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Abstract. The development in society means that infrastructure like ballasted 
railway systems are facing challenges due to request for increased number of 
high-speed trains and heavier freight trains. This implies that ballasted railways 
get an increased impact from larger dynamic loads. The question is how the bal-
lasted railways are today affected by dynamic loading and how will an increase 
in train speed and weight change the soil behaviour within the railway embank-
ment.  
A method of investigating soil behaviour is via geophysical measurements. Ac-
celerometers are commonly used for vibration measurements and by installing 
them on trains measurements are possible to perform for complete railway sec-
tions. The knowledge of Eigen frequencies for various track components and soil 
layers are essential when considering frequency analysis of accelerometer meas-
urements. Specifically, this means that the analysis is about detecting resonance 
of different components. From the actual case study, a good correlation is ob-
tained between the expected Eigen frequencies and the measurement results. 
Thus, an assessment of the dynamic loadings influence on various soil layers and 
ballast has been possible to perform. Resonance of a soil layer means that the 
particles will be rearranged and degraded. For the case when saturated soil layers 
are subjected to resonance a phenomenon called liquefaction can occur if the pore 
pressures increases to the level were soil layers loses their effective stresses. 
Therefore, the most critical finding in this study is liquefaction because it leads 
to a loss in bearing capacity followed by settlements. 
Old railway tracks where little or no information exist of the soil conditions are 
the most suitable areas were this measurement and analysis method is of special 
use. Consequently, conventional borehole sampling can be reduced. 
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1 Introduction 

Ground borne vibrations are generated by dynamic loads which induces energy into the 
soil and cause wave propagation in the ground [1] [3]. Since moving trains cause dy-
namic loading there are phenomenon within the railway infrastructure which can be 
associated to dynamic loading such as liquefaction, rearrangement and degradation of 
material leading to settlements [6] [10]. 
By investigations of the previously conducted research in the field of train induced 
ground vibrations the focus is mainly on prediction models of ground vibrations in the 
vicinity of the railway having the prediction of wave velocity as the central subject as 
well as displacements due to soil/structure response [5] [9]. Thus, measurements of 
vibrations on moving trains together with an analysis method focusing on the frequency 
content where soil layer Eigen frequencies have a central role, more knowledge can be 
obtained about how the effect of dynamic loads from trains are. Since settlements could 
be reduced by detecting the soil resonance along railways and therefore know where 
measures must be taken for specific soil layers. Nevertheless soil layer thicknesses are 
possible to determine along railways by back calculations integrated with Eigen fre-
quency analysis. Hence, this measurement and analysis method can be considered as 
crucial for investigations of old railway sections where little information exist about the 
soil stratigraphy. 

2 Assumptions 

Dynamic loading have become more of a priority subject for the Swedish Transport 
Administration, however the assessment of track condition is performed based on meas-
uring the height and side positions of the rail profile. So called measuring trains conduct 
these measurements and to obtain the change in height and side position accelerometer 
data from the time domain is processed in order to get metric displacements. Instead of 
processing the acceleration data into metric displacements it can be transferred by Fou-
rier transformation into a frequency domain which enables a dynamic response analysis 
of the railway superstructure and subgrade. 
Single-degree-of-freedom model is the basis for soil dynamics. Thus, Eigen frequency 
become the most important parameter to consider in dynamic analysis. By determina-
tion of all track components Eigen frequencies the essential information is obtained for 
further analysis where the aim is to assess in which magnitude track components are 
affected by dynamic loading. This can be discovered by detection of resonance frequen-
cies that are visible as amplitude peaks for certain frequencies.  
Interpretation of dynamic analysis enables two possible approaches. First one is deter-
mination of the impact on soil, because negative consequences such as settlements are 
declared by many researchers. Second one is related to determination of soil layer thick-
nesses for railway sections by using the relationship between layer thickness, Eigen 
frequency and shear wave velocity in a back calculation approach. 
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3 Method 

