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The vibration generated by underground trains and the 
level of vibration attenuated along the propagation path 
are the keys to designing mitigation measures to avoid 
adverse effects on the surroundings. The attenuation of 
vibrational energy due to geometrical and material damp-
ing was determined at the Civil Court Godown, Pune 
Metro, Maharashtra, India, up to 30 m. The seismic 
cross-hole test was used to determine the dynamic 
properties of the soil. It was found that the soil stratum 
was homogeneous and composed of basaltic rock. The total 
vibration level reaching the receiver was predicted for 
trains travelling at 80, 250 and 350 km/h, and vibration 
attenuation measures such as steel mass-spring systems 
and polyurethane mass-spring systems have been propo-
sed. 
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VIBRATION through the soil caused by different sources 
can be a nuisance to humans, affecting their health conditions 
and negatively impacting the surrounding structures. The 
moving trains generate forces within the ground strata that 
propagate as ground-borne vibrations (GBVs). For under-
ground lines, the vibration energy is transferred from the 
track to the tunnel wall, thereby exciting the adjacent soil 
medium and propagating to the surface, where it travels as 
surface waves. GBVs can take multiple paths from the vibra-
tion source to the receiver end. These vibrations will propa-
gate through the ground as different waveforms, such as 
surface waves (R- and L-waves) with an elliptical particle 
motion in a vertical plane (R – 67%), shear waves (S-waves) 
with particle motion perpendicular to the direction of propa-
gation (26%) and compression waves (P-waves) with par-
ticle motion in the direction of propagation (7%)1,2. The 
P- and S-waves spread with hemispherical wavefronts 
through the soil stratum, with their damping properties being 
inversely proportional to the distance from the source. The 
R-waves travel along the ground with a circular wavefront 
having a damping property that is inversely proportional 
to the square root of distance. Yang and Hsu3 reported that 
choosing the wavenumbers appropriate for the study of loads 

moving within the ground for the functions of spreading 
waves remains a significant problem to be considered. The 
properties of these waves, mainly their speed, are impacted 
by the characteristics of the soil stratum, particularly its 
stiffness and density, along with the groundwater table4. 
High frequencies are particularly damped as they travel 
through the soil, which leads to the mass of the vibration 
spectrum reaching a structure to be often below 100 Hz. Soil 
thus transfers track vibrations to spread an area, which is 
more likely to resonate with structures since the natural 
frequencies of most structures are below 10 Hz (refs 5–7). 
However, vibration transmission into structures dramatically 
depends on the coupling between soil and foundation. The 
vibrations radiating into buildings significantly rely on the 
soil–structure interaction5,7,8. Therefore, the vibrations travel-
ling through the soil should be carefully studied for a par-
ticular location, as should the trend of wave propagation and 
the soil and volumetric decay of vibrations. 
 During subway operation, the vibration energy continu-
ously reduces from the source to the receiver9. Finally, the 
amount of vibration that reaches the surface is 62% of that 
generated at the source10. Furthermore, ground surface vibra-
tions (GSVs) of a tunnel built in stiff soil are often consider-
ably low11, and the impact of soil depth significantly depends 
on the excitation frequency and natural frequency of the 
soil strata. Based on the primary vibration frequency spectrum 
of the source and transmission attributes of the soil strata, 
GSV bounces locations vary for different sources and soil 
stratum conditions12. Eitzenberger13 reported that when the 
vibration energy travels from the soil to the substructure, 
it is reflected at the interface because of dynamic impedances 
between the two mediums, resulting in a reduction in vibra-
tion level14,15. Zou et al.16 found that the interaction between 
the soil and the structure significantly affects vibration 
transmission from the ground to the building. Typically, for 
a multistorey ferroconcrete building with a basement on a 
foundation at an overall depth of 4–5 m, a significant re-
duction in the vibration level between the bottom surface 
and the building is established for a comparatively thick 
layer of soft material overlaying the rocks. For foundations 
in contact with the rocks, coupling loss is often considered 
to be zero17. At intervals of 0–200 Hz frequency domain, the 
attenuation index is attenuated with an increase in under-
ground structure stiffness. 
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 The vibration increases as the speed of the train increases. 
Yao and Fang18 examined whether factors such as the speed 
of the train, distance between the track and the building, 
density of the soil, and soil damping can significantly impact 
the vibrations generated by a train. If the speed of the train 
overpasses the R-waves within the soil stratum, a ground 
vibration boom occurs, with a massive enhancement of the 
vibration energy induced. With the increase in train speed, 
the critical speeds are invariably more significant than the 
Rayleigh wave speed, whether the soil is hard or soft, and 
softer soils end up at the lower overall critical speed of the 
system19,20. 
 Therefore, before designing a mitigation measure to con-
trol these vibrations for a particular railway line, the vibration 
decay characteristics of the soil along that location should 
be known, and the possible consequences of ground vibration 
should also be considered21,22. The main objective of the 
present study is to predict the attenuation of vibrational 
energy generated by moving trains due to geometric and 
material damping. For trains travelling at 80, 250 and 
350 km/h, the total vibration level reaching the receiver was 
determined and vibration attenuation mechanisms such as 
steel-mass spring systems (S-MSS) and polyurethane-mass 
spring systems (P-MSS) were suggested. 

