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2 ABSTRACT 
 
To explore soil conditions at sites of infrastructure projects a number of geotechnical soundings 
are performed at appropriate intervals. Results are, in the nature of their set up, limited to the 
specific points at which the sounding is performed. To safely assume the area between bore holes 
a new method is applied and tried at the case railroad project Stenkumla – Dunsjö. 

By applying vibration theory in conjunction with the studied soils’ geodynamic properties the 
natural frequency for the soil can be calculated. The properties of the natural frequency also 
makes it possible to detect in vibration measurements. The method studied in this master thesis 
is that of utilizing the natural frequency of the soil to try and establish a soil profile from vibration 
measurements.  

An important step in the method is to transform the vibration with the Fast Fourier Transform 
algorithm. This allows the comparison and analysis of natural frequencies. The measurements 
were performed by using and attaching an accelerometer to a train.  

Results are partly transformed measurement data in frequency graphs and partly natural 
frequency calculations according to the site investigations. These are compared in the analysis 
section to try to confirm the methods’ reliability and to see if the method can be used to refine 
geotechnical investigations.  

The reliability of the method is tested by watching for the expected frequencies from the 
calculations in the measurement data.  The method show more consistency closer to the ground 
surface rather at greater depths. It is also more reliable for stark contrast layers, i.e. if the soil 
layers have much of the same properties then it is difficult to spot the differing natural 
frequencies, as they are too similar.  

In trying to establish the soil profile between bore holes the method is inconclusive, partly due 
to the fact that the investigated area consists of relatively alike soil layers that make the result 
graphs difficult to get information from. However, the suggested soil profiles from the analysis 
of this part of the master thesis bear resemblances to bore holes close by, so the method can be 
usable in some regard. 

Quality of measurement results would probably be better by running the train faster than was 
done in this master thesis. The quality of the analysis would also benefit from performing specific 
soundings to establish the soils’ geodynamic properties rather than using recommended empirical 
formulas as were used here.  

The primary possible application for this method is to use it as a prioritizing tool at an early 
stage in infrastructure projects. Running the vibration measurement and getting a preliminary 
picture of the soil conditions could act as a way of steering investigations resources to where 
greater shifts in the data occur.  
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2.1 Sammanfattning 
 
I det förberedande skedet inför infrastrukturprojekt genomförs geotekniska undersökningar för 
att kartlägga jordförhållanden. Detta genomförs bland annat med ett antal olika borrhålsmetoder. 
Genom sin utförandeform levererar dessa resultat som, strikt uttryckt, är knutna till de specifika 
punkter där de utförs. I detta examensarbete provas en ny metod där jordprofilen mellan- och vid 
punkten för borrhål ska kartläggas. Metoden provas ut på järnvägsprojektet Stenkumla – Dunsjö.  

Vibrationsteori och geodynamiska egenskaper hos jorden utnyttjas för att fastställa olika 
jordlagers egenfrekvens. Egenfrekvensens definition gör det möjligt att detektera denna i 
vibrationsmätningar. Metoden som provas i examensarbetet är att genom vibrationsmätningar 
fastställa jordprofilen baserat på jordlagrens egenfrekvens.  

Ett viktigt steg i metodens process är att transformera resultatet från vibrationsmätningen med 
Fast Fourier Transformation, en algoritm för databehandling. Genom att applicera Fast Fourier 
Transformation kan en jämförelse mellan egenfrekvenser från olika källmaterial göras.  

De primära vibrationsmätningarna genomfördes genom att fästa en accelerometer på ett tåg. 
Resultat består i transformerade grafer från vibrationsmätningar samt egenfrekvensberäkningar 
baserade på de geotekniska undersökningarna vid projekt Stenkumla – Dunsjö. På detta följer en 
jämförande analys där metodens tillförlitlighet och applicerbarhet runt geotekniska 
undersökningar diskuteras.  

Tillförlitligheten testas genom att identifiera beräknade förväntade värden på egenfrekvensen 
i mätdatat från tåget. Metoden visar högre tillförlitlighet närmare markytan än djupare ner i 
jordprofilen. Metodens precision är mer utvecklad för jordprofiler där jordlagren är 
differentierade från varandra i dess egenskaper. Detta uppstår som en följd av att mer lika drag 
hos jordlagren får liknande egenfrekvens, vilket gör dem svårare att identifiera och särskilja i 
frekvensspektrat.  

Metoden visade sig vara ofullständig i att fastställa en jordprofil mellan geotekniska 
borrprover. En anledning till detta är att det område som användes för vibrationsmätningar består 
av en jordprofil utan allt för varierande egenskaper, vilket gör att en tillräckligt tillförlitlig analys 
är omöjlig med den mängd data som fanns att tillgå. Den jordprofil som itererades fram i 
analysavsnittet har dock liknande uppbyggnad som de jordprofiler som fastställts av geotekniker 
i den geotekniska undersökningsrapporten, vilket ändå tyder på viss användningspotential. 

Kvalitén på vibrationsmätningen skulle förbättras av att öka farten, och så vibrationen, på tåget 
som mätaren var fäst på. En annan förbättringsmöjlighet är att få tillgång till uppmätta 
geodynamiska egenskaper hos jorden istället för de empiriska formler som användes i detta 
arbete.  

Det primära användningsområdet för metoden är att använda den som ett prioriteringsverktyg 
i ett tidigt skede vid infrastrukturprojekt. Genom att genomföra en vibrationsmätning kan en 
preliminär bild av jordförhållandena erhållas. Detta kan sedan användas som ett sätt att styra 
geotekniska undersökningsresurser mer effektivt mot områden där stora avvikelser i 
vibrationsdatat identifierats. 
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3 INTRODUCTION 
 
 
Parts of the railroad system in Sweden is old. The first national rail tracks were laid outside of 
Örebro in 1856 (Sundquist, 2003) and today The Swedish Transport Administration manage 
14100 km of tracks (Swedish Transport Adminstration, 2016). The distribution of the load of the 
train is distributed via rails, sleepers and ballast down to the substructure. For old sections of 
railroad, the quality of the substructure is not always clear. 

As a prerequisite accompanying infrastructure projects, it is common practice to investigate 
soil conditions by contracting a geotechnical consultant. A number of different soundings are 
carried out by using geotechnical investigation rigs that bore into the soil. The results from 
georigs are generally good, but the soundings are strictly speaking limited to the one point of 
insertion in the soil.  

More bore tests will make a pattern of soil profile points, which will yield an overall layout of 
the soil conditions. More tests will give a more reliable interpretation, however due to costs; one 
must weigh the direct use relative to the amount of soundings performed. In general The Swedish 
Transport Administration and the contracted geotechnical consultant starts by examining old 
investigations (Johansson, 2017). A preliminary plan for new site investigations are drawn up 
and is expanded for discovered conditions. As far as it is possible, a minimization of risk is the 
main goal (Johansson, 2017). 

In regard to dynamic loads from the moving trains, the substructures’ strength is especially 
interesting to study. Dynamic loads will cause settlements that in the long perspective keep the 
trains from going faster, thus hindering capacity growth.  

To allow for more and heavier traffic in the future, investigation of the soil profile by means 
of frequency analysis is done in this master thesis. Previous master thesis’ with adjacent subject 
focus have been published (Angerhn, 2015) (Majala, 2017) at The Swiss Federal Institute of 
Technology, Zürich and at Luleå University of Technology respectively. This master thesis will 
work as continuation from those. 

The Swedish Transport Administration continually monitors the track by measurement 
vehicles (Swedish Transport Administration, 2017a). Conditions that are checked for are 
deformations in the track in a number of directions, ballast profile and the state of the overhead 
lines supplying the train with power. The regularity of controls differs by the amount and kind of 
traffic run on the track (Swedish Transport Administration, 2017a). 

For analysis of the measurements, The Swedish Transport Administration uses a database 
called Optram. With Optram it is possible to observe trends from collected data, as well as utilize 
a number of tools aiding in planning the maintenance (Swedish Transport Administration, 
2017b).  

By the time this master thesis is written, InfraNord holds a multi-year contract with The 
Swedish Transport Administration to perform measurements and using relevant mathematical 
analysis tools on the measurement data to pass on to Optram for further use (Swedish Transport 
Administration, 2017a). Part of the raw data that the measurement vehicle gets as input comes 
from accelerometers, which is the interesting part in the context of this thesis. 

The accelerometer registers vibration that will be used in the frequency analysis in this thesis. 
In conjuction to this data set, a possibility to perform a fresh measurement specifically for this 
report arose as a result of contact with Skanska.  
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3.1 Case project Stenkumla – Dunsjö, Skanska 
 
The examined track section in this master thesis is located in the south of Örebro län, close by 
Hallsberg and Askersund, Sweden. Maps viewed in Figure 1 and Figure 2. The projects’ working 
title is Stenkumla – Dunsjö and is a segment in the overall expansion to double tracks between 
Hallsberg and Degerön.  

Skanska Infrastructure Mälardalen has since 2015, as appointed by The Swedish Transport 
Administration, been working on building a parallel train track next to the old one. Along with 
this, two track curves has been straightened to allow for greater train speeds and general capacity 
increase.  

The project has also included the construction of several bridges and some roads crossing the 
railroad. The project is indexed as track section 522 and runs between the kilometer sections 214 
– 228. The construction will be finished in the first half of 2018.  

The soil mapping in the area consists of glacial deposits (isälvssediment), post glacal sand 
some small prevalence of river deposits (älvsediment) (SGU; Geological Survey of Sweden b, 
n.d.). Along the railroad, some rocky areas have been blasted to allow for the additional track.  

According to the leading Geotechnical Engineer Lars O Johansson the main challenge has 
been a bog where the track go through. 
  

 

Figure 2 - Geographic placement of the project 
in Sweden (Google, 2015) 

 
  

Figure 1 - Geography of the case project (Swedish Transport 
Adminsitration, 2017c) 
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3.2 Purpose 
 
The master thesis should shed light on the applicability of a new analysis method for determining 
soil profiles. A measurement on site will give fresh data to study and compare to geotechnical 
soundings done previously. Measurements from professional equipment will complement and 
expand the scope. 

The conclusions coming out of the analysis should mostly focus on practical applications of 
the results. If the method is reliable enough to confirm geotechnical tests on site then it could be 
a step towards minimizing the amount of tests needed. The potential for more efficient use of 
resources is a heavy focus in the discussion and conclusions part of the master thesis. 
The main questions that should be answered are 
 
Is it possible to confirm an established soil profile with this method? 
 
Is it possible, with known boundary conditions, to establish a soil profile blind? 
 
What are the possible applications for this method? 
 
 

3.3 Limitations 
 
The km 222+500 – 223+500 at project Stenkumla -Dunsjö is the full track length examined in 
this master thesis. Only one measurement by the author was performed and therefore the accuracy 
is limited to one sample. 

Professional data retrieved by InfraNord will only be used as a general quality check to the 
academically collected data. 
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4 THEORY 
 
To be able to fully grasp the method utilized some basic knowledge of soil and dynamics are 
required.  
 

4.1 Soil properties and dynamics 
 
The strength of a soil material is based on the way the individual soil particles interact with each 
other. For a friction soil, such as gravel or sand, the main force to keep it together is the friction 
between the interlocking particles (Axelsson & Mattsson, 2016, p. 80). For smaller fraction soils 
such as clay and silt, the cohesion phenomena between particles keep the material en masse 
(Axelsson & Mattsson, 2016, p. 98). In short, the cohesion soil keep together by opposite charge 
in the chemically bound water film surrounding each particle, which acts as a glue and works 
much in the same way as the friction in coarser grain soils (Axelsson & Mattsson, 2016, p. 98).  

More pressure on both friction and cohesion soil leads to increased force between soil particles 
that make the friction for coarser grain soil as well as the bindings in the cohesion soil stronger. 
Figure 3 and Figure 4 illustrate the different binding methods.  
 

 
Figure 3 - Contact force Q in a coarser soil 
with components N and T. Friction has to be 
larger than T for the particles to remain in 
this position (Axelsson & Mattsson, 2016, p. 
96) 

 

Figure 4 - Cohesion between clay particles (Axelsson & 
Mattsson, 2016, p. 98)  

 

 
 
The strength in soil is mainly pressure and shear strength. Some tensile strength can be 

detected in cohesion soils but it is completely missing in friction soils (Axelsson & Mattsson, 
2016, p. 80).  

For dynamic loads on soil one of the most important properties for calculations is the shear 
modulus, G. This property describes how well the soil material resists shear forces. The primary 
factors that impact the shear modulus is the effective stress and the pore pressure (Bengtsson, 
Larsson, Moritz, & Möller, 2000, p. 27). The shear modulus can be established in a shear 
apparatus test, were the volume of the sample should be held constant (Larsson, 2008, p. 36). The 
deformation of the sample will lower the shear modulus G, which is why a number of empirical 
formulas and tests exists to establish the relation between the shear modulus, G, the initial shear 
modulus, G0, the deformation angle, γ, in Figure 5. 
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Figure 5 - Shearing of a body (Larsson, 2008, p. 37) 

Another important property is the speed at which the vibration waves in the soil propagates 
(Bengtsson, Larsson, Moritz, & Möller, 2000, p. 26). Two types of waves move down through 
the soil profile, the shear wave and the pressure wave. The basic differences of these are 
illustrated in Figure 6 and Figure 7.  

 
Figure 6 - Way of propagation for the pressure wave (Bengtsson, Larsson, Moritz, & Möller, 2000, p. 11) 

 
Figure 7 - Way of propagation for the shear wave (Bengtsson, Larsson, Moritz, & Möller, 2000, p. 11) 

When the source of vibration is at the ground surface, the shear wave causes horizontal movement 
in the soil that can make the particles change position and so make the damage substantial 
(Towhata, 2008, p. 43). With the same positioning of the source, the pressure wave will generate 
vertical downward movement that will compact the particles together rather than moving them 
around. Stability will not be affected by this wave. 

The wave speed is denoted cs [m/s] for the shear wave and is dependent upon the shear 
modulus and the density of the material.  
 
 

4.2 Vibration theory 
 
Vibration fundamentals will aid in understanding concepts of concern in this thesis. A soil 
exposed to vibration can be modelled as a spring-mass system (Towhata, 2008). Here it is 
sufficient to assume the single degree of freedom model containing one spring and no damper, 
see Figure 8. The system is affected by an external force F(t), making the spring-mass system, or 
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soil, contract and then expand. In other words, the mass displaces. The system can now be 
described as 
 

� ���
��� + �� = 
(�)           (4.1) 

 
Where k is the spring constant 

 
Figure 8 - Single degree of freedom model for a spring-mass system (Towhata, 2008, p. 21) 

 
If the force is changing with time according to a set function, the mass-spring system will oscillate 
(Towhata, 2008, p. 21). A sinus function will model the force in this example  
 

 = 
������           (4.2) 
 
Where F0 is the initial force applied to the system. Applying equation (4.2) makes the solution to 
equation (4.1) 
 

�(�) = 	 ��
����� �����          (4.3) 

 
The nature of the sinus function is that it has a period of 2π, which also correlates to the 
introduction of the angular frequency ω. The unit for angular frequency is [rad/sec] whereas the 
standard frequency f is cycles per second or [Hz]. It follows that 
 
� = 2��           (4.4) 
 
By studying equation (4.3) one can see that the denominator of the expression goes toward zero 

when � =	�� �⁄ . This makes the displacement u become infinite. Moreover the amplitude of 
the wave also becomes infinite which in terms of vibration means that the vibration self 
propagates. The phenomena is known as resonance (Towhata, 2008, p. 21). A graphic 

representation of this is shown in Figure 9, note the asymptote at � =	�� �⁄ . 
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Figure 9 - Resonance in the spring- mass system (Towhata, 2008, p. 21) 

When designing structures and geostructures that are exposed to a force, like in the example 
above, it is of great importance to avoid resonance as this can lead to self-sustaining vibration 
that makes the system break down (Towhata, 2008, p. 21). Depending on the function of the 
force, the vibrations can also get worse with time, which again makes it apparent that resonance 
prone designs should be avoided.  