Data used for frequency analysis of train induced vibrations is possible to acquire in 
various ways. On moving trains accelerometers are possible to use for data acquisition 
of train induced vibrations which is the case for measurement trains. Another method 
is to have accelerometers mounted on the crossties or within the railway embankment.  
Through this, the local data of train induced vibrations caused by the passing train are 
obtained and changes in the frequency content might be detected during passing of the 
train. This will also offer the opportunity to identify changes in the soil behavior over 
the length of the train and will provide further information about increase in pore pres-
sures and a potential onset of pumping or liquefaction after a certain amount of wheel 
axle passages. 
Frequency analysis requires data in a frequency domain which implies that the acquired 
vibration data in time domain has to be transformed. This transformation is possible to 
perform with means of a programing language and Fast Fourier Transformation (FFT) 
code. When the transformation is performed the frequency analysis can be conducted 
by detection of amplitude peaks which are related to the sought Eigen frequencies. 
Thus, an assessment is feasible to perform of which soil layers and track components 
are affected by resonance. 
Measurement data for the study considered in this paper is retrieved from measurement 
trains. Two railway sections between Boden and Gällivare in northern Sweden are se-
lected for the frequency analysis. First section is Tolikberget and second one is 
Polcirkeln-Koskivaara, since these are located in the northern part where freezing and 
thawing of the soil occurs, data is obtained both from May and October. In other words 
from the season with thawing and freezing respectively. Thus, a comparison between 
soil behaviour is possible when thawing occurs and freezing begins.  
Through Swedish Transport Administration the technical requirements for analytical 
calculations of dynamic soil properties and information of soil conditions are obtained. 
Thus, Eigen frequencies of ballast and subgrade can be calculated. 

4 Results 

4.1 Railway Section Tolikberget 

Section km 1222+300-1222+400 between Boden and Gällivare which is a 100m long 
part along Tolikberget is the location for the first study. The information of soil condi-
tions are obtained from Swedish Transport Administrations geotechnical database [12], 
where the superstructure consists of 0.5m thick ballast layer and the subgrade of 2.0m 
thick gravely silty sand layer (see Fig. 1). 
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Fig. 1. Soil stratigraphy of railway embankment at Tolikberget [12]. 
 

Eigen frequencies of the soil layers are 26.46 Hz and 119.80 Hz for the subgrade and 
ballast respectively [7]. All calculations are based on the requirements of Swedish 
Transport Administration [11]. 
Since the speed of a train can affect the magnitude of ground borne vibrations. Thus, 
calculation of the train average speed during the measurements in May and October 
must be considered. However, calculations show minor differences. Thus, the impact 
of train speed is not considered to affect the variations in the results [7].  
Results of the transformed data based on data from measurements performed in May 
and October are presented below (see Fig. 2 and Fig. 3). The frequency domain of the 
graphs are within the range of subgrade Eigen frequencies 0-100 Hz. Since the vibra-
tions are measured on both left and right hand side of the train are the results shown for 
both sides. 

 
Table 1. Eigen frequencies for subgrade and ballast. 

Soil type Expected Eigen frequen-
cies (Hz)  

Eigen frequencies from 
measurements (Hz) 

Subgrade 
Ballast 

26.46 
119.80 

24 
120 
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Fig. 2. Results of transformed data, frequency range 0-100 Hz, Tolikberget km 

1222+300-1222+400 May 2016 [7]. 
 

 
Fig. 3. Results of transformed data, frequency range 0-100 Hz, Tolikberget km 

1222+300-1222+400 October 2016 [7]. 
 

4.2 Railway Section Polcirkeln-Koskivaara 

The second studied section with a length of 100m is km 1251+200-1251+300 between 
Boden and Gällivare located at Polcirkeln-Koskivaara area. Information about the soil 
condition for this section is obtained through the geotechnical database from Swedish 
Transport Administration [12]. The superstructure has a ballast layer with varying 
thickness between 0.5m and 1.5m. Since Polcirkeln-Koskivaara is a swamp area the 
subgrade consist mainly of peat with a layer thickness varying between 0.7m and 5.5m 
(see Fig. 4). 
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Fig. 4. Soil stratigraphy of railway embankment at Polcirkeln-Koskivaara [12]. 
 

