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Abstract 

Soil-steel composite bridge refers to structures where a buried flexible corrugated steel pipe 
works in composite action with the surrounding soil. These structures are being increasingly 
used in road and railway projects as an alternative to standard type bridges, e.g. short- and 
medium span concrete beam- and portal frame bridges.  On account of their economic 
advantage and short and easy construction operation, soil-steel composite bridges are getting 
more popular as railway crossings located far from the cities at the heart of the nature. 

In this research, the dynamic behavior of soil-steel composite bridges under high-speed train 
passages is studied. The studied case is a short span soil-steel composite railway bridge 
located in Märsta close to Stockholm. The behaviour of the bridge is first observed through 
field measurements in terms of deflections, stresses, and accelerations at several locations on 
the bridge. The measured responses are then analyzed in order to predict the properties of the 
soil and steel material working in composite action. Subsequently, 2D and 3D finite element 
models are developed in order to simulate the behaviour of the bridge. The models are 
calibrated using the field measurements through several parametric studies. The 3D-model 
also enables estimation of the load distribution, which is found to increase at higher train 
speeds. An effective width to be used in 2D analyses is proposed. Finally, the response of the 
bridge is studied under high-speed train models according to Eurocode. 

 

Keywords: Soil-Steel Composite Bridge, Flexible Corrugated Steel Culvert, Structural 
Dynamics, Acceleration, High-Speed Trains, Field Measurement, FEM
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1 Introduction 

1.1 Background 

The name “Soil-steel composite bridge” refers to structures where a buried flexible corrugated 
steel pipe works in composite action with the surrounding soil. These structures are being 
increasingly used in road and railway projects as an alternative to standard type bridges, e.g. 
short- and medium span concrete beam- and portal frame bridges. On account of their 
economic advantage and short and easy construction operation, soil-steel composite bridges 
are getting more popular as railway crossings located far from the cities at the heart of the 
nature. Considering railway lines as the safest and the cleanest means of transportation 
between cities, term ‘’alternative‘’ can be fairly replaced by “the best infrastructure” for these 
purposes. 

The Swedish regulations for the design of such structures refer to methods developed at KTH 
(Pettersson & Sundquist, 4th Ed., 2010). However, for high-speed train railway applications, 
no methodology for soil-steel composite bridge design currently exists. 

The behaviour of soil-steel composite bridges under live loads has been studied in a number 
of papers such as [1 - 4]. In these papers, the static behaviour of these structures is studied due 
to the truck loads through FE-analysis. However no research has been found regarding 
dynamic FE-analysis of these structures due to the train loads. 

Dynamic behaviour of soil-steel composite bridges has been studied through field 
measurements in [5, 6]. In [5], the dynamic response of a soil steel composite bridge with a 
span of 11 m is measured during passages of a locomotive at speeds from 10 km/h to 125 
km/h. Dynamic amplification factors of 1.2 for displacements and thrusts and 1.45 for 
moments are found. The highest vertical acceleration in the ballast is found to be 0.45 m/s2.  

In [6], the static and dynamic responses of four steel culverts are measured under passages of 
truckloads at speeds from 10 km/h to 70 km/h. The DAFs are found to be in the range of   
1.12 – 1.26 for displacements, and 1.11 – 1.29 for strains. 

1.2 Methodology 

The long-term goal is to propose a computational framework for design of the soil-steel 
composite bridges due to high-speed train passages. High-speed trains are often defined as 
trains with a speed above 200 km/h. To achieve this goal, there is a need to understand the 
dynamic behaviour of soil-steel composite bridges under the train loads, and to find a feasible 
and a reliable approach to analyze them. In the present project, the behaviour of a short span 

Chapter 1 
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soil-steel composite bridge under the train loads with a speed of 180 km/h is first studied 
through analyzing existing field measurements. The measured responses are then analyzed in 
order to predict the properties of the soil and steel material working in composite action. 
Subsequently, 2D and 3D finite element models are developed in order to simulate the 
behaviour of the bridge. The models are calibrated with existing field measurements through 
several parametric studies. Finally, the response of the bridge is studied under high-speed 
train models according to Eurocode. 

 

1.3 Aim and scope 

In this thesis, the dynamic behaviour of a short span soil-steel composite railway bridge due 
to the high-speed train passages is studied through the following tasks: 

 Analysis of field measurements  

 2D and 3D FE-analysis due to the passing trains 

 Calibrate the FE models using existing field measurements, comprising of 
displacements, strains and accelerations. 

 Investigation of the proper effective widths for the 2D model 

 Parametric analysis of factors influencing the static and the dynamic response of the 
bridge 

 Calculate the dynamic amplification factors due the train loads 

 Investigation on the resonance speed – Steady state analysis 

 Response to high speed trains  

 

1.4 Thesis structure 

In chapter 2, the specification of the studied bridge is described. Information regarding the 
location, geometry, and loading of the bridge is provided and a summary of the 
instrumentation used for the field measurements is illustrated. 

In chapter 3, the behaviour of the bridge is studied through analysing of the existing field 
measurements. The measured responses are then analyzed in order to predict the properties of 
the soil material. 

In chapter 4, the developed FE-models are introduced. The specifications of the 2D and 3D 
models are presented, and, the convergence studies are mentioned. In addition, the 
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investigation for estimating the suitable effective widths is presented.  Furthermore, the 
comparison between modal analysis and direct time integration method is studied. 

In chapter 5, results of the FE-analyses are presented. Results obtained from FE-analyses are 
compared to the measured responses from the field measurement. The static and the dynamic 
response of the bridge is compared. Thereafter, the dynamic amplification factors are 
presented and are compared to those calculated from the Eurocode [17] and BV Bro [18]. 
Thereafter, parametric studies are presented; moreover, the results from the 2D & 3D models 
are compared. In addition, the investigation on the resonance behaviour of the bridge through 
steady-state analysis is presented. Finally, the behaviour of the bridge under the high speed 
train loads are described. 

In appendix A, the matlab code generated for the signal analysis of field measurements is 
included.  

The manuscript of a paper summarizing the research presented in this report is included in 
appendix B. 
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2 Case Study Bridge 

2.1 The bridge 

The studied bridge is called ‘’Rörbro i Märsta’’ in Swedish which is a closed shaped corrugated steel 
culvert (km 43+765). It is located in Sweden, about 40 km North of Stockholm. The bridge was built 
in 1995 during an extension of the North junction of the Arlanda Express line, a link between the 
East Coast railway line and Arlanda Airport.  

 

Figure 2.1: Location of the bridge 

 

It has elliptic cross section with a horizontal and vertical diameter of 3.75 m and 4.15 m, 
respectively. The total length transversal to the tracks (longitudinal direction of the culvert) is 27.9 m 
and the fill height at the crown is 1.7 m. 

The allowable speed is 170 km/h and is operated by mixed train traffic. The most common train type 
is the X52 commuter train. It consists of two wagons with a total length of 54 m and an axle load of 
185 kN/axle. Other common trains are X40 and X2 with the total length of 136 m and 140 m, 
respectively, and axle load of about 180 kN.  

The response of the bridge under the X52 train passage is studied in this research. A photo of the 
bridge during passage of an X52 commuter train is shown in Figure 2.2. 

Chapter 2 

The bridge 
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Figure 2.3 illustrate the configuration of axles and boogies of the train X52. 

 

 

Figure 2.2: View of the bridge during an X52 commuter train passage 

 

 

Figure 2.3: X52 commuter train, axle distances in (m) 

2.2 Instrumentation 

(This section is thoroughly extracted from section 2.2 in [7].) 

The bridge was instrumented with a total of 12 strain gauges, 2 displacement transducers and 8 
accelerometers. Continuous monitoring was performed between 9 AM and 4 PM on the 19th of May 
2010. Data was collected using a HBM MGC-Plus A/D converter with 24 bit resolution. The sample 
frequency was set to 800 Hz and an analogue Bessel Low-Pass filter with a cut-off frequency of 
400 Hz was employed to avoid aliasing. 

The instrumentation is presented in Figure 2.4 and Figure 2.5. Accelerometers are denoted a1-
a8, displacement transducers d1-d2 and strain gauges e1-e12. Most gauges were positioned directly 
under the track U1, Figure 2.4. To gain further information on the load distribution however, d2 and 
e9-e12 were instrumented closer to track N1. Both displacement transducers measured the vertical 
crown deflection. Accelerometers were positioned both on the arch intrados and on the railway 
embankment, a3-a5 were positioned between the sleepers of track U1, both 20 m before and after the 
culvert as well as directly over the crown. 
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Figure 2.4: Instrumentation, Cross-section at the crown centre line 

 

After 29 train passages, accelerometer a4-a6 were moved to positions indicated with *. 
Accelerometer a3-a5 were used to compare the response on the sleepers and the adjacent ballast, 
Figure 2.6, a6 was used to determine any acceleration of the ground inside the culvert, directly above 
gauge d1, Figure 2.5. 

All strain gauges measured the longitudinal strain at the arch intrados, at each location both on 
the crest and on the valley of the corrugation, Figure 2.7. This facilitates estimation of the proportion 
of bending moment and axial force in the arch. 

 

 

Figure 2.5: Instrumentation, Section A-A, track U1 

 

In this thesis, the point on the culvert instrumented with a1, d1, e5, and e6 is denoted as the “crown”. 
The point instrumented with e3 and e4 is denoted as the “haunch”, and, the point instrumented with 
e1 and e2 is denoted as the “abutment”. 
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Figure 2.6: Instrumentation, plane view of track U1 

 

 

Figure 2.7: Detail of the corrugated steel sheet 
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3 Analysis of Field Measurements 

3.1 Filtering 

For high-speed railway bridges, the criterions concerning acceleration levels for passenger’s comfort 
and avoiding ballast instability and derailment should be fulfilled within a specific frequency range. 
According to EN 1990 (CEN, 2002) [8], the vertical bridge deck acceleration shall be limited to 
3.5 m/s2 within the frequency range maximised by 30 Hz, 1.5f1 or f3, where f1 and f3 are the 
frequencies for the first and third mode of vibration. However, there is no specific frequency range 
currently available for soil-steel composite bridges. 

The measured accelerations at the ballast and the crown of the culvert are filtered by low-pass 
Butterworth filter [9] of 8th order, with cut-off frequencies from 5 Hz to 100 Hz, and, presented in 
Figure 3.1. Transfer functions are calculated as the crown acceleration divided by the ballast 
acceleration. 
 

 

Figure 3.1: Filtering on accelerations 

 

The acceleration at the crown is higher than in the ballast for cut-off frequencies higher than 50 Hz, 
and it will be reversed for cut-off frequencies lower than 50 Hz. It can be expected that the 
acceleration at the crown will be lower than in the ballast due to the loss of energy within the backfill 
material. Hence, It can be concluded that 50 Hz is an upper limit for filtering.  

Chapter 3 
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Both accelerations are stabilizing within the frequency range between 20 Hz to 30 Hz. Consequently, 
the cutoff frequency of 30 Hz is used for the entire measured responses. 

3.2 Response to the train X52 

Figure 3.2 and Figure 3.3 show the scattering of maximum deflections, stresses, and accelerations 
under several passages of train X52. The entire measured responses are filtered by low-pass 
Butterworth filter [9], with a cut-off frequency of 30 Hz and an order of 8th. 
 
 

 

                                           (a)                                                                            (b) 

Figure 3.2: Scattering of the bridge response to train X52 for a) Deflections  b) Stresses 

 

 

                                           (a)                                                                            (b) 

Figure 3.3: a) Scattering of the bridge response to train X52 for the accelerations  b) Transfer 
functions 
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Transfers functions between the acceleration of the ballast and the culvert are calculated based on the 
relation between their maximum values during train passages.  

Table 3.1 and Table 3.2 contain a summary of bridge responses under 11 passages of train X52. 
Maximum differences are calculated as (Max-Min)/Mean. The lowest scattering belongs to 
deflections which makes it the most reliable parameter for calibrating the finite element models. The 
critical section in terms of stress is at the haunch which shows the lowest scattering among the other 
sections. Consequently, it can be used as another parameter to compare against the simulation 
results. The highest scattering belongs to accelerations, the range of which, however, is placed safely 
below the allowable values based on Eurocode [8]. The bridge responses under one of the train 
passages are presented in chapter 5.1 and are compared to the simulation results. 

 

Table 3.1: Deflection and accelerations, under 11 passages of train X52 

 

 

 

 

 

 

Table 3.2: Stresses, under 11 passages of train X52 

 

 

Measurements have been done on the acceleration of the ballast 20 m before and after the culvert (a4 
and a5 in Figure 2.5), which can be useful for predicting the impact of the interruption caused by the 
culvert on the acceleration of the ballast. Acceleration in the ballast will be doubled in average due to 
the interruption of the culvert in this case. 

 

 Deflection (mm) Acceleration (m/s2) 

 Crown (d1) Crown (a1) Ballast (a3) 
Maximum 0.40 0.80 -0.80 1.49 
Minimum 0.38 0.60 -1.00 1.24 

Mean value 0.39 0.71 -0.87 1.35 
Standard deviation 0.009 0.06 0.16 0.10 

Maximum difference (%) 7 28 22 19 

 Stress (MPa) 

 Crown – bottom (e5) Crown – top (e6) Haunch – bottom (e3) Abutment – bottom (e1) 

Minimum 3.88 5.23 5.66 2.86 
Maximum 5.98 5.85 6.05 3.42 

Mean value 4.45 5.56 5.86 3.10 
Standard deviation 0.65 0.18 0.13 0.17 

Maximum difference (%) 47 11 6 18 
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                                           (a)                                                                           (b) 

 

 

3.2.1 Deflection and stress distributions in the transverse direction 

Investigation on the deflection and stress distribution in the transverse direction to tracks is useful to 
find the appropriate value for the effective width of the culvert in a 2D model. This is done by 
adoption of two displacement transducers in the transversal direction (d1 and d2 in Figure 2.4) and 6 
strain gauges (e3, e4, e9-e11 in Figure 2.4) and capturing the bridge response during the train 
passage on two parallel tracks. Assuming symmetry, the effective width can be estimated to be 
around 4 m based on the derived displacement field, Figure 3.5. The stress distribution of the top 
fiber reveals a lower effective width, Figure 3.5. 

 

 

                                          (a)                                                                             (b) 

 

 

 

Figure 3.4: a) Acceleration of the ballast 20 m before and after the culvert   
b) Transfer functions 

Figure 3.5: a) Deflection and b) Stress distributions in the transverse direction 
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3.2.2 Estimated natural frequencies and damping properties 

Signal processing of the measured accelerations can be useful to evaluate the natural frequencies of 
the structure for further investigation of resonance speed, and, for estimation of frequency dependent 
damping properties of the soil material. First, frequency contents are calculated by applying fast 
Fourier functions on RMS of the accelerations at ballast and crown of the culvert. Consequently, a 
Matlab [10] code is generated to detect the distinct peaks in frequency contents and to calculate the 
damping ratio based on the Half Power Bandwidth method [11] in each related frequency. Curve 
smoothing has been done by applying spline interpolation function to increase the accuracy of 
results. The detail of the calculation and the Matlab code is presented in Appendix A. 

Figure 3.6 compares the frequency content of the ballast (a3) versus the crown of the culvert (a1). It 
depicts the loss of energy due to damping within the backfill material as well as the friction caused 
by soil-steel interaction.  

 

 

Figure 3.6: Frequency content of accelerations, under a train X52 passage, extracted from the entire 
signal (Train passage + Free vibration) 

 

Natural frequencies and damping ratios are commonly evaluated based on the free vibration response 
of the structure. Different parts of the signal windowed for this purpose and analyzed separately, part 
where belongs to only train passage, only free vibration, and, the entire signal. Figure 3.7 presents 
the frequency content of the culvert acceleration (a1). The Y-axis is shown in logarithmic scale. 
Frequency content obtained by free vibration has significantly low energy; and, the main distinct 
peak is found at 22.7 Hz. Frequency contents obtained from two other cases show similar peaks and 
can be useful for evaluating the natural frequencies. However, the detected peaks which is coincided 
with the induced frequencies generated due to the repetition of axle loads and boogie loads cannot 
necessarily be regarded as natural frequencies.  
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Figure 3.7: Frequency content of the acceleration of the crown (a1), under a train X52 passage 

 
Table 3.1 presents the induced frequencies due to the train passage and the estimated natural 
frequencies from the signal analysis. Induced frequencies due to the train passage are calculated as 
the axle/bogie distances of the train X52 (Figure 2.3) divided by the train speed (180 km/h). 

