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With an emphasis on the integrated deterioration of railway track geometry and components, a new 

hybrid numerical-analytical method is proposed for the predictive analysis of track geometrical 

vertical levelling loss (VLL). In contrast to previous studies showing a dependency on the number of 

cycles, this research unprecedentedly incorporates the influence of operational, vehicle and track 

conditions. The numerical models are carried out using an explicit finite element (FE) package under 

cyclic loadings, and then, their outcomes are iteratively regressed by an analytical logarithmic function 

that accumulates permanent deformations in order to quantify VLL over a long term. The results are 

first compared with other previous studies, indicating a very good agreement with them. Then, field 

measurements have been used to further verify the results. In this study, parametric simulations are 

performed varying three key parameters: axle load, train velocity and ballast tangent stiffness. The 

parametric studies exhibit that the rate of VLL raises about 50% if the axle load increases only from 

30 to 40 tonnes for a freight train running at 70 km/h on a stiffer ballast track. In contrast, for a 25-

tonnes-axle-load train running from 60 km/h to 100 km/h on a similar track, the vertical levelling 

degradation reduces by approximately 20%. The main findings suggest that higher axle loads 

contribute significantly to the VLL due higher contact forces and, on the other hand, a lower train 

speed does not necessarily imply a low rate of VLL since the influence of train velocities on track 

geometry (VLL) is associated with the natural frequencies (or wavelengths) of the ballasted railway 

track. The insight demonstrates that the load frequencies play a key role on the deterioration of VLL. 
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1.   Introduction 

Post-construction degradation of track geometry is one of the major issues for railway track 

maintenance.1 Increasing demands for higher velocities, heavier axle loads, and more 

frequent rail transport can accelerate rapidly this degradation due to cyclic traffic loadings.2 

An important contribution to this degradation is the differential track settlement, which 

impacts directly on the spatial position of the rail track, defined as vertical levelling that is 

one of the most important track geometry parameters. A poor vertical profile means a poor 

ride quality and excessive dynamic forces for track and vehicles components, and the 

inevitable result is a less efficient, less popular and more costly railway.3 

The vertical levelling of railway track geometry refers to the adherence to established 

grade and uniformity of both transversal and longitudinal directions in the plane across the 

heads of the two rails.4,5 Also known as vertical profile or longitudinal level,6 it is the 

deviation Zp’, of consecutive running table (1) levels on any rail, expressed as an excursion 

from the mean vertical position (reference line - 2), which are shown schematically in 

Figure 1. Any weakness in the support system (track components) – subgrade, 

reinforcement of the subgrade, sub ballast, ballast, sleeper, fastening system and rail – will 

affect adversely the railway track vertical profile. Furthermore, according to Ref. 4, it is 

important to understand that good vertical levelling applies to the track in its loaded rather 

than unloaded position. 

 

Fig. 1.  Vertical levelling parameter of railway track geometry (Adapted from Ref. 6). 
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In principle, the vertical levelling loss (VLL) of track geometry or, in other words, how 

much the rail losses its vertical position in the railway track physical space, can be 

described to occur in two phases before the first maintenance intervention. In the first phase 

directly after track construction or maintenance there is a rapid consolidation of the ballast. 

The second phase, there is a slower loss rate related slightly to flattened and worn rail, 

damaged rail pad, and largely to ballast, sub ballast and subgrade settlement in the short-

term performance. At this stage, the rate can be generally approximated by a linear 

degradation with the logarithm of the number of cyclic loadings. This is in accordance with 

Ref. 7 who describes that the rate of ballast plastic deformation decreases gradually as 

cyclic loadings increase indicating also a logarithmic behaviour for VLL. As the ballast 

has the largest influence on track settlements according to Ref. 8 and Ref. 9, this study also 

pays special attention to the track component. Additionally, over a long term, there are 

further settlements due to ballast particle rearrangements and particle breakdowns as well 

as penetration of sub-ballast and subgrade into ballast voids and inelastic recovery of 

subgrade at unloading.2 Moreover, as highlighted in Ref. 10, Ref. 11, Ref. 12, and Ref. 13, 

the railway track structure and its components, particularly the ballast (however, it can also 

be extended to the sub ballast and subgrade), play an important role in being dynamically 

affected by the load travelling velocity and, consequently, having a different amplification 

of its displacement depending on how it vibrates naturally. In other words, the natural 

frequencies in which a specific track vibrates influence on how much the ballast deflects 

under a specific train velocity14,15,16 over time, which can negatively affect its critical train 

velocity. Figure 2 depicts a typical heavy haul railway track in a straight segment with its 

components and, in details, the register of ballast particle breakdowns after tamping the 

track. 

