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Abstract. Excessive underground train-induced building vibration is an environ-
mental concern resulting in human distress. Wheel polygon is probably one of the
main vibration sources. In the present work, an explicit-integration time-domain,
fully coupled 3D dynamic train-track-tunnel-soil-building FE model is developed
and employed to investigate the effects of wheel polygon on the building vibration.
Measured wheel polygon data is analyzed and input into the developed FE model.
Based on the simulation results, it is found that the contribution of the wheel
polygon to the building vibration is considerable in the frequency range from 30
to 180 Hz. Wheel polygon makes the building vibration more pronounced at the
P2 resonance frequency and the passing frequencies ( f = v/A) of wheel polygon.
From the foundation to a high floor in the building, the effect of the P2 resonance-
related wheel polygon attenuates the slowest while the effects of the other orders
of wheel polygon attenuate fast.

Keywords: Wheel Polygon - Train-induced Building Vibration - Finite Element
Modelling - Underground Train - Dynamic Interaction

1 Introduction

In recent years, excessive underground train-induced vibration in buildings becomes
a major environmental problem [1]. Especially in mega cities with dense population,
the residential buildings have to be very close to the metro lines in order to save land
resource. The building vibration is perceived by humans in terms of the whole body
vibration at low frequencies ranging from 1 Hz up to about 80 Hz and the structure-
borne noise in the frequency range of about 16 Hz—250 Hz [2]. The allowable vibration
levels in different city areas are specified in some standards [3, 4].

Wheel polygon is a common periodical non-uniform wear phenomenon occurring
at wheel surface [5]. An extensive field test in Switzerland showed that wheel polygon
is a key parameter influencing the ground vibration level [6]. Recent in-tunnel vibration
monitoring tests in China showed that the vibration amplitude of the tunnel wall between
40 Hz and 160 Hz is directly affected by the severity of the wheel polygon, and the
spectra peaks match well with the frequencies excited by the dominant wavelengths
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of the wheel polygon [7]. The tunnel vibration propagates as waves travelling through
the soil layers and being received by the building nearby. However, the relationship
between the metro wheel polygon and the vibration in a building has scarcely been
investigated. The present work explores numerically the contribution of wheel polygon
to the underground train-induced vibration in a building.

To estimate and predict the underground train-induced vibration in buildings, and
also to assess the effectiveness of a vibration mitigation measure, many models and
methods have been developed [8], such as analytical methods [9, 10], 2.5D approaches
[11, 12], and hybrid methods [13, 14]. To consider the complex geometries of the track
structure and a typical multi-story building thus allowing the simulations more realistic
and accurate, in the present work, an explicit-integration time-domain, fully coupled,
3D train-track-tunnel-soil layers-building finite element (FE) model is developed and
validated with in situ tests data. Measured wheel polygon data is analyzed and input
into the developed FE model. The effects of the wheel polygon on the underground
train-induced vibration in a building are evaluated.

2 Methodology

2.1 Modelling and Validation of the 3D Train-Track-Tunnel-Soil Layers-Building
FE Model

In the present model, as shown in Fig. 1, the two rails are modelled with beam elements
and are extended at the two ends of the main part of the model in order to properly
consider the approaching and leaving of a underground train which is about 120 m
long. The underground train consists of 6 vehicles. The carbody, two bogies and the
secondary suspensions of each vehicle are together lumped into 8 equal mass points.
The 4 wheelsets of each vehicle are lumped into 8 mass points accordingly. The primary
suspensions are modelled as springs and dampers connecting the 8 pairs of mass points.
The track, tunnel, soil layers and the building are all modelled with 8-node solid finite
elements. Their accurate geometries are considered where necessary.

