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Experiments have been performed at a test site with six different tracks with under-ballast plates. 

Hammer excitations of the soil and the tracks as well as train passages have been measured. The 

experimental observations are as follows. 1. The natural soil is stiff gravel whereas the railway 

dam consists of softer material. 2. The track compliance indicates a soft ballast if no train is 

present to provide a confining pressure. 3. The track response to the train passages can be split 

into a low-frequency region which is ruled by the static loads and a high-frequency region which 

is ruled by dynamic loads. 4. The track responses to hammer and track excitation indicate the 

presence of many voids between the sleepers and the ballast. 5. The ground vibrations are highly 

influenced by the soil. Due to the stiff soil at the site, the hammer and train induced spectra have 

a considerable high-frequency content. 6. A reduction of the ground vibration has been observed 

in a low-frequency range. The mitigation effects of an under-ballast plate are also investigated by 

calculations of a wavenumber domain model. The under-ballast plate has an effect at low 

frequencies where it distributes the static load over a longer track section. The impulse of the axle 

passage is longer and the frequencies are lower due to the plate stiffness. The axle impulses could 

yield a low-frequency ground vibration in an irregular soil with a randomly varying stiffness. This 

low-frequency part of the ground vibration (the scattered axle impulses) seem to be reduced by 

the under-ballast plate. 
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1. Introduction to the measurements at the Altheim site 

At Altheim in South Germany, six track sections have been built, one reference ballast track 

section and five track sections with under-ballast plates with or without under-ballast mats. The 

principal structure of the track is presented in Figure 1. The rail at the Altheim test site is a S54 rail 

the sleepers are B70 sleepers lying in a distance of 0.6 m. The ballast is hB = 0.3 m, the concrete plate 

hP = 0.3 m thick.  

Early measurements have been performed at one free-field point in 8 m distance from each track 

to establish the mitigation of train-induced ground vibration. The measured differences between the 

different tracks were difficult to explain [1]. It was concluded that the soil at these track sections must 

be analysed in more detail and that theoretical models are necessary to understand the differences. 

BAM has performed detailed measurements at Altheim (and two more places) as part of a research 

work on the prediction of train induced ground vibration [2]. The methods necessary for the prediction 

and the results are presented in the following contribution. 

The measured and calculated results about the mitigation effects are presented for an under-ballast 

plate, but similar results have also been obtained for an under-ballast mat and may be expected for 

under-sleeper pads. The present contribution concentrates on what has been measured at the Altheim 

site: the under-ballast plate. 



ICSV24, London, 23-27 July 2017 
 

 

2  ICSV24, London, 23-27  July 2017 

rail    

rail pad   

sleeper   

sleeper pad  

    

ballast    

    

under-ballast mat  

under-ballast plate  

 

soil    

    

 

Figure 1: Track model consisting of rail, rail pad, sleeper, under-sleeper pad, ballast, under-ballast mat, 

under-ballast plate and continuous soil model. 

2. Experiments to characterize the soil 

2.1 Wave velocities of the soil 

The soil of the test site has been analysed by hammer impacts. The hammer impacts generate 

waves through the soil. The response of the soil is measured by geophones which are placed 

equidistant in a measuring line. The measuring line is usually perpendicular to the track if the soil for 

the propagation of the train induced ground vibration is of interest, but if the sub-soil of the track 

structure is of interest, a measuring line 

lies close to and parallel to the track. 

Both measuring lines have been used in 

Altheim, and the wave propagation 

along the track is measured twice, on 

the soil and on the sleepers. Figure 2 

shows the time histories of all measu-

ring points due to a hammer impact on 

the sleeper. The propagation of the main 

impulse can be observed as the on-set of 

the low frequency vibration with a wave 

velocity of about 300 m/s. These low-

frequency vibration becomes conside-

rably longer at the further measuring 

points. The first arrival of waves con-

sists of much higher frequencies. Alto-

gether, these characteristics describe a 

dispersive nature of the track-soil sys-

tem, where the bending stiffness of the 

track results in faster waves at higher 

frequencies (abnormal dispersion).  
             Figure 2: Wave propagation through the sub-soil of 

                       the track, hammer excitation on a sleeper. 

The frequency-dependent wave velocities can be analysed by different methods such as SASW, 

MASW, wavenumber analysis, and SPAC [3]. Figure 3 shows the results of a special Multistation 

Analysis of Surface Wave method (MASW). The phase spectra of all responses compared to the 

impact force spectrum are unwrapped and plotted. For each frequency, the phases are approximated 

by linear phase-distance function which determines the wave velocity at this frequency. A smaller 
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phase difference per frequency means a higher velocity. Figure 3b shows the results for the sub-soil 

of the track where the wave velocities increase with frequency (abnormal dispersion). The phase 

curves for the free-field soil in Figure 3a are bent down indicating that the phase differences per 

frequency become greater and the wave velocity lower with increasing frequency (normal dispersion, 

typical for a natural soil). 