 

Fig. 2.  Typical single railway track and some of its components. 



 

 

 

A large number of VLL predictive approaches have been derived empirically (directly 

or indirectly) from laboratory (triaxle, reduced scaled box or full-scale box tests) and field 

experiments, by various researchers worldwide, mostly focusing on ballast settlement. Ref. 

17 carried out an excellent critical review, which was mentioned by Ref. 3, and updated 

and well-illustrated recently by Ref. 18. Figure 3 summarize the comparison of these 

approaches graphically. It can be noted that those VLL investigations are presented within 

three different ranges of initial ballast compaction: softer, medium and stiffer, respectively 

‘1-5 mm’, ‘5-10 mm’, ‘> 10 mm’, for 900 thousand cycles. However, based on that updated 

review, it is possible to infer that there is not a consensus among the experimental 

conditions under which the experiments were performed and, hence, among the results. 

This means clearly that there is a research gap related to the specification of numerical and 

field (or laboratory) experiments to coordinate or harmonise the VLL predictions. 

Moreover, mostly empirical methods indicate a dependency exclusively on the number of 

cycles without taking into account any different operational, environmental, vehicle, and 

track conditions. In order to address those two knowledge gaps identified, this study 

proposes the development of a new hybrid numerical-analytical method considering 

railway dynamic conditions. 

 

Fig. 3.  Comparison of ballast empirical settlement predictive laws from laboratory and field experiments 

(Adapted from Ref. 18).3,8,19-27,41 

 

The development of a new hybrid method to predict track geometry VLL can be 

extremely useful for filling the current knowledge gap (especially when considering the 

global train-track dynamics) and, consequently, improving the planning, decision-making 

and maintenance activities. According to Ref. 28 and Ref. 29, different approaches of track 

degradation models have been continuously developed over the past few years, however 
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there are still many vehicle-track related issues that are not fully understood. The plastic 

deformation and non-linearity including material properties, geometry and contacting 

surfaces, under cyclic loadings, are some of these issues to be addressed as also identified 

by Ref. 30. 

In this study, a nonlinear numerical modelling has been proposed to predict the train-

track interactions, and later an analytical method has been integrated to estimate VLL, 

under heavy haul dynamic cyclic loadings, which can also embrace the train-track 

dynamics. It is important to note that previous studies are rather limited to a dependency 

on the number of cycles or million gross tonnes (MGT) and cannot be generalized. On this 

ground, this study further embraces the influence of dynamic and operational conditions, 

track components and vehicle parameters. Accordingly, short- and long-term behaviours 

of a ballasted track can be analysed to determine parametric effects on the track geometry 

VLL. With the increase in computing power and speed, it will be possible to adopt a more 

complex model of track geometry elements incorporating a diverse dynamic railway 

environment. This can enhance predictive maintenance for both track geometry 

degradation and component deterioration31. 

2.   Methodology 

Our numerical study is performed considering the technical and operational characteristics 

of the Carajas Railway (EFC), one of the most important heavy haul railway in Brazil that 

is planning to transport more than 240 million tonnes of iron ore, mainly, and soil bean. Its 

track has 1600 mm gauge and is composed by ASTM 136RE rail (weight: 68 kg/m), mono-

block concrete sleeper (length: 2800 mm, height: 250 mm and width: 265 mm), spacing 

between sleepers of 610 mm, e-clip fastening system and crushed rock ballast (height: 300 

mm and shoulder: 300 mm). In the EFC, the key railway vehicle is the GDE wagon of 

which the distance between axles and the adjacent bogies are 1828 mm and 2562 mm, 

respectively, considering this configuration of the bogies as the greatest load solicitation 

due to the effect of superposition that the wheel loads cause into the track.32,33 In this study, 

a straight segment is chosen as the initial focus is on vertical levelling of the track 

geometry. As different types of finite elements (FE) enable a variety of structures or 

components, the EFC’s track can be modelled in both two and three dimensions. Based on 

the typical track and vehicle components illustrated in Figures 2 and 4, respectively, and 

their parameters described on Table 1, the model is designed in 3D on LS-Dyna, a 

commercial FE software package, for modelling approximately 25 meters of railway track 

and two halves of the typical wagon. The model is performed by applying both linear elastic 

and elastic-plastic behaviours of the materials to investigate the effect of axle loads, ballast 

parameters and train velocities on VLL over time. This nonlinear model uses an advanced 

moving mass loads to represent the vehicles, which travel in loop along perfect track 

geometry as shown in Figure 5. To perform the designed model, the High-Performance 

Computing (HPC) facilities have been used through the BlueBEAR platform. 



