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1 Abstract 
Ballasted railway systems are increasingly affected by higher dynamic loads, 
either by high speed trains or heavier freight trains. Consequently, from a 
geotechnical perspective the ballast and subgrade is primarily affected by 
degradation or rearrangement of soil particles. However, phenomenon as 
liquefaction can occur if the soil consists of water saturated coarse material. 
Regardless of which phenomenon the soil is affected by, the outcome is 
settlements.   

This paper presents frequency analysis of accelerometer measurements on trains 
which provide information of the soil response due to dynamic loading for long 
railway sections. The interpretation of the analysis considers in particular the Eigen 
frequencies of track components and soil layers. Analytical calculations of 
expected ballast and soli layer Eigen frequencies are performed for the studied 
railway sections. Through the analysis good correlation is obtained between the 
expected Eigen frequencies and the measurement results. Thus, the influence of 
dynamic loading on various soil layer and ballast has been possible to assess. The 
most critical consequence that can occur in the studied sections is liquefaction, 
because of resonance of the water saturated subgrade, which induce pore pressure 
increase and consequently a decrease of the effective stresses. These results in 
reduced bearing capacity followed by settlements.  

Accelerometer measurements on trains enables assessment of soil layer 
thicknesses along railways through back calculation, using the detected resonance 
frequencies related to known soil types. Applicable use for this method would be 
old railway tracks where little or no information exists of the soil conditions. Thus, 
conventional borehole sampling could be reduced.  
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2 Introduction 
Running trains along railways induces energy through dynamic loads which 
produces waves into the soil, in other words ground vibrations (Hall 2003, Chouw 
et al. 1991). Settlements, liquefaction and degradation of material are phenomenon 
associated with dynamic loading on ballasted railway infrastructure. Settlements 
are derived from liquefaction and degradation or rearrangement of material due to 
dynamic loading (Lichtberger 2005, Richart & Woods 1970).  

From the literature review studies of ground vibrations caused by trains focus on 
prediction models of ground vibrations in the vicinity of the railway where the 
wave velocity prediction is central, (Hall 2003, Connolly et al. 2014), as well as 
the soil/structure response solely related to displacements (Kouroussis et al. 2010, 
Picoux 2003). Thus, a focus on vibration measurements along railways where 
analyses of soil layer Eigen frequencies are considered could provide knowledge 
to minimize negative impact because of dynamic loading. Since detection of soil 
resonance along railways insures where measures must be performed for a specific 
soil layer so the settlements can be reduced. In addition, back calculation of soil 
layer thicknesses is possible along railways by Eigen frequency analysis. 
Therefore, studies of vibrations on trains are crucial for the ability to consider 
longer railway section, especially old sections where little information exist about 
the soil conditions.    

3 Assumptions 
Currently in the Swedish railway system field little or no focus lies on the impact 
of dynamic loading on the subgrade. Nevertheless, measurements of the height and 
side positions of the rail profile are performed, for assessment of the track 
condition. These measurements are performed by measuring trains, where the 
obtained data origins from acceleration measurements in the time domain. 
Therefore, instead of processing the acceleration data for detection of the rail 
profiles height and side position it can be transferred into a frequency domain. 
Once the data is in the frequency domain possibilities arise for dynamic analysis 
of the railway superstructure as well as the subgrade.  

Since dynamic analysis for soils is based on single-degree-of-freedom model it 
implies consideration of Eigen frequencies. Thus, the very most crucial part is 
determination of every single track components Eigen frequency. By the 
knowledge of different components Eigen frequency a detailed assessment is 
possible to perform of which components are affected due to dynamic loading. 
Since the amplification peaks reveal resonance frequencies, which occur when the 
excitation force frequency and the components Eigen frequency are equal.  
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With the knowledge about resonance frequencies related to ballast and subgrade 
through frequency analysis, especially two approaches for interpretation are 
possible. One is to determine the impact on soils, since several researches declare 
that resonance of soil leads to negative consequences such as settlements. The 
second approach is to determine soil layer thicknesses along the railway by the 
relationship between Eigen frequency, shear wave velocity and layer thickness, 
together with information about the soil conditions in the area.  