Ground vibration propagation and attenuation 

Until now, various studies have been conducted on the decay 
characteristics of the vibration propagating through the soil. 
Geometric and material damping are the two major contribu-
tors that attenuate the vibration from the source to the receiver 
end23. 

Geometric damping 

In geometric damping, the energy density of the vibrational 
motion (body wave) decreases as the distance (x) increases 
because of the increasing wavefront of the sphere-shaped 
body wave and hence the area of wave propagation24. Also, 
energy density decays by a factor of x2 because the sphere 
surface increases with the square of the distance and the 
total wave energy remains constant. The radiation damping 
of body waves is proportional to x since the energy density 
(e) is directly proportional to the square of the vibration 
amplitude, i.e. e ∝ A2. Attewell and Farmer25 found that 
the amplitude of body waves attenuates with x. In the case 
of surface waves, the energy spreads in a cylindrical and not 
a spherical wavefront. The amplitude of these waves decays 
proportionally with x  (refs 25–27). Woods28 formulated 
the geometric damping relations with the propagating wave 
and the source in terms of amplitude (A) and deduced that 
for the attenuation of body waves in the near field and far 
field, the amplitude is inversely proportional to x2 and x 
respectively. For the attenuation of surface waves, the 
amplitude is inversely proportional to .x  According to 

Athanasopoulos et al.29, geometric damping is generally 
expressed as follows 

 s 0
0

(VdB) ,
n

xA A
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where As (VdB) is the vibration amplitude at a distance x 
from the source, A0 the amplitude at a distance of x0 from 
the source and n is the coefficient of geometric attenuation. 
The value of n depends on the type of source, the location 
of the source and the type of wave. Tables 1 and 2 present 
the values of coefficient of geometric attenuation formulated 
by different authors26,30,31. Gotowski and Dym26 described 
the geometric decay of a wave in terms of the source-depen-
dent parameter (S). Table 1 gives the values of S for different 
sources. The governing equation for calculating vibration 
attenuation using S is as follows 
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Material damping 

Material damping is caused by the loss of friction between 
the material particles and some other form of energy. This 
loss is the internal attenuation of energy caused due to its 
dissipation by deformation in a medium. From various stud-
ies conducted on vibration decay through the soils, Bornitz32 
considered both geometric and material damping and propo-
sed a wave decay model. In his study, the vibrations generated 
by the drilled shafts were examined. These vibrations pro-
pagate through the soil as a point source rather than a line 
source. The Bornitz model can determine the attenuation 
of train-induced ground vibrations. The general form of the 
Bornitz equation27,32,33, which provides the cumulative im-
pacts of geometric and material damping, is as follows27,32,33 
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where Ar is the amplitude of the wave at a distance of r from 
the source, A0 the amplitude of the wave at a distance of r0 
from the source, α the vibration decay coefficient of the 
material and n is the geometric damping coefficient. The 
amount of dampening caused by material damping is influ-
enced by the soil type and vibration frequency ( f ). Therefore, 
the coefficient of material attenuation (α m–1) is represented 
by eq. (4)32. 
 