  

Figure 3: Phase spectra of the transfer functions indicating a) a normal dispersion of the free-field soil and 

b) an abnormal dispersion of the track sub-soil. 

2.2 Transfer functions of the stiff soil 

The impact results of the measuring axes can also be evaluated for the transfer function of the soil. 

The mobilities (particle velocity spectra divided by the force spectrum) are presented for the near- 

and far-field points as one-third of octave band spectra (Fig. 4a). This presentation can also help to 

identify the soil structure at a site. The measured results show an increase with frequency up to high 

frequencies. The ratio between the nearest and the furthest point describes the attenuation of the 

ground vibration with distance. It is relatively small, less than a factor 10 below 20 Hz and less than 

100 at high frequencies. These characteristics are typical for a stiff soil with little damping. Figure 4b 

shows a theoretical transfer function for a soil with a shear wave velocity of vS = 300 m/s and a 

material damping of D = 2.5% for comparison.  

  

Figure 4: Measured (a) and calculated (b) transfer function of the soil at r =  3,  5,  10,  20,  30, 

 50 m, calculation for a homogeneous soil of vS = 300 m/s and D =2.5 %.  

a) b) 

a) b) 
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3. Response of the track to hammer and train load 

Hammer impacts on the rail have been evaluated for the frequency-dependent compliance 

functions of the track (Fig. 5). The compliances of the six track sections vary considerably. Moreover, 

some compliances are rather great compared to the theory in [4]. Even impacts above two consecutive 

sleepers showed different results. Therefore, it has 

been concluded that the ballast is rather soft if no train 

is stiffening it by its weight, and that many voids exist 

between the sleepers and the ballast.  

This conclusion has been confirmed by the results 

from the train passages. Figure 6 shows for example 

the rail and sleeper displacements and velocities when 

a locomotive and one and a half carriage are passing 

track 6 with 100 km/h. The track displacements are 

evaluated from the measured track velocities after 

filtering out the high-frequency content [4], and they 

present the static compliance of the track. The un-

filtered velocity time records (Fig. 6b) include the low-

frequency axle impulses as well as a high-frequency 

noise. The corresponding one-third octave band spec-

tra are shown in Figure 8a for all six track sections. 

The spectra are divided in two parts, a low-frequency 

part up to 20 Hz which is quite similar for all tracks, 

and a high-frequency part, which seems to be related 

to the track state. Those tracks which showed a high 

compliance (for example track 3 and 5) show also a 

stronger high-frequency train induced vibration [5].  
Figure 5: Amplitude and phase of the transfer 

functions of the different track sections  1,  2, 

 3, 4,  5,  6. 

 
 

Figure 6: Track response to train passage, a) rail and sleeper displacements, b) rail and sleeper velocities; 

time histories at track 6,  

  

  
a) b) 
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4. Measured train-induced ground vibration and the mitigation effect 
of the under-ballast plate 

4.1 Response of the soil to hammer impact and train passages  

The train induced ground vibration are presented as one-third of octave band spectra for near and 

far-field points (Fig. 7c,d). The same measuring points have been evaluated for the hammer impacts 

on the rail (Fig. 7a,b). Hammer and train results have common characteristics. The near-field points 

have high amplitudes in the mid-frequency range whereas the far-field points show small and nearly 

constant spectra in agreement with the free-field spectra in Figure 4a. The near-field spectra look like 

a soft soil with a low-frequency cut-off due to increasing stiffness with depth, a high-frequency cut-

off due to the strong effect of damping, and an elevated mid-frequency region. The difference between 

the soft near-field and the stiff far-field behavior can be explained by the artificial dam in the near-

field where soft material has been tipped on the natural stiff soil. 

The similarity of the hammer and train-induced spectra proves the reasonable use of the hammer 

excitation for the prediction of train induced ground vibration [2]. Moreover, a rather smooth force 

spectrum can be concluded [5]. The only singular frequency component is the sleeper passing 

frequency of 50 Hz.  

  

  
Figure 7: Ground vibration due to a,b) hammer and c,d) train excitation, a,c) track 1 without plate, 

a,c) track 2 with plate, r =  2,  7, 10,  20,  30,  50 m. 

a) b) 

c) d) 
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4.2 Comparison of the sections with and without ballast plate  

The comparison of the ground vibration strongly depends on the distance to the track. At the near-

field points on the dam, the results are quite arbitrary with unexpected high amplitudes at track II. 