 

Table 3.1: Induced frequencies and the estimated natural frequencies 

Axle/Bogie distance (m) Induced frequency (Hz) Estimated natural frequencies (Hz) 
Ballast Culvert 

2.7 18.5 12.7 12.8 
5.1 9.8 15.9 15.0 
7.8 6.4 17.6 17.9 

16.4 3.0 20.9 20.6 
19.1 2.6 22.7 22.6 

 
 
 

As can be seen from Figure 3.8, calculated damping ratios based on the Half Power Bandwidth 
method [11] represent mass proportional Rayleigh damping [12]. Therefore, a code is generated to fit 
the closest Rayleigh damping curve based on the least square method to estimate the mass 
proportional Rayleigh damping coefficient. (see Appendix A.) 

Rayleigh damping formula: 

𝜉 = 𝛼
2𝜔𝑛

+ 𝛽𝜔𝑛
2

                                                                                                                          (3.1) 

Where 𝛼 is the mass proportional Rayleigh damping coefficient, 𝛽 is the stiffness proportional 
Rayleigh damping coefficient, and 𝜔𝑛 is the circular frequency. The mass proportional Rayleigh 
damping coefficient (𝛼) is found to be around 3.9 in average. During free vibration, the damping is 
mainly caused by the soil material in terms of friction between particles and radiation of waves. 
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Estimated damping ratios obtained from the part of the signal that belongs to the train passage are in 
average 3 times higher than those obtained from the free vibration. This is arising from several 
sources of friction initiated and added during the train passage. Few examples are, damping from the 
train itself, contact between train wheels and rails, joints between rails and sleepers, contact between 
sleepers and ballast, and interaction of the backfill and the culvert. Figure 3.9 presents the calculated 
damping ratios based on the acceleration of the ballast. Where part of the signal that belongs to the 
train passage is included, the calculated damping ratios are higher than those calculated from the 
acceleration of the culvert. It is believed to be due to the damping caused by the train itself, and its 
interaction with the rails and the sleepers.  

 

 
 

 
 

 
 

 

Figure 3.8: Calculated damping ratios and fitted Rayleigh damping curves for the culvert (a1) 

Figure 3.9: Calculated damping ratios and fitted Rayleigh damping curves for the ballast (a3) 
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4  Finite Element Models 

4.1 Procedure 

To model these structures, there is a need to adopt a suitable geometry and appropriate material 
properties. The geometry is defined based on the available technical drawings. However, there are no 
certain values for static and dynamic properties of the soil material, which is determined through 
parametric studies and the calibration against the field measurements. (Sections 5.2 - 5.5) 

These structures have 3D action under live loads. Live loads produce two directional bending, in 
which cannot be truly captured in 2D modeling. Consequently, these structures should be modeled in 
three dimensions in order to simulate the true behavior. However, due to the long cpu-time of a 3D 
analysis, there is a need for simplified 2D models since a fast and simple 2D analysis is more 
convenient for design purposes. 

The geometry of these structures as well as their behavior under dead loads represent the plane strain 
case, nonetheless, their behavior under live loads does not. Accordingly, there is a need to set an 
effective width for the soil and the culvert in 2D models. This is studied by different approaches in 
this research; analysis of the measured displacement field in the longitudinal direction of the culvert 
explained in section 3.3, investigations on the 3D model described in section 4.4, and, parametric 
study on 2D models presented in section 5.3. 

In order to model a corrugated plate as a 2D beam with a rectangular section or as an orthotropic 3D 
shell, an equivalent thickness and Young’s modulus should be calculated in circumferential and 
longitudinal directions, the latter of which is not applicable in a 2D model. The equivalent thickness 
and Young’s modulus in circumferential direction are calculated as following: 

t ̅ = �𝟏𝟐𝐈
𝐀

= �𝟏𝟐×𝟐𝟏𝟖𝟐
𝟔.𝟗𝟑

= 0.061  m                                                                                                (4.1) 

E� = 12EI
(t̅)3

= 23.7  GPa                                                                                                                     (4.2) 

Where E is the Young’s modulus of steel assumed as 210 GPa, and A and I are area (6.93 mm2/mm) 
and area moment of inertia of the unit width (2182 mm4/mm) of the corrugated plate shown in Figure 
2.7 derived from Table B1.3 in [13]. 

The equivalent Young’s modulus in the longitudinal direction of the culvert is estimated by equating 
the bending stiffness of the corrugated plate with a thickness of 5.5 mm to the equivalent bending 
stiffness of the orthotropic plate with a thickness of 61 mm: 

Chapter 4 



CHAPTER  4. FINITE ELEMENT MODELS  

 18 

𝐸 𝑡3

12
= 𝐸�𝑙

(𝑡̅)3

12

          
��� 𝐸�𝑙 = 0.154  𝐺𝑃𝑎                                                                                             (4.3) 

The equivalent shear modulus is calculated based on the following formula: 

𝐺 = �E�.𝐸�𝑙
2(1+𝜗)

= 0.734  𝐺𝑃𝑎                                                                                                              (4.4) 

Where Poisson’s ratio (𝜗) is assumed to be 0.3. 

 

The simulations have been done by commercial FEM software, ABAQUS [14][14]. Implicit direct 
integration procedure based on Newmark beta method [11] is used: 

�̇�𝑖 = �̇�𝑖−1 + (1 − 𝛾)∆𝑡�̈�𝑖−1 + 𝛾∆𝑡�̈�𝑖                                                                                           (4.5) 

𝑢𝑖 = 𝑢𝑖−1 + ∆𝑡�̇�𝑖−1 + (0.5 − 𝛽)∆𝑡2�̈�𝑖−1 + 𝛽∆𝑡2�̈�𝑖                                                                 (4.6) 

Where 𝑢, �̇�,𝑎𝑛𝑑, �̈� are displacement, speed, and, acceleration in each increment and 𝛽 𝑎𝑛𝑑 𝛾 are 
calculated based on Hilber-Hughes-Taylor time integrators [11] as following assuming 𝛼 = −0.05.  

𝛽 = 1−2𝛼
2

= 0.275625 , 𝛾 = (1−𝛼)2

4
= 0.55                                                                         (4.7, 4.8) 

 

In this project, the response of the bridge is studied under live loads only, and, the train load is 
applied as moving concentrated loads. For this purpose, amplitude functions are assigned to the 
loads. These amplitude functions are calculated with a Matlab script (written by Tech. Lic. John 
Leander) based on the axle configuration and speed of the train X52, and the mesh properties of the 
elements on which the loads apply. 

4.2 2D Model 

In the 2D model, the culvert is modelled with beam elements. A rectangular section with the 
properties cited in Table 4.1 and Table 4.2 is assigned to the beam elements. The backfill and the 
ballast are modelled with 2D continuum elements as linear elastic material with Young’s modulus of 
100 MPa and 200 MPa, respectively, and a Poisson’s ratio of 0.3. A layer with a depth of 0.5 m is 
separated as the ballast. Two track rails are modelled as a beam with a rectangular section, the 
properties of which are cited in Table 4.1 and Table 4.2. The height and thickness of the rail beam 
are assigned with values that produce the same section properties (area and area moment of inertia) 
of UIC60. Geometry of the 2D model is depicted in Figure 4.1. 

The mesh size of the entire model is 0.1 m except for the rail beam that is 0.2 m. The total number of 
nodes, elements, and active degrees of freedom used in the 2D model are around 9000, 16000, and 
17000, respectively.  

The rail is connected to the ballast with rigid connectors every 0.6 m (common sleeper distance), i.e. 
the vertical translational degrees of freedom at the corresponding nodes are tied together. The 
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horizontal and vertical translational degrees of freedom of the backfill continuum elements are tied to 
the culvert beam elements.  

The damping properties of the soil material are modelled with Rayleigh damping with only a mass 
proportional coefficient of 4.5. A Rayleigh damping with a mass proportional coefficient of 4.5 
produce around 3.6 % and 1.8 % damping ratio at the frequency of 10 Hz and 20 Hz, respectively. A 
layer with a thickness of around 0.5 m is separated at the outer parts of the model (the dark brown 
layer), and, is assigned with the material with very high damping properties in order to attenuate 
reflecting waves. 

A time increment of 1 ms is used for the 2D model. 

 

 

Figure 4.1: Geometry of 2D model 

 

Table 4.1: Section properties and mesh properties of the 2D model 

Parts Section properties Discretization 

 Effective width (m) Thickness (m) Element type Mesh size (m) 
Rail 0.06 0.21 2-node linear beam (B21) 0.2 

Ballast 4.5 0.5 3-node linear plane strain triangle (CPE3) 0.1 
Backfill 5.77 - 3-node linear plane strain triangle (CPE3) 0.1 
Culvert 6.11 0.061 2-node linear beam (B21)   0.1 

 

Table 4.2: Material properties 

Parts Young’s modulus (GPa) Density (kg/m3) 

Rail 210  7800 
Ballast 0.2  1800 
Backfill 100  1600 
Culvert 23.7  7800 
Sleepers 31  2200 

 

0.5 m 1.2 m 

2.25 m 2.25 m 5.5 m 7 m 7 m 
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4.3 3D Model 

In the 3D model, the culvert is modelled as an orthotropic shell, properties of which are described in 
section 4.1. The ballast and the backfill are modelled with 3D continuum (solid) elements. Sleepers 
are modelled with shell elements. A view of the 3D model is shown in Figure 4.2.  

 

 

Figure 4.2: View of the 3D model 

 

The properties of different parts of the model are presented in detail in Table 4.3. 

 

Table 4.3: Section properties and mesh properties of the 3D model 

Parts Section properties  Discretization 

 Width (m) Thickness (m) length (m) Element type Mesh size (m) 

Rails 0.03 0.21  2-node linear beam in space (B31) 0.2 
Ballast  0.5  4-node linear tetrahedron (C3D4) 0.05 – 0.5 
Backfill    4-node linear tetrahedron (C3D4) 0.3 – 0.5 
Culvert  0.061  3-node triangular shell (S3) 0.2 
Sleepers 0.25 0.2 2.4 3-node triangular shell (S3) 0.05 – 0.2 

 

 

The geometric order of all elements is linear; however, mesh convergence has been studied for 
discretizing the model with a fine enough mesh size to obtain accurate results. The general mesh size 
of the ballast and backfill is 0.5 m, still, elements with 0.3 m is used around the culvert up to the 
sleepers. Besides, finer mesh size of 0.05 m is used for the sleepers and the footprint of sleepers on 
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the ballast above the culvert zone in order to capture the acceleration of the ballast accurately, Figure 
4.3. The red dot in Figure 4.3 is the point from which the acceleration in the ballast is captured. The 
geometry of the 3D model is presented in Figure 4.4 - Figure 4.6. The coloured dots specify the point 
from where the deflections, stresses, and acceleration are captured. 

The total number of nodes, elements, and active degrees of freedom used in the 3D model are around 
61000, 275000, and 215000, respectively. 

 

 

                                           (a)                                                                    (b) 

 

The rails are tied to the sleepers at their neutral axis. Sleepers are partitioned at their intersections 
with the rails to provide the nodes to transfer the translational and rotational degrees of freedom from 
the rail to the sleeper. The neutral axes of the sleepers are tied to the surface of the ballast, i.e. the 
translational degrees of freedom at corresponding nodes have the same values.  The footprints of the 
sleepers and the rails are partitioned on the surface of the ballast to ensure the accuracy of the mesh 
tie. The translational degrees of freedom of the culvert shell elements are tied to their adjacent 
backfill elements. 

A time increment of 2 ms is used for the 3D model. 

 

Figure 4.3: Mesh around the a) culvert  b) sleepers 
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Figure 4.4: Section along the centreline (m) 

 

 

Figure 4.5: Geometry of the culvert (m) 

 

 

Figure 4.6: Cross section of the culvert 
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4.4 Convergence studies 

4.4.1 Mesh convergence of the 2D model 

Figure 4.7 and Figure 4.8 present the mesh convergence under the dead load (weight of the 
structure). The dead load is applied at once. As can be seen, the convergence is faster for deflections, 
still, from the convergence of stresses, 0.1 m is an acceptable value. The x-axis is presented in log 
scale. 

 

Figure 4.7: Mesh convergence of the 2D model under the dead load for deflections 

 

 

Figure 4.8: Mesh convergence of the 2D model under the dead load for stresses 

 

In order to check the mesh convergence under the live loads, a set of concentrated loads with a 
magnitude of 200 kN (not a design load) is applied on the structure, Figure 4.9. The intention is to 
make sure that the concentrated live loads as train loads will be transferred properly within the 
elements. Figure 4.10 and Figure 4.11 present the mesh convergence under the concentrated live 
loads. Based on the results, 0.1 m is chosen as an appropriate size for discretizing the 2D model. 
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Figure 4.9: Configuration of applied live loads 

 

 

Figure 4.10: Mesh convergence of the 2D model under live loads for deflections 

 

 

Figure 4.11: Mesh convergence of the 2D model under live loads for stresses 
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4.4.2 Mesh convergence of the 3D model 

Figure 4.7 and Figure 4.8 present the mesh convergence under the dead load (weight of the 
structure). The dead load is applied at once. As can be seen, the convergence is faster for the 
deflections; still, from the convergence of the stresses, 0.5 m is an acceptable value. 

 

 

Figure 4.12: Mesh convergence of the 3D model under the dead load for deflections 

 

 

Figure 4.13: Mesh convergence of the 3D model under the dead load for stresses 

 

In order to check the mesh convergence under the live loads, a set of concentrated loads with a 
magnitude of 85 kN (not a design load) with a distance of 1.5 m is applied on the both rail beams, 
see Figure 4.9. The intention is to make sure that the moving concentrated live loads will be 
transferred properly within the elements. Figure 4.10 and Figure 4.11 present the mesh convergence 
due to the concentrated loads. Based on the results, 0.5 m is chosen as an appropriate size for 
discretizing the 3D model. Still, the mesh is refined around the culvert and under the sleepers which 
is mentioned in section 4.3. 
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Figure 4.14: Configuration of applied live loads 

 

 

Figure 4.15: Mesh convergence of the 3D model under live loads for deflections 

 

 

Figure 4.16: Mesh convergence of the 3D model under live loads for stresses 
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4.4.3 Time step convergence 

A concentrated moving load with a magnitude of 200 kN and a speed of 50 m/s (180 km/h) is 
applied on the 2D model. Different time increments equal to 4, 3, 2, 1, 0.5, and, 0.75 ms are used to 
find the proper one. Figure 4.17 and Figure 4.18 present the convergence for the accelerations. The 
entire accelerations are presented within a frequency range of 30 Hz . 

 

 

Figure 4.17: Time step convergence for acceleration at ballast 

 

 

Figure 4.18: Time step convergence for acceleration at crown 

 

 
A time increment of 1 ms is chosen as a proper time increment. It was chosen in order to have 
convergence with the precision of two decimals. Here, the model is analysed under just ‘one’ moving 
load; however, the train loads consist of a series of axle loads. Therefore, the error under one moving 
loads tried to be reserved small to avoid bigger errors when a series of loads are applying to the 
model. Still, it can be regarded as an over accuracy. In the 3D model, time increment of 2 ms is used 
to reduce the cpu-time and avoid the unnecessary over accuracy. 
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4.4.4 Mesh convergence of the track beam 

In order to simulate the moving load properly, mesh convergence is studied on the size of the 
elements of the beam provided for acting as rails. For this purpose, the beam elements between 
sleepers are divided by different mesh sizes of 0.6, 0.3, 0.2, 0.1, and, 0.05 m. A concentrated moving 
load with a magnitude of 200 kN at a speed of 180 km/h is applied on the beam. Dynamic analysis 
has been performed with time increment of 1 ms for mesh sizes of 0.6, 0.3, 0.2 m, and 0.5 ms for 
mesh sizes of 0.1 and 0.05 m. According to the results presented in Figure 4.19 and Figure 4.20, 0.2 
m is chosen as an appropriate value for the size of the rail elements.  