 ,f
V

πηα =  (4) 

 

where η is the damping loss factor of the soil, f is the 
wave frequency and V is the wave propagation velocity. A 
generalized consideration of the physics of seismic wave 
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Table 1. Geometric attenuation coefficient (n)26,30 

Physical source Type of source Location of source Type of wave n S 
 

Highway/rail line/footing/array Line Surface Surface  0  0 
  Surface Body  1 20 
Car into pothole/single footing Point Surface Surface 0.5 10 
  Surface Body  2 40 
Tunnel Buried line Interior Body 0.5 10 
Buried explosion Buried point Interior Body  1 20 

 
 

Table 2. Geometric attenuation coefficient31 

Position Type of wave Observation point n 
 

Point source on surface Rayleigh Surface 0.5 
Point source on surface Body Surface 2 
Point source at depth Body Surface 1 
Point source at depth Body At depth 1 

 
 

Table 3. Values of α at 50 Hz (ref. 37) 

 
Material and source 

Velocity  
(km/s) 

 
α (km–1) 

 

Granite   
 Quincy, Mass 5 0.2–0.3 
 Rockport, Maine 5.1 0.237 
 Westerly, RI 5 0.384 
Basalt   
 Painesdale, Mich 5.5 0.414 
Diorite 5.78 0.21 

 
 
transmission within the subsurface yields eq. (5) for pre-
dicting the α values. 
 

 
r

2 ,f
V
πξα =  (5) 

 
where ξ is the damping ratio of the material and Vr is the 
Rayleigh wave velocity. The value of α depends on the 
material type. Stiffer soils have low values of α. In contrast, 
softer soils have higher values of α, as indicated by eq. (5) 
that α is directly proportional to the frequency of vibration 
and damping ratio of the soil. However, it is inversely pro-
portional to the Rayleigh wave velocity. Various researchers 
have presented the values of α for various soil types23,28,34–36. 
However, very few studies have been conducted on vibra-
tion attenuation through rocks, as various rock attenuation 
mechanisms are not well understood37. Table 3 presents the 
material attenuation coefficient (α) values for seismic 
waves having a frequency of 50 Hz. 
 In eqs (4) and (5), the velocity V is the Rayleigh wave velo-
city (Vr) because the Bornitz equation considers only the 
surface waves, which is the only disadvantage of this method. 
In the case of vibrations generated by the underground 
metro train, both body (interior) waves and surface waves 
are generated. Therefore, the effect of shear wave velocity 
Vs and the pressure wave velocity Vp of wave propagation 

needs to be considered. Vr is slightly less than Vs (ref. 29) 
and eq. (6) gives the relationship between Vr and Vs. 
 
 s r ,V Vµ=  (6) 
 
where µ is a function of Poisson’s ratio23. 