The irregularities occur for the hammer and for the train excitation as well. These irregularities 

explain why the mitigation of ground vibration by the different ballast-plate tracks could not be 

established from the near-field points [1]. Knowledge about the soil is very important if different 

track sections should be compared.  

  

Figure 8: Train-induced track vibration at track sections  1,  2,  3, 4,  5,  6 (a) and ground vibra-

tion at 30 m distance from the track,  track 1 without plate,  track 2 with plate.  

Nevertheless, the results of the complete measuring axes can be evaluated for the effects of the 

different tracks. If we look at the far-field results which are from the regular natural soil, a clear 

difference can be found at a certain raised vibration component around 10 Hz. The amplitudes for the 

track with under ballast plate are clearly smaller than the amplitudes of the reference track without 

plate. The results at r = 30 m are directly compared in Figure 8b and the strongest reduction has been 

found as one fourth (-12 dB) at 12 Hz. 

5. Calculation of ballast-plate tracks in wavenumber domain 

The ballast-plate track model of Figure 1 is calculated in frequency wavenumber domain [7]. The 

following parameters have been chosen, bending stiffness of the S54 rails EIR = 2 x 2.1 1011 x   

2.3 10 -5 Nm2 = 9.7 106 Nm2, mass per length of the rails m’R = 2 x 54 kg/m, stiffness of the ballast 

kB = 2.6 109 N/m, shear wave velocity of the soil vS = 300 m/s. Results are presented for four different 

track systems, a reference ballast track without plate, a track with a thin under-ballast plate 

(hP = 0.15 m), a track with a thick under-ballast plate (hP = 0.5 m) and a track with a plate of 

hP = 0.3 m which has been measured in Altheim.  

Figure 9a shows the load distribution under the track. The load is distributed on a wider area by 

the stiffness of the under-ballast plate. The thicker the plate is, the wider is the load distribution. The 

spatial distribution of the force density can be transformed into a time history by the train speed. 

Finally, the frequency content of this impact time history has been calculated and is presented in 

Figure 9b The bandwidth of the spectrum is considerably reduced by the thicker plates. Figures 9c,d 

show the forces as one-third of octave band spectra for a single wheelset and for two wheelsets of a 

bogie with an axle distance of 2.5 m. It can be seen that in the most important frequency range up to 

16 Hz, the effect of the plates is already present. At 12 Hz, the plate of hP = 0.3 m reduces the force 

a) 

b) 
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amplitude to one fourth compared to the standard ballast track. This agrees well with the observation 

of the measurement.  

  

  

Figure 9: Calculated axle impulses for different under ballast plates, hP =  0,  0.15, 0.3,  0.5 m, 

a) load distribution along the track, b) impulse spectra on the ground, one-third octave band spectra of a 

single axle c), and of a bogie d). 

6. Discussion of the reduction effect of the under-ballast plate 

The impulses due to the passage of the static axle loads are superposed to a low-frequency quasi-

static soil response [2, 8]. This quasi-static response attenuates strongly and is therefore restricted to 

the close near field of the track [2]. If the transmission of the axle impulses from different sleepers is 

irregular, for example due to a randomly varying ballast or soil stiffness, a scattered part of the 

impulses will be present in the far field [8, 9]. Both arguments together, the wider load distribution 

by the under-ballast plate and the scattering of the impulses by a randomly varying ballast or soil, 

explain well the observed reduction of the low-frequency ground vibration. 

The dynamic reduction effect of an under-ballast plate is rather small and an amplification occurs 

at some resonance frequencies because of the reduced radiation damping [7, 10]. Other reasons for 

the low-frequency reduction could be a constrained settlement of the ballast, or the filtering of the 

sub-soil irregularities by the bending stiffness of the plate [11, 12]. 

7. Conclusion 

For the Altheim site, different experimental methods have been presented which are useful for the 

prediction of train induced ground vibrations. The soil has been characterised by wave velocities or 

by transfer functions (mobilities) to predict the transmission. The track is characterised by its transfer 

function and the quasi-static compliance under the train load which are necessary to predict the 

vehicle-track interaction and the emission of ground vibration. From the track measurements, a high 

a) b) 

c) d) 
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portion of voided sleepers are concluded at this site. The train passages show a low-frequency 

reduction effect of the under-ballast plate compared to the standard ballast track. Calculations show 

the same reduction of the under-ballast plate for the axle-impulse spectrum. For a regular soil, this 

could only be seen in the near field of the track, but in case of a scattering of the axle impulses by an 

irregular soil with a randomly varying stiffness, this reduction can also be seen in the far-field as it 

has been measured in Altheim. 
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