 

 

 
 
 

 

  

Figure 4.19: Mesh convergence of rail elements for stresses 

Figure 4.20: Mesh convergence of rail elements for accelerations 
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4.5 Influence lines 

A moving load with a magnitude of 200 kN is applied on the 2D model depicted in Figure 4.21. 
Boundaries are extended to 25 m from the crown (centreline) in both sides. A static analysis has been 
done under the moving load with a time increment of 4 ms. Results are presented in Figure 4.22.  

 

 

 

 

 

 

 

Values for stresses at the bottom fibre reveal wider distance affected by the moving load. Based on 
Figure 4.22, the length of the model reduced to 24 m. 

 

 

Figure 4.22: Influence lines of stress at the bottom fibre 

 

  

24 m 

50 m 

Figure 4.21: 2D model with extended boundaries 
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4.6 Effective widths for the 2D model 

An important input parameter for the 2D model, which has a significant influence on the resulting 
deflection, stresses, and accelerations under live loads, is the effective width of the soil and the 
culvert. The only suggestion in the codes is to assume a 2:1 stress distribution in longitudinal 
direction of the culvert [15][16]. In this research, a deeper investigation has been done for this 
purpose. The idea is to set the effective width in the 2D model in order to obtain the same energy of 
external force as the 3D model under live loads. Here, X52 train is applied as a live load. 

 

 

 

 

 

Figure 4.23: Displacement field along the longitudinal direction of the culvert 

𝑈 = ∫𝑃.𝑢.𝑑𝑣  , 𝐴3𝐷 = 𝐴2𝐷  
           
���  𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑤𝑖𝑑𝑡ℎ = 𝐴3𝐷

𝑢𝑚𝑎𝑥
                                                         (4.9) 

 
Where U is the energy of external forces, P is the external force, u is the displacement, and v is the 
volume. 

Calculations have been done in several locations in the soil and the steel culvert; four depths in soil 
(0.25, 0.5, 0.85, 1.7 m) and two sections (above the crown and 2.25 m away from the crown), and 
three locations on the culvert (crown, haunch, and abutment), which are demonstrated in Figure 4.24 
and Figure 4.25. In Figure 4.25, depths are described from the top surface of the ballast. 

 

 

Figure 4.24: Locations at which effective widths are calculated 
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Figure 4.25: Depths at which effective widths are calculated 

 

 

The effective widths are calculated at each time increment during an X52 train passage. In order to 
study the effect of the train speed on the effective widths, this procedure has been applied to the 
results of static analysis and dynamic analysis under train speeds of 180 km/h and 360 km/h. 

Figure 4.26 -Figure 4.28 show an example of calculated effective widths during an X52 train passage 
for soil (depth:0.85 m) statically and at speeds of 180 km/h and 360 km/h. As can be seen from 
Figure 4.26, calculated effective widths are very high in the transition part. When the loads are far 
away from the centreline, the situation is getting closer to the plane strain case, and, more part of the 
bridge is contributing. As can be seen from Figure 4.27 and Figure 4.28, calculated effectives widths 
reveals significant scattering when the load is not applied on the respective section. While, relatively 
similar values obtained at the time load passes above the respective section. Since the maximum 
response is of importance, effective widths at the corresponding maximum deflection are chosen for 
each section and are presented in Table 4.4 and Figure 4.29 . 

The effective widths calculated from the dynamic analyses are higher than those from the static 
analysis; this believes to be the result of wave propagation at higher speeds. Waves propagate to 
further distance from the origin and affect more spaces that increase the contribution of the 
surrounding soil. The reason for significant increase in calculated effective widths at the speed of 
360 km/h is not very clear. Still, as can be seen from Figure 4.28, the value of the effective width is 
increased at the repetition of each bogie loads. The effective width is around 6.1 at the passage of the 
first bogie loads; while, it is increased to 6.8 at the passage of the last one. The deflection is also 
increased at the last bogie passage. Therefore, behaviour like resonance may have occurred at this 
speed that may be the cause of the increase in the effective widths. 

 

 

 

 

 

 

0.25 m 
0.5   m 
0.85 m 
1.7  m 
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Figure 4.26: Calculated effective widths during train passage for the soil at a depth of 0.85 m -  
Static analysis 

 

 

Figure 4.27: Calculated effective widths during train passage for the soil at a depth of 0.85 m -   
  Dynamic analysis under the train speed of 180 km/h 

 

 

Figure 4.28: Calculated effective widths during train passage for the soil at a depth of 0.85 m - 
  Dynamic analysis under the train speed of 360 km/h 
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The calculated effective values at the centreline are all bigger than those are calculated for the same 
depth at a distance of 2.25 m from the centreline. It can be logical that the steel culvert plates help 
the soil to distribute the load to a wider area. Therefore, the values of the effective widths in soil 
above the culvert get higher than those are far away from the culvert. 

Results are compared to the suggestion of 2:1 stress distribution in soil. Assume that the effective 
width is started at 2.4 m (sleeper length) at the surface of the ballast, and is increased with the slope 
of 2:1 through the depth. The values will be 2.53, 2.65, 2.83, 3.25 m at the depth of 0.25, 0.5, 0.85, 
1.7 m, respectively. As can be seen, this assumption underestimates the effective width values.  

 

 

                                        (a)                                                                  (b) 

 

The calculated effective width values for the culvert are higher than the value that is estimated from 
the field measurement. This can be due to plate overlaps that make the real structure stiffer in some 
areas.  

 

Table 4.4: Calculated effective widths for the culvert 

  
Effective width (m) 

Depth (m) v = 0 v = 180 km/h v = 360 km/h 
1.7 crown 5.56 6.11 7.45 

2.38 haunch 5.98 6.23 7.94 
3.78 abutment 6.09 5.31 7.27 

Figure 4.29: Summary of the estimated effective widths: a) at centreline,  
b) 2.25 m from the centreline 
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4.7 Comparison between modal analysis and direct time 
integration method 

The 2D model is analyzed by modal superposition up to 100 Hz, then, the results are filtered with a 
cut-off frequency of 30 Hz and are compared with the results of implicit approach. Time increment 
for both analyses is 1 ms. Table 4.5 and Table 4.6 present the results. 

 

Table 4.5: Comparison of modal and implicit analysis for deflection and stresses 

 

 

 

 

 

Table 4.6: Comparison of modal and implicit analysis for accelerations 

 
 
 

 

 

 

The main difference between the modal analysis and the direct time integration method is in the 
accelerations at the crown. In modal analysis, acceleration at the crown is approximately equal to the 
ballast.  The reason lies in the approach of the modal analysis that is the superposition of mode 
shapes. Since the culvert completely follow the soil material above itself, the movements of the 
crown of the culvert and the ballast above the culvert is equal. Moreover, in modal analysis, the 
damping properties of materials are modelled by using the modal damping, which leads to the same 
damping ratio for all the different materials in the model at each mode shapes. Consequently, the loss 
of the energy due to the material damping within the backfill cannot be captured in the modal 
analysis. 

Figure 4.30 and Figure 4.31 show the frequency content of the acceleration of the ballast and the 
crown. As can be seen, the peak value in the direct time integration method is 0.15 in the ballast and 
reduces to 0.1 at the crown. While, in modal analysis, the peak value is 0.3 in the ballast and is the 
same for the crown, which demonstrate there is no loss in energy. 

Accordingly, modal analysis procedures may be crossed out for analyzing of these structures due to 
not reliable values of accelerations. Still, it can be useful for predicting the resonance behaviour. 

 Deflection (mm) Stress – bottom (MPa) Stress- top (MPa) 

 crown crown haunch abutment crown haunch abutment 

Direct 0.38 3.20 3.97 3.84 3.06 2.24 2.22 

Modal 0.49 3.64 4.83 3.93 3.38 2.64 2.24 

Difference (%) 22 12 18 2 9 15 1 

  Accelerations (m/s2) 

 Culvert crown (max) Culvert crown (min) Ballast (max) Ballast (min) 

Direct 0.87 -0.71 1.32 -0.87 

Modal 1.53 -1.55 1.63 -1.38 
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Figure 4.30: Signal analysis of results of direct integration method 

 

 

Figure 4.31: Signal analysis of results of modal analysis
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5 Results and Discussions  

5.1 Comparison of FEM results and field measurements 

Figure 5.1 -Figure 5.5 present the responses of the bridge calculated by FE-analysis in comparison 
with the field measurements. Entire results are filtered by low-pass Butterworth filter [2], with a cut-
off frequency of 30 Hz and order of 8th. In the 3D model, two middle bogie loads are applied in order 
to decrease the cpu-time.  

Generally, there is a fair agreement between the field measurements and the FEM results. The main 
noticeable discrepancy is observed for the stress at the top fibre of the crown. Following are some 
interpretations about the discrepancies. 

A part of discrepancies is arising from modelling the corrugated section as an equivalent rectangular 
section. Measurements have been done on the bottom fibre of the crest and the valley of the 
corrugated section; on the other hand, the corrugated section is modelled as an equivalent rectangular 
section in the FE- analysis. The bottom fibre of the equivalent rectangular section is compared to the 
bottom fibre of the valley, and, the top fibre of the equivalent rectangular section is compared to the 
bottom fibre of the crest. Discrepancies can be expected in both cases and specially in the latter one.  

Moreover, as mentioned in section 3.3 (see Figure 3.5), lower effective width should be used in order 
to have a better agreement in the stress values especially for the top fibre. This explains the 
noticeable difference between 2D and 3D responses at the top fibre of the crown. 

Another source of error is the reflected waves from the boundaries in the model. As can be seen from 
the responses, the free vibrations in the transition parts have higher amplitudes in the FE-analysis. 
These reflected waves can be also superposed with the original response.  

In addition, soil-steel interaction is the other reason for the disparities between the FEM results and 
the measured data. The culvert carries the loads with the composite action due the frictional 
behaviour between the soil and the steel. This interaction is modelled by tying the culvert and the 
backfill together in the FE-analysis. This will lead to invalid higher contribution of the soil and lower 
stresses in the culvert. 

The maximum and the minimum values of the accelerations show very well agreement with the field 
measurements both in the ballast and at the crown. However, in the FEM results, vibrations with 
noticeable high amplitudes can be seen after each bogie passage. The corresponding parts in the 
measured data contain the vibration with rather smaller amplitudes. This is believed to be due to the 
reflected waves from the boundaries in the model.  

 

Chapter 5 
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Displacements 

 

Figure 5.1: Deflection at the crown 

 

Stresses 

 

Figure 5.2: Stress at the bottom fibre of the crown 

 

 

 

Figure 5.3: Stress at the top fibre of the crown 
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Accelerations 

 

Figure 5.4: Acceleration at the crown 

 

 

Figure 5.5: Accelerations at the ballast 

 

  



CHAPTER  5. RESULTS AND DISCUSSIONS  

 40 

Table 5.1 and Table 5.2 present the summary of the maximum response of the bridge from the FE-
analysis and from the field measurements. For field measurements, the mean values from 11 
passages are presented. The differences values are calculated as the (FEM result – Field 
Measurement)/Field Measurement. As can be seen from Table 5.2, most the acceleration values 
captured in the FE-analysis are close to the measured response with less than 10% difference. Stress 
values calculated from the FE-analysis have at least 20% difference with the measured response.  

 

Table 5.1: Comparison of FEM result and field measurements - Stresses 

 Stress (MPa) 

 Crown - bottom Crown - top Haunch - bottom Abutment - bottom 
Field Measurement (Mean) 4.45 5.56 5.86 3.10 

2D Model 3.41 3.29 4.04 3.93 
Difference (%) 23 41 31 27 

3D Model 3.41 4.25 4.78 4.10 
Difference (%) 23 24 18 32 

 

 

Table 5.2: Comparison of FEM result and field measurements – Deflections and Accelerations 

 Deflection (mm) Acceleration (m/s2) 

 Crown Crown Ballast 
Field Measurement (Mean) 0.39 0.71 -0.87 1.35 

2D Model 0.39 0.93 -0.87 1.23 
Difference (%) 0 31 0 8 

3D Model 0.42 0.65 -0.86 1.76 
Difference (%) 7 8 1 31 
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5.2 Dynamic amplification factors 

The maximum dynamic amplification factor for deflections is found to be around 1.04 based on the 
2D and 3D FE models. There is no significant dynamic effect can be seen due to the X52 train 
passage at the speed of 180 km/h. The maximum dynamic amplification factor for the stresses is 
found to be around 1.36 and 1.27 based on the 2D and 3D FE models, respectively. The maximum 
dynamic amplification factor is for the stress at the bottom fibre of the crown. Figure 5.6 and Figure 
5.7 compare the dynamic and the static response for the stress at the bottom fibre of the crown. It 
may be noticed that the time increment is 1 ms for the 2D model and is 2 ms for the 3D model. 

 

 

Figure 5.6: Comparison of the dynamic and the static bridge response for the stress at the bottom 
fibre of the crown - 2D model 

 

 

Figure 5.7: Comparison of the dynamic and the static bridge response for the stress at the bottom 
fibre of the crown – 3D model 

 

There is no specific suggestion in codes for dynamic amplification factors for these bridges. Still, the 
dynamic amplification factors obtained from the FE-analyses are compared to values suggested in 
Eurocode and BV Bro for conventional type of bridges. 

According to Eurocode [17], the dynamic amplification factor which enhance the static Load Model 
71, SW/0 and SW/2 is calculated as following: 
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Φ2 = 1.44
�Lϕ−0.2

+ 0.82            1.00 ≤ Φ2 ≤ 1.67                                                                               (5.1) 

Φ3 = 2.16
�Lϕ−0.2

+ 0.73             1.00 ≤ Φ3 ≤ 2.0                                                                                 (5.2)                            

Where Φ2, Φ3 are DAFs for the carefully maintained track and the track with the standard 
maintenance, respectively, and, Lϕ is the determinant length.  

The static load due to a Real Train at v [m/s] shall be multiplied by either 1 + ϕ' + ϕ'' for track with 
standard maintenance, or 1 + ϕ' + 0,5 ϕ'' for carefully maintained track. 
 
With: 
𝜑′ = 𝐾

1−𝐾+𝐾4
     𝑓𝑜𝑟 𝐾 < 0.76                                                                                                          (5.3) 

 
𝜑′ = 1.325                 𝑓𝑜𝑟 𝐾 ≥ 0.76                                                                                                  (5.4) 
 
where: 𝐾 = 𝑣

2𝐿Φ×𝑛0
                                                                                                                           (5.5) 

 
and: 

𝜑′′ = 𝛼
100

�56𝑒−�
𝐿Φ
10 �

2

+ 50 �𝐿Φ𝑛0
80

− 1� 𝑒−�
𝐿Φ
10�

2

�             𝜑′′ ≥ 0                                                      (5.6) 

 
with:  α = v /22  (if v ≤ 22 m/s), or  α = 1  (if v > 22 m/s) 
 
where: 
 
v          is the Maximum Permitted Vehicle Speed [m/s] 
n0             is the first natural bending frequency of the bridge loaded by permanent actions [Hz] 
LΦ            is the determinant length [m]  
α        is a coefficient for speed 
 
The limit of validity for ϕ′ defined by Equations (5.3) and (5.4) is the lower limit of natural 
frequency in Figure 6.10 in [17] and 200 km/h. For all other cases ϕ′ should be determined by a 
dynamic analysis in accordance with 6.4.6 in [17]. The limit of validity for ϕ′′ defined by Equation 
(5.6) is the upper limit of natural frequency in Figure 6.10 in [17]. For all other cases ϕ′′ may be 
determined by a dynamic analysis taking into account mass interaction between the unsprung axle 
masses of the train and the bridge in accordance with 6.4.6 in [17]. The values of ϕ' + ϕ'' shall be 
determined using upper and lower limiting values of no, unless it is being made for a particular 
bridge of known first natural frequency. 