With the condition on the angular frequency � =	�� �⁄   it becomes possible to calculate the 
frequency at which resonance occurs. This frequency is known as the natural frequency for the 
system and for this example it is defined as 
 

�� =  !
��           (4.5) 

�� = "
#�            (4.6) 

 
Where T0 is the natural period 
ωo is the natural angular frequency 
fo is the natural frequency 
 
 

4.3 Accelerometer theory 
 
An accelerometer is a device that registers relative and sudden change in velocity either in m/s2 
or in g. The applications of the accelerometer are many, for instance they are widely used in the 
manufacturing industry to analyze problems associated with vibrations of machines (Licht & 
Serridge, 1987). Other areas of use include motion detection in cell phones etc. 

The piezoelectric accelerometer is the preferred type of modern accelerometer as it comes with 
a number of pros compared to other types (Licht & Serridge, 1987). This type of accelerometer 
register charges that are proportional to the force that acts on the device. Figure 10 shows the 
active part of the accelerometer. The piezoelectric elements are the main components that 
registers the acceleration. They also act as springs (Licht & Serridge, 1987). Keeping the seismic 
masses constant, the applied force should directly correlate to acceleration of the piezoelectric 
elements as 
 

 = �$           (4.7) 
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The vibration in the accelerometer base is proportional to that of the piezoelectric elements 
beacuse the centre post is rigid. A simplified model of the accelerometer is shown in Figure 11. 

 

Figure 10 - Piezioelectric accelerometer (Licht & 
Serridge, 1987) 

 

Figure 11 - Simplified model of a piezoelectric 
accelerometer (Licht & Serridge, 1987) 

 
 

4.4 Fast Fourier Transformation 
 
Fast Fourier Transformation is a data-transforming algorithm commonly used for signal 
interpretation. The basic concept of the FFT is to transform a physical signal from the time 
domain into the frequency domain (Andrews & Arthur, 1977, p. 18).  

By performing a FFT, the input signal expressed per time unit, transforms into the signal unit 
per frequency. The interpretation of this is that you obtain the density of the signal rather than the 
signal itself (Andrews & Arthur, 1977, p. 18). Another way of describing it is to say that it 
describes the strength of the input signal as per the frequency (Andrews & Arthur, 1977, p. 18).  

Below are the two FFT equations, where the first is the transformation from time to frequency 
and the second is transforming frequency into time (Azad, 2017). 
 

%� = & '( ∗ *�+ !�(/-
-�"

(.�
																																																																																																																							(4.8) 

 

'( = 1
0& %� ∗ *+ !�(/-

-�"

�.�
																																																																																																																					(4.9) 

 
Where  
N is the number of time samples  
n is the current sample considered 
xn is the value of the signal at time n 
k is the current frequency considered (0 Hz to N-1 Hz) 
Xk is the amount of frequency k in the signal (amplitude and phase, a complex number)  
 
The principle of the Fourier Transform is to find the input signals’ basic building blocks or 
ingredients of the signal. In our case and for earthquake engineering the ground vibration is 
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consisting of vibrations of different speeds and amplitudes, which the FFT can identify for us to 
analyze (Azad, 2017).  

This is achieved by using circles expressed as sine and cosine functions in the real and complex 
dimensions (Azad, 2017). This is why the equations (4.8) and (4.9) contain the imaginary number 
i. The fact that 
 

*+1 = cos ' + � sin '																																																																																																																													(4.10) 
 
Should make this more apparent (Azad, 2017). 

For the purposes of this master thesis, a signal of acceleration [m/s2] in relation to time is 
transformed into a signal of amplitude per Hertz [Hz]. A common terminology for this unit is 
spectral amplitude or spectrum amplitude (Andrews & Arthur, 1977).  

Spectral amplitude is a complicated concept in the detailed level, requiring a lot of 
mathematical derivations of the Fourier Transform algorithm to fully grasp the implication of the 
concept. For the application in this work however, it is sufficient to know that it shows the density 
of the frequency signal.  
 
 

4.5 Railroad components 
 
To be able to rule out structural components and miscellaneous frequencies that always will show 
up in the measurement data as a consequence of the construction of the track and track 
superstructure, some common values for these components will be listed in this chapter. This is 
however, not the main focus of this master thesis and therefore no calculations are performed 
here. The basic layout of the railroad is illustrated in Figure 12. 

 
Figure 12- Railroad profile (Swedish Transport Administration, 2015) 
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4.5.1 Track components and vibration causing phenomena 
 
Previous master thesis’ by (Angerhn, 2015) have listed relevant natural frequencies for 
components of Table 1. Sources for the reasoning behind this is listed for the interested reader 
but the theory regarding these will not be discussed further. Figure 12 can be used as a guide of 
concepts.  
 
Table 1 - Frequencies of non soil elements and phenomenon 
 

f0[hz] Source 

Sleepers 4 (Angerhn, 2015, pp. 33-34) 
(Koller, Laue, & Studer, 2007) 

Track grid 60-90 (Schneider, 1974) 

Railroad superstructure (concrete sleepers) 44 (Lichtberger, 2010, p. 37) 

Train (no suspension) 5-10 (Lichtberger, 2010, p. 36) 

Pinned-pinned resonance (roaring rails) 400-1200 (Grassie, 2009) 

Rutting ripples 250-400 (Grassie, 2009) 

Heavy haul ripples 50-100 (Grassie, 2009) 

Light rail ripples 50-100 (Grassie, 2009) 

 
Ripples, or corrugation, in the rail are irregularities caused by the ware of trains’wheels running 
over the track (Grassie, 2009). This will be more prevalent when the wheel or track already have 
irregularities that will further increase the vibrations from the existing ripples. More vibration 
leads to more corrugation, so this phenomenon will only get worse as time passes without proper 
maintenance by grinding (Grassie, 2009).  

There are a number of ripples that occur by different circumstances, these will only be 
mentioned briefly. (Grassie, 2009) gives a number of examples that are listed together with 
corresponding frequencies in Table 1.  

The pinned-pinned resonance occurs mostly at straight track sections and have their origin 
from the fact that the rail acts as a beam that is pinned in both ends by means of the sleepers 
(Grassie, 2009).  

The rutting ripples are most common on the inside rail of a curve and where the wheel of the 
train slips and drives interchangeably (Grassie, 2009). 
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Heavy haul ripples are occurring on the outside rail of a curve or in straight tracks that are 
used by heavy traffic. The final ripple type treated in this thesis is the light rail ripple that is 
basically the same as the heavy haul ripple but they are created by lighter traffic. Examples of 
some ripple types are shown in Figure 13 and Figure 14. 

 

 
 
 
 
 
 
 
 
 

  

Figure 13 - Heavy haul ripples (Grassie, 2009, p. 9) 

Figure 14 - Rutting ripples (Grassie, 2009, p. 6) 
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5 METHOD 
 
The railroad of which this master thesis is focused upon is contained in project Stenkumla – 
Dunsjö, initiated by The Swedish Transport Administration with the contract held by Skanska. 
The section chosen for study is located on track section 522 in between km 222+500 and 
223+500.  

The examined section was chosen because of the amount of site investigations available, to 
which one can make comparisons. This in conjunction with the fact that the construction has not 
affected this area made it suitable for study.  

The general approach taken in this master thesis is to create soil models by different input data 
and then comparing the results to see if they match up. The data sets primarily used are from on-
site investigations and accelerometer measurements on site. The former should be seen in two 
ways.  

Firstly, it should be seen as a correct reference to the studied accelerometer data at the point 
where the data has been taken from. Secondly, they should work as boundary conditions for the 
accelerometer data.  

The on-site investigations are in the form of bore hole tests together with lab reports. From 
this comes the fact that the data is bound to a specific point. The soil profile in between the bore 
holes is not known and will be examined with the accelerometer data. 

The comparison between the soil models will be made by the natural frequencies. In the case 
of the site investigations the frequencies will be calculated from the properties of the soil profile. 
Whereas the measurements from the accelerometer on the train will be processed into the 
frequency band via Fast Fourier Transformation (FFT) in Matlab. As an aid in understanding the 
chronology a flow chart of the method is available in Figure 15. 

 
Figure 15 - Flow chart for the method in this master thesis 
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In addition to this, data from InfraNords measurement vehicle will be used as a quality check 
on the on site measurments by the macadam train. This will be done as shown in Figure 16. 

 
Figure 16 – Flow chart for the quality check of measurement 

Theoretical values of the natural frequency for railroad components such as sleepers, the train 
itself and irregularities in the rail will be used to identify these components in the frequency band.  
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5.1 Soil model from on-site investigations 
 
The site investigations for the section of track studied were performed by WSP in April 2011 to 
January 2014 (WSP Lars O Johansson, 2014a). The source material used here is from the 
specifications going out to potential contractors as part of the bidding process held by the Swedish 
Transport Administration.  

As the track examined was part of a design and build contract, the contractor has performed 
additional investigations that are part of an updated version of the Geotechnical Investigation 
Report (MUR/GEO in Swedish, GIR in English) after the bidding process was won. The new 
examinations are however concerning other sections than those examined in this master thesis 
and are therefore discarded. 

Information from the Geotechnical Examinations Report used are mostly in the form of bore 
hole results and conclusions concerning soil types from these. Cross sections of the bore holes 
are used to build an overview of the soil formation over the chosen kilometre examined.  

Also lab reports from each of the bore holes that are annexed to the GIR (WSP Lars O 
Johansson, 2014a) have been used to more accurately obtain soil types and layer thickness. In the 
GIR it is stated that there are older bore hole tests that have been made by other consultants 
previously. Results from these have been incorporated with tests perfomed by WSP (WSP Lars 
O Johansson, 2014a, p. 7) but lack laboratory reports. In the cases that these have been used in 
the soil model, the soil layers have been estimated by measuring on the height scale. 

The goal of the calculations are to arrive at a value for the expected own frequency of the soil 
layers at each point. The following chapters in this section of the master thesis will describe the 
calculations process in chronologic order. Fulll calculations are annexed in Appendix A 
 

5.1.1 Material properties, heaviness 
 
As the soil properties on site have not been evaluated in the Geotechnical Examinations Report 
(WSP Lars O Johansson, 2014a), generic ones from The Swedish Geotechnical Institute have 
been used to obtain values for heaviness. Values for these are shown in Table 2. 
 
Table 2 - Generic heaviness values (Larsson, 2008, p. 12) 
 

ϒ [kN/m3] ϒ' [kN/m3] ϒm[kN/m3] 

Macadam 18 11 21 

Gravel 19 12 22 

Sand 18 10 20 

Silt 17 9 19 

 
 
For the cases where the soil type is not uniform, a weighted mean value have been assumed by 
using the definition of the soil classification together with the generic values in Table 2. By using 
the soil classification triangle for sediment and observing the proportions for a specific mixed 
soil type you can assume a relevant heaviness by using a weighed mean value.  

For example, to obtain a heaviness value for gravely sand (grSa) one observes that 20–50 % 
of the weight of the fine and coarse grained soils should be gravel, and it follows that the rest is 
assumed to be sand. 35 % gravel is chosen and so 65% must be sand. The weighted mean value 
then becomes 
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ϒ789: =	ϒ;8 ∗ 0,35 + ϒ9: ∗ 0,65 = 19 ∗ 0,35 + 18 ∗ 035 = 18,35	�0/�C    (5.1) 

 
The same procedure is done to obtain 
values for other mixed soils. Weights 
are chosen according to Table 3. 

Values for the effective heaviness 
and water saturated heaviness are given 
by SGI in (Larsson, 2008, p. 12) for the 
homogeneous soils. For the mixed soils 
formula (4.14a) and relation (4.12) from 
(Axelsson & Mattsson, 2016) are used 
to calculate values for the effective 
heaviness.  
 

ϒ
D =	ϒ� ∗ E1 − ϒG

ϒHI   (5.2) 

 
ϒJ = 	26,5	�0/�C  (5.3) 
 
ϒ’ is the effective heaviness. 
ϒ is the naturally moist soils’ heaviness. 
ϒs is the compact heaviness for all 
sedimentary soils in Sweden.  
ϒw is the heaviness for water. 
 
Table 3 - Assumed proportions for the soils 
 

Silt [%] Sand [%] Gravel [%] 

saGr 
 

35 65 

grsiSa 9 70 21 

grSa 
 

65 35 

siSa 30 70 
 

saSi 60 40 
 

 
For the water saturated heaviness, ϒm, (Axelsson & Mattsson, 2016) states that it can be calculated 
by 
 
ϒ� = ϒ

D + ϒK           (5.4) 
 
Calculations eventually yields results found in Table 4 
  

Figure 17 - Soil classification triangle (Larsson, 2008, p. 21). 1st

axle: weight percent of gravel relative to coarse + fine grained 
soil. 2nd axle: weight percent of sand relative to coarse + fine 
grained soil. 3rd axle: percent of fine grained soil relative to 
coarse + fine grained soil. 
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Table 4 – Calculated heaviness values for soils 
 

ϒ [kN/m3] ϒ' [kN/m3] ϒm[kN/m3] 

Macadam 18 11 21 

saGr 18,65 11,61 21,61 

Gravel 19 12 22 

grsiSa 18,12 11,28 21,28 

grSa 18,35 11,43 21,43 

Sand 18 10 20 

siSa 17,7 11,02 21,02 

saSi 17,4 10,83 20,83 

Silt 17 9 19 

 
 

5.1.2 Material properties, density 
 
The density of the soil is derived from the heaviness. In geotechnical applications, the 
gravitational constant is equal to ten, making the density 
 

L = 	 ϒ"� ∗ 1000          (5.5) 

 
With the unit being [kg/m3]. 
 
Also of note is that below the ground water surface, the saturated values for heaviness are used, 
whereas the standard value is used above it.  
 
 

5.1.3 Material properties, friction angle 
 
The friction angle, ϕ, of the different soil types will be needed later in the calculations so these 
are listed in Table 5. Note that only the dense values are the used in the calculations due to the 
fact that the track is old and the traffic has compacted the soil underneath it for some time. 
 
Table 5 - Friction angles of soils (Swedish Transport Administration, 2011, p. 44) 

 
Sand Gravel Sandmoraine Gravelmoraine Macadam Blast rock Silt 

Loose 28 30 35 38 30 40 26 

Dense 35 37 42 45 38 45 33 
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5.1.4 Soil profile from bore holes 
 
Layer thickness and soil type are obtained from cross 
sections from tests performed by WSP, see Figure 18 for 
an example of a used cross section. Also for each case 
where there is a lab report in the GIR for the bore hole, 
this will be used to achieve a more accurate description of 
the layers. Figure 19 shows the laboratory report for the 
same bore hole as the cross section in Figure 18 illustrates. 

The surface height where the sounding has pierced 
the ground surface is given according to the height system 
RH 70 (WSP Lars O Johansson, 2014a, p. 5). The surface 
heights are used as a zero point in calculating the 
thicknesses of the layers when laboratory reports are 
missing. 

Cross section drawings of bore holes annexed to the 
Geotechnical Investigations Report (WSP Lars O 
Johansson, 2014a) at interval 100 – 200 m in-between was 
used to get an overview of the studied kilometre, annexed 
in Appendix B. These are often measured to about 7 – 10 
meters and below that, assumptions about the soil types 
are made by the geotechnical engineers at WSP.  

A total of 9 bore holes were used to create the soil 
model. These are spread along the chosen kilometre 
according to Table 6. 