Eigen frequencies of the ballast and peat layers are calculated to be within a range due 
to the varying layer thicknesses. The peat layer has an Eigen frequency in the range of 
6.8 Hz to 67.6 Hz and the ballast layer Eigen frequency varies between 44.5 Hz and 
101.3 Hz [7]. These calculations are also based on the requirements from Swedish 
Transport Administration [11].  
Significant difference in percentage is found regarding the average speed of the meas-
urement train, in October is the average speed 41 percent higher than in May [7].  
Results regarding the transformed data based on measurement data from May and Oc-
tober are presented for both left and right hand side of the train (see Fig. 5 and Fig.  
6).The range of the frequency domain is within the subgrade and ballast Eigen fre-
quency 0-100 Hz. 

 
Table 2. Eigen frequencies for subgrade and ballast. 

Soil type Expected Eigen frequen-
cies (Hz)  

Eigen frequencies from 
measurements (Hz) 

Subgrade 
Ballast 

6.8-67.6 
44.5-101.3 

18-67 
45-101 
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Fig. 5. Results of transformed data, frequency range 0-100 Hz, Polcirkeln-

Koskivaara km 1251+200-1251+300 May 2016 [7]. 
 

 
Fig. 6. Results of transformed data, frequency range 0-100 Hz, Polcirkeln-

Koskivaara km 1251+200-1251+300 October 2016 [7]. 
 

5 Analysis 

To have knowledge about the weather conditions for the time period in May and Octo-
ber are of importance since it provides information regarding possible saturation degree 
of the soil and amount of frozen soil. Swedish Transport Administration film database 
contains videos from the measurements and therefore the actual weather conditions 
during each measurement are possible to assess. Considering both Tolikberget and 
Polcirkeln-Koskivaara during the thawing period in May no covering snow layer is 
visible. Nevertheless, the subgrade and ballast might contain more water because of 
partly frozen areas within the different soil layers which in other hand can affect the 
soil behavior. Thus, a deviation from dry conditions can take place in obtained meas-
urement data. Therefore, an analysis with respect to dry soil conditions must be consid-
ered of importance for confirmation of the dynamic soil behavior without an impact of 
excess pore water. Hence analysis is conducted related to the beginning of the freezing 
period which occur in October. 
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5.1 Frequency Analysis of Measurements from Railway Section Tolikberget 

Analysis of Measurements Performed in May. Superstructure and subgrade reso-
nance frequencies are mainly associated with a low frequency range between 0 Hz and 
100 Hz. Through the results resonance is detected at 24 Hz, since the subgrade Eigen 
frequency is estimated to 26 Hz it is very likely related to the subgrade. At 35 Hz a 
resonance peak is detected which is possible to associate with the subgrade because 
according to an empirical chart over Eigen frequency vs. layer thickness for various 
soil types [6] the subgrade Eigen frequency can obtain a value of 35 Hz. Resonance is 
detected as well at 47 Hz, according to Lichtberger.B[6] is the Eigen frequency of a 
superstructure between 44 Hz and 49 Hz depending on the type of crosstie. Thus, this 
can be related to resonance of the superstructure. 
Analysis of Measurements Performed in October. Comparing the results from May 
with these in October indicates minor differences. The only significant difference is 
that the higher resonance frequency peak at 24 Hz is detected at the right rail in October 
measurements instead of the left rail as in May month’s measurements. There are two 
possible explanations for this difference, first one is related to effects of thawing which 
causes softer soil conditions and more damping. The other explanation is that during 
October the measurements are conducted in opposite direction compared with May. 
Analysis of the Resonance Impact. Liquefaction is a phenomenon related to a conse-
quence of saturated coarse grained soil being affected by resonance [10]. Therefore, it 
is of importance to consider for a railway section such as Tolikberget which has a sub-
grade consisting of gravely silty sand and a ground water table following the subgrades 
surface [8]. The consequence due to liquefaction is bearing capacity loss by low effec-
tive stresses leading to settlements. However, with very high pore pressures water can 
be transported through the ballast layer and cause liquefaction in that layer as well.     
Rearrangement of soil particles occur in cohesionless soils during resonance and in-
creased number of load cycles. Thus, permanent vertical strains increase regardless of 
saturation level hence the effect of resonance must be taken into account [10].  
Initially ballast material is of a square and angular shape. However, dynamic loading 
causes a deterioration of the grains with time. Thus rounder grains will form decreasing 
the dilatancy angle resulting in material compaction. In addition, fine grained material 
is formed between the larger particles causing degradation of the shear strength, shear 
modulus and bearing capacity of the material [6]. 