According to Swedish bridge design code (BV Bro) [18], the dynamic amplification factor is 
calculated as following: 

Φ = 1 + 4
8+Lϕ

                                                                                                                                     (5.7) 

There is no suggestion for the determinant length of soil-steel composite bridges according to 
Eurocode, however, BV Bro suggests using twice the culvert span. 
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Both codes suggest to reduce the DAF based on the following formula in case of arch bridges and 
concrete bridges with a depth of cover (h) more than 1 m (1.2 m in BV Bro) [18]: 

Φred = Φ − ℎ−1
10

                                                                                                                              (5.8) 

Where h is the height of cover including the ballast from the top of the deck to the top of the sleeper, 
(for arch bridges, from the crown of the extrados) [m]. 

DAFs for this case are calculated according to the abovementioned formulas assuming Lϕ as 7.5 m, 
h as 1.9 m, 𝑛0 as the first natural frequency of the bridge, and are presented in Table 5.3. 

 

Table 5.3: Calculated DAFs according to Eurocode and BV Bro 

 Eurocode BV Bro 
 Carefully maintained Standard maintenance  

DAF 1.39 1.58 1.26 

DAF (reduced) 1.30 1.49 1.17 
 

Table 5.4: Calculated DAFs for real trains according to the Eurocode 

     Carefully maintained  Standard maintenance 

v (m/s) 𝑛0 (Hz) 𝐾 ϕ' ϕ'' DAF = 1 + ϕ' + 0,5 ϕ''  DAF = 1 + ϕ' + ϕ'' 

50 12 0.28 0.38 0.35 1.56  1.74 

 
 
 
The calculated DAFs according to BV Bro are close to those obtained from the FE-analyses. The 
suggested formula in Eurocode for standard maintenance overestimates the dynamic amplification 
factors for this case. 
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5.3 Natural frequencies 

In order to simulate the true resonance behaviour of the structure and to predict the resonance speed 
of the applied train loads, the natural frequencies of the FE-model should be close to the real 
structure. Although calculating the exact values of the natural frequencies for soil-steel composite 
bridges is not possible, a rough estimation has been done from the signal analysis of the measured 
data in section 3.2.2. Here, the task is to extract the natural frequencies from the FE-models and 
compare them to the estimated values from the field measurements. Natural frequencies and mode 
shapes of the structure are extracted by Lanczos eigensolver [19] from the 2D and 3D models. Figure 
5.8 presents the results from the 2D model. 

 

Figure 5.8: Mode shapes and natural frequencies from the 2D model 

Distinguish the different mode shapes are harder for the 3D model since the most of the mode shapes 
is a combination of the vertical mode and the other twisting modes. The first pure vertical mode 
shape is detected at the frequency of approximately 12.4 Hz and is illustrated in Figure 5.9. 

A summary of the extracted natural frequencies is presented in Table 5.5 and is compared with those 
estimated from the analysis of field measurements. Here, the values from the 3D model are 
surprisingly match very well with the values from the field measurements. However, having an 
agreement in natural frequencies between a FE-model and the reality is very tricky. In reality, the 
properties of the soil material are not unique all over the area. Here, an equivalent Young’s modulus, 
Poisson’s ratio, and density is assigned to the entire model. The values of these equivalent 
parameters are defined, through a calibration against the existing field measurements, in order to 
obtain the same response in terms of deflections, stresses, and accelerations. The issue is if the 
calibrated model can produce the same natural frequencies as well. Moreover, boundary condition 
influences the natural frequencies as well. Here, fixed boundary condition is chosen through the 
calibration of the 3D model against the estimated natural frequencies from the field measurements. 
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The influence of the soil stiffness and the soil density on the natural frequencies is not investigated in 
this project. 

 

 

Figure 5.9: Natural frequencies from 3D model – First vertical mode shape 

 

 

Table 5.5: Natural frequencies from the FE-analysis and field measurements 

 Estimated Natural Frequencies (Hz)  

2D Model 3D Model Field Measurements 
Ballast Culvert 

12 12.4 12.7 12.8 
13.6 15.9 15.9 15.0 
15.2 17.7 17.6 17.9 
22.5 - 20.9 20.6 
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5.4 Influence of the soil stiffness 

In this section, the influence of the Young’s modulus and the Poisson’s ratio of the backfill and the 
ballast material on the static and the dynamic response of the bridge is investigated. Results are 
presented in terms of the maximum deflection of the crown, stress at the bottom fibre of the crown 
and the haunch, and the dynamic amplification factor of these parameters is investigated. Train X52 
loads at a speed of 180 km/h (real speed) applied to the models for the entire parametric studies. 

Backfill Young’s modulus 

Figure 5.10 and Figure 5.11 show the influence of the Backfill Young’s modulus. Moreover, the 
results from the 2D and the 3D models are compared. The estimated effective widths based on the 
dynamic analysis at the speed of 180 km/h are used in the 2D models (see section 4.4). The 
specifications of the models are as mentioned in section 4.2 and 4.3, except Young’s modulus of the 
ballast, which is 300 MPa. As can be seen, the deflections in the 2D and 3D models completely 
match. It shows that the calculated effective widths are valid for different Young’s modulus of the 
soil material. Stress values show relatively the same trend in two cases, still, disparities can be seen, 
which can be expected due to the differences between 2D and 3D behaviour under the live loads.  

 

 

                                           (a)                                                                          (b) 

 

                                          (c)                                                                             (d) 

Figure 5.10: Influence of the backfill Young’s modulus on a) Deflection at the crown   
b) Stress at the crown  c) Stress at the haunch  d) DAFs 
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As can be seen from Figure 5.10 and Figure 5.11, the response of the bridge varies significantly by 
assigning different backfill Young’s modulus, hence, the backfill Young’s modulus is chosen as the 
main parameter to calibrate the model against the field measurements. A value between 60 and 100 
MPa can be determined for the backfill Young’s modulus depends on fitting the stress at the haunch 
and the deflection at the crown with the field measurements, respectively. For the rest of the 
parametric studies, the backfill Young’s modulus assumed as 100 MPa.  

The Dynamic amplification factors are presented from the results of the 2D model. In spite of the 
significant influence of the backfill Young’s modulus on the bridge response, most of the calculated 
DAFs vary from 1 to 1.2.  

 

 

Figure 5.11: Influence of the soil Young’s modulus on the accelerations 

 
 
Ballast Young’s modulus 

The Young’s modulus of the ballast has been assigned with values between 200 to 300 MPa with 
increment of 20 MPa in the 2D model. It has almost no influence on the deflections, still, lower 
ballast Young’s modulus produce up to 6 % higher stresses. The maximum change in accelerations is 
18 %. Since choosing 100 MPa for backfill Young’s modulus results in lower stresses in compare to 
the field measurements, 200 MPa adopted as the ballast Young’s modulus to make the stress values 
closer to the field measurements. 

 

                                             (a)                                                                         (b) 
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                                          (c)                                                                              (d) 

 

 

Figure 5.13: Influence of the ballast Young’s modulus on accelerations 

 

Soil Poisson’s ratio 

Assuming 100 and 200 MPa for the backfill and the ballast Young’s modulus respectively, Poisson’s 
ratios between 0.2 and 0.4 with the increment of 0.05 are assigned to both the ballast and the backfill 
materials in the 2D model to examine the sensitivity of the results to the different Poisson’s ratios of 
the soil materials. The significant discrepancy detected on the stress of the bottom fibre of the crown 
that ranges from 2.78 to 3.54 MPa under dynamic loads. Concisely, the maximum change in 
deflections, stresses, and accelerations are 15 %, 25 %, and 15 %, respectively. 

 

Figure 5.12: Influence of the ballast Young’s modulus on a) deflection at the crown 
b) Stress at the crown  c) Stress at the haunch  d) DAFs 
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                                            (a)                                                                          (b) 

 

                                            (c)                                                                         (d) 

 

 

Figure 5.15: Influence of the soil Poisson’s ratio on the accelerations 

  

Figure 5.14: Influence of the soil Poisson’s ratio on a) Deflection at the crown  b) Stress 
at the crown c) Stress at the haunch  d) DAFs 
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5.5 Influence of the effective widths 

To find the admissible value for effective widths, the effective widths of both backfill and culvert are 
set to different values from 3.5 to 6 m with an increment of 0.5 m. As can be seen from figures 
below, an effective width of 5.5 m gives a deflection of 0.4 mm which is close to the values 
calculated in chapter 4.6. In order to fit the stress values at the crown and the haunch against field 
measurements, effective widths in the range of 4.5 and 3.5 m should be used respectively. Effective 
width of 4.5-5.5 m results in acceptable values for accelerations. In conclusion, due to the 3D nature 
of the live loads, it is not possible to set one pertinent value for effective widths in the 2D model for 
obtaining reliable results for all outputs.  

As can be seen from Figure 5.16 – d, effective widths have no influence on DAFs. Since it affects 
both the static and the dynamic response the same way, it is not influential for calculating the 
dynamic amplification factors. 

 

 
                                           (a)                                                                               (b) 

 
                                          (c)                                                                                (d) 

 

 

Figure 5.16: Influence of the effective widths on a) Deflection at the crown  b) Stress at the 
crown  c) Stress at the haunch  d) DAFs 
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Figure 5.17: Influence of the effective widths on the accelerations 

 

5.6 Influence of the material damping 

The material damping properties estimated based on the analysis of the field measurement reveals 
Rayleigh damping curves with a mass proportional coefficient of 3.9 in average (see chapter 3.2.2). 
In order to probe this within finite element modelling, different damping properties are assigned to 
the culvert and the soil material. Assigning different damping ratios to the steel culvert, results in 
totally congruent responses. Since the entire damping eventuates through the soil material, damping 
properties of the culvert has no impact on the response of the structure. 

 

 

Figure 5.18: Influence of the steel damping properties on the accelerations 

 

Rayleigh material damping with mass proportional coefficients from 1 to 8 are assigned to the soil 
material. As can be seen from Figure 5.19, alpha values between 3 and 5 produce accelerations 
similar to the measured data. 
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Figure 5.19: Influence of the soil damping properties on the accelerations 

 

A common way to consider the damping properties of the material is to calculate the Rayleigh 
damping coefficients by assuming a specific critical damping ratio and using the first and third 
natural frequencies of the structure. In order to find the suitable value for the critical damping ratio, 
values from 2% to 8% assumed and Rayleigh damping coefficient are calculated based in the 
following formula and are assigned to the soil material in the 2D model. The obtained acceleration 
values by assuming a critical damping ratio of 2% are close to those obtained by assigning a mass 
proportional coefficient of 4.5. Figure 5.20 presents the damping curves for these two assumptions. 
The values of the damping ratio are close in the frequency range between 10 Hz to 30 Hz. This range 
of frequency seems to be the dominant frequency in this case. The first four natural frequency of the 
2D model is placed within this range. 

�
𝛼
𝛽� = 2𝜉

𝜔1+𝜔3
�𝜔1𝜔3

1 �  , 𝜉 = 0.02  
           
�⎯⎯�  𝛼 = 1.685 ,𝛽 = 0.00023                                                 (5.9) 

 

 

Figure 5.20: Rayleigh damping curves 
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5.7 Influence of the soil density 

In this section, the influence of the soil density checked out on the dynamic response of the bridge. It 
appears to have no significant influence on deflections and stresses. The only significant influence 
can be observed on the acceleration of the ballast that varies from 0.9 to 1.3 m/s2 (30 % difference). 
It is commonly expected that the lower density results in the higher acceleration.  As can be seen 
from Figure 5.21, the maximum response is not necessarily occurred when the lower boundary of the 
density ranges is assigned to the soil material. It shall be also noted that the density mainly influences 
the natural frequencies of the structure; therefore, the influence of the density can be different in 
other speeds and can be more intense if resonance occurs.  

 

 

                                          (a)                                                                               (b) 

 

 

                                                                  (c) 

 

  

Figure 5.21: Influence of the backfill density on  a) Deflection at the crown  b) Stresses    
c) Accelerations 
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5.8 Steady-state analysis 

Resonance can happen on railway bridges due to the repetition of the axle loads with certain 
frequencies which results in high accelerations and can leads to the ballast instability and derailment. 
Is it possible to predict the resonance speed by the steady-state analysis instead of explicitly applying 
the extensive train loads with a wide speed range? 

In steady-state analysis, loads are applied harmonically with a defined range of frequencies which 
can simulate the repetition of axle loads on the structure. In this project, this approach is adopted in 
order to study the behavior of the current bridge due to the train loads at the higher speeds. Different 
load patterns assumed for this purpose and are illustrated in Figure 5.22. The dash style lines define 
the centerline of the structure.  Load pattern 1 represents an axle load applying on the centerline of 
the structure (above the crown). Load pattern 2 - 4 represent a bogie load with a distance of 2.4 m 
applying on the structure with different offset from the centerline. The magnitude of an each 
concentrated load is 170kN.  

 

Figure 5.22: Load patterns 

 

The illustrated loads are applied with a frequency range from 1Hz to 60 Hz and the steady-state 
response of the 2D model is calculated by modal superposition. Figure 5.23 - 5.22 present the 
amplitude of the deflection at the crown, the stress at the haunch, and, the acceleration at the crown 
due to the applied loads with the different frequencies. 

The first and the third load patterns are found to be a critical load pattern based on the steady-state 
responses. The fifth load pattern is critical in higher frequencies. The highest deflection and stress 
are 2.8 mm and 12 MPa, respectively. Hence, the deflection and the stress in the culvert will not limit 
the train design speed. However, the acceleration at the crown grows up to 15 m/s2 at some 
frequencies. Therefore, the acceleration can be the critical parameter for design these structures, 
specifically for cases with a short span. The main resonance speed is found to be associated to the 
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train speed of which the repetition of the train axle/bogie loads produces a frequency around 12 Hz. 
The main resonance is expected to be occurred when the frequency of the applied load coincides 
with the natural frequency of the structure; and, at the same time, the configuration of the applied 
load coincides with mode shape of the structure. In this case, the main resonance is occurred at 
around 12 Hz, which coincide with the frequency of the first natural frequency of the bridge, see 
Figure 5.8. 

 

 

 

Figure 5.23: Steady-state response – amplitude of the deflection at the crown 

 

 

 

Figure 5.24: Steady-state response – amplitude of the stress at the haunch 
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Figure 5.25: Steady-state response – amplitude of the acceleration at the crown 

 

5.8.1 Influence of the backfill stiffness 

Steady-state analysis has been done on two models with two different Young’s modulus of the 
backfill. As can be seen from Figure 5.26, different stiffness of the backfill affects both the peak 
response and the resonance speed of the structure. Besides, it can be seen that the influence of the 
backfill stiffness is not similar at different speeds. For this bridge, if the repetition of the train axle 
loads produce a frequency between 8 Hz and 12 Hz, the influence of the backfill stiffness is very 
high. For induced frequencies between 12 Hz and 25 Hz, it has a moderate influence. As can be seen, 
for frequencies higher than 25 Hz, backfill stiffness has no significant influence on the bridge 
response. 

 

 

Figure 5.26: Influence of the backfill stiffness on the steady-state response of the structure 
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5.9 Response to high speed trains 

In this chapter, the behaviour of the bridge is studied under the train loads at the higher speeds. The 
2D model is analyzed under High Speed Load Models, HSLM-A2, according to Eurocode [17]. 
HSLM-A is defined in Figure 5.27 and Table 5.6. 

 

Figure 5.27: Configuration of HSLM-A 

 

Table 5.6: HSLM-A specifications 

 

 

HSLM-A2 trains consist of 17 intermediate coaches with each coach length (D) of 19 m and a bogie 
axle distance (d) of 3.5 m. Each axle load is 200 kN. The loads are applied with a series of speeds 
from 150 km/h to 350 km/h with an increment of 10 km/h. Within the specified speed range, the 
frequencies induced to the bridge due to the repetition of the bogie loads with a distance of 19 m are 
between 2.2 Hz and 5.1 Hz. The HSLM-A2 is chosen since the natural frequencies of the bridge 
estimated in section 3.2.2 are closer to this frequency range. 

