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DYNAMIC FACTOR OF UNDERPASS STRUCTURE USING 
EXPERIMENTALLY CALIBRATED NUMERICAL MODEL 

MILAN SOKOL AND LENKA KONEČNÁ

The paper deals with verification of eigen frequencies and determination of a dynamic factor of the 
underpass structure under railway platform which has already been realized. Eigen frequencies and 
eigen modes were verified by means of tests which have been made on the real structure and also 
by created computing frame model of the structure. Results obtained from tests were used for setting 
a  numerical model. Subsequently, this model was used for determination of a  dynamic ratio of the 
underpass structure depending on varied train speeds (from 1 km/h to 160 km/h). Description of the 
underpass structure, dynamic load, measurement equipment used during the tests, way of evaluation of 
the results from tests, creating computing frame model of the structure, creating and setting numerical 
model are also mentioned here. Resultant eigen frequencies, eigen modes and dynamic ratios are listed 
in this paper. 
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1. Introduction

The purpose of paper was to determine eigen frequencies of the reinforced concrete structure 
of underpass. These frequencies were verified by tests which were made on the structure in the 
village of Kostolná-Zárečie (Slovakia). After that, a dynamic factor of vibration of this structure 
was calculated for varying speed of train. This analysis was made in order to verify properties of the 
underpass structure which were proposed in the project. 

2. Description of underpass structure

A railway platform is built on the embankment. An underpass structure, which is used by pede-
strians, is located under the platfom. The cross-section of reinforced concrete structure has a form 
of closed box – section. The shape and dimensions of underpass structure are depicted in Figure 1a 
and 2a. Photos of a real structure are shown in Figure 1c and 2b. The embankment and subsoil of 
structure consist of fluvial gravel with grains smaller than 2 cm. 
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Bracing located in the upper two corners of underpass structure (Fig. 1b) should be advised for 
fatigue with consideration of load range and sufficent number of load cycles. But, this is not the 
main subject of this paper. 

Figure 1. a) cross-section of underpass structure, b) scheme of bracing of corner, c) photo of real structure 

Figure 2. a) longitudinal section of underpass structure, b) photo of real structure

3. Description of load applied on the structure

Dynamic tests were made from commonly occurring load in this part of line (express train and 
passenger train). The express train which was crossing this platform was chosen for experimental 
measurements and for creating a numerical model of the structure. This train was moving on the 
rail, which was more closely to the place of measurements. The express train consisted of one loco-
motive of type 362 and ten passenger wagons of type Apeer61. Locomotive is 16.7 m long and its 
weight is 88 tons, Figure 3a. The passenger wagon is 24.5 m long and its weight is ca 44 tons, Figure 
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3b. Only a  few people were in wagons, it means that the weight of locomotive was significantly 
bigger than the weight of wagons. The train was moving by speed of 75.7 km/h, i.e. 21 m/s. The 
locomotive of type 365 has two axles in the front part of train chassis and also two axles in the back 
part of train chassis, i.e. this train is a four-axle vehicle. It is obvious from Figure 1a, that the length 
of ceiling of the underpass structure is 3.3 m. The distance between the front part of train chassis 
and the back part of chassis is 8.3m (it is evident from Fig. 3a). From comparison of these two va-
lues, it is unmistakable that only one part of chassis can affect the ceiling of underpass structure. In 
addition, the distance between axles in one part of chassis is 3.2 m, thus, only one axle of locomotive 
can affect the ceiling of underpass. Therefore, the weight of one axle was considered as an applied 
load on the ceiling of structure, by gravitational force Glocomotive = 220 000 N. The upper desk of 
underpass is part of closed box-section, hence, a boundary condition fixing. The fixing can be con-
sidered for calculation of the static deflection of ceiling. The resultant value of the static deflection 
of the upper desk of structure was approximately wstat = 0,00019 m, in the half of its length. The 
duration of passage of the first part of chassis (both front axles, distance between them is 3.2 m) 
was 0.152 s and it was determined by means of the camera, which was used during the tests. The 
duration of passage of both parts of train chassis (front part and back part, distance between them 
is 8.3 m) was 0.395 s, Figure 5. The maximum speed which could be reached by the locomotive of 
type 362 is 140 km/h. 
The passenger train was consisting of one locomotive of type 363 and several passenger wagons. 
Dimensions of the locomotive of type 363 are the same as dimensions of the locomotive of type 362. 
The difference is only in the weight of locomotive (plus one tonne in case of type 363). The duration 
of passage of both parts of train chassis was 0.985 s. The train speed was 44.3 km/h, i.e. 12 m/s. The 
maximum allowed speed of the locomotive of type 363 is 120 km/s. 