 
Figure 19 - Laboratory report of bore hole 230910 (WSP Lars O Johansson, 2014b) 

Figure 18 - Cross section of bore hole 
230910 (WSP Ritning FU-12-370-223-01, 
2014) 
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Table 6 - Examined bore holes 

Km 222+600 222+600 223+040 223+120 223+120 223+280 223+280 223+400 

Bore 
hole 

NoName 
trackmid 

22260H 230910 231910 231010 232910 232010 234010 

Km 223+460        

Bore 
hole 

234910        

 
 

5.1.5 Effective vertical stress 
 
The effective vertical stress is dependent on soil properties, layer thickness and pore pressure. 
Equation (12.4a) from (Axelsson & Mattsson, 2016) is used in two steps to calculate the pressure 
at the bottom of each layer. 
 
M′O =	MO(P) − �(P) = 	 Qϒ�PK + ϒ�(P − PK)R − QϒK(P − PK)R    (5.6) 
 
Where z denotes the depth to the bottom of each soil layer and zw is the depth to the ground water 
surface.  
 
Full calculations are performed in Appendix A 
 
 

5.1.6 Ground water levels 
 
As the effective stress is dependent on the ground water table, this factor must be explored. In 
the Geotechnical Investigations Report it is stated that the measurements for the ground water 
levels have been monitored in December 2011 – January 2014 (WSP Lars O Johansson, 2014a, 
p. 7). In the source, it is stated that the ground water table in general have been shifting according 
to Table 7.  
 
Table 7 - Ground water levels in general terms (SGU; Geological Survey of Sweden a, n.d.) 

Date State of ground water 

2011-12 – 2015-05 Near normal levels 

2013-03 – 2013-07 Near normal levels 

2012-06 - 2013-02 Above normal levels 

2014-01 Above normal levels 

2012-07 – 2012-08 Far above average levels 

2012-10 Far above average levels 

2013-08 – 2013-12 Below average levels 

 

At the time of the measurements in august 2017 the ground water levels in Örebro Län were a lot 
below the average levels, which corresponds to about 30-50 cm of lowered levels, according to 
(SGU; Geological Survey of Sweden a, n.d.). This fact, together with actual measurements 
performed by WSP near to the relevant bore hole, will establish a likely level of the ground water 
level at the time of the acceleration measurements. 

Ground water measurements used for the calculations are listed in Table 8. 
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Table 8 - Ground water measurements 

GW-measurement ID Position Source Applied to soil profiles in 

bore holes 

GW228010 Ca 222+850 

(0/180 of 

crossing road 

embankment) 

(WSP Ritning FU-12-370-

222-32, 2014) 

230910 (223+040) 

GW231510 223+120 (WSP Ritning FU-12-370-

223-02, 2014) 

231910 (223+120) 

   231010 (223+120) 

   232910 (223+280) 

   232010 (223+280) 

   234910 (223+460) 

   234010 (223+400) 

228030 222+840 (WSP Ritning FU-12-370-

222-18, 2014) 

NoName at track mid 

(222+600) 

   22260H (222+600) 

 
By observing Figure 20 two ground water levels with corresponding dates 
are obtained. These are used in conjunction with the facts from Table 7 to 
create a mean value and moving on the assumed ground water levels a lot 
below average at August 2017.  
 
The full calculations are described in (6.1.10) 
 
For the ground water levels at 228030 the fact that the water surface was 
3,5 m below the top of the ballast is used to extrapolate to the 
corresponding bore holes in Table 8. 
 
Drawings of the ground water levels are annexed in Appeldix B 
 
 
 
 
 
 
 
 
 
 
  

Figure 20 - Ground 
water measurement pipe
(WSP Ritning FU-12-
370-223-02, 2014) 
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5.1.7 Effective horizontal stress 
 
Equation (12.12a) from (Axelsson & Mattsson, 2016) describe the effective horizontal stress, σ’x, 
from the effective vertical stress and the at rest lateral earth pressure coefficient K0. 
 
M′1 = S� ∗ M′O           (5.7) 
 
Where K0 is dependent on the friction angle, ϕ, of the soil according to equation (12.13) in 
(Axelsson & Mattsson, 2016). 
 
S� = 1 − ���T          (5.8) 
 
Full calculations are performed in Appendix A 
 
 

5.1.8 Effective mean stress 
 
By the theory of Mohrs stress circle the mean stress is calculated according to equation (7.13b) 
in (Axelsson & Mattsson, 2016). 
 

M′� = "
 (MDO + MD1)          (5.9) 

 
Full calculations are performed in Appendix A 
 

5.1.9 Shear modulus 
 
According to the governing document TK Geo 11 (Swedish Transport Administration, 2011) the 
shear modulus, G0, for friction and silty soils can be calculated as 
 

U� = S" ∗ M′��,V          (5.10) 
 
Where K1 is a coefficient dependent upon material and the level of compaction of said material. 
It varies from 15 000 for sand up to 30 000 for crushed material such as ballast. 
 
 

5.1.10 Natural frequency 
 
A derivation of an expression for the natural frequency for soils are done by aid of Information 
Document 17 by the Swedish Geotechnical Institute (Bengtsson, Larsson, Moritz, & Möller, 
2000, p. 15). For the purposes of this report some nomenclature in the source have been changed 
to better harmonize with the purposes of the calculations. 
 

�� = WH
X∗Y           (5.11) 

 
Where f0 is the natural frequency in [Hz] 
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cs is the shear wave velocity in the soil in [m/s] 
H is the layer thickness in [m] 
 
The Swedish Geotechnical Institute (Bengtsson, Larsson, Moritz, & Möller, 2000, p. 12) gives 
an expression for the shear wave velocity as 
 

ZJ = [;
\           (5.12) 

 
By combining equation (5.11) and (5.12) one obtains the following expression 
 

�� =
[]
^

X∗Y           (5.13) 

 
The calculations then yields an expected natural frequency of each layer of soil in the bore hole 
profile. This will be utilized to compare with the accelerometer measurements. The results of this 
method is given in the results chapter. 
 
 

5.2 Accelerometer measurements on-site 
 
Measurements from the project was done in 2017-08-09. During the measurement, regular traffic 
was closed down due to construction in accordance with the investment contract between The 
Swedish Transport Administration and Skanska.  

This measurement was done in conjunction with ongoing railroad related works, which is why 
the possibility to perform the measuring arose in the first place. The specific task that would be 
used is called tonnage running and was in this case performed by a macadam train. 

Tonnage running is done by loading up the train cars with macadam, and then simply driving 
the train over the section that you want to stabilize. As sub-contractor, Skanska has hired 
InfraNord for the tonnage running. It is onto this train that the accelerometer was mounted. 
 
 

5.2.1 Set-up 
 
The accelerometer used in this project was a model called MSR165, which was purchased from 
Intab. It has the capability of registering 1600 values per second in the x-, y- and z-direction 
(Intab, 2017). This level of detail in measurements was fully utilized for this project.  

The device is small, only 39 x 23 x 72 mm and weighing 69 grams. A picture of the MSR165 
is shown Figure 21. The mounting and protection solution is shown in Figure 22. The mounting 
is basically a steel plate with a plastic cover to allow for stability and protection from dust and 
water.  
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Figure 21 - MSR165 accelerometer (Intab, 2017)  

Figure 22 - Accelerometer mounted on the macadam 
car 

 
The accelerometer was fastened to the boggie of a macadam car in the middle of the whole train 
length (tenth car). This was to avoid as much vibrations as possible from the locomotives. The 
low placement on the boggie of the train car was also to avoid excessive vibration that would be 
limited, see Figure 23 
 

 
Figure 23 - Placement of accelerometer 

 
The macadam train (Figure 24) is generally flexible in its set-up. At the time of measurement it 
consisted of two diesel locomotives, one in each end, pushing and pulling the cars along. This 
was to allow for two fully loaded sets of train cars, a total of 20 macadam carrying cars and an 
additional two cars containing miscellaneous equipment.  

The total weight of the train was at the point of measurement approximately 2000 tons with 
each of the fully loaded macadam cars weighing about 80 tons each, according to the operators. 
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Figure 24 - Macadam train in Älmhult (SJK Postvagnen, 2014) 

 
At the measurement procedure, the train was travelling at 40 km/h.  
 
 

5.2.2 Location 
 
The section chosen for study is located between km 222+500 and 223+500 on track section 522.  

As a way of identifying position on the track, the posts of hanging the overhead lines were 
used as these have logical numbering according to lengthwise position. Posts 223-9 and 222-9 
were used as the southernmost and northernmost limit of measurement respectively. This 
corresponds to the km sections specified earlier. After consulting the train operators, a starting 
stretch of about 1000 m were utilized to get the train up to speed. The measurement started from 
the south (post 223-9), traveling northward (post 222-9).  

Due to technical difficulties with the data logging of the accelerometer, only the first half of 
the data was logged, from 223+500 – 223+000 (500 m). However, the amount of data is sufficient 
for the purpose of this thesis.Figure 1, Figure 25 and Figure 26 helps in understanding the 
location. 
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Figure 25 - Overview of  project Stenkumla - Dunsjö 
(Google, 2015) 

Figure 26 - Overview of the examined km (Google, 
2015) 

 
 

5.2.3 Fast Fourier Transformation with Matlab 
 
As described in the theory chapter, the Fast Fourier Transformation transforms a signal from the 
time domain into the frequency domain. Using the registered data from the accelerometer and 
identifying certain points in time at which the measuring equipment passed certain km+m marks 
along the railroad, a proper time span for analysis can be located.  

To analyze the signal from the accelerometer a Matlab script of the FFT was used. The 
verification of the script was done by (Majala, 2017) and originally retrieved from (Mathworks, 
2017a) and (Mathworks, 2017b). Some minor additions have been made to accommodate for 
extra functionality in regards to showing multiple data sets in the same graph, as well as some 
esthetic changes. The FFT script and associated filtering tool is annexed in Appendix C. 

The FFT script allows for different frequencies (x-axis) and spectral amplitudes (y-axis) to be 
studied. The scale of the x- and y-axis has been altered depending on how well the vibrations 
resonate in the soil. This allows for easier identification in the FFT-graphs.  

Figure 27 show the accelerometer data from the macadam train. Using the FFT algorithm 
Figure 28 is the output. 
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Figure 27 - Accelerometer measurement data in g 

   
Figure 28 - Frequency domain for the accelerometer measurement 

 
Where it benefits the readability of the result different rates of filtering have been used. See 

Figure 29. 
 

 
Figure 29 - Degrees of filtering illustrated 

FFT -Algoritm 
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5.3 Data from InfraNords measurement vehicle 
 
Additional accelerometer data from InfraNords measurement vehicle will be studied in 
conjunction with the data from the macadam train. This should shed some light on to how well 
the macadam train accelerometer has captured the signal compared to professional equipment.  

The source data set has been obtained from InfraNord and was performed in May of 2017 over 
the km 222+500 – 223+500. The FFT treatment of the data will be performed in much the same 
way as for the accelerometer data obtained from the macadam train, see section 5.2.3 for the full 
method description. 

The prominent difference in the context of this thesis is that the measurement vehicle registers 
data from both the rails of the track, resulting in two series of data for each FFT-graph. An 
example of a measurement vehicle is shown in Figure 30. 

 
Figure 30 - IMV200, InfraNords most modern measurement vehicle (Swedish Transport Administration, 2014) 

The use for the measurement vehicle today comes from measuring deformations in the track, 
ripples in the track, the state of the ballast and the positioning of the overhead lines (Swedish 
Transport Administration, 2014). For some of these measurements, data from both rails are 
necessary, which is why both series are registered. In regard to the use of the data in this master 
thesis however, the difference between the rails should not impact the analysis. Vibrations should 
be comparable in both sides of the track. 
 
 

6 RESULTS 
 
As described in the method chapter, at least two types of results are obtained at the same bore 
hole studied. The calculations with input data from the on-site investigations are listed in tables 
in the respective sub chapter, whereas the frequency band from the FFT is shown as figures. Some 
bore holes also have FFT figures with data from InfraNords measurement vehicle. 
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6.1 Soil profiles from on-site investigations 
 
The method chapter 5.1 describes the calculations in detail 
 

6.1.1 Bore hole 234910 (223+460) 
 
Sounding taken at the middle of the track according to (WSP Ritning FU-12-370-223-06, 2014) 
 
Table 9 - Natural frequencies of soil layers in bore hole 234910 

Soil profile height coordinate [m] depht z [m] Layer 

thickness [m] 

f0 [Hz] 

F/Macadam 129,10 0,00  120,56 

  128,70 0,40 0,40   

F/gravelySAND 128,70 0,40  50,76 

  128,10 1,00 0,60   

siltySAND 128,10 1,00  21,49 

  126,10 3,00 2,00   

GW-level 120,10 9,00    

 
 

6.1.2 Bore hole 234010 (223+400) 
 
Sounding taken at the side of the track (WSP Ritning FU-12-370-233-05, 2014). This soil profile 
has been viewed as a continuation of the profile obtained from bore hole 234910 in the precious 
sub chapter. The natural frequencies are calculated with the absolute depth in the track mid in 
mind. 
 
 
Table 10 – Natural frequencies of soil layers in bore hole 234010 

Soil profile height coordinate[m] depht z [m] Layer 

thickness [m] 

f0 [Hz] 

siltySAND 128,10 1,00  42,38 

  127,70 1,40 0,40   

SAND 127,70 1,40  14,95 

  125,10 4,00 2,6   

ASSUMED SAND 125,10 4,00  11,12 

  121,70 7,40 3,4   

GW-level 120,10 9,00    

 
 

6.1.3 Bore hole 232910 (223+280) 
 
Sounding taken at the middle of the track (WSP Ritning FU-12-370-223-04, 2014). 
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Table 11 - Natural frequencies of soil layers in bore hole 232910 

Soil profile height coordinate [m]   depht 

z [m] 

Layer 

thickness [m] 

f0 [Hz] 

F/Macadam 127,20   0,00  101,98 

  126,70   0,50 0,5   

F/gravelysiltySAND 126,70   0,50  41,70 

  125,90   1,30 0,8   

SAND 125,90   1,30  21,26 

  124,20   3,00 1,7   

GW-level 120,10   7,10    

 
 

6.1.4 Bore hole 232010 (223+280) 
 
Sounding taken at the side of the track (WSP Ritning FU-12-370-223-04, 2014). As in previous 
examples 6.1.2, this soil profile is seen as a continuation of the profile in the track mid, in this 
case bore hole 232910.  
 
Table 12 - Natural frequencies of soil layers in bore hole 232010 

Soil profile height coordinate [m] depht z [m] Layer 

thickness [m] 

f0 [Hz] 

siltySAND 127,60 -0,40  0,00 

  127,20 0,00 0   

gravelySAND 127,20 0,00  49,53 

  126,30 0,90 0,9   

SAND 126,30 0,90  17,65 

  123,60 3,60 2,7   

ASSUMED SAND 123,60 3,60  11,38 

  120,10 7,10 3,5   

GW-level 120,10 7,10    

ASSUMED SAND 120,10 7,10  4,08 

  109,00 18,20 11,1   

 
 

6.1.5 Bore hole 231910 (223+120) 
 
Sounding performed in the middle of the track (WSP Ritning FU-12-370-223-04, 2014). 
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Table 13 – Natural frequencies of soil layers in bore hole 231910 

Soil profile height coordinate [m]   depht z [m] Layer 

thickness [m] 

f0 [Hz] 

F/Macadam 125,50   0,00  101,98 

  125,00   0,50 0,5   

gravelySAND 125,00   0,50  36,78 

  124,00   1,50 1,0   

SAND 124,00   1,50  31,69 

  123,50   2,00 0,5   

siltySAND 123,50   2,00  18,16 

  121,50   4,00 2,0   

GW-level 119,55   5,95    

 
 

6.1.6 Bore hole 231010 (223+120) 
 
Sounding performed at the side of the track (WSP Ritning FU-12-370-223-04, 2014). Soil profile 
continuing from bore hole 231910 in the same way as in 6.1.2. 
 
