 5. The reinforcement rates over the fair and poor subgrades increased with an increase in the placement depth of the geogrid layer inside the ballast. The peak values of the reinforcement rates over poor and fair subgrades occurred within the placement depth range of 250–300 mm, which is located near the bottom of the ballast layer. (Fag)max increased with an increase in D, and the maximum value of (Fag)max was obtained over the poor subgrade due to the maximum subgrade deformation. Therefore, this study recommends that geogrids should be placed near the bottom of a ballast, which is consistent with practical solutions in the field, in which the geogrid layer is usually placed at the ballast/sub-ballast interface to protect geogrids from damage due to tamping maintenance. Some research results also suggested that the optimum placement depth for the geosynthetics inside a ballast should be varied for different conditions (Coleman, 1990). Brown et al. (2007) suggested the bottom of a ballast layer as an optimum placement location for geogrids.
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FIGURE 5. Reinforcement rate and maximum axial force in geogrids with respect to the factor of placement depth of geogrid layer (Case 3): (A) reinforcement rate; (B) maximum axial geogrid force.



Effective Width of Geogrid Layer

The results for R of Case 4 are plotted in Figure 6A. The reinforcing function of the geogrid over fair and poor subgrades was not activated until the effective width of the geogrid layer exceeded 1.2 m, which was almost equal to the length of the half model sleeper. Subsequently, higher reinforcement rates were observed in the width range of 1.6–2.0 m for the geogrid layer. However, the peak value of the reinforcement rate was not observed at the maximum width of 2.2 m. Therefore, a sufficient width of the geogrid layer is essential for the reinforcement; however, excessive width does not provide significant benefit.
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FIGURE 6. Reinforcement rate of geogrids with respect to the factor of effective width of geogrids (Case 4) and normal strain on the sub-ballast surface in unreinforced models over different subgrades: (A) reinforcement rate; (B) normal strain and loaded area on the sub-ballast surface in unreinforced models.



To investigate the loaded area of the location where the geogrid was placed, the normal strains (εn) on the top of the sub-ballast over different subgrades of unreinforced models are plotted in Figure 6B. The loaded areas on the top of the sub-ballast over different subgrades were almost located in the depth range of 1.0–1.5 m under the unreinforced conditions. The excessive width of the geogrid layer cannot provide additional benefits when the width extends beyond the range of the loaded area as the reinforcement benefit by interlock was generated within the loaded area and the geogrid did not have to be anchored beyond the loaded area (Guido et al., 1987).

Strength Reduction Factor

The results for R of Case 5 are plotted in Figure 7A. The distinct trend is an increase in the reinforcement performance with an increase in Rinter. A constant value of the reinforcement rate was attained when Rinter varied from 0.8 to 1.0. As expected, a larger Rinter produced better performance. Minor settlement reduction was observed over the rocky subgrade and the good subgrade. The geogrid reinforcement cannot be employed in the railway ballast over the stiff subgrades, which is consistent with field measurements that indicate an increased effectiveness of the reinforcing geogrids on the soft subgrade (Indraratna et al., 2014a).
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FIGURE 7. Reinforcement rate and maximum axial force in geogrids with respect to the factor of strength reduction factor (Case 5): (A) reinforcement rate; (B) maximum axial geogrid force.



The value of Rinter influences the interaction between a geogrid and a ballast. Generally, tighter interaction between a geogrid and a ballast may produce a higher axial force in the geogrid. Thus, the (Fag)max values of Case 5 are plotted in Figure 7B to show the influence of Rinter. The values of (Fag)max over the rocky and good subgrades did not significantly change, i.e., the reinforcement effect of the geogrid over these stiff subgrades can be disregarded. Thus, the variation in Rinter did not provide any pronounced improvement of the settlement of the ballast. Distinct increments of (Fag)max were not observed when Rinter varied in the range of 0.6–1.0 over the poor and fair subgrades. This trend is consistent with the trends of the reinforcement rates that are presented in Figure 10, which reveals that the Rinter may have less influence on the reinforcement performance than the remaining factors and additional laboratory tests and field investigations are needed to comprehensively understand the interaction between a geogrid and a ballast.