A typical multi-story building

- Output

sBuilding responses

30 floors

Wheel polygon

Input “ Ll
First wheel
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k3 : 4 }/lf /// ~ I
Rail e ’

Lumped mass of wheel
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Extended 200 m

Lumped mass of carbody, secondary suspension and bogie

Fig. 1. Illustration of the methodology
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The train and the track are fully coupled by properly considering the wheel-rail
contact which is defined as the wheel mass points moving along the rails. The vertical
contact force F is

F=Kyg-(Zw—72r —9) (D

where K is the contact stiffness, Zyy is the displacement of wheel, Zy is the displace-
ment of rail, and § is the radial deviation of the input wheel polygon. A linear contact
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Fig. 2. Validation of the model by comparing measurements and simulations
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stiffness of 1.32E9 N/m is assumed [15], while no tensile force is generated when the
wheel loses contact with the rail.

The model is validated by comparing the simulated and the measured train-induced
responses at the rail, track slab, tunnel wall and the building. As shown in Fig. 2.

In general, good agreements between the numerical and experimental results have
been achieved both in time domain and frequency domain. Thus, the model is capable of
simulating the vibration transfer from the underground train to a typical building nearby.

2.2 Wheel Polygon as Input

2.2.1 Measurement of Wheel Polygon

The roughness of all the 48 wheels of a typical Chinese underground train (Type B) is
measured. The accumulated operation mileage is up to 238,000 km. Several wheels are
found with polygonization.

Wheel polygon is characterized in different orders, i.e., the number of waves along
the wheel circumference. Figure 3 shows the measured radial deviation of a typical
wheel with wheel polygon. The 6™ and 10™ order wheel polygon are extracted from the
complete measurement for comparison analysis.

It can be seen in Fig. 3(a) that the maximum radial deviation of the wheel roughness
is about 0.32 mm. The maximum radiation deviations of extracted wheel roughness
with only the 6™ and the 10™ order wheel polygon are about 0.12 mm and 0.065 mm,
respectively. The wavelength contents of the wheel roughness are shown in Fig. 3(b).
The wheel diameter is 0.83 m, thus the wavelengths of the 6% and 10® order wheel
polygon are 0.436 m and 0.261 m, respectively.

2.2.2 Considerations of Wheel Polygon in the Simulations

The wheel polygon is the input to the model in this study. Since the wheels are lumped
into mass points, the wheel rotation cannot be considered. To consider the periodical
effect, for each wheel, the measured wheel polygon along a complete circumference
should be repeated along the train’s moving direction.

To simplify the problem and also quantify the contribution of a single wheel with
polygon to the whole building response, only one wheel is considered with wheel polygon
in this study. The other wheels are all perfectly smooth. The rail surface is also perfectly
smooth. The track irregularity is not considered. The following cases are considered, as
listed in Table 1.

The train speed is 75 km/h in the simulations. The parameters of the vehicles, track,
tunnel, soil layers and the building are listed in Tables 2 and 3.
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Table 1. Wheel polygon cases considered in the simulations
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Case No Considered wheels Wheel polygon
1 No No
2 Only 1% wheel* of the 15t vehicle All orders

(continued)
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Table 1. (continued)

Case No Considered wheels Wheel polygon
3 Only 15 wheel of the 1% vehicle Order 6
4 Only 15 wheel of the 1% vehicle Order 10

* the 15t wheel refers to the left wheel of the front wheelset of the 15t vehicle, as shown in Fig. 1
(see the wheel colored in red). Left side of the track is the side closer to the building.

Table 2. Parameters of a vehicle

Mass [kg] Stiffness [N/m] Damping [N.s/m]
Carbody 49700 / /
Bogie 3740 / /
Wheelset 1530 / /
Primary suspension / 1.3E6 1.3E4

Table 3. Parameters of the track, tunnel, soil layers and the building

Elastic modulus | Poisson’s ratio | Density | Rayleigh damping
[MPa] [kg/m3] |, [s~1] B [s]
Rail 2.06E5 0.3 7800 / /
Track slab 3.45E4 0.2 2350 0 0.0001
Adjusting layer 2.0E3 0.2 1900 0 0.0005
Base 3.0E4 0.2 2200 0 0.0002
Tunnel 3.4E4 0.2 2400 0 0.0001
Soil layers | 15¢ layer 422 0.47 1900 0.1 0.04
20d Jayer 356 0.47 2100 0.1 0.04
3" Jayer 577 0.47 2050 0.1 0.04
4th layer 994 0.47 2210 0.1 0.04
5t Jayer 1365 0.47 2300 0.1 0.06
Building Floors 28000 0.2 2000 0 0.01
Walls 30000 0.2 2100 0 0
Foundation | 32000 0.2 2400 0 0.01
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3 Results and Discussions

3.1 Effects of Wheel Polygon on the Vibration at the Building Foundation

The effects of the wheel polygon with various orders on the vibration at the building
foundation are investigated, as shown in Fig. 4.