The summary of the static response of the structure under HSLM-A2 is presented in Table 5.7. 
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Table 5.7: Static response of the structure under HSLM-A2 

Deflection - crown Stress - crown (bottom) Stress - haunch (bottom) Stress - crown (top) 

0.38 mm 2.45 MPa 4.63 MPa 3.59 MPa 

 

Figure 5.28 present the values of the deflections. The maximum deflection is found to be 0.65 mm. 
Therefore, the deflections still stay in small ranges at higher speeds. As can be seen, the dynamic 
effect on deflections is very low up to a train speed of 300 km/h. A resonance can be detected at the 
speed of 320 km/h. Still, for capturing the resonance speed more accurately, the speed increment 
should be refined for a range between 300 to 350 km/h. 

 

Figure 5.28: Deflections under HSLM-A2 

 

Figure 5.29 present the stresses in culvert. The maximum stress is found to be 9 MPa. Still, the 
stresses in the culvert cannot be a limitation even at higher speeds. From both Figure 5.28 and Figure 
5.29, resonance speeds at 280 km/h and 220 km/h can be also detected. If the speed increment will 
be refined around these speed values, a bigger resonance behaviour may be envisaged.  

 

Figure 5.29: Stresses under HSLM-A2 
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Dynamic amplification factors under HSLM-A2 are shown in Figure 5.30. The lowest dynamic 
amplification factors are related to the deflections. The dynamic effects are clearly higher on the 
stresses especially for the stress at the bottom fibre of the crown. Most of the dynamic amplification 
factors are in the range of 1-1.5, and, they are increased after a train speed of 300 km/h. The highest 
dynamic amplification factor is found to be 2.7, which is for the stress at the bottom fibre of the 
crown. 

 

Figure 5.30: Dynamic amplification factors under HSLM-A2 

 

Accelerations at the crown and the ballast are presented in Figure 5.31. Accelerations are presented 
within a frequency range of 30 Hz. Transfer function is calculated as the acceleration at the ballast 
divided by the upward acceleration at the crown. The average of the transfer functions is found to be 
1.37. According to the Eurocode [8], the maximum allowable acceleration of the deck is 3.5 m/s2 for 
the ballasted track. Assuming this criterion valid for the maximum acceleration at the crown in soil-
steel composite bridges, the studied structure is suitable for high-speed trains with a maximum speed 
of 300 km/h. 

 

Figure 5.31: Accelerations under HSLM-A2 
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Figure 5.32 and Figure 5.33 present the responses of the bridge to HSLM-A2 at a speed of 320 km/h. 
The frequency induced to the structure due to the repetition of the bogie loads at the speed of 320 
km/h is 4.68 Hz. None of the natural frequencies of the 2D model is a factor of 4.68 Hz. Still, a 
resonance kind of behaviour can be seen for the first 6 bogie passages in both the deflection and the 
acceleration at the crown. The increase in the deflections or the accelerations is damped out after 6 
bogie passages. This can be due to the high damping properties of the material in the model.  

 

 

Figure 5.32: Bridge response to HSLM-A2 at a speed of 320 km/h – Deflection at the crown 

 

 

Figure 5.33: Bridge response to HSLM-A2 at a speed of 320 km/h – Acceleration at the crown 
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6 Conclusions and Future Research 

6.1 Conclusions 

Following conclusions are made from analyses of the existing field measurements: 

• Maximum deflection and stress at the crown is 0.4 mm and 6 MPa, respectively. Maximum 
acceleration at the crown of the culvert is 0.8 m/s2, and, in the ballast above the crown 
between two sleepers is 1.5 m/s2.  

• The damping properties of the soil material can be modelled using mass proportional 
Rayleigh damping curves with an alpha value of 3.9 in average. 

Following conclusions are made from FE-analyses: 

• Calculated effective widths from the 3D model show higher values than those calculated 
based on the assumption of 2:1 stress distribution in soil. 

• Effective widths can be increased under the dynamic loads. 
• Modal analysis procedure can result in an unreasonable higher acceleration at the crown since 

the loss of energy due to the material damping within the backfill cannot be truly captured. 
• The Young’s modulus of the backfill is estimated as 100 MPa for this case. 
• The soil material damping properties can be modelled by assigning Rayleigh damping with a 

mass proportional coefficient of 4.5. 
• Performing sensitivity analysis is required for the parameters like Poisson’s ratio and the soil 

density. Different Poisson’s ratio of the soil material can affect the stresses up to 25%, and 
different soil density can affect the accelerations up to 30%. 

• Due to the 3D nature of the live loads, it is not possible to set one pertinent value for the 
effective widths in the 2D model for obtaining reliable results for the entire outputs. 

• 3D model is necessary for the analysis of soil-steel composite bridges under the live loads, 
and, the 2D model can be sufficient only if the reliable effective widths can be calculated. 

• If high-speed trains (HSLM-A2) will pass on this bridge with a speed up to 350 km/h, the 
maximum deflection and stress in the culvert will be 0.65 mm and 9 MPa, respectively.  

• According to the Eurocode [8], the maximum allowable acceleration of the deck is 3.5 m/s2 
for the ballasted track. Assuming this criterion valid for the maximum acceleration at the 
crown in soil-steel composite bridges, the studied structure is suitable for high-speed trains 
with a maximum speed of 300 km/h. 

Chapter 6 
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6.2  Future Research 

Here are some suggestions for improving the FE-model and further research for the dynamic analysis 
of soil-steel composite bridges: 

-  Soil-steel interaction 

Influence of assigning frictional behavior between the backfill and the culvert on the response of the 
bridge need to be investigated. 

-  Non-linear behavior of the ballast and backfill material 

The behavior of the ballast and the backfill around the culvert can be non-linear. Using non-linear 
behavior with a specified tension cutoff can improve the behavior of the soil material. 

-  Influence of wave propagation 

In order to model the wave propagation properly, coupled criteria between the mesh size and the 
time increment should be respected, and, need to be investigated deeper. Moreover, appropriate 
boundary conditions should be used to avoid the reflection of the waves. For this purpose, using of 
infinite elements for the boundaries can be examined. 

-  Culvert geometry 

The influence of the culvert shape, span, culvert length, and height of the cover on the bridge 
response shall be investigated. 

-  Vehicle-bridge interaction 

In order to better capture the acceleration in the ballast, a moving mass or a sprung mass model can 
be adopted instead of moving concentrated loads. Besides, the acceleration of the train itself is also 
of the interest for the high-speed train applications for further checking the comfort criteria. 

Moreover, the influence of different parameters (soil Young’s modulus, Poisson’s ratio, density, and 
damping properties) on the natural frequencies of the structure and on the bridge responses due to the 
train passages with higher speeds need to be investigated. 

Furthermore, investigate if the current criterions in the Eurocode are applicable to soil-steel 
composite bridges. 

In addition, more full scale field measurements are needed to calibrate the FE-models.  
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%-------------------------------------------------------------------------- 
% Signal analysis on field measurements 
% Author: Peyman Mellat (M.Sc Thesis at KTH - 2012) 
%-------------------------------------------------------------------------- 
  
%% Extract the frequency content of the acceleration by FFT function   
  
% Sample frequency (Hz) 
fs=800;   
 
% Sampling time interval (s) 
% 'x' is the variable storing the acceleration (m/s2) 
t=0:1/fs:length(x)/fs; t=t(1:end-1); t=t'; 
 
% Total Time (s) 
% n1 & n2 define the beginning and the end of the signal that is windowed 
to be analyzed 
T = t(n2)-t(n1);   
 
% Frequency 
f = 0:1/T:fs-1/T;   
 
% Number of samples 
N=n2-n1;   
 
% Fast Fourier Transform of the acceleration 
X = fft(x(n1:n2));   
 
% Factor compensating for the window function (rectangular window) 
Aw = 1;   
 
% Se compensates for the weighting of the DFT with respect to the number of 
samples 
Se = abs(Aw/N)^2;   
 
% Linear spectrum of the acceleration 
Lxx = sqrt(Se*abs(X).^2);                   
Lxx(length(f)+1:length(Lxx))=[];  
 
% Plot the frequency contents 
plot(f,Lxx)                                 
 
 
%% Smooth the frequency content curve by spline function 
 
% Present the data in a frequency range of 30 Hz 
ff=f(f<30);                                 
num=length(ff);ll=Lxx(1:num); 
x=ff;y=ll; 
 
% Increment for curve smoothing 
inc=0.01;                                    
xmax=max(x); 
xi=0:inc:xmax; 
 
% Interpolate between the data points by spline function 
yi=interp1(x,y,xi,'spline');                
 
% Plot the smoothened curve 
plot(xi,yi)                                 
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%% Calculate the damping ratio in each frequency peak based on Half Power 
Bandwidth method [11] 
 
% Matrix storing the frequency peaks  
[pk,loc]=findpeaks(yi); 
numpk=length(pk);           
 
% Mark the frequency peaks on the diagram 
plot(xi(loc),pk,'o')                 
 
% Matrix storing the frequency peaks divided by square root of 2 
hpbw=pk./sqrt(2);                    
yf=zeros(numpk,2); 
 
% Matrix storing the frequencies associated with the half power points on 
the left side of the peak (fa) 
fa=zeros(1,numpk);                   
 
% Matrix storing the frequencies associated with the half power points on 
the right side of the peak (fb) 
fb=zeros(1,numpk);                   
 
% Matrix storing the calculated damping ratios 
damp=zeros(1,numpk);                 
loc=[1 loc length(xi)];hpbw=[0 hpbw 0]; 
  
% Algorithm for finding the half power points on each side of the peaks and 
the associated frequencies (fa & fb) 
for i=2:numpk+1 
    d=1 
    xf=xi(loc(i)); 
    while interp1(x,y,xf,'spline')>hpbw(i) 
        if (xf>=xi(loc(i+1))) 
            d=0 
            break 
        end 
        xf=xf+inc; 
    end 
    fb(i)=xf; 
    yf(i,1)=interp1(x,y,xf,'spline'); 
     
    xf=xi(loc(i)); 
    while interp1(x,y,xf,'spline')>hpbw(i) 
        if (xf<=xi(loc(i-1))) 
            d=0 
            break 
        end 
        xf=xf-inc; 
    end 
    fa(i)=xf; 
    yf(i,2)=interp1(x,y,xf,'spline'); 
     
    if d==0  
        damp(i-1)=0; 
    else 
        damp(i-1)=(fb(i)-fa(i))/(fb(i)+fa(i));   
    end 
     
end 
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 % Post processing on the calculated damping ratios 
iff=[]; 
for i=1:length(damp) 
    if damp(i)==0 
        iff=[iff i] 
    end 
end 
damp([iff])=[];loc(end)=[];loc(1)=[]; 
freq=xi(loc);freq([iff])=[]; 
 
% Plot the calculated damping ratios in each related frequency 
plot(freq,damp, 'o')                           
  
 
%% Find the closest Rayleigh damping curve based on the least square method 
 
% Find the alpha value between 1 and 10 with an accuracy of 0.01 
a=1:0.1:10                                      
for ia=1:length(a) 
    D=0; 
    for i=1:length(a1) 
        D=(damp(i)-a(ia)/2/2/pi./freq(i))^2+D   
    end 
    DD(ia)=D 
end 
 
% The closest mass proportional coefficient 
af=find(DD==min(DD))                            
 
freqa=0:0.1:30; 
 
% The closest mass proportional Rayleigh damping curve 
dampa=a(af)/2/2/pi./freqa;                      
 
% Plot the calculated damping ratios in each related frequency  
plot(freq,100*damp,'gs','MarkerSize',4.5)       
hold on 
 
% Plot the closest mass proportional Rayleigh damping curve 
plot(freqa,100*dampa,'g-','LineWidth',0.75)     
axis([0 30 0 15]) 
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The dynamic response from passing trains at high speed is studied for a short span 
soil-steel composite bridge. Field measurements have been performed, comprising 
steel strains, vertical crown displacements and accelerations in the steel and the 
backfill. Soil material damping properties are estimated through analysis of the 
field measurements. Approaches for numerical modelling are presented, focusing 
on the dynamic response from passing trains. Both 2D and 3D continuum models 
are compared with the measured response. Based on the models, the influence of 
the Young’s modulus of the backfill on the bridge behaviour is investigated. The 
3D-model also enables estimation of the load distribution, which is found to 
increase at higher train speeds. An effective width to be used in 2D analyses is 
proposed. A dynamic design check using the high-speed train load models in the 
Eurocode is presented, that for the studied bridge envisage a resonance peak at 
about 320 km/h. 

Keywords: 
Soil-steel composite bridge 
High-speed train 
Structural dynamics 
Acceleration 
Field measurement 
Finite element model 

 

1. Introduction 
Soil-steel composite bridges (SSCB) refer to structures where 
a buried flexible corrugated steel pipe works in composite 
action with the surrounding soil. The section of the steel pipe 
is often rather slender and the load bearing capacity as well as 
the stability relies on the confinement from the backfill. These 
structures are being increasingly used in road and railway 
projects as an alternative to standard type bridges, e.g. short- 
and medium span concrete beam- and portal frame bridges. 
They are often found to be cost effective, both due to less 
material consumption and reduced construction times. The 
development during recent years has resulted in longer spans, 
more efficient arch geometries and less height of fill cover. 
The Swedish regulations for design of bridges  [1] refer to the 
design method described in  [2] for design of SSCB. This 
method was developed by  [3] that also presented validation 
with full-scale testing. Additional field tests are reported in 
 [4]- [10], comprising static full-scale models, in-situ tests and 
dynamic measurements of passing trains. In  [6], the dynamic 
response of a soil steel composite bridge with a span of 11 m 
is measured during passages of a locomotive at speeds from 
10 km/h to 125 km/h. Dynamic amplification factors of 1.2 
for displacements and thrusts and 1.45 for moments are found. 
The highest vertical acceleration in the ballast is found to be 
0.45 m/s2. Field tests of the dynamic response from passing 
trains at moderate speeds are reported by  [12]- [15], generally 
showing small displacements and accelerations. In  [16], the 
static and dynamic responses of four steel culverts are 
measured under passages of truckloads at speeds from 10 

km/h to 70 km/h. The DAFs are found to be in the range of   
1.12 – 1.26 for displacements, and 1.11 – 1.29 for strains. 

 
The behaviour of soil-steel composite bridges under live loads 
has been studied in a number of papers such as  [17]- [20]. In 
these papers, the static behaviour of these structures is studied 
due to the truck loads through FE-analysis. However no 
research has been found regarding dynamic FE-analysis of 
these structures due to the train loads.  

For railway bridges on high-speed railway lines, extensive 
dynamic design checks are usually needed. The main dynamic 
criterion is the vertical deck acceleration, a measure to prevent 
ballast instability during resonance. For such analyses,  [1] 
refers to the methods in Eurocode  [11], which is mainly valid 
for beam like structures. The dynamic behaviour of SSCB 
may be significantly different than beam like structures due to 
the composite action with the surrounding soil. To the 
authors’ knowledge, no design recommendations for SSCB on 
high-speed railway lines currently exist. 

2. Case study 

2.1. The bridge 

The studied bridge is named ‘’Rörbro i Märsta’’ in Swedish 
which is a closed shaped corrugated steel culvert (km 
43+765). It is located in Sweden, about 40 km North of 
Stockholm. The bridge was built in 1995 during an extension 
of the North junction of the Arlanda Express line, a link 
between the East Coast railway line and Arlanda Airport. It 
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has elliptic cross section with a horizontal and vertical 
diameter of 3.75 m and 4.15 m, respectively. The total length 
transverse to the tracks (longitudinal direction of the culvert) 
is 27.9 m and the fill height at the crown is 1.7 m. The 
allowable speed is 170 km/h and is operated by mixed train 
traffic. The most common train type is the X52 commuter 
train. It consists of two wagons with a total length of 54 m and 
an axle load of 185 kN/axle. Other common trains are X40 
and X2 with the total length of 136 m and 140 m, 
respectively, and axle load of about 180 kN. The response of 
the bridge under the X52 train passage is studied in this 
research. A photo of the bridge during passage of an X52 
commuter train is shown in Fig. 1. Fig. 2 illustrates the 
configuration of axles and bogies of the train X52. 