Double Geogrid Layers

The poor subgrade conditions were considered in Case 6. The corresponding reinforcement rates for each single geogrid layer and the double layers are plotted in Figure 8A. In this figure, “S” denotes the condition of a single geogrid layer in the model; “D” denotes double layers; and “200” and “300” denote the placement depth of the geogrid layers inside the ballast. Better reinforcement performance was observed when the geogrid layer was placed at the ballast/sub-ballast interface when the single geogrid layer was considered in the simulation. The reinforcement rate increased with an increase in geogrid stiffness. These observations are consistent with Figures 4, 5. However, better reinforcement performance was achieved by the double geogrid layers. Thus, an increase in the number of geogrid layers is an effective method for reinforcing the ballast over weak subgrades besides increasing the geogrid stiffness.
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FIGURE 8. Reinforcement rate and maximum axial force in geogrids with respect to the factor of geogrid layers (Case 6): (A) reinforcement rate; (B) maximum axial geogrid force.



The (Fag)max values of Case 6 are plotted in Figure 8B. The value of (Fag)max in the geogrid of “S-300” was larger than the value of (Fag)max in the geogrid of “S-200,” which indicated that better reinforcement results can be expected when the same geogrid layer was placed at the ballast/sub-ballast interface instead of inside the ballast over the poor subgrade. This observation corresponds to Figure 5 and demonstrates the feasibility of (Fag)max in analyzing the geogrid reinforcement effect of a ballast.

As a result of the double geogrid layers, the reinforcement rate significantly increased. However, the reductions of (Fag)max in each geogrid layer of “D-200” and “D-300” are distinct compared with the reductions of (Fag)max in each geogrid layer of “S-200” and “S-300.” As both of the geogrid layers contributed to the load bearing, the axial forces in each geogrid layer reduced under the same loading, which is also beneficial for the load bearing capacity of the ballast and the geogrids. Thus, double or multiple geogrid layers are more efficient for the reinforcement of a ballast if cost is not considered.

COMPARISON OF FIELD BEHAVIOR WITH NUMERICAL PREDICTIONS
 Modeling of Cyclic Loading Simulation

The calculation results of the monotonic loading revealed no distinct enhancements of the reinforcement effects over rocky and good subgrades and the possibility of collapsing failure for the poor subgrade under long-term repeated loads due to the relatively weak strength. Therefore, the track model over the fair subgrade was adopted in the cyclic loading to investigate the reinforcement effect of the geogrid under repeated train loads.

The sinusoidal cyclic load (as shown in Figure 9) was applied. The loading frequency was set to 15 Hz to simulate a train travel speed of 80 km/h (Indraratna et al., 2007). The minimum value of cyclic load was set to zero because the overburden pressure caused by the rail-sleeper assembly was already considered in the gravity generation by PLAXIS. The peak value of the cyclic load was set to 125 kN, which was equivalent to Ps, as the impact caused by the different train travel speeds was already considered in the simulation by the loading frequency. The maximum loading number of cyclic load was 100,000 as the ballast usually enters the stable zone and the settlement of the ballast insignificantly changed after 100,000 cycles (Shin et al., 2002; Indraratna and Nimbalkar, 2013).
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FIGURE 9. Cyclic loading details.



The geogrid stiffness of 525 kN/m, which was adopted in the cyclic simulation, was obtained from the actual mechanical properties of the biaxial geogrid with an aperture size of 40 mm (Indraratna et al., 2007). Cubical tests by Indraratna and Nimbalkar (2013) also reported an EA of 360 kN/m for a biaxial geogrid with an aperture size of 40 mm. The conditions of the unreinforced track model, the track models reinforced by a single geogrid layer (at the ballast/sub-ballast interface) and reinforced by two geogrid layers (similar to Case 6 in Table 3, i.e., D = 200 and 300 mm), were considered in the simulation.

