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Abstract 
 

The railway track vibration generated by the train passage depends upon the individual 

and combined effect of its various components: the train, the track and the supporting 

soil. In the case of the train, higher speeds result in larger vibrations on the railway 

structure. Moreover, amplification occurs when approaching the so-called ‘critical 

speed’, and the response is further increased when considering the multiple axles 

effect. Regarding the track, the type and properties also influence the overall structure 

response, increasing the wheel-rail interaction forces and magnifying the vibrations. 

Similarly, the supporting ground features directly affect track behaviour, propagating 

the total railway system response and causing disturbances in nearby structures and 

increasing the localisation of energy at transition zones. Although different numerical 

approaches meant to study these amplifications effects have been developed, deep-

wave propagating problems induced by high-speed trains require more elaborated 

simulations. Thus, this paper investigates the railway track amplifications due to 

speed, focusing on the different track types and soil layering effects, for which semi-

analytical approaches simulating the track-ground dynamic complex behaviour are 

employed. 
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1  Introduction 
 

The railway track structure vibration resulting from the train passage, depends on the 

different train, track types and supporting soil behaviour. In the first case, the tendency 

to use high-speed trains in order to supply the growing traffic demand results in 

deflections in the railway system. Nonetheless, when approaching the so-called 

‘critical speed’ [1-5], dynamic amplification occurs, and the response is further 

increased, leading to faster degradation mechanisms, poor ride quality, and ultimately 

more frequent and higher maintenance costs [4,6-7]. 
 

Similarly, the various track properties play a crucial role in the overall railway 

response. Important variations in the track properties, such as rail irregularities, 

transitions zones, etc., result in wheel-track interaction forces, which amplify the 

structure response [8-9]. Regarding the supporting soil, magnification in its response 

depends upon its properties and the dynamic excitation [10-12]. Overall, when the 

railway system is subject to a high-speed excitation, the response propagates within 

the soil, affecting the track system and causing disturbances in the vicinity structures. 
 

Therefore, this paper investigates the amplification of the railway system due to 

speed. For this, different track types and soil layering effects are studied, and their 

dynamic track-ground response is analysed via a combination of analytical and semi-

analytical approaches. 
 

2  Methods 
 

The track-ground coupling behaviour is simulated by combining analytical and semi-

analytical methodologies. The ballasted and the slab tracks are represented via 

analytical beam on elastic foundation, BOEF, formulations. In contrast, the 3D ground 

is simulated through the thin layer method, TLM [13-15]. Once both systems have 

been modelled independently, coupling techniques are enforced, and the track-ground 

dynamic response can be obtained – see Figure 1. 
 

  

Figure 1: Track coupled with TLM soil model. 
 

Regarding the tracks, analytical two-layer BOEF models are employed. The rail is 

simulated as a continuous Euler-Bernoulli beam supported by a continuous 
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viscoelastic layer representing the railpads. In the ballasted case, the rail-pads are 

resting on two continuous masses simulating the sleepers and the ballast –Figure 2a. 

In contrast, a beam representing the slab supports the railpads in the slab track type – 

Figure 2b. Both track models rest on a continuous layer of spring-in-series 

corresponding to the soil. 
 

 

 

Figure 2: BOEF models, (a) ballasted track, (b) slab track. 
 

The track response is computed using Equation (1) inversion, representing its dynamic 

behaviour in the wavenumber-frequency domain. 
 

[𝐷̃]
𝑏,𝑠𝑏

{𝑈̃}
𝑏,𝑠𝑏

= {𝐹̃}𝑏,𝑠𝑏

          (1) 

where ‘b’ and ‘sb’ corresponds to the ballasted and slab track, respectively; 𝐷̃ is 

the dynamic stiffness matrix of the system – see [2,13] for further information. 𝑈̃ 

and 𝐹̃ are the vectors of displacements and forces 

respectively: [𝑢̃𝑟 , 𝑢̃𝑠, 𝑢̃𝑏𝑓]
𝑇
and [𝑝, 0,0]𝑇in ballast, and [𝑢̃𝑟 , 𝑢̃𝑠𝑏]𝑇and  [𝑝, 0]𝑇 in the 

slab track, where the applied force is 𝑝. Subscripts ‘r’, ‘s’, ‘bf’ and ‘sb’ represents the 

rail, sleeper, ballast and slab components.  
 

Regarding the soil, the TLM allows for the 3D layered soil representation via 

discretisation of the domain according to the smallest relevant wavelength [13]. In 

addition, finite element techniques are employed in the solution of the soil system 

equation of motion involving a stiffness matrix relating the displacements and the 

stresses at both sides of a single layer.  
 