Methodology and research significance 

The first step in selecting a metro corridor for the study is 
determining the highest potential for impact from GBV. 
The general assessment approach was employed to evaluate 
vibration levels at the source. The predicted values were 
compared to the impact criteria for general vibration evalua-
tion to determine the probability of vibration influence38–41. 
The purpose was to establish a relatively accurate group 
of people and structures that will be subjected to GBV 
levels that exceed the threshold. Borehole data at a particular 
site was recorded employing the seismic cross-hole test. The 
soil type was explored, and consequently, vibration transmis-
sion along the path was assessed. Then the dampening of 
vibration due to geometric and volumetric decay through 
the stratum was measured. Therefore, the demand for vibra-
tion mitigation was anticipated at each chainage, and conse-
quently, vibration control mechanisms have been proposed. 
With the increase in speed of the train, the vibration along 
the corridor also increases; hence advanced mitigation 
measures are needed to control it. The present study provi-
des insights into the vibration-dampening ability of the 
ground with hard rocks, which directly influences the deve-
lopment of a mitigation measure. This study will provide 
guidance and is relevant to researchers for accurate vibra-
tion assessment along the propagation path and the type of 
mitigation measure, i.e. MSS to be adopted at varying 
speeds. Researchers will be able to understand in detail the 
considerations to be made for the future and improving the 
operation of the metro system. 
 We considered two case studies. The first case is for the 
low speed of the train (80 km/h), the operational speed on 
the Pune Metro and most of the Indian metro corridors. The 
second case is for higher speeds of 250 and 350 km/h. The 
following codes were used for evaluation: Federal Transit 
Administration (FTA, 2018), Research Design and Stand-
ards Organization (RDSO, 2015), ISO-2631-Part-1, 1997 
and ISO-2631-Part-2, 2003 (refs 38–41). 
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Table 4. Dynamic properties of the soil 

Compression wave  
velocity Vs (m/s) 

Shear wave velocity  
Vr (m/s) 

Young’s modulus  
E (kPa) 

Shear modulus 
G (kPa) 

Poisons  
ratio ν 

 

3812–5333 2170–2909 2.90 × 107–5.24 × 107 1.14 × 107–2.03 × 107 0.22–0.30 

 
 

 
 

Figure 1. Map of the study site showing the location of boreholes. 
 
 

 
 

Figure 2. Seismic cross-borehole test set-up. 

Field measurements 

A seismic cross-hole test was conducted according to IS 
13372-Part 2 (2001) to determine the attenuation of vibration 
amplitude due to the geometric and material damping of 
seismic waves. Soil properties were determined up to 30 m at 
the civil court in Godown, Pune Metro. Figure 1 shows the 
geographic positions of the seismic cross-hole measurement 
locations. The equipment consisted of the freedom data 
PC, the P–SV electromechanical borehole source (used to 
generate the compression and shear waves), two triaxial 
geophones and other accessories. The triaxial geophones 
were used to receive seismic waves. The freedom data PC 
with a cross-hole seismic system and Wingeo software (Ol-
son Instruments) were used to record the P-SV source input 
and receiver output. The electromagnetic P-SV source is 
typically lowered to the measurement depth in a borehole 
and secured to the casing walls using a pneumatically acti-
vated piston in the test setup (Figure 2). It was found that 
the soil stratum was homogeneous basalt rock. Different 
parameters such as in situ shear and compression wave velo-
city, dynamic Poisson’s ratio, Young’s modulus and shear 
modulus were determined (Table 4). 
 The test was conducted by generating compression and 
shear waves travelling horizontally at a particular depth in 
one borehole, i.e. the source borehole. Their arrival was 
recorded at the same depth in two nearby boreholes, i.e. 

receiving boreholes (Figure 2). After recording the travel 
times and travel distance at each measurement depth, wave 
velocities were calculated. 
 Five boreholes in two mutually perpendicular directions, 
spaced about 4 m apart at each location, were drilled using 
the rotary drilling technique for cross-hole seismic testing. 
Among these, the corner borehole (BH 03), which is at a 
distance of 3 m and 6 m from the receiver boreholes 2 and 
1 respectively, was considered as the source borehole for 
generating seismic waves. The remaining four boreholes 
were used for lowering triaxial geophones at various depths 
to record P- and S-wave arrivals. The logging interval was 
maintained at 1.5 m by moving the source and recording 
the geophone in the respective boreholes step by step. The 
test started from the bottom of the borehole and was con-
ducted up to 1 m depth. Each test at a particular depth was 
repeated thrice in the up and down directions to ensure 
consistency in the velocities measured. The average of three 
sets of velocity at each depth was considered as the expected 
value for a particular depth. 