Results of Cyclic Loading Simulation

The calculation results of Stu, Str and R during the 100,000 load cycles are plotted in Figure 10 including the result of load cycle of 1, 10, 100, 1,000, 10,000, 50,000, and 100,000. The settlement on the top of the ballast layer kept increasing during loading. The stable zone of the unreinforced track model cannot be observed within the 100,000 load cycles. Conversely, the settlement on the top of the ballast layer of the track model, which was reinforced by the single geogrid layer, attained a constant value after 10,000 load cycles. Better reinforcement performance is observed under the conditions of the track model that was reinforced by double geogrid layers, and a very slight settlement difference occurred during loading.
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FIGURE 10. Results of cyclic loading: (A) settlement of ballast layer over fair subgrade; (B) reinforcement rate of single and double layers of geogrids.



The logarithmic trend lines for the two series of reinforcement rates are shown in Figure 10B, and the regression equations are displayed in Figure 10B. Indraratna et al. (2011b) suggested a logarithmic equation for determining the rail track vertical deformation based upon the laboratory findings

[image: image]

where SN is the settlement of the ballast accumulated after N load cycles, c is the settlement after the first load cycle, and d is an empirical constant that is dependent on the initial density, ballast and reinforcement type and moisture content. The simulation results in this study indicate that the reinforcement rate of the geogrid can be described by the similar equation

[image: image]

where RN is the reinforcement rate of the geogrid layers after N load cycles and a and b are the empirical constants that depend on the mechanical properties of the ballast, the subgrade strength, the geogrid stiffness and the number of geogrid layers.

Comparison With Field Data

The simulation results of the cyclic loading is compared with the measured data from a field trial at a site near Bulli in New South Wales, Australia (Indraratna et al., 2010). The settlements under the rail at the section of the fresh ballast with and without geocomposite reinforcement during the first 120,000 load cycles are plotted in Figure 11A. The reinforcement rate of the geocomposite, its logarithmic trend line and the regression equation are displayed in Figure 11B.
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FIGURE 11. Measured settlement data of the fresh ballast sections at the site near Bulli, NSW, Australia (modified after Indraratna et al., 2010): (A) settlement of the ballast layers with and without geocomposite reinforcement; (B) reinforcement rate of geocomposite.



The comparison of Figure 10 with Figure 11 indicates that the simulation results for the ballast settlement of the unreinforced track over the fair subgrade was relatively larger than the field measurement data. The reinforcement rates for the geogrid layers, which were obtained by the cyclic loading simulations, were more pronounced than the field measurement data. This finding can be explained by the different mechanical properties of the track components, the physical properties of the geosynthetics (the EA value of the geocomposite was approximately 390 kN/m according to Indraratna and Nimbalkar, 2013) and the cyclic parameters of the train loads between the simulations and the field conditions. Thus, additional studies are needed to improve the understanding of the complex relationship between the behavior of a ballast and these factors.

However, similar trends of the reinforcement rates for the geosynthetics are shown in Figures 10, 11, i.e., both the results of the cyclic loading simulations and the field measurements can be successfully described by Equation (4). The parameters a and b in Equation (4) should be varied in every case due to the variation in the mechanical properties of the ballast, the subgrade strength, the geogrid stiffness and the number of geogrid layers. The results indicate the successful application of PLAXIS for simulating and predicting the behaviors of reinforced railway tracks under cyclic loads.

The double geogrid layers were more effective than the single geogrid layer and were beneficial for the load bearing capacity of the ballast and geogrids. The simulation results of the monotonic loading indicate that double or multiple geogrid layers are more efficient for the reinforcement of a ballast if cost is not considered.

LIMITATIONS OF THIS STUDY

The variations of the parameters of subgrade strength were considered in the simulations, which revealed the important role of subgrade in the reinforcement of geogrids. However, the effect of the strength parameters and the constitutive models of ballast and sub-ballast warrant evaluation. The reduction in the degradation of the ballast aggregates caused by the confinement of the geogrids has not been considered.