 

 

 

Fig. 4.  Typical railway vehicle in the EFC: (a) two iron ore wagons, and in details (b) the vehicle model 

configuration illustrating the adjacent bogies and its components (Adapted from Ref. 32 and Ref. 33). 

Table 1.  Track and vehicle parameters in the EFC (Adapted from Ref. 32 and Ref. 34) 

Track Component Type Constitutive 

Material 

Finite 

Element 

Parameter(s) 

Rail 136RE Elastic Beam Density: 7.85e-9 ton/mm3 

Young’s Modulus: 2e5 N/mm2 

Poisson’s Ratio: 0.3 

Sleeper Mono-block 

concrete 

Elastic Beam Density: 2.5e-9 ton/mm3 

Young’s Modulus: 4.3e4 

N/mm2 

Poisson’s Ratio: 0.15 

Fastening System E-clip and 

rail pad 

Elastic Spring Elastic Stiffness: 1.7e5 N/mm 

Ballast Fresh well-

stabilized 

crushed rock 

Elastic-plastic Spring and 

Damper 

Elastic Stiffness: 45.43 

MN/mm 

Yield Force: 500 N 

Tangent Stiffness: 500 N/mm 

Damping constant: 3.2 N/mm 

Sub Ballast A- (TRB) Elastic Solid Density: 1.7e-9 ton/mm3 

Young’s Modulus: 400 N/mm2 

Poisson’s Ratio: 0.33 

Reinforcement of 

the Subgrade 

ND Elastic Solid Density: 1.5e-9 ton/mm3 

Young’s Modulus: 160 N/mm2 

Poisson’s Ratio: 0.36 

Subgrade ND Elastic Spring Elastic Stiffness: 1 kN/mm 

     

Vehicle Type Constitutive Finite Parameter(s) 
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Fig. 5.  EFC’s railway track and vehicle model on LS-Dyna FE software. 

Table 1 (continued). 

Track Component Type Constitutive 

Material 

Finite 

Element 

Parameter(s) 

Sub Ballast A- (TRB) Elastic Solid Density: 1.7e-9 ton/mm3 

Young’s Modulus: 400 N/mm2 

Poisson’s Ratio: 0.33 

Reinforcement of 

the Subgrade 

ND Elastic Solid Density: 1.5e-9 ton/mm3 

Young’s Modulus: 160 N/mm2 

Poisson’s Ratio: 0.36 

Subgrade ND Elastic Spring Elastic Stiffness: 1 kN/mm 

     

Vehicle 

Component 

Type Constitutive 

Material 

Finite 

Element 

Parameter(s) 

Wheel Set 6 ½” X 9”, 

wheel 

diameter: 965 

mm 

Rigid Beam Density: 7.85e-9 ton/mm3 

Young’s Modulus: 2e5 N/mm2 

Poisson’s Ratio: 0.30 

1st Suspension ND Elastic Spring and 

Damper 

Elastic Stiffness: 1.751e8 

N/mm 

Damping Constant: 3.502e3 

N.s/mm 

Bogie Ride Control Rigid Shell Density: 7.85e-9 ton/mm3 

Young’s Modulus: 2e5 N/mm2 

Poisson’s Ratio: 0.3 

 



 

 

In most ballasted railway tracks, it is known that the ballast settlement is the main 

source of VLL. According to Ref. 8, there are three necessary conditions for that: (i) 

existence of filter/separation layer between the coarse ballast and fine subgrade, (ii) a 

sufficiently strong subgrade or reinforcement of the subgrade / subgrade combination, and 

(iii) good drainage of water entering from the surface. These conditions have been assumed 

in this study to model the track. Additionally, the ballast is a gravel-size crushed rock that 

forms the top layer of the railway track structure, in which the sleeper is embedded and 

supported,35 and it is subjected to a uniquely severe combination of loading stresses and 

environmental exposure, under cyclic loadings. As a granular layer, its deformation can be 

due to particle rearrangement to a denser packing and particle breakage with the smaller 

particles moving into the voids of the larger particles. This vertical cumulative deformation 

of the ballast is considered and may be approximately represented on FE model as an 

elastic-plastic discrete element with isotropic hardening. It has a bilinear force-

displacement relationship that is specified by elastic stiffness, a tangent stiffness and a yield 

force, as illustrated in Figure 6, and in which the applied load is split into a sequence of 

increments (cyclic loadings). The force-displacement relation during cyclic loading can be 

written as: 

 

                                            𝑓  ̂= 𝐹𝑦 * (1 – 𝐾𝑡 / 𝐾e) + 𝐾t * Δ𝑙 (2.1) 

where f^ is the actual force, 𝐹𝑦 is the yield force, Ke is the elastic stiffness and 𝐾𝑡 is the 

tangent stiffness. 