5.2 Frequency Analysis of Measurements from Railway Section Polcirkeln-
Koskivaara 

Analysis of Measurements Performed in May. Analytical calculations of subgrade 
and ballast Eigen frequencies indicates variations in the values. However, resonance 
frequencies are only detected between 40 Hz to 45 Hz and 50 Hz to 57 Hz which is not 
fully according to expected values of resonance frequencies along this section. Reso-
nance frequencies related to subgrade and ballast are expected to be in a range 6.8 Hz 
to 67.6 Hz and 44.5 Hz to 101.3 Hz respectively. In the absence of lower and higher 
resonance frequencies suspicions arise that something is not as it should be when the 
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opposite is discovered in measurements from October. Thus, resonance frequencies be-
tween 40 Hz to 45 Hz and 50 Hz to 57 Hz which are as well detected in October can be 
related to resonance of superstructure and ballast according to performed calculations 
[7] and values obtained from literature [6]. Explanation for the absence of lower and 
higher resonance frequencies is either due to the lower speed of the train or that the soil 
has been partly frozen during the time of measurements since according to Swedish 
Transport Administration [14] a 1m thick ice layer was detected in this area during May 
2016. If the latter is the case resonance of peat is shifted to very high frequencies, since 
ice can obtain a shear wave velocity value of 1950m/s [4] which implies that the Eigen 
frequency is shifted near 975 Hz [7]. 
Analysis of Measurements Performed in October. Resonance is detected for the sub-
grade and ballast within the expected frequency ranges. Thus, two parts is confirmed, 
first is that resonance detected in measurements from May is related to superstructure 
and ballast. Second part is that resonance detected in the lower and higher range is 
related to the subgrade and ballast, since correlation between analytical calculations 
and measurement results is obtained. 
Analysis of the Resonance Impact. Soil investigations shows that the subgrade of peat 
has high water content [13], thus the peat can be considered to be in a liquid state. 
However, pore pressure increase due to resonance and dynamic loading must be con-
sidered [10], since the water can be transported through the ballast layer and cause liq-
uefaction within it.  
Earlier description regarding resonance impact on ballast implies for this section as 
well, thus material deterioration occur followed by an increase of fine grained material 
between larger particles causing degradation of shear modulus, shear strength and bear-
ing capacity which leads to settlements [6]. 

6 Conclusions 

Correlation is obtained between analytically calculated Eigen frequencies and measure-
ment results showing resonance frequencies. Thus, it is possible to detect with this 
method which soil layers and track components are affected by resonance. Hence, this 
method can be considered reliable.  
Consequences due to resonance of soil layers are important to consider and the conse-
quences in return change the resonance frequency. Phenomenona such as liquefaction 
or pumping due to an increase in pore water pressure over time, rearrangement of soil 
particles and deterioration of ballast can occur. Liquefaction occurs due to increased 
pore pressures within a saturated soil until the effective stresses are absent resulting in 
bearing capacity losses and settlements [10]. Regardless of saturation level in coarse 
grained soils rearrangement of soil particles occur due to resonance and increased num-
ber of load cycles, thus permanent vertical strains increase [10]. Deterioration of ballast 
material cause fine grained material to be formed between larger particles leading to 
degradation of the shear strength, shear modulus and bearing capacity of the material 
[6]. By changing the thickness, density or the effective stresses of a layer the layers 
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Eigen frequency can be changed. Thus, the resonance amplitude of various layers can 
be reduced. 
The implementations of this method are to detect the magnitude of different soil layers 
resonance and to be able to assess the thickness of soil layers by means of back calcu-
lations between two known positions where data of the soil conditions are available. 
Suitable areas were this measurement and analysis method is of particular use are old 
railway tracks where little or no information exist of the soil conditions. Thus, conven-
tional borehole sampling can be reduced. 
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