Table 14 - Natural frequencies of soil layers in bore hole 231010 

Soil profile height coordinate [m] depht z [m] Layer 

thickness [m] 

f0 [Hz] 

sandyMULL 121,90 3,60    

  121,60 3,90 0,3   

SAND 121,60 3,90  17,45 

  120,90 4,60 0,7   

siltySAND 120,90 4,60  15,27 

  119,80 5,70 1,1   

finesandySILT 119,80 5,70  16,21 

  119,55 5,95 0,25   

GW-level 119,55 5,95    

finesandySILT 119,55 5,95  11,97 

  118,40 7,10 1,15   

siltyFINESAND 118,40 7,10  11,10 

  117,90 7,60 0,5   

ASSUMED SAND 117,90 7,60  5,22 

  111,30 14,20 6,6   

 

6.1.7 Bore hole 230910 (223+040) 
 
Sounding from the trackmid (WSP Ritning FU-12-370-223-01, 2014). 
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Table 15 –Natural frequencies of soil layers in bore hole 230910 

Soil profile height coordinate[m]   depht z [m] Layer 

thickness [m] 

f0 [Hz] 

F/Macadam 124,80   0,00  101,98 

  119,80   0,50 0,5   

F/sandyGRAVEL 119,80   0,50  53,10 

  118,30   1,00 0,5   

SAND 118,30   1,00  18,20 

  118,10   3,50 2,5   

finesandySILT 118,10   3,50  16,51 

  117,50   5,00 1,5   

GW-level 118,25   6,55    

 
 
 

6.1.8 Bore hole NoName at track mid (222+600) 
 
Sounding from the middle of the track without an ID-number (WSP Ritning FU-12-370-222-14, 
2014) 
 
Table 16 - Natural frequencies of soil layers in bore hole NoName trackmid 

Soil profile height 

coordinate[m] 

  depht z 

[m] 

f0 [Hz] 

F/Macadam 120,30   0,00 101,98 

  119,80   0,50   

gravelySAND 119,80   0,50 28,99 

  118,30   2,00   

gravelysiltySAND 118,30   2,00 32,95 

  118,10   2,20   

siSAND 118,10   2,20 25,91 

  117,50   2,80   

GW-level 116,80   3,50   

 
 

6.1.9 Bore hole 22260H (222+600) 
 
Assumed continuation of the soil profile in the middle of the track. However the bore hole is 
located at the side of the track in real life (WSP Ritning FU-12-370-222-14, 2014). 
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Table 17 - Natural frequencies of soil layers in bore hole 22260H 

Soil profile height 

coordinate[m] 

rel depht 

[m] 

depht z 

[m] 

f0 [Hz] 

sandySILT 118,30 0,00 2,00 31,89 

  118,00 0,30 2,30   

siltyFINESAND 118,00 0,30 2,30 29,15 

  117,80 0,50 2,50   

SAND 117,80 0,50 2,50 20,43 

  116,80 1,50 3,50   

GW-level 116,80 1,50 3,50   

SAND 116,80 1,50 3,50 13,85 

  115,40 2,90 4,90   

ASSUMED SAND 115,40 2,90 4,90 3,58 

  103,50 14,80 16,80   

 

6.1.10 Ground water levels 
 
Measurements of ground water levels are obtained from (WSP Ritning FU-12-370-222-32, 
2014), (WSP Ritning FU-12-370-223-02, 2014) and (WSP Ritning FU-12-370-222-18, 2014). 
The measured levels form a mean value and then a likely value is assumed according to (SGU; 
Geological Survey of Sweden a, n.d.). Table 18 shows the outcome. 
 
 
Table 18 - Results of ground water levels 

Bore hole  ID GW level 1 GW level 2 Assumed mean 

GW level 

A lot below 

average (- 50 cm) 

 Above average Below average   

230910 (223+040) 119,1 118,4 118,75 118,25 

231910 (223+120) 120,6 119,5 120,05 119,55 

231010 (223+120) 120,6 119,5 120,05 119,55 

 Average Below average   

232910 (223+280) 120,6 119,5  120,1 

232010 (223+280) 120,6 119,5  120,1 

234910 (223+460) 120,6 119,5  120,1 

234010 (223+400) 120,6 119,5  120,1 

 Top of ballast   Top of ballast -3,5 

m  

NoName at track mid 

(222+600) 

120,3   116,8 

22260H (222+600) 118,3   116,8 
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6.2 FFT-results from macadam train measurements 
 
Over bore holes a 40 m tack piece interval was used. The central point is the bore hole. A the 
time of measurement the train was traveling from south to north 
 
 

6.2.1 Bore hole 234910 (223+460) 
 
 

 
Figure 31 – FFT 800 Hz over 234910 40m span  

Figure 32 - FFT 200 Hz over 234910 40m span 

 
Figure 33 - FFT 100 Hz over 234910 40m span 

 
Figure 34 – FFT 50-150 Hz over 234910 40m span 
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6.2.2 Bore hole 234010 (223+400) 
 

 
Figure 35 - FFT 800 Hz over 234010 

 
Figure 36 - FFT 200 Hz over 234010 

 
Figure 37 - FFT 100Hz over 234010 

 
Figure 38 - FFT 50 Hz over 234010 
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6.2.3 Bore hole 232910 and 232010 (223+280) 
 

 
Figure 39 - FFT 800 Hz over 232910 and 232010 

 

 
Figure 40 - FFT 200 Hz over 232910 and 232010 

 

 
Figure 41 - FFT 60 Hz over 232910 and 232010 
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6.2.4 Bore hole 231910 and 231010 (223+120) 
 

 
Figure 42 - FFT 800 Hz over 231910 and 231010 

 
Figure 43 - FFT 200 Hz over 231910 and 231010 

 
Figure 44 - FFT 40 Hz over 231910 and 231010 
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6.2.5 Bore hole 230910 (223+040) 
 

 
Figure 45 - FFT 800Hz over 230910  

Figure 46 - FFT 160 Hz over 230910 

 
Figure 47 - FFT 60 Hz over 230910 
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6.2.6 Km 223+510 – 223+400 
 

Figure 48 - FFT 800 Hz filtered over 223+510-223+400 
 

Figure 49 - FFT 100 Hz over 223+510-223+400 

 

Figure 50 - FFT 200Hz over 223+510 - 223+400 
Figure 51 - FFT 140 Hz filtered over 223+510 - 223+400 
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6.2.7 Km 223+400 – 223+300 
 

 

Figure 52 - FFT 800Hz filtered over 223+400 -223+300 

 

Figure 53 - FFT 200 Hz over 223+400 - 223+300 

 

Figure 54 - FFT 100 Hz over 223+400 - 223+300 
 

Figure 55 - FFT 50 Hz over 223+400 - 223+300 

 
Figure 56 - FFT 60 Hz over 223+400 - 332+300 
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6.2.8 Km 223+300 – 223+200 
 

 

Figure 57 - FFT 800 Hz filtered over 223+300-
223+200 

 

Figure 58 - FFT 60 Hz over 223+300 - 223+200 

 

Figure 59 –FFT 200 Hz over 223+300-223+200 

 

Figure 60 - FFT 200 Hz filtered over 223+300 - 
223+200 

 
  



 

 48

6.2.9 Km 223+200 – 223+100 
 

 

Figure 61 - FFT 800Hz filtered over 223+200 - 
223+100 

 

Figure 62 - FFT 40 Hz over 223+200 - 223+100 

 

Figure 63 - FFT 200 Hz over 223+200 - 223+100 

 

Figure 64 - FFT 200Hz filtered over 223+200 - 
223+100 
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6.2.10 Km 223+100 – 223+000 
 

 

Figure 65 - FFT 800 Hz over 223+100 - 223+000 

 

Figure 66 - FFT 200 Hz over 223+100 - 223+000 

 

Figure 67 - FFT 160 Hz filtered over 223+100 - 
223+000 

 

Figure 68 - FFT 60 Hz over 223+100 - 233+000 

 
 
 

6.3 FFT-results from InfraNords measurement vehicle 
 
Note that the traveling direction is from south to north, putting left and right into context. 
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6.3.1 Bore hole 234010 (223+400) 
 

 

Figure 69 - FFT 800 Hz over bore hole 234010 
(InfraNord) 

 

Figure 70 - FFT 200 Hz filtered over bore hole 234010 
(InfraNord) 

 

Figure 71 - FFT 100 Hz filtered over 234010 
(InfraNord) 

 

Figure 72 - FFT 50 Hz filtered over 234010 
(InfraNord) 
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6.3.2 Bore hole 232910 and 232010 (223+280) 
 

 

Figure 73 - FFT 800 Hz over 232910 and 232010 
(InfraNord) 

 

Figure 74 - FFT 200 Hz filtered over 232910 and 
232010 (InfraNord) 

 

Figure 75 - FFT 60 Hz over 232910 and 232010 
(InfraNord) 
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6.3.3 Bore hole 22260H and NoName located in the track mid (222+600) 
 
 

 

Figure 76 - FFT 800 Hz over bore hole NoName at 
track mid and 22260H (InfraNord) 

 

Figure 77 - FFT 140 Hz over bore hole NoName at 
track mid and 22260H (InfraNord) 

 

Figure 78 - FFT 50 Hz over bore hole NoName at 
track mid and 22260H (InfraNord) 
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7 ANALYSIS 
 
Overall focus in the analysis chapter will be on lower frequencies that are commonly associated 
to soils rather than trying to associate high frequency phenomena to the FFT curves. Alike 
patterns of higher frequencies are touched on briefly. A small note on the really pronounced 
spikes at 240 Hz and 280 Hz returning in all the macadam train measurements tough. As this is 
visible at the same frequency regardless of where in the environment the train is traveling, it is 
assumed that this is in some way correlated to the accelerometer used. 
 
 

7.1 Confirmation of the bore hole soil profiles by FFT 
 
All bore holes passed by the macadam train measurement are analysed. Correlation of frequency 
spikes to expected natural frequencies of soil layers found in the bore hole profile are sought. 
 
 

7.1.1 Bore hole 234910 (223+460) 
 
From the results section 6.1.1 the expected values for the soil profile is 120 Hz for the ballast, 51 
Hz for the gravely sand and 21 Hz for the silty sand.  

In the FFT curve shown in Figure 32 it is quite possible to see spikes in the data at ca 21 and 
51 Hz, however the 120 Hz for the macadam is not so obviously visible.  

From calculations at bore hole 232910 (section 6.1.3) it is established that if the ballast is 40 
cm instead of the 50 cm that is stated in this case the expected natural frequency is instead 101 
Hz. So if the assumption instead is that the ballast layer is between 100 – 120 Hz and the 
frequency span is changed to 50-150 Hz (Figure 34), it is possible to see some spikes in this 
range. Yet in this same figure other spikes of similar spectral amplitude at 70-74 Hz and 58-92 
Hz are also visible. These spikes could be due to ripples in the track and vibration from the track 
grid respectively (Table 1). 

From the 100 Hz span in Figure 33 a spike at about 4-5 Hz is clearly visible; this can be due 
to the sleepers or the train.  

Spikes in the greater span of 800 Hz show at 250, 280-290, 320, 470, 550 Hz. These are not 
analysed more than to say they are in the span for rutting ripples (250-400 Hz) or pinned-pinned 
resonance (400-1200 Hz) (Table 1).  
 
 

7.1.2 Bore hole 234010 (223+400) 
 
Expected values (section 6.1.2) are 42 Hz for the silty sand, 15 Hz for the actual sand and 11 Hz 
for the assumed sand at a greater depth. The 15 Hz spike is slightly visible in Figure 38 but no 
prevalent shift in spectral amplitude is visible for 11 Hz, this could be an indication that the 
assumed sand layer is not as uniform as the calculations supposes, or that it has a greater depth 
that would make the natural frequency shift downward in value. Figure 38 also have a slightly 
discernible spike at the interval 38-42 Hz, this matches the 42 Hz for the silty sand. 

This bore hole is located at the side of the track, and therefore the soil profile from the site 
investigations does not include data from the track mid. However the adjacent investigations at 
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bore hole 234910 is from the middle of the track and consequently it has been assumed that data 
from that bore hole is also applicable at this position as it will be viewed as the top portion of 
bore hole 234010. 

In Figure 36 a spike at about 120 Hz is visible, which indicates the ballast. Spikes also appear 
at 4-5, 21-22, 50, 69 and 73-74 Hz as seen in Figure 37. 4-5 Hz are the train or sleepers, whereas 
the 21-22 Hz and 50 Hz spike is probably related to the soil layers directly under the track (bore 
hole 234910 (6.1.1)), which confirms that the railroad embankment here consist of about the same 
material as at 234910. The span of 73-74 Hz and 69 Hz fall into the frequency band at which the 
natural frequency of the track grid is defined (60-90Hz). 

Spikes in the greater span of 800 Hz (Figure 35) show at 240, 280-290, 470 and 550 Hz. These 
are not analysed more than to say they are in the span for rutting ripples (250-400 Hz) or pinned-
pinned resonance (400-1200 Hz) (Table 1).  
 
 

7.1.3 Bore hole 232910 and 232010 (223+280) 
 
From chapter 6.1.3 expected frequencies are 102 Hz for the macadam, 42 Hz for the gravely silty 
sand and 21 Hz for the sand. Section 6.1.4 gives values of gravely sand 50 Hz and the sand layers 
at 4 – 17 Hz.  

The macadam is visible at about 100-120 Hz in Figure 40 as is expected, the higher value 
indicated that the layer probably is of slightly smaller depth than the indicated 0,5 m. For a layer 
of 0,4 m a frequency of 120 Hz is to be expected, so here we probably have a layer somewhere 
between the two. 

By observing the results of the calculations related to the on-site investigations for bore hole 
232010 (section 6.1.4), it is possible to observe a tendency in the sand. The natural frequency 
seems to get lower as the depth, and so the effective pressure, gets more increased. Another 
observation one could make is that the lowering of the natural frequency is greater if the soil layer 
is increased in thickness. The sand in the FFT-curve (Figure 41) can be observed between 8-17 
Hz. The higher spike at about 5 Hz is most probably the sleepers or the train.  

Once again, the gravely sand makes an easily observed spike at about 51-53 Hz, and at 40-41 
Hz a spike that would be representative of the gravely silty sand is visible (Figure 41).  

The shallower sand layer that has an expected natural frequency of 21 Hz is more difficult to 
discern but a somewhat larger spike is visible at about 25 Hz and this could be due to the shallow 
sand layer being smaller than expected. 

Spikes in the greater span of 800 Hz (Figure 39) show at 240, 280-290, 390, 450-550 Hz. 
These are not analysed more than to say they are in the span for rutting ripples (250-400 Hz) or 
pinned-pinned resonance (400-1200 Hz) (Table 1).  
 
 

7.1.4 Bore hole 231910 and 231010 (223+120) 
 
Expected frequency spikes from section 6.1.5 are at 102 Hz for the macadam, 37 Hz for the 
gravely sand, 32 Hz for the top layer of sand and 18 Hz for the silty sand. Continuing down in 
the soil profile (section 6.1.6) the next sand layer has an expected natural frequency of 17 Hz, the 
silty sand and sandy silt above the ground water level has 15 and 16 Hz respectively. Below the 
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ground water level the sandy silt and silty sand have frequencies at 12 and 11 Hz, followed by an 
assumed layer of sand at 5 Hz. 

At both the boundaries between sandy silt and silty sand the small difference in frequency will 
make it difficult to estimate which spike that corresponds to what material. In Figure 44 a 
somewhat distinguishable spike occurs at 15-16 Hz that should be correlated to the sandy-silt-
silty-sand layers. A small spike is also found at the expected 11-12 Hz.  