Once simulated the soil behaviour, the equivalent stiffness foundation 𝑘̃𝑒𝑞 is 

obtained and used to couple the track and the ground – see Equation (2): 
 

𝑘̃𝑒𝑞(𝛽𝑥, 𝜔) =
2𝜋

∫ 𝑢𝐺(𝛽𝑥,𝛽𝑦,𝑧=0,𝜔) 𝐶𝑡𝑔𝑑𝛽𝑥 
∞

−∞        (2) 
 

where 𝑘̃𝑒𝑞 is computed via Green’s functions related to the soil deflection 𝑢̃𝐺  which 

can be included in the BOEF models as its foundation parameter [13,16]. In general, 

 𝑢̃𝐺  is computed at the soil surface (𝑧 = 0) in the wavenumber-frequency 

domain (𝛽𝑥, 𝛽𝑦, 𝜔), and 𝐶𝑡𝑔 is a scaling factor for the track-soil coupling which 

depends upon the track type, its width, and the track-soil compatibility conditions 

[11]. 
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3  Results 
 

In order to study the effect of train speed on track amplifications, both ballast and slab 

BOEF track models resting on layered soils are considered. The track models are 

excited by a non-oscillating load (i.e. zero riding frequency, 𝑓 ̅ = 0 Hz) of 150 kN 

moving at a constant speed. In addition, the track is supported and coupled through 

semi-analytical methods to a layered ground that rests on a half-space medium. Table 

1 presents the soil properties employed, respectively –for more information regarding 

the track and soil parameters refer to [11]. 
 

Layer Depth 

[m] 

Young’s modulus 

[MPa] 

Poisson’s ratio 

[-] 

Density 

[kg/m3] 

Loss factor 

[-] 

1 2 60 0.35 1500 0.06 

2 ∞ 200 0.35 1800 0.06 

Table 1: Soil parameters. 
 

Figure 3 shows the dynamic amplification curves and the critical speed values (ccr) 

of both track types resting on layered soil and subject by a constant moving force. It 

can be seen that the ballasted track results in larger rail deflections compared to the 

slab case. This track behaviour is also evidenced in the critical speed of each case, 135 

m/s for ballasted and 171 m/s for slab track. Overall, this is due to the additional 

bending stiffness of the slab track. Similarly, Figure 4 shows the track type effect and 

compares the rail deflection at 100% and 50% of the critical speed for both track cases. 

As expected, the track response is amplified at higher speeds. 
 

Figure 5 and Figure 6 compares the ground contours of the layered soils supporting 

the ballasted and the slab track, respectively. In both cases, results are shown for 50% 

and 100% of the critical speed, thus evidencing the amplification effect with speed. It 

can be seen that at lower speeds, contour shapes are uniform. On the contrary, the 

contours display conical-shaped waves with trailing oscillations behind the load at 

higher speeds. 
 

 

Figure 3: DAF of ballasted and slab tracks resting on layered soil. 
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Figure 4: Track response on layered soil, at 100% and 50% of the critical speed, (a) 

ballasted track, (b) slab track. 
 

 

Figure 5: Ground contour due to ballasted track, resting on layered soil at (a) 50% of 

the critical speed, and (b) 100% of the critical speed. 
 

 

Figure 6: Ground contour due to slab track resting on layered soil, at (a) 50% of the 

critical speed, (b) 100% of the critical speed. 
 

4  Conclusions 
 

The railway track vibration generated by the train passage depends upon the individual 

and combined effect of its various components: the train, the track and the supporting 
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soil. When the train approaches higher speeds, larger vibrations on the railway 

structure arise. Moreover, amplification occurs when approaching the so-called 

‘critical speed’, leading to faster track deterioration and maintenance costs increment. 
 

Despite the different numerical approaches developed to study these amplification 

effects, deep-wave propagating problems induced by high-speed trains require more 

elaborated simulations. Thus, this work investigates the railway track amplifications 

due to speed, focusing on the different track types and soil layering effects, for which 

semi-analytical approaches simulating the track-ground dynamic complex behaviour 

are employed. 
 

Overall, results show the influence of speed on the track and layered ground 

response. In the case of the track type, it is observed that the additional bending 

stiffness of the slab track results in lower rail deflections than those of the ballasted 

case. This behaviour also leads to lower critical speeds in the ballasted case compared 

to the slab case. Similarly, higher speeds amplify the ground response. It is observed 

that at speeds closer or equal to the critical, ground response is larger and exhibit a 

conical shape with trailing oscillations, a behaviour which is not displayed at lower 

speeds. 
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