 

Fig. 6.  Loading and unloading force-displacement curves for considering the ballast elastic-plastic behaviour. 
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On the other hand, over a period of time, the ballast voids become progressively filled 

with not only fine particles (fouled) from the particle breakage, but also, for example, fine 

particles that fall down from iron ore loaded wagons during railway traffic. According to 

Ref. 35, the deterioration of ballast is expected to produce a reduced frictional resistance 

between the particles than the value of a fresh ballast. Adding this to the modification of 

ballast state as mentioned before, the ballast track parameters change after a number of 

cyclic loadings, however, it is not taken into account in this modelling. 

It is important to highlight that it is very difficult to translate the real track conditions 

to a numerical study. To overcome partially these challenges, a methodology to develop 

this study is indicated in Figure 7. Previously, a wide range of literature had been reviewed 

regarding track geometry degradation.30 The research also analyses the collected data from 

railway companies in Brazil, defines some assumptions and limitations of the study, 

designs the numerical studies (the railway track and vehicle model), and performs and 

provides the validation of the model, under different cyclic loadings conditions. Following 

on from this study, performance and analysis of the long-term behaviour of the model are 

presented, dependent variables are identified and final graphics to predict the track 

geometry VLL, under different parameters, are proposed. 

 

Fig. 7.  Methodology flowchart. 

 

One of the key challenges to be addressed by this study is associated with the residual 

(permanent or plastic) ballast settlement which is extremely small (in the order of a 

nanometer) with each cyclic loading. Another issue to be overcome is related to the 

computational effort to perform the model. Despite the fast development of computing 



 

 

tools, the numerical solving is affected by computational time limitations. To solve this 

issue, a mass scaling to increase the time step duration in each cycle36,37 and a time scaling 

computed on a shorter load step in loop are implemented. It is also assumed that the 

response in a shorter load step is a good representation of the behaviour in real loadings – 

this is validated by other studies4,7,8,38,39, and the material properties do not change with the 

number of load cycles, which is a limitation of this model.40  

Initially, the numerical study is carried out using LS-Dyna and the maximum values of 

vertical rail displacement (VRD), under cyclic loadings, are numerically generated by the 

nonlinear FE model. Consecutively, the maximum values of VRD under cyclic loadings 

(short-term behaviour) are extracted, plotted and regressed by a Nepierian logarithmic 

function to provide an analytical estimation of the maximum VRD for the real cyclic 

loadings as stated earlier. This equation can be written as: 

 

                                            MaxVRD = a*ln(N) + b (2.2) 

where ‘MaxVRD’ is the maximum vertical rail displacement, ‘a’ is the rate of ‘MaxVRD’, ‘N’ 

is the number of cyclic loadings, and ‘b’ is the initial rail displacement. 

After this initial investigation, the differences between each 4-cycle loads into the long-

term behaviour (< 6 MGT) of MaxVRD regressed function (Eq. 2.2) are calculated. The 

results indicate the first term of that regressed function as the track geometry VLL, which 

also may be written as: 

 

                                            VLL = aVLL*ln(N) (2.3) 

 

                                            VLL= aVLL**ln(T/W) (2.4) 

where ‘VLL’ is the vertical levelling loss, ‘aVLL’ the rate of ‘VLL’, ‘N’ is the number of 

cyclic loadings, ‘T’ is million gross tonnes (MGT) and ‘W’ is the axle load (in tonnes). 

Eq. 2.3 provides an estimation of the cumulative VLL for the real cyclic loadings. Such 

the result is also compared to the triaxle experiments under repeated loadings carried out 

by Ref. 32 at the same operational and track conditions as aforementioned. Additionally, 

different operational and track characteristics are applied to the verified model and the 

outcomes are also compared to the studies provided by Ref. 39 and Ref. 41. This stage is 

related to the model validation as indicated in Figure 7. 

After validating the track model under cyclic loadings, the simulations continue being 

performed – Stage 4 – varying three key parameters: axle load (15-40 tonnes, light to heavy 

haul loadings), train velocity (60-160 km/h, low to medium speeds) and ballast tangent 

stiffness (300-500 N, softer to stiffer ballast plastic deformations). The results are also 

extracted and analyzed, and differ to the previous stage – the model validation, not only 

the rates of VLL are identified but also they are plotted to evaluate both the behaviour of 

VLL and the influence of those three different parameters on it. Furthermore, the final 
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graphics explicitly indicate a predictable behaviour of VLL on rail track surface (wheel-

rail contact) to those dynamic characteristics, under cyclic loadings. 