Data processing 

The collected data were processed using the Wingeo analysis 
program (Olson Instruments). From the seven channels in 
the study, at channels 1–3, the first triaxial geophone was 
used, while at channels 4–6, the second triaxial geophone 
was used, and at channel 7 the cross-hole source trigger was 
used. 
 The arrival of the shear-wave energy is often indicated by 
a split in the polarization (Figure 3). The down-impact direc-
tion was recorded in magenta (Figure 3), and the correspond-
ing shear-wave energy showed a positive break. The opposite 
was true for the up-impact direction. The corresponding shear 
wave energy in the up-direction showed a negative break. 
 The arrival of the compression wave energy is indicated 
by the first break, positive or negative, at a given depth after 
the trigger offset has been accounted for (Figure 4). 
 As outlined above, the down-hole source arrival time was 
corrected to zero by selecting the breaking point for each 
depth. Once the break time has been selected and the zero 
function enabled, both the up and down components should 
line up on zero (Figure 5). Figure 6 shows the compression 
and shear seismic velocities obtained from the study. 

Results and discussion 

According to RDSO, FTA and ISO-2631-Part 1 guidelines, a 
vibration level of less than 0.1 mm/s or 72 VdB is acceptable
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for human comfort at a reference speed of 2.54 × 10–5 mm/s. 
On the other hand, vibration levels greater than 72 VdB are 
uncomfortable for humans. This indicates that the maximum 
allowable vibration limit at the ground considering human 
response to vibrations is 72 VdB (refs 38–40). However, 
according to ISO-2631-Part 2 standards, if the value of vibra-
tion exceeds 100 VdB, a crack will develop in the structure41. 
Therefore, it is necessary to determine the vibration at the  
 
 

 
 

Figure 3. Shear-wave arrival showing split in polarized energy. 
 
 

 
 

Figure 4. Compression wave energy arrival. 
 
 

 
 

Figure 5. Trigger zeroing. 
 
 

 
 

Figure 6. Variation of seismic velocity with depth. 

source, how much it gets damped along the path, and finally, 
which vibration attenuation system should be adopted at 
the source. The present study uses eq. (2) to calculate the 
geometric damping and eq. (3) to calculate material damping. 
For calculating geometric damping, the value of S has been 
taken as 10 VdB (Table 1) and the value of α 0.414 km–1 
(Table 3). Table 5 provides the total amount of vibration 
decay along the propagation path. 

Case-I: For a train speed of 80 km/h 

In this study, the chainages 11,320–1,680, 12,000–12,300, 
2,700–12,800, 13,400–13,960, 13,960–14,500, 14,520–
15,180 and 15,180–16,400 of the Pune Metro line (north–
south corridor) were taken into account. The maximum 
design speed of the train was 90 km/h, but the maximum 
operating speed was 80 km/h. The axle load of the train 
was 16 tonnes and an unsprung mass of 15% was considered. 
The maximum vibration of 92 VdB (global value) was con-
sidered for emission from a 16-tonne train with an operat-
ing speed of 80 km/h, according to the guidelines38,39. 
 According to the RDSO and FTA guidelines, vibration 
levels must be added or subtracted based on factors such 
as track structure conditions, the number of building stories, 
etc. As a result, in the present study, a +5 VdB correction 
for the jointed track structure was used because the slab 
tracks are connected using dowel joints. Now, if the factors 
such as corrugation, general wear or mill scale occur on a 
new track, then the adjustments in vibration levels are to 
be taken as +5 to +15 VdB higher than the expected value. 
Here, the minimum increase was considered, i.e. +5 VdB. 
 Vibration levels are often attenuated as they are transmitted 
through the building. In response, resonance in the structural 
system, especially the floors, will generate considerable  
vibration amplification. Modifications for the first floor, 
considering a basement, are as follows: for coupling loss,  
–5 VdB; for the propagation of vibration energy from the 
basement to the first floor, an adjustment of –2 VdB; and a 
+6 VdB adjustment for floor amplification were adopt-
ed38,39. Therefore, the total adjustment was –5 – 2 + 6 = 
–1 VdB. 
 A total vibration of 92 + 5 + 5 – 1 = 101 VdB will be 
observed at the source, considering the above modifications 
in vibration levels. Majority of the modifications are highly 
influenced by the excitation force frequency range and vibra-
tion transmission frequency dependence. It is vital to high-
light that if the form of the exact vibration spectrum is not 
adequately examined, an improper vibration control tech-
nique may be selected, increasing the vibration levels. 
 From Table 4, the average shear wave velocity of 2900 m/s 
was taken in the study. As the shear velocity along the prop-
agation path is very high, vibration decay is mainly due to 
the volumetric decay and not the soil/material damping decay 
(Table 5). The average path decay of vibration was consi-
dered, i.e. 10 VdB. Therefore, the vibration reaching the 
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Table 5. Vibration decay data along the propagation path 