The sand layer at 17 Hz above is difficult to identify and it is possible that this layer is 
incorporated in the 15-16 Hz spike for sandy-silt-silty-sand. The same is valid for the silty sand 
at 18 Hz.  

The 32 Hz sand is visible but not clearly identifiable. At 35-39 Hz a spike for the gravely sand 
is somewhat prevalent (Figure 44). 

Between 5-10 Hz a spiky area can be identified, this could be the assumed sand at the deepest 
level or come from vibration from the train (Table 1). From this insecurity it could be theorised, 
that the deeper and more extensive layer thickness that one examines, the lower frequency is 
obtained and so it becomes more difficult to analyse the frequency band. 

As in previous chapters the macadam gives a clearly identifiable spike at 100-120 Hz, see 
Figure 43.  

Spikes in the greater span of 800 Hz (Figure 42) show at 240, 280-290, 450-530 and 740 Hz. 
These are not analysed more than to say they are in the span for rutting ripples (250-400 Hz) or 
pinned-pinned resonance (400-1200 Hz) (Table 1).  
 
 

7.1.5 Bore hole 230910 (223+040) 
 
At this bore hole the expected frequencies are 102 Hz for the macadam, 53 Hz for the sandy 
gravel, 18 Hz for the sand and 17 Hz for the silty sand according to section 6.1.7.  

The ballast is visible at ca 110 Hz in Figure 46, whereas the three other soil layers are not so 
prevalent when looking at Figure 47. Some spikes occur at a span of 16-19 Hz that could be due 
to the sand and silt sand layers, but in this instance it is inconclusive. Higher spikes rise at 25-26 
Hz and 11-15 Hz that is likely tied in with some other soil type. It could also be that the sand and 
silty sand is more mixed up than indicated in the lab report that data was taken from in 
calculations. Another possibility is that the sand continues a fair bit down, yielding a lower 
frequency than the calculated 17 Hz. The sandy gravel could be at about 50 Hz and thus the layer 
would be thicker than expected. 

At 8-12 Hz in Figure 47 a spiky area is observable that could be correlated to the train 
 
 

7.2 Bore hole FFT-analysis with data from measurement vehicle 
 
Additional accelerometer data from InfraNords measurement vehicle will be studied in 
conjunction with the macadam train data in this section. The data set divides into two series, one 
for each rail. 

By observing the general patterns in Figure 69 and Figure 73 and comparing them to Figure 
35 and Figure 39, one can observe that the signal gets a much more distinct spectral amplitude in 
the measurement by InfraNord. Note the scale of the y-axis. This it most probably due to the 
higher speed of the measurement vehicle. It is intuitive that higher speed leads to more vibration. 
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From the InfraNord data, it is possible to calculate a mean speed of 75 km/h, whereas the 
macadam train was only traveling at 40 km/h.  
 

 
Figure 35 - FFT 800 Hz over 234010 

 

Figure 69 - FFT 800 Hz over bore hole 234010 
(InfraNord) 

 
Figure 39 - FFT 800 Hz over 232910 and 232010 
 

 

Figure 73 - FFT 800 Hz over 232910 and 232010 
(InfraNord) 

 
The spikes at ca 240 Hz and 280 Hz are slightly shifted down towards ca 140 Hz and 200 Hz. 

Exactly what causes these spikes and the shift in them is not clear but a strong possibility is that 
the differing accelerometers makes the shift. 

The same shift to lower frequencies have taken place with the spikes at 470 Hz and 550 Hz 
for Figure 35 in relation to Figure 69, the latter yielding spectral amplitude at 410 Hz and 480 
Hz. Likewise, but not as pronounced, for Figure 39 and Figure 73. 

Moving on to the sub chapters related to the InfraNord data. The first two sections (7.2.1 and 
7.2.2) chosen are over bore holes that have already been analysed with the macadam train data. 
The InfraNord data will be compared to both the macadam train measurement and the calculations 
for the respective bore hole to try and see were differences have their origin. Similarities should 
be an indication on the reliability of the measurement by the macadam train.  
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The third sub chapter is an analysis on confirming the soil profile at a bore hole were no 
macadam train measurment exists.  So it is a similar process to that of chapter 7.1, but with 
another data set. 
 
 

7.2.1 Bore hole 234010 (223+400) 
 
Starting by a visual comparison of Figure 36 and Figure 70 it is clear that there are more 
contrasting values of the spectral amplitude for the measurement vehicle values. This is taking 
place even though the data have been filtered, and so the most extreme values are not visible.  

Frequencies above 130 Hz are unrelated to the soil so these are disregarded. The ballast 
frequency span at ca 100 – 120 Hz is showing amplification in Figure 73, confirming prevalence 
of macadam.  

Moving on to Figure 71 it can be noted that the spikes prevalent are more spread out than those 
of the macadam train measurement in Figure 37. This makes it a bit more tricky to establish which 
spike belongs to which soil layer. This is true specifically in the span between 10 and 25 Hz, in 
which the deep sand layer (11 Hz) and the thick silty sand layer (21 Hz) should be found 
according to section 6.1.1 and 6.1.2.  

The slightly thinner layer of silty sand (42 Hz) calculated in section 6.1.2 gives a large spike 
in Figure 71. Nearby, at 30 – 40 Hz, a spike that makes no correlation to known soil layers is 
visible.  

By observing previous calculations at different points (mainly 6.1.5) one can draw the 
conclusion that this might be due to a prevalence of shallow sand, or broken down macadam that 
has formed a shallow gravely layer beneath the ballast. If the case of gravely sand seems more 
likely as this is part of the site investigation, but the shift in frequency would mean that the 
thickness is more likely close to 1 m (as the layer in 6.1.5) rather than 0,4 m as per the calculation 
related to this specific bore hole in section 6.1.1. 
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Figure 36 - FFT 200 Hz over 234010 

 

Figure 70 - FFT 200 Hz filtered over bore hole 
234010 (InfraNord) 

 
Figure 37 - FFT 100Hz over 234010 

 

Figure 71 - FFT 100 Hz filtered over 234010 
(InfraNord) 
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7.2.2 Bore hole 232910 and 232010 (223+280) 
 
Observing Figure 40 and Figure 74 the general patterns somewhat match each other, but due to 
the higher speed of the InfraNord measurement vehicle represented in Figure 74 the spikes are 
much more pronounced. Also the vibrations above 120 Hz are denser than those below, which 
makes the scale for the soil related frequencies a bit off. 

For the frequencies in Figure 75, a spike at 40 Hz as for the measurements performed by the 
macadam train shown in Figure 41. This could correlate to the gravely silty sand layer from 6.1.3. 
Between 30-33 Hz an unidentified amplification area. If one would want to venture as guess to 
why this is, the same analysis as that in the previous chapter (7.2.1) for the 30 – 40 Hz span is 
valid.  

From sections 6.1.3 and 6.1.4, spikes for the sand layers should be visible at 11, 17 and 21 Hz. 
The spiky area between 10 – 17 Hz in Figure 75 makes it difficult pinpoint to any specific layer 
of the ones specified by the site investigations in 6.1.3 and 6.1.4. The frequencies that should 
appear according to the calculations are heavily dependent upon how the limit between soil layers 
are set. In this case, different sand layers come after each other but these splits are strictly 
theoretical in nature. The splits were done to harmonize with the layers specified by the lab 
reports from the site investigations. A credible alternative to this would be to see all the sand as 
one thick layer, which would make the natural frequency much lower. Regardless, the spiky span 
between 10 – 17 Hz should have some correlation to the sand. 
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Figure 40 - FFT 200 Hz over 232910 and 232010 

 

Figure 74 - FFT 200 Hz filtered over 232910 and 
232010 (InfraNord) 

 
Figure 41 - FFT 60 Hz over 232910 and 232010 

 

Figure 75 - FFT 60 Hz over 232910 and 232010 
(InfraNord) 
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7.2.3 Bore hole 22260H and NoName located in the track mid (222+600) 
 
The macadam train measurement was not performed for this bore hole so only data from 
InfraNords measurement vehicle exists. This will be analysed in relation to calculated natural 
frequencies in 6.1.8 and 6.1.9.  

The layering of the soil according to the bore holes yields natural frequencies at similar 
interval or distance to each other, which we also see clearly in Figure 78. The tight intervals 
between spikes and expected frequencies match up for 14, 20, 26 and 32-33 Hz correlation to 
layers of deep sand, shallower sand, silty sand, gravely silty sand and sandy silt respectively.  

Other spikes have no clear match in the calculations. The many clear spikes should indicate a 
soil profile with multifaceted properties, i.e. many definable layers that are clearly 
distinguishable from each other. By studying the soil profile in sections 6.1.8 and 6.1.9 we see 
that this is the case. The negative side of this is that the specific soil layers themselves are hard 
to identify. 

Amplification in Figure 77 occur clearly at 100 – 120 Hz once again, revealing the macadam 
layer.  
 

 

Figure 77 - FFT 140 Hz over bore hole NoName at 
track mid and 22260H (InfraNord) 

 

Figure 78 - FFT 50 Hz over bore hole NoName at 
track mid and 22260H (InfraNord) 
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7.3 Establishing the soil profile where no site investigations exists 
 
In this chapter the longer sections at about 100 m between the bore holes will analysed to make 
an attempt at establishing the possible soil layering underneath the track. Relevant and adjacent 
bore holes from the macadam train measurements and calculations will be used as points of 
reference. As the soil frequencies are concentrated to bout 0-120 Hz so only lower frequency 
bands will be compared here.  
 
 

7.3.1 Km 223+510 – 223+400 
 
The km 223+510-223+400 overlap bore hole 234910(223+460) and 234010(223+400). The FFT 
results of the bore holes reaches 20 m along the track in each direction with the bore hole as the 
centre point. In this case, a close resemblance should be possible to spot as one of the reference 
points are inside the 100 m span. Another note on this case is that the profile from 234010 
(223+400) is seen as a continuation of the bore hole 234910 (223+460) in the track mid.  

Observing Figure 50 and Figure 36 as well as Figure 49 and Figure 33 the expected similarity 
is easy to spot in both cases, which indicates a soil profile alike that at the associated bore holes. 

Prevalent spikes can be spotted at ca 4, 50, 53, 70, 85 and 110 Hz for the mentioned figures. 
In Figure 49 a new slight spike is visible at about 30 Hz. Missing are two spikes at 20 and 40 Hz 
that should represent the silty sand layers (in reality one layer, but measured in two bore holes). 
It is possible that in general terms over the 100 m span the silty sand layer thickness is somewhere 
in between 0,6 and 2 m, corresponding to about 40 Hz and 20 Hz respectively. This would yield 
a frequency of ca 30 Hz. The 50 Hz spike could be an indication of a possible gravely material 
in the profile, most likely beneath the ballast and due to torn macadam fractions. 
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Figure 50 - FFT 200Hz over 223+510 - 223+400 

 
 
Figure 36 - FFT 200 Hz over 234010 (223+400) 

 

Figure 49 - FFT 100 Hz over 223+510-223+400 
 

Figure 33 - FFT 100 Hz over 234910 40m 
span(223+460) 

 
By studying Figure 50 one could suspect that the ballast is in general corresponding to 110-120 
Hz. This means that the thickness is about 45-40 cm rather than 50 cm that would give a spike 
leaning more toward 100 Hz. 

The on-site investigations tell of sand underneath the silty sand, but this is not possible to 
discern from only the FFT-data. Table 19 shows the presumed soil profile, comparisons to made 
to Table 9 and Table 10. 
 
Table 19 - Assumptive soil profile by analysis over 223+510 - 223+400 

f0 [Hz] Soil profile Layer thickness,min [m] Layer thickness,max 

[m] 

110-120 F/Macadam 0,40 0,45 

   
  

50 F/gravelySAND 0,60 
 

   
  

30 siltySAND 0,4 2 

   
  

Unknown SAND   
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Figure 79 - Visualisation of the "boudary conditions" - soil profile and the profile from the FFT analysis 
223+400-223+500 

 
 

7.3.2 Km 223+400 – 223+300 
 
For this span boundary conditions rather than a known point in the middle of the span exist, so 
the graphs should probably differ a bit more than in the previous section. Bore holes 234910 
(+460), 234010 (+400), 232910 (+280) and 232010(+280) will provide reference. Once more, 
the two former bore holes are assumed to be continuations of each other. 

Observing Figure 53 and Figure 40 similarities occur at 4, 40-43, 50 and 110 -120 Hz. The 
general pattern at frequencies higher than this also bear a resemblance.  

The macadam spike at 110 Hz (Figure 53) centres on this number so the thickness should be 
around 45 cm.  

The spike at around 50 Hz tells of the likelihood that this 100 m span contains a layer similar 
to the gravely silty sand or gravely sand found (with frequency 42-50 Hz in 6.1.3 and 6.1.4) at 
km 223+280. The thickness of 80-90 cm seems to be reasonable. Observing the bore hole at 
223+400 (6.1.2) a silty sand layer at 42 Hz would lead one to think that at least some part of the 
greater span consists of the silty sand or gravely silty sand layer rather than only gravely sand. 

Moving on to Figure 55 and Figure 38 shared spikes occur at 5, 15 and 23 Hz. Additional 
spikes appearing only for the 100 m span is 10-13, 23-25 and 30 Hz.  

The spike at 23-25 Hz in Figure 55 would indicate that there is some prevalence of silty sand 
in the profile. Possibly in conjunction to the ballast or underneath the layer directly underneath 
the ballast as in the profile at bore hole 234910 (223+460).  
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At bore hole 234010 (223+400) two sand layers have calculated natural frequencies at 15 and 
11 Hz, where the 15 Hz one is visible for the bore hole. The 11 Hz sand was not possible to 
discern in the analysis (7.1.2) but at this greater 100 m span a spike is visible. So the profile 
should consist of sand layers similar to the ones in Table 10. The thickness of the sand layer 
should be between 2,6 – 3,6 m (2,6 m for the top one at 15 Hz and 3,4 m for the bottom one at 
11 Hz) 

The complete assumed soil profile is clarified in Table 20. 
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Figure 53 - FFT 200 Hz over 223+400 - 223+300 

 
Figure 40 - FFT 200 Hz over 232910 and 
232010(223+280) 

 

Figure 55 - FFT 50 Hz over 223+400 - 223+300 

 
Figure 38 - FFT 50 Hz over 234010(223+400) 

 
Figure 56 - FFT 60 Hz over 223+400 - 332+300 

 
Figure 41 - FFT 60 Hz over 232910 and 
232010(223+280) 
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Table 20 - Assumptive soil profile by analysis over 223+400 + 223+300 

f0 [Hz] Soil profile Layer thickness,min [m] Layer thickness,max 

[m] 

110-120 F/Macadam 0,40 0,45 

   
  

42-50 F/gravelysiltySAND 0,80 0,90 

   
  

23-30 siltySAND 0,7 2 

   
  

10-15 SAND 2,6 3,6 

 
 

 
Figure 80 - Visualisation of the "boudary conditions" - soil profile and the profile from the FFT analysis 
223+400-223+300 

 
 

7.3.3 Km 223+300 – 223+200 
 
This span will only have one reference point at 223+280 to compare with. At this point two bore 
holes (232910 and 232010) with expected frequencies are positioned.  

Comparing Figure 60 and Figure 40 one can once again identify the macadam at about 110 
Hz. Also visible is a layer of gravely sand at 50 Hz, that is likely in the same thickness range as 
in bore hole 232010 (6.1.4), that is about 90 cm and would follow the ballast. 