3.   Results and Discussion 

To examine whether the numerical model can provide reliable insight into the VLL, first 

the validity of the FEM outcomes regarding the VRD in short-term cyclic loadings have to 

be investigated. Subsequently, it is addressed a short-term regression function before 

analyzing the long-term behaviour of VLL. Figure 8 illustrates the model performed using 

LS-Dyna FE package. 

 

Fig. 8.  Track model performed, under 20-tonnes axle load, 70-km/h train velocity, and 500-N/mm ballast 

tangent stiffness (in details – bottom, the rail FE node displacement just after the fourth load cyclic). 



 

 

Initially, the track model under 368 cyclic loadings (approximately 100s of a shorter 

loading step in loop) and operational parameters of 20-tonnes axle load and 70-km/h train 

velocity is performed on HPC. Figure 9 depicts the VRDs after being extracted and plotted 

in a time-domain graphic. 

 

Fig. 9.  Short-term behaviour of VRDs on FEM under 20-tonnes axle load, 70-km/h train velocity and 500-

N/mm ballast tangent stiffness (in details, left: the initial vertical rail displacements, and right: the effect of 

superposition caused by the wheel loads). 

The VRDs are computed by the summation of elastic-plastic displacement between the 

wheel and the rail in vertical direction (‘Z-Displacement’ in Figure 8) for each load applied. 

It is well-known that the largest VRDs occur during the first cyclic loadings and correspond 

mainly to the process in which the gaps between ballast particles are unified and 

consolidated.42 This initial ballast consolidation is considered to depend on both the work 

done on it (i.e., the axle load and, consequently, the contact force between the track 

components) and the ballast parameters, particularly the ballast tangent stiffness. A similar 

trend of VRDs can be found in Figure 9, in which the slope of those displacements is likely 

to represent how faster and deeper the railway track loses its vertical levelling. The 

maximum VRD (MaxVRD) immediately after each 4 cycles (a half loop) of those cyclic 

loadings are identified and plotted in a ‘Number-of-Cyclic-Loadings (un) x VRD (mm)’ 

graphic to support the next step of this analysis. Figure 10 illustrates the MaxVRD values 

under 20-tonnes axle load, 70-km/h train velocity and 500-N/mm ballast tangent stiffness. 
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Fig. 10.  Short-term behaviour of MaxVRDs after each 4-cyclic loading (a half loop) on FEM under 20-tonnes 

axle load, 70-km/h train velocity and 500-N/mm ballast tangent stiffness (in details, top: the vertical rail 

displacements, and bottom: the MaxVRD after the 16th load cycle). 

Upon initial investigation, the outcomes of the FEM analysis in the previous step 

(short-term cyclic loadings) are collected to be input into a regression performance. During 

this stage, the maximum values of VRD (Figure 10), under cyclic loadings (short-term), 

are regressed by a Napierian logarithmic (LN) function to provide an estimation of the 

maximum VRD for real cyclic loadings as stated before. The coefficient of determination, 

denoted R2, of LN expression, under 20-tonnes axle load, 70-km/h train velocity and 500-

N/mm ballast tangent stiffness is 0.9640, indicating reasonably that the FEM results can be 

replicated by the nonlinear model to the prediction of future outcomes. The results for this 

step are shown in Figure 11 where there are two different coefficients: aVRD and bVRD. For 

the LN function, over 4+ cyclic loadings, the 1st coefficient (aVRD) indicates in which rate 

the VRD rises when increases axle load, whilst the 2nd one (bVRD) is related to the initial 

VRD, both of them intrinsically related to the 20-tonnes axle load. The result for aVRD and 

bVRD are 0.3489 and 4.6142 mm, respectively, and can be written as follows: 

 

   MaxVRD (20-tonnes, 70-km/h, 500-N/mm) = 0.3489*ln(N) + 4.6142 (3.1) 



 

 

where ‘MaxVRD(20-tonnes, 70-km/h, 500-N/mm)’ is the maximum vertical rail 

displacement under 20-tonnes axle load, 70-km/h train velocity and 500-N/mm ballast 

tangent stiffness, and ‘N’ is the number of cyclic loadings. 

 

Fig. 11.  Regression performance in the short-term behaviour of MaxVRDs after each 4-cyclic loading (a half 

loop) on FEM under 20-tonnes axle load, 70-km/h train velocity and 500-N/mm ballast tangent stiffness. 