The strength reduction factor Rinter is influenced by the complex relationship between the aperture size of geogrids, the mean particle size of a ballast, the physical properties of geogrids and the mechanical behaviors of a ballast. Therefore, additional experimental research is needed to correctly define the behaviors of the interfaces in the simulations.

A complex relationship exists between the ballast behavior and cyclic loads. The degradation and breakage of a ballast were not considered in the simulation. Therefore, additional studies are needed to investigate the ballast behaviors and the reinforcement effect of geogrids under cyclic loads of varied amplitude and varied frequency. Three-dimensional simulations and Discrete Element Method (DEM) may provide a better understanding of the long-term geogrid reinforcement effects of railway ballast under cyclic train loads.

CONCLUSIONS

The FE simulations that were conducted in this study investigated the geogrid reinforcement effect on a railway ballast that was subjected to monotonic loads. The reinforcement mechanisms of a geogrid and the influences of different factors, including the subgrade strength, the stiffness, placement depth and effective width of a geogrid; the strength reduction factor of the interfaces between a geogrid and a ballast; and the combination of double geogrid layers, were discussed based on the numerical simulation results. The following conclusions are obtained from this study:

a) The reinforcement mechanisms of geogrids comprise the interlock, confinement and load redistribution. The interlock is the most important reinforcement mechanism of geogrids. The geogrid reinforcement reduces the lateral deformations of a ballast and provides a more uniform vertical stress distribution in the soil layers.

b) Better reinforcement performance of geogrids was observed over the weak subgrades due to the relatively larger subgrade deformation.

c) A geogrid with higher stiffness produces greater axial force and less tensile extension under the same train load. Consequently, a more uniform load distribution and less vertical deformation in a ballast can be expected.

d) The suggested optimum placement location of a geogrid layer is the ballast/sub-ballast interface. This depth is practical for the application of a geogrid in a railway track and can provide protection for geogrids from damage due to track maintenance.

e) To achieve better reinforcement performance, the width of a geogrid layer should be sufficient to cover the loaded area at the location where the geogrid layer is placed. However, excessive width of the geogrid layer does not provide additional benefits.

f) Generally, a higher value of the strength reduction factor Rinter for the interfaces between the geogrid and the ballast is beneficial to reinforcement performance. However, the effect of Rinter is relatively insignificant compared with the results of the factor of subgrade strength.

g) Additional geogrid layers can provide a better reinforcement effect on the ballast. Thus, increasing the number of geogrid layers is an effective method for reinforcing a ballast over weak subgrades and increasing the geogrid stiffness.

h) The reinforcement rate of the geogrid layers under cyclic loading can be described by a logarithmic equation. However, the parameters in this equation should be varied based on the conditions of each case under different cyclic loads.
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E = elasticity modulus, Efj = secant stifiness at 50% strength for loacing conitions,
E = triaxial unloading/reloading stifiness, E, = tangent stifiness for primary
oedometer loading, y = unit weight, v = Poisson’s ratio for loading conditions, vur
= Poisson's ratio for unloading/reloacing conditions, ¢ = effective cohesion, ¢ =
effective friction angle, = dilatancy angle, prot = reference confining pressure, m
stress dependent stifness factor, K§° = coefficient of earth pressure at rest for normal
consolidation, Ry = failure ratio and Riner = strength reduction factor in the interface.
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Rocky 26 27 -0.1 —22
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2this negative result of R over Rocky subgrade might be caused by the compression of
the geogrid layer in the model.
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R F, G, R" stands for Poor, Fair, Good and Rocky, respectively.

bincluding the values of 275, 525, 775, 1,025, and 1,275.

Cincluding the values of 50, 100, 150, 200, 250, and 300.

9smalldifferences of the width of geogrid layer were caused by changing the placement
of geogrid layer inside the balest due to the side slope of the rail track embankment.
®inclucing the values of 0.4, 0.8, 1.2, 1.6, 2.0, and 2.2.

fincluding the values of 0.4, 0.6, 0.8, and 1.0.

9double geogrid layers with placement depths of 300 and 200 mm.
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