Figure 3. a) locomotive of type 362, 363, b) wagon of type Apeer61 (dimensions are in mm)

4. Measurement equipment used during the tests

Portable three-channel measurement equipment was used for data recording of the structure 
response due to moving train during the tests. Changes of accelerations were measured by three 
piezoelectric accelerometers (WhITE ACC, RED ACC, GREEN ACC; see Figure 1a, 2a, 4a, 4b), 
type 4384 (Brüel & Kjaer). These accelerometers were calibrated by the calibrator of type 4294 
(B&K) before tests. The white accelerometer was placed on the railway platform, Figure 4a. The red 
accelerometer was used in order to measure accelerations of the ceiling of underpass in a vertical 
direction, Figure 4b. The green accelerometer was situated under the ceiling in order to measure 
the vibration of structure in a horizontal direction, Figure 4b. DeltaTron transducer of type 2647-
A (B&K) was connected to each accelerometer. The transducer was connected to the four-channel 
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amplifier of type NEXUS 2693 (B&K). The last device of measured equipment was 16-channel A/D 
convertor of type NI DAQPad 6015 (amplifier was connected to A/D convertor). This device was 
used in order to record data from tests. 

All accelerometers had the same predetermined sampling frequency – 10  000 samples per  
1 second. Duration of recording was 2 seconds. The software Labview was used for evaluation of 
the data from tests. 

Figure 4. a) measurement equipment and position of white accelerometer, b) position of red and 
green accelerometer 

5. Analysis of results obtained from tests 

A dynamic response of the underpass structure due to moving express train through the railway 
station obtained from tests is shown in Figure 5. As it was mentioned before, the duration of recor-
ding was 2 seconds. It seems from Figure 5, that the passage of locomotive (both part of chassis) 
took not more than 0.4 s. After that, the first wagon (both part of chassis) was passing through the 
railway station in the time interval from 0.4 s to 1.4 s. Effect of the first part of chassis of next wagon 
was between 1.4 s to 2 s. The same analysis of record from the test was used also for determination 
of the passage time of passenger train. In this case the passage time of locomotive was approxima-
tely 0.97 s. 

Comparisons of response spectrum of the structure calculated for all three accelerometers for 
both types of moving trains (passenger train and express train) are shown in Figure 6. Spectral 
accelerations have approximately the same trend in case of both types of trains.

It is important to pay significant attention to recorded data from red and green accelerometers 
so that the underpass structure was correctly judged. Relatively good coincidence of spectral peaks 
and calculated eigen frequencies was ascertained by comparison of values from Figures 6 and 8. 
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Figure 5. Accelerations obtained from tests – express train

6. Numerical calculation of eigen frequencies and eigen modes of underpass  
 structure 

Two models (frame model and two dimensional FEM model) of structures were created in order 
to get comparison between calculated eigen frequencies and those obtained from tests, (Kohnke, 
1989). 

6.1 Frame model of underpass structure

The cut-out of structure with the width equalled to 1 m was used for calculation of eigen fre-
quencies and eigen modes in the frame model of structure. The frame model is shown in Figure 7. 
Basic parameters of the structure used in calculation:
hsoil = 1.05 m – height of layers above the underpass structures, 
bunderpass = 1 m – width of cut-out of structure,
hunderpass = 0.35 m – thickness of walls and ceiling of underpass structure, 
Econcrete  = 3e10 N/m2  – modulus of elasticity of concrete, 
A = 0.35 m2 – cross-section area, 
I = 0.003573 m4 – moment of inertia of cross-section, 
ρconcrete = 2 500 kg/m3 – bulk density of concrete, 
ρsoil = 1 900 kg/m3 – bulk density of soil layers above the underpass. 

Equivalent springs at places where the structure is in contact with soil have been introduced 
according to (STN 73 0036, 1997) for the soil-structure interaction. It seems that these spring con-
stants of vertical and horizontal supports are the most important parameters of the frame model 
of structure. A half of dilatation section (distance cca 7 m) was considered an active part of the 
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structure, and it was used for the calculation of equivalent spring constants of spring support. The 
width of structure

Figure 6. Comparison of response spectrum for passenger train and express train (bandpass filter 
1 – 100 hz) – a) white acc, b) red acc, c) green acc
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equalled to 6.1 m was taken into account for determination of the ratio of ground dimensions of 
foundation; because the bottom desk and subconcrete plate work together as one rigid unit (Fig. 
1a). Fluvial gravel with grains less than 2 cm was taken into account in the computation of spring 
constants. Input parameters needed for the computation of spring constants were considered as 
follows:

Es = 1.2e8 N/m2 – modulus of elasticity of soil in compression, 
G = 4.8e7 N/m2 – shear modulus of elasticity of soil, 
n = 0.25 – poisson ratio of soil, 
B = 7 m – ground dimension of foundation perpendicular to the direction of horizontal  
 excitation,
L = 6.1 m – ground dimension of foundation in the direction of excitation.