4 Method 
The required data for frequency analysis related to railways can be obtained in 
three different ways. One way is by retrieving acceleration data from measuring 
trains which implies that an accelerometer within the measurement equipment on 
the train records the vertical accelerations due to vibrations. These can be obtained 
as well by installation of an accelerometer on other trains like freight trains. Both 
methods provide similar data, but through measurements on freight trains the 
everyday impact on ballast and subgrade can be detected. Third method of 
obtaining acceleration data is by mounting an accelerometer on a crosstie, this will 
provide local data as well as it gives the information for example when an onset of 
liquefaction occurs due a certain number of train wagon passages.  

To be able to perform frequency analysis the acceleration data in the time domain 
must be transformed into the frequency domain, which can be performed by a 
programming language utilising Fast Fourier Transformation (FFT). When 
measurements are obtained for a long distance it is advantageously to divide the 
data into shorter sections before FFT. Thereafter analysis process is possible to 
commence, where data in the frequency domain is compared to the Eigen 
frequencies for soils within each section. Thus, resonances of soil layers are 
possible to detect which can be used for assessments. 

For the study included in this paper the acceleration data is retrieved for two 
railway sections where a measurement train has performed the measurement. 
These measurements take place between Boden and Gällivare in Sweden, where 
measurements with the train are performed more specifically along sections named 
Tolikberget and Polcirkeln-Koskivaara. Data is obtained from two different 
occasions, one from measurements performed in May and the other from October 
the same year. Through this it is possible to compare if differences can be detected 
in soil behaviour between the thawing period and beginning of freezing period.     

Knowledge of the soil conditions for Tolikberget and Polcirkeln-Koskivaara are 
obtained through Swedish Transport Administration, as well as the technical 
requirements for calculation of dynamic properties of soils. Thus, the analytical 
calculation of Eigen frequencies of ballast and subgrade can be performed. 
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5 Results 
5.1 Tolikberget 
The survey has been carried out for a 100m long section at Tolikberget, namely 
km 1222+300-1222+400 between Boden and Gällivare in Sweden. Soil conditions 
along this section are obtained through a geotechnical database from Swedish 
Transport Administration, Trafikverket (2017), where the subgrade consists of 2.0 
meter thick layer of gravely silty sand and the subsoil of 0.5 meter thick ballast 
layer Figure 1. 

 

Fig. 1: Soil stratigraphy for Tolikberget. (Trafikverket 2017) 

Thus, the Eigen frequencies of subgrade and ballast are based on these data. By 
the analytical calculations based on technical requirements from Swedish 
Transport Administration, Trafikverket (2011), the derived Eigen frequencies are 
26.46 Hz and 119.80 Hz for subgrade and ballast respectively (Majala 2017).  

Speed of measurement trains are important to consider in dynamic analysis, 
especially if comparisons between two measurements are performed. Therefore, 
an assessment of the average speed in May and October is performed which shows 
that there are minor differences in the average speed in percentage (Majala 2017). 

Results of acceleration measurements are presented in the frequency domain 
associated to subgrade Eigen frequencies for May and October, as well as for the 
left and right hand side of the train. These are shown in Figure 2 and 3. 

Results for Tolikberget, km 1222+300-1222+400, where the FFT on the signals 
are presented for the frequencies below 100 Hz, which covers the Eigen 
frequencies of the soil.  
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Fig. 2: Results of frequency analysis between 0-100 Hz, Tolikberget km 
1222+300-1222+400 May 2016. (Majala 2017)  

 

Fig. 3: Results of frequency analysis between 0-100 Hz, Tolikberget km 
1222+300-1222+400 October 2016. (Majala 2017)   
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5.2 Polcirkeln-Koskivaara 
A section of 100 meters length is chosen for the survey of Polcirkeln-Koskivaara 
area, which is located between Boden and Gällivare at km 1251+200-1251+300. 
This location is a swamp area, thus the subgrade consists mainly of peat with 
shifting water content. According to the data from the Swedish Transport 
Administration geotechnical database, Trafikverket (2017), the subgrade has a 
varying layer thickness of peat between 0.70 to 5.48 meter and the ballast layer 
thickness varies from 0.50 to 1.50 meter. A representative image of the soil 
stratigraphy is presented in Figure 4.  