 
Fig. 1. View of the bridge during an X52 commuter train passage. 

 
Fig. 2. X52 commuter train, axle distances in (m). 

2.2. Instrumentation 

The bridge was instrumented with a total of 12 strain gauges, 
2 displacement transducers and 8 accelerometers. Continuous 
monitoring was performed between 9 AM and 4 PM on the 
19th of May 2010. Data was collected using a HBM MGC-
Plus A/D converter with 24 bit resolution. The sample 
frequency was set to 800 Hz and an analogue Bessel Low-
Pass filter with a cut-off frequency of 400 Hz was employed 
to avoid aliasing. The instrumentation is presented in Fig. 3. 
Accelerometers are denoted a1-a8, displacement transducers 
d1-d2 and strain gauges e1-e12. Most gauges were positioned 
directly under the track U1. To gain further information on the 
load distribution however, d2 and e9-e12 were instrumented 
closer to track N1. Both displacement transducers measured 
the vertical crown deflection. Accelerometers were positioned 
both on the arch intrados and on the railway embankment, a3-
a5 were positioned between the sleepers of track U1, both 
20 m before and after the culvert as well as directly over the 
crown. After 29 train passages, accelerometer a4-a6 was 
moved to positions indicated with *. Accelerometer a3-a5 was 
used to compare the response on the sleepers and the adjacent 
ballast, a6 was used to determine any acceleration of the 
ground inside the culvert, directly above gauge d1. All strain 

gauges measured the longitudinal strain at the arch intrados, at 
each location both on the crest and on the valley of the 
corrugation, Fig. 3(c). This facilitates estimation of the 
proportion of bending moment and axial force in the arch. In 
this paper, the point on the culvert instrumented with a1, d1, 
e5, and e6 is denoted as the “crown”. The point instrumented 
with e3 and e4 is denoted as the “haunch”, and, the point 
instrumented with e1 and e2 is denoted as the “abutment”. 

 
Fig. 3. Instrumentation, a) transverse section, b) plane view, c) 

section of the corrugated steel sheet, d) longitudinal section. 

3. Analysis of field measurements 

3.1. Response to train X52 

Table 1 and Table 2 contain a summary of bridge responses 
under 11 passages of train X52. The entire measured 
responses are filtered by low-pass Butterworth filter  [22], with 
a cut-off frequency of 30 Hz and an order of 8th.Maximum 
differences are calculated as (max-min)/mean. The lowest 
scattering belongs to deflections which makes it the most 
reliable parameter for calibrating the finite element models. 
The critical section in terms of stress is at the haunch which 
shows the lowest scattering among the other sections. 
Consequently, it can be used as another parameter to compare 
against the simulation results. The highest scattering belongs 
to accelerations, the range of which, however, is placed safely 
below the allowable values based on Eurocode  [11]. The 
bridge responses under one of the train passages are presented 
in section  5 and are compared to the simulation results. 
Measurements have been done on the acceleration of the 
ballast 20 m before and after the culvert (a4 and a5 in Fig. 
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3(d)), which can be useful for predicting the impact of the 
interruption caused by the culvert on the acceleration of the 
ballast. Acceleration in the ballast will be doubled in average 
due to the interruption of the culvert in this case, Fig. 4. 

 
 
 
 

Table 1 

Deflection and accelerations, under 11 passages of train X52. 

 Deflection (mm) Acceleration (m/s2) 
 Crown (d1) Crown (a1) Ballast (a3) 
max 0.40 0.80 -0.80 1.49 
min 0.38 0.60 -1.00 1.24 
mean 0.39 0.71 -0.87 1.35 
St.dev 0.009 0.06 0.16 0.10 
Max diff (%) 7 28 22 19 

 

Table 2 

Stresses, under 11 passages of train X52. 

 Stress (MPa) 

 Crown 
bottom (e5) 

Crown 
top (e6) 

Haunch 
bottom (e3) 

Abutment 
bottom (e1) 

min 3.88 5.23 5.66 2.86 
max 5.98 5.85 6.05 3.42 
mean 4.45 5.56 5.86 3.10 
St.dev 0.65 0.18 0.13 0.17 
Max diff (%) 47 11 6 18 

 
Fig. 4. Acceleration of the ballast 20 m before and after the culvert. 

3.2. Deflection and stress distributions in the transverse 
direction 

Investigation on the deflection and stress distribution in the 
transverse direction to tracks is useful to find the appropriate 
value for the effective width of the culvert in a 2D model. 
This is done by adoption of two displacement transducers in 
the transversal direction (d1 and d2 in Fig. 3(a)) and 6 strain 
gauges (e3, e4, e9-e11 in Fig. 3(a,d)) and capturing the bridge 
response during the train passage on two parallel tracks. 
Assuming symmetry, the effective width can be estimated to 
be around 4 m based on the derived displacement field, Fig. 5. 
The stress distribution of the top fibre reveals a lower 
effective width, Fig. 6. 

 
Fig. 5. Deflection. 

 
Fig. 6. Stress distributions in the transverse direction. 

3.3. Estimated natural frequencies and damping properties 

Signal processing of the measured accelerations can be useful 
to evaluate the natural frequencies of the structure for further 
investigation of resonance speed, and, for estimation of 
frequency dependent damping properties of the soil material. 
First, frequency contents are calculated by applying fast 
Fourier functions on RMS of the accelerations at ballast and 
crown of the culvert. Consequently, a Matlab  [21] code is 
generated to detect the distinct peaks in frequency contents 
and to calculate the damping ratio based on the Half Power 
Bandwidth method  [23] in each related frequency. Curve 
smoothing has been done by applying spline interpolation 
function to increase the accuracy of results. Fig. 7 compares 
the frequency content of the ballast (a3) versus the crown of 
the culvert (a1). It depicts the loss of energy due to damping 
within the backfill material as well as the friction caused by 
soil-steel interaction. 

 
Fig. 7. Frequency content of accelerations, under a train X52 

passage, extracted from the entire signal (Train passage + Free 
vibration) 

Natural frequencies and damping ratios are commonly 
evaluated based on the free vibration response of the structure. 
Different parts of the signal windowed for this purpose and 
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analysed separately, part where belongs to only train passage, 
only free vibration, and, the entire signal. Fig. 8 presents the 
frequency content of the culvert acceleration (a1). The Y-axis 
is shown in logarithmic scale. Frequency content obtained by 
free vibration has significantly low energy; and, the main 
distinct peak is found at 22.7 Hz. Frequency contents obtained 
from two other cases show similar peaks and can be useful for 
evaluating the natural frequencies. However, the detected 
peak which is coincided with the induced frequencies 
generated due to the repetition of axle loads and boogie loads 
cannot necessarily be regarded as natural frequencies. Table 3 
presents the induced frequencies due to the train passage and 
the estimated natural frequencies from the signal analysis. 
Induced frequencies due to the train passage are calculated as 
the axle/bogie distances of the train X52 (Fig. 2) divided by 
the train speed (180 km/h). 

 
Fig. 8. Frequency content of the acceleration of the crown (a1), 

under a train X52 passage 

Table 3 

Induced frequencies and the estimated natural frequencies 

Axle/Bogie  
distance (m) 

Induced  
frequency (Hz) 

Estimated natural frequencies (Hz) 
Ballast Culvert 

2.7 18.5 12.7 12.8 
5.1 9.8 15.9 15.0 
7.8 6.4 17.6 17.9 

16.4 3.0 20.9 20.6 
19.1 2.6 22.7 22.6 

 
As can be seen from Fig. 9, calculated damping ratios based 
on the Half Power Bandwidth method  [23] represent mass 
proportional Rayleigh damping  [24]. Therefore, a code is 
generated to fit the closest Rayleigh damping curve based on 
the least square method to estimate the mass proportional 
Rayleigh damping coefficient. Rayleigh damping formula: 

22
1 n

n

ωβ
ω

αζ +=  (1) 

Where α is the mass proportional Rayleigh damping 
coefficient, β is the stiffness proportional Rayleigh damping 
coefficient, and ωn is the circular frequency. The mass 
proportional Rayleigh damping coefficient α is found to be 
around 3.9 in average. During free vibration, the damping is 
mainly caused by the soil material in terms of friction between 
particles and radiation of waves. Estimated damping ratios 
obtained from the part of the signal that belongs to the train 
passage are in average 3 times higher than those obtained 
from the free vibration. This is arising from several sources of 

friction initiated and added during the train passage. Few 
examples are, damping from the train itself, contact between 
train wheels and rails, joints between rails and sleepers, 
contact between sleepers and ballast, and interaction of the 
backfill and the culvert. Fig. 9(b) presents the calculated 
damping ratios based on the acceleration of the ballast. Where 
part of the signal that belongs to the train passage is included, 
the calculated damping ratios are higher than those calculated 
from the acceleration of the culvert. It is believed to be due to 
the damping caused by the train itself, and its interaction with 
the rails and the sleepers.  

 
Fig. 9. Calculated damping ratios and fitted Rayleigh damping 

curves for a) the culvert (a1), b) the ballast (a3). 

4. Finite Element Models 

4.1. Procedure 

To model these structures, there is a need to adopt a suitable 
geometry and appropriate material properties. The geometry is 
defined based on the available technical drawings. However, 
there are no certain values for static and dynamic properties of 
the soil material, which is determined through parametric 
studies and the calibration against the field measurements 
(Sections 5.3 - 5.5). These structures have 3D action under 
live loads. Live loads produce two directional bending, in 
which cannot be truly captured in 2D modeling. 
Consequently, these structures should be modeled in three 
dimensions in order to simulate the true behavior. However, 
due to the long cpu-time of a 3D analysis, there is a need for 
simplified 2D models since a fast and simple 2D analysis is 
more convenient for design purposes. The geometry of these 
structures as well as their behavior under dead loads represent 
the plane strain case, nonetheless, their behavior under live 
loads does not. Accordingly, there is a need to set an effective 
width for the soil and the culvert in 2D models. This is studied 
by different approaches in this research; analysis of the 
measured displacement field in the longitudinal direction of 
the culvert explained in section 3.2, investigations on the 3D 
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model described in section 4.4, and, parametric study on 2D 
models presented in section 5.3. 
In order to model a corrugated plate as a 2D beam with a 
rectangular section or as an orthotropic 3D shell, an 
equivalent thickness and Young’s modulus should be 
calculated in circumferential and longitudinal directions, the 
latter of which is not applicable in a 2D model. The equivalent 
thickness and Young’s modulus in circumferential direction 
are calculated as following: 

mm6112
==

A
It  (2) 

GPa7.2312
3 ==

t
EIE  (3) 

Where E is the Young’s modulus of steel assumed as 
210 GPa, and A and I are area (6.93 mm2/mm) and area 
moment of inertia of the unit width (2182 mm4/mm) of the 
corrugated plate shown in Fig. 3(c) derived from Table B1.3 
in  [2]. The equivalent Young’s modulus in the longitudinal 
direction of the culvert is estimated by equating the bending 
stiffness of the corrugated plate with a thickness of 5.5 mm to 
the equivalent bending stiffness of the orthotropic plate with a 
thickness of 61 mm: 

GPa154.0
1212

33
=→= ll EtEtE  (4) 

The equivalent shear modulus is calculated based on the 
following formula: 

( )ν+
×

=
12

lEE
G  (5) 

Where Poisson’s ratio ν = 0.3 is assumed. The simulations 
have been done by commercial FEM software, ABAQUS 
 [25]. Implicit direct integration procedure based on Newmark 
beta method  [23] is used. Hilber-Hughes-Taylor time 
integrators  [23] are assumed as following: α = –0.05, β = 
0.2756, γ= 0.55. The response of the bridge is studied under 
live loads only and the train load is applied as moving 
concentrated loads. For this purpose, amplitude functions are 
assigned to the loads. These amplitude functions are 
calculated with a Matlab script based on the axle 
configuration and speed of the train X52, and the mesh 
properties of the elements on which the loads apply. 

4.2. 2D Model 

In the 2D model, the culvert is modelled with beam elements. 
A rectangular section with the properties cited in Table 4 and 
Table 5 is assigned to the beam elements. The backfill and the 
ballast are modelled with 2D continuum elements as linear 
elastic material with Young’s modulus of 100 MPa and 
200 MPa, respectively, and a Poisson’s ratio of 0.3. A layer 
with a depth of 0.5 m is separated as the ballast. Two track 
rails are modelled as a beam with a rectangular section, the 
properties of which are cited in Table 4 and Table 5. The 
height and thickness of the rail beam are assigned with values 
that produce the same section properties (area and area 

moment of inertia) of UIC60. Geometry of the 2D model is 
depicted in Fig. 10. 
The mesh size of the entire model is 0.1 m except for the rail 
beam that is 0.2 m. The total number of nodes, elements, and 
active degrees of freedom used in the 2D model are around 
9000, 16000, and 17000, respectively. The rail is connected to 
the ballast with rigid connectors every 0.6 m (common sleeper 
distance), i.e. the vertical translational degrees of freedom at 
the corresponding nodes are tied together. The horizontal and 
vertical translational degrees of freedom of the backfill 
continuum elements are tied to the culvert beam elements. 
The damping properties of the soil material are modelled with 
Rayleigh damping with only a mass proportional coefficient 
of 4.5. A Rayleigh damping with a mass proportional 
coefficient of 4.5 produce around 3.6 % and 1.8 % damping 
ratio at the frequency of 10 Hz and 20 Hz, respectively. A 
layer with a thickness of around 0.5 m is separated at the outer 
parts of the model (the dark brown layer), and, is assigned 
with the material with very high damping properties in order 
to attenuate reflecting waves. A time increment of 1 ms is 
used for the 2D model. 

 
Fig. 10. Geometry of 2D model. 

Table 4 

Section properties and mesh properties of the 2D model 

Parts Section  
properties Discretization 

 Effective 
width (m) t (mm) Element type Mesh 

size (m) 
Rail 0.06 210 2-node linear beam (B21) 0.2 

Ballast 4.5 500 3-node linear plane  
strain triangle (CPE3) 0.1 

Backfill 5.77 - 3-node linear plane  
strain triangle (CPE3) 0.1 

Culvert 6.11 61 2-node linear beam (B21) 0.1 
 

Table 5 

Material properties 

Parts Young’s  
modulus (GPa) 

Density  
(kg/m3) 

Rail 210  7800 
Ballast 0.2  1800 
Backfill 100  1600 
Culvert 23.7  7800 
Sleepers 31  2200 

4.3. 3D Model 

In the 3D model, the culvert is modelled as an orthotropic 
shell, properties of which are described in section 4.1. The 
ballast and the backfill are modelled with 3D continuum 
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(solid) elements. Sleepers are modelled with shell elements. A 
view of the 3D model is shown in Fig. 11. The properties of 
different parts of the model are presented in detail in Table 6. 
The geometric order of all elements is linear; however, mesh 
convergence has been studied for discretizing the model with 
a fine enough mesh size to obtain accurate results. The general 
mesh size of the ballast and backfill is 0.5 m, still, elements 
with 0.3 m is used around the culvert up to the sleepers. 
Besides, finer mesh size of 0.05 m is used for the sleepers and 
the footprint of sleepers on the ballast above the culvert zone 
in order to capture the acceleration of the ballast accurately. 
The geometry of the 3D model is presented in Fig. 12. The 
coloured dots specify the point from where the deflections, 
stresses, and acceleration are captured. 
The total number of nodes, elements, and active degrees of 
freedom used in the 3D model are around 61000, 275000, and 
215000, respectively. The rails are tied to the sleepers at their 
neutral axis. Sleepers are partitioned at their intersections with 
the rails to provide the nodes to transfer the translational and 
rotational degrees of freedom from the rail to the sleeper. The 
neutral axes of the sleepers are tied to the surface of the 
ballast, i.e. the translational degrees of freedom at 
corresponding nodes have the same values.  The footprints of 
the sleepers and the rails are partitioned on the surface of the 
ballast to ensure the accuracy of the mesh tie. The 
translational degrees of freedom of the culvert shell elements 
are tied to their adjacent backfill elements. A time increment 
of 2 ms is used for the 3D model. 