Another spike in common also occur at 40 Hz, if a bit less prevalent. As in the previous span 
at 223+400 – 223+300, this could be an indication that there is some silt mixed into the gravely 
sand layer or that there is a separate layer of silty sand underneath the gravely sand. Both Table 
10 and Table 11 shown frequencies of roughly 40 Hz at a shallow depth in the profile for silty 
sand and gravely silty sand. This makes it more probable that the silt is mixed into the gravely 
sand layer directly beneath the ballast rather than it being layer number three from the top.  
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However, the prevalence of the gravely sand at 50 Hz cannot be disregarded at this depth. It 
is possible that this section of 100 m is more irregular in the way that some spots have a more 
gravely silty sand while other have a gravely sand beneath the macadam.  

All these things considered, and using the collected experience from bore holes 234910, 
234010, 232910 and 232010, the depth of the gravel containing soil beneath the ballast could 
vary between 0,6 -1,0 m depending on the material. 

Moving on to observations primarily in Figure 58, and some comparisons to Figure 41, the 
lower frequencies do not show as clear amplification as for the ones in the higher band. This is 
probably because a sand layer exists and the depth is sufficient so that it will be difficult to discern 
in prevalent spikes of amplification. 

The general pattern is however identifiable in regard to Figure 41, which would substantiate 
the assumption that the sand in the 100 m span is similar in expanse.  Noting the layer thicknesses 
from (6.1.3) and (6.1.4) and the depth at which the sand would be situated relative to the materials 
above the sand for 223+300 – 223+200 should be in the range of 2,7 – 3,5 m.  

In reality the sand is probably continuing a fair bit down, but data is missing to draw safe 
conclusions regarding this. A presumptive soil profile for this section is given in Table 21 

 

Figure 60 - FFT 200 Hz filtered over 223+300 - 
223+200 

 
Figure 40 - FFT 200 Hz over 232910 and 
232010(223+280) 

 

Figure 58 - FFT 60 Hz over 223+300 - 223+200 

 
Figure 41 - FFT 60 Hz over 232910 and 
232010(223+280) 
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Table 21 - Assumptive soil profile by analysis over 223+300 - 223+200 

f0 [Hz] Soil profile Layer thickness,min [m] Layer thickness,max 

[m] 

110 F/Macadam 0,40 0,45 

   
  

50 or 40 gravelySAND or gravelysiltySAND 0,6 1,0 

   
  

11-18 SAND 2,7 3,5 

   
  

Unknown SAND Great Great 

 

 
Figure 81 - Visualisation of the "boudary conditions" - soil profile and the profile from the FFT analysis 
223+300-223+200 

 
 

7.3.4 Km 223+200 – 223+100 
 
Boundary point to compare against for this span is the two bore holes 231910 and 231010 at 
223+120.  

Starting at the top of the profile, the macadam should be visible in Figure 63 at 100 – 120 Hz. 
An indication of a slight shift in amplitude is visible and centres toward 120 Hz, although it is 
much more prevalent in Figure 43 that represents the bore holes. A quick look at the filtered 200 
Hz band shown in Figure 64 makes the spike more dominant. 

A strong set of spikes show up for the 100 m span in Figure 63 at ca 37 – 45 Hz. The zoomed 
in result in Figure 62 shows a spike at 33 and 37 Hz that have matching correlation spike at the 
bore hole measurement in Figure 44. The natural frequency calculation in Table 13 conclude that 
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37 and 32 Hz correlate to shallow gravely sand and sand layers respectively. The slight shift over 
the 100 m span measurement, relative to the calculations and bore hole measurements, could be 
due to a more varying soil profile over the full length.  

The two materials are probably as in the bore hole 231910 but the range of spikes at 37 - 45 
Hz and 33 – 37 Hz suggest that the layer thickness shifts along the track.  

The lower frequencies in Figure 62 give strong amplification at 17-16, 13, 10 and 5 Hz. Spikes 
at the same or adjacent frequencies amplify at 20, 16 and 13 - 12 Hz in Figure 44. Also evenly 
spaces spikes from 10 - 2 Hz occur.  

From Table 13, Table 14 and the analysis made in (7.1.4) it is apparent that the expected 
frequencies that are close to each other makes it more difficult to draw safe conclusions. The 
tables show that frequencies 15-16-17-18 Hz correlate to silty sand, sand and sandy silt at 
different depths and thicknesses. If assuming that the 17-16 spike in Figure 62 represents one of 
these materials, then the 13 Hz spike could be an indication on that this material is slightly more 
extensive and reaches a greater depth as compared to bore hole 231010, Table 14. 

Frequencies of 10 Hz and lower likely occur due to an extensive sand layer or vibrations from 
the train. A summary of a likely profile is presented in Table 22. 

 

Figure 63 - FFT 200 Hz over 223+200 - 223+100 

 
Figure 43 - FFT 200 Hz over 231910 and 
231010(223+120) 

 

Figure 62 - FFT 40 Hz over 223+200 - 223+100 

 
Figure 44 - FFT 40 Hz over 231910 and 
231010(223+120) 
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Table 22 - Assumptive soil profile by analysis over 223+200 - 223+100 

f0 [Hz] Soil profile Layer thickness,min [m] Layer thickness,max 

[m] 

120 F/Macadam 0,40 0,45 

   
  

32-45 gravelySAND or SAND 0,5 1,5 

   
  

16-17 siltySAND or SAND or sandySILT 0,7 2,5 

   
  

5-10 SAND Great Great 

 

 
Figure 82 - Visualisation of the "boudary conditions" - soil profile and the profile from the FFT analysis 
223+200-223+100 

 
 

7.3.5 Km 223+100 - 223+000 
 
Boundary conditions used here are bore holes 231910 (223+120), 231010 (223+120) and 230910 
(223+040). The overall pattern of the FFT graphs for both bore holes at 223+120 and 223+040 
match up to the longer 100 m span, this can be observed in the comparison between Figure 66, 
Figure 43 and Figure 67, Figure 46 respectively. 

Focusing on the macadam, Figure 66 and Figure 67 shows an amplification at both 100 and 
120 Hz, indicating that the layer thickness would be varying from 40 cm to 50 cm, as this 
correlates to 120 and 102 Hz respectivley, see chapter (6.1) for calculations examples. The 
comparable Figure 43 over km 223+120 gives a spike in 120 Hz this as well, whereas the other 
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boundary to compare with (Figure 46) gives an amplification at a lower frequency, ca 110 Hz. 
This could indicate that the ballast layer gets thicker closer to the 223+040 boundary. 

Moving on to Figure 68, spikes can be observed at 46, about 40 and 35 Hz. Previous 
calculations from bore holes 234010, 232010 and 230910, shown in Table 11, Table 12 and Table 
13, indicate that similar frequencies can be correlated to a gravely silty sand or gravely sand layer 
at a shallow depth. Sandy gravel at the same depth should yield a higher frequency according to 
Table 15, which rules this soil type out. Gravely sand also has a higher expected frequency (Table 
15) that would rule it out. 

Another possibility is that of silty sand somewhat deeper down as calculated in Table 10. All 
added up from previous experiences, the soil profile directly beneath the macadam will be gravely 
silty sand or gravely sand at 0,5 -1,0 m thick followed by silty sand at ca 1 m depth with thickness 
ca 40 cm. A quick look at the soil profiles at the boundary points in (6.1.5), (6.1.6) and (6.1.7) 
gives an indication that this assumption is not completely off as there are remnants of the 
assumptive profile in both points.  

Lower frequencies peak at about 5-13 Hz in Figure 68, which could indicate sand at a greater 
depth and thickness. Collected experience from the calculations chapter (6.1) hint of the sand 
layer with correlated frequencies at about 10 Hz start at 3-4 m depth and the thickness of 3,4-3,5 
m. Greater thicknesses yield frequencies closer to 5 Hz with the greatest evaluated thickness in 
this thesis at 6,6 m. 

A presentation of the assumptive soil profile is shown in Table 23. 
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Figure 66 - FFT 200 Hz over 223+100 - 223+000 
 

Figure 43 - FFT 200 Hz over 231910 and 
231010(223+120) 

 

Figure 67 - FFT 160 Hz filtered over 223+100 - 
223+000 

 
Figure 46 - FFT 160 Hz over 230910(223+040) 

 

Figure 68 - FFT 60 Hz over 223+100 - 233+000 

 
Figure 47 - FFT 60 Hz over 230910(223+040) 
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Table 23- Assumptive soil profile by analysis over 223+100 - 223+000 

f0 [Hz] Soil profile Layer thickness,min [m] Layer thickness,max 

[m] 

100-120 F/Macadam 0,40 0,50 

   
  

36-42 gravelysiltySAND or gravelySAND 0,5 1,5 

   
  

36-42 siltySAND 0,4 0,5 

   
  

5-13 SAND 3,4 6,6 

 
 
 

 
Figure 83 - Visualisation of the "boudary conditions" - soil profile and the profile from the FFT analysis 
223+100-223+000 
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8 DISCUSSION 
 
The general comment in regard to the analysis chapter is that the method is reliable at the top of 
the soil profile with decreasing accuracy deeper down. 

An important factor is how one chooses to spilt the soil into layers. Thinner layers cause higher 
natural frequencies and those will in general be easier to spot in the FFT-graph. Mostly it comes 
naturally where to make the layer limits but in the case of ground water levels or ending a 
sounding, layer differentiation can be more subjective. 

Non-prevalent changes in layer types create no spikes in the FFT-graph, making it difficult to 
establish any actual properties. For the soil layer excluding sand one can clearly see a different 
spectral amplitude. A likely reason for this is that soils are clearly different from the adjacent 
layers. Where the materials are more similar, as for the sand layers, the amplifications will be 
smaller in relation to each other.  

During the discussions chapter suggestions for improvement are stated as the properties of the 
method are discussed 
 
 

8.1 Reliability of the method 
 
From the FFT analysis section 7.1 it becomes quite clear that the measurements by the macadam 
train in August of 2017 are not always conclusive. In general, coarse grain materials such as 
gravely sand and macadam are the most consequent in showing up in the frequency span as 
expected. These materials are always in the top layers and are therefore least dependent on stress 
levels in the soil that largely influence the expected natural frequency.  

The depth of the layers is also relatively small and this will yield frequencies in the higher part 
in the soil related spectrum. By viewing the results, a more common span for the sandy and sand 
soils are 5-42 Hz and the gravely or gravel layers exclusively fall outside of his at 49-53 Hz, 
whereas the macadam is always somewhere between 102-120 Hz. 

The wider spectrum for the sandy and sand soil layers are probably due to the fact that these 
come in more depths and thicknesses and thus get more variation in stress. It should also be 
mentioned, that in the lab reports that were used as data for establishing the soil profiles in 
accordance with the site investigations, the sand layers are often divided into observed sand and 
assumed sand. This is because the test was stopped at the cut-off point. 

At the ground water level, the heaviness for the material changes and the pore water pressure 
starts to influence the effective stress, and this is why a spilt of uniform layers have been done at 
this point. This will also affect the expected frequencies by the thickness factor, but too little data 
from the same material at similar thickness, below and above the ground water level exists to 
draw any conclusions as to the impact of the water.  

Insecurities about layer limits, and so states of stress, would be eliminated by coming closer, 
calculations wise, to the natural frequency result. The mean stress in the soil are dependent upon 
soil heaviness, friction angle, layer thickness and ground water levels. Then a coefficient also 
dependent on the assumptions are multiplied with the mean stress (equation (5.10)) and finally 
the natural frequency can be obtained by equation (5.13). The number of assumptions during 
calculations make the possibility for uncertainty large. 

Applying some geodynamic sounding would make it possible to walk around this by reducing 
the variables applied to the shear wave velocity and the layer thickness. A number of geodynamic 
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methods measure the wave velocity in soils. One could with only two variables use equation 
(5.11) and obtain the natural frequency in a more straight-forward manner. 

Another factor that might skew the result is the position of the bedrock. As the rock has widely 
differing material properties it would respond and in some aspect reflect vibration waves 
differently.  

According to (SGU; Geological Survey of Sweden c, n.d.) the 500 m that were measured with 
the macadam train, the level of the bedrock or soil depth is somewhat varying. In the 
southernmost end, the depth is approximately 5 – 10 metres whereas in the rest of the section the 
depth is 10 – 20 m. These facts and the analysis in themselves are however not exact and extensive 
enough to draw conclusions. For example, whether the bedrock tilts is not examined.  
 

A previous master thesis (Majala, 2017) on a similar subject have come to the conclusion that 
it is possible, in a reliable way, to determine soil conditions with this method. However in that 
analysis, only one idealised soil layer below the ballast is identified and explored with similar 
calculations that yield an expected frequency.  

As discussed previously in regard to the results in this thesis, the soil at the layer just below 
the ballast is the easiest to identify in general, so this matches up with the conclusion in (Majala, 
2017).  

Also, a stretch of 100 m was used in the FFT-analysis in (Majala, 2017) which could result in 
a more even and more extensive underlying data. This would also contribute to a more general 
and safe result in the sense that the importance of exactly where one makes the cut in the data of 
measurement drops.  

In the confirmations process in this thesis a section of 40 m around each position of the bore 
hole was used in the hopes of gaining a more isolated and accurate reading on the FFT-graph. 
The downside to this is the human error factor in identifying, by time on the clock, where to split 
the data. Also, less data points make for a more insecure result.  
 
For trying to establish a soil profile in between bore holes the method is usable but not conclusive. 
In general the km 223+000 – 223+500 is rather homogenous which is why it was chosen in the 
first place. The downside of this with the analysis in mind is that similarities in the soil layers 
make it difficult to make reliable assumptions. On the other hand, the assumptions on the soil 
profiles between bore holes are probably not way off as they all have resemblances to the 
boundary conditions. It would be interesting to study a major change in the soil profile to really 
test the capability of the method.  

Determination of depth and layer thickness would benefit from a more standardized way of 
analysis rather than just comparing to what is present close by. The boundary conditions 
contribute by shedding light on the local conditions, but providing a FFT-graph database over a 
number of soil profiles would make the analysis more statistically sound. At the point of which a 
database of analysed soil profiles have been compiled and made into an easily accessible format, 
this method might yield finer results. Now though, the accuracy is rough.  

Seen from the perspective that the rough soil conditions in the studied km are detectable in the 
FFT-graphs where no bore hole profiles exists the method is not without merit. 
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8.2 Quality of macadam train measurements 
 

By reading the analysis part in (Majala, 2017) you could suppose that the results from the FFT 
that match up to the expected frequencies come from a train traveling at about 100 km/h, whereas 
the more inconclusive results in that report come from a train at 30 km/h.  

In the measurement done with the macadam train in this thesis the train was travelling at 40 
km/h. The low speed and observation from (Majala, 2017) could lead one to suspect that the 
lower speed might impact the readability of the FFT-graph. It is quite intuitive that the higher 
speed would yield stronger vibrations, consequently it would be easier to detect spikes in the 
resulting frequency band. This is also found to be true in this thesis by just observing the spectral 
amplitude scale in the FFT-graphs in section 7.2. 

The analysis section comparing the measurements of the macadam train with the ones taken 
from InfraNords measurement (section 7.2) vehicle show that the stronger signal gives more 
pronounced spikes in the FFT-graph.  

One must not forget however, that the spectral amplitude size is only relevant in relation to 
other values in the same graph, making comparisons between figures in absolute terms of spectral 
amplitude non-valid. 

Overall, the FFT-graphs from the macadam train are comparably reliable as for the 
measurement vehicle.  
 
 

8.3 Application scope  
 
The strength of the method in the configuration of this master thesis is to expand on existing 
knowledge and thus fleshing out the soil model. Validification is in itself a worthy goal as it 
contributes to the overall risk minimizing of a given construction project.  

For the future one might want to consider importing the soil profile into the Building 
Information Model (BIM) thus making conditions more clear and ever present for the risk 
assessment in the construction phase. Together with profiles from bore holes, the certainty 
increases. 