 

Fig. 4:  Soil stratigraphy for Polcirkeln-Koskivaara. (Trafikverket 2017) 

 

Analytical calculations of subgrade and ballast Eigen frequencies are based on the 
obtained geotechnical data and requirements from Swedish Transport 
Administration (Trafikverket 2011). Since the peat layer thickness and water 
content vary the Eigen frequency is assessed to be in a range of 6.81 to 67.56 Hz. 
Furthermore, is the ballast layer Eigen frequency estimated to be between 44.46 
and 101.34 Hz (Majala 2017). 

 Comparing the measurement trains average speed from May and October, a 
significant difference in percentage is found.  

Acceleration measurements performed during May and October has data from left 
and right hand side of the train. These are presented in the frequency domain where 
the range is associated to subgrade and ballast Eigen frequencies. Figure 5 and 6 
provide a visual view of the results.   
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Results for Polcirkeln-Koskivaara, km 1251+200-1251+300, where the FFT on the 
signals are presented for the frequencies below 100 Hz, which covers the Eigen 
frequencies of the soil.  

 

 

Fig. 5: Results of frequency analysis between 0-100 Hz, Polcirkeln-Koskivaara 
km 1251+200-1251+300 May 2016. (Majala 2017) 

 

 

Fig. 6: Results of frequency analysis between 0-100 Hz, Polcirkeln-Koskivaara 
km 1251+200-1251+300 October 2016. (Majala 2017) 
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6 Analysis 
One important thing to consider when analysing data from the thawing season is 
the weather condition. Therefore, by reviewing videos from Swedish Transport 
Administrations film database taken during measurements weather conditions are 
assessed. For both sections, Tolikberget and Polcirkeln-Koskivaara, there is no 
covering snow layer during May which is the end of the thawing period. 
Nevertheless, the soil might still be partly frozen or contain significantly more 
water, which then affects the behaviour of the soil. Thus, the measurement result 
due to dynamic loading can diverge from dry conditions which take place after the 
thawing season.  

In October which is the beginning of the freezing period in northern Sweden, the 
soil conditions can be found to be drier compared to other seasons. Therefore, an 
analysis from measurements performed in October is crucial to consider in the 
sense that it provides information related to good soil conditions. 

6.1 Analysis of measurements from Tolikberget km 
1222+300-1222+400 

6.1.1 Measurements Performed in May 
Resonance frequencies in the range from zero to 100 Hz are associated mainly with 
the superstructure and subgrade. When analysing the results resonance can be 
detected at 24 Hz, thus it is in all likelihood related to the subgrade. Since, 
according to analytical calculation the Eigen frequency of subgrade is 26 Hz. A 
peak at 35 Hz can be detected and according to an empirical chart over Eigen 
frequency vs. layer thickness for various soil types (Lichtberger 2005) the Eigen 
frequency of subgrade can obtain a value of this dimension. Thus, a correlation 
between the resonance at 35 Hz and subgrade is valid. 

Eigen frequency of superstructure is between 44 Hz and 49 Hz, depending on if it 
contains concrete or wooden crossties (Lichtberger 2005). Resonance is detected 
at 47 Hz, which then with certainty can be related to the superstructure. 

6.1.2 Measurements Performed in October 
Generally, the results from October correlate with those from May, basically there 
is one difference. The higher resonance peak at 24 Hz which is detected at the left 
rail in May is instead detected at the right rail in October. Two explanations are 
possible for this appearance. One is due to thawing in May which causes softer soil 
conditions, and the second explanation is that measurements are performed in the 
other direction in October. 
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6.1.3 Resonance impact analysis of the subgrade and 
ballast 
Combination of a subgrade consisting of coarse grained soil and a high 
groundwater table which is located below the ballast layer (Noppa 2003) 
consideration regarding liquefaction must be taken. Since risk for liquefaction 
occur due to resonance caused by dynamic loading (Richart & Woods 1970). Thus, 
the consequence by this phenomenon will be settlements due to bearing capacity 
loss of the soil. However, the ballast layer can liquefy as well due to very high pore 
pressures that cause the water to penetrate all the way to the surface. 