Following on the proposed methodology, the differences between each 4-cycle loads 

for a long-term behaviour (initially, < 6 MGT or 300 thousand cycle loads) of the MaxVRD 

LN function are calculated. The result indicates the first term of that regressed expression 

(Eq. 3.1) as the vertical levelling loss (VLL) of track geometry. Therefore, the track 

geometry VLL for those railway operation and track conditions can be written as: 

 

                      VLL (20-tonnes, 70-km/h, 500-N/mm) = 0.3489*ln(N) (3.2) 

 

                      VLL (20-tonnes, 70-km/h, 500-N/mm) = 0.3489*ln(T/20) (3.3) 
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where ‘VLL (20-tonnes, 70-km/h, 500-N/mm)’ is the vertical levelling loss (in mm) under 

20-tonnes axle load, 70-km/h train velocity and 500-N/mm ballast tangent stiffness, ‘N’ is 

the number of cyclic loadings, and ‘T’ is million gross tonnes (MGT). 

Eq. 3.2 provides an estimation of the cumulative VLL for the real cyclic loadings. That 

result is also compared to a robust triaxle experiment43 under repeated loadings carried out 

by Ref. 32 under similar operational and track characteristics (20-tonnes axle load, 70-

km/h train velocity and 500-N/mm ballast tangent stiffness – well-compacted crushed 

ballast) as aforementioned. Figure 12 shows the comparison of VLLs provided by the 

numerical (FEM and regression analytics) and the laboratory studies. It can be seen that 

the hybrid model gives a reasonable match with the measured data in the triaxle test, 

particularly after 50 thousand cycles. The VLL for 300 thousand cyclic loadings is 

approximately 4.5 mm on both methods. According to the benchmark models (Ref. 17 and 

Ref. 18), it also implies that the VLL in this study matches very well and falls within the 

well-compacted ballast track models (1-5 mm for 300 thousand cycles). 

 

Fig. 12.  Comparison of VLLs between the regression performance (from the numerical model – FEM) and the 

triaxle experiment carried by Costa (2016) – Ref. 32, under similar conditions (20-tonnes axle load, 70-km/h 

train velocity and 500-N/mm ballast tangent stiffness). 

Additionally, different operational and track characteristics are applied to the verified 

model and the outcomes are compared to the studies provided by Ref. 39 and Ref. 41 taking 

into account similar conditions, respectively. Figure 13 depicts the comparisons of VLLs 

of our numerical study to those studies. It is noted that the FE model under 20-tonnes axle 

load, 120-km/h train velocity and 400-N/mm ballast tangent stiffness – medium-compacted 

crushed ballast – copes well with the Partington’s investigation after 150 thousand cycles. 

Differ to the previous comparisons, the FE model under 30-tonnes axle load, 80-km/h train 

velocity and 350-N/mm ballast tangent stiffness (softer-compacted crushed ballast) 

conforms well to Indraratna’s study (Ref. 41) even on the initial number of load cycles. 

The VLLs for 300 thousand cycles are 6.9 mm and 14.9 mm on both comparisons, 

respectively, indicating that the VLLs in these investigations are within medium and softer-

compacted ballast track models, respectively (medium-compacted: 5-10 mm, and softer-

compacted: 10-18 mm, for 300 thousand cycles, as described in Figure 3). 



 

 

 

Fig. 13.  Comparisons of VLLs between the regression performances (from the numerical model – FEM) and 

the studies carried out by Partington (1979) – Ref. 39 and Indraratna et al. (2012) – Ref. 41, under similar 

conditions, respectively (Partington: 20-tonnes axle load, 120-km/h train velocity and 400-N/mm ballast tangent 

stiffness; Indraratna: 30-tonnes axle load, 80-km/h train velocity and 350-N/mm ballast tangent stiffness). 

In order to extend the validation of the model beyond 300 thousand cycles, the 

regression performance is applied under 3 million cyclic loadings or, approximately, 60 

million gross tonnes (MGT) for 20-tonnes axle load. That amount of load represents 

roughly four months of traffic in a heavy haul railway in Brazil such as the EFC. The 

increase of VLLs of both investigations – Ref. 39 and Ref. 41 – and their similarities or 

contrasts with the FE models are shown in Figure 14. It can be seen that the FE model 

under 30-tonnes axle load continues to adjust well to Ref. 41’s study (VLL = 17.7 mm and 

17.4 mm, respectively, for 3 million cycles). Regarding the 20-tonnes FE model, it is 

identified a slight difference (approximately 1 mm) to Ref. 39’s work (VLL = 8.2 mm and 

9.3 mm, respectively, for 3 million cycles), meaning that it presents a reasonable match 

between them. 
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Fig. 14.  Comparisons of VLLs between the regression performances (long-term) and the studies carried out by 

Partington (1979) – Ref. 39 and Indraratna et al. (2012) – Ref. 41 (left: < 3 M cycles; right: < 60 MGT). 