 
Fig. 11. View of the 3D model 

Table 6 

Section properties and mesh properties of the 3D model 

Parts Section 
 properties  Discretization 

 Width 
 (m) 

Thick- 
ness (m) 

length 
(m) Element type Mesh  

size (m) 

Rails 0.03 0.21  2-node linear  
beam in space (B31) 0.2 

Ballast  0.5  4-node linear  
tetrahedron (C3D4) 0.05 – 0.5 

Backfill    4-node linear  
tetrahedron (C3D4) 0.3 – 0.5 

Culvert  0.061  3-node triangular 
 shell (S3) 0.2 

Sleepers 0.25 0.2 2.4 3-node triangular  
shell (S3) 0.05 – 0.2 

 

 
Fig. 12. Section along the centreline (m) 

4.4. Effective widths for the 2D model 

An important input parameter for the 2D model, which has a 
significant influence on the resulting deflection, stresses, and 
accelerations under live loads, is the effective width of the soil 
and the culvert. The only suggestion in the codes is to assume 
a 2:1 stress distribution in longitudinal direction of the culvert 
 [26] [27]. In this research, a deeper investigation has been 
done for this purpose. The idea is to set the effective width in 
the 2D model in order to obtain the same energy of external 
force as the 3D model under live loads. Here, X52 train is 
applied as a live load. 

 
Fig. 13. Displacement field along the longitudinal direction of the 

culvert 

max3Deff2D3D, uAwAAdyPuU =→== ∫  (6) 

Where U is the energy of external forces, P is the external 
force, u is the displacement, and v is the volume. Calculations 
have been done in several locations in the soil and the steel 
culvert; four depths in soil (0.25, 0.5, 0.85, 1.7 m from the top 
surface of the ballast) and two sections (above the crown and 
2.25 m away from the crown), and three locations on the 
culvert (crown, haunch, and abutment), which are 
demonstrated in Fig. 14. The effective widths are calculated at 
each time increment during an X52 train passage. In order to 
study the effect of the train speed on the effective widths, this 
procedure has been applied to the results of static analysis and 
dynamic analysis under train speeds of 180 km/h and 360 
km/h. 
Fig. 15 shows an example of calculated effective widths 
during an X52 train passage for soil (depth: 0.85 m) statically 
and at speeds of 180 km/h and 360 km/h. As can be seen from 
Fig. 15, calculated effective widths are very high in the 
transition part. When the loads are far away from the 
centreline, the situation is getting closer to the plane strain 
case, and, more part of the bridge is contributing. As can be 
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seen from Fig. 15, calculated effective widths reveals 
significant scattering when the load is not applied on the 
respective section. While, relatively similar values obtained at 
the time load passes above the respective section. Since the 
maximum response is of importance, effective widths at the 
corresponding maximum deflection are chosen for each 
section and are presented in Fig. 16. The effective widths 
calculated from the dynamic analyses are higher than those 
from the static analysis; this believes to be the result of wave 
propagation at higher speeds. Waves propagate to further 
distance from the origin and affect more spaces that increase 
the contribution of the surrounding soil. The reason for 
significant increase in calculated effective widths at the speed 
of 360 km/h is not very clear. Still, as can be seen from Fig. 
15(c), the value of the effective width is increased at the 
repetition of each bogie loads. The effective width is around 
6.1 at the passage of the first bogie loads; while, it is increased 
to 6.8 at the passage of the last one. The deflection is also 
increased at the last bogie passage. Therefore, behaviour like 
resonance may have occurred at this speed that may be the 
cause of the increase in the effective widths. 

 
Fig. 14. Locations at which effective widths are calculated 

The calculated effective values at the centreline are all bigger 
than those are calculated for the same depth at a distance of 
2.25 m from the centreline. It can be logical that the steel 
culvert plates help the soil to distribute the load to a wider 
area. Therefore, the values of the effective widths in soil 
above the culvert get higher than those are far away from the 
culvert. Results are compared to the suggestion of 2:1 stress 
distribution in soil. Assume that the effective width is started 
at 2.4 m (sleeper length) at the surface of the ballast, and is 
increased with the slope of 2:1 through the depth. The values 
will be 2.53, 2.65, 2.83, 3.25 m at the depth of 0.25, 0.5, 0.85, 
1.7 m, respectively. As can be seen, this assumption 
underestimates the effective width values. The calculated 
effective width values for the culvert are higher than the value 
that is estimated from the field measurement. This can be due 
to plate overlaps that make the real structure stiffer in some 
areas.  

 
Fig. 15. Calculated effective widths during train passage for the soil 
at a depth of 0.85 m under a) Static analysis, b) Dynamic analysis 
under the train speed of 180 km/h, c) Dynamic analysis under the 

train speed of 360 km/h 

 
Fig. 16. Summary of the estimated effective widths: a) at the 

centreline, b) 2.25 m from the centreline. 

Table 7 

Calculated effective widths for the culvert 

Effective width (m) 
Depth (m) 0 km/h 180 km/h 360 km/h 

1.7 crown 5.56 6.11 7.45 
2.38 haunch 5.98 6.23 7.94 
3.78 abutment 6.09 5.31 7.27 
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5. Results and discussions 

5.1. Comparison of FEM results and field measurements 

Fig. 17 presents the responses of the bridge calculated by FE-
analysis in comparison with the field measurements. Entire 
results are filtered by low-pass Butterworth filter, with a cut-
off frequency of 30 Hz and order of 8th. In the 3D model, two 
middle bogie loads are applied in order to decrease the cpu-
time. Generally, there is a fair agreement between the field 
measurements and the FEM results. The main noticeable 
discrepancy is observed for the stress at the top fibre of the 
crown. Following are some interpretations about the 
discrepancies. 
A part of discrepancies is arising from modelling the 
corrugated section as an equivalent rectangular section. 
Measurements have been done on the bottom fibre of the crest 
and the valley of the corrugated section; on the other hand, the 
corrugated section is modelled as an equivalent rectangular 
section in the FE- analysis. The bottom fibre of the equivalent 
rectangular section is compared to the bottom fibre of the 
valley, and, the top fibre of the equivalent rectangular section 
is compared to the bottom fibre of the crest. Discrepancies can 
be expected in both cases and especially in the latter one. 
Moreover, as mentioned in section 3.3 (see Fig. 6), lower 
effective width should be used in order to have a better 
agreement in the stress values especially for the top fibre. This 
explains the noticeable difference between 2D and 3D 
responses at the top fibre of the crown. Another source of 
error is the reflected waves from the boundaries in the model. 
As can be seen from the responses, the free vibrations in the 
transition parts have higher amplitudes in the FE-analysis. 
These reflected waves can be also superposed with the 
original response. In addition, soil-steel interaction is the other 
reason for the disparities between the FEM results and the 
measured data. The culvert carries the loads with the 
composite action due the frictional behaviour between the soil 
and the steel. This interaction is modelled by tying the culvert 
and the backfill together in the FE-analysis. This will lead to 
invalid higher contribution of the soil and lower stresses in the 
culvert. 
The maximum and the minimum values of the accelerations 
show very well agreement with the field measurements both 
in the ballast and at the crown. However, in the FEM results, 
vibrations with noticeable high amplitudes can be seen after 
each bogie passage. The corresponding parts in the measured 
data contain the vibration with rather smaller amplitudes. This 
is believed to be due to the reflected waves from the 
boundaries in the model.  

 
Fig. 17. Deflection at the crown b) Stress at the bottom fibre of the 
crown c) Stress at the top fibre of the crown d) Acceleration at the 

crown e) Accelerations at the ballast 

Table 8 and Table 9 present the summary of the maximum 
response of the bridge from the FE-analysis and from the field 
measurements. For field measurements, the mean values from 
11 passages are presented. The differences values are 
calculated as the (FEM result – Field Measurement)/Field 
Measurement. As can be seen from Table 9, most the 
acceleration values captured in the FE-analysis are close to the 
measured response with less than 10% difference. Stress 
values calculated from the FE-analysis have at least 20% 
difference with the measured response. 
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Table 8 

Comparison of FEM result and field measurements - Stresses 

 Stress (MPa) 

 Crown –  
bottom 

Crown –  
top 

Haunch –  
bottom 

Abutment –  
bottom 

measurement 
 (Mean) 4.45 5.56 5.86 3.10 

2D Model 3.41 3.29 4.04 3.93 
Difference (%) 23 41 31 27 

3D Model 3.41 4.25 4.78 4.10 
Difference (%) 23 24 18 32 

 

Table 9 

Comparison of FEM result and field measurements – Deflections and 
Accelerations 

 Deflection  
(mm) 

Acceleration  
(m/s2) 

 Crown Crown Ballast 
Field Measure- 

ment  
(Mean) 

0.39 0.71 -0.87 1.35 

2D Model 0.39 0.93 -0.87 1.23 
Difference (%) 0 31 0 8 

3D Model 0.42 0.65 -0.86 1.76 
Difference (%) 7 8 1 31 

5.2. Dynamic amplification factors 

The maximum dynamic amplification factor for deflections is 
found to be around 1.04 based on the 2D and 3D FE models. 
There is no significant dynamic effect can be seen due to the 
X52 train passage at the speed of 180 km/h. The maximum 
dynamic amplification factor for the stresses is found to be 
around 1.36 and 1.27 based on the 2D and 3D FE models, 
respectively. The maximum dynamic amplification factor is 
for the stress at the bottom fibre of the crown. Fig. 18 
compares the dynamic and the static response for the stress at 
the bottom fibre of the crown from the 2D model.  

 
Fig. 18. Comparison of the dynamic and the static bridge response 

for the stress at the bottom fibre of the crown - 2D model 

There is no specific suggestion in codes for dynamic 
amplification factors for these bridges. Still, the dynamic 
amplification factors obtained from the FE-analyses are 
compared to values suggested in Eurocode and BV Bro for 
conventional type of bridges. According to Eurocode  [29], the 
dynamic amplification factor which enhance the static Load 
Model 71, SW/0 and SW/2 is calculated as following: 

 

( )φBV 841 LDAF ++=  (7) 

( )2.044.182.0 φEN −+= LDAF ,  1.00 ≤ DAFEN ≤ 1.67 (8) 

φφ ′′+′+= 5.01RTDAF  (9) 

There is no suggestion for the determinant length of soil-steel 
composite bridges according to Eurocode, however, BV Bro 
suggests using twice the culvert span. Both codes suggest 
reducing the DAF based on the following formula in case of 
arch bridges and concrete bridges with a depth of cover h 
more than 1 m (1.2 m in BV Bro  [28]: 

( )11.0red −−= hDAFDAF  (10) 

Where h is the height of cover including the ballast from the 
top of the deck to the top of the sleeper, (for arch bridges, 
from the crown of the extrados) [m]. 

DAFs for this case are calculated according to the above 
mentioned formulas assuming Lϕ = 7.5 m, h = 1.9 m, n0 as the 
first natural frequency of the bridge, and are presented in 
Table 10. The calculated DAFs according to BV Bro are close 
to those obtained from the FE-analyses. The suggested 
formula in Eurocode for standard maintenance overestimates 
the dynamic amplification factors for this case. 

Table 10 

Calculated DAFs according to Eurocode and BV Bro 

 Eurocode BV Bro 

 Carefully  
maintained 

Standard  
maintenance  

DAF 1.39 1.58 1.26 
DAF (reduced) 1.30 1.49 1.17 

 

Table 11 

Calculated DAFs for real trains according to the Eurocode 

     Carefully 
 maintained 

Standard  
maintenance 

v (m/s) n0 (Hz) k ϕ' ϕ'' 1 + ϕ' + 0,5ϕ'' 1 + ϕ' + ϕ'' 
50 12 0.28 0.38 0.35 1.56 1.74 

5.3. Influence of the soil stiffness 

In this section, the influence of the Young’s modulus and the 
Poisson’s ratio of the backfill and the ballast material on the 
static and the dynamic response of the bridge is investigated. 
Results are presented in terms of the maximum deflection of 
the crown, stress at the bottom fibre of the crown and the 
haunch, and the dynamic amplification factor of these 
parameters is investigated. Train X52 loads at a speed of 
180 km/h (real speed) applied to the models for the entire 
parametric studies (Sections 5.3 – 5.5). 

5.3.1. Backfill Young’s modulus 

Fig. 19 show the influence of the Backfill Young’s modulus. 
Moreover, the results from the 2D and the 3D models are 
compared. The estimated effective widths based on the 
dynamic analysis at the speed of 180 km/h are used in the 2D 
models (see section 4.4). The specifications of the models are 
as mentioned in section 4.2 and 4.3, except Young’s modulus 
of the ballast, which is 300 MPa. As can be seen, the 
deflections in the 2D and 3D models completely match. It 
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shows that the calculated effective widths are valid for 
different Young’s modulus of the soil material. Stress values 
show relatively the same trend in two cases, still, disparities 
can be seen, which can be expected due to the differences 
between 2D and 3D behaviour under the live loads. As can be 
seen from Fig. 19, the response of the bridge varies 
significantly by assigning different backfill Young’s modulus, 
hence, the backfill Young’s modulus is chosen as the main 
parameter to calibrate the model against the field 
measurements. A value between 60 and 100 MPa can be 
determined for the backfill Young’s modulus depends on 
fitting the stress at the haunch and the deflection at the crown 
with the field measurements, respectively. For the rest of the 
parametric studies, the backfill Young’s modulus assumed as 
100 MPa. The Dynamic amplification factors are presented 
from the results of the 2D model. In spite of the significant 
influence of the backfill Young’s modulus on the bridge 
response, most of the calculated DAFs vary from 1 to 1.2.  

 
Fig. 19. Influence of the backfill Young’s modulus on a) Deflection 
at the crown  b) Stress at the crown  c) Stress at the haunch  d) DAFs 

5.3.2. Ballast Young’s modulus 

The Young’s modulus of the ballast has been assigned with 
values between 200 to 300 MPa with increment of 20 MPa in 
the 2D model. It has almost no influence on the deflections; 
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still, lower ballast Young’s modulus produce up to 6 % higher 
stresses. The maximum change in accelerations is 18 %. Since 
choosing 100 MPa for backfill Young’s modulus results in 
lower stresses in compare to the field measurements, 200 MPa 
adopted as the ballast Young’s modulus to make the stress 
values closer to the field measurements. 

5.3.3. Soil Poisson’s ratio 

Assuming 100 and 200 MPa for the backfill and the ballast 
Young’s modulus respectively, Poisson’s ratios between 0.2 
and 0.4 with the increment of 0.05 are assigned to both the 
ballast and the backfill materials in the 2D model to examine 
the sensitivity of the results to the different Poisson’s ratios of 
the soil materials. The significant discrepancy detected on the 
stress of the bottom fibre of the crown that ranges from 2.78 
to 3.54 MPa under dynamic loads. Concisely, the maximum 
change in deflections, stresses, and accelerations are 15 %, 
25 %, and 15 %, respectively. 