The fact that The Swedish Transport Administration already deploys extensive measurements 
of the track with measurement vehicles entails it would at least be worthwhile to explore the 
expanded use of the collected data.  
 
 

8.3.1 The method as a prioritizing tool 
 
A valid possibility that this method lays bare is the option to make a preliminary soil mapping 
before the georigs and operators move out in the field. The probable scenario is that there are 
already accelerometer data of sufficiently new runs by the measurement vehicle that one can use 
to analyze the soil conditions. This demands some sort of comparative data though. The answer 
to this is that there might exist old site investigations from when the track was first built or, one 
could draw some conclusions from a soil deposit map.  

Either way, as a first step one would be able to see if there are areas where the FFT-reading 
diverges from the bunch and have this area prioritized for bore hole investigations. The lengths 
of track where the graphs are similar would maybe not require as much investigations as one 
would traditionally order. Given that the reliability is up to standard and the analysis sufficiently 
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shows diverging soil conditions, a cost cutting dimension of this method arises. Added cost would 
come from administrative cost of retrieving the accelerometer data from Optram and for manual 
analysis cost. Whereas a significantly larger cutting of the costs could be achieved from having 
fewer bore holes. 

The time needed to make a good quality analysis for a long section of track is considerable. 
The sections one analyses must be short enough to take into account that the soil profile changes 
sufficiently. But it must also be long enough for security of the result. Add the presumed 
expectation of reasonable accuracy in the professional context and the method demands a lot of 
time.  

Some automation process by visual analysis combined with machine learning could, after 
enough cycles of analysis, aid in the identification of soil layers. What is described is 
sophisticated Artificial Intelligence and should be seen as a potential for capacity expansion of 
the method. Both Matlab (MATLAB, n.d.) and Googles open source software TensorFlow 
(TensorFlow, 2017) have abilities in machine learning and pattern finding that could be 
applicable. 

Applying AI, the scalability significantly increases due to the added productivity. At the 
moment though, scalability is poor. 
 
 

8.3.2 The method in regard to geodynamic tests 
 
The purpose for the most common geodynamic soundings deployed in investigations today are 
to establish the wave velocities in the soil (Bengtsson, Larsson, Moritz, & Möller, 2000, p. 28). 
From this property, it is then possible to calculate the initial shear modulus, G0, for example with 
equation (5.12), but the preferred relation to use varies. To also keep in mind is that deformations 
affects the shear modulus in accordance with additional relations. So, the general goal of 
registering the wave velocity is in its nature an indirect method (Bengtsson, Larsson, Moritz, & 
Möller, 2000, p. 30)  

Connecting this to the calculations in this report, the shear wave velocity is never measured or 
specifically touched upon. Rather the initial shear modulus, G0, is estimated by relations 
recommended by The Swedish Transport Administration in TK Geo 11 (Swedish Transport 
Administration, 2011). It is clear that this comes with a certain amount of insecurity that would 
be smaller had one instead used a registered value for the shear wave velocity.  

In the perspective that the FFT method could replace geotechnical soundings to some degree, 
it would still be a good idea to have good quality reference data. This will only be achieved by 
actually performing soundings in the environment at which one is interested. Firthering the 
quality, applying a sounding that registers the wave velocities for the soil would make the 
calculations for the natural frequency more accurate.  

The case project Stenkumla - Dunsjö had many geo soundings performed with the majority 
serving the purpose of establishing the soil profile along the railroad and mapping the quality of 
the railroad terrace (Johansson, 2017). Mainly Pyramid Penetration tests (Tr) were used for this. 
A smaller number of Cone Penetration Tests (CPT) and Ram soundings (HfA) complemented the 
investigations (WSP Lars O Johansson, 2014a).  

An efficient geodynamic method is that of Seismic CPT-sounding. The method is relatively 
new and measures the wave velocity for the soil inside the CPT bore hole (Bengtsson, Larsson, 
Moritz, & Möller, 2000, p. 33), see Figure 84. The fact that the method is based on the more 
commonly used CPT-sounding makes it practical. Of a number of wave velocity soundings, the 
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Seismic CPT seem the most easily applied one because it only requires an add on to standard 
CPT.equipment (Geotech, 2017). However, Seismic CPT-soundings are not commonly deployed 
and will, as for regular CPT, only work in sandy soil and not in till (Johansson, 2017). 

 
Figure 84 - Set up of Seismic CPT-sounding (Bodare, 1997) 

 
The addition required are geophones or accelerometers attached to the sounding point. An 

impact at the ground surface is struck at different depths of the sounding and the wave velocity 
is then registered by the geophone or accelerometer. Given the fact that standard CPT-soundings 
are performed anyway, one can assume that it would not be a great additional time or cost to 
expand the collected data to wave velocity for the same bore holes (Bengtsson, Larsson, Moritz, 
& Möller, 2000, p. 33). This assumption is reinforced by Geotech, supplier of georigs (Geotech, 
2017).  

With this possibility in mind, the reliability of the frequency analysis method by FFT could be 
greater, which in turn uncovers the prospect of using less bore hole investigations and partly 
replacing them by FFT-analysis. Bore hole investigations that do not contribute to further the 
knowledge of the dynamic properties of the soil layers (in this case Pyramid Penetration tests (Tr) 
and Ram soundings (HfA)) could be reduced while at the same time increasing the CPT-
soundings and equipping them with geophones or accelerometers. Bringing the total of bore holes 
down and expanding the productivity. 

Without increased reliability however, the FFT-analysis method as of this thesis is not reliable 
to a great enough soil depth to be able to replace actual soundings.  
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9 CONCLUSIONS 
 
Is it possible to confirm an established soil profile with this method? 
 
Yes, but there are reliability issues regarding depth and layer thickness of primarily sand. A 
number of measurements for the same length of track would probably give a more reliable result.  
 
 
Is it possible, with known boundary conditions, to establish a soil profile blind? 
 
Somewhat, but reliable boundary conditions are required which will need bore holes to be done. 
 
 
What are the possible applications for this method? 
 
Prioritizing of soil investigation resources. 
Risk management by reducing unknown conditions. 
 
 

9.1 Further study 
 
More trials with the method to increase accuracy and give a wider reference bank. 
 
Performing analysis at areas where the ground conditions are more heterogeneous or in poor 
quality.  
 
Studying the FFT-method in regard to compaction or other reinforcement methods, is it for 
example possible to detect differences before and after reinforcement procedures have been 
performed? 
 
Applying some A.I and/or machine learning that could analyse the FFT- graph visually to allow 
for automatization of the analysis. 
 
Performing similar study as in this master thesis but using input data from some type of wave 
velocity soundings rather than empirical formulas.  
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A.1 – A.5 Calculations 
 
B.1 – B.11 Drawings 
 
C.1 – C.2 Matlab code 
 
D Interview notes, Swedish and English version 



APPENDIX A.1

222+600

NoName Skr trackmid

Soil profile

height 

coordinate[m] depht z [m] ϒ [kN/m3] ϒ' [kN/m3] ϒm [kN/m3] ρ [kg/m3] σ [kN/m2] u [kN/m2] σ'v[kN/m2] φ [˚] K0 [NONE] σ'h [kN/m2] σ'm [kN/m2] K1 [NONE] G0 [kN/m2] f0 [Hz]

F/Macadam 120,30 0,00 18,00 11,00 21,00 1 800,00 9,00 0,00 9,00 38,00 0,38 3,46 6,23 30 000,00 74 877,04 101,98

119,80 0,50

gravelySAND 119,80 0,50 18,35 11,43 21,43 1 835,00 36,53 0,00 36,53 35,00 0,43 15,58 26,05 17 000,00 86 766,74 28,99

118,30 2,00

gravelysiltySAND 118,30 2,00 18,12 11,28 21,28 1 812,00 40,15 0,00 40,15 35,00 0,43 17,12 28,63 17 000,00 90 969,44 32,95

118,10 2,20

siSAND 118,10 2,20 17,70 11,02 21,02 1 770,00 50,77 0,00 50,77 35,00 0,43 21,65 36,21 16 000,00 96 278,33 25,91

117,50 2,80

GW-level 116,80 3,50

GW level [m]

120,3

3,5

116,8

222+600

22260H

seen as continuation of NoName Skr Trackmid

Soil profile

height 

coordinate[m]

rel depht 

[m] depht z [m] ϒ [kN/m3] ϒ' [kN/m3] ϒm [kN/m3] ρ [kg/m3] σ [kN/m2] u [kN/m2] σ'v[kN/m2] φ [˚] K0 [NONE] σ'h [kN/m2] σ'm [kN/m2] K1 [NONE] G0 [kN/m2] f0 [Hz]

sandySILT 118,30 0,00 2,00 17,40 10,83 20,83 1 740,00 40,02 0,00 40,02 33,00 0,46 18,22 29,12 17 000,00 91 739,81 31,89

118,00 0,30 2,30

siltyFINESAND 118,00 0,30 2,30 17,70 11,02 21,02 1 770,00 43,56 0,00 43,56 35,00 0,43 18,58 31,07 16 000,00 89 181,17 29,15

117,80 0,50 2,50

SAND 117,80 0,50 2,50 18,00 10,00 20,00 1 800,00 61,56 0,00 61,56 35,00 0,43 26,25 43,91 15 000,00 99 391,63 20,43

116,80 1,50 3,50

GW-level 116,80 1,50 3,50

SAND 116,80 1,50 3,50 18,00 10,00 20,00 2 000,00 75,56 14,00 61,56 35,00 0,43 26,25 43,91 15 000,00 99 391,63 13,85

115,40 2,90 4,90

ASSUMED SAND 115,40 2,90 4,90 18,00 10,00 20,00 2 000,00 194,56 133,00 61,56 35,00 0,43 26,25 43,91 15 000,00 99 391,63 3,58

103,50 14,80 16,80

GW level [m]

120,3

3,5

116,8



APPENDIX A.2

223+040

230910

Soil profile

height 

coordinate

[m]

depht z 

[m] ϒ [kN/m3] ϒ' [kN/m3] ϒm [kN/m3] ρ [kg/m3] σ [kN/m2] u [kN/m2] σ'v[kN/m2] φ [˚] K0 [NONE] σ'h [kN/m2] σ'm [kN/m2] K1 [NONE] G0 [kN/m2] f0 [Hz]

F/Macadam 124,80 0,00 18,00 11,00 21,00 1 800,00 9,00 0,00 9,00 38,00 0,38 3,46 6,23 30 000,00 74 877,04 101,98

124,30 0,50

F/sandyGRAVEL 124,30 0,50 18,65 11,61 21,61 1 865,00 18,33 0,00 18,33 37,00 0,40 7,30 12,81 18 000,00 64 426,10 53,10

123,80 1,00

SAND 123,80 1,00 18,00 10,00 20,00 1 800,00 63,33 0,00 63,33 35,00 0,43 27,00 45,16 15 000,00 100 806,40 18,20

121,30 3,50

finesandySILT 121,30 3,50 17,40 10,83 20,83 1 740,00 89,43 0,00 89,43 33,00 0,46 40,72 65,07 16 000,00 129 068,37 16,51

119,80 5,00

GW-level 118,25 6,55

GW level [m]

119,1

118,4

118,75

118,25



APPENDIX A.3

223+120

231910

Soil profile

height 

coordinate

[m] depht z [m] ϒ [kN/m3] ϒ' [kN/m3] ϒm [kN/m3] ρ [kg/m3] σ [kN/m2] u [kN/m2] σ'v[kN/m2] φ [˚] K0 [NONE] σ'h [kN/m2] σ'm [kN/m2] K1 [NONE] G0 [kN/m2] f0 [Hz]

F/Macadam 125,50 0,00 18,00 11,00 21,00 1 800,00 9,00 0,00 9,00 38,00 0,38 3,46 6,23 30 000,00 74 877,04 101,98

125,00 0,50

gravelySAND 125,00 0,50 18,35 11,43 21,43 1 835,00 27,35 0,00 27,35 35,00 0,43 11,66 19,51 17 000,00 75 082,17 36,78

124,00 1,50

SAND 124,00 1,50 18,00 10 20,00 1 800,00 36,35 0,00 36,35 35,00 0,43 15,50 25,93 15 000,00 76 375,26 31,69

123,50 2,00

siltySAND 123,50 2,00 17,70 11,02 21,02 1 770,00 71,75 0,00 71,75 35,00 0,43 30,60 51,17 16 000,00 114 456,43 18,16

121,50 4,00

GW-level 119,55 5,95

GW level [m]

120,6

119,5

120,05

119,55

223+120

231010

seen as continuation of 231910

Soil profile

height 

coordinate

[m] rel depht [m] depht z [m] ϒ [kN/m3] ϒ' [kN/m3] ϒm [kN/m3] ρ [kg/m3] σ [kN/m2] u [kN/m2] σ'v[kN/m2] φ [˚] K0 [NONE] σ'h [kN/m2] σ'm [kN/m2] K1 [NONE] G0 [kN/m2] f0 [Hz]

sandyMULL 121,90 0,00 3,60

121,60 0,30 3,90

SAND 121,60 0,30 3,90 18,00 10,00 20,00 1 800,00 82,80 0,00 82,80 35,00 0,43 35,31 59,05 15 000,00 115 269,84 17,45

120,90 1,00 4,60

siltySAND 120,90 1,00 4,60 17,70 11,02 21,02 1 770,00 102,27 0,00 102,27 35,00 0,43 43,61 72,94 16 000,00 136 648,03 15,27

119,80 2,10 5,70

finesandySILT 119,80 2,10 5,70 17,40 10,83 20,83 1 740,00 106,62 0,00 106,62 33,00 0,46 48,55 77,59 17 000,00 149 740,27 16,21

119,55 2,35 5,95

GW-level 119,55 2,35 5,95

finesandySILT 119,55 2,35 5,95 17,40 10,83 20,83 2 083,40 119,08 11,50 107,58 33,00 0,46 48,99 78,28 17 000,00 150 412,23 11,97

118,40 3,50 7,10

siltyFINESAND 118,40 3,50 7,10 17,70 11,02 21,02 2 102,08 124,59 16,50 108,09 35,00 0,43 46,09 77,09 16 000,00 140 482,06 11,10

117,90 4,00 7,60

ASSUMED SAND 117,90 4,00 7,60 18,00 10,00 20,00 2 000,00 190,59 82,50 108,09 35,00 0,43 46,09 77,09 15 000,00 131 701,93 5,22

111,30 10,60 14,20

GW level [m]

120,6

119,5

120,05

119,55



APPENDIX A.4

223+280

232910

Soil profile

height 

coordinate

[m]

depht z 

[m] ϒ [kN/m3] ϒ' [kN/m3] ϒm [kN/m3] ρ [kg/m3] σ [kN/m2] u [kN/m2] σ'v[kN/m2] φ [˚] K0 [NONE] σ'h [kN/m2] σ'm [kN/m2] K1 [NONE] G0 [kN/m2] f0 [Hz]

F/Macadam 127,20 0,00 18,00 11,00 10,00 1 800,00 9,00 0,00 9,00 38,00 0,38 3,46 6,23 30 000,00 74 877,04 101,98

126,70 0,50

F/gravelysiltySAND 126,70 0,50 18,12 11,28 21,28 1 812,00 23,50 0,00 23,50 35,00 0,43 10,02 16,76 17 000,00 69 591,33 41,70

125,90 1,30

SAND 125,90 1,30 18,00 10,00 20,00 1 800,00 54,10 0,00 54,10 35,00 0,43 23,07 38,58 15 000,00 93 171,50 21,26

124,20 3,00

GW-level 120,10 7,10

GW level [m]