From the previous comparisons undertaken between the FE models and other studies – 

Stage 3, it is possible to conclude that the proposed model can be validated and, 

consequently, applied to different railway dynamic conditions (including operation, 

vehicle, and track). The next stage is related to the track performance under key parameters, 

as indicated in Figure 7. It is mainly focused on varying those predefined parameters (axle 

load, train velocity and ballast tangent stiffness) onto the model to identify the rate of VLL 

and its behaviour, under cyclic loadings. 

Similarly to Stage 3 – the model validation, in the Stage 4 numerical studies are 

performed and their outcomes are also extracted, analyzed, and regressed over LN 

functions. The ‘aVLL’ coefficients of those VLL regression equations represent the rate in 

which that specific railway track under cyclic loadings loses its vertical levelling. In other 

words, those coefficients (aVLL) simply mean how much, how faster, where and when those 

railway tracks are going to be degraded and, consequently, to have achieved their VLL 

thresholds (alert limit or intervention limit, as highlighted by Ref. 44). The rates of VLL 

(aVLL) under the influence of ballast tangent stiffness and axle load are presented in Figures 

15 and 16, respectively. 



 

 

 

Fig. 15.  ‘aVLL’ coefficients in function of axle load under different ballast tangent stiffnesses (Kt) and train 

velocities. 

For the railway tracks dominated by ballast tangent stiffness as shown in Figure 15, the 

rates in which the track geometry loses its vertical levelling climb considerably for low 

ballast tangent stiffness (softer ballast) – from 0.5 to 2.4 (500%) – when the axle load 

increases from 15 (light loads) to 40 tonnes (heavy haul loads), respectively, as expected, 

in an extreme situation. Those predictable accelerated degradations are intrinsically related 

not only to the contact force (axle load) but also to the high initial ballast void (loose 

ballast) applied into the track without a proper tamping (compaction). On the other hand, 

the ‘aVLL’ coefficients for high ballast tangent stiffness (stiffer ballast) rise slightly or even 

maintain steadily, depending on both the axle load and the train velocity. As it can be 

observed, the rates increase from 0.2 to 0.5 between 15-tonnes and 25-tonnes axle loads, 

respectively, on low train velocity – 60 km/h (Figure 15a). Those coefficients maintain 
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steadily (around 0.5) between 25-tonnes and 30-tonnes axle loads on both 70-km/h and 80-

km/h train velocities (Figure 15b and 15c), increase slightly (from 0.5 to 0.8) after 30-

tonnes axle load on 100-km/h and higher train velocities (Figure 15d, 15e, 15f and 15g). 

In practice, this behaviour is anticipated since the well-compacted crushed ballast below 

the rail side sleepers has a reduced initial void causing the increase of ballast density and, 

consequently, its strength, also altering its natural frequencies. That observation further 

attests the findings presented by Ref. 45 and Ref. 46. Additionally, it is noted that, for 

example, on 70-km/h train velocity (Figure 15b), the rate of VLL raises from 0.4 to 0.6 

(50%) if the axle load increases from 30 to 40 tonnes (30%), respectively – as intended by 

EFC (a heavy haul railway company) in Brazil, whose that kind of information might be 

taken into account to support the decision-maker. 

 

Fig. 16.  ‘aVLL’ coefficients in function of ballast tangent stiffness (Kt) under different axle loads and train 

velocities. 



 

 

The rates of VLL can also be discussed looking into the axle load effect, as illustrated 

in Figure 16. The ‘aVLL’ coefficients are plotted in function of ballast tangent stiffness for 

each established train velocity. A similar trend of VLL degradation can be found when 

either increase the ballast tangent stiffness or the train velocity indicating that the axle load 

plays an important role on track geometry degradation, as mentioned before. However, as 

it can be observed from Figure 16a, the influence of the axle load is reduced on 60-km/h 

train velocity for high ballast tangent stiffness showing a small increase of the rate (< 0.1) 

even when the axle load is boosted from 30 to 40 tonnes. It means that the wheel-rail 

contact force on 40-tonnes axle load, for example, has already explored the dynamic 

strength of a well-compacted crushed ballast over time. Also, Figure 16b, 16c, 16d, 16e 

and 16f depict that as faster as the train run, from 70 km/h to 140 km/h, the same behaviour 

can be identified – a small raise of the rate (< 0.1), although this behaviour moves onto the 

inferior neighbor axle load values as much as the train velocity increases (i.e. differ to 60-

km/h train velocity, on 80-km/h train velocity and at high ballast stiffness – 500 N/mm, the 

‘aVLL’ rises slightly when the axle load increases from 20 to 25 tonnes). In fact, that 

behaviour is related not only to the axle load (contact force) but also to the natural 

frequencies of the railway track, as pointed out by Ref. 11. From Figure 16, it can also be 

seen that for softer ballast (at 300-N/mm ballast tangent stiffness), the command of axle 

load is evident though the rates of VLL behaviour indicates a variability depending on the 

train velocity. 