5.4. Influence of the material damping 

The material damping properties estimated based on the 
analysis of the field measurement reveals Rayleigh damping 
curves with a mass proportional coefficient of 3.9 in average 
(see chapter 3.3). In order to probe this within finite element 
modelling, different damping properties are assigned to the 
culvert and the soil material. Assigning different damping 
ratios to the steel culvert, results in totally congruent 
responses. Since the entire damping eventuates through the 
soil material, damping properties of the culvert has no impact 
on the response of the structure. Rayleigh material damping 
with mass proportional coefficients from 1 to 8 are assigned to 
the soil material. As can be seen from Fig. 20, alpha values 
between 3 and 5 produce accelerations similar to the measured 
data. 
A common way to consider the damping properties of the 
material is to calculate the Rayleigh damping coefficients by 
assuming a specific critical damping ratio and using the first 
and third natural frequencies of the structure. In order to find 
the suitable value for the critical damping ratio, values from 
2% to 8% assumed and Rayleigh damping coefficient are 
calculated based in the following formula and are assigned to 
the soil material in the 2D model. The obtained acceleration 
values by assuming a critical damping ratio of 2% are close to 
those obtained by assigning a mass proportional coefficient of 
4.5. Fig. 21 presents the damping curves for these two 
assumptions. The values of the damping ratio are close in the 
frequency range between 10 Hz to 30 Hz. This range of 
frequency seems to be the dominant frequency in this case. 
The first four natural frequency of the 2D model is placed 
within this range. Using ζ = 0.02 yields α = 1.685 and β = 
0.23×10-3. 
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Fig. 20. Influence of the soil damping properties on the accelerations 

 
Fig. 21. Rayleigh damping curves 

5.5. Influence of the soil density 

In this section, the influence of the soil density checked out on 
the dynamic response of the bridge. It appears to have no 
significant influence on deflections and stresses. The only 
significant influence can be observed on the acceleration of 
the ballast that varies from 0.9 to 1.3 m/s2 (30 % difference). 
It is commonly expected that the lower density results in the 
higher acceleration.  In this case, the maximum response is 
not necessarily occurred when the lower boundary of the 
density ranges is assigned to the soil material. It shall be also 
noted that the density mainly influences the natural 
frequencies of the structure; therefore, the influence of the 
density can be different in other speeds and can be more 
intense if resonance occurs.  

5.6. Response to high speed trains 

In this section, the behaviour of the bridge is studied under the 
train loads at the higher speeds. The 2D model is analysed 
under High Speed Load Models, HSLM-A2, according to 
Eurocode  [29]. HSLM-A2 trains consist of 17 intermediate 
coaches with each coach length (D) of 19 m and a bogie axle 
distance (d) of 3.5 m. Each axle load is 200 kN. The loads are 
applied with a series of speeds from 150 km/h to 350 km/h 
with an increment of 10 km/h. Within the specified speed 
range, the frequencies induced to the bridge due to the 
repetition of the bogie loads with a distance of 19 m are 
between 2.2 Hz and 5.1 Hz. The HSLM-A2 is chosen since 
the natural frequencies of the bridge estimated in section 3.3 
are closer to this frequency range. The summary of the static 
response of the structure under HSLM-A2 is presented in 
Table 12. 
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Table 12 

Static response of the structure under HSLM-A2 

Deflection –  
crown 

Stress –  
Crown 

(bottom) 

Stress –  
haunch  

(bottom) 

Stress –  
crown  
(top) 

0.38 mm 2.45 MPa 4.63 MPa 3.59 MPa 

 
Dynamic amplification factors under HSLM-A2 are shown in 
Fig. 22. The lowest dynamic amplification factors are related 
to the deflections. The dynamic effects are clearly higher on 
the stresses especially for the stress at the bottom fibre of the 
crown. Most of the dynamic amplification factors are in the 
range of 1-1.5, and, they are increased after a train speed of 
300 km/h. The highest dynamic amplification factor is found 
to be 2.7, which is for the stress at the bottom fibre of the 
crown. 
The maximum deflection is found to be 0.65 mm. Therefore, 
the deflections still stay in small ranges at higher speeds. As 
can be seen, the dynamic effect on deflections is very low up 
to a train speed of 300 km/h. A resonance can be detected at 
the speed of 320 km/h. Still, for capturing the resonance speed 
more accurately, the speed increment should be refined for a 
range between 300 to 350 km/h. The maximum stress is found 
to be 9 MPa. Still, the stresses in the culvert cannot be a 
limitation even at higher speeds. Resonance speeds at 280 
km/h and 220 km/h can be also detected. If the speed 
increment will be refined around these speed values, bigger 
resonance behaviour may be envisaged.  

 
Fig. 22. Dynamic amplification factors under HSLM-A2 

Accelerations at the crown and the ballast are presented in 
Fig. 23. Accelerations are presented within a frequency range 
of 30 Hz. Transfer function is calculated as the acceleration at 
the ballast divided by the upward acceleration at the crown. 
The average of the transfer functions is found to be 1.37. 
According to the Eurocode  [11], the maximum allowable 
acceleration of the deck is 3.5 m/s2 for the ballasted track. 
Assuming this criterion valid for the maximum acceleration at 
the crown in soil-steel composite bridges, the studied structure 
is suitable for high-speed trains with a maximum speed of 
300 km/h. 

 
Fig. 23. Accelerations under HSLM-A2 

Fig. 24 presents the acceleration at the crown of the bridge 
due to the HSLM-A2 at a speed of 320 km/h. The frequency 
induced to the structure due to the repetition of the bogie loads 
at the speed of 320 km/h is 4.68 Hz. None of the natural 
frequencies of the 2D model is a factor of 4.68 Hz. Still, a 
resonance kind of behaviour can be seen for the first 6 bogie 
passages in both the deflection and the acceleration at the 
crown. The increase in the deflections or the accelerations is 
damped out after 6 bogie passages. This can be due to the high 
damping properties of the material in the model.  

 
Fig. 24. Bridge response to HSLM-A2 at a speed of 320 km/h – 

Acceleration at the crown 

6. Conclusions and Future Research 

6.1. Conclusions 

 Maximum deflection and stress at the crown is 0.4 
mm and 6 MPa, respectively. Maximum acceleration 
at the crown of the culvert is 0.8 m/s2, and, in the 
ballast above the crown between two sleepers is 1.5 
m/s2.  

 The damping properties of the soil material can be 
modelled using mass proportional Rayleigh damping 
curves with an alpha value of 3.9 in average. 

 Calculated effective widths from the 3D model show 
higher values than those calculated based on the 
assumption of 2:1 stress distribution in soil. Besides, 
effective widths can be increased under the dynamic 
loads. 

 The Young’s modulus of the backfill is estimated as 
100 MPa for this case. The soil material damping 
properties can be modelled by assigning Rayleigh 
damping with a mass proportional coefficient of 4.5. 
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 Performing sensitivity analysis is required for the 
parameters like Poisson’s ratio and the soil density. 
Different Poisson’s ratio of the soil material can 
affect the stresses up to 25%, and different soil 
density can affect the accelerations up to 30%. 

 Due to the 3D nature of the live loads, it is not 
possible to set one pertinent value for the effective 
widths in the 2D model for obtaining reliable results 
for the entire outputs. 

 If high-speed trains (HSLM-A2) will pass on this 
bridge with a speed up to 350 km/h, the maximum 
deflection and stress in the culvert will be 0.65 mm 
and 9 MPa, respectively.  

 According to the Eurocode, the maximum allowable 
acceleration of the deck is 3.5 m/s2 for the ballasted 
track. Assuming this criterion valid for the maximum 
acceleration at the crown in soil-steel composite 
bridges, the studied structure is suitable for high-
speed trains with a maximum speed of 300 km/h. 

6.2. Suggestions for future research 

Here are some suggestions for improving the FE-model and 
further research for the dynamic analysis of soil-steel 
composite bridges. Influence of assigning frictional behavior 
between the backfill and the culvert on the response of the 
bridge need to be investigated. The behavior of the ballast and 
the backfill around the culvert can be non-linear. Using non-
linear behavior with a specified tension cutoff can improve the 
behavior of the soil material. 
In order to model the wave propagation properly, coupled 
criteria between the mesh size and the time increment should 
be respected, and, need to be investigated deeper. Moreover, 
appropriate boundary conditions should be used to avoid the 
reflection of the waves. For this purpose, using of infinite 
elements for the boundaries can be examined. 
In order to better capture the acceleration in the ballast, a 
moving mass or a sprung mass model can be adopted instead 
of moving concentrated loads. Besides, the acceleration of the 
train itself is also of the interest for the high-speed train 
applications for further checking the comfort criteria. 

The influence of the culvert shape, span, culvert length, and 
height of the cover on the bridge response shall be 
investigated. Moreover, the influence of different parameters 
(soil Young’s modulus, Poisson’s ratio, density, and damping 
properties) on the natural frequencies of the structure and on 
the bridge responses due to the train passages with higher 
speeds need to be investigated. Finally, more full scale field 
measurements are needed to calibrate the FE-models. 

Acknowledgements 
The field testing was funded by Viacon and performed by the 
technician at the Division of Structural Engineering and 
Bridges, KTH. 

References 
[1] Trafikverket. TRVK Bro 11, Trafikverkets tekniska krav 

Bro (technical requirements for bridges). Trafikverket, 
TRV 2011:085, 2011 (in Swedish). 
 

[2] Pettersson L, Sundquist H. Design of soil steel composite 
bridges. Royal Institute of Technology, Division of 
Structural Engineering & Bridges, Report 112, 4th Ed, 
2010. 
 

[3] Pettersson L. Full Scale Tests and Structural Evaluation of 
Soil Steel Flexible Culverts with low Height of Cover. 
Doctoral Thesis, Royal Institute of Technology, Division 
of Structural Engineering & Bridges, 2007. 
 

[4] Bayoglu-Flener E. Static and dynamic behaviour of soil-
steel composite bridges obtained by field testing. Doctoral 
Thesis, Royal Institute of Technology, Division of 
Structural Engineering & Bridges, 2007. 
 

[5] Bayoglu-Flener E, Karoumi R, Sundquist H. Field testing 
of a long-span arch steel culvert during backfilling and in 
service. Struct & Infrastruct Eng 2005;1(3):181-188. 
 

[6] Bayoglu-Flener E, Karoumi R. Dynamic testing of a soil-
steel composite railway bridge. Eng Struct 
2009;31(12):2803-2811. 
 

[7] Bayoglu-Flener E, Karoumi R. Testing a soil-steel bridge 
under static and dynamic loads. ICE Bridge Eng 
2010;163(1):19-29. 
 

[8] Bayoglu-Flener E. Field Testing of a long-span Arch Steel 
Culvert Railway Bridge over Skivarpsån, Sweden, Part I. 
Royal Institute of Technology, Division of Structural 
Engineering & Bridges, Report 72, 2003. 
 

[9] Bayoglu-Flener E. Field Testing of a long-span Arch Steel 
Culvert Railway Bridge over Skivarpsån, Sweden, Part II. 
Royal Institute of Technology, Division of Structural 
Engineering & Bridges, Report 84, 2004. 
 

[10] Bayoglu-Flener E. Field Testing of a long-span Arch Steel 
Culvert Railway Bridge over Skivarpsån, Sweden, Part III. 
Royal Institute of Technology, Division of Structural 
Engineering & Bridges, Report 91, 2005. 
 

[11] CEN, Eurocode 1990:2002/A1: Basis of structural design, 
European Committee for Standardisation (2005). 
 

[12] Beben D. Application of the interferometric radar for 
dynamic tests of corrugated steel plate (CSP) culvert. 
NDT&E Int 2011;44(5):405-412. 
 

[13] Beben D. Dynamic Testing of Corrugated Steel Plate 
Culverts Using Radar. IACSIT Int J Eng Tech 
2012;4(6):713-715. 
 

[14] Beben D. Experimental Study on the Dynamic Impacts of 
Service Train Loads on a Corrugated Steel Plate Culvert.  
J Bridge Eng 2013;18(4):339-346. 
 

[15] Beben D. Corrugated steel plate (CSP) culvert response to 
service train loads. J Perform Constr Facil 2012 (in press). 

[16] Beben D. Dynamic amplification factors of corrugated 
steel plate culverts. Engineering Structures, 
2012.46(2013)193-204. 

 
[17] El-Sawy KM. Three-dimensional modeling of soil-steel 

culverts under the effect of truckloads. Thin-Walled 
Structures 2003; 41(8):747–68. 



Preprint, to be submitted to Engineering Structures 

 14(14) 

[18] Machelski C, Markinowski J. Numerical modelling of 
moving load effect in a soil-steel bridge. 1st European 
conference on buried flexible steel structures,  2007. 

 
[19] Beben D. Numerical analysis of a soil steel bridge 

structure. The Baltic journal of road and bridge 
engineering,  2009. 4(1):13-21 

 
[20] Haji Abdulrazagh P, Bayoglu Flener E. Numerical analysis 

of box-type soil-steel structure under static service loads. 
2nd European conference on buried flexible steel structures, 
2012. 

 

[21] The MathWorks Inc., Matlab, The MathWorks Inc. (2012). 
 

[22] Wireless Engineer, vol. 7, 1930, pp. 536–541 - "On the 
Theory of Filter Amplifiers"-S. Butterworth. 
 

[23] Chopra, Dynamics of Structures, Theory and Applications 
to Earthquake Engineering, Prentice Hall (2001). 
 

[24] Clough and Penzien, (2007), Dynamics of Structures, 3rd 
Ed., CSI, Berkeley. 
 

[25] Dassault Systèmes, Abaqus Software, Simulia Corp 
(2012). 
 

[26] CHBDC, Canadian Highway Bridge Design Code, 
Canadian Standards Association - International, Toronto, 
Canada, 2000. 
 

[27] Abdel-Sayed, G. and Bakht, B, ”Analysis of Live-Load 
Effects in Soil-Steel Structures” , Transportation Research 
Record 878 (Soil- Structure Interaction of Subsurface 
Conduits), Transportation Research Board (61st annual 
meeting), National Research Council, Washington, D.C., 
1981. 
 

[28] BV Bro. The Swedish rail administration: Design standard 
for railway bridges. Standard BVS 583.10, Edition 8, 
Borlänge. 2006 (in Swedish). 
 

[29] CEN, Eurocode 1991-2, Actions on structures, Part 
2:Traffic loads on bridges, European Committee for 
Standardisation (2003). 

http://www.gonascent.com/papers/butter.pdf
http://www.gonascent.com/papers/butter.pdf


 

 73 

TRITA-BKN. Master Thesis 373, 2012 

ISSN 1103-4297 

ISRN KTH/BKN/EX-373-SE 

www.kth.se 

 

 


	Report final
	Preface
	Abstract
	List of Figures
	List of Tables
	Notation
	1 Introduction
	1.1 Background
	1.2 Methodology
	1.3 Aim and scope
	1.4 Thesis structure

	2 Case Study Bridge
	2.1 The bridge
	2.2 Instrumentation

	3 Analysis of Field Measurements
	3.1 Filtering
	3.2 Response to the train X52
	3.2.1 Deflection and stress distributions in the transverse direction
	3.2.2 Estimated natural frequencies and damping properties


	4  Finite Element Models
	4.1 Procedure
	4.2 2D Model
	4.3 3D Model
	4.4 Convergence studies
	4.4.1 Mesh convergence of the 2D model
	4.4.2 Mesh convergence of the 3D model
	4.4.3 Time step convergence
	4.4.4 Mesh convergence of the track beam

	4.5 Influence lines
	4.6 Effective widths for the 2D model
	4.7 Comparison between modal analysis and direct time integration method

	5 Results and Discussions
	5.1 Comparison of FEM results and field measurements
	5.2 Dynamic amplification factors
	5.3 Natural frequencies
	5.4 Influence of the soil stiffness
	5.5 Influence of the effective widths
	5.6 Influence of the material damping
	5.7 Influence of the soil density
	5.8 Steady-state analysis
	5.8.1 Influence of the backfill stiffness

	5.9 Response to high speed trains

	6 Conclusions and Future Research
	6.1 Conclusions
	6.2  Future Research

	Bibliography
	A   Signal Analysis on Field Measurements
	B Paper Manuscript

	Manuscript
	1. Introduction
	2. Case study
	2.1. The bridge
	2.2. Instrumentation

	3. Analysis of field measurements
	3.1. Response to train X52
	3.2. Deflection and stress distributions in the transverse direction
	3.3. Estimated natural frequencies and damping properties

	4. Finite Element Models
	4.1. Procedure
	4.2. 2D Model
	4.3. 3D Model
	4.4. Effective widths for the 2D model

	5. Results and discussions
	5.1. Comparison of FEM results and field measurements
	5.2. Dynamic amplification factors
	5.3. Influence of the soil stiffness
	5.3.1. Backfill Young’s modulus
	5.3.2. Ballast Young’s modulus
	5.3.3. Soil Poisson’s ratio

	5.4. Influence of the material damping
	5.5. Influence of the soil density
	5.6. Response to high speed trains

	6. Conclusions and Future Research
	6.1. Conclusions
	6.2. Suggestions for future research

	Acknowledgements
	References