Nevertheless, unsaturated cohesionless soils must be considered regarding 
dynamic loading. Because due to increasing number of load cycles the permanent 
vertical strains increase for cohesionless soils (Richart & Woods 1970). Thus, 
independently whether cohesionless soils are saturated or unsaturated it is 
necessary to consider the effects of resonance. 

Dynamic loading affects ballast material in a way that the initially square and 
angular shaped material by time deteriorates. Therefore, formation of rounder 
grains take place, which decreases the dilatancy angle resulting in compaction of 
the ballast bed. Due to deterioration of the material fine grained material occur 
between larger grains. Thus, a degradation of shear modulus, shear strength and 
bearing capacity of the ballast bed develop (Lichtberger 2005). 
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6.2 Analysis of measurements from Polcirkeln-
Koskivaara km 1251+200-1251+300 

6.2.1 Measurements Performed in May 
Since the Eigen frequency of the subgrade consisting of peat is expected to be in a 
range of 6.81 Hz to 67.56 Hz. A correlation between the measurement result and 
expected values is not valid even though resonance frequencies are detected 
between 40 to 45 Hz and 50 to 57 Hz. Because resonance in the lower spectra for 
peat is clearly detected in October as well as these mentioned above. Which then 
confirms that resonance detected at 40 to 45 Hz and 50 to 57 Hz is related to the 
superstructure or ballast which is in accordance with the analytical calculation 
(Majala 2017) and the derived values described in literature (Lichtberger 2005).  

One reason for the obtained measurement result might be due to the low speed of 
the train, which is in percentage much lower than in October. Another reason could 
be that the soil still has been partly frozen towards the end of the thawing season. 
Thus, with a layer of ice in the ground, resonance frequencies of frozen peat occur 
in very high frequency ranges. Since shear wave velocity of ice is about 1950 m/s 
according to Kohnen (1974). Therefore, an absence of resonance in lower 
frequencies is understandable.  

6.2.2 Measurements Performed in October 
As mentioned resonance frequencies are detected in these measurements in the 
range for superstructure and subgrade Eigen frequencies. Thus, correlation 
between measurement result and analytical calculation exist.  

6.2.3 Resonance impact analysis of the subgrade and 
ballast 
Subgrade of peat with a high water content indicates that the soil is in a liquid state. 
Therefore, as a consequence due to dynamic loading pore pressures increase 
(Richart & Woods 1970), this phenomenon can cause the water to move towards 
the surface and set the ballast layer as well in a liquefied state.  

Since the superstructure consists of ballast the same effect is obtained on the 
material due to dynamic loading as described earlier. This means that the material 
is subjected to deterioration. Thus, the consequences are settlements due to 
degradation of shear strength, shear modulus followed by the loss of bearing 
capacity (Lichtberger 2005).  
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7 Conclusions 
By analysis of measurements obtained from two different railway sections a valid 
correlation is clear between analytical calculations of expected Eigen frequencies 
and the measurement results. Thus, verification of the method’s reliability is 
obtained. 

In consideration of the consequences that may arise from dynamic loading of the 
soil it is possible to identify some important phenomena that affect the railway 
embankment negatively. One is liquefaction of the subgrade or ballast due to 
increased pore pressures within saturated coarse grained soil, which results in loss 
of bearing capacity and settlements (Richart & Woods 1970). Another 
phenomenon that is important to consider is the deterioration of ballast, since it 
leads to degradation of the materials shear modulus, shear strength and bearing 
capacity followed by settlements (Lichtberger 2005). A remedial measure against 
the occurrence of ballast deterioration is a change of ballast layer thickness, since 
it changes the Eigen frequency of the material. Thus, possibilities of resonance 
related to ballast layers can be reduced. Same idea of changing the layer thickness 
or material is valid for reducing settlements connected to the subgrade.  

One implementation of this analysis method is back calculation of layer 
thicknesses between two known positions where data of the soil condition is 
available. Thus, by interpretation of Eigen frequencies related to known soil types 
obtained from measurements into the analytical equation the layer thicknesses can 
be established. Through this approach the demand for conventional borehole 
samplings could be reduced. Areas where this implementation of analysis method 
would be of special use are old railway tracks where little or no documentation 
exists regarding the soil conditions and whose design has been adapted 
empirically.   
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