Function values of ratios of ground dimensions were identified according to (STN 73 0036, 
1997) as follows:
L/B = 0.87 – ratio of ground dimensions of foundation, 
βx = 1.1 – parameter of ground dimensions for horizontal direction, 
βz = 2.3 – parameter of ground dimensions for vertical direction.

Subsequently, equivalent spring constant for horizontal motion (in x-direction) has been calculated

   (1)
kx = 86.2 E+07 N/m /m

The equivalent spring constant for the vertical motion (in z-direction) has been determined as 
follows: 

           (2)
kz = 96.1E+07 N/m /m.

The total value of spring stiffness has been divided into active nodes (Fig. 7). The values of spring 
constants acting at one node are:

kx1 = 10.7E + 07 N/m,
kz1 = 32.0E + 07 N/m. 

The bottom desk of structure is on a massive layer of subconcrete plate. Therefore, it is possible 
to consider that stiffness of this desk is of a higher order than stiffness of other parts of underpass 
structure. In case of the upper desk, weights of upper layers were included in the total vibrating 
mass. This was made by change of density which was used for modelling of the upper desk of 
underpass structure. The value of alternative density was equalled to 8 200 kg/m3. Resultant eigen 
frequencies and eigen modes are depicted in Figure 8. 
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Figure 7. Frame model of underpass structure 

Figure 8. Eigen modes and eigen frequencies of underpass calculated by frame model 

6.2 Numerical model of underpass structure

A  numerical model was created for the determination of dynamic factor of the structure  
(Fig. 9a). This model takes into account geometry of the structure (Fig. 1a, 2a), its material pr-
operties (Modulus of elasticity Econcrete = 30 GPa, bulk density ρconcrete = 2 500 kg/m3, Poisson ratio  
νconcrete = 0.20), weight and influence of surrounding soil (Dynamic modulus of elasticity  
Edyn = 525 MPa, bulk density ρsoil = 1 900 kg/m3, Poisson ratio νsoil = 0.25), type of rail UIC 60 (60E1) 
and moving train (locomotive of type 362), gauge of concrete sleepers (u = 600 mm). 
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Figure 9. a) numerical model and applied load, b) static deflection (in metres)

Setting of numerical model was made by the determination of substitutive width of the model. 
The locomotive was statically applied on rails in the place above the middle of ceiling of under-
pass structure (it is displayed in Fig. 9). The static deflection calculated from numerical model 
(Fig. 9b) was compared with the static deflection calculated by simplified calculation (see chapter 
3, wstat). Resultant substitutive width of model was 8.2 m. This value was used for next dynamic 
analysis. 

Eigen frequencies obtained from the tests which were verified by solution of frame model, were 
also consistent with eigen frequencies from solution of numerical model (Fig. 10). The resultant 
dynamic deflection caused by moving load (locomotive) with the speed 21 m/s is depicted in Figure 
11. Imperfection of wheels of locomotive was also taken into account in this dynamic analysis. This 
imperfection could be caused by faulty production, attrition, perhaps even by movement of wheels 
through small grains of gravel lying on the rail. This imperfection was considered by increasing the 
value of load applied on the structure (STN 300560, 1981 and STN 736209, 1980). Moving load was 
approximated by a function

   

               (3) 

where k is the factor used in calculation for consideration of imperfection of wheels (it seems from 
tests that its value is approximately 17  %, i.e. k1=0.17), k2 = 0.5 × k1, k3 =0.5 × k2, k4 = 0.5 × k3. 

ω = 2 × π × fp (4)

ω – eigen angular frequency (rad/s),      
fp – frequency of wheel revolution for given train speed (hz).
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A dynamic deflection of the structure calculated for train speed equalled to 21 m/s, which is 
depending on varied factor k is displayed in Figure 12.

Figure 10. Eigen modes and eigen frequencies from solution of numerical model 

Figure 11. Dynamic deflection calculated for train speed 21 m/s, k1 = 0.17

7. Dynamic factor

A dynamic factor was calculated only from the first part of response of the structure (only from 
locomotive) of the moving train through the railway station. All four axles were considered in 
a numerical model. This factor was determined for the middle of ceiling of underpass structure by 
comparison of dynamic deflection and static deflection at this place of the structure (Flesch, 1993; 
Sokol and Tvrdá, 2011). 