Depth 
(m) 

Shear  
velocity (m/s) 

Frequency  
(Hz) 

Volumetric  
decay (VdB) 

Soil/material decay  
(VdB) for α = 0.414 km–1 

Total decay 
(VdB) 

 

15 2900 50–60  7 0  7 
17    8 0  8 
19    8 0  8 
21    8 0  8 
23    9 0  9 
25    9 0  9 
27   10 0 10 
29   10 0 10 
31   10 0 10 
33   10 0 10 
35   11 0 11 
37   11 0 11 

 
 
structures was 101 – 10 = 91 VdB. So, there is a need to at-
tenuate 91 – 72 = 19 VdB of vibration for human and 
structural comfort. It is to be noted that vibration on the 
ground floor will be 91 VdB during a single train pass-by 
condition, and it will be approximately 94 VdB when two 
trains cross simultaneously38,39. 

Case-II: For higher train speeds of 250 and  
350 km/h 

GBV levels fluctuate around 20 times the logarithm of the 
speed. This indicates that doubling the train speed increases 
the vibration responses by about 6 VdB. Therefore, for a 
speed of 180 km/h, the magnitude of vibration will be 
doubled for an increase of every 6 VdB, while for a speed 
of 350 km/h, the magnitude of vibration will be almost four 
times as high at the source. Equation (7) is the generalized 
formula used to calculate the vibration emission levels at 
other train speeds, in which the reference speed is taken as 
80 km/h (refs 38, 39 and 41). So, for a maximum operating 
speed of 250 and 350 km/h, the vibration levels of 101 
and 104 VdB are predicted to be generated at the source. 
 

 
Ref.

VdB 20 log .V
V

=  (7) 

 

After all the adjustments, same as in case-I, are applied to the 
vibration levels generated by a speed of 250 km/h, a total 
vibration emission of 101 + 5 + 5 – 1 = 110 VdB will be 
observed at the source. Taking the path decay of vibration 
as an average of 10 VdB from Table 5, the vibration reaching 
the structures will be 110 – 10 = 100 VdB. So, there is a 
need to attenuate 112 – 72 = 28 VdB of vibration for a speed 
of 250 km/h. Similarly, for a speed of 350 km/h, the vibration 
reaching the structures will be 103 VdB; so the amount of 
vibration to be attenuated is 103 – 72 = 31 VdB. 

Proposition of mass-spring systems 

The vibration-attenuating ability of the rock strata is found to 
be low due to their higher shear wave velocity (Table 5). 