In order to expand further the discussion regarding the influence of train velocity on 

the rate of VLL, Figure 17 is also presented. From the results shown in that Figure and in 

complement to the previous analysis, the ‘aVLL’ coefficients do not present a 

straightforward tendency, generally, except when 40-tonnes axle load, 160-km/h train 

velocity and medium to softer ballast tangent stiffnesses are applied. This can be explained, 

according to Ref. 11, by the fact that each structure (i.e. a ballasted railway track) has its 

own natural frequencies, which affect the vertical displacement and, consequently, the 

VLL under cyclic loadings. Furthermore, the rate of VLL at 160-km/h train velocity and at 

40-tonnes axle load for a 500-N/mm ballast tangent stiffness illustrated in Figure 17a (0.95) 

indicates 160 km/h or over as a possible critical velocity, which is likely to give a very high 

dynamic amplification and the effect of the load travelling speed can therefore be 

maximized. On the other hand, it is noted that at 60-km/h and 70-km/h train velocities, and 

at the same 25-tonnes axle load for the same medium ballast tangent stiffness (400-N/mm; 

Figure 17c), the rates of VLL are, respectively, 0.7 and 0.6, indicating that lower speed not 

necessarily means low rate of track geometry degradation. This observation also finds 

resonance in Ref. 10, Ref. 11, Ref. 12 and Ref. 13. Additionally, from Figure 17b, 17d, 

17f, 17h and 17j, it is possible to note clearly the effect of train velocity on the rate of VLL, 

which, for example, presents high value (0.48) at 60-km/h train velocity and at 25-tonnes 

axle load for stiffer ballast (Figure 17b) if it is compared to 100-km/h (0.38), whereas for 

softer ballast (Figure 17j) at 25 tonnes and at 60 km/h and 100/km, the ‘aVLL’ are 1.30 and 

1.53, respectively. Therefore, it can be concluded that the influence of train velocity on 

track geometry VLL is naturally associated to the ballast parameters, particularly, in this 
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study, to the ballast tangent stiffness (Kt). Table 2 summarizes aVLL coefficients for those 

track and operational conditions.    

 

Fig. 17.  A joint visualization of ‘aVLL’ coefficients in function of the axle load under different train velocities 

and ballast tangent stiffnesses (top: stiffer ballast, and bottom: softer ballast tangent stiffness; left: axle load and 

train velocity in 2D view, and right: in 3D view) (continued) 

 



 

 

 

Fig. 17 (continued). 
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Table 2.  A summary of aVLL coefficients for particular railway track and operational 

conditions. 

 



 

 

  

Table 2 (continued).   
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4.   Conclusions 

This study presents new insights into the importance of track geometry degradation after 

construction or maintenance activities. It highlights that the increasing demand for more-

frequent railway transport accelerates the track degradation mainly by the differential track 

settlement. It affects directly on the spatial position of the railway track (track geometry), 

particularly, the vertical levelling. 

To investigate this phenomenon, a numerical study is carried out focusing on the 

vertical levelling loss (VLL) of the track geometry. This loss is occurred in two phases 

during the track life, being the first directly after track construction or maintenance, under 

a rapid consolidation of the ballast. The second phase, largely also depending on ballast 

settlements, occurs in the short-term performance of which the rate can be approximately 

a linear degradation with the logarithm of the number of cyclic loadings including, as 

coefficients, the depended variables related to axle loads, train velocities and ballast 

tangent stiffness. Underpinning on that short-term performance, it is possible to extent the 

VLL prediction to evaluate its long-term behaviour following its regression function. It 

shows that the proposed numerical model is able to consider, as input, different operational, 

track and vehicle parameters to predict the VLL of the railway tack geometry.  

Therefore, given that this hybrid approach can very well predict the VLL long-term 

performance considering not only the number of cycles or million gross tonnes (MGT) but 

also the different dynamic conditions, their findings contribute to obtain new insights 

regarding track geometry degradation and support the development of a specification to 

the proceeding. With the increase in computing power and speed, it will be possible to 

elaborate even more complex analysis of track geometry elements with a minimal need of 

carrying out expensive field experiments. Further research will focus on a non-linear 

elastic-plastic behaviour not only to ballast, but also to sub ballast and subgrade, and extend 

the studies to other track geometry components such as lateral alignment, cant and twist, 

on curve segments. This aspect is crucial when the formation is constructed over a soft soil 

where it can experience large strains. 
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