7.1 Linear basic correction 

The setting of numerical model of the underpass was also made by comparison of its results (de-
flections, velocities, and accelerations) with results from the tests. Recorded data from red acceleration 
were chosen for this comparison. Data from the test were two times integrated in order to obtain 
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values of deflection (Fig. 12). The linear basic correction according to Eq. 5 was used after successful 
integration for compliance of initial conditions and final conditions at the end of the recording (acce-
lerations, velocities and deflection have to be approximately equalled to zero, after the excitation of 
structure had finished). It is evident from the comparison (Fig. 12), that the values of dynamic deflec-
tion are more or less the same. We assume that the shift of values in the graph from the solution of nu-
merical model could be caused by an applied load. The locomotive was approaching the structure (the 
middle of ceiling of the structure) from the distance of 45 m in a numerical model. Approaching the 
train could excite the structure before the train had reached the middle of ceiling. It could be caused 
by the wave propagation in the soil. But in fact, the train was approaching the structure approximately 
2 metres before the middle of ceiling of the structure when the recording was started (during the test). 

 (5)

where
ri.cor  – velocity in time i after correlation [m/s],
ri – velocity in time i before correlation [m/s],
rn – velocity in time n before correlation [m/s], (n is point at the end of time),
t0 – time in point i = 0 [s],
ti – time in point i [s],
tn – time in point n [s].

It is evident from Figure 12, that there is the frequency of about 38 hz in graph of deflection 
from test (express train). This value is probably the excitation frequency of the passage of train 
wheels. It would be good to verify this opinion by tests made for variety of train speeds. Then, this 
excitation frequency would be changed according to changing train speed.

Figure 12. Dynamic deflections dependent on varied factor k  and dynamic deflection from test 
(express train)



Milan Sokol and Lenka Konečná

12

7.2 Dynamic factor

The dynamic factor (R) was calculated according to the following equation:

, (6)

where
vdyn – dynamic deflection in the middle of ceiling (m), 
vstat – static deflection in the middle of ceiling (vstat = 0.00019 m; see chapter 3).

The dynamic factor was determined for train speed varying from 1 km/h to 160 km/h, with step 
1 km/h. The graph of dynamic deflection calculated by a numerical model for varied train speeds is 
shown in Figure 13a. Resultant dynamic factors are presented in Figure 13b. It is important to note, 
that this calculation was verified by results from tests (express train and passenger train). It is evident 
from Figure 13b, that the curve of dynamic ratio is not linear. On the contrary, it is significantly chan-
ging up to frequency of applied load of 17 hz. It would be appropriate to verify these results from 
calculation by additional tests, mainly for the train speeds from 2.5 m/s (9 km/h) to 10 m/s (36 km/h), 
Figure 13a. Feasible explanation of this occurrence would be that the couple of axles of locomotive 
were passing above the underpass structure in the frequency equalled to eigen frequency of the whole 
system (soil + underpass structure). It could cause a resonance effect. This fact can be documented 
also by results from the numerical model, where the first calculated eigen frequencies in range from 
1.5 hz to 20 hz are mainly frequencies of vibration of the whole system (soil + structure). 

The calculated dynamic ratio coincides quite well with a dynamic ratio determined from the test 
for both passing trains (passenger train and express train), Figure 13b. It seems that there is a sys-
tematic change of dynamic load frequencies from 30 to 74 hz. Reasons of this systematic change 
would be good to investigate in the future. Other similar advisements can be found in (Sokol and 
Flesch, 2005; Melcer, 1997; Sokol, 2006; Šobra and Máca, 2012).

8. Conclusions

Dynamic behaviour of the underpass structure subjected to moving load was investigated. Nu-
merically determined eigen frequencies were verified by results from tests. The results from tests 
have proved that it is very important to assume this structure as a complex system – underpass 
structure with railway model, train assumed like moving action and soil-structure interaction must 
be taken into account too. 

Therefore, a numerical model of this complex system was created. After successful model tu-
ning, the model was used for calculation of dynamic factors for a variety of train speeds up to 160 
km/h. Dynamic factors calculated from experimental results coincide with the dynamic factors 
calculated from the results of numerical model. hence, the curve of the dynamic factor was succe-
ssfully verified by tests and it would be useful for designing the structure. Nevertheless, it would be 
good to make additional tests in the future. Results could be appropriate for detecting the reason of 
dominant effects in the graph of dynamic deflection. 
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Figure 13. a) dynamic deflections, b) dynamic factors
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