Therefore, depending on the vibration decay results along 
the propagation path, Table 6 presents the recommendation 
of MSS for vibration emission at 80, 250 and 350 km/h. 
At the curve portion, vibration adjustment of +5 VdB is 
applied due to the high dynamic interaction between the rail 
and wheel. To obtain a better design, ± 3 VdB can be adju-
sted38,39. 
 For a speed of 80 km/h, the mitigation measure, i.e. discrete 
P-MSS with a natural frequency of 13–14 Hz and S-MSS 
with a natural frequency of 7–8 Hz have been suggested to 
attenuate the vibration of about 15–17 and 20–23 VdB res-
pectively. Only S-MSS has been suggested for higher speeds 
due to high vibration emissions. Therefore, for a speed of 
250 km/h, mitigation measures with a natural frequency of 
6–7 and 4.5–5 Hz have been suggested to attenuate 23–28 
and 31–34 VdB of vibration respectively. Similarly, for a 
speed of 350 km/h, mitigation measures with a natural fre-
quency of 4–5, 5 and 6–7 Hz should be adopted to attenu-
ate 31–36, 31 and 23–28 VdB of vibration respectively. 

Conclusion 

The characteristics of propagation and absorption of vibra-
tions within the basaltic rock strata caused by train loading 
were examined and the following inferences have been 
drawn from this study: 
 
• With increasing ground depth, the geometric decay of 

vibration energy increases and an average of 10 VdB is 
deducted from the source vibration. However, no vibra-
tion decay was observed due to material dampening. 

• The vibration attenuation requirement of the system 
increases in direct proportion to the speed of the train. 
Therefore, low-frequency mitigation techniques have 
been proposed to reduce high-magnitude vibrations. 

• Two MSS, i.e. discrete P-MSS and S-MSS have been 
proposed depending on the vibration emissions of the 
source. For vibration emissions less than 18 VdB, P-
MSS and for those above 18 VdB, S-MSS are more suit-
able. 
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Table 6. Recommendations for mass spring systems (MSS) at different train speeds 

   80 km/h 250 km/h 350 km/h 
 

 
Chainage 
(m) 

 
 

Section 

Rail-level 
depth  
(m) 

Vibration  
at GL 
(VdB) 

MSS  
frequency 

(Hz) 

Miti- 
gation 
(VdB) 

Vibration 
at GL 
(VdB) 

MSSa  
frequency 

(Hz) 

Miti- 
gation 
(VdB) 

Vibration  
at GL  
(VdB) 

MSSa  
frequency 

(Hz) 

Miti- 
gation 
(VdB) 

Per- 
missible  

limit (VdB) 
 

11,320–
11,680 

Straight 15–17 91 13–14 (P*) 15–17 100 6–7 23–28 103 5 31 72 

12,000–
12,300 

Curve 23–25 91 + 5 
= 96 

7–8 (S**) 20–23 100 + 5 
= 105 

4.5–5 31–34 103 + 5 
= 108 

4–5 31–36 72 

12,700–
12,800 

Minor 
curve 

27–29 91 13–14 (P*) 15–17 100 6–7 23–28 103 6–7 23–28 75b 

13,400–
13,960 

Curve 21–24 91 + 5 
= 96 

7–8 (S**) 20–23 100 + 5 
= 105 

4.5–5 31–34 103 + 5 
= 108 

4–5 31–36 72 

13,960–
14,500 

Straight 21–26 91 13–14 (P*) 15–17 100 6–7 23–28 103 5 31 72 

14,520–
15,180 

Curve 17–21 91 + 5 
= 96 

7–8 (S**) 20–23 100 + 5 
= 105 

4.5–5 31–34 103 + 5 
= 108 

4–5 31–36 72 

15,180–
16,400 

Straight 19–23 91 13–14 (P*) 15–17 100 6–7 23–28 103 5 31 72 

Note: *P-MSS, **S-MSS, aMSS suggested for 250 and 350 km/h are S-MSS. b75 VdB is the vibration limit for daytime. 
 
 
• The vibration intensity increases by nearly +5 VdB along 

the curve of the track structure system due to the signifi-
cant dynamic interaction between the rail and wheel. As a 
result, at the curves, S-MSS is observed to be more 
suitable. 
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