10°

—— Without wheel polygon

—— With all orders of wheel polygon
—— With only 6™ order wheel polygon
With only 10 order wheel polygon

107

Power Spectra Density [(m/s?)*/Hz]

107
0 20 40 60 80 100 120 140 160 180 200
Frequency [Hz]

Fig. 4. Vibration at the building foundation

It can be seen in Fig. 4 that, without wheel roughness (the black solid line), the main
spectral peak of the vibration is at about 72 Hz which is determined by the P2 resonance.
When the measured wheel roughness with complete orders of wheel polygon is the input,
the vibration at the building foundation is stronger in the frequency range from about
30 to 180 Hz, as shown with the red solid line in Fig. 4. The main spectral peak is still
at about 72 Hz and dominant.

The extracted 6™ and 10" order wheel polygons can also result in stronger vibration
compared with the case without wheel roughness, as shown with the blue and green
solid lines in Fig. 4, respectively. Both of them also present main spectral peaks at about
72 Hz. Moreover, the 6 order wheel polygon results in higher frequency content at about
48 Hz, which matches well with the value of the train speed divided by the wavelength
of the 6 order wheel polygon. The same happens to the 10" order wheel polygon.

3.2 Effects of Wheel Polygon on the Vibration at Building Floors

The effects of the wheel polygon on the vibration at the building floors are investigated.
Take the 2" and the 8 floor as examples, as shown in Fig. 5.

It can be seen in Fig. 5 that, compared with that at the building foundation, the
vibrations at building floors show similar frequency contents within 200 Hz, and are
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Fig. 5. Wheel polygon-induced vibration at the building floors

getting lower in amplitudes due to the building structural damping. But the main spectral
peaks remain at 72 Hz.

From Figs. 4 and 5, it can also be found that, from the foundation to the high floors, the
red solid line becomes closer to the black solid line, which indicates that the contribution
of the wheel polygon to the building vibration becomes smaller. Moreover, the blue line
becomes closer to the black line while the green line becomes closer to the red line. It
indicates that the contribution of the extracted 6™ order wheel polygon attenuates much
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faster than that of the 10" order wheel polygon. When it is at the 8™ floor (see Fig. 5(b)),
almost only the contribution of the 10" order wheel polygon remains. The 10" order
wheel polygon provides an exciting frequency closer to the P2 resonance frequency, thus
it is probably that the P2 resonance related wheel polygon contributes the most to the
building vibration.

4 Conclusions and Future Works

In the present work, an explicit-integration time-domain, fully coupled 3D dynamic
train-track-tunnel-soil-building FE model is developed and employed to investigate the
effects of wheel polygon on the building vibration induced by underground trains.

It is found that the contribution of the wheel polygon to the building vibration is
considerable in the frequency range from 30 to 180 Hz. Wheel polygon makes the
building vibration more pronounced at the P2 resonance frequency and the passing
frequencies (f = v/A) of wheel polygon. The effect of the P2 resonance-related wheel
polygon attenuates the slowest when the vibration propagates from the foundation to a
high floor in the building.

It is worthy to note that, the results are obtained considering only one wheel with
polygon. In the future, the effects of the rail roughness and the track irregularities,
especially combined with the wheel polygon should be investigated as well, so as to
make the contributions of the wheel and rail or track to the building vibration more
clear, thus a better maintenance strategy involves various vibration mitigation measures,
such as wheel reprofiling and rail grinding, could be developed.
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