120,6

119,5

120,1

223+280

232010

seen as continuation of 232910

Soil profile

height 

coordinate

[m]

rel depht 

[m]

depht z 

[m] ϒ [kN/m3] ϒ' [kN/m3] ϒm [kN/m3] ρ [kg/m3] σ [kN/m2] u [kN/m2] σ'v[kN/m2] φ [˚] K0 [NONE] σ'h [kN/m2] σ'm [kN/m2] K1 [NONE] G0 [kN/m2] f0 [Hz]

siltySAND 127,60 0,00 -0,40 17,70 11,02 21,02 1 770,00 0,00 0,00 0,00 35,00 0,43 0,00 0,00 16 000,00 0,00 0,00

127,20 0,40 0,00

gravelySAND 127,20 0,40 0,00 18,35 11,43 21,43 1 835,00 16,52 0,00 16,52 35,00 0,43 7,04 11,78 17 000,00 58 344,17 49,53

126,30 1,30 0,90

SAND 126,30 1,30 0,90 18,00 10,00 20,00 1 800,00 65,12 0,00 65,12 35,00 0,43 27,77 46,44 15 000,00 102 221,21 17,65

123,60 4,00 3,60

ASSUMED SAND 123,60 4,00 3,60 18,00 10,00 20,00 1 800,00 128,12 0,00 128,12 35,00 0,43 54,63 91,37 15 000,00 143 383,94 11,38

120,10 7,50 7,10

GW-level 120,10 7,50 7,10

ASSUMED SAND 120,10 7,50 7,10 18,00 10,00 20,00 2 000,00 239,12 111,00 128,12 35,00 0,43 54,63 91,37 15 000,00 143 383,94 4,08

109,00 11,10 18,20

GW level [m]

120,6

119,5

120,1
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223+460

234910

Soil profile

height 

coordinate

[m]

depht z 

[m] ϒ [kN/m3] ϒ' [kN/m3] ϒm [kN/m3] ρ [kg/m3] σ [kN/m2] u [kN/m2] σ'v[kN/m2] φ [˚] K0 [NONE] σ'h [kN/m2] σ'm [kN/m2] K1 [NONE] G0 [kN/m2] f0 [Hz]

F/Macadam 129,10 0,00 18,00 11,00 21,00 1 800,00 7,20 0,00 7,20 38,00 0,38 2,77 4,98 30 000,00 66 972,06 120,56

128,70 0,40

F/gravelySAND 128,70 0,40 18,35 11,43 21,43 1 835,00 18,21 0,00 18,21 35,00 0,43 7,77 12,99 17 000,00 61 265,10 50,76

128,10 1,00

siltySAND 128,10 1,00 17,70 11,02 21,02 1 770,00 53,61 0,00 53,61 35,00 0,43 22,86 38,24 16 000,00 98 935,50 21,49

126,10 3,00

GW-level 120,10 9,00

GW level [m]

120,6

119,5

120,1

223+400

234010

seen as continuation of 234910

Soil profile

height 

coordinate

[m]

rel depht 

[m]

depht z 

[m] ϒ [kN/m3] ϒ' [kN/m3] ϒm [kN/m3] ρ [kg/m3] σ [kN/m2] u [kN/m2] σ'v[kN/m2] φ [˚] K0 [NONE] σ'h [kN/m2] σ'm [kN/m2] K1 [NONE] G0 [kN/m2] f0 [Hz]

siltySAND 128,10 0,00 1,00 17,70 11,02 21,02 1 770,00 24,78 0,00 24,78 35,00 0,43 10,57 17,67 16 000,00 67 263,57 42,38

127,70 0,40 1,40

SAND 127,70 0,40 1,40 18,00 10,00 20,00 1 800,00 71,58 0,00 71,58 35,00 0,43 30,52 51,05 12 000,00 85 740,57 14,95

125,10 3,00 4,00

ASSUMED SAND 125,10 3,00 4,00 18,00 10,00 20,00 1 800,00 132,78 0,00 132,78 35,00 0,43 56,62 94,70 15 000,00 145 971,09 11,12

121,70 6,40 7,40

GW-level 120,10 8,00 9,00

GW level [m]

120,6

119,5

120,1

























APPENDIX C.1 

Matlab code 

Spectral_analysis_v2 

Fs = 1585; % Sampling frequency  
T = 1/Fs; % Sampling period  
L =83154; % Length of signal  
t = (0:L-1)*T; % Time vector  
X = MatningStenkumlaDunsjo6(:,1); % Peak ground acceleration vector  
    %X1 = MasterfiledataInfraNord5(:,1); %Additional da ta series in the 
same plot, if not to be used turn off  
Y = fft(X); % Fourier transform of the signal  
    %Y1 = fft(X1);  
P2 = abs(Y/L); % Two-sided spectrum P2  
    %P21 = abs(Y1/L);  
P1 = P2(1:L/2+1); % Single-sided spectrum P1  
    %P11 = P21(1:L/2+1);  
P1(2:end-1) = 2*P1(2:end-1);  
    %P11(2:end-1) = 2*P11(2:end-1);  
f = Fs*(0:(L/2))/L; % Frequency  
table4_w_f_and_amp=[f' P1]; %table with frequency in the first column and P1 
(ampl)in the second column  
    %table3_w_f_and_amp=[f' P11];  
plot(f,P1);  
title( 'Spectral amplitude  vs. frequency' )  
xlabel( 'f(Hz)' )  
ylabel( 'Spectral amplitude' )  
  
    %hold on  
  
    %plot(f,P11, 'r');  
    %title('Spectral amplitude  vs. frequency')  
    %xlabel('f(Hz)')  
    %ylabel('Spectral amplitude')  
  
hold on 
  



APPENDIX C.2 

Filtrering_v2 

%filtrering distance  
filt=5;  
  
%for creating the correct size of the mean value co lumn  
%Whole distances  
storlek=floor(length(f)/filt);  
  
%mean value matrix (added cell for the last rows)  
avg_f=NaN(storlek+1,1); %vectors of NaN  
avg_P1=NaN(1,storlek+1);  
  
     %avg_P11=NaN(1,storlek+1);  %Additional data series  in the same plot, 
if not to be used turn off  
  
  
  
for  i=1:(storlek) %the vectors are filled with the mean value  
    avg_f(i)=mean(f((i*filt-(filt-1)):(i*filt)));  
    avg_P1(i)=mean(P1((i*filt-(filt-1)):(i*filt)));  
         %avg_P11(i)=mean(P11((i*filt-(filt-1)):(i*filt)));  
end  
  
avg_f(end)=mean(f(storlek*filt+1:end));  
avg_P1(end)=mean(P1(storlek*filt+1:end));  
     %avg_P11(end)=mean(P11(storlek*filt+1:end));  
  
  
plot(avg_f, avg_P1)  
title( 'Spectral amplitude  vs. frequency' )  
xlabel( 'f(Hz)' )  
ylabel( 'Spectral amplitude' )  
hold on 
  
    %plot(avg_f, avg_P11, 'r')  
    %title('Spectral amplitude  vs. frequency')  
    %xlabel('f(Hz)')  
    %ylabel('Spectral amplitude')  
 



APPENDIX D – Swedish version 

Intervju med Lars O Johansson, Geotekniker Loxia Group  2017-10-17 

Hur går ett generellt skeende med att kartlägga geotekniska förutsättningar till i ett större område? Hur 
många borrhål tas och vad bestämmer det?  

Trafikverket sätter ribban i Förfrågningsunderlaget som vi svarar på. Underlaget anger ofta gamla 
sonderingar som man kan utgår ifrån. Exakt var det ska tas borrprov bestämmer vi i borrprogrammet 
tillsammans med Trafikverket i flera steg. Först kanske det är lite glesare avstånd mellan och allt 
eftersom så förtätas det. Överbyggnaden till järnvägen är det relevanta att undersöka så efter man fått 
en översikt så kan man förtäta i dialog med Trafikverket. 

 

Hur säker vill du vara? Betyder det fler borrhål? 

Det handlar om en dialog med Trafikverket. Man vill ju riskminimera så långt det är möjligt. I fallet i 
Stenkumla - Dunsjö hade Skanska en totalentreprenad så då hade vi en dialog oss emellan var vi 
skulle utöka provtagningen. Främst fokuserade vi på att provta mer där det fanns skiftningar av 
material i terrassen. 

 

Om vi ser kostnad mot värde, vid vilken detaljeringsgrad bidrar det inte längre att göra fler prov? 

Det är en ständig diskussion och för mycket undersökningar ger inte alltid mer säkerhet. Då man kan 
ha en dialog med byggaren som i det här projektet kan man göra ganska bra avvägningar tillsammans 
med byggaren och på så vis få en rimlig kostnad. 

 

Vad var huvudsyftet med sonderingen vid Stenkumla - Dunsjö och generellt? Antar att det är olika till 
FU och senare till kompletterande MUR. Jordlagerföljd, något annat?  

Fokus är terras och förstärkning. Så proven tas inte så djup på grund av detta. Då vi gjort CPT är det 
i brolägen för att ha underlag till att dimensionera plattor. I andra fall kan man göra CPT i 
skärningar för att få reda på masstypen som man får ut. 

 

Vad har gett konsekvenser till vilka metoder som används? 

Eftersom det är en ganska enkel geologi i projektet så har vi inte behövt använda så avancerade 
provtyper. Mest har vi använt trycksondering och CPT i vissa punkter. Hejarsondering har vi gjort 
där vi ska dimensionera för pålar eller om man skall grundlägga en bro på morän. i Stenkumla 
Dunsjö hade vi nästan bara sandjord. Där det har förekommit risk för kontakt med berg har vi gjort 
jord-bergsondering eller slagsondering. 

 

Vid geotekniska undersökningar, har du använt andra metoder? Som någon metod som inte kräver att 
gräva eller ta upp borrhål, hur ofta i så fall?  

Med CPT-resultatet så kan vi med olika program tolka egenskaper hos jorden. 

Med markradar har vi fått bedömd bergnivå. Markradarn måste dock kalibreras mot borrhål. En 
annan metod är att mäta resistivitet i jorden. Det är motståndet som jorden har då man skickar en 
ström genom den. Motståndet kan sedan relateras till en jordtyp  
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Hur vanliga är sådana metoder i branschen och vad ger det för värde?  

Inte så mycket som det borde och det måste oavsett kompletteras med borrmetoder. Däremot ger 
exempelvis markradar en bra kontinuerlig bild medan borrhålet bara visar en punkt väldigt väl. Så en 
tanke skulle kunna vara att börja med en markradarmätning för att sedan göra borrprover.  

 

Är det jämförbart med att faktiskt ta upp prover? 

Att kombinera dem är bra, då får man både detaljer och kontinuerlig mätning 

 

Seismiskt CPT, hur vanligt är det och till vilket syfte används det i din erfarenhet? 

Inte vanligt alls, har aldrig sett det på någon förfrågan. Sedan får man tänka att det bara fungerar i 
sandig jord och inte morän eftersom det är samma koncept som ett vanligt CPT 

 

Vet du hur mycket extrautrustning och tid som skulle kräva att få till från ett vanligt CPT? 

Nej det vet jag inte, men leverantören av georiggar vet säkert 

 

Känner du till ifall det görs ytterligare eller utökade provtyper i och med att man undersöker inför 
byggande av höghastighetsjärnväg? 

Inte mer olika sorter men mer undersöks det ju. Och sen så godtar man inte ”okej” förhållanden i 
samma utsträckning som annars på järnvägen. Därför blir det oftare att man behöver lägga i ett tråg i 
marken, eller bygga någon annan konstbyggnad, för att väga upp för markförhållandena 

 

Berggrundens läge, påverkar den jordlagren ovanför på något sätt du känner till? Och vilken nivå är 
den på i Stenkumla Dunsjö? 

Eftersom vi fokuserar ganska ytligt så har vi inte utrett det, men det går att hitta i SGUs 
Berggrundskartor. Dem och Jordartskartorna kan man också använda sig av för att få en första bild 
av vad som ska undersökas.  
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What is the general approach in mapping geotechnical conditions in a larger area? How many bore 
holes do you use and what decides the number? 

The Swedish Transport Administration sets a benchmark by their own ambition level in the contract 
documents. The contract documents often give old investigations that one can start from. Exactly 
where to drill is decided in dialogue with The Swedish Transport Administration in several steps. In 
the beginning there might be a longer distance between bore holes but as you go along you might need 
to perform them closer together. The railroad superstructure is the important thing to investigate. 
After you have an overview the investigations are placed tighter in dialogue with The Swedish 
Transport Administration 

 

How secure do you want to be? Does that mean more bore holes? 

It is all about a dialogue with The Swedish Transport Administration. You want to minimize the risks 
as far as possible. In the case of Stenkumla Dunsjö, Skanska had a design and build contract so we 
had a dialogue between us to which extent to expand the investigations. The primary focus was to 
investigate more where we had variations in the railroad terrace.  

 

If we focus on cost against value, with which detailing level does it no more pay off to perform more 
investigations? 

That is an ever present discussion and too many investigations does not always mean more safety in 
the result. You could, as in this project, have a dialogue with the constructor. This means you can 
discuss and make pretty good trade-offs that will yield an agreeable cost. 

 

What was the main purpose with the investigation at Stenkumla Dunsjö and in general? Assumin that 
it is different for the contract documents and to the complimentary Geotechnical Investigations Report. 
Soil profile or something else? 

The focus was the terrace and reinforcement layer underneath. The bore holes are pretty shallow as a 
result of this. When we have performed CPTs it is done at bridge foundation positions to have data for 
designing the concrete foundation. In other cases one can make CPTs to find out what type of masses 
one can get from the site. 

 

What has been the consequences of the chosen methods for site investigations? 

As we have pretty simple geology in this project we have not needed to call for advanced investigation 
types. We have mostly been using Pyramid Penetration tests (Tr) and CPT-soundings in some points. 
Ram soundings (HfA) have been done were we want to design a deep foundation with piles or if you 
want to build a bridge on till. In Stenkumla Dunjsö we only have sand soils. Where there was risk of 
hitting rock we have performed soil/rock probing (jord-bergsondering) or percussion sounding 
(slagsondering). 

 

Performing geotechnical site investigations, have you used other methods? Some method that does not 
require digging or boring? How often in that case? 

With the CPT result we can interpret soil properties. 
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Ground Penetration Radar have given us a judged rock level. The device must however be calibrated 
against bore holes. Another method is to measure resistivity in the soil. That is the resistance that the 
soil professes when an electrical current is let through. The resistance can then be related to a soil 
type. 

  

Are those methods common and what value do you obtain by using them? 

Not as much as it should and regardeless it needs to be complemented with some bore method. On the 
other hand ground Penetration radar for example, give a good continuous picture of the area whereas 
the bore hole only show a specific point well. So one might speculate that one could start off by a 
Ground Penetration Test to then move on to bore hole site investigations.  

 

Is it comparable to actually making physical tests? 

To combine them is good, then you obtain both details and a continuous measurement. 

 

Concerning Seismic CPT, how common is it and to what purpose is it used from your experience? 

Not common at all. I have never seen it in any contract documents. One must not forget that it only 
works in sandy soil and not in till as it is the same concept as for a regular CPT.  

 

Do you how much extra equipment and time that is needed to perform a Seismic CPT from a regular 
CPT? 

No, but the supplier of georigs surely does. 

 

Do you know of any additional or expanded investigation types in relation to the coming high speed 
railroad? 

Not any other types of investigations but there are more tests made. Also it is not acceptable with 
“sufficient” soil conditions the same way as for conventional railroad. This have the consequence that 
you are forced to place a concrete trough in the ground, or build some other construction to 
compensate for poor ground conditions.  

 

The position of the bedrock, does it impact the soil layers above in any way that you know of? And at 
which level is it situated at in Stenkumla – Dunsjö? 

Because we have our focus on much shallower depths, we have not examined it, but levels are possible 
to find in SGUs bedrock maps and soil depth maps. Those and the soil deposits map can be used to get 
a preliminary picture of what